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Figure IX Gao J et al.
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Figure X
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Figure XI Gao J et l.
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Supplemental Material

Supplemental Figure Legends

Figure I CHOP deficiency caused no gross phenotypic differences

CHOP+/+ and CHOP-/- (n=5 per group) mice were fed normal chow and subjected to
measurement of body weight (A), blood glucose (B), blood pressure (C), plasma levels
of lipid parameters (D) such as total cholesterol (left), triglyceride (middle) and
non-esterified fatty acids (NEFA) (right), and plasma levels of adipokines (E), such as
adiponectin (left), MCP-1 (middle) and TNF-a (right), at 11 weeks of age. Data are

presented as means = SE.*P < (0.05 by the unpaired 7 test.

Figure II Arterial CHOP expression was up-regulated by cuff injury
Arterial expression of CHOP in cuff-injured and uninjured arteries of CHOP+/+ and
CHOP-/- (n=7 per group) mice 7 days after cuff placement were quantified by RT-PCR.

Data are presented as means = SE. **P < 0.01 by one-way ANOVA.

Figure III Cuff injury-induced neointimal SMC proliferation was suppressed in
CHOP deficient mice

Expressions of a-smooth-muscle isoform of actin (SMA) in cuff-injured and uninjured
arteries 3 weeks after cuff placement in CHOP+/+ and CHOP-/- (n=7 per group) mice
were quéntiﬁed by RT-PCR adjusted with GAPDH (A). Immunological stainings
against SMA (B) and PCNA (C; upper panel) were prepared from cuff injured femoral
arteries 3 weeks after placement in CHOP+/+ (left) and CHOP-/- (right) mice. The
relative amounts of PCNA positive cells in neointimal lesions (n=14) were presented as

the ratio to CHOP +/+ mice (n=9) (C; lower panel). *P < 0.05, **P < 0.01 by the
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unpaired 7 test or one-way ANOVA.

Figure IV CHOP deficiency caused no gross phenotypic differences in apoE-/- mice
CHOP+/+;apoE-/- (n=18) and CHOP-/-;apoE-/- (n=13) mice were fed 1.25% high
cholesterol chow starting at 8 weeks of age and subjected to measurement of body
weight (A), blood glucose (B), blood pressure (C), plasma levels of lipid parameters (D)
such as total cholesterol (left), triglyceride (middle), and non-esterified fatty acids

(NEFA) (right). Data are presented as means + SE.

Figure V Aortic root cross-sections from 20-week-old CHOP+/+;apoE-/- and
CHOP-/-;apoE-/- mice

Aortic root cross-sections were prepared from 20-week-old CHOP+/+;apoE-/- (n=5)
and CHOP-/-;apoE-/- (n=5) mice and stained with hematoxylin and eosin.
Representative histological findings are shown in the left panels. Atherosclerosis was
evaluated as plaque areas, which were expressed as percentages of the total lumen areas
in CHOP+/+;apoE-/- (n=5) and CHOP-/-;apoE-/- (n=5) mice. Data are presented as

means + SE. **P < (.01 by the unpaired ¢ test.

Figure VI Immunohistological findings of aortic plaque lesions from 20-week-old
CHOP+/+;apoE-/- and CHOP-/-;apoE-/- mice

Aortic sections from 20-week-old CHOP+/+;apoE-/- (upper panels) and
CHOP-/-;apoE-/- (lower panels) mice fed 1.25% high cholesterol chow were
immunostained with antibodies against MOMA-2 (left), SMA (middle) or oxidized LDL

(right) (A). A series of immunological staining with control antibodies, i.e. rat IgG2b as
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a control for MOMA-2 (left), mouse IgG2a as a control for SMA (middle), rabbit
immunoglobulin as a control for oxidized LDL (right), were performed in the
corresponding aortic samples (B). Magnifications of upper and lower panels are x40 and
x200, respectively. Representative immunostaining findings from all samples (n=7 per

group) are shown.

Figure VII Protein expressions of Bip and SR-AI in the aorta
Tissue protein extracts of whole aorta samples from 24-week-old CHOP+/+;apoE-/-,
CHOP-/-;apoE-/- mice were subjected to immunoblotting with antibodies to Bip (upper

panels), SR-AI (middle panels) and GAPDH as a loading control (lower panel).

Figure VIII Aortic root cross-sections from 14-week-old CHOP+/+;apoE-/- and
CHOP-/-;apoE-/- mice

Aortic root cross-sections were prepared from 14-week-old CHOP+/+;apoE-/- and
CHOP-/-;apoE-/- mice and stained with oil red O. Representative histological findings
are shown in the left panels. Atherosclerosis was evaluated as oil red O-stained areas,
which were expressed as percentages of the total lumen areas in CHOP+/+;apoE-/-

(n=3) and CHOP-/-;apoE-/- (n=3) mice. Data are presented as means + SE.

Figure IX Reconstitution of BM cells 2weeks after BMT

Bone marrow cell expressions of CHOP 2 weeks after BMT were quantified by RT-PCR
in CHOP+/+ to CHOP+/+ (n=5), CHOP-/- to CHOP+/+ (n=5), CHOP +/+ to CHOP-/-
(n=3) and CHOP-/- to CHOP-/- (n=3) BMT mice (A). Time course of peripheral WBC

counts from the day before BMT to 13 days after BMT (B). Data are presented as means
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+ SE. **P < (.01 by one-way ANOVA.

Figure X Macrophage and hematopoietic cell markers before and after cuff
placement

Arterial expressions of F4/80 and Ptprc (CD45) before (2 weeks after BMT) (#=6), and
3 weeks after (n=8) cuff placement were quantified by RT-PCR in CHOP+/+ to
CHOP+/+ BMT mice. Data are presented as means + SE. **P < 0.01 by the unpaired ¢

test.

Figure XI

CHOP deficiency suppressed peroxynitrite- and free cholesterol-induced
inflammatory responses of macrophages.

mRNA expressions of CHOP and inflammatory cytokines in peritoneal macrophages
from CHOP+/+ (n=9) and CHOP-/- (»=9) mice in response to peroxynitrite (A) and free
cholesterol (B) treatments, were evaluated by RT-PCR. Peritoneal macrophages from
CHOP+/+ (n=5) and CHOP-/- (n=6) mice without these ER stress-inducing agents were
also subjected to analyses of mRNA expressions. *P < 0.05, **P <0.01 by the one-way

ANOVA.
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hypertension. These include increased sodium reabsorption, acti-
vation of the renin—angiotensin—aldosterone system, oxidative
and infllmmatory stress, endothelial dysfunction and decreased
sensitivity to natriuretic peptides.z’3 Adiposity-induced insulin
resistance and the resulting hyperinsulinaemia also reportedly con-
tribute to these mechanisms.” In addition, adiposity impairs adipo-
cyte function and alters the adipokine profile, which is also
involved in blood pressure (BP) elevation.” In particular, there is
a strong correlation between plasma leptin concentrations and
hypertension in human subjects.®” Thiazolidindione treatment,
which promotes adipocyte differentiation, reportedly lowers
BP2? In addition to these humoral mechanisms, it is well known
that sympathetic tonus is increased in obese subjects,’” especially
those with visceral adiposity.”' Such sympathetic activation
enhances cardiac output, renal sodium reabsorption, and vasocon-
striction as well as potentiating the renin—angiotensin—
aldosterone system, leading to the development of hypertension.'
However, the precise mechanisms whereby obesity induces this
sympathetic activation remain unclear.

Obesity is thought to be a disturbed state of energy metabolism
homeostasis. To maintain metabolic homeostasis in the whole
body, communication among organs/tissues, allowing coordinated
metabolic regulation, appears to be essential. In addition to
humoral factors, including insulin and adipokines, the autonomic
nervous system is now increasingly being recognized as an impor-
tant component of inter-organ metabolic communication.’

In particular, afferent neural signals originating in the liver play
important roles in regulating energy’® and glucose™ homeostasis.
We reported that adenoviral expression of peroxisome
proliferator-activated receptor-y (PPARy) in the liver enhances
both systemic energy expenditure and lipolysis in adipose tissue,
via sympathetic activation mediated by the afferent vagus originat-
ing in the liver." Although expression of PPARwy, a transcription
factor which activates genes involved in lipid storage and pro-
duction, is very low in the liver when compared with that in
adipose tissues,”® hepatic expression of PPARy, especially
PPARY2,"® is upregulated in a number of murine obesity models
as well as in obese human subjects.” Therefore, this inter-organ
communication system via the neuronal relay, consisting of vagal
afferents and sympathetic efferents, likely has a role in preventing
obesity development by increasing energy expenditure and lipoly-
sis. Herein, we report that this neuronal relay, which may act as a
protective mechanism against obesity development, ironically con-
tributes to obesity-related hypertension, a major feature of the
metabolic syndrome, via sympathetic activation.

Methods

Due to space requirements, some methodological details have been
placed online.

Animals

Animal studies were conducted in accordance with Tohoku University
institutional guidelines. Male C57BL/6N, KK, and KK-Ay mice were
purchased from Japan Clea (Tokyo, Japan). Male Zucker diabetic
fatty (ZDF) and Zucker lean rats were purchased from Japan SLC
(Shizuoka, Japan). Diet-induced obese (DIO) mice were obtained

by 10-week feeding of a high-fat diet (32% safflower oil, 33.1%
casein, 17.6% sucrose, and 5.6% cellulose'®) beginning at 5 weeks of
age. B1/B2/B3 adrenergic receptor triple knockout (B-less) mice'®
were provided by Dr B. B. Lowell.

Administration of recombinant adenovirus

Recombinant adenoviruses bearing murine PPARy2 cDNA,13 the bac-
terial B-galactosidase gene,”> DGAT1, DGAT2,”” or fat-specific
protein 27 (Fsp27)*° cDNA, and for RNA interference, recombinant
adenovirus encoding short-hairpin  RNA for PPARy, scramble
(AdK7-H1-scramble),” or FSP272° were injected into mice (see Sup-
plementary material online for details).

Blood analysis

Blood glucose was assayed with Antsense Il (Horiba Industry, Kyoto,
Japan). Serum insulin and leptin were determined with enzyme-linked
immunosorbent assay kits (Morinaga Institute of Biological Science,
Yokohama, Japan).

Blood pressure (BP) measurement

Systolic blood pressure (SBP) was usually determined by the standard
tail-cuff noninvasive measurement system?' using a model MK-2000
sphygmomanometer for mice and rats (Muromachi Kikai, Tokyo,
Japan) according to the manufacturer’s instructions. The tail-cuff
system is commonly used for measuring SBPs in conscious animals
without operative intra-arterial catheterization, and the results report-
edly correspond to those obtained with telemetry.”> At least six read-
ings were obtained for each experiment, and a mean value was
assigned to each individual mouse and rat.

Dissection of hepatic branch of the vagus

Selective hepatic vagotomy was performed as previously described’”
(see Supplementary material online for details).

Selective hepatic vagal afferent blockade

by perivagal application of capsaicin

Selective blockade of hepatic vagal afferent was performed by perivagal
application of capsaicin.'® The hepatic branch of the vagal trunk was
isolated from surrounding tissues using paraffin films, then loosely
tied with a cotton string with or without being immersed in capsaicin
(Sigma Chemical Co, St Louis, MO, USA) dissolved in olive oil (5%
wt/vol) (see Supplementary material online for details).

Hepatic triglyceride content

Frozen livers were homogenized and triglycerides were extracted with
CHCl3:CH30H (2:1, v=v), dried and resuspended in 2-propanol.”® Tri-
glyceride contents were measured using Lipidos liquid (TOYOBO,
Osaka, Japan).

Immunoblotting and histological analysis
Immunoblotting was performed as previously described’® using anti-
PPARy antibody (Cell Signaling Technology, Danvers, MA, USA).
Hepatic vagal nerve immunohistochemistry was performed as pre-
viously described" (see Supplementary material online for details).
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Quantitative reverse transcriptase—
polymerase chain reaction-based gene
expression

Quantitative reverse transcriptase—polymerase chain reaction

(RT—PCR) was performed as previously described'® (see Supplemen-
tary material online for details).

Statistical analysis

All data are expressed as means 1 SD. All statistical analyses were per-
formed with Ekuseru-Toukei 2006 and 2010 statistical software (Social
Survey Research Information Co., Ltd., Tokyo, Japan). Normality was
tested with the Kolmogorov—Smirnov test. When data were normally
distributed, the statistical significance of differences was assessed with
the unpaired t test. The Mann—Whitney U test was applied when data
were not normally distributed. In all analyses, values of P < 0.05 were
accepted as statistically significant, and all tests were two-sided.

Results

Hepatic peroxisome
proliferator-activated receptor-y
overexpression raises blood pressure
via the neuronal relay

First, to examine whether hepatic PPARY2 expression raises BP,
we over-expressed PPARY2 selectively in the livers of C57BL/6
mice fed a normal chow diet (PPARYy2-mice) by systemically infus-
ing a recombinant adenovirus. Recombinant adenovirus infusion
through the tail vein resulted in selective transgene expression in
the liver (see Supplementary material online, Figure STA) without
increased expression in other peripheral tissues, as reported pre-
viously.""¥ Mice given the lacZ adenovirus were used as controls.
Hepatic expression of PPARy2 in normal chow-fed lean mice
caused hepatomegaly (Figure 1A) due to marked hepatic steatosis
(Figure 1B), while reducing adipose tissue with suppression of
weight gain (see Supplementary material online, Figure S1B). In
addition, hepatic PPARy2 expression decreased fasting blood
glucose (FBG) (see Supplementary material online, Figure S1C),
insulin and leptin levels (Table 1A). These findings are compatible
with the observations in mice with diet-induced obesity."> Under
these conditions, SBP was significantly elevated in PPARy2 mice
(Figure 1C). Thus, PPARYy2 overexpression in the liver raises BP
via mechanisms independent of hyperinsulinaemia and hyperlepti-
naemia. In addition, hepatic PPARYy2 expression increased renal
renin and adipose angiotensinogen expressions (see Supplemen-
tary material online, Figure STD—E). Since these genes are known
to be upregulated by sympathetic stimulation,****
suggest that hepatic PPARy2 expression increases sympathetic
tonus to the kidney as well as adipose tissue, possibly contributing

these results

to BP elevation.

Next, to examine whether vagal afferent signals originating in the
liver are the mechanism whereby hepatic PPARY2 expression
raises BP, we surgically dissected the hepatic vagus. Seven days
after selective hepatic vagotomy or sham-operation, we adminis-
tered recombinant adenovirus encoding LacZ or PPARy2. Liver
weights were similarly increased by PPARY2 overexpression in
sham-operated and hepatically vagotomized mice (Figure 1D).

—229—

In contrast, while hepatic PPARY2 significantly raised SBP in
sham-operated mice, selective hepatic vagotomy completely
blocked SBP elevation (Figure 1E). We next administered
PPARy2 adenovirus to B-less mice.'® Although adenoviral
expression of hepatic PPARY2 also increased liver weight in
B-less mice to an extent similar to that in wild-type controls
(Figure 1F), SBP was unaffected in B-less mice (Figure 1G). Thus,
the hepatic PPARy-modulated neuronal pathway, consisting of
afferent vagal and efferent sympathetic nerves, mediates BP
elevation.

Knockdown of peroxisome
proliferator-activated receptor-y
expression in the liver lowers blood
pressure in murine obesity models

Does this system physiologically contribute to obesity-related
hypertension? To answer this question, we knocked down
hepatic PPARy expression in murine obesity models. At 8 weeks
of age, hepatic PPARy expression was markedly enhanced in
genetically obese KK-Ay mice when compared with lean control
KK mice (Figure 2A). Administration of recombinant adenovirus
expressing shRNA for PPARy substantially decreased endogenous
PPAR~y expression in the livers of KK-Ay mice (Figure 2A). On Day
3 after adenoviral administration, the knockdown of hepatic PPARy
expression in KK-Ay mice significantly lowered BP, while exerting
no effects on BP in KK mice (Figure 2B). Note that, at this time
point, neither liver weights (Figure 2C) nor hepatic triglyceride con-
tents (Figure 2D) had yet decreased significantly. Nor were body
weights (see Supplementary material online, Figure S2), plasma
insulin, or leptin levels (Table 1B) significantly affected by
PPARy—shRNA administration. Findings were similar in another
murine obesity model mice with diet-induced obesity. High fat
loading of C57BL/6 mice enhanced endogenous PPARYy expression
in the liver (Figure 2E) and raised BP (Figure 2F). Without significant
decreases in liver weights (Figure 2G) and hepatic triglyceride con-
tents (Figure 2H), hepatic PPARy knock-down (Figure 2E) signifi-
cantly lowered BP in DIO mice, but not in normal chow-fed lean
controls (Figure 2F). Thus, upregulation of endogenous PPARy in
the liver during obesity development, rather than hepatic lipid
accumulation per se, contributes to the development of
obesity-related hypertension.

Blockade of hepatic vagal afferents
inhibits blood pressure elevation during
obesity development

Next, to investigate whether signals mediated by the hepatic vagus
are involved in the development of obesity-related hypertension,
we performed selective hepatic vagotomy in KK-Ay mice at 8
weeks of age, followed by BP monitoring. Selective hepatic vagot-
omy did not affect endogenous PPARy expression in the liver in
either KK or KK-Ay mice (Figure 3A). Systolic BP rose steadily in
sham-operated KK-Ay mice, but hepatic vagotomy blocked this
BP elevation (Figure 3B), with no changes in plasma insulin or
leptin levels (Table 1C). In contrast, in KK mice, SBP was unaffected
by hepatic vagotomy (Figure 3B). Thus, selective hepatic vagotomy
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Perivagal capsaicin treatment did not affect endogenous PPAR+y
expression in the livers of either KK or KK-Ay mice (Figure 3C).
Under these conditions, blockade of afferent vagal signals from
the liver prevented SBP elevation during obesity development in
KK-Ay mice, but had no effect on BP in KK mice (Figure 3D).
Thus, hepatic PPARy upregulation associated with obesity is
involved in the development of hypertension via the afferent
vagal pathway from the liver.

To examine whether this neuronal pathway involves leptin sig-
nalling, capsaicin was applied perivagally in a leptin receptor-
mutant animal obesity model, ZDF rats, which develop a syndrome
with obesity and hypertension.”® In ZDF rats, endogenous PPARy
expression in the liver is enhanced when compared with that in
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Leptin (ng/mL) 298 + 094 0.61 + 0.36 <0.001
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control Zucker lean rats (Figure 3E). Again, as obesity progressed,
BP rose in ZDF rats, but this elevation was blocked (Figure 3F) by
capsaicin-mediated selective deafferentation of the hepatic vagus
(see Supplementary material online, Figure $4), with no changes
in plasma insulin or leptin levels (Table 1D). These findings indicate
that afferent signals of the hepatic vagus contribute to the develop-
ment of obesity-related hypertension in a fashion independent of
leptin signalling. '

Blood pressure is not elevated

in murine models of hepatic steatosis
without hepatic peroxisome
proliferator-activated receptor-y
upregulation

Taking the aforementioned results together, hepatic upregulation
of PPARY, which induces hepatic steatosis, is likely to contribute
to the development of obesity-related hypertension via afferent
vagal signals. This prompted us to question whether hepatic trigly-
ceride accumulation or hepatic PPARy upregulation causes hyper-
tension. To answer this question, we examined other models of
hepatic steatosis without hepatic upregulation of PPARy. Acyl-
CoAudiacylglycerol acyltransferase (DGAT) is a membrane-bound
enzyme that catalyses the last step in the synthesis of triglycerides.
DGAT1 and DGAT?2 are unrelated proteins that exhibit DGAT
activity. Adenoviral expressions of these enzymes, particularty
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DGAT2, in the liver reportedly result in hepatic steatosis."”
Indeed, adenoviral DGAT1 or DGAT2 expression in the liver
induced hepatomegaly (Figure 4A) with hepatic triglyceride
accumulation (Figure 4B). In particular, hepatic triglyceride contents
in DGAT2 mice were similar to those in PPARy2 mice (Figure 1B).
However, hepatic PPARY2 expression was not affected by hepatic
expressions of these DGAT enzymes (Figure 4Q). In contrast to
PPARY2 overexpression, neither DGAT1 nor DGAT?2 overexpres-
sion in the liver significantly raised BP (Figure 4D). White adipose
tissue (WAT) weights were not reduced in DGAT1 or DGAT2
mice (see Supplementary material online, Figure 55). These findings
collectively suggest”that DGAT-induced hepatic steatosis has
minimal effects on sympathetic tonus.

Fat-specific protein 27 upregulation in the
liver contributes to obesity-related
hypertension downstream from
peroxisome proliferator-activated
receptor-y

What molecules function downstream from PPARy in the liver? it
was recently reported that Fsp27 functions as a direct target gene
of PPARy in the liver and plays a major role in obesity-related
hepatic steatosis.”’ In fact, adenovirus-mediated expression of
PPARY?2 in the liver markedly enhanced hepatic Fsp27 expression
(see Supplementary material online, Figure S6A). Therefore, we
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Vs, KK Ay (HV) 1 mice. (C and D) Vehicle (veh) or capsalcm (cap) was. apphed to ‘the hepatlc vagus of 8-week-0 ld KK and KK- -Ay:mice. (D) SBP

was measured on Days 14. and 28 after these operatlons Open c&rcles and squares |ndlcate vehlcle-treated KK and KK- Ay mice ‘and closed‘ e
- circles. and “squares md!cate capsancm—treated KK and: KK Ay

ice (n=4-6), respectwely ##P;< 0.01 and. #P <005 indicate vehicle- vs.
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. (ZDF) rats. (F) SBP was measured on Days 14 and. 28 afterq e operatlons Open and closed c1rcles mdlcate veh|cle— and capsaxc,
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examined the role of Fsp27 in obesity-related hypertension. First,
Fsp27 was overexpressed in the liver by recombinant adenovirus
infusion. Similar to the case of hepatic PPARY2 expression,
hepatic Fsp27 expression increased liver weights (Figure 5A) with
marked steatosis (Figure 5B). Consistent with this, hepatic
expressions of sterol regulatory element binding protein-1c

(see Supplementary material online, Figure S6B) and fatty acid
synthase (see Supplementary material online, Figure 56C) were
enhanced in Fsp27-mice. In contrast, WAT weights were reduced
(see Supplementary material online, Figure S6D) and uncoupling
protein-1 expression in brown adipose tissue was significantly
upregulated (see Supplementary material online, Figure S6E).
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In addition, hepatic Fsp27 expression increased renal renin
expression (see Supplementary material online, Figure S6F).
These findings, taken together, suggest enhanced sympathetic
tonus in Fsp27 mice. Furthermore, hepatic Fsp27 expression sig-
nificantly lowered FBG (see Supplementary material online, Figure
$6G). In addition to these metabolic phenotypes, SBP was signifi-
cantly elevated in Fsp27 mice (Figure 5C). Hepatic vagotomy
prior to adenoviral administration did not affect liver weights
(Figure 5D) but did block the BP elevation induced by hepatic
Fsp27 expression (Figure 5E). These phenotypic features observed
in Fsp27 mice, including not only local (in the liver) but also remote
effects, are very similar to those induced by hepatic PPARy2
expression. Therefore, Fsp27 upregulation is likely to mediate
the metabolic effects induced by hepatic PPARy2 expression.
Next, we examined the involvement of hepatic Fsp27 in the
development of obesity-related hypertension. In both KK-Ay and
DIO mice, hepatic expression of Fsp27 was upregulated when
compared with their respective lean controls (Figure 5F). Adminis-
tration of recombinant adenovirus expressing shRNA for Fsp27
decreased endogenous Fsp27 expression in the liver, especially
in the murine obesity models (see Supplementary material
online, Figure S7). Under these conditions, Fsp27 knockdown in
the liver significantly lowered SBP in both KK-Ay and DIO mice,
but not in their lean counterparts (Figure 5G). These findings
were similar to the observations in mice with hepatic knockdown
of PPARry (Figure 2B and F). Thus, hepatic upregulation of Fsp27, a

“expressions of sPARyZ mRNA ©), and SBPs (D) of LacZ-, ;f

S adenowrus adndlmstratlo (n——4 6): Data re presented as means + SD
;’;F**P< 0.01 and ”‘P < 005 compared to LacZ mlce NS not stgnlﬁcant Sl : : o : S :

downstream target of PPARY, is involved in the development of
obesity-related hypertension.

Discussion

The first important finding in this study is that hepatic PPARy upre-

gulation, which is associated with obesity development,'®"” con-

tributes to obesity-related hypertension via the neuronal relay
originating in the liver. This neuronal relay system was shown to
enhance systemic energy expenditure and decrease peripheral adi-
posity and thus appears to function as an anti-obesity mechanism
counteracting excess energy accumulation.” This, in turn, leads
to hypertension development under conditions of chronic excess
energy intake. Thus, the endogenous anti-obesity mechanism
appears, ironically, to cause pathological states associated with
obesity.

This concept might be somewhat contradictory to the effects of
thiazolidinediones on obese subjects. Thiazolidindione treatment
of mice as well as human subjects with obesity reportedly
increases adiposity as well as lowering BP2® while hepatic
PPARY2 expression in the present study decreased adiposity and
raised BP. These inconsistencies raise the possibility that unba-
lanced overexpression of PPARY2 is characterized by a relative
lack of its coactivators, leading to non-physiological effects.
However, this possibility is quite unlikely for the following
reasons. First, hepatic PPARy2 expression increased hepatic lipid
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accumulation, suggesting activation of physiological pathways
downstream from PPARy2. In addition, loss of function of
PPARy reversed these phenotypes: i.e. liver-specific knockout of
PPARy reportedly increased peripheral adiposity in murine
models of obesity® and liver-selective knockdown reversed
obesity-related hypertension (Figure 2B and F). Furthermore, and
most importantly, hepatic expression and knockdown of Fsp27, a
physiological target of PPARY,® exerted effects similar to those
of PPARY2. Therefore, activation of the PPARy—Fsp27 pathway
in the liver is likely to induce sympathetic activation, leading to
reduced peripheral adiposity and elevated BP. Systemic adminis-
tration of thiazolidinediones activates PPARy not only in the
liver but also other organs/tissues throughout the body, especially

adipose tissue, where PPARYy expression is markedly higher than
that in the liver. In contrast, liver-selective expression and knock-
down, as performed in this study, enabled us to examine the
specific role of hepatic PPARy and revealed its importance in
the development of obesity-related hypertension.

In mammals, visceral innervation is generally recognized as being
based on a dual nerve branch structure, involving both parasympa-
thetic (vagal) and sympathetic nerves. Furthermore, each nerve
branch consists of both afferent and efferent neurons. The sym-
report-
edly play important roles in BP regulation. Splanchnic (sympathetic)
afferents from the liver are also involved in insulin hypersecretion
obesity development.” In  this selective

pathetic afferents from the aorta”” or abdominal viscera™®

during study,
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pharmacological deafferentation of the hepatic vagus blocked BP
elevation during obesity development in both KK-Ay mice and
ZDF rats. In addition to the sympathetic afferent signals, therefore,
vagal afferents from the liver modulate BP, contributing to the
development of obesity-related hypertension. Infusion of fatty
acids into the portal vein reportedly activates hepatic vagal func-
tion® and the efferent sympathetic nervous system,*® as well as
raising BP." Intraperitoneal dexamethasone administration has
also been shown to raise BP via a mechanism involving PPARa
and vagal afferents.”’ Thus, neuronal signals, mediated by the affer-
ent vagal nerve from the liver, are involved in determining BP in
various settings.

There are numerous reports on the relationship between obesity
and sympathetic activation, Several pathological states combining to
produce the metabolic syndrome have been shown to be associated
with increased adrenergic drive.’® Humoral factors, including insulin
and leptin, have been proposed to be involved in the development
of obesity-related disorders. Insulin resistance and the resultant
hyperinsulinaemia  reportedly = contribute to  pathological
phenotypes of the metabolic syndrome.” Hyperleptinaemia is also
associated with hypertension®’ and renal sympathetic activation>
in human subjects. Despite resistance to leptin’s anorexigenic
effect in obese states, the sympathoexcitatory effect of leptin is
reportedly preserved,’* a state termed selective leptin resistance.
Thus, sympathetic activation in response to hyperleptinaemia may
contribute to hypertension development in patients afflicted with
the metabolic syndrome. However, in the present study, adenoviral
overexpression of PPARy in the liver raised BP despite marked
decrements in both plasma insulin and leptin levels. Furthermore,
dissection or deafferentation of the hepatic vagus did not decrease
fasting plasma insulin or leptin levels but did block hypertension
development in obesity models. In particular, in leptin receptor
mutant ZDF rats, deafferentation of the hepatic vagus blocked BP
elevation during obesity development, confirming that this effect
is independent of leptin signalling. Thus, in addition to these
humoral factors, the present study revealed the importance of the
neuronal mechanism underlying obesity-related hypertension; an
afferent nerve pathway from the liver which mediates pressor
signals from the periphery to the brain.

As we reported previously,’ hepatic PPARy2 expression
enhances systemic metabolic rates and lipolysis in adipose tissue.
These effects were blocked by administration of a pan-3 adrenergic
blocker, bupranorol, suggesting involvement of sympathetic acti-
vation. The results obtained using B-less mice in this study further
support the hypothesis that hepatic PPARY2 expression enhances
sympathetic tonus, leading to BP elevation. Since sympathetic activi-
ties were not measured directly, however, we cannot rule out the
possibility that other, including renal and vascular, potential mechan-
isms are also involved in BP elevation induced by hepatic PPARy2
expression. As described above, various mechanisms have been
proposed to underlie obesity-induced hypertension, including,
hyperinsulinaemia, hyperleptinaemia, and activation of the renin—
angiotensin system. Oxidative and inflammatory stress, endothelial
dysfunction, and decreased sensitivity to natriuretic peptides are
also reportedly involved in hypertension development associated
with obesity.>* Therefore, it was quite unexpected that BP elevation
was almost completely blocked by either hepatic PPARYy2

knockdown or hepatic vagotomy. These findings suggest the contri-
butions of various mechanisms to differ among stages of obesity. We
used young rodents and measured BP during obesity development
rather than after the establishment of obesity, indicating that the
neuronal mechanism originating in hepatic PPARy2 expression is
likely to play important roles in BP elevation, at least, during the
course of obesity development. All results presented herein were
obtained from animal obesity models, such as KK-Ay and DIO
mice as well as ZDF rats. Animal studies have limitations and
further examinations are, of course, required to conclude
whether this neuronal mechanism is also relevant to human obese
subjects.

Hepatic PPARy expression induced both hepatic lipid accumu-
lation and BP elevation. In search of the target downstream from
PPARy in the liver, therefore, we first examined the possibility
that hepatic lipid accumulation per se raises BP. However, BP was
not elevated in other models of hepatic steatosis, DGAT1 and
DGAT2 overexpressions, in which PPARy is not upregulated in
the liver. In addition, hepatic knockdown of PPARy in KK-Ay and
DIO mice lowered BP prior to hepatic triglyceride reduction.
These findings together suggest that hepatic PPARy upregulation,
rather than hepatic lipid accumulation, contributes to the develop-
ment of obesity-related hypertension. Then we examined the role
of Fsp27, a direct target of PPARy.2° Fsp27 is a member of the
Cide family of proteins, also known as Cidec in humans.® Fat-
specific protein 27 is expressed mainly in WAT but high fat
feeding increases hepatic Fsp27 expression.> Fat-specific protein
27 deficiency inhibited lipid accumulation in the liver during high
fat feeding,” indicating that Fsp27 mediates hepatic lipid accumu-
lation downstream from PPARy.?® In the present study, overex-
pression of Fsp27 in the liver also resulted in remote metabolic
phenotypes, including adipose tissue reduction, blood glucose low-
ering, and BP elevation, all of which were blocked by hepatic vagot-
omy. In addition, hepatic Fsp27 is upregulated in murine obesity
models and its knockdown reversed the BP elevation associated
with obesity development. These findings indicate that the
hepatic PPARy~Fsp27 pathway contributes to the development
of obesity-related hypertension.

In conclusion, afferent vagal signals triggered by the hepatic
PPARy—Fsp27 pathway are likely to play an important role in
the development of obesity-related hypertension. Thus, the liver
may sense metabolic states and transmit neuronal signals modulat-
ing energy and glucose metabolism to maintain metabolic homeo-
stasis. However, these signals may also have adverse impacts
due to sympathetic overflow™ and hyperinsulinaemia'* during
obesity development. Therefore, neuronal signals from the liver
may contribute to the development of various pathological pheno-
types characteristic of the metabolic syndrome.

Supplementary material

Supplementary material is available at European Heart Journal
online.
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Recurrent hypoglycemia during pregnancies in a woman
with multiple autoantibodies including anti-insulin receptor
antibody and anti-platelet antibody, whose serum lowered
murine blood glucose levels and phosphorylated insulin
receptor of CHO-IR cells
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Abstract. We report a rare case of recurrent hypoglycemia in a pregnant woman during the period of pregnancies. She
suffered from severe hypoglycemia and intrauterine fetal death during the first pregnancy. Thereafter, there was no
hypoglycemia, and no obvious cause of hypoglycemia was found by close examinations. Two years later, at eight weeks
into the second pregnancy, hypoglycemia recurred. The patient had multiple auto-antibodies including anti-insulin receptor
antibody and anti-platelet antibody associated with decreased platelet count. She completed the pregnancy with continuous
intravenous administration of glucose that prevented hypoglycemia and finally delivered a healthy baby by Caesarian
section. Both the hypoglycemia and thrombocytopenia, and the auto-antibodies disappeared after the delivery. We analyzed
the patient’s serum as a possible cause of hypoglycemia. Administration of the serum lowered blood glucose levels of mice
more strongly than control serum. In addition, the serum phosphorylated tyrosine of insulin receptor of Chinese hamster
ovary cells overexpressing human insulin receptors (CHO-IR cells) in vitro. These results suggest that multiple auto-
antibodies might have been induced by a trigger of pregnancy, although the precise mechanism was unclear, and the anti-
insulin receptor antibody and anti-platelet antibody might have induced hypoglycemia and thrombocytopenia, respectively,
during the pregnancy.

Key words: Hypoglycemia, Pregnancy, Anti-insulin receptor antibody, Anti-platelet antibody, Phosphorylation of insulin
receptor

HYPOGLYCEMIA is induced by various causes [1].
We experienced a case of recurrent hypoglycemia in a
pregnant woman during the period of pregnancy on two
separate occasions. The patient had multiple autoanti-
bodies including anti insulin receptor (IR) antibody
and anti-platelet antibody associated with thrombocy-
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topenia. After the delivery, the titers of autoantibodies
were decreased, the hypoglycemia disappeared, and
thrombocytopenia improved. We analyzed the patient’s
serum as a possible cause of hypoglycemia. Here we
report the results that the serum lowered murine blood
glucose levels and phosphorylated tyrosine of insulin
receptor of CHO-IR cells.

Case Report

The patient (a 32-year-old woman) has no particular
family history and past history except acute ppeumonia
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