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lost their excess weight by 17 weeks of age (Fig. 1a). This is
attributable to the development of overt diabetes due to
severe insulin deficiency (Fig. 1b, c). In fact, non-fasted
blood glucose levels of Wfsl™~ 4/a mice started to rise
significantly from the age of 8 weeks, with all WfsI™"~ 4/a
mice developing overt diabetes by 16 weeks of age (Fig. 1b).
Ketosis manifested after age 16 weeks (data not shown). In
contrast, blood glucose levels of WfsI™* #/a and WfsI™" a/a
mice did not differ from those of WT mice. We also examined
plasma insulin levels of these mice. At 12 weeks of age, the

plasma insulin levels of W1 4’/a mice were sngmﬁcantly
higher than those of WT littermates, and W5/~ a/a and
a ak
a0 ol
] g
E’_?’ 35h
5
g 0k
> s}
2w}
15k
0 5 10 15 20 25
Age (weeks)
b .
A a
J0F g
§ 5 a g 2
g5 30f a a g A
¥ a & :
'§ £ 20F a a 2
. 11T
w0}
LLLLL
0 48 12 16 w2

Age (weeks)

XK

c * %% ke | gy
L
6“0 * k&

% ~

Z = 40

93

]

4 &

T < 200

Wl

Age (weeks)

Fig. 1 Weight, blood glucose and insulin levels of Wfsi™" 4”/a and
other mice. a Weight of Wfs/~ * A/a (triangles), Wfs 1" 4'/a (squares),
Wfs1™" a/a (diamonds) and WfsI™" a/a (WT, circles) mice over the
course of 24 weeks. Values are the means+SE for n=14-21 mice. b
Non-fasted blood glucose levels in WfsI™ 4”/a, Wfs1™"* #/a, WfsI™
a/a and WT mice; key as above, n=11-16. p<0.05 for Wfs1™" 4a vs
WI™" A/a, W1~ a/a and WT mice at 8 and 12 weeks; p<0.001
for W1~ #/a vs Wl #/a, WsI™" a/a and WT mice at 16, 20
and 24 weeks. ¢ Plasma immunoreactive insulin (IRI) levels in Wfs/~*~
A'/a (white bars), WfsI*** 4"/a (hatched bars), Wfs1™~ a/a (grey bars)
and WT (black bars) mice at 12 and 24 weeks of age. Data are
presented as the means+SE for n=7-13 mice. ***p<0.001
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W1~ 4/a mice. Interestingly, WfsI~"~ £/a mice tended to
be more hyperinsulinaemic than Wfs/~~ a/a and WT at this
age, although the differences did not reach statistical
significance. However, at 24 weeks of age, plasma insulin
levels in WfsI™~ 4/a mice were markedly decreased
(Fig. lc).

Intraperitoneal glucose tolerance test and ITT were
performed at 8 weeks (Fig. 2). Wfsl™"* #/a mice, as well
as Wfsl™"~ 4’/a mice, were already more insulin-resistant
than Wfs1™" a/a and Wfs1™~ a/a mice at this young age
(Fig. 2a, d). There was no statistical difference in the ITT
curve between WfsI'* 4'/a and Wfsl™"~ A/a mice.
Although glucose tolerance of Wfsl™" A/a mice was
normal because of compensatory elevated insulin secretion
(Fig. 2b, c), this compensation was not found in WfsI™~ 4/a
mice, whose glucose tolerance was impaired (Fig. 2e, f).

A similar, but milder phenotype was observed in the
WfsI™" a/a mice with high-fat diet-induced obesity (ESM
Fig. 1). The high-fat diet caused obesity with hyper-
insulinaemia in WT mice (WfsI'"* a/a). However, these
mice were normoglycaemic (ESM Fig. 1a). In contrast, a
high-fat diet induced hyperglycaemia in WfsI™" a/a mice,
although less prominently than in Wfs/~"~ 4/a mice (mean
non-fasting blood glucose 18.0+£2.7 mmol/l, n=6 vs 36.9+
2.4 mmol/l, n=14 at 24 weeks of age, p<0.001) (ESM
Fig. 1b). Non-fasting insulin levels were lower, although
not significantly, in high-fat diet-fed Wfs/*"* a/a than in
WfsI™ 4'/a mice (402.9+87.5 pmol/l, n=9 vs 605.7+
114.4, n=7 at age 24 weeks, p>0.05) (ESM Fig. Ic).

Acceleration of selective beta cell apoptosis We immuno-
histochemically investigated the cause of insulin deficiency.
In 24-week-old WfsI*"* 4'/a mice, islets were hypertrophic
and larger (Fig. 3b, f, j) than in WT (Fig. 3a, e, i) and
Wfs1™" a/a mice (Fig. 3c, g, k), reflecting responses to the
increased insulin demand in Wfs/™" 4/a mice. In the
WfsI™"~ a/a mice, insulin-positive beta cells were preserved
(Fig. 3¢, g) and there was no apparent difference from WT
controls at this stage, except for a change in islet
architecture (aberrant centric migration of alpha cells)
(Fig. 3g, [15]). Interestingly and impressively, however,
WfsI™" 4/a mice had small, irregularly shaped islets, in
which insulin-positive beta cells were markedly decreased
(Fig. 3d, h).

The results were confirmed by morphometric analysis
showing that the insulin-positive area per pancreatic area in
WfsI™ 4’/a mice was increased as compared with that in
WT and Wfsl™" a/a mice. In Wfsl™"~ A'/a mice, the
insulin-positive area was markedly reduced (Fig. 4a), as
was the pancreatic insulin content (Fig. 4b)

Time courses of beta cell loss in Wfs1™"~ 4'/a islets are
shown in Fig. 3m—o. In Wfs1~~ 4’/a mice, insulin-positive
beta cells were selectively and severely depleted by
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Fig. 2 Insulin tolerance test and
ipGTT. ITT (0.75 Ukeg) (a, d)
and ipGTT (2 g/kg) (b, c, e, )
were performed at 8 weeks of
age on Wfsl™""a/a (WT) (white
circles), Wfs™"" A/a (white
squares), Wfs1~""a/a (black
circles) and WfsI™"~ A/a

(black squares). Values are
means+SEM, n=3-10 per group
(ITT) and n=7-10 per group
(ipGTT). *p<0.05, **p<0.01
compared with the corresponding
a/a mice

Fig. 3 Selective beta cell loss in
islets of Wfsl™"~ A”/a mice.

a—| Pancreatic sections from
24-week-old Wfs1™ a/a (WT),
Wis1*"* #/a, Wfsl™" a/a and
Wfs1~"~ A/a mice were immu-
nostained for insulin (brown)
(a—d), scale bar 100 nm.

e~h Immunofluorescence stain-
ing for insulin (green), glucagon
(red) and (i-1) somatostatin
(red). m—o Representative time
course of beta cell loss in islets
from WfsI™"~ 4’/a mice. Insulin
(green) and glucagon (red) were
immunostained. At 8 weeks (m),
most islets were indistinguish-
able from those of WT mice. By
the 16th week (n), normal islet
architecture had been destroyed
and beta cell numbers were
apparently decreased. By week
24 (o), few beta cells remained.
p-s Immunohistochemistry
results for pro-apoptotic active
caspase-3 in pancreatic sections
from WT (p), Wfsl™" #7a (q),
WfsI™" a/a (r) and Wfs1™"
A’/a mice (s). Activated caspase-
3 staining was performed at age
16 weeks. Positive cells were
found in WfsI™" A/a islets (s),
but not in islets from other mice.
Scale bar, 50 nm
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Fig. 4 Insulin-positive areas and insulin content of pancreases. a
Ratios of total insulin-positive area to the entire pancreatic area were
estimated for WfsI™"* a/a (WT, black bars), Wfl'"" 4/ (hatched
bars), WfsI™" a/a (grey bars) and the Wfs1™~ 4/a (white bars) mice
at age 24 weeks. At least five sections from each mouse were prepared
and examined. Data are means+SE from four animals for each group.
***¥p<0.001. b Insulin contents extracted from whole pancreases of
WT, Wfs1™"* A'/a, WfsI™" a/a and Wfs1™~ 4”/a mice (key as above)
at age 24 weeks (means+SE, n=7). ***p<(0.001

24 weeks of age, whereas glucagon-positive alpha cells and
somatostatin-positive delta cells were preserved (Fig. 3h, 1).
This selective beta cell loss was due to apoptotic cell death
as indicated by caspase-3 activation in islets of 16-week-old
mice (Fig. 3p-s).

Ultrastructural analysis We performed ultrastructural anal-
yses of pancreatic beta cells from 12-week-old mice using
electron microscopy. The beta cells were distinguished from
alpha and delta cells by the appearance of their secretory
granules. The beta cell granules had a white halo, not
evident in alpha and delta cell granules.

In A”/a mice pancreatic beta cells, rough ER was well
developed and structurally indistinguishable from that of
WT mice (Fig. 5a, b, e, f). In Wfsl_/_ a/a mice, ER was

Fig. 5 Electron micrograph of
pancreatic beta cells. Ultrastruc-
tural analysis using electron
microscopy was performed on
islets from WfsI™"* a/a (WT)
(a, e), Wil'" A/a (b, 1),
Wfs1™" a/a (c, g) and Wfsl™"
A’/a mice (d, h) at age

12 weeks. Magnification was as
shown, i.e. lower (a—d) and
higher (e-h). M, mitochondrion;
N, nucleus; SG, secretory
granule; V, blood vessel
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dilated and beta cell secretory granules were electron-lucent
in some pancreatic beta cells (Fig. Sc, g). In contrast, in
WfsI™"~ 4/a mice, ER was severely dilated in almost all
pancreatic beta cells and secretory granules were reduced in
size and electron density (Fig. 5d, h). In addition,
mitochondrial swelling was observed in these beta cells.
ER abnormality appears to be a common finding in rodent
models of ER stress-related beta cell failure [26, 29, 30].
Riggs et al. reported similar findings in their beta cell-
specific Wfs1 knockout mouse [22]. Changes were milder
in their mice than in our Wfs/™~ 4/a mice and no
mitochondrial abnormalities were mentioned. The differ-
ence may represent different stages of the same process.

Unfolded protein response in pancreatic islets of obese and
WfsI™"~ mice Our group and others have shown that /s~
beta cells are susceptible to ER stress and that WFS1
deficiency itself evokes the UPR [15, 20, 22]. If insulin
resistance induces ER stress in pancreatic beta cells via
increased demand for insulin biosynthesis and secretion, beta
cell death would presumably be accelerated in Wfs/™" mice
that become insulin-resistant. To examine this possibility, we
first analysed WFS1 protein levels and the UPR in beta cells
under insulin-resistant conditions. Western blot analysis at
12 weeks, when some mice were already hyperglycaemic,
but more than half remained essentially normoglycaemic
(Fig. 1b), revealed WFS1 protein levels to be increased in
obese WfsI*"" 4'/a murine islets as compared with those in
WfsI™"* a/a (WT) mice (Fig. 6a). Levels of ER chaperones
94 kDa glucose-regulated protein (GRP94) and 78 kDa
glucose-regulated protein (GRP78) were also apparently
increased in WfsI*"* #/a and WfsI~"~ a/a mice as compared
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Fig. 6 Unfolded protein responses of pancreatic islets. a Isolated murine
islets were subjected to SDS/PAGE and blotted using antibodies directed
against WFS1 (N-terminus), C-terminal lys-asp-glu-leu (GRP94, GRP78),
elF2a, phosphorylated elF2x (p-elF2c) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Lane 1, WfsI™ a/a (WT); lane 2, W™ #/a;
lane 3, Wfs_/_ a/a; lane 4, Wﬁv—/' A/a. The blot is representative of
experiments repeated three times. b—f Summary of respective protein/

with WT mice (Fig. 6a—c). Therefore, ER stress had been
triggered in 4”/a and WfsI™~ mice. In Wfsl™"~ 4#/a mice,
levels of these ER chaperones appeared to be further
increased (Fig. 6a—c). Phosphorylation of the translation
initiation factor-2, subunit o (elF2«) attenuates protein
translation under ER stress conditions. Similar changes were
observed in total elF2c protein and phosphorylated elF2«
amounts in the islets of WfI™* A/, W™ a/a and
WfsI™"~ #/a mice (Fig. 6a, d—f). We also measured Grp78
(also known as Hspa5), Grp94 (also known as Hsp90blI)
and spliced Xbp/ mRNA expression in 8-week-old mice
islets. A similar trend was observed, although changes were
less prominent at this age (ESM Fig. 2). These data suggest
that #/a murine islets are exposed to ER stress and that
increased ER stress is among the likely causes of rapid and
prominent beta cell apoptosis in Wfs/™~ 4*/a murine islets.

Pioglitazone prevented beta cell loss and diabetes in Wfs1~'~
A’/a mice Our observations suggest that beta cell overload
markedly accelerates beta cell death and diabetes develop-
ment in Wﬁ]“/~ a/a mice. Therefore, we attempted to
reduce this beta cell overload, which is likely to be due to
obesity-associated insulin resistance, with pioglitazone

GAPDH levels from three independent experiments. Data (means+SE) are
expressed relative to those of the W™ a/a (WT) islet preparation.
Although the differences did not reach statistical significance, the UPR
tended to be enhanced in Wf™"* #/a (hatched bars) and Wfs™ a/a (grey
bars) mice as compared with the WT (Wfs™* a/a) (black bars) mice, and
appeared to be further enhanced in Wfi™~ 4”a (white bars) mice.
Experiments were performed using 12-week-old mice

treatment. Mice were allowed free access to normal chow
containing 0.01% pioglitazone immediately after weaning
(4 weeks of age). The average dose of pioglitazone was
estimated to be 15 mg kg™"' day™".

Pioglitazone ameliorated insulin resistance as assessed
by the non-fasting insulin levels in WfsI™" 4/a mice
(mean non-fasting insulin without pioglitazone 513.5+
49.9 pmol/l, =13 vs with pioglitazone 326.9+61.0 pmol/
1, n=7, p<0.05) at 12 weeks of age. Serum triacylglycerol
levels were also markedly improved (Fig. 7). The Wfs1™"~
A/a mice gained more weight with pioglitazone treatment.
As early as 7 weeks of age, Wfs/~~ 4”/a mice treated with
pioglitazone were heavier (28.7+0.7 g, n=11) than WfsI*"*
A/a (25.5+0.7 g, n=15, p<0.01) and Wfsl™"~ #/a (26.0+
0.4 g, n=20, p<0.01) mice fed normal chow (Fig. 8a).
Despite the increased body weight, pioglitazone prevented
diabetes development. Average non-fasted blood glucose
levels were significantly lower in pioglitazone-treated
WfsI™~ A/a mice than in untreated WfsI™~ A/a mice
(12.9+0.9 vs 20.5+£1.9 mmol/l, p<0.002) at 16 weeks
(Fig. 8b). Histological analyses revealed pancreatic beta
cells to be very well preserved in pioglitazone-treated
WfsI™~ 4/a mice (Fig. 8c—f).
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Fig. 7 Serum triacylglycerol (TG) levels with/without pioglitazone.
Serum triacylglycerol levels were measured in 12-week-old mice.
After weaning (4 weeks of age), the mice were fed standard mouse
chow with/without 0.01% pioglitazone. Values are means+SE from
three to five mice. *p<0.05, **p<0.01, ***p<0.001

Pioglitazone did not suppress the UPR To investigate
whether pioglitazone treatment reduces ER stress in
pancreatic beta cells, we examined UPR activation by
Western blot analysis using isolated murine islets. Interest-
ingly and unexpectedly, pioglitazone did not reduce either
ER chaperones or elF2« levels/phosphorylation in WfsI™"~
a/a and Wfsl™"~ A’/a mice (Fig. 9a, ESM Fig. 3). Similar
results were obtained for spliced Xbpl, Grp78, Grp94 and
Chop (also known as Ddit3) mRNA expression in 8-week-old
mice islets (ESM Fig. 2).

Electron microscopic examination revealed markedly
improved ER appearance in Wfsl~~ A4/a pancreatic beta
cells after pioglitazone treatment (Fig. 9b—e, see also
Fig. 5). Without the treatment, almost all beta cells had
markedly distended ER (Fig. 9b, c). However, after the
treatment, the ER distension was markedly reduced and
some beta cells appeared to be normal (Fig. 9d, e), although
heterogeneity was observed among the cells.

Discussion

Here we demonstrated that Wfs/~"~ 4’/a mice on a C57BL/
6J background develop early-onset insulin-deficient diabetes
mellitus as early as 6 weeks of age and that most are overtly
diabetic by the 16th week, whereas neither WfsI-deficient
WfsI™"~ a/a nor obese agouti yellow (WfsI™"* 4’/a) mice
had developed overt diabetes by the 24th week. In Wfs1~"~
A’/a murine islets, beta cell mass was dramatically
decreased due to increased beta cell apoptosis. WFSI
protein clearly plays a pivotal role in beta cell survival.

@ Springer

Our previous study had demonstrated that approximately
half of WfsI~"" mice develop diabetes when they have the
hybrid genetic background of C57BL/6J and 129Sv, while.
unexpectedly with the C57BL/6J background, there is no
apparent increase in blood glucose levels even at 36 weeks
[15]. Because beta cells of Wfs/~~ mice were also shown
to be susceptible to ER stress in ex-vivo experiments and
cultured cells [15, 21], we sought to test this in the in vivo
model.
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Fig. 8 Pioglitazone prevents diabetes and beta cell loss. The standard
mouse chow with 0.01% pioglitazone was started at 4 and continued
until 24 weeks of age in Wfs/™"~ A’/a mice. a Graph showing body
weight changes (means+SE, n=11-20) and (b) non-fasted blood
glucose levels (n=11-16). Black circles, WfsI~"~ 4"/a mice without
treatment; squares, Wfs/~"" 4”/a mice with pioglitazone treatment;
white circles, control Wfsl'/* 4/a mice. ¢ Insulin (green) and
glucagon (red) were stained in pancreatic sections from Wfs/ = #la
mice and (d) from pioglitazone-treated Wfs1~"~ 4*/a mice at 24 weeks
of age. e Insulin (brown) was stained in pancreatic sections from
Wfs1™~ A”/a mice and () from pioglitazone-treated WfsI™'~ 4*/a mice
at 24 weeks of age
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Fig. 9 Unfolded protein responses and ultrastructural changes in beta
cells after pioglitazone treatment. a Wfs1™" a/a (lanes 1, 3) and
WfsI™ A/a (lanes 2, 4) mice were fed standard mouse chow with/
without 0.01% pioglitazone after weaning (4 weeks of age). Isolated
murine islets at 12 weeks of age were subjected to SDS/PAGE and
blotted using antibodies directed against WFS1 (N-terminus), C-
terminal lys-asp-glu-len (GRP94, GRP78), elF2a, phosphorylated
elF2x (p-elF2«) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The blot is representative of three independent experi-
ments. Densitometric quantification of these results is presented in
ESM Fig. 3). Electron micrographs of islets from Wfs1™~ #/a mice
(12-week-old) without (b, ¢) or with (d, e) pioglitazone treatment.
Arrows, ER; N, nucleus

The 4/a mouse is a genetic model of mild obesity/
insulin resistance with compensatory beta cell hyperplasia
[31] (Figs 1 and 3). Increased demand for insulin
biosynthesis and secretion has been thought to cause ER
stress in pancreatic beta cells, and here, in fact, we
demonstrated, in 4#/a murine islets, that ER chaperone
expression was apparently increased at 12 weeks of age
(Fig. 6). Similar results have been demonstrated in another
insulin-resistant mouse model [7]. In addition, WFSI
protein levels were also increased (Fig. 6a). Our group

and others have shown WFSI1 protein levels to be
upregulated by ER stress [19, 20, 35]. These data suggest
that increased insulin demand under insulin-resistant con-
ditions produces chronic ER stress in beta cells. In addition,
NEFA, which are elevated in these insulin-resistant models,
may also contribute to the activation of UPR [32]. In this
regard, Lipson et al. recently demonstrated that hyper-
glycaemia activates inositol-requiring protein-1 (IRE1)ex,
an ER-resident transmembrane protein kinase regulating
UPR in beta cells. Although IRE1 e activation by transient
hyperglycaemia is beneficial to beta cells, chronically
sustained hyperglycaemia causes ER stress and suppresses
insulin gene expression [36]. Glucose regulation of the
UPR has also been reported [37].

Dramatically decreased beta cell numbers in WfsI™"~ #/a
mice suggest that increased insulin demand triggers
pancreatic beta cell apoptosis in WfsI-deficient mice. ER
stress induces WFSI1 protein production and lack of this
protein itself enhances the UPR [15, 19-21]. This was true
in our mice (Fig. 6), with the UPR apparently further
enhanced in mildly obese WfsI~~ 4'/a mice. These data
support the hypothesis that beta cell loss in Wolfram
syndrome is, at least partly, caused by increased ER stress
in beta cells. Although the precise function of ER-resident
WFSI protein remains unknown, our overall results suggest
that this protein is likely to protect beta cells from ER
stress-induced apoptosis and that Wolfram syndrome is an
ER stress-related disease.

In patients with type 2 diabetes, very gradual, but
progressive beta cell loss is caused by many factors, both
genetic and acquired. One well-established mechanism of
acquired beta cell loss is oxidative stress, which appears to
be a major mediator of glucotoxicity [38]. We observed 4-
hydroxy-2-nonenal-modified protein, an oxidative stress
marker, in WfsI~"~ #/a murine islets at age 16 weeks (data
not shown), suggesting that oxidative stress is also involved
in beta cell apoptosis. Oxidative stress is likely to have been
secondary to chronic hyperglycaemia because most wfsl™~
A/a mice had developed hyperglycaemia by this age
(Fig. 1b). In Wfs1™"~ A#/a mice, the vicious cycle associated
with ER stress and oxidative stress probably exacerbates
beta cell apoptosis. In this regard, it is again worth
emphasising that insulin resistance induces ER stress in
pancreatic beta cells [7]. Currently, we do not know the full
extent of ER stress involvement in beta cell failure in
human type 2 diabetes. However, it is possible that this
vicious cycle associated with ER stress and oxidative stress
plays an important role in beta cell deterioration [39].

Pioglitazone treatment almost completely prevented the
development of diabetes and beta cell loss in Wfsl™~ #/a
mice. One simple explanation is that insulin resistance was
ameliorated by pioglitazone treatment, reducing ER stress
in pancreatic beta cells and preventing beta cell death.
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However, the mechanism may not be so simple. Unexpectedly,
the UPR, represented by ER chaperone expression, was not
significantly reduced (Fig. 9a, ESM Figs 2 and 3) to the
extent that we expected from the remarkable level of diabetes
prevention. Because the UPR is a protective response
against ER stress, an apoptotic pathway may have been
preferentially suppressed under these conditions. Several
pathways are reportedly involved in ER stress-induced
apoptosis, including the C/EBP-homologous protein
(CHOP), the IRE1-TNF receptor-associated factor 2
(TRAF2)-apoptosis signal-regulating kinase 1 (ASKI),
and the caspase 12 pathways [40]. The precise mechanism
whereby pioglitazone prevented apoptosis in beta cells
awaits determination. The beta cell protection exerted by
thiazolidinediones including pioglitazone has been dem-
onstrated in other rodent models [41, 42] and also in
humans [43]. Although the precise mechanisms are not
fully understood, one possibility is an indirect action
through improvements in systemic glucose and lipid
metabolism. Another mechanism involves direct actions
on pancreatic beta cells [44]. Recent reports have
demonstrated that thiazolidinediones directly improve beta
cell function [45], ameliorate lipotoxicity [46] and prevent
beta cell apoptosis [47, 48]. In Wfsi™"~ A/a mice, direct
protective effects, as well as indirect effects, are likely to
be exerted. Elucidation of the mechanism whereby pioglita-
zone directly protects beta cells against apoptosis in WfsI™"
A’/a mice would provide insights into the mechanism of beta
cell death in patients with Wolfram syndrome, as well as the
function of WES1 protein in beta cells.

This is one of a few good models showing that one
genetic defect predisposes beta cells to profound failure
upon ER stress induced by systemic insulin resistance [30,
49]. Our findings are important for the understanding of the
molecular pathophysiology of Wolfram syndrome. In
addition, a common process may be involved in conven-
tional type 2 diabetes patients, whose beta cells decrease
very slowly but progressively. In this context, a recent
report has confirmed that common variants in the WFSI
gene confer risk of type 2 diabetes [50]. Therefore
knowledge from this model would help us to understand
the mechanisms of, and to develop a way of preventing beta
cell loss in patients with conventional type 2 diabetes
mellitus.
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ARTICLE INFO ABSTRACT

Article history: Background: We previously reported the arterial elasticity value we measured to reflect the characteristic
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metabolic disorders and atherosclerosis. To assess whether arterial elasticity value reflects the effect of
obesity on atherosclerosis, we examined the associations of obesity characteristics with atherosclerosis
values including arterial elasticity, carotid intima-media thickness (IMT) and pulse wave velocity (PWV).
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Keyw.o','ds" Methods: Three atherosclerosis values were measured in 78 obese subjects (body mass index >30).
Elasticity 7 : . R . i ) 2 5
Obesity We investigated the associations of atherosclerosis values with obesity-related parameters including
Ultrasound abdominal fat accumulation determined by computed tomography.

Results: Arterial elasticity values were positively related to established atherosclerosis values, carotid IMT
and PWV, in obese subjects. Age, systolic blood pressure and hypertension also correlated with these
atherosclerosis values. Single regression analysis showed all three atherosclerosis values to correlate
significantly with visceral fat area. Intriguingly, visceral fat area is an independent variable affecting
arterial elasticity, but not IMT or PWV. Furthermore, multiple regression analysis revealed that arterial
elasticity correlates strongly with visceral fat area.
Conclusions: Arterial elasticity value we measure is a new parameter for evaluating atherosclerosis in
subjects with visceral adiposity and more sensitive than the currently established atherosclerosis values,
carotid IMT and PWV. Measuring arterial elasticity has the potential to reveal minute vascular changes,
and may have broad clinical applications for evaluating early stage atherosclerosis.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Visceral adiposity
Early stage atherosclerosis

Obesity has increased dramatically, becoming a global epi-
demic in recent decades [1]. Obesity is closely associated with
the development of atherosclerosis [2], via rising incidences of
metabolic disorders, including diabetes, dyslipidemia, hyperten-
sion, inflammation, and the prothrombotic state [3]. Furthermore,
obesity is involved in sympathetic nerve activation as well as car-
diac structural and functional adaptations [4], and is reportedly
an independent cardiovascular risk factor [5]. Recent studies have
shown that adipocytokines, such as PAI-1, TNF-a and adiponectin,
play crucial roles in the development of metabolic disorders and

* Corresponding author. Tel.: +81 22 717 7611; fax: +81 22 717 7611.
E-mail address: oka-y@mail.tains.tohoku.ac.jp (Y. Oka).

0021-9150/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
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atherosclerosis, in various tissues including the vasculature [6]. In
particular, visceral fat accumulation, rather than the body mass
index (BMI) or subcutaneous fat accumulation, was shown to be
strongly associated with various obesity-related disorders 7], and
is thus considered to be a major risk factor for cardiovascular dis-
ease [8]. Many studies have shown that increasing body weight is
closely related to the surrogate markers associated with atheroscle-
rosis, such as carotid intima-media thickness (IMT) and pulse
wave velocity (PWV). In addition, visceral adiposity is reportedly
related to atherosclerosis, which is determined by carotid IMT
[9-13], coronary calcification [14] and arterial stiffness [15,16]. In
some reports, this relationship persisted after adjustments for mul-
tiple linear regression analysis [12-15]. While visceral fat areas
were correctly measured by computed tomography (CT) scans in
few studies [12,15], abdominal ultrasound was employed in many
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reports [9-11,13,14,16], which is often imprecise to determine vis-
ceral fat area, It has been widely recognized that non-invasive
methods of evaluating atherosclerosis have limitations, such as
slow changes in carotid IMT and the influence of blood pres-
sure on PWV. Thus, an accurate and practical means of evaluating
atherosclerosis is needed.

Recently, we developed a novel non-invasive method for mea-
suring a change in thickness of multiple layers preset in arterial
wall during a single heartbeat [17,18]. Briefly, multiple points were
preset from the luminal surface to the adventitia of the pos-
terior wall along an ultrasonic beam and the displacements at
these preset points were estimated by applying the phased track-
ing method to the received echo. A layer was defined as being
between two points. A minute change in thickness of the layer
was obtained by subtraction of the displacements at these two
points and then, the strain of the layer was obtained by dividing
the change in thickness by the original thickness set at the end
diastole. By changing the depth and applying the same procedure,
the strains at multiple depths in arterial wall were obtained at
constant intervals, usually 80 wm. This innovative phased track-
ing method enables us to evaluate regional characteristics of the
artery in detail; during a single heartbeat these sites either deform
easily in soft regions or there is little deformation in hard regions.
We integrated changes in thickness, which we describe with the
term “arterial elasticity”. This “arterial elasticity” measurement is
a promising approach to evaluating atherosclerosis [19,20]. There-
fore, we applied this method to in vivo detection of regional changes
in human carotid arterial walls. In a study of subjects with type 2
diabetes, carotid arterial elasticity correlated significantly with cur-
rently established values for atherosclerosis, such as carotid artery
IMT and PWV. Intriguingly, in subjects with IMT <1.1 mm, who are
classified as not having atherosclerosis as defined by IMT criteria,
arterial elasticity correlated with the number of risk factors, i.e.
diabetes, dyslipidemia, hypertension and smoking, suggesting that
arterial elasticity has potential for detecting early stage atheroscle-
rosis. It was also suggested that measuring arterial elasticity would
allow evaluation of qualitative changes in the carotid arterial wall
[21].

Herein, to assess whether the effect of obesity on atheroscle-
rosis can be evaluated using arterial elasticity, we examined the
associations of obesity characteristics with atherosclerosis values
including arterial elasticity, carotid IMT and PWV. We further eval-
uated the impact of fat distribution on atherosclerosis.

1. Methods
1.1. Study subjects

The study subjects were recruited from among patients with
BMI over 30 at Tohoku University Hospital. Patients with type 1
diabetes, renal failure (serum creatinine >2.0 mg/dL), severe heart
failure (NYHA functional class 2-4), atrial fibrillation and peripheral
arterial disease were excluded from the study. The study protocol
was approved by the Tohoku University institutional Review Board.
Informed consent was obtained from each patient.

We used the following criteria for the diagnosis of metabolic dis-
orders. Diabetes was defined as fasting blood glucose >7.0 mmol/d]
(126 mg/dl) andfor hemoglobin Alc >6.5%, based on the defini-
tion proposed by the Japan Diabetes Society, or taking antidiabetic
drugs including insulin. Dyslipidemia was defined as LDL choles-
terol >3.6 mmol/dl (140mg/dl) and/or triglyceride >1.7 mmol/l
(150mg/dl), based on the definition proposed by the Japan
Atherosclerosis Society in 2007, or taking lipid-lowering drugs. The
subjects whose systolic blood pressure (BP) >140 mmHg and/or
diastolic BP >90 mmHg (Japanese Society of Hypertension guide-
lines 2004) or who were taking antihypertensive drugs were

defined as having hypertension. The subjects who currently smoked
were classified as current smokers.

1.2. Measurement of arterial wall elasticity

Real-time measurement of regional elasticity in the far wall of
common carotid artery (CCA) was achieved based on a previously
described method [22] with ultrasound diagnostic equipment {pro-
totype system by Panasonic), which was specialized for measuring
regional elasticity. With this system, an ultrasound beam sequen-
tially scanned an artery along its length at 32 positions at intervals
of 200 wwm with a linear type 7.5-MHz probe.

Multiple points were preset from the luminal surface to the
adventitia along each beam at constant intervals of 80 wm, and
the displacements at these preset points were estimated by apply-
ing the phased tracking method to the received echo. A layer was
defined as being between two points, where the distance between
these two points (i.e. the thickness of the layer) was set at 320 .m.
As shown in Fig. 1C, minute changes in thickness of the layer were
obtained by subtraction of the displacements at these two points
and then, the strain of the layer was obtained by dividing the change
in thickness by the original thickness (320 um) which was set at
the end diastole, By changing the depth of the layer at intervals of
80 um and applying the same procedure, the strains at multiple
depths were obtained at intervals of 80 um.

The elasticity of each layer was obtained from the maximal strain
and the pulse pressure measured at the upper arm. The maximal
strain is defined by the absolute value of difference between the
maximum and minimum of the measured change in thickness, as
shown in Fig. 1C, and the maximal strain was determined at each
location, independent of time.

Using the above procedure, the elasticity was obtained at inter-
vals of 80 jum in the direction of depth and 200 .m along its length,
as shown in Fig. 1B. Regional elasticity values of multiple sites in
each layer were displayed as shown in Fig. 1A and a mean regional
elasticity value (kPa) of bilateral CCA was used for analysis.

1.3. Measurement of carotid artery intima-media thickness

IMT of the carotid arteries was measured using ultrasound diag-
nostic equipment (EUB-450, Hitachi Medico, Tokyo, Japan) with an
electrical linear transducer (center-frequency of 7.5 MHz). By B-
mode ultrasound, CCA, carotid bulb, and portions of the internal
and external carotid arteries on both sides were scanned with the
subject in the supine position. IMT was measured at a point on the
far wall of the CCA, 1 cm proximal to the bifurcation [23], from the
longitudinal scan plane that showed the intima-media boundaries
most clearly.

14. Measurement of PWV

PWV values were measured using an automatic waveform ana-
lyzer (BP-203RPE; Colin Co., Komaki, Japan) {24]. Pulse waves were
recorded on the right brachial artery and both posterior tibial arter-
ies. The average PWV was calculated by dividing the arm-ankle
distance by the pulse wave transmission time between these points
on both sides.

1.5. Measurement of abdominal fat area

Abdominal subcutaneous and intra-abdominal fat areas were
measured by CT scans with a SOMATOM Definition (Siemens AG.,
Munich, Germany) at the tevel of the fourth lumbar vertebra. The
border of the intra-abdominal cavity was outlined on the CT image
and the total area of visceral fat was measured at an attenuation
range of —200 and —50 Hounsfield units [25].
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Fig. 1. Evaluation of carotid artery elasticity by phase tracking method. Arterial elasticity is displayed as a 2D cross-sectional color image, which is updated at every heartbeat
(A). Multiple sites are preset from the luminal surface to the adventitia (113 depths x 32 beams per 9 mm x 6.4 mm scanned area) and elasticity in each module is measured
by the phase tracking method (B). The arterial wall was divided into multiple layers with thicknesses set at 320 .m. The changes in thickness at each depth during the cardiac
cycle are simultaneously obtained, and the maximum change in thickness corresponds to the elasticity in each module (C). The elasticity distribution is shown as a histogram

(D).
1.6. Statistical analysis

Variables were compared using Pearson's regression analysis.
Then, a multiple linear regression analysis was performed to eval-
uate the independent parameters that were significantly related to
arterial elasticity. All data are expressed means + S.D., and a p-value
less than 0.05 was accepted as indicating statistical significance.
All statistical analyses were performed using the Statistical Pack-
age for the Social Sciences version 13.0 (SPSS Japan Inc., Tokyo,
Japan).

2. Results

The clinical characteristics of 78 subjects are shown in Table 1.
Mean age is 41.0 + 13.9 years, BMI 37.6 + 7.2 (kg/m?). Thus, the sub-

Table 1

Subject characteristics.

Number 78

Age, years 41.0+13.9
Gender (male), % 29.5

Body weight, kg - : 98.8+24.2
BMILkgm? 37.6+72
Fasting blood glucose, mg/dl 121.3£47.6
HbAlc, % : : 65+18
Serum insulin pU/ml 17.8+£13.2
HOMA-R 45+38
Systolic BP, mmHg 126.9+14.4
DiastolicBP, mmHg = 79.84+10.7
Total cholesterol, mg/dI 208.2+435
HDL cholesterol, mg/dl 458+9.6
LDL cholesterol, mg/d1- 132.64+329
Triglyceride, mg/dl 184.1:£177.4
Uric acid, mg/dl 59415
Visceral fat area, cm? 1503 £55.7
Subcutaneous fat area, cm? 405.7 £160.0
Diabetes, % 46.8
Dyslipidemia, % i } 60.3
Hypertension, % o 487
Current smoker, % 28.0

Mean +S.D.

jects were relatively young and categorized as having moderate,
extreme or severe obesity according to Japanese guidelines.

To assess the clinical relevance of carotid artery elasticity
in obese subjects, the arterial elasticity value was compared to
atherosclerosis values obtained with currently established meth-
ods, carotid IMT and PWV. Arterial elasticity showed significant
positive correlations with both carotid IMT (r=0.422, p<0.01) and
PWV (r=0.360, p<0.01) in obese subjects (Fig. 2). Similar posi-
tive correlations among these three atherosclerosis values were
observed in our previous results in subjects with type 2 diabetes
[21]. The IMT value in this study was 0.61 +0.17 (range: 0.30-1.20)
mm and PWV was 1396 + 260 (range: 992-2117) cm/s, i.e. these
obese subjects did not have advanced atherosclerosis, in contrast
to the results in subjects with type 2 diabetes in our previous study
(IMT: 0.94 + 0.30 mm, PWV: 1703 + 356 cm/s).

We then explored the association of carotid arterial elasticity
with the clinical and demographic characteristics of these obese

Table 2
Associations between atherosclerosis values and subject characteristics.
Variables r
Elasticity IMT PWV

Age 046" 044" 067"
Male 027" 024" ~0.086
Body weight 0.03 =0.075 =0.11
BMI 0.07 ~0.06 0.045
Fasting blood glucose 0.14 0.032 0.14
HbA1c -0.02 -0.036 0.0095
Total cholesterol 0.20 0.061 0.030
HDL cholesterol -0.03 0.19 .0.060
LDL cholesterol 0.15 : 0.034 —0.049
Triglyceride -0.03 0.005 '~0.040
Systolic BP 038" 027 035"
Diastolic BP 0.28" 0267 0,047
Uric acid 0.15 - 010 ©.=0:20
Diabetes 0.15 0.091 039"
Dyslipidemia 0.04 -0.11 0.037
Hypertension 037" 039" 051"

* p<0.05.

" p<0.01.
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Fig. 2. Correlations of arterial elasticity with carotid IMT (A) and PWV (B) in obese subjects.

Table 3 Table 5
Associations between each atherosclerosis value and fat distribution. Multivariate adjustment for parameters related to visceral fat area.
Variables r Variables Regression coefficient p
Elasticity IMT PWV Elasticity 034 0.0041
Visceral fat area 042" 0.25 031° :’hchV 3(2)34 337
Subcutaneous fat area -0.066 -0 0.046 s 2
2 =
" p<0.05. R*=0.23.
* p<0.01.

subjects. As shown in Table 2, arterial elasticity correlated with
age (r=0.46, p<0.01), gender (r=0.27, p<0.05), BP, both systolic
(r=0.38, p<0.01) and diastolic (r=0.28, p<0.05), and hyperten-
sion (r=0.37, p<0.01). Carotid IMT and PWV also showed similar
associations with age, systolic BP and hypertension.

To evaluate whether fat distribution affects atherosclerosis
in obese subjects, we performed a single regression analysis of
atherosclerosis values with subcutaneous or visceral fat accumu-
lation, as determined by CT scanning. Interestingly, visceral fat area
correlated significantly with arterial elasticity as well as carotid
IMT and PWV (Table 3), whereas subcutaneous fat area showed
no apparent association with these three atherosclerosis values
in the present study. Then, we performed multiple linear regres-
sion analysis with parameters related to atherosclerosis values, i.e.
age, hypertension and visceral fat area (Tables 2 and 3), to search
for independent variables affecting atherosclerosis values in obese
subjects. As shown in Table 4, each atherosclerosis value is associ-
ated with age, indicating that age is also a strong atherosclerosis
determinant in obese subjects. Intriguingly, the analysis revealed
that visceral fat area is an independent variable showing a posi-
tive correlation with carotid arterial elasticity, but not carotid IMT
or PWV. We next analyzed the results in a different way, to deter-
mine which of the atherosclerosis values is most strongly associated
with visceral adiposity. Visceral fat area was significantly associ-
ated with both arterial elasticity and PWV, though the correlation
with arterial elasticity was stronger (Table 5). These results suggest

Table 4
Multivariate adjustment for parameters related to atherosclerosis values.
Vaﬁabigs Tk ' Regression coefficient.
: - Elasticity® IMT® PWVE
030° 034" 052"
Visceral fat area 0.28" 0.075 ~0.06
Hypertension 0.13 0.019 032"
3 R2=0.32.
b R2=0.25.
¢ R2=0.47.
* p<0.05
“ p<0.01.

that arterial elasticity is an excellent parameter of atherosclerosis
as compared with currently established atherosclerosis values and
might reflect the cardiovascular risk of visceral adiposity.

3. Discussion

We measured two established atherosclerosis values, carotid
IMT and PWV, in addition to “arterial elasticity”, which was mea-
sured by a novel method, in this study. Similar to our previous
results in subjects with type 2 diabetes [21], the arterial elastic-
ity value was significantly associated with those of carotid IMT and
PWV. These results raise the possibility of evaluating atherosclero-
sis in obese subjects with this novel method of measuring elasticity.
The important finding of the present study is that arterial elasticity
is a better measurement than either carotid IMT or PWV for eval-
uating the effect of visceral fat accumulation on atherosclerosis in
obese subjects; the multiple linear regression analysis revealed that
only carotid arterial elasticity, not carotid IMT or PWV, showed a
positive correlation with visceral fat area.

In addition, our present results clearly shows that visceral adi-
posity rather than subcutaneous adiposity is an important factor
affecting atherosclerosis in Japanese obese subjects with BMI over
30, since all three parameters for evaluating atherosclerosis, arte-
rial elasticity, carotid IMT and PWV, were significantly associated
with visceral fat area but not with subcutaneous fat area. Abdom-
inal fat accumulation, especially visceral adiposity, is well known
to play a crucial role in the development of metabolic syndrome
[26], leading to atherosclerosis and ultimately cardiovascular dis-
ease [6]. Indeed, visceral adiposity determined by CT scanning was
related to the incidence of coronary artery disease [8]. Further-
more, recent reports have shown several surrogate markers for
atherosclerosis, such as carotid IMT [9-13] and arterial stiffness
[15], to be associated with intra-abdominal fat accumulation in
subjects without advanced atherosclerosis. Since obesity is increas-
ing explosively world-wide, a practical and non-invasive method is
urgently needed for early detection of atherosclerosis before serious
cardiovascular events occur.

Herein, we have shown that our novel method of measur-
ing arterial elasticity has potential for detecting early stage
atherosclerosis in obese subjects. This ultrasonic method accurately
tracks arterial wall movements based on both the phase and the
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magnitude of demodulated signals, allowing instantaneous deter-
mination of the position of an object. With this method, it is possible
to accurately detect small-amplitude velocity signals, less than a
few micrometers, which are superimposed on arterial motion due
to the heartbeat. Thus, the values obtained with this method reflect
an important characteristic of vessel walls, i.e. arterial elasticity. We
previously reported arterial elasticity to be a promising method of
evaluating early stage atherosclerosis in subjects with type 2 dia-
betes [21]. Taken together with the present results in obese subjects,
these finding indicate that measurement of arterial elasticity might
be broadly applicable to evaluation of subjects with atherosclerosis-
prone metabolic disorders.

This novel method also has potential for evaluating the elas-
ticity distribution in vessel walls with high spatial resolution; the
elasticity distribution is demonstrated as a histogram as shown
in Fig. 1D. Properties of the histogram, such as deviation and the
shape of the distribution, which were not used in this study, would
provide additional information regarding qualitative changes in
atherosclerosis. This possibility should be pursued in future inves-
tigations.

Several studies have examined which obesity-related values,
including body weight, BMI, waist-hip ratio and abdominal fat
accumulation, are closely associated with atherosclerosis values
such as carotid IMT [27,28) and PWV [29]. However, comparisons
among these atherosclerosis values were not conducted, i.e., which
of the atherosclerosis values, IMT, PWV or elasticity, is most strongly
associated with obesity-related values remains to be determined.
This is the first report demonstrating arterial elasticity to have a
stronger association with visceral fat area in obese subjects than
the two most widely used atherosclerosis values, IMT and PWV.

The present study has several limitations. The study design
was cross-sectional. Determination of whether arterial elastic-
ity predicts cardiovascular events in the future thus awaits a
prospective study. Another issue warranting further investigation
is whether reducing visceral adiposity would improve arterial elas-
ticity. Another important issue is that only approximately 30% of
our study subjects were male. The difference in fat distribution
by gender is well known, i.e. visceral adiposity is more frequently
observed in males [30] and subcutaneous adiposity in females {25].
However, despite the female dominance in our subject group, the
effect of visceral adiposity on arterial elasticity was confirmed by
multiple regression analysis, implying a crucial role of visceral fat
in atherosclerosis.

In conclusion, the present results indicate that arterial elastic-
ity is a novel, sensitive parameter for evaluating atherosclerosis in
obese subjects, potentially more useful than currently established
atherosclerosis values. Measuring arterial elasticity hold promise
of detecting minute vascular changes in early stage atherosclerosis,
and may have broad clinical applications for evaluating atheroscle-
rosis in subjects with metabolic disorders.
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ARTICLEINFO ABSTRACT
Article history: Major components of energy homeostasis, including feeding behavior and glucose and lipid
Accepted 30 December 2008 metabolism, are subject to circadian rhythms. Recent studies have suggested that dysfunctions
Available online 15 January 2009 of molecular clock genes are involved in the development of obesity and diabetes. To examine
whether metabolic states per se alter the circadian clock in the central nervous system (CNS),
Keywords: we analyzed the daily mRNA expression profiles of core clock genes in the caudal brainstem
Obesity nucleus of the solitary tract (NTS). In lean C57BL/6 mice, transcript levels of the core clock genes
Insulin resistance (Npas2, Bmall, Per1, Per2 and Rev-erba) clearly showed 24-h rhythmicity. On the other hand, the
Circadian rhythm expression profiles of Bmall and Rev-erba were attenuated in mice with high fat diet-induced
Clock gene obesity as well as genetically obese KK-AY and ob/ob mice. Clock expression levels were
Nucleus of the solitary tract increased in mice with high fat diet-induced obesity and Cry1 expression levels were decreased
Metabolic syndrome in KK-AY and ob/ob mice. In addition, peroxisome proliferator-activated receptor a (PPARq),

which reportedly increases the BMAL1 transcriptional level, was up-regulated in the NTS of
these murine models of obesity and insulin resistance, suggesting involvement of PPARa in the
attenuation of circadian rhythms in the NTS in obese states. Furthermore, a circadian
expression profile of a downstream target of clock genes, the large conductance Ca**-activated
K'channel, was disturbed in the NTS of these murine obesity models. These perturbations
might contribute to neuronal dysfunction in obese states. This is the first report showing that
obesity perturbs the circadian expressions of core clock genes in the CNS.

© 2009 Published by Elsevier B.V.

1. Introduction adverse consequences for human health (Flier, 2004). Since

body weight and adiposity are maintained within a narrow
The worldwide prevalence of obesity and type 2 diabetes range under steady state environmental conditions, the
mellitus (T2DM) is increasing at an alarming rate, with major concept that a homeostatic center for energy metabolism

* Corresponding author. Fax: +81 22 717 8228.

E-mail address: katagiri@mail.tains.tohoku.ac.jp (H. Katagiri).
! Contributed equally.
2 Contributed equally.

0006-8993/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.brainres.2008.12.071



BRAIN RESEARCH 1263 (2009) 58-68 59

exists has been widely accepted and there is a growing
consensus that this regulatory center is located mainly in
the central nervous system {CNS), especially in the hypotha-
lamus (Sandoval et al., 2008). Humoral factors, including
insulin and adipokines, and afferent nerve signals (Uno et
al., 2006); (Yamada et al., 2006) are known to be very important
for conveying information regarding peripheral energy status
to the CNS (Katagiri et al., 2007); (Yamada et al., 2008). We have
proposed that the brain integrates and processes the periph-
eral metabolic information to send signals that control
systemic metabolism (Katagiri et al., 2007).

Major components of energy homeostasis, such as feeding
behavior and glucose and lipid metabolism, are subject to
circadian rhythms. These rhythms are regulated by a circa-
dian clock system composed of transcriptional/translational
feedback loops that are now recognized to cycle in the
suprachiasmatic nucleus (SCN) of the hypothalamus as well
as in most peripheral tissues (Ramsey et al., 2007). In brief,
each cell contains a set of core clock genes - Clock, Bmal1, Cry 1-
2, Per 1-3 and nuclear receptors (Rev-erba, ROR). The CLOCK/
BMAL1 heterodimer regulates the production of proteins such
as PER and CRY, which in turn regulate the production of
BMAL1 (Schibler and Sassone-Corsi, 2002). Through these
feedback loops, core clock gene expressions generate an
endogenous rhythm of numerous protein expressions, leading
to rhythmic functioning of cells and tissues that oscillates
over an approximately 24-hour period (Dunlap, 2006). The
molecular clock has been demonstrated to modulate energy
metabolism by controlling the expression and activity of
numerous enzymes, transport systems and nuclear receptors
involved in lipid and carbohydrate metabolism (Ramsey et al.,
2007); (Staels, 2006); (Yang et al., 2006).

Recent studies have suggested that, in murine models,
malfunctioning of molecular clock genes, such as Bmal1l (Rudic
et al,, 2004) and Clock (Turek et al, 2005), is involved in
development of the metabolic syndrome. In addition, in
humans, prevalences of obesity, T2DM and features of the
metabolic syndrome are reportedly increased in nightshift
workers and men with short sleep durations (Prasai et al,,
2008). Thus, the importance of the molecular clock for many
metabolic processes has been extensively documented. On the
other hand, to our knowledge, there have been no studies
showing that obesity itself attenuates rhythmic expressions of
clock genes in the CNS. Rather, a high fat diet does not affect
thythmic expression profiles of core clock genes, such as
Bmall and Per2, in the mediobasal hypothalamus, whereas it
does attenuate circadian expression of these core clock genes
in the liver and adipose tissue (Kohsaka et al., 2007). In
genetically obese and diabetic mice as well, circadian expres-
sion of neither Perl nor Per2 is altered in the suprachiasmatic
nucleus (SCN), while both are attenuated in the liver (Kudo
et al., 2004). Based on these findings, the idea that obesity
affects molecular clock function in peripheral tissues but not
centrally has been proposed (Prasai et al., 2008). However,
metabolic alterations disturb the patterns and/or circadian
thythmicity of behaviors, such as sleep-wake cycle (Danguir,
1989); (Jenkins et al., 2006); (Laposky et al., 2006); (Megirian et
al., 1998), locomotor activity and feeding (Kohsaka et al., 2007),
indicating thythmic perturbation in the CNS. Therefore, in the
present study, we examined whether obesity per se alters

circadian expressions of clock genes in the CNS, especially in
the caudal brainstem nucleus of the solitary tract (NTS).

Recently, we have demonstrated that alterations in fat
accumulation in intra-abdominal organs, such as visceral
adipose tissue and the liver, send afferent neuronal signals to
the brain, leading to modulation of feeding behavior as well as
efferent sympathetic tonus (Uno et al., 2006); (Yamada et al,,
2006). These neuronal signals are likely to initially be processed
mainly by the NTS (Grill, 2006); (Schwartz, 2006), since the NTS
receives neuronal projections of vagal and non-vagal afferents
(Menetrey and Basbaum, 1987); (Menetrey and De Pommery,
1991). In addition, humoral factors, such as leptin, insulin and
glucose, may directly impinge on neuronal activities in the NTS
(Grill, 2006); (Schwartz, 2006). Furthermore, the NTS and the
hypothalamic nuclei send neuronal projections to each other.
Thus, we postulate that the NTS is ideally situated forintegrating
central and peripheral metabolic signals. Therefore, we focused
on the circadian expressions of clock genes in the NTS.

2. Results

2.1.  Rhythmic mRNA expressions of clock genes in the NTS
of C57BL/6 mice

To investigate whether the mRNA expressions of clock genes
show circadian rhythms in the NTS, we first analyzed wild-
type lean control mice, 10-week-old C57BL/6 mice fed a regular
chow diet (CD mice). Bilateral NTS samples at the level of the
area postrema were obtained every 4 h throughout a single
24-h period employing a laser micro-dissection procedure
(Fig.1A). Clock and Cryl expressions did not show circadian
rhythms in the NTS (Fig. 1B). In contrast, other clock genes we
examined (Npas2 (a Clock homolog), Bmall, Perl, Per2 and Rev-
erba) all exhibited 24-h rhythmicity. The transcript levels of
Bmall and Npas2 peaked in the first half of the light phase. On
the other hand, the Perl and Per2 mRNA simultaneously
dropped to near trough levels (Fig. 1B). The NPAS2/BMAL1
complex reportedly induces transcription of Per genes (Reick
et al,, 2001). In addition, the rhythmicity of these clock genes
was also observed in the NTS of 15-week-old C57BL/6 mice and
no significant differences in the expression profiles of these
clock genes were detected between 10-and 15-week-old C57BL/
6 mice (Fig. 1C). These results indicate that an intracellular
circadian clock system actually operates in the NTS.

2.2.  Alterations in circadian mRNA expression profiles of
clock genes in the NTS of obesity models

Next, we examined whether obesity affects the circadian
expressions of clock genes in the NTS. As shown in Fig. 2,
C57BL/6 mice fed a high fat diet for 10 weeks (HFD mice),
KK-AY and ob/ob (leptin-deficient) mice were significantly
heavier than CD mice. Serum insulin levels were signifi-
cantly increased in all these murine obesity models. In
addition, blood glucose levels were markedly increased in
KK-AY and ob/ob mice. Serum leptin levels were also
increased in HFD and KK-AY mice. Serum free fatty acid
levels were markedly increased in KK-AY and ob/ob mice but
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not in HFD mice (Fig. 2). These findings suggest that severe
insulin resistance is induced in KK-AY and ob/ob mice, while
that in HFD mice is milder.

To examine the hypothesis that obesity affects expressions
of clock genes, we analyzed the circadian expressions of
transcripts encoding CLOCK, NPAS2, BMAL1, PER1, PER2, CRY1
and REV-ERB« in the NTS of these murine obesity models. The
rhythms and levels of expressions of these clock genes in the
NTS of murine obesity models were compared with those in
age-matched CD mice (HFD mice vs 15-week-old CD mice and
KK-AY and ob/ob mice vs 10-week-old CD mice). As shown in
Fig. 3, the levels of Clock expression were significantly
increased at several observation times in HFD mice. Interest-
ingly, rhythms of Bmall expression in the NTS were signifi-
cantly altered in HFD (2-way ANOVA; F=11.54, P=2.0x10"7)
and KK-AY (2-way ANOVA; F=4.01, P=4.9x10"% mice and
levels were significantly increased in HFD, KK-AY and ob/ob
mice. The Per2 expression level tended to be increased in KK-
AY mice, although the difference did not reach statistical
significance. The Cryl expression level was significantly
decreased in KK-AY and ob/ob mice. Furthermore, in addition
to decreased expression levels of Rev-erba, the rhythms of its
expression were significantly altered in the NTS of HFD (2-way
ANOVA; F=2.49, P=4.6x10"?), KK-AY (2-way ANOVA; F=12.02,
P=3.0x10"7) and ob/ob mice (2-way ANOVA; F=7.90,
P=2.8x107) (Fig. 3). Collectively, these findings suggest that
obesity with insulin resistance alters profiles of rhythmic
clock gene expressions in the NTS and generates gene-specific
changes in circadian expression patterns.

2.3.  The mRNA expression profiles of clock-related genes
in the NTS of obesity models

What mechanisms alter the expression profiles of clock
genes? Transcriptional activity of peroxisome proliferator-
activated receptor a (PPARa), a member of the nuclear receptor
superfamily, is up-regulated in the livers of mice with obesity
and diabetes (Memon et al,, 2000). In addition, the CLOCK/
BMAL1 heterodimer activates the transcription of PPARa,
which then binds to the peroxisome proliferator response
element and thereby induces Bmall transcription in the liver
(Canaple et al., 2006). In addition, PPARa is reportedly
expressed in the NTS, but not in the hypothalamus (Moreno
et al, 2004). These findings prompted us to theorize that
PPARa affects the mRNA expression profiles of clock genes.
Therefore, we analyzed mRNA expression profiles of PPAR« in
the NTS of CD mice as well as that of murine models of obesity
and insulin resistance. In both CD and obese mice (HFD, KK-AY
and ob/ob mice), PPAR« expression in the NTS showed no 24-h
rhythmicity (Fig. 4A). However, the mRNA expression level of
PPARa was significantly increased in the NTS of HFD and KK-

AY mice. In addition, in the NTS of ob/ob mice, the PPARa
expression level tended to be increased and carnitine palmitoy!-
transferase-1a (CPT1a), a downstream target of PPARa, was
significantly up-regulated, suggesting functional activation of
PPARa (Fig. 4A). Thus, PPARa in the NTS might be involved in
the altered expression profiles of clock genes.

Next, to investigate whether alterations in circadian
expressions of clock genes affect neuronal function in the
NTS, we analyzed the mRNA expression levels of downstream
targets of clock genes, Kenmal and tyrosine hydroxylase (TH),
both of which are involved in neuronal activity. Daily expres-
sion of Kenmal, the large conductance Ca**-activated K*(BK)
channel, is reportedly controlled by the intrinsic circadian
clock in the SCN (Meredith et al., 2006); (Panda et al., 2002). The
circadian expression profile of TH, the rate-limiting enzyme in
catecholamine synthesis, is also affected by Clock in the
midbrain ventral tegmental area (McClung et al,, 2005). As
reportedly observed in the SCN (Panda et al., 2002), Kcnmal in
the NTS of CD mice was highly expressed in the early portion of
the dark phase (Fig. 4B). In contrast, this Kcnmal expression
pattern disappeared and expression levels were markedly
decreased in the NTS of all three murine obesity models
(Fig. 4B). In addition, TH expression levels in ob/ob mice were
significantly decreased as compared to those in CD mice
(Fig. 4B). Collectively, obesity-induced alterations in expres-
sion profiles of clock-related genes, such as Kenmal and TH,
might elicit neuronal dysfunctions in the NTS, although
further studies are needed to confirm this possibility.

3. Discussion

In the present study, we demonstrated the circadian expres-
sions of a series of core clock genes in the NTS of lean wild-
type mice. In addition, the circadian expressions of core clock
genes and their downstream targets were shown to be
attenuated in the NTS of obesity models, suggesting the
involvement of NTS rhythmic perturbation in further meta-
bolic deterioration in the obese state.

Metabolism is coordinated and regulated among different
organs/tissues throughout the body. This coordinated meta-
bolic regulation is apparently essential for maintaining
systemic homeostasis, particularly energy metabolism. Meta-
bolic communication among organs/tissues and integration of
metabolic information in various tissues thus appears to be
important and perturbation of this control system may lead to
the development of metabolic disorders (Katagiri et al., 2007).
This controlling system is likely to consist of afferent and
efferent limbs as well as a central control mechanism
putatively situated in the CNS (Yamada et al., 2008). For the
afferent limb, there are two avenues, humoral factors and

Fig. 1 - Rhythmic mRNA expressions of clock genes in the NTS of C57BL/6 mice. (A) Coronal section of mouse brainstem within
the NTS region of before laser micro-dissection {left). The NTS removed at the area postrema level (right). AP, area postrema;
DMV, dorsal motor nucleus of the vagus. (B) Daily mRNA expression profiles of clock genes in the NTS of 10-week-old C57BL/6
mice, which had been maintained under a 12-h light, 12-h dark cycle and fed a standard diet. (C) Daily mRNA expression profiles
of clock genes in the NTS of 15-week-old G57BL/6 mice (O-0), which had been maintained under a 12-h light, 12-h dark cycle and
fed a standard diet. Data are presented as means = SE (n=4-5/group). 1-way ANOVA demonstrates significant rhythmicity of
Npas2, Bmall, Perl, Per2 and Rev-erba mRNA levels (P<0.05). ‘Indicates peaks of rhythmically expressed each mRNA.
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afferent neuronal signals. For instance, mechanical, nutrient
chemical and gut peptide signals are sent from the gastro-
intestinal tract by primary afferent neurons of the vagus and
from the dorsal root (Badman and Flier, 2005). In addition, we
have recently demonstrated that information regarding lipid
metabolism in intra-abdominal tissues, such as visceral
adipose tissue and the liver, is conveyed to the brain via
afferent nerves, leading to modulation of feeding behavior and
sympathetic tonus (Uno et al.,, 2006); (Yamada et al., 2006).
These neuronal signals are initially processed mainly by the
NTS (Grill, 2006); (Schwartz, 2006). In addition, receptors for
humoral factors, such as leptin and insulin, are reportedly
expressed on NTS neurons (Grill, 2006); (Schwartz, 2006).
Furthermore, the NTS sends projections to other autonomic
nuclei at all levels of the neuroaxis, including major targets in
the hypothalamus, pons and medulla (Hermes et al., 2006).
NTS neurons in turn receive descending projections from a
variety of hypothalamic nuclei implicated in the control of
energy homeostasis (Grill, 2006); (Schwartz, 2006). Thus, the
NTS seems to be ideally situated to integrate central and
peripheral signals. In the present study, the circadian expres-
sions of a series of core clock genes, including Npas2, Bmall,
Per1, Per2 and Rev-erba, were demonstrated in the NTS of lean
wild-type mice, results consistent with those of a previous
report describing rhythmic expressions of Bmall and Per2 in
the rat NTS (Herichova et al., 2007).

Recent studies have suggested that rhythmic abnormal-
ities affect energy homeostasis as well as glucose and lipid
metabolism (Prasai et al., 2008); (Rudic et al., 2004); (Turek et
al., 2005). Metabolic perturbation, in turn, reportedly induces
dysregulation of circadian rhythms in the periphery. In fact,
both genetically induced and high fat diet-induced obesity
attenuates the circadian expressions of a number of clock
genes in peripheral tissues, such as adipose and the liver
(Ando et al,, 2006); (Ando et al., 2005); (Kohsaka et al., 2007);
(Kudo et al., 2004). In addition, metabolic alterations disturb
patterns and/or the circadian rhythmicity of behaviors, such
as the sleep-wake cycle, locomotor activity and feeding. For
example, mice fed a high-fat diet have longer sleep times but
less sleep consolidation (Jenkins et al., 2006). Genetic mouse
(Laposky et al., 2006) and rat (Danguir, 1989); (Megirian et al,,
1998) models of obesity exhibit disrupted sleep-wake pat-
terns. High-fat diet also leads to changes in the period of
locomotor activity and feeding rhythm in mice (Kohsaka et
al., 2007). Since these behavioral abnormalities indicate CNS
dysfunction, these findings suggest circadian malfunction in
the CNS. However, obesity reportedly has no effects mole-
cular clock genes in the hypothalamus (Kohsaka et al., 2007)
and the SCN (Kudo et al., 2004). In the present study, we
showed both high fat diet-induced and genetically induced
obesity to affect circadian expression profiles of core clock
genes, such as Clock, Bmall, Rev-erba and Cryl in the NTS.
This is the first report to demonstrate that circadian
expression profiles of clock genes in the CNS are perturbed
by obesity.

A major question arising from these findings involves the
nature of the molecular link between the regulation of
metabolism and the circadian rhythmicity of clock genes.
We showed that both PPARa transcription and the Bmall
expression level were increased in the NTS of obese mice.

Obesity reportedly enhances PPARa transcriptional activity in
the liver (Memon et al., 2000). PPARa binds to the PPRE and
induces transcription of Bmall (Canaple et al., 2006). In
addition, amplitudes of Bmall expression are reportedly
decreased in the livers of PPARa knockout mice (Canaple
et al.,, 2006), which is in line with the findings of this study.
Therefore, PPARa might be directly involved in obesity-
induced enhancement of Bmall expression in the NTS,
although further studies are needed to confirm this conclu-
sion. Furthermore, we found that Rev-erba expression was
decreased in the NTS of obese mice. Rev-erba transcription is
inhibited by retinoic acid (Chawla and Lazar, 1993), levels of
which are increased in the metabolic syndrome (Yang et al,,
2005). These findings prompt us to hypothesize that high
concentrations of retinoic acid would decrease expression
levels of Rev-erba in the NTS of mice with obesity and insulin
resistance. In addition, because Bmall transcription is inhib-
ited by REV-ERBa {Chawla and Lazar, 1993); (Preitner et al,
2002), decreased Rev-erba expression may in turn contribute to
increased Bmall expression.

Finally, we showed that the expression profiles of down-
stream targets of clock genes were affected by obesity
associated with insulin resistance. The expression profile of
Kcnmal, a downstream target of clock genes (Meredith et al,,
2006); (Panda et al., 2002), was attenuated in the NTS of obese
mice. Since the BK channel is believed to play a critical role in
the control of neurosecretion (Lara et al,, 1999); (Lovell and
McCobb, 2001), attenuated expression of Kcnmal might
underlie the neuronal dysfunction in obese states. In addi-
tion, TH mRNA expression was decreased in the NTS of ob/ob
mice. Recent reports have demonstrated that neural path-
ways from catecholamine neurons in the NTS to the
hypothalamus are involved in energy homeostasis (Date
et al., 2006); (Ritter et al,, 2003). Therefore, these findings
suggest that perturbation of circadian expression profiles of
clock genes in the NTS is involved in further metabolic
deterioration of energy homeostasis.

In summary, this study showed that a series of core
clock genes exhibit circadian rhythms in the NTS of the
brainstem. However, these rhythmic expressions are per-
turbed in murine models with high fat diet-induced or
genetically induced obesity and insulin resistance. Obesity
also alters expressions of PPARx and downstream targets of
clock genes, which might account for the mechanisms
underlying the rhythmic disruption and neuronal dysfunc-
tion in obese states. This is the first report showing that
obesity perturbs the circadian expressions of core clock
genes in the CNS.

4, Experimental procedures
4,1.  Animals

Male C57BL/6 mice (Kyudo, Kumamoto, Japan), KK-AY mice
(CLEA Japan, Tokyo, Japan) and ob/ob mice (strain C57BL/6 ob/
ob) (Charles River Japan, Yokohama, Japan) were obtained and
maintained under specific-pathogen free conditions with
controlled temperature and humidity and a 12-h light (0600
1800), 12-h dark (1800-0600) cycle. According to the breeder
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