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leptin mRNA expression was markedly decreased -in intra-
abdominal fat tissues (Figure 2B). Thus, the effects of UCP1 ex-
pression in Epi are also exerted in fat tissues other than those
injected with the adenovirus. Food intake was significantly sup-
pressed (Figure 2C), indicating that hypothalamic leptin sen-
sitivity was markedly improved despite the lack of significant
changes in body weights. Decreased leptin expression in sev-
eral adipose tissues suggests efferent sympathetic nerve acti-
vation, which also supports leptin signal enhancement.
Administration of green fluorescent protein-adenovirus ex-
erted minimal metabolic effects (Figures S1F-S1J). On day 7,
when adenoviral UCP1 expression was markedly decreased
(Figure S1B), blood glucose, insulin, and leptin levels did not dif-
fer between the UCP1 and LacZ mice (Figure S2). In addition, we
confirmed the metabolic effects of UCP1 expression in Epi using
three other obese models: AKR mice on high-fat chow and KK
mice and KK-Ay mice on normal chow. In these three models,
similar metabolic impacts were observed with UCP1 adenovirus

Intra-abdominal fat and insulin/leptin sensitivity

Figure 2. UCP1 expression in Epi improved leptin
sensitivity

A-F) LacZ (plack bars) or UCP1 (white bars) adeno-
virus was injected into Epi of mice with dietary obe-
sity.

A) Serum ‘adipocytokine levels (eft: adiponectin,
middle: TNFe, right: leptin} in LacZ mice and UCP1
mice after a 10 hr fast on day 3 after adenoviral
administration.

B) Relative amounts of leptin mRNA in adipose tis-
sues.

C) Total food intakes on days 2 and 3 after adenoviral
administration.

D) Relative amounts of neuropeptide Y (left) and
proopiomelanocortin (right) mRNA were measured
by quantitative RT-PCR using total RNA obtained
from the hypothalamus on day 2 after adenoviral ad-
ministration. Data were corrected with g-actin as the
standard (B and D). .

E and F) Leptin-tolerance tests were performed on
day 3 after adenoviral administration. Data were ex-
pressed as ratios to the food intakes of vehicle-
treated mice (E). Mice were weighed at 12 hr after
each daily injection of leptin or vehicle {F).

G-K) LacZ (black bars) or UCP1 (white bars) adeno-
virus was injected into Epi of db/db mice.

G) Total food intakes on days 2 and 3 after adenoviral
administration are presented.

H-K) Blood ieptin (H), giucose {I), and insuiin (J)
levels and serum lipid parameters ([K]; left: triglyc-
eride, right: free fatty acids) of db/db mice were
measured after a 10 hr fast. Data are presented as
means * SD (n = 8 per group). *p < 0.05; **p < 0.01
by unpaired t test.
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administration into Epi (Figure S3). Thus, UCP1 expression in Epi
exerts acute, beneficial metabolic effects in both diet-induced
and genetically obese models. .

Increased leptin signals in the hypothalamus induced by
UCP1 expression in Epi were further confirmed by changed
levels of hypothalamic neuropeptide expression in UCP1 mice
on day 3 after adenoviral administration. Real-time RT-PCR
revealed adipose UCP1 expression to significantly decrease ex-
pression of neuropeptide Y, an orexigenic neuropeptide, while
tending to increase that of proopiomelanocortin, a precursor
of an anorexigenic neuropeptide, in the hypothalamus (Fig-
ure 2D).

To directly test whether leptin sensitivity was improved, we
performed leptin-tolerance tests. When leptin was injected in-
traperitoneally into fasting mice on day 3, leptin-induced food-
intake inhibition was far more profound in UCP1 mice than in
LacZ mice (Figure 2E). In addition, when leptin was given daily,
body weights were significantly decreased (Figure 2F). Thus,
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even very limited UCP1 expression in Epi exerts a remote ther-
apeutic effect on hypothalamic leptin resistance, which had al-
ready developed in response to preloading with high-fat chow.
Transgenic overexpression of UCP1 (Kopecky et al., 1995)
and rather minor induction of UCP1 in white adipose tissue
{Cederberg et al., 2001; Leonardsson et al., 2004; Tsukiyama-
Kohara et al., 2001; Um et al., 2004) result in resistance to
high-fat-diet-induced obesity but do not reportedly cause hypo-
phagia. In this study, however, we expressed UCP1 after the
development of obesity and leptin resistance and were thus
able to observe acute, beneficial effects, i.e., improved leptin
sensitivity, which would be difficult to detect using congenrtally
UCP1-overexpressing mice.

increased leptin sensitivity is likely to be involved in the phe-
notype of UCP1 mice. If this is the case, at least some of the phe-
notypic features of UCP1 mice would presumably be absent in
mice lacking the hypothalamic leptin signal. To test this, UCP1
or LacZ adenovirus was injected into Epi of db/db mice, lep-
tin-receptor Ob-Rb mutants. Food intake (Figure 2G) and serum
leptin (Figure 2H) did not differ between LacZ-expressing and
UCP1-expressing db/db mice. These findings confirm that the
effect of UCP1 expression in Epi on food intake is leptin-signal
dependent. On the other hand, UCP1 expression in Epi of db/db
mice caused small but significant decreases in blood glucose

(Figure 21}, insulin (Figure 2J), and triglyceride (Figure 2K) levels, -

as well as tending to decrease serum free-fatty-acid levels
{Figure 2K). These findings demonstrate that UCP1 expression
in Epi improves insulin sensitivity, in part, independently of leptin
signaling.

To eliminate the secondary effects of reduced food intake,

pair-feeding experiments were performed using C57BL/6 wild-
type mice (Figure S4). Pair feeding did not significantly after
the body weights of LacZ mice. Fasting blood glucose did not

differ between UCP1 mice and pair-fed LacZ mice, but after glu- --
cose loading, blood glucose levels were significantly lower in

UCP1 mice. In addition, serum insulin and leptin levels were sig-

nificantly lower in UCP1 mice than in pair-fed LacZ mice. Taken -
together with the results obtained using db/db mice, the im- L
" adenovirus-treated Epi (Table S1) and m 3T3-L1 adipocytes
-+ (Table S2).. With the exception of UCP1, however, there was

proved insulin sensitivity induced by UCP1 expression in Epi ap-
pears not to be mediated solely by decreased food intake. -

The same amounts of recombinant adenovirus encoding
UCP1 were directly injected into subcutaneous fat tissues in
the flank of C57BL/6 mice with dietary obesity and diabetes.
UCP1 expression levels were similar to those obtained by injec-
tion into Epi (data not shown). Food intake was significantly de-
creased by UCP1 expression, as compared with LacZ expres-
sion, in subcutaneous fat (Figure 3A), but the effects were
much smaller than those produced by UCP1 expression in Epi
(Figure 2C). Furthermore, there were no statistically significant
decreases in biood glucose (Figure 3B), insulin (Figure 3C), or
leptin (Figure 3D) levels. Thus, exogenous UCP1 expression in
subcutaneous fat was far less effective in improving insulin
and leptin resistance than that in intra-abdominal fat tissue.
These findings suggest the anatomical location of the manipu-
lated adipose tissue to be involved in the observed therapeutic
effects, which would appear to be important for understanding
the metabolic differences between visceral fat-dominant and
subcutaneous fat-dominant obesity.

How does the signal (or signals) from intra-abdominal fat tis-
sue exert these remote effects? The importance of anatomical
fat-tissue location suggests the involvement of neuronal signal-

ing. The afferent activity from Epi is reportedly transmitted
through the nerve bundle, which runs alongside blood vessels
supplying Epi, in rats (Niijima, 1998). To study the possible in-
volvement of neuronal signals from Epi, we dissected this nerve
bundle in mice with dietary obesity and diabetes. Ten days after
bilateral nerve-bundie dissection, adenoviruses were injected
into Epi. No significant differences- in- body weights or Epi
weights were observed:-between sham-operated and- nerve-
dissected mice (data not shown). While UCP1 adenoviral admin-
istration significantly decreased food intake in sham-operated
mice, nerve dissection blunted this decrease in food intake
such that it was no longer statistically significant (Figure 3E).
Similarly, nerve dissection blunted a decrease in hypothalamic
NPY mRNA expression, rendering it statistically insignificant
(NPY; LacZ versus UCP1: 12.06 * 6.16 versus 6.39 + 3.10;
p = 0.15). These findings suggest that neuronal signals from in-
tra-abdominal fat tissue are involved in food-intake regulation.
In contrast, in nerve-dissected mice, blood glucose (Figure 3F)
as well as serum insulin (Figure 3G) and leptin (Figure 3H) levels
were significantly suppressed in a fashion similar to. in sham-
operated mice. Thus, improved insulin resistance is Iargely inde-
pendent of this neuronal pathway. -

To confirm that afferent-nerve sugnals are mvolved in UCP1-
expression-mediated suppression of food intake, ‘we next
examined the effects of functional deafferentatnon by adminis-
tering capsaicin (Fu et al., 2003), a selective neurotoxin for un-
myelinated C fibers. In' LacZ mice, food intake was not altered
by capsaicin treatment 10 days prior to adenoviral administra-
tion. In contrast, capsaicin pretreatment significantly reversed
the food-intake suppression induced by UCP1 expression in
Epi (Figure 3I). The inhibitory effect of capsaicin pretreatment
was very similar to that of local-nerve dissection (Figure 3E).
Taken together, these observations suggest that afferent-nerve
signals from Epi are involved in food-intake regulation. To eluci-
date the molecular mechanism whereby UCP1 expression in Epi
modulates neuronal activity, we searched for genes upregulated
by adipose l_JCP1 expression. Using the DNA microarray. tech-
nique, gene expressions were examined in LacZ- and UCP1-

no overlap in genes showing significantly increased expression.
Although further expression profiling including proteomic ap-
proaches might elucidate the underlying mechanisms, the ap-
parent lack of genes showing increased expression raises the
possibility that the activation of afferent nerves does not involve
gene-expression alterations. For instance, UCP1 generates
heat, and a capsaicin receptor, TRPV1, is activated by a slightly
above normal body temperature (Caterina et al., 1997). Capsa-
icin treatment affected UCP1-induced food-intake suppression
(Figure 3I), raising the possibility that UCP1 expression activates
capsaicin-sensitive nerves via TRPV1 activation. Another pos-
sibility is involvement of reactive oxygen species, which are af-
fected by mitochondrial uncoupling (Bernal-Mizrachi et al.,
2005; Jezek et al.,, 2004) and reportedly regulate capsaicin-
sensitive afferent fibers (Ruan et al., 2005). Further studies are
required to examine these hypotheses.

In this study, very limited UCP1 expression in Epi markedly
improved insulin and leptin resistance, thereby improving glu-
cose tolerance and decreasing food intake. UCP1 mice were
more insulin sensitive than pair-fed LacZ mice. In addition, in
db/db mice, despite no food-intake suppression, blood glucose
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Figure 3. Neuronal signals are fikely to be involved in
A - 4B C i D food-intake regulation
104 NS NS NS A-D) LacZ (black bars) or UCP1 (white bars) adeno-
l — — 307 virus was injected into subcutaneous fat, and meta-
_~ 300+ _ 34 l bolic markers were measured. Total food intakes
N l =y on days 2 and 3 after adenoviral administration are
3 En = —_~ presented. Blood glucose (B), insulin (C), and leptin
a E g 24 \Ezo- ) {D) levels were determined after a 10 hr fast on day
= $200- E = I 3 after adenoviral administration. ™p < 0.01 by un-
g 57 8 a ¢ paired t test.
.§ 3 8 -8
£ ) 3 . . E-H) Mice were subjected to tocal-nerve dissection
% § 1001 E 11 3 101 10 days prior to adenoviraf injection into Epi. Total
3 5 . food intakes of sham-operated (sham) and nerve-
. dissected (cut) mice (E} on days 2 and 3 are pre-
sented graphically. Blood giucose (F), serum insulin
0- 0- 0- e (G), and leptin (H} levels were determined on day 3.
NS . '_NS._.l 1) Mice were treated with capsaicin or vehicle 10days
NS ‘__I:ls_.] prior to adenoviral injection into Epi. Totat food in-
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and insulin levels were modestly but significantly decreased by

UCP1 expression in Epi. Thus, the mechanism underlying im-

proved insulin sensitivity with UCP1 expression in Epi is, in
part, independent of leptin signaling and food-intake suppres-
sion (Figure 4). Dissection of the nerve bundle from Epi did not
alter the decreases in blood glucose and insulin levels. Taken to-
gether with the findings that UCP1 expression in subcutaneous

fat did not significantly decrease blood glucose or insulin levels, .

our observations indicate that nonneuronal signals including hu-
moral factors from intra-abdominal adipose tissue possibly par-
ticipate in systemic improvement of insulin resistance. Since
UCP1 expression was observed in a very limited population of
adipocytes in Epi, suppression of insulin-resistant adipocyto-
kine secretion is unlikely to explain the beneficial effects. Serum
adiponectin levels were not altered, suggesting involvernent of
other unknown insulin-sensitizing factor (or factors).

On the other hand, decreased food intake is likely to be, at
least partially, mediated by afferent-nerve signals from Epi (Fig-
ure 4). Afferent-nerve signals from Epi to the central nervous

system reportedly result in a reflex from epididymal fat to white
adipose tissues via efferent sympathetic-nerve activation (Nii-
jima, 1998; Tanida et al., 2000). In addition, vagal afferent

brain
intra-abdominal lepti}:. . - fO(tldk
fat tissue  afferent sensitivity “1 ake
_~ hnerve L
ucr1 ¥ ~
humoral A
factors? : " |
~a msu!l!: . -> I-gblood 1
sensitivity lucose
peripheral
tissues

Figure 4. The proposed mechanism whereby UCP1 expression in Epi decreases
food intake and improves glucose tolerance
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neuronal signals from intra-abdominal tissues, including the gut
(Fu et al., 2003; Smith et al., 1981) and the liver (Friedman, 1998;
Scharrer, 1999), are known to play a part in regulating food in-
take. We also reported that UCP1 gene administration into the
liver modulates food intake (Ishigaki et al., 2005). Herein we re-
port that intra-abdominal fat tissue is likely to convey metabolic
signals to the brain via a neuronal pathway, in addition to via
the circulation, resulting in modulation of food intake. Although
the precise molecular mechanism remains to be elucidated,
this neuronal pathway might play a role in development of the
metabolic syndrome, making it a potentially novel therapeutic
target.

Experimental procedures

Preparation of recombinant adenovirus

Recombinant adenovirus containing murine UCP1 cDNA (ishigaki et al.,
2005) was constructed as described previously (Katagiri et al, 1996).
Recombinant adenoviruses bearing the bacterial B—galactosndase gene
(Adex1CAlacZ) and green fiuorescent protein (AdCMV-GFP) were used as
controls. .

Animals and in vivo adenovirus injection into fat pad

Animal studies were conducted in accordance with the institutional gulde-
lines for animal experiments at Tohoku University. Male C57BL/6N "and
‘AKR/N mice were housed individually, and high-fat-chow feeding (32% saf-
flower oif, 33.1% casein, 17.6% sucrose, and 5.6% celiufose) (Ishigaki et al.,
2005) was initiated at 5 weeks of age. After 4 weeks of high-fat-chow loading,
body-weight-matched mice were anesthetized prior to dissection of the skin
and body wall. The adenoviral preparation (1 x 10® plaque-forming units in
a volume of 20 ul) was injected at two points each on each side of the epidid-
ymal fat pad or subcutaneous fat tissues in the flank, i.e., a total of four points.
KK mice and KK-Ay mice maintained on a standard diet (65% carbohydrate,
4% fat, 24% protein) were similarly administered adenoviruses at 9 weeks
and 5 weeks of age, respectively.

immunoblotting

Tissue protein extracts (250 pg total protein) were boiled in Laemmili buffer
containing 10 mM dithiothreitol, subjected to SDS-polyacrylamide gel elec-
trophoresis, and transferred onto nitrocellulose filters. The filters were in-
cubated with anti-UCP1 antibody (Santa Cruz Biotechnology, Santa Cruz,
Califomia) and then with anti-goat immunoglobulin G coupled to horseradish
peroxidase. The immunobilots were visualized with an enhanced chemilumi-
nescence detection kit (Amersham, Buckinghamshire, UK). The intensities of
bands were quantified with the NIH Image 1.62 program.

Histological analysis

Mouse epididymal fat and BAT were immunostained as previously reported
(Ishigald et al., 2005). Mature white adipocytes were identified by their char-
acteristic unilocutar appearance. Diameters of 100 or more white adipocytes
per mouse in each group were traced manually and analyzed.

Oxygen consumption
Oxygen consumption was measured as previously reported (Ishigaki et al.,

2005).

Pair-feeding experiments
Pair-feeding experiments were performed as previously described {Ishigaki
et al., 2005).

Blood analysis

Blood glucose and serum insulin, leptin, adiponectin, TNFa, total cholesterot,
triglyceride, and free-fatty-acid levels were determined as previously de-
scribed (Ishigaki et al., 2005).

Measurement of quantitative RT-PCR-based gene expression
The skuil was refiected from the brain and the hypothalamus was isofated by
snap freezing In liquid nitrogen as previously reported (Bjorbaek et al., 1998).

Total RNA was isolated from mouse hypothalamus, fat tissues, or 3T3-L1 ad-
ipocytes with ISOGEN (Wako Pure Chemical Co., Osaka, Japan), and cDNA
synthesized from total RNA was evaluated with a real-time PCR quantitative
system (Light Cycler Quick System 350S; Roche Diagnostics GmbH, Mann-
heim, Germany).The refative amount of mRNA was calculated with 8-actin
mANA as the invariant control. The primers used are shown in-Table S3.

Glucose-, insulin-, and leptin-tolerance tests )
Glucose-tolerance tests were performed on fasted (10 hr, daytime) mice.
Mice were given glucose (2 g/kg of body weight) intraperitoneally, followed
by measurement of blood glucose levels. Insulin-tolerance tests were per-
formed on ad fibitum-fed mice. Mice were intraperitoneally injected with hu-
man regular insulin (0.75 Urkg of body weight; Eli Lilly Co., Kobe, Japan).

Leptin-talerance tests were carried out as described in a previous report
(ige! et al., 1997), with slight modification. Fasted (12 hr) mice were injected
with mousse leptin (7.2 mg/kg of body weight; R&D Systems, Inc.) intraperito-
neally, and food intakes were monitored for 12 hr after the injection. To exam-
ine effects on body-weight changs, these two groups of mice were givenlep-
tin daily starting on the day of adenoviral administration. Each mouse was
then weighed.

Capsaicin treatments

Capsaicin treatment was performed as described in a previous report (Fu
etal., 2003). with minor modification. Mice were anesthetized priorto subcu-
taneous injection of capsaicin solution (50 mg/kg, 12.5 g/mi dissolved in
vehicle).. The control ‘group received vehicle treatment. (10% Tween 80, -
10% ethanol, and 80% saline) under identical administration conditions. Ad-
enoviral admimstratlon into Epi was carried out 10 days later.

Local—nerve disseclion

The small nerve bundle which runs along side biood vessels supplying Epi
was dissected as previously reported {Niijima, 1998). Ten days after bilateral
dissection of this nerve bundie, adenovuus&s were injected into epididymal
fat pad.

Measurement of ATP : .
Fully differentiated 3T3-L1 adipocytes were infected with recombinant ade-
noviruses as previously described (Katagiri et al., 1996). intracellular ATP
levels were measured usmg an ATP.determination kit (T OYO B-Net, Tokyo,

Japan).

Micmanay experiments

Total RNA from epidxdymal fat or 3T3-L1 adipocytes was used to synthesuze

cRNA, which was then hybridized to an HG-U133A oltgonucleoude array
(Affymetrix, Santa Clara; California) according to standard protocols, as de-

scribed previously (Hippo et al., 2002).

Statistical analysis
All data were expressed as means + SD. The statistical significance of differ-
ences was assessed by the unpaired t test and one-factor ANOVA.

Supplemenfal data

Supplemental Data include four fi figures and three tables and can be found
with this article onfine at httpj/www cellmetabolism.org/cgi/content/full/3/
3/223/DCH/.
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Neuronal Pathway from the Liver
Modulates Energy Expenditure and
Systemic Insulin Sensitivity

Kenji Uno,2* Hideki Katagiri,?*t Tetsuya Yamada,’* Yasushi Ishigaki,? Takehide Ogihara,’
Junta Imai,*? Yutaka Hasegawa,’-? Junhong Gao,? Keizo Kaneko,'Z Hiroko lwasaki,?
Hisamitsu Ishihara, Hironobu Sasano,® Kouichi Inukai,® Hiroyuki Mizuguchi,’

Tomoichiro Asano,® Masakazu Shiota,” Masamitsu Nakazato,® Yoshitomo Oka®

Coordinated control of energy metabolism and glucose homeostasis requires communication
between organs and tissues. We identified a neuronal pathway that participates in the cross talk
between the liver and adipose tissue. By studying a mouse model, we showed that adenovirus-
mediated expression of peroxisome proliferator—activated receptor (PPAR)—y2 in the liver induces
acute hepatic steatosis while markedly decreasing peripheral adiposity. These changes were
accompanied by increased energy expenditure and improved systemic insulin sensitivity. Hepatic
vagotomy and selective afferent blockage of the hepatic vagus revealed that the effects on
peripheral tissues involve the afferent vagal nerve. Furthermore, an antidiabetic thiazolidinedione,
a PPARy agonist, enhanced this pathway. This neuronal pathway from the liver may function to
protect against metabolic perturbation induced by excessive energy storage.

hyperlipidemia, and hypertension, collect-

ively referred to as the metabolic syn-
drome, is increasing at an alarming rate in
Western cultures (/). Secreted humoral factors,
including leptin (2), convey information about
energy storage from adipose tissue to the central
nervous system (CNS). As in adipose tissues, fat
storage in the liver is dynamically changed by
overall energy balance, but our understanding of

The incidence of obesity, insulin resistance,

how the liver transmits metabolic signals to

other tissues remains incomplete. Studies of

"mouse models created by tissue-specific genetic

1656

engineering (3, 4) or adenoviral gene transfer (3, 6)
have shown the importance of cross talk be-
tween tissues in the regulation of energy metab-
olism. Mice with tissue-specific knockout of
peroxisome proliferator-activated receptor y
(PPARY) provide an exampie of such intertissue
communication (7). PPARy activates genes in-
volved in lipid storage and metabolism (8). Al-
though PPARy expression in the liver is low
compared with that in adipose tissues (9),
hepatic expression of PPARY (10, 17), especial-
ly that of PPARY2 (J2), is functionally enhanced
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in a number of obesity models. In addition, liver-

specific disruption of PPARy in obese (ob/ob)
mice prevents hepatic steatosis but increases
peripheral adiposity and decreases insulin sen-
sitivity in muscle and fat (/3). Thus, hepatic
PPARY?2 plays important roles not only in the
development of liver steatosis but also in the
regulation of peripheral lipid storage and insulin
sensitivity.

To investigate the mechanism by which
hepatic PPARY2 expression aftects metabolism
in peripheral tissues, we overexpressed PPARy2
in the livers of C57BL/6 mice using adenoviral
gene transfer. After being fed a high-fat diet for 4

Fig. 1. Hepatic PPARy2
expression aggravates he-
patic steatosis but dimin-
ishes peripheral adiposity.
(A and B) Immunoblotting
(B) with an antibody to
PPARy of liver (A) and epi-
didymal fat (B) extracts.
Liver weight (C), triglyc-
eride (TG) content (D), and
epididymal fat tissue (WAT)
weights (E) are shown.
Experiments in (A) to (E)
were performed on day 7
after "adenoviral admin-
istration. (F) Body weight
changes during the 7 days
after adenoviral administra-
tion. {G) Resting oxygen
consumption (VO,) was mea-
sured on day 3 after adeno-
viral injection. (H) Total food
intake was measured for 7
days after adenoviral admin-

A.
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Liver Weight (g)

"

Body Welight
Change (g)
- A3 e

LacZ PPARyZ

weeks, the mice developed obesity-associated
diabetes (/4). The PPARY2 adenovirus vector
was then administered intravenously- to mice
(PPARY2 mice). Control mice given the LacZ
adenovirus (LacZ mice) showed no alterations
in blood glucose levels, food intake, or plasma
lipid parameters after virus administration (/4).
Systemic infusion of the PPARy2 adenovirus
into mice resulted in expression of the transgene
primarily in the liver (Fig. 1A), without increased
expression in peripheral tissues, including white
adipose tissue (WAT) (Fig. 1B).

The livers of PPARY2 mice were pale and
enlarged as compared with those of control mice
(fig. S1A). Liver weights were significantly
increased (Fig. 1C) because of increased tri-
glyceride content (Fig. 1D). Histological anal-
ysis of PPARY2 mice revealed an abundance
of large lipid droplets in the livers, without
apparent inflammation or structural change
(fig. S1B). Thus, hepatic PPARy2 expression
induced severe hepatic steatosis. Hepatic
PPARY2 expression enhanced the expression
of lipogenesis-related genes (fig. S2), suggest-
ing that increased uptake and synthesis of fatty
acids induce severe steatosis.

In contrast, WAT in PPARy2 mice was
notably diminished in size (fig. S1A); for ex-
ample, epididymal fat weight was decreased by
46.6% in PPARY2 mice versus controls (Fig..
1E). Cell diameters in WAT and brown adipose
tissue (BAT) were also markedly decreased in
PPARY2 mice (fig. S1C). The increases in body
weights induced by a high-fat diet were sup-
pressed in PPARY2 mice (Fig. 1F). Resting ox-
ygen consumption was increased by 29.4% in
PPARY2 mice (Fig. 1G), whereas food intake
did not differ from that of LacZ mice (Fig. 1H).

[k & B: PPARy
LacZ PPARy2

m

ik

{mg/g tissue)

WAT Woelght (g)

¢ Hepatic TG Content ¢y

Food intaka‘.'(g)

istration. In (C) to (H), white and black bars indicate results from LacZ mice and PPARy2 mice,
respectively. Significance as compared to LacZ mice is indicated (**P < 0.01 and *P < 0.05) by an

unpaired ¢ test. NS, not significant.
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Thus, hepatic PPARY2 expression increased sys-
temic energy expenditure, thereby suppressing
high-fat diet-induced weight gain.

Control mice were hyperplycemic, hyper-
insulimemic, and hyperleptinemic in response to
a S-week-long high-fat diet. Hepatic PPARy2
expression decreased fasting blood glucose and
insulin levels (Fig. 2A), indicating markedly im-
proved systemic insulin sensitivity. As shown in
Fig. 2B, PPARy2 mice also showed a 79%
reduction in serum leptin levels. Although serum
adiponectin levels were similar to those in
control mice, tumor necrosis factor-a (TNF-¢)
levels were significantly decreased in PPARY2
mice. These findings are consistent with a re-
duction in peripheral adiposity.

Glucose tolerance (Fig. 2C) and insulin tol-
erance (Fig. 2D) tests showed that hepatic ex-
pression of PPARY2 markedly improved insulin
sensitivity and glucose tolerance. Furthermore,
improved insulin sensitivity in muscle (fig. S3A)

Fig. 2. Hepatic PPARy2
expression improves pe-
ripheral insulin resistance.
Fasting blood glucose
(FBG) and serum insulin
(A) and adipocytokines
(B) were measured in
LacZ mice (white bars)
and PPARy2 mice (black
bars) on day 7 after
adenoviral administra-
tion. These serum param-
eters were measured after
a 10-hour fast. {C and D)

>
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and epididymal fat tissue (fig. S3B) was con-
firmed by enhanced tyrosine phosphorylation
of the insulin receptor and insulin recepfor
substrate—] in response to insulin administration.
Thus, hepatic PPARY?2 expression clearly exerts
remote beneficial effects on insulin sensitivity in
muscle and WAT. Although insulin sensitivity
in the liver was impaired (fig. S3C), hepatic
PPARy coactivator (PGC)-1a and hepatic
phosphoenolpyruvate carboxykinase (PEPCK)
expression was decreased (Fig. 2E), suggesting
decreased hepatic glucose output.

To further examine insulin sensitivity and
endogenous glucose production in PPARy2
mice, we performed hyperinsulinemic euglyce-
mic clamp experiments. Basal glucose produc-
tion in PPARY2 mice was decreased by 22% as
compared with that in LacZ mice, whereas
insulin’s ability to suppress endogenous glucose
production was severely blunted in PPARy2
mice (Fig. 2F). In addition, glucose infusion

o %

Rid

| Loptin (ngimi) P
TNFa.(pgl_ml)

Adiponactin (sgiml)

LacZ mice (open drdes)
and PPARy2 mice (solid
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Relative amounts of PGC-
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the tiver were measured
by quantitative reverse
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chain reaction. (F and G)
Metabolic variables during
hyperinsulinemic eugly-
cemic damp. Endogenous
glucose production (EGP)
in basal and clamped
states (F) and rates of glu-
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damp study (G). Experiments in (&) to (G) were performed on day 7 after adenoviral administration. in (8),
(B), and (E) to (G), white and black bars indicate results from LacZ mice and PPARyZ mice, respectively.
Significance as compared to LacZ mice is indicated (*P < 0.01 and *P < 0.05) by an unpaired ¢ test. NS, not
significant. (H and 1) HV or SO was performed 7 days before the administration of LacZ or PPARY2
adenovirus. Mice were subjected to glucose tolerance (H) and insulin tolerance () tests on day 7 after
adenoviral administration. Open and solid cirdles indicate SO LacZ mice and SO PPARy2 mice, respectively. Open
and solid diamonds indicate HV LacZ mice and HV PPARYy2 mice, respectively. Data are presented as mean + SD.
*=(p < 0.01) and *(P < 0.05) indicate significance in SO LacZ mice versus SO PPARy2 mice, 11{P < 0.01) and
$(P < 0.05) indicate significance in HV LacZ mice versus HV PPARY2 mice, and #(P < 0.01) and #(P < 0.05)
indicate significance in HV PPARy2 mice versus SO PPARy2 mice, by unpaired f tests.
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rates in PPARy2 mice were markedly increased
(Fig. 2G). Thus, hepatic PPARY2 expression
improved insulin sensitivity in the periphery
and decreased glucose output from the liver
despite hepatic insulin resistance.

Semum free-fatty-acid (FFA) levels were
markedly increased in PPARY2 mice (fig.
S4A), suggesting that hepatic PPARy2 expres-
sion promotes hydrolysis of triglycerides stored
in adipose tissues. Increased expression levels of
the uncoupling protein (UCP)-1 (15), PGCla
(16), and hormone-sensitive lipase (/7) in BAT
(fig. S4B) and WAT (fig. S4C) indicate high
tonus of the sympathetic nerves innervating these
adipose tissues. In addition, the administration
of bupranorol, a pan-B-adrenergic blocker (I8),
decreased serum FFA in PPARY2 mice but had
no effect in LacZ mice (fig. S4D), confirming
that the B-adrenergic nerve function enhances
lipolysis in adipose tissues of PPARy2 mice.

To examine whether afferent nerves originat-
ing in the liver mediate the remote effects, we
dissected the hepatic branch of the vagus nerve.
Seven days after selective hepatic vagotomy
(FLV), we administered recombinant adenovirus
encoding LacZ or PPARY2 to mice. Hepatic
PPARY?2 expression similarly altered liver weights,
hepatic triglyceride content, and PEPCK expres-
sion in mice subjected to HV and sham operation
(SO) (Table 1). In contrast, selective HV com-
pletely blocked the decreases in WAT weights
and brown adipocyte size as well as the in-
creases in serum FFA, resting oxygen consump-
tion, and WAT UCP! expression in PPARy?2
nice (Table 1), indicating that the hepatic vagus
mediates the remote effects of hepatic PPARy2
expression.

HYV involves dissection of both afferent and
efferent vagal branches innervating the liver. To
determine whether the remote effects of hepatic
PPARY?2 expression are mediated by the afferent
vagus, we applied a specific afferent neurotoxin,
capsaicin, to the hepatic branch of the vagus of

diet-induced obese male Sprague-Dawley (SD)

rats. Seven days after perivagal application of
capsaicin or vehicle, we administered recombi-
nant adenovirns encoding LacZ or PPARy2.
Expression of calcitonin gene-related peptide, a
sensory neuropeptide, was markedly decreased
in the capsaicin-treated vagal nerve, whereas
immunoreactivity for S100 proteins was similar
in vehicle- and capsaicin-treated nerves (fig.
S54). Furthermore, transmission electron mi-
croscopic analyses (fig. S5B) revealed selective
degradation of unmyelinated fibers in the vagal
hepatic branch. In addition, application of cap-
saicin to this branch did not affect the esophageal
branch of the posterior vagal trunk (fig. S5).
These observations indicate selective deafferen-
tation of the hepatic branch of the vagus. Under
these conditions, perivagal capsaicin treat-
ment completely blocked the hepatic PPARy2
expression-induced decrease in WAT weight
(Table 1). When taken together, these findings
strongly suggest that afferent vagal nerve ac-
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tivation originating in the liver mediates the
remote effects of hepatic PPARy2 expression
on peripheral lipolysis.

We next examined the effects of HV on
ghicose (Fig. 2H) and insulin (Fig. 2I) tolerance
test results in PPARyY2 mice. In SO mice,
glucose tolerance and insulin sensitivity were
improved by hepatic PPARY2 expression, but
these improvements were partially suppressed
by hepatic branch vagotomy. These findings sug-
gest that hepatic PPARY2 expression improved
glucose tolerance and systemic insulin sensitiv-
ity via both improved peripheral insulin sensi-
tivity and decreased hepatic glucose output; the
former requires afferent vagal and efferent sym-
pathetic nerves, whereas the latter does not.

Next, to determine whether the neuronal
system, consisting of afferent vagal and efferent
sympathetic nerves, functions in the physiolog-
ical setting of enhanced endogenous PPARy2
expression in the liver, we examined the effects
of an antidiabetic thiazolidinedione (TZD, a
PPARy agonist) using db/db mice, which are a
murine model of genetic obesity and diabetes. In
db/db mice, endogenous expression of PPARY2,
at both the mRNA (Fig. 3A) and the protein (fig.
S6A) levels, is markedly enhanced in the liver.
To eliminate the secondary effects of body
weight changes, troglitazone, a TZD derivative,
was given to db/db mice for 2 days, followed
by an evaluation of acute effects. The TZD
administration did not alter body weights (Fig.
3B) but did increase resting oxygen consump-
tion (Fig. 3C) and UCP1 expression in BAT
(Fig. 3D) and WAT (Fig. 3E), suggesting ac-
tivation of sympathetic nerves to BAT and
WAT. Dissection of the hepatic branch of the
vagus 7 days before TZD administration re-
versed the increases in resting oxygen con-
sumption (Fig. 3C) as well as UCP1 expression

in BAT (Fig. 3D) and WAT (Fig. 3E). These -

findings indicate that the neuronal pathway
originating in the liver is also involved in the

Table 1. Afferent vagal activation from the liver is involved in remote
effects of hepatic PPARy2 expression. (Upper section) Mice were subjected
to HV or SO 7 days before administration of LacZ or PPARY2 adenovirus.
Resting oxygen consumption (VO,) was measured on day 3 after adenoviral
injection. Mice were killed after a 10-hour fast on day 7 after adenoviral
injection. (Lower section) Male SD rats with high-fat diet-induced obesity

acute systemic effects of TZDs, under condi-
tions in which hepatic PPARY expression is up-
regulated, such as in obese subjects.

To further examine whether endogenous

PPARyY in the liver affects energy metabolism,

we knocked down hepatic PPARy in db/db
mice. Administration of recombinant adenovirus
expressing short hairpin RNA for PPARy (19) 7
days before TZD treatment substantially de-
creased endogenous PPARy expression in the
liver (fig. S6B) as well as hepatic triglyceride
content (fig. S6C) and sterol regulatory element
binding protein-lc expression (fig. S6D), indi-
cating functional knockdown of hepatic PPARy
(20). Under these conditions, TZD-enhanced
energy expenditure was partially but signifi-
cantly suppressed (fig. S6E). Thus, endogenous
PPARy in the liver regulates acute energy
metabolism in vivo. TZD treatment reportedly
alleviates insulin resistance in adipose-tissue—

Fig. 3. HV inhbits TZD- A
enhanced energy expenditure
in obese mice. (A) Relative
amounts of PPARY2 mRNA
in the livers of nommal chow
diet-fed (NCD) C57BU6
mice, high-fat diet-fed (HFD)
(57BU6 mice, and normal
chow dietfed db/db (db/db)
mice. (B to E) divdb mice
were subjected to HV or SO
7 days before the 2-day ad-
ministration of TZD (black
bars) or vehide (white bars),
after which body weights (8)
and resting oxygen con-
sumptions (C) were mea-
sured. Relative amounts of
UCP1 mRNA in BAT (D) and
epididymat fat tissue (E) from

L1

-

Relative amounts
of mMRNA

Relative amounts o
of mRNA

NCDHFD db/db

SO Hv

ablated mice (/0) and adipose-specific-PPARy—
deficient mice (2/), which may involve the
aforementioned hepatic-PPARy—induced neuro-
nal activation in addition to a muscle PPARy
contribution (22).

We have shown that a neurcnal pathway,
consisting of the afferent vagus from the liver
and efferent sympathetic nerves to adipose
tissues, is involved in the regulation of energy
expenditure, systemic insulin sensitivity, glucose
metabolism, and fat distribution between the
liver and the periphery. Because hepatic PPARY
expression is physiologically associated with
obesity, the liver may convey information re-
garding excess energy balance to the CNS via
the afferent vagus. This neuronal system may
underlie chronic adaptive thermogenesis, result-
ing in protection against metabolic perturbation
induced by excessive energy storage. There are
two avenues of communication between the

o9 @
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-of mRNA
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mice fed ad libitum. Data are presented as mean = SD. Significance as compared to control mice is
indicated (**P < 0.01 and *P < 0.05) by an unpaired t test. NS, not significant.

were subjected to application of capsaicin or vehicle to the vagal hepatic
branch 7 days before administration of LacZ or PPARy2 adenovirus. Seven
days after adenoviral administration, epididymal fat weights were
determined. Significance as compared to LacZ mice is indicated (P values)
by an unpaired t test. LW, liver weight; HTG, hepatic TG content; P, PEPCK;
CD, cell diameter; NS, not significant.

50 HV

lacz PPARy2 P Lacz PPARY2 P
W (g) 1.11 = 0.13 2.30 £ 0.39 <0.001 112 + 0.07 2.07 +0.32 <0.001
HTG (mg/g tissue) 78.71 + 46.50 171.26 + 43.90 0.008 62.02 + 24.92 215.09 + 75.78 <0.001
P mRNA (Liver) 1.00 +0.21 050 + 0.17 0.003 1356 + 0.460 0.54 + 0.22 0.002
WAT weight {g) 1.13 + 0.13 0.85 + 0.14 <0.001 1.04 £ 0.26 1.06 + 0,19 NS
BAT CD (um) 11.55 + 4.45 7.69 £ 2.09 <0.001 10.63 +3.38 10.55 + 3.93 NS
FFA (uEq/) 556.14 + 87.33 860.47 = 206.04 0.005 533.14 # 59.50 558.38 + 151.58 NS
VO, (mUmin/kg) 30.25 + 2.38 34.38 £ 3.03 0.015 32.73 £ 4.54 31.98 = 4.05 NS
UCP1 mRNA {WAT) 1.00 + 0.24 236 £ 0.77 0.019 2.05 = 0.64 1.82 £ 1.15 NS

Vehicle Capsaicin

WAT weight (g) 8.95 + 0.99 7.06 + 132 0.024 8.70 + 1.14 8.85 + 1.71 NS
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brain and other tissues: humoral factors and
neuronal pathways. Leptin, a humoral factor
from adipocytes, is a mediator of metabolic
information from adipose tissue to the hypo-
thalamus (2). In addition, circulating nutrients
reportedly affect food intake and alter hepatic
glucose production via the efferent vagal path-
way (23, 24). An afferent vagal signal originat-
ing in the liver is likely to be another metabolic
information pathway. In this way, the brain
may integrate information obtained from sev-
eral tissues and organs via both humoral and
neuronal pathways. When the brain receives
information regarding excess energy storage,
the sympathetic nervous system is activated
to enhance energy expenditure and lipolysis,
thereby maintaining energy homeostasis. Dis-
turbance of the control system is implicated in
the development of the metabolic syndrome
(23). Targeting of this neuronal pathway is a
potential therapeutic strategy for treating the
metabolic syndrome.
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Synaptic Amplifier of Inflammatory
Pain in the Spinal Dorsal Horn

Hiroshi lkeda,* Johanna Stark, Harald Fischer, Matthias Wagner, Ruth Drdla,

Tino Jager, )iirgen Sandkihlert

Inflammation and trauma lead to enhanced pain sensitivity (hyperalgesia), which is in part due to
altered sensory processing in the spinal cord. The synaptic hypothesis of hyperalgesia, which
postulates that hyperalgesia is induced by the activity-dependent long-term potentiation (LTP) in
the spinal cord, has been challenged, because in previous studies of pain pathways, LTP was
experimentally induced by nerve stimulation at high frequencies (~100 hertz). This does not,
however, resemble the real low-frequency afferent barrage that occurs during inflammation. We
identified a synaptic amplifier at the origin of an ascending pain pathway that is switched-on by
low-level activity in nociceptive nerve fibers. This model integrates known signal transduction

pathways of hyperalgesia without contradiction.

spontaneous pain and hyperalgesia. Ampli-

fication of pain-related information in the
spinal dorsal horn lamina I contributes to
inflammatory pain (/-6). Inflammation causes
release of neuromodulators, including substance
P and glutamate in spinal dorsal hom (7, &),
potentially leading to Ca®**-dependent LTP. In
all previous studies, spinal LTP was induced by
brief (1 s), high-frequency (100 Hz) burstlike
stimulation (HFS) of afferent nerve fibers.
High-frequency bursts do not, however, resem-
ble the continuous low-frequency afferent
barrage that occurs during inflammation. Low-
frequency presynaptic activity normally fails to

Inﬂammation of peripheral tissues causes
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Medical University of Vienna, Vienna, Austria.
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Intelligence Systems, University of Fukui, 3-9-1 Bunkyo,
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induce LTP but rather induces synaptic long-
term depression (LTD) (9). The LTP model
of inflammatory hyperalgesia thus may be
questioned. Here, we evaluated the effect of
low-frequency afferent barrage on synaptic
transmission in ascending pain pathways and
asked if synaptic plasticity is differentially in-
duced in distinct ascending pain tracts. We la-
beled lamina I projection neurons by retrograde
fluorescent marker Dil (1,1-dioctadecyl-
3,3,3",3-tetramethylindocarbocyanine per-
chlorate), injected into either of two major
projection areas of spinal lamina I neurons: the
parabrachial (PB) area or the periaqueductal
gray (PAG) (10, 1I) (Fig. 1, A and B). To
circumvent confounding developmental fac-
tors, we used only juvenile or adult rats in
this study. Transverse spinal cord slices with
long dorsal roots attached were prepared 3 to
4 days after Dil injections to allow whole-cell
recordings from identified projection neurons
in 21- to 28-day-old rats (/0). In the presence
of tetrodotoxin, bath application of substance P

(2 uM) indnced transient inward currents in 21
out of 27 spino-PB and in 9 out of 12 spino-
PAG neurons (Fig. 1C), confirming the
expression of functional neurokinin 1 receptors
(NK1Rs). Spinal release of substance P
following electrical stimulation of primary
afferents at C-fiber strength was assessed by
the intemalization of NKIR in lamina I
neurons. HFS parameters (100-Hz bursts)
similar to all previously used conditioning
stimulation protocols to induce classical LTP
in pain pathways, or low-frequency stimulation
(LFS, 2 Hz), was used. Both types of stimula-
tion elicited substantial NK1R intemalization in
89 t 1% and in 78 + 4% of 150 neurons
evaluated in three rats per group (Fig. 1D). We
then used these stimulation protocols for
conditioning.

Conditioning HFS induces LTP at synapses
between C-fibers and lamina I neurons that
project to the PB (/2). We confirmed these
results by showing LTP of monosynaptically
evoked excitatory postsynaptic currents (EPSCs)
to 172 £ 15% of the control value at 30 min
after conditioning (» = 8) (Fig. 2A). However,
conditioning electrical stimulation within the
typical frequency band of C-fibers during in-
flammation (2 Hz) (/3) did not change syn-
aptic strength in any of the spino-PB neurons
tested (108 + 19% of control, # = 7) (Fig. 2C).
LFS, however, did modify synaptic strength
in spinal lamina [ neurons with a projection to
the PAG. In all spino-PAG neurons tested,
LFS induced a robust LTP of monosynaptic
C-fiber—evoked EPSCs {to 262 + 30% of the
control value at 30 min after stimulation (n =
18) and to 346 + 33% at 60 min (n = 8)] (Fig.
2D). In all seven lamina I newrons with a
projection to the PAG, conditioning stimulation
at high frequency was ineffective (98 = 10%,
n = 7) (Fig. 2B). Monosynaptic, A-fiber-evoked
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Abstract—Obesity, a major healthcare issue, is associated with significant cardiovascular morbidities, including
hypertension and atherosclerosis. Numerous intensive studies conducted this decade have revealed that adipose tissue
is a major endocrine organ that secretes a variety of bioactive substances, termed adipocytokines. Adipocytokine
secretion profiles are altered as obesity develops, which may increase the risk of obesity-related cardiovascular
disorders. For instance, leptin is upregulated in obese subjects and plays important roles in the pathophysiology of
obesity-related atherogenesis through multiple mechanisms, such as its proliferative, proinflammatory, prothrombotic,
and prooxidant actions. In contrast, adiponectin, which is downregulated in obese subjects, has protective effects against
cardiovascular disorders at various atherogenic stages. In addition to these factors secreted by adipose tissue, neuronal
circuits involving autonomic nerves are now being recognized as an important metabolic regulatory system and have
thus attracted considerable attentions. Alterations in fat accumulation in intraabdominal organs, such as visceral adipose
tissue and the liver, send afferent neuronal signals to the brain, leading to modulation of sympathetic tonus and thereby
affecting the vasculature. Moreover, these humoral and neuronal signaling pathways communicate with each other,
resulting in cooperative metabolic regulation among tissues/organs throughout the body. Further elucidation of these
regulatory systems is anticipated to lead to new approaches to devising therapeutic strategies for the metabolic
syndrome. (Circ Res. 2007;101:27-39.)
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Excess food intake and physiéal inactivity underlie the emia, and hypertension, are common in obese individuals.!?
growing worldwide epidemic of obesity, not only in the Such disorders are not clustered coincidently, and intraab-

industrialized nations but also in developing countries. A
variety of common disorders, eg, hyperglycemia, hypeilipid-

dominal visceral adiposity has been suggested to play a
fundamental role in the simultaneous development of these

Original received March 5, 2007; revision received May 4, 2007; accepted May 16, 2007.

From the Division of Advanced Therapeutics for Metabolic Diseases, Center for Translational and Advanced Animal Research (H.K.); and Division
of Molecular Metabolism and Diabetes (T.Y., Y.0.), Tohoku University Graduate School of Medicine, Sendai, Japan.

_Correspondence to Hideki Katagiri, MD, PhD, Division of Advanced Therapeutics for Metabolic Diseases, Center for Translational and Advanced
Animal Research, Tohoku University Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. E-mail

katagiri @mail.tains.tohoku.ac.jp
© 2007 American Heart Association, Inc.

Circulation Research is available at http://circres.ahajournals.org

DOI: 10.1161/CIRCRESAHA.107.151621



28  Circulation Research  July 6, 2007

disorders,? collectively termed the metabolic syndrome.* In
- addition, one of the major challenges of this'syndrome is the
high prevalence of cardiovascular diseases arising from
atherosclerosis. :

Visceral fat accumulation may be directly associated with

the development of cardiovascular disease. Epidemiological .

studies have suggested that visceral adiposity, as evaluated by
the waist-to-hip ratio’ or computed tomography scanning,S is
related to coronary artery disease independently of body mass
index. Recent intensive studies have revealed that humoral
factors secreted by adipose tissue contribute to the develop-
ment of the metabolic syndrome and vascular diseases.

Adipose tissues were long regarded as nothing more than
passive fuel storage sites. However, recent studies have
revealed that adipocytes, as well as other cells within fat
tissues, release numerous biologically active substances,
termed adipocytokines, leading to the concept of adipose
tissue as a versatile endocrine gland. Obesity, especially
visceral fat accumulation, alters adipocytokine secretion pro-
files, and obesity-related disorders are now recognized as a
state of adipose tissue dysfunction. Cardiovascular morbidity
in obese individuals might be explained by adipocytokine
secretion profile alterations, which result mainly from en-
largement of adipocytes and proinflammatory changes in
adipose tissue. In addition, recent studies, including ours,
have revealed that adiposity in intraabdominal tissues, such as
the liver and visceral adipose tissues, directly influences the
autonomic nervous system, and thereby modulates sympa-
thetic tonus.

The present review focuses on the effects of different
adipocytokines on vascular functions. In addition, we further
discuss intertissue communication of metabolic information
via the autonomic nervous system in obesity-related disorders.

Humoral Factors Involved in
Metabolic Regulation

Humoral Factors Derived From Adipose Tissue
Adipocytes produce and secrete a number of bioactive sub-
stances, including polypeptides and nonprotein factors that
are known to exert a wide variety of effects on glucose and
lipid metabolism, energy homeostasis, and cardiovascular
function, among others. These substances, collectively called
adipocytokines, include leptin, adiponectin, resistin, angio-
tensinogen, tumor necrosis factor (TNF)-a, plasminogen
activator inhibitor (PAI)-1, visfatin, retinol-binding protein
(RBP)4, fatty acids, sex steroids, and various growth factors.
Insulin resistance is an important factor in the development of
coronary heart disease, as evidenced by studies in both animal
models and humans. Adipocytokines act synergistically or
competitively with insulin. Therefore, these factors directly
or indirectly affect vascular function and have the potential to
provide useful insights into the pathogenesis of vascular
disease.

Here we present the current understanding of the complex
roles of adipocyte-derived hormones, in particular leptin and
adiponectin, in endothelial cell function and the pathogenesis
of atherosclerotic vascular disease (Figure 1).
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Figure 1. Adipocytokines interact in a complex way to regulate
vascular function and ultimately the development of cardiovas-
cular diseases.

Leptin
Leptin was identified by positional cloning in the ob/ob
mouse model” as a key molecule in the regulation of body
weight and energy balance. Leptin is a 167-aa secreted
protein encoded by the ob gene. Leptin is mainly produced
and secreted by adipocytes. Leptin acts on the hypothalamus,
altering energy intake by decreasing appetite and increasing
energy expenditure via sympathetic stimulation of several
tissues.® Adipocyte leptin expression is transcriptionally reg-
ulated, as determined mainly by the status of the energy stores
in white adipose tissue and the size of adipocyte sizes. Thus,
leptin plays versatile role in maintaining energy homeostasis
by communicating information regarding the energy-storage
status of adipose tissue to the brain. For instance, with
increasing energy storage, the energy balance is negatively
regulated by decreased food intake and increased energy
expenditure.®

Leptin receptors were first isolated from the mouse choroid
plexus by expression cloning!® but are also present in several
other tissues, including the hypothalamus. Positional cloning
of the db locus encoding leptin receptors revealed at least 6
alternatively spliced forms, leptin receptor (Ob-R)a through
Ob-Rf. Among these receptor isoforms, Ob-Rb, also termed
the long isoform, is highly expressed in the hypothalamus and
mediates the anorectic effect of leptin. Ob-Rb contains the
longest intracellular domain, which, on ligand binding, acti-
vates protein tyrosine kinases of the Janus kinase family—
signal transducers and activators of transcription (JAK-
STAT) pathway. Other short isoforms, including Ob-Ra,
Ob-Rc, Ob-Rd, and Ob-Rf, do not activate the JAK-STAT
pathway.® Subsequent research demonstrated that the effects
of leptin are not restricted to the energy balance. The long
form Ob-Rb is expressed throughout the body and has also
been detected in endothelial cells.!! Leptin is a pleiotropic
molecule with a wide range of biological actions, including
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reproductive functions, regulating the hypothalamic—pitu-
itary—adrenal axis, glucose and insulin metabolism, lipolysis,
immune responses, hematopoiesis, and angiogenesis.

Leptin and the Vasculature .
Several reports have suggested either a vasodilatory or

vasoconstrictive action of leptin, which would be direct on
the vascular wall. First, the vasodilatory action of leptin is
supported by experimental results showing that endothelial-
dependent vasorelaxant responses to acetylcholine are mark-
edly impaired in microvessels from leptin-deficient ob/ob
mice and that leptin restoration reverses the endothelial
dysfunction observed in these mice.!2 Leptin has been shown
to promote nitric oxide (NO) release from the vascular
endothelium, thereby potentially decreasing blood pres-
sure. 314 However, in these reports, decreased blood pressure
in response to leptin treatment was observed in only sympa-
thectomized rats. In addition, systemic leptin administration
does not attenuate the renal and hindlimb vasoconstriction
resulting from sympathetic nerve stimulation.!s These find-
ings suggest that the NO-dependent vasodilatory effects of
leptin are insufficient to counter sympathetically mediated
vasoconstriction. Furthermore, in vitro treatment of human
umbilical vein endothelial cells (HUVECs) with leptin in-
duced endothelin-1, known to be a potent vasoconstrictor.!6
Thus, although high concentrations of leptin may exert
vasodilatory effects, the exact vasodilatory actions of leptin
remain uncertain.

On the other hand, considerable evidence obtained from
animal studies indicates that leptin may modulate arterial
pressure through sympathetic mechanisms. In rats, acute
intravenous8 and intracerebroventricular'? administration of
leptin has been shown to increase sympathetic nerve signals
to brown adipose tissue, kidneys, adrenal glands, and hind-
limbs. Chronic intracarotid!® and intracerebroventricular!?
administration of leptin also raises blood pressure in rats.
Transgenic mice overexpressing leptin in the liver develop
hypertension, which is reversed by «,-adrenergic,
B-adrenergic, or ganglionic blockers.2® Furthermore, despite
severe obesity, leptin-deficient ob/ob mice have lower blood
pressure than lean controls,?! whereas administering exoge-
nous leptin to ob/ob mice raises blood pressure to the levels
of lean controls.?° Thus, leptin has unequivocal sympathoex-
citatory actions in rodents. In humans as well, there is a
positive relationship between mean blood pressure and serum
leptin levels in lean subjects with essential hypertension.?? In
human subjects with widely differing degrees of adiposity,
renal norepinephrine spillover correlates with plasma leptin
concentrations after adjusting for adiposity,?® whereas giving
leptin to lean subjects for 6 days had no impact on norepi-
nephrine, dopamine, or epinephrine levels in 24-hour urine
samples.?* Further studies are needed to obtain conclusive
evidence of the sympathoexcitatory effects of leptin on blood
pressure in humans.

Leptin Resistance and Hypertension
Obese subjects remain hyperphagic despite their high circu-

lating leptin levels, indicating hypothalamic insensitivity to
leptin, a state termed leptin resistance. This was confirmed by
clinical trials in which leptin given to obese patients produced
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only modest effects on body weight2s However, despite
severe leptin resistance, the sympathoexcitatory effect of
leptin, as evaluated by neurography of renal sympathetic
nerves, is reportedly preserved after either systemic or central
neural administration of leptin.2s

In mice with dietary obesity, food intake suppression and
body weight gain induced by intraperitoneal or intracerebro-
ventricular leptin were significantly attenuated, wheréas the
renal sympathoexcitatory response to leptin was preserved,
leading to substantially elevated arterial pressure. The leptin-
dependent increases in arterial pressure were of similar
magnitude in mice fed either a high-fat diet or normal chow.2?
These findings led to the notion of selective leptin resistance
in which, despite resistance to the anorexigenic effect of
leptin, sympathetic nerves are normally activated in response
to leptin. In human subjects, there is a strong correlation
between leptin plasma concentrations and renal sympathetic
activation, as shown in men with widely differing degrees of
adiposity.z3 Thus, selective leptin resistance and the resultant
sympathetic activation in response to hyperleptinemia may
contribute to development of hypertension in patients af-
flicted with the metabolic syndrome.

Leptin and Atherosclerosis
A number of observations indicate a correlation between

serum leptin and the pathogenesis of atherosclerotic vascular
disease. Human plasma leptin concentrations are indepen-
dently associated with intima—media thickness in the com-
mon carotid artery, an early marker of atherosclerosis.2®
Elevated leptin concentrations in healthy adolescents are
associated with decreased arterial distensibility within a
broad range of body mass indices.?® In a major prospective
cohort investigation, the West of Scotland.Coronary Preven-
tion Study, serum leptin levels were moderately associated
with coronary heart disease, independently of other risk
factors.’® In addition, leptin levels independently predict
futmre cardiovascular events in subjects with established
coronary atherosclerosis.?!

In mouse studies as well, there is growing evidence of the
contribution of leptin to the development of atherosclerosis.
Wild-type mice on an atherogenic diet show leptin elevation
and greater neointimal wall thickening after carotid artery
injury with high leptin receptor expression in the lesion. In
contrast, ob/ob mice are markedly resistant to diet-induced
formation of atherosclérosis, despite the presence of athero-
sclerosis risk factors such as diabetes, obesity, and hyperlip-
idemia. Exogenously administered leptin induces wall thick-
ening in ob/ob mice but not in db/db mice.32 Thus, there
might be a direct link between hyperleptinemia and an
increased risk for cardiovascular disease development in
obese subjects. Possible mechanisms underlying the athero-
genic actions of leptin will be discussed below.

Proliferative Actions of Leptin
The vascular proliferative actions of leptin are exerted mainly

via activations of mitogenic factors. For instance, leptin in
culture media dose-dependently increases both the migration

. and the proliferation of rat vascular smooth muscle cells

through activation of phosphatidylinositol-3-kinase and
mitogen-activated protein kinases.?> Neointimal formation
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after endovascular arterial injury is markedly attenuated in
db/db mice,** suggesting a role for leptin in endothelial
intimal layer regeneration after vascular injury. Thus, leptin
may contribute to vascular remodeling and perhaps arterial
restenosis after angioplasty.

Proinflammatory Actions of Leptin
Stimulation of low-grade vascular mﬂammanon is another

mechanism whereby leptin may promote both endothelial
dysfunction and atherogenesis.3s In ob/ob and db/db mice,
phagocytosis and the expressions of proinflammatory cyto-
kines, such as TNF-«, interleukin (IL)- 6, and IL-12, in
‘macrophages are impaired both in vivo and in vitro. Admin-
istering exogenous leptin upregulates both phagocytosis and
proinflammatory cytokine production in macrophages col-
lected from ob/ob, but not from db/db, mice.?s These obser-
vations strongly suggest a physiological role of leptin in
modulating inflammatory process.

In a cross-sectional investigation involving healthy young
males, leptin was independently associated with C-reactive
protein,3” a widely recognized marker of atherosclerotic
vascular risk, although whether this is a causal association is
unknown. At present, information regarding the interactions
between leptin and various inflammatory reactions in humans
is limited, but the proinflammatory actions of leptin are
speculated to be involved in vascular remodeling.

Prothrombotic Actions of Leptin

Obese subjects appear to be predisposed to thrombosis
formation, raising the risk of deep venous thrombosis and
pulmonary embolism. Experimental evidence obtained with
animal models suggests that leptin might be an important
procoagulant factor. Thrombi originating from arterial lesions
in ob/ob mice are unstable as compared with those in
littermate controls. Platelet aggregation is blunted in ob/ob
and db/db mice. Exogenous leptin normalizes thrombus
formation and platelet aggregation in ob/ob, but not in db/db,
mice.3® Bone marrow transplantation from db/db to normal
mice delays thrombus formation in recipients, suggesting the
importance of leptin signaling in platelets in thrombosis
formation. Leptin accelerates thrombogenesis by acting on
platelets of ob/ob mice after vascular injury in vivo.?® In
addition, leptin modestly decreases the expression of throm-
bomodulin, an antithrombotic protein, in cultured
HUVECs.#¢ These prothrombotic actions of leptin together
might contribute to the elevated risk of developing acute
coronary events, venous thrombosis, pulmonary thromboem-
bolism, and thrombotic events after plaque rupture, in obese
subjects.

Prooxidant Actions of Leptin

Increased oxidative stress has been recognized in experimen-
tal animal and human obesity and may contribute pathogen-
ically to the metabolic syndrome.*!

Numerous reports have shown that leptin increases oxida-
tive stress via multiple mechanisms. In bovine aortic endo-
thelial cells, leptin induces mitochondrial superoxide produc-
tion by increasing fatty acid oxidation via activation of
protein kinase A.42 In rats, leptin administration for 7 days
decreased the activity of paraoxonase-1, an antioxidant en-

zyme contained in plasma lipoproteins, followed by increased
plasma and urinary concentrations of isoprostanes, reflecting
increased oxidative stress.*3 By increasing oxidative stress
and activating protein kinase C, leptin promotes secretion of
atherogenic lipoprotein lipase from macrophages in vitro.4¢
Thus, leptin-induced oxidative stress is likely not only to
directly damage endothelial and vascular smooth muscle cells
but also to increase serum atherogenic factors contributing to
development of atherosclerosis.

Collectively, data from animal and human studies suggest
that leptin plays major roles in the pathophysiology of
obesity-related atherogenesis by, impacting multiple steps,
including vascular inflammation, proliferation, calcification,
and elevated oxidative stress.

Adiponectin

Adiponectin, also termed Acrp30,45 apM]1,% AdipoQ,*’ or
GBP28,4¢ was identified independently by 4 research groups
using different approaches, as a protein that is specifically
and most abundantly*¢ produced in adipose tissue. It has a
20-residue signal sequence, collagen-like motif and globular
domain and shows significant homology with collagens X
and VIII and complement factor Clq.4° Adiponectin mole-
cules combine via its collagen domain, producing a wide
range of multimer complexes in plasma: a low-molecular-

‘weight trimer, a middle-molecular-weight hexamer, and a

high-molecular-weight 12- to 18-mer adiponectin.50-5!
Plasma adiponectin levels in humans are quite high,
normally ranging from 3 to 30 pg/mL. In contrast to leptin,
adiponectin plasma levels correlate negatively with body
mass index.5253 The negative correlation is stronger between
plasma adiponectin levels and visceral adiposity than be-
tween this protein levels and subcutaneous adiposity.54-55 The
expression of adiponectin in adipose tissue is reportedly
regulated by several mechanisms via humoral and neuronal
pathways. As an example, insulin and insulin-like growth
factor-1 both upregulate adiponectin expression,5¢ whereas
TNF-a and activation of the peroxisome proliferators-acti-
vated receptor (PPAR)a have the opposite effect.5? Angio-
tensin II also reportedly reduces adiponectin production, as
described below.>® In addition, sympathetic activation sup-
presses adiponectin expression via adrenergic 8 function.59.60
The mechanism underlying the adiponectin reduction in
obese subjects remains unclear, but a plausible explanation is
that inflammatory cytokines, eg, TNF-a, cause transcriptional
suppression and secretory inhibition of adiponectin.5?
Different types of putative adiponectin receptors have been
described. T-cadherin was identified as a receptor for the
hexameric and high-molecular-weight species of adiponectin
but for neither the trimeric nor the globular species.s! On the
other hand, novel family proteins, designated AdipoR1 and
AdipoR2, were found to be receptors for globular and
full-length adiponectin.s? This family of adiponectin recep-
tors is predicted to contain 7-transmembrane domains, despite
being structurally and functionally distinct from G protein—
coupled receptors. AdipoR1 is abundantly expressed in skel-
etal muscle, whereas AdipoR2 is expressed mainly in the
liver. Very recently, simultaneous disruption of both Adi-
poR1 and -R2 was reported to abolish adiponectin binding as



Katagiri et al

well as its actions.* The molecular pathways by which
adiponectin mediates its effects apparently involve activation
of AMP-activated protein kinase (AMPK), PPAR«, and p38
mitogen-activated protein kinase signaling pathways,* al-
though further investigation is needed in this field.

Adiponectin and Hypertension
Lower concentrations of plasma adiponectin have been asso-

ciated with essential hypertension. Patients with hypertension
appear to have significantly lower plasma adiponectin levels
than normotensive patients.55:¢6 The mechanism underlying
this observation may involve the effects of angiotensin II.
Infusion of angiotensin II in rats decreased plasma adiponec-
tin levels via signaling through the angiotensin II type 1
receptor.>®8 Human subjects with essential hypertension,
treated with angiotensin II receptor antagonists or angioten-

sin-converting enzyme inhibitors, had increased adiponectin -

concentrations without affecting body mass indices.5? How-
ever, the molecular mechanisms whereby angiotensin II
signaling reduces adiponectin production have yet to be
clarified.

Adiponectin and Atherosclerosis
Lines of evidence obtained from experimental animal

models, such as adiponectin overexpression and knockout
mice, have indicated  protective effects of adiponectin
against the development of obesity-related vascular dis-
eases including, atherosclerosis. .
Adenovirus-mediated overexpression of adiponectin in
apolipoprotein E (apoE)-deficient mice attenuates atheroscle-

rotic lesion formation in the aortic sinus as compared with

control apoE-deficient mice.®8 Transgenic overexpression of
globular adiponectin also ameliorates atherosclerotic lesion
formation and diminishes the expression of the class A
scavenger receptor in apoE-knockout mice, despite the ab-
sence of changes in blood glucose and lipid levels.%® These
effects of adiponectin were confirmed by studies using
adiponectin-knockout mice. Adiponectin-knockout mice
show increased neointimal hyperplasia and proliferation of
smooth muscle cells following acute vascular injury.?0:7!
Conversely, adenovirus-mediated reexpression of adiponectin
blunts the increase in neointimal thickening observed in
adiponectin-knockout mice.”* These in vivo experiments
have demonstrated that adiponectin plays a role in preventing
atherosclerotic progression. This conclusion appears to be
supported by reports showing that, in humans, mutations and
polymorphisms within the adiponectin gene, which are asso-
ciated with lower adiponectin levels, are associated with
coronary artery disease.”73 )

Adiponectin expression in adipocytes and its plasma levels
are upregulated by treatment with thiazolidinediones, ago-
nists for PPARvy.74 There is mounting evidence that PPARYy
agonists reduce the incidence of cardiovascular diseases,
including myocardial infarction and stroke, in patients with
type 2 diabetes who are at a high risk for macrovascular
events.”> Adiponectin deficiency diminishes the ability of
thiazolidinediones to improve glucose tolerance,’s suggesting
involvement of adiponectin in the protective effects of thia-
zolidinediones against the development of cardiovascular
diseases.
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Protective Role of Adiponectin Against

Endothelial Dysfunction

A series of in vitro and in vivo studies has suggested that
adiponectin exerts protective actions on endothelial cells,
thereby preventing the pathogenic effects of obesity on
vascular function.

Adiponectin may exert antiinflammatory properties in part
by altering NO levels in the endothelium. In human aortic
endothelial cells, adiponectin promotes endothelial NO syn-
thase mRNA and its protein expression, resulting in enhanced
NO production via AMPK pathway activation”-78 Globular
adiponectin also reverses oxidized LDL-iriduced suppression
of endothelial NO synthase activity.’®7® Adiponectin-
knockout mice show impaired endothelial-dependent vasodi-
lation when given an atherogenic diet.5¢ In addition, adi-
ponectin has antiapoptotic effects on endothelial cells.8081
Taken together, these observations indicate that adiponectin
protects against endothelial dysfunction through multiple
mechanisms.

Adiponectin also inhibits nuclear factor-«B (NF-«B) acti-
vation in both endothelial cells and macrophages. Inhibition
of endothelial NF-kB signaling by adiponectin treatment
suppresses TNF-a-stimulated expression of the proinflam-
matory cytokine IL-8 as well as adhesion molecules, includ-
ing intercellular adhesion molecule-1, vascular cell adhesion
molecule-1, and E-selectin, such that the attachment of .
monocytes to endothelial cells is attenuated.8283 Adiponectin-
induced suppression of these adhesion molecules was also
demonstrated in vivo with adenovirus-mediated overexpres-
sion of adiponectin in apoE-deficient mice.®® In addition, in
macrophages as well, adiponectin suppresses NF-«B signal-
ing®85 and the expression of class A scavenger receptors,
resulting in reduced foam cell formation and the secretion of
proinflammatory cytokines.®¢ Foam-cell formation is further
reduced by adiponectin-induced downregulation of acyl-
coenzyme A:cholesterol acyltranferase-1, the enzyme that
catalyzes the formation of cholesteryl esters,’” in macro-
phages. Adiponectin also enhances expression of the antiin-
flammatory cytokine IL-10 and the tissue inhibitor of
metalloproteinase-1 in macrophages.®® Through this variety
of mechanisms, adiponectin limits the initiation of atheroscle-
rotic plaque formation.

Protective Role of Adiponectin Against
Vascular Remodeling
The evolution of a fatty streak into a complex lesion is

characterized by the proliferation of smooth muscle cells,
their migration toward the intima, and their synthesis of
collagen. Adiponectin may modulate smooth muscle cell
proliferation during the development and progression of
vascular lesions. Physiological concentrations of adiponectin
significantly suppress both proliferation and migration of
human aortic smooth muscle cells in vitro, induced by
platelet-derived growth factor-BB, via direct binding with
platelet-derived growth factor-BB.8? Adiponectin was also
shown to generally inhibit growth factor-stimulated extracel-
lular signal-regulated kinase signaling. Similarly, adiponectin
was found to inhibit smooth muscle cell proliferation through
its ability to bind to various growth factors and to interfere
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with receptor-mediated cellular responses.®® As described
above, these effects of adiponectin were confirmed by in vivo
studies with adiponectin-knockout mice.?®”* Thus, adiponec-
tin may act as a modulator of vascular remodeling and may
favor plaque stabilization via these various mechanisms.

Protective Role of Adiponectin Against
Thrombosis Formation
Investigations using adiponectin-knockout mice further re-

vealed adiponectin to potentially be an endogenous anti-
thrombotic factor. Compared with wild-type control mice,
adiponectin-knockout mice showed enhanced thrombus for-
mation and platelet aggregation at sites of vascular injury,
with no differences in either platelet counts or coagulation
parameters. Adenovirus-mediated supplementation of adi-
ponectin blunted this enhanced thrombus formation.?' The
antithrombotic actions of adiponectin might well play a
protective role against developing acute coronary events and
some thrombotic diseases. '

Role of Adiponectin in Protection From Ischemic
Heart Disease
Obesity-related disorders have a major impact on both the

incidence and the severity of ischemic heart disease,?29 and
adiponectin may have a protective function in this setting.
Adiponectin treatment inhibits apoptosis of cardiac myocytes
and fibroblasts exposed to hypoxia-reoxygenation stress.
Blockade of the AMPK pathway by dominant-negative
AMPK expression inhibits this adiponectin effect of protect-
ing against apoptosis. In addition, cyclooxygenase-2 is up-
regulated by adiponectin, leading to increased prostaglandin
E, synthesis. Adiponectin thus appears to protect against
myocardial ischemia/reperfusion .injury through AMPK-
dependent and cyclooxygenase-2—dependent pathways.®* In
adiponectin-knockout mice, larger infarcts are observed after
ischemia/reperfusion, which is associated with greater myo-
cardial cell apoptosis and TNF-a expression. Adiponectin
replenishment attenuates these damaging effects.®* Thus,
adiponectin may protect myocardial cells from hypoxic stress
via both antiapoptotic and antiinflammatory mechanisms.
Therefore, adiponectin administration might have a practical
clinical application in the treatment of acute myocardial
infarction. ’

Other Adipocytokines

Tumor Necrosis Factor a
The first clear links among obesity, insulin resistance, and

chronic inflammation were provided by a report showing
enhanced expression of TNF-a, a proinflammatory cytokine,
in adipose tissue of obese mice.%5 Lack of TNF-a function
improves insulin resistance in obese mice,* suggesting an
important role for TNF-a in the development of insulin
resistance. TNF-a is suggested to be involved in vascular
remodeling via proinflammatory and insulin resistant effects.
Interestingly, obesity is associated with macrophage accumu-
lation in adipose tissue?” and TNF-é& is apparently derived
from infiltrating macrophages,? suggesting macrophage in-
filtration of adipose tissue to play a role in development of
obesity-related morbidities.

Plasminogen Activator Inhibitor-1

PAI-1 is another adipocytokine, which is highly expressed in
adipose tissue and has thrombotic effects.®® During progres-
sive fat accumulation, PAI-1 expression is markedly en-
hanced in visceral adipose tissue. Plasma PAI-1 levels cor-
related significantly with visceral adiposity, as evaluated by
computed tomography scanning, in humans.!® Therefore,
PAI-1 secreted from accumulated visceral adipose tissue
might play an important role in the development of throm-
botic disorders, ie, the ultimate consequences of
atherosclerosis.

Retinol-Binding Protein 4

In subjects with obesity and type 2 diabetes, GLUT4 glucose
transporter expression is selectively decreased in adipo-
cytes.!®! Conversely, adipose-specific GLUT4 disruption sec-
ondarily induces insulin resistance in muscle and liver.!%2 In
this mouse model, RBP4 was identified as an upregulated
protein in adipose tissue.’3 Transgenic expression or injec-
tions of RBP4 caused insulin resistance in mice, whereas
experimentally decreasing RBP4 levels ameliorated insulin
resistance in diet-induced obesity. RBP4 enhances hepatic
gluconeogenesis and attenuates insulin signaling in skeletal
muscle.’?* Serum RBP4 is elevated in insulin-resistant mice
and humans with obesity and type 2 diabetes.1%¢ Thus, RBP4
might play a major role in the development of insulin -
resistance, although the impact of RBP4 on obesity-related
hypenension and vascular diseases remains uncertain.
Resistin

Resistin is a member of the newly recognized family of
cysteine-rich secretory proteins called resistin-like molecules
(RELMs) or FIZZ (found in the inflammatory zone). Resistin
is expressed almost exclusively in white adipose tissue and
leads to insulin resistance in mice.’% A few studies focusing
on the link between resistin and endothelial functions have
recently been published. Resistin promotes endothelin-1 re-
lease and also upregulates the expressions of adhesion mol-
ecules, monocyte chemoattractant chemokine-1, and pen-
traxin 3, a marker of NF-xB-dependent inflammation, while
downregulating the expression of TNF-receptor-associated
factor-3, an inhibitor of CD40 ligand signaling in endothelial
cells.106.1067 These results suggest that resistin contributes to
initiation or perpetuation of the atherosclerotic state. How-
ever, unlike murine resistin, human resistin expression is very
low in adipocytes while being readily detectable in mononu-
clear blood cells.'8~110 Therefore, the role of resistin in the
development of obesity-related vascular diseases in humans
is still uncertain.

Humoral Factors Derived From the Liver

In addition to adipocytokines, circulating factors secreted by
the liver are also involved in systemic metabolic regulation.
Members of the angiopoietin-like (Angptl) family of proteins
are structurally related to angiopoietins, although their recep-
tors are currently unknown. Angptl3 and Angptl6
(angiopoietin-related growth factor) expressions are restricted
mainly to the liver, whereas Angptl4 expression is most
abundant in the liver and adipose tissue. Angptl3, -4, and -6
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Figure 2. Communications among organs/tissues
via humoral and neuronal pathways.

]

are detected in the systemic circulation, suggesting an endo-
crine function. .

Like the angiopoietins, these Angptl proteins play impor-
tant roles in angiogenesis, but there are also several reports
showing their involvement in triglyceride and energy metab-
olism as well as insulin sensitivity. Angptl3, a downstream
target of the oxysterol receptor liver X receptor,!!! is involved
in development of the hypertriglyceridemia.!!2 The underly-
ing mechanism appears to be reductions in very-low-density
lipoprotein clearance secondary to lipoprotein lipase inhibi-
tion!!3 and direct activation of lipolysis in adipocytes.!!4 In
contrast, Angptl6 is suggested to function in counteracting

obesity and related insulin resistance through increased en-

ergy expenditure.!$

Angptl4 is also expressed mainly in the liver and adipose
tissue, and its expression changes with nutrition status’!6 and
also according to the activation state of PPARs.!!7
Adenovirus-mediated expression of Angptl4 potently de-
creased blood glucose and improved glucose tolerance,
whereas it induced hyperlipidemia, fatty liver, and hepato-
megaly. In addition, in patients with type 2 diabetes, serum
Angptl4 were lower than in healthy subjects.!18

Thus, the function, or even dysfunction, of pathways
mediated by these humoral factors derived from the liver may
contribute to the development of hyperlipidemia and insulin
resistance, both major elements of the metabolic syndrome.
However, further intensive studies are needed to elucidate the
contributions of these factors to cardiovascular disease.

Neuronal Signals From Intraabdominal
Tissues in Response to Metabolic Alterations
In addition to humoral pathways, autonomic nervous system
is likely to play an important role-in both metabolic and
cardiovascular regulation. The central nervous system (CNS)

integrates signals from peripheral sites, thereby modulating -

glucose and energy metabolism as well as blood pressure. At
least 2 avenues for these signals, humoral and neuronal, are
involved in the underlying mechanisms. Whereas humoral
signals including adipocytokines have been intensively inves-

tigated in recent years, neuronal signals from adipose tissue
and the liver remain largely a mystery. Several recent reports,
including ours, have indicated the importance of afferent
neuronal signals in response to metabolic alterations, such as
adiposity, in intraabdominal organs/tissues. In this regard,
afferent signals from intraabdominal organs transmitted by
autonomic neurons have attracted considerable attention.
Organs/tissues communicate metabolic information each
other via humoral and neuronal pathways (Figure 2).

Neuronal Signals From Adipose Tissues

- Fat pads have rich sympathetic fiber innervation. Numerous

studies have revealed a role for efferent sympathetic nerves in
lipolysis. Various signals from the brain modulate the rate of
lipolysis in adipose tissue via sympathetic B-adrenergic
action.!'® In contrast, only a few studies have examined
afferent nerve signals from adipose tissue. According to these
reports, activation of afferent nerves from intraabdominal
(epididymal) adipose tissue results in reflex signals being sent
to white adipose tissues via efferent sympathetic nerve
activation.!2012! The functional significance of these afferent
signals, however, was not clarified. Research performed by
our group has suggested that neural afferent signals from
intraabdominal adipose tissue to the brain affect hypotha-
lamic leptin sensitivity, thereby modulating food intake and
sympathetic outflow.!2

Our goal was to determine whether a local reduction in the
adiposity of intraabdominal adipose tissue -would reverse
obesity-related metabolic disorders, in particular, insensitiv-
ity to leptin and insulin. Therefore, adenoviral-mediated
expression of uncoupling protein (UCP)1, which functions to
dissipate energy as heat, was attempted in epididymal adipose

" tissue of diet-induced obese and diabetic mice in which

insulin and leptin resistance had already developed. Despite
UCP1 being expressed in epididymal adipose tissue at only
very low levels, food intake clearly declined in association
with decreased serum leptin levels as well as downregulation
of orexigenic neuropeptide Y and upregulation of the anorex-
igenic precursor neuropeptide proopiomelanocortin in the



34 Circulation Research July 6, 2007

hypothalamus. The response to exogenous leptin was en-
hanced in these mice. In addition, hypophagia could not be
duplicated in db/db mice with mutant leptin receptors. Col-
lectively, these findings convincingly demonstrate that very
limited UCP1 expression in the intraabdominal fat pad
dramatically ameliorates the hypothalamic leptin resistance
induced by high-fat-diet feeding. Local dissection of nerves

" from the epididymal fat pad as well as pharmacological
deafferentation abrogated the anorectic effects of adipose
UCP1 expression. Taken together, our results suggest afferent
nerve signals originating in epididymal fat pads to modulate
hypothalamic leptin sensitivity. '

Hypothalamic leptin resistance is an important mechanism
that maintains the obese state. Therefore, the perturbation of
the afferent signals from adipose tissue might contribute to
the development of obesity-related disorders, including hy-
pertension and atherosclerosis. Adipose UCP1 expression
increases sympathetic outflow, also suggesting the effects of
adipose tissue-derived afferent signals on vascular systems.
Adipose tissues were long recognized as passive energy
storage sites. The discovery of various adipocytokines has
raised adipose tissue to the status of a versatile endocrine

“organ. The aforementioned recent studies may provide addi-
tional evidence of the key role of adipose tissue as an
important base from which neuronal signals originate. Further
elucidation of this new pathway could open a new paradigm
enhancing our understanding of adipose functions and
dysfunctions, and thereby the pathophysiology of vascular
diseases.

Neuronal Signals From the Liver
Nutrients absorbed from the gut enter the portal vein, a major
route to the liver, thereby reaching the liver directly. Thus,
given its anatomical location, it seems reasonable for the liver
to function as a putrient sensor and to send signals that
regulate systemic metabolism. Signals regarding serum glu-
cose levels from the so-called hepatoportal glucose sensor to
the brain have been demonstrated to be carried along afferent
vagal nerve pathways.123 Raising portal vein glucose levels
decreases vagal afferent discharges reaching the nuclei of
solitary tract neurons, which in turn activates sympathetic
efferents to the adrenal glands, liver, splanchnic bed, and
pancreas. Because these reflex efferent outputs are all
blocked by hepatic vagotomy, it appears that signals triggered
by high levels of portal glucose are transmitted through vagal
afferents.123.12¢ Similarly, hepatic portal infusions of linoleic
acid raised hepatic vagal afferent activity, suggesting hepatic
vagal afferent involvement in the transmission of signals
regarding lipid metabolism to the CNS.!2% In addition, infu-
sion of long-chain fatty acids into the portal vein activates the
sympathetic nervous system, thereby elevating blood pres-
sure.126-128 Therefore, portal nutrient signals may influence
systemic blood pressure through afferent vagal and efferent
sympathetic nerves. Our recent study provided further evi-
dence of the link between hepatic metabolism and peripheral
adiposity!?® through an autonomic nerve circuit consisting of
afferent vagal and efferent sympathetic nerve activity.!3°
Hepatic expression of PPARYy, especially PPARY2, has
been shown to be functionally enhanced in a number of

obesity models.!31-132 Therefore, to identify the mechanism
underlying the interorgan/-tissue communications between
the liver and peripheral tissues, including muscle and fat, we
overexpressed PPARY2 in the livers of mice and produced
hepatic steatosis using adenoviral gene transfer. Contrary to
the increased-adiposity in the liver, hepatic PPARy2 expres-
sion markedly reduced adiposity in the periphery with en-
hanced lipolysis. Systemic metabolic rates were increased,
and peripheral insulin sensitivity and glucose tolerance were
thus markedly improved. These remote effects were attrib-
uted to increased sympathetic outflow into muscle and
adipose tissues. Selective hepatic branch vagotomy and
pharmacological deafferentation of the vagus completely
reversed these remote effects. Thus, hepatic PPARy2 expres-
sion and/or hepatic lipid accumulation stimulates afferent
vagal nerve fibers, communicating metabolic information to
the brain and producing antiobesity and antiinsulin-resistant
effects in muscle and adipose tissue via efferent sympathetic
pathways.130 Fat storage in the liver changes dynamically in
accordance with the systemic energy balance and is associ-
ated with several features of the metabolic syndrome. Be-
cause hepatic PPARy expression is physiologically associ-
ated with obesity, these findings indicate that the liver
transmits information regarding excess energy to the CNS via
the afferent vagus. When the brain receives this information
regarding excess energy storage mediated by leptin from

- adipose tissues and via the afferent vagus from the liver, the

sympathetic nervous system is activated, which in tum
enhances energy expenditure and lipolysis, thereby maintain-
ing energy homeostasis. Notably, liver-specific disruption of
PPARYy in ob/ob mice prevented hepatic steatosis but in-
creased peripheral adiposity, resulting in aggravation of the
diabetic phenotype attributable to decreased insulin sensitiv-
ity in muscle and fat.!33 Thus, this system consisting of an
autonomic nervous circuit appears to function as a protective
mechanism against excess calorie intake in physiological
settings.

A similar autonomic nerve circuit appears to play an
essential role in development of glucocorticoid-induced insu-
lin resistance and hypertension. Glucocorticoid excess is well
known to result in insulin resistance and hypertension. In
particular, accelerated conversion of glucocorticoid from the
inactive to the active form in adipose tissue has phenotypic
similarities with the metabolic syndrome.!?4 In mice, chronic
glucocorticoid exposure leads to insulin resistance and hy-
pertension associated with increased sympathetic tone, renin
activity and urinary sodium retention. The underlying mech-
anism involves hepatic activation of PPAR.135 Deafferenta-
tion, whether surgical or pharmacological, of the hepatic
vagus reversed these phenotypic features following chronic
glucocorticoid exposure.!3¢ Taken together, these observa-
tions indicate the importance of the vagal afferent pathway in
regulating insulin sensitivity and blood pressure. The devel-
opment of hypertension is attributable to sympathetic activa-
ton. Thus, autonomic nerve circuit consisting of hepatic
vagal afferent and sympathetic efferent nerves may contribute
to the development of obesity-related hypertension. Elucida-
tion of the molecular mechanisms, including the mediators
influencing vagal activity, could lead to new therapeutic
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Figure 3. The CNS receives peripheral metabolic information
and regulates systemic metabolism via humoral factors and
neuronal pathways in a coordinated manner.

approaches to the metabolic syndrome and cardiovascular
diseases.

Conclusion

There is a growing body of evidence for a link between
obesity and cardiovascular diseases, such as hypertension and
atherosclerosis. During this decade, the versatility of adipose
tissue as an endocrine organ and as a contributor to disease
development has been established. Adipocytokine-mediated
crosstalk between adipose tissue and the vascular system is
clearly important. In addition, a2 number of recent studies
have shown that tissue-specific knockout mice exhibit unex-
pected phenotypes, suggesting the presence of currently
unknown crosstalk among organs/tissues. Further unraveling
the complexities of this interorgan communication would
enhance our understanding of the development of obesity-
related disorders. o

Metabolism is not an independent process, segregated
among different organs/tissues, but rather is coordinated and
regulated throughout the body. Metabolic regulation coordi-
nated among organs/tissues, which requires communication
among these organs/tissues, is apparently essential for main-
taining the homeostasis of systemic metabolism, particularly

glucose and energy metabolism. Therefore, perturbation of”

this coordinated control system may lead to the development
of metabolic disorders. Recent research advances in this field
have revealed myriad complex and important roles of the
CNS. The brain receives various forms of metabolic infor-
mation from peripheral organs/tissues through humoral and
neuronal avenues (Figure 3). For instance, leptin acts on the
hypothalamus and other brain areas, mediating divergent
effects on lipid metabolism and insulin signaling in the
brain.!3” Adiponectin also appears to exert central effects on
energy metabolism.!38 These inputs are probably integrated
and processed in the brain, leading to the transmission of
regulatory signals, which in turn induce appropriate systemic
responses. In addition, humoral and neuronal signals affect
each other, as exemplified by the findings that leptin and
adiponectin expressions are regulated by sympathetic activi-
ty. 2360 Further elucidation of these regulatory systems, in
much greater detail, may facilitate unraveling the mecha-

nisms underlying metabolic homeostasis and thereby reveal

the mechanisms underlying the development of the metabolic
syndrome as a state of dysregulation (Figure 2). Moreover,
targeting of the coordinated regulatory system consisting of
these humoral and neuronal pathways is a potential therapeu-
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tic strategy for obesity-related disorders, including cardiovas-
cular diseases.
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