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FIG. 6. IL-6-induced enhancement of GSIS is abrogated by an IP;
receptor antagonist but not by a PKA inhibitor. MIN-6 cells were
pretreated with vehicle or a pharmacological inhibitor (1 pmol/L H-89
[A] or 10 pmoVL Xestospongin C [B]) with or without concomitant
1,200 pg/mL IL-6 for 24 h, followed by measurement of insulin secretion
for 60 min in KRBB supplemented with either 1.67 or 16.7 mmol/L
glucose (n = 6 per group). **P < 0.01 vs. insulin secretion from MIN-6
cells without IL-6 pretreatment assessed by one-way ANOVA followed
by Bonferroni’s post hoc test. Data are presented as means * SE.

consistent effects of IL-6 on insulin secretion have not
been reported. At 1,500 pg/mL, IL-6 increased basal insulin
secretion from murine isolated islets (4), and at 100 pg/mL,
IL-6 increased both basal and glucose-stimulated insulin
secretion from HIT-15 cells, a hamster B-cell line (5). On
the other hand, 500-2,000 pg/mL (6) or 200-2,000 pg/mL
(7) of IL-6 decreased GSIS from rat isolated pancreatic
islets and 400 pg/mL IL-6 decreased GSIS from mouse
isolated pancreatic islets (8). Furthermore, 400,000 pg/mL
IL-6 did not alter insulin secretion from MIN-6 cells (9).
Although the reason is unclear, these inconsistencies
might be due to the different IL-6 concentrations and
preincubation periods as well as sources of pancreatic
B-cells used in the experiments. Therefore, in the current
study, to elucidate the role of obesity-induced hyper-IL-6-
emia in insulin secretion, we focused on IL-6 concen-
trations within the range of those observed in ob/ob and db/
db mice, 150-7,000 pg/mL (20-22) in both in vivo and in
vitro experiments. In addition, a circulating IL-6 level as
high as 3,400 pg/mL was reported in obese human subjects
(41). In the present in vivo study, plasma IL-6 concen-
trations were elevated and remained at 900-1,400 pg/mL
during first the 10 days after adenoviral IL-6 expression in
the liver. We used a similar concentration, 1,200 pg/mL, of
IL-6 in our in vitro experiments.

We analyzed IL-6 effects on insulin secretion comparing
three different settings of pancreatic (-cells, i.e., murine in
vivo, isolated pancreatic islets ex vivo, and a pancreatic
B-cell line, MIN-6 cells in vitro. Notably, all experiments
showed IL-6-induced enhancement of GSIS, suggesting
a direct effect of IL-6 on pancreatic B-cells. In addition,
IL-6R knockdown, PLC inhibitors, and an IP3 receptor
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antagonist almost completely inhibited the IL-6-induced
enhancement of GSIS. PLC activation reportedly leads to
hydrolysis of PIP; into diacylglycerol and IPs. IP3 binds to
the IP3 receptor on the ER, resulting in the induction of
Ca®" release from the ER. This raises the cytoplasmic free
Ca®* concentration and subsequently enhances insulin
secretion (39). Our findings indicate that activation of the
PLC-IPs—-dependent pathway by IL-6 appears to play a ma-
jor role in GSIS enhancement during hyper-IL-6-emia. Ac-
tivation of the PLC pathway by IL-6 signaling has been
reported in several cell types. For instance, direct associ-
ation of gp130 and PLC-y was shown in a Ewing’s sarcoma
cell line (33). Activation of PLC-y; by IL-6 was also
reported in a pheochromocytoma cell line (34). On the
other hand, in this study, siRNA experiments revealed
knockdown of PLC-B4, but not other isoforms, significantly
to blunt IL-6-induced GSIS. Because the degrees of ex-
pression suppression differed among siRNAs specific for
each PLC isoform (Supplementary Fig. 1), these results do
not exclude the possibility that other PLC isoforms con-
tribute to IL-6-induced GSIS. However, the data strongly
suggest involvement of PLC-B; itself in the underlying
mechanism. PLC-8, is reportedly activated by G protein-
coupled receptors (42). Taken together with the results
that long incubation periods, i.e., 24 h, were required for
the stimulatory effects of IL-6 on GSIS, unknown mecha-
nisms involving transcriptional or posttranscriptional
alterations in certain molecules might mediate between
the IL-6R and G protein-coupled receptor pathways.

Stimulatory effects of IL-6 on GSIS were also suggested
in IL-6-KO mice (3). In HF-fed IL-6-KO mice, GSIS was
impaired without alterations in pancreatic B-cell mass,
resulting in postprandial hyperglycemia. The authors mainly
analyzed the effects of IL-6 on pancreatic a-cell expansion,
since IL-6-KO mice exhibited low glucagon levels with im-
paired pancreatic a-cell expansion (3). In the current study,
plasma glucagon concentrations were significantly higher in
IL-6 mice. In addition, interestingly, IL-6 enhanced GSIS
more robustly in vivo and in isolated islets than that in MIN-
6 cells (compare Fig. 3B and 4A with 4B). These findings
suggest that the effects of IL-6 on glucagon secretion from
pancreatic a-cells may have some impact on insulin secre-
tion from B-cells in both in vivo and ex vivo experiments, in
addition to the direct effects of IL-6 on B-cells.

Is the observed IL-6—mediated enhancement of GSIS in-
volved in physiological or pathological states? Obesity leads
to elevation of circulating IL-6. Circulating IL-6 is reportedly
related to fat mass, and this relationship is also observed in
mildly obese human subjects (43), suggesting that circulat-
ing IL-6 increases in the early phase of obesity. Notably, in
human subjects, early in the development of obesity, GSIS
is enhanced (44), and insulin hypersecretion occurs before
blood glucose elevation (45-47). In mice, I-6 deficiency
reportedly raises postprandial blood glucose levels after HF
diet loading (48) mainly due to impaired GSIS (3). In addi-
tion, in human subjects, circulating IL-6 concentrations
correlate positively with first-phase insulin secretion, and
this correlation is independent of insulin resistance (11).
Taken together, these observations suggest that the mech-
anism elucidated in this study might be involved in GSIS
enhancement in the early stage of obesity development. We
recently identified a neuronal pathway from the liver as
being involved in hyperinsulinemia in obese mice (17). In
this regard, insulin hypersecretion during obesity de-
velopment appears to be mediated by both neuronal and
humoral signals, which are thought to cooperatively regulate
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systemic metabolism (49). These mechanisms likely con-
tribute to maintaining glucose homeostasis during obesity
development. Interestingly, during septic shock states,
hypoglycemia is commonly observed and this phenome-
non is explained by hyperinsulinemia (50,561). It is well-
known that IL-6 is markedly elevated during septic shock.
Collectively, our findings suggest that hyper-IL-6-emia is
involved in the development of hyperinsulinemia in states
of both obesity and septic shock.

In conclusion, in vivo, ex vivo, and in vitro experiments
consistently demonstrated that IL-6 enhances GSIS from
pancreatic (-cells and that this enhancement of GSIS is
likely to be mediated by the PLC-IPs—dependent pathway.
Modulating the PLC pathway in pancreatic B-cells is a po-
tential therapeutic strategy for achieving efficient post-
prandial insulin secretion.
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Pin1 Associates with and Induces Translocation of CRTC2 to
the Cytosol, Thereby Suppressing cAMP-responsive Element

Transcriptional Activity™
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Pinl is a unique regulator, which catalyzes the conversion of a
specific phospho-Ser/Thr-Pro-containing motif in target pro-
teins. Herein, we identified CRTC2 as a Pin1-binding protein by
overexpressing Pinl with Myc and FLAG tags in mouse livers
and subsequent purification of the complex containing Pinl.
The association between Pinl and CRTC2 was observed not
only in overexpression experiments but also endogenously in
the mouse liver. Interestingly, Ser'*® in the nuclear localization
signal of CRTC2 was shown to be involved in the association
with Pinl. Pin1 overexpression in HepG2 cells attenuated fors-
kolin-induced nuclear localization of CRTC2 and cAMP-re-
sponsive element (CRE) transcriptional activity, whereas gene
knockdown of Pinl by siRNA enhanced both. Pin1 also associ-
ated with CRTC1, leading to their cytosol localization, essen-
tially similar to the action of CRTC2. Furthermore, it was shown
that CRTC2 associated with Pin1 did not bind to CREB. Taken
together, these observations indicate the association of Pinl
with CRTC2 to decrease the nuclear CBP-CRTC-CREB complex.
Indeed, adenoviral gene transfer of Pinl into diabetic mice
improved hyperglycemia in conjunction with normalizing phos-
phoenolpyruvate carboxykinase mRNA expression levels, which
is regulated by CRE transcriptional activity. In conclusion, Pinl
regulates CRE transcriptional activity, by associating with
CRTC1 or CRTC2.

Pinl was initially cloned as a NIMA kinase-interacting pro-
tein (1). Since its discovery, numerous proteins have been iden-
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tified as Pinl substrates, including p53, cyclin D1, and Tau
(2-5). Pin1 interacts with a number of target proteins through
recognition of phospho-Ser/Pro motifs, and the proline confor-
mational change induced by Pinl modifies the structures and
functions, such as stabilization, phosphorylation, and translo-
cation, of target proteins (4—7). Pinl possesses the WW and
PPlase® domains in its N-terminal (amino acids 1-38) and
C-terminal (amino acids 39-163) regions, respectively. To
date, many reports have supported an important role for Pinl in
diseases such as cancer and Alzheimer disease (4, 5). In this
study, we demonstrated that Pin1 is also involved in metabolic
disease via regulation of CRTC2 (CREB-regulated transcrip-
tional co-activator 2; also known as TORC).

The cAMP-responsive element (CRE)-binding protein
(CREB) stimulates transcriptional activity through recruit-
ment of the histone acetylase CBP and through an association
with CRTC, leading to formation of the CREB-CBP-CTRC com-
plex on a CRE site (8—16). Thus, multiple molecular mecha-
nisms affect the CREB-CBP-CTRC complex, resulting in the
regulation of CRE transcriptional activity. They include the
phosphorylations of CREB at Ser'®?, CBP at Ser**®, and CRTC2
at Ser'”* (16, 17). The phosphorylation of CRTC2 at Ser'”*
reportedly leads to an association with 14-3-3 protein and
thereby to its nuclear exclusion and degradation (16).

The CRTC family consists of three members, CRTCI,
CRTC2,and CRTC3 (16, 18). CRTC1 is highly expressed in the
brain, whereas the other two are ubiquitously expressed (19). In
the liver, insulin induces the phosphorylation of CRTC2 at
Ser'”*, and this phosphorylation leads to the aforementioned

3 The abbreviations used are: PPlase, peptidyl-prolyl cis/trans-isomerase; CRE,
cAMP-response element; CREB, CRE-binding protein; NLS, nuclear localiza-
tion signal; MEF, mouse embryo fibroblast; STZ, streptozotocin; PEPCK,
phosphoenolpyruvate carboxykinase; CRTC, CREB-regulated transcrip-
tional co-activator.
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association with 14-3-3 protein and the nuclear exclusion and
degradation of CRTC2 (16, 20). In contrast, glucagon induces
dephosphorylation of CRTC2 and translocation from the
cytosol to the nucleus, thereby forming the CREB-CBP-CRTC2
complex and inducing gluconeogenesis (21). Thus, CRTC2
plays important roles in hepatic glucose metabolism.

In this study, we identified CRTC2 as a Pin1-binding protein.
Interestingly, the portion of CRTC2 responsible for the associ-
ation with Pinl was revealed to be in the nuclear localization
signal (NLS) domain. Herein, we demonstrate that Pinl regu-
lates the functions and subcellular localizations of CRTC family
proteins, thereby altering CRE transcriptional activity.

EXPERIMENTAL PROCEDURES

Materials—Anti-Pinl antibody was generated by immuniz-
ing rabbits with the peptide QMQKPFEDASFATRTGEMSG-
PVFTDSGIHIITRTE (amino acids 129-163 of human Pinl).
Anti-FLAG tag and Myc tag antibodies were purchased from
Sigma-Aldrich. The antibodies against CRTC2, CREB, 14-3-3
protein, GFP, and DsRed were purchased from Cell Signaling
Technology. Anti-rabbit HRP antibodies conjugated to horse-
radish peroxidase were obtained from Amersham Biosciences.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum were purchased from Invitrogen. All other reagents were
of analytical grade.

Preparation of Adenoviruses Expressing MEF-tagged Pinl,
CRTC1, and CRTC2—The Myc-TEV-FLAG (MEF) tag cassette
was generated by DNA synthesis and inserted into cloning sites
in the mammalian expression vector pcDNA3 (Invitrogen;
termed pcDNA3-MEF), as reported previously (22). To create
the N-terminally MEF-tagged Pinl construct, human Pinl
c¢DNA was inserted into pcDNA3-MEF. Then the coding portion
of MEF-tagged Pinl was isolated from pcDNA3-MEF-Pinl, and
the recombinant adenoviruses containing the cDNA coding for
MEF-tagged Pinl were constructed as described previously
(22). Recombinant adenoviruses expressing human Pinl with
the C-terminal HA tag or N-terminal MEF tag were also con-
structed and used for adenoviral gene transfer to HepG2 cells
and mouse liver. Similarly, adenoviruses expressing GFP-
tagged CTRC1, CRTC2, and GFP-tagged CRTC2 were pre-
pared. Adenovirus encoding LacZ served as a control, and the
adenoviral gene transfer was performed as reported previously
(22).

Purification of MEF-tagged Pinl from Mouse Livers—Recom-
binant adenovirus expressing MEF-tagged Pinl was generated,
purified, and concentrated using cesium chloride ultracentrif-
ugation as reported previously (22). Adenovirus encoding LacZ
served as a control. Male mice, 9 weeks of age, were obtained
from the Nippon Bio-Supp. Center (Tokyo, Japan). They were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Four days after adenovi-
rus injection, the mouse livers were removed and lysed in lysis
buffer (50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 10% (w/v) gly-
cerol, 100 mm NaF, 10 mm EGTA, 1 mm NagVO,, 1% (w/v)
Triton X-100, 5 um ZnCl,, 2 mM phenylmethylsulfonyl fluo-
ride, 10 ug/ml aprotinin, and 1 ug/ml leupeptin). The lysates
were centrifuged at 100,000 X g for 20 min at 4 °C. The super-
natant was passed through a 5-um filter, incubated with 150 ul
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of Sepharose beads for 60 min at 4 °C and then passed through
a 0.65-um filter. The filtrated supernatant was mixed with 150
wl of anti-Myc-conjugated Sepharose beads for the first immu-
noprecipitation. After incubation for 90 min at 4 °C, the beads
were washed five times with 1.5 ml of TNTG buffer (20 mm
Tris-HCI, pH 7.5, 150 mm NaCl, 10% (w/v) glycerol, 0.1% (w/v)
Triton X-100), twice with buffer A (20 mm Tris-HCl, pH 7.5,
150 mm NaCl, and 0.1% (w/v) Triton X-100), and finally once
with TNT buffer (50 mm Tris-HCI, pH 8.0, 150 mMm NaCl, 0.1%
(w/v) Triton X-100). The washed beads were incubated with 15
units of TEV protease (Invitrogen) in 150 ul of TNT buffer to
release bound materials from the beads. After incubation for
60 min at room temperature, the supernatant was pooled,
and the beads were washed twice with 75 ul of buffer A. The
resulting supernatants were combined and incubated with
25 ul of FLAG-Sepharose beads for the second immunopre-
cipitation. After incubation for 60 min at room temperature,
the beads were washed three times with 500 ul of buffer A,
and proteins bound to the FLAG beads were dissociated by
incubation with 1 mm synthetic FLAG peptides in buffer A
for 120 min at 4 °C. Approximately 3 pg of protein (0.01% of
starting materials) were routinely recovered by this proce-
dure. The samples were electrophoresed and subjected to
SDS-PAGE and immunoblotting.

Cell Culture—Sf9 cells were grown in TC100 (Invitrogen)
medium containing 10% fetal calf serum at 27 °C. HepG2 hep-
atoma cells were grown in DMEM containing 10% fetal calf
serum at 37 °C in 5% (v/v) CO, in air.

Preparation of Baculoviruses Expressing Pinl and CRTC2
Constructs—The full-length coding regions of human Pinl,
GFP, GFP-tagged Pinl, CRTC2, and DsRed-tagged full-length
and various deletion mutant forms of CRTC2 and S136A
CRTC2 were subcloned into pBacPAK9 transfer vector (Clon-
tech), and the baculoviruses were prepared according to the
manufacturer’s instructions. For protein production, Sf9 cells
were infected with these baculoviruses and grown for 48 h.

Preparation of Glutathione S-Transferase (GST)-Pinl Fusion
Protein—The cDNAs encoding full-length human Pinl, the
WW domain of Pinl, and the PPIase domain of Pinl were sub-
cloned into a pGEX-5X-1 vector (Amersham Biosciences),
which was used to transform Escherichia coliJM105 (Promega).
Transformed cells were grown to an Ay, of 0.6 in LB medium
supplemented with 0.1 mg/ml ampicillin and stimulated for 3 h
with 1.0 mum isopropyl-B-p-thiogalactopyranoside. GST fusion
proteins were conjugated to glutathione-Sepharose 4B (Amer-
sham Biosciences) and used for GST pull-down experiments.

GST Pull-down—HepG2 cells expressing MEF-CTRC2 and its
mutants were homogenized with homogenizing buffer (20 mmol/
liter Tris/HCl (pH 7.4), 1% Triton X-100, 0.25% sodium deoxy-
cholate, 0.25 mol/liter NaCl) containing 0.2 mmol/liter phenyl-
methylsulfonyl fluoride and 5 pg/ml aprotinin and centrifuged at
15,000 rpm for 30 min at 4 °C, and the supernatants were then
recentrifuged at 100,000 X g for 1 h. The supernatants (2 ug/ml
protein concentration) were incubated with 1 ml of glutathione-
Sepharose 4B for 1 h at 4 °C to remove nonspecifically bound pro-
teins and then incubated with purified GST alone, GST-Pin1, and
GST-Pinl deletion mutant proteins for 1 h and finally washed six
times with homogenizing buffer. glutathione-Sepharose 4B beads
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FIGURE 1. Pin1 associates with CRTC2. A and B, Pin1 with the N-terminal MEF tag was overexpressed in the mouse liver using adenovirus gene transfer, and
the Pin1-containing complex was purified. The samples were electrophoresed and subjected to silver staining (A). Analysis using LC/MS revealed: Band (1),
DNA-directed RNA polymerase Il A; Band (2), suppressor of Ty 6 homolog + DNA-directed RNA polymerase Il A; Band (3), DNA-directed RNA polymerase |l
polypeptide B + DNA-directed RNA polymerase I. B, the samples were subjected to the immunoblotting with anti-CRTC2 antibody. C, CRTC2 or control LacZ
was overexpressed with GFP or GFP-Pin1. Then the cell lysates were immunoprecipitated (/P) with anti-CRTC2 antibody, followed by immunoblotting (/B) with
anti-GFP antibody. D, the cell lysates from the mouse liver were immunoprecipitated with control IgG or anti-Pin1, and the immunoprecipitates were then
immunoblotted with anti-CRTC2 and anti-Pin-1. £, HepG2 cell lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated
with GST or GST-Pin1. After washing the beads, SDS-PAGE was performed followed by immunoblotting with anti-FLAG or anti-GST antibodies. F, HepG2 cell
lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated with GST, the GST-WW domain, or the GST-PPI domain. After
washing the beads, SDS-PAGE was performed, followed by immunoblotting with anti-FLAG or anti-GST antibodies. G, CRTC2 and either GFP or GFP-Pin1 were
simultaneously overexpressed in HepG2 cells. With or without okadaic acid treatment for 0.5 h, the cell lysates were immunoprecipitated with anti-CRTC2,

followed by immunoblotting with anti-GFP antibody. Representative immunoblotting data from three independent experiments are shown.

were boiled in Laemmli sample buffer, which was used for the
SDS-PAGE and immunoblotting.

Preparation of Streptozotocin-treated Diabetic Mice and
Gene Transfer of Pinl into Mouse Livers—Streptozotocin
(STZ)-treated diabetic male C57BL/6 mice (8 —10 weeks of age)
were prepared as reported previously (20). These mice were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Animals were fasted for
14 h and then were refed for 4 h before sacrifice. Blood glucose
was measured with a portable blood glucose monitor, Glutest-
Ace (Sanwa Kagaku Kenkyusho, Nagoya, Japan). All animal
studies were conducted according to the Japanese guidelines
for the care and use of experimental animals.

Immunoprecipitation and Immunoblotting—For the immu-
noprecipitation experiments, whole-cell extracts from HepG2
or Sf9 cells or mouse liver lysates obtained after an overnight
fast were prepared in lysis buffer, as described above. Cell or
tissue extracts were incubated for 4 h at 4 °C with the indicated
antibody and then for 1 h with 30 ul of protein G-Sepharose

33020 JOURNAL OF BIOLOGICAL CHEMISTRY

beads. The pellets were washed five times with 1 ml of lysis
buffer and then resuspended in Laemmli sample buffer, boiled
for 3 min, and analyzed on SDS-polyacrylamide gels.

Western blot analysis was carried out as described previously
(22). In brief, 10 ug of protein were separated by SDS-PAGE
and électrophoretically transferred to polyvinylidene difluoride
membranes in a transfer buffer consisting of 20 mm Tris-HCl,
150 mm glycine, and 20% methanol. The membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween 20 and incubated with specific antibodies, followed
by incubation with horseradish peroxidase-conjugated second-
ary antibodies. The antigen-antibody interactions were visual-
ized by incubation with ECL chemiluminescence reagent
(Amersham Biosciences).

Immunostaining—HepG2 cells were fixed with 4% paraform-
aldehyde for 10 min, rinsed with phosphate-buffered saline
(PBS), and then exposed to 0.2% Triton X-100 in PBS for 5 min.
Cells were subsequently incubated for 1 h at room temperature
with anti-rabbit CRTC2 (1:500), and fluorescein isothiocya-
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RESULTS

Identification of CRTC2 in the
Pinl-containing Complex from
Mouse Liver—The adenovirus to
MEF-tagged Pinl was introduced

121 238

136Ser- Ala

D-2 121 (] >33 into mice, and the Pinl-containing
D-3 223 R 430 131Ser-Ala complex was purified. Purified Pinl
D-4 4210, 474 1263er-Ala in the complex was electrophoresed
g :2 473 ? 551 663 and subjected to silver staining,
which showed the presence of Pinl
B. N bait proteins and many binding pro-
\P: GFP :gfc(:;rcz teins (Fig. 14). Bands (1), (2), and (3)
iB:DsRed | lnput'.CRTCZ were identified to be DNA-directed
Input ) RNA polymerase II A, DNA-di-
1B:GFP InputGFP-Pinl rected RNA polymerase IIB, and
Input Input: GFP DNA-directed RNA polymerase I
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GEP N . N . N . GFP agree with previous reports (23).
GFP-Pin1 + + s + + CRTC2wild T, Then we performed the immuno-
D1 D2 D3 D4 D5 ps CRTC2 136S-A . blotting using many antibodies to

FIGURE 2. Pin1 associates with the NLS domain of CRTC2. A, the constructs of CRTC2 deletion mutants and
baculoviruses expressing these six mutants with the C-terminal DsRed tag were prepared. B, the six deletion
mutants with C-terminal DsRed tags were overexpressed with GFP or GFP-Pin1 in 59 cells. The cell lysates were
immunoprecipitated (/P) with anti-GFP antibody, followed by immunoblotting (/B) with anti-DsRed antibody.
The upper panel shows the binding of the Deletion-2 mutant to GFP-Pin1 but not to GFP alone. C, the orienta-
tions of three candidate Ser/Pro motifs in the Deletion-2 mutant involved in the association with Pin1. D, wild-
type CRTC2 or CRTC2 S136A was overexpressed with GFP-Pin1 or GFP in Sf9 cells. The cell lysates were immu-
noprecipitated with anti-CRTC2 antibody followed by immunoblotting with anti-GFP. The upper panel shows
that CRTC2 S136A does not associate with Pin1, unlike the wild-type CRTC2. Representative immunoblotting

data from three independent experiments are shown.

nate-labeled anti-rabbit IgG (1:750) was used as the secondary
antibody. Immunofluorescence was visualized with a laser-
scanning confocal imaging system.

Luciferase Assay—The following plasmids were obtained
from commercial sources: pTAL and pTAL-CRE from Clon-
tech (Palo Alto, CA), pM from Stratagene (La Jolla, CA), and
pGL4 and pRL-TK from Promega (Madison, WI). HepG2 cells
in a 24-well collagen-coated plate were co-transfected with
pTAL-CRE vector (0.25 pg/well) with an internal reporter,
pRL-TK (0.25 ug). Luciferase activities were determined using
the Dual-Luciferase Reporter Assay System (Promega Corp.).

RNA Analysis—RNA extractions were carried out using
TRIzol, followed by purification over a QIAEASY RNA column.
Reverse transcription and quantitative PCR were carried out as
already described. The primer set for human phosphoenol-
pyruvate carboxykinase (PEPCK) was GGTTCCCAGGGTG-
CATGAAA and CACGTAGGGTGAATCCGTCAG (114 bp),
and that for human GAPDH was ACCACAGTCCATGCCAT-
CAC and TCCACCACCCTGTTGCTGTA (451 bp).

Chromatin Immunoprecipitation Assay with Anti-CRTC2,
CBP, or CREB Antibodies—HepG2 cells with or without forsko-
lin stimulation were immunoprecipitated with anti-CRTC2,
anti-CBP, or anti-CREB antibody, using the Chip-IT™ express
enzymatic kit (Active Motif Corp.). Then precipitated DNA
was amplified by PCR using primers against the relevant
promoters.

Statistical Analysis—Results are expressed as means * S.E,,
and significance was assessed using one-way analysis of vari-
ance unless otherwise indicated.
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detect another protein included
in the Pinl-containing complex
because many faint bands were visi-
ble with silver staining.

Many transcriptional co-activa-
tors are included among the target
proteins of Pinl (4, 5). In addition,
although one of the regulatory
mechanisms of Pin1 is protein stabi-
lization, recent reports have shown that Pinl is involved in
translocation of target proteins, such as Bax (24). These results
suggest that CRTC2 is a candidate Pin1 target protein because
CRTC2 is a transcriptional co-activator and is translocated
between the cytosol and the nucleus. As a result, immunoblot-
ting using anti-CRTC2 antibody indicated the presence of
CTRC2 in the Pinl complexes (Fig. 1B). To confirm the asso-
ciation between CTRC2 and Pinl, CRTC2 and each GFP-
Pinl or GFP were simultaneously overexpressed in HepG2
and Sf9 cells. As shown in Fig. 1C and supplemental Fig. 1,
GFP-Pinl, but not GFP alone was detected in the anti-
CRTC2 immunoprecipitate. Furthermore, CRTC2 was
detected in the immunoprecipitate with anti-Pinl antibody
but not that with the control IgG from mouse liver (Fig. 1D).
Thus, the association between CRTC2 and Pinl is
physiological.

Pinl possesses the WW and PPlase domains in its N termi-
nus (amino acids 1-38) and C terminus (amino acids 39 -163),
respectively. To identify the domain of Pin1 responsible for the
association with CRTC2, we prepared GST-Pin1, the GST-Pinl
WW domain, and the GST-Pinl PPlase domain. These GST
proteins were conjugated to beads, followed by incubation with
cell lysates from MEF-tagged CRTC2 overexpressing HepG2
cells. GST-Pinl but not GST alone bound to CRTC2 in vitro
(Fig. 1E). Using this pull-down system, it was shown that the
GST-WW domain, but not the GST-PPlase domain, binds to
CRTC2 (Fig. 1F). In addition, okadaic acid treatment signifi-
cantly increased the association of CRTC2 with Pin1 (Fig. 1G),
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FIGURE 3. Effect of Pin1 on subcellular localization of GFP-tagged CRTC2. A and B, LacZ or Pin1 was overexpressed, or HepG2 cells were treated with control
or Pin1 siRNAs. Then GFP-tagged CRTC2 was overexpressed in HepG2 cells. These cells were treated with forskolin, and the subcellular localization of
GFP-tagged wild type or S136A CRTC2 was examined at the indicated periods after initiating forskolin stimulation. Representative data from four independent
experiments are shown. C, LacZ or Pin1 was overexpressed in HepG2 cells, or the cells were treated with control or Pin1 siRNAs. These cells were treated with
forskolin, and the subcellular localization of endogenous CRTC2 was determined by immunostaining at 10 or 30 min after initiating forskolin stimulation. Nuclei

were stained with DAPI. Representative data from five independent experiments are shown.

suggesting the involvement of serine and/or threonine phos-
phorylation(s) in CRTC2.

Pinl Associates with Ser'*°-containing Motif in the NLS
Domain of CRTC2—Subsequently, to reveal the domain of
CRTC2 responsible for the association with Pinl, six Ds-Red-
tagged CRTC2 N terminus deletion mutants (Fig. 24) and GFP-
tagged Pinl were simultaneously overexpressed in Sf9 cells. As
shown in Fig. 2B, CRTC2 deletion mutant 2 (D-2), containing
amino acids 121-238, was immunoprecipitated with GFP-
tagged Pinl but not with GFP alone. This portion contains
three serine-proline motifs (Fig. 2C). Each of these serine resi-
dues was replaced with alanine, creating a mutant that did not
associate with Pinl. As shown in Fig. 2D, CRTC2 with serine
136 replaced by alanine did not bind to Pinl, whereas CRTC
with serine 129 or 131 bound to Pinl (data not shown). These
observations indicated that the association between CRTC2
and Pinl is mediated via the phosphoserine 136-containing
motif in CRTC2 and the WW domain in Pinl. Ser'®® is in the
NLS domain, and a high level of Ser'*® phosphorylation was
demonstrated in a previous report (16).

Pinl Inhibits CRTC2 Translocation from the Cytosol to the
Nucleus—To test whether or not the effect of Pinl on CRE
transcriptional activity is mediated via the effect on the subcel-
lular localization of CRTC2, the GFP-tagged CRTC2 was over-
expressed, and the effects of the Pinl expression level on the
subcellular localization of GFP-tagged CRTC2 were analyzed in

33022 JOURNAL OF BIOLOGICAL CHEMISTRY

the absence or presence of forskolin stimulation (Fig. 34). In
the control LacZ-overexpressing or control siRNA-treated
HepG2 cells, GFP-tagged CRTC2 was translocated from the
cytosol to the nucleus, as reported previously (9). Pinl overex-
pression markedly inhibited forskolin-induced translocation of
CRTC2 into the nucleus. In addition, gene silencing of Pinl
using siRNA markedly enhanced the nuclear translocation of
Pinl in comparison with treatment with control siRNA.
Although nuclear CRTC2 S136A (unable to bind to Pinl) was
required for forskolin stimulation, it had no effect on either
Pin1 overexpression or Pinl siRNA (Fig. 3B).

In addition, we investigated the effect of Pinl on the distri-
bution of CRTC2 S171A. CRTC2 S171A (unable to bind to
14-3-3) was mainly present in the nucleus regardless of forsko-
lin stimulation (supplemental Fig. 2). Pinl overexpression
slightly increased CRTC2 S171A in the cytosol, whereas Pinl
siRNA treatment reduced the amount of CRTC2 S171A in the
cytosol. This effect of Pinl was essentially in agreement with
the results obtained for wild-type CRTC2.

Similar results were obtained by immunostaining the endog-
enous CRTC2 in HepG2 cells (Fig. 3C). Pinl overexpression
attenuated the forskolin-induced nuclear translocation of
CRTC2 as compared with LacZ overexpression. On the other
hand, treatment with Pinl siRNA increased CRTC2 in the
nucleus under forskolin stimulation as compared with the con-
trol siRNA.
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Neither the distribution nor the expression of Pinl was
changed by forskolin or insulin stimulation (supplemental
Fig. 3). Thus, a change in Pinl is not required for regulation of
the CRTC2 distribution.

Pinl Associates with CRTCI1 and Induces Its Localization in
the Cytosol—The CRTC family consists of three isoforms,
CRTC1, CRTC2, and CRTC3. The motif of CRTC2 responsible
for the association with Pinl is present in the NLS and is con-
served in CRTCI but not in CRTC3 (supplemental Fig. 44).
Thus, the associations of Pinl with CRTC1 were also investi-
gated using HepG2 cells. As shown in supplemental Fig. 45,
FLAG-tagged CRTC1 was detected in anti-GFP immunopre-
cipitates from the cells expressing GFP-tagged Pinl and FLAG-
tagged CRTCI. As shown in supplemental Fig. 4C, FLAG-
tagged CRTC1, in which serine 155 is replaced with alanine, did
not bind to GFP-tagged Pinl, unlike the FLAG-tagged wild-
type CRTCL.

Then the effects of Pinl on localizations of CRTC1 were
examined. When LacZ was overexpressed, GFP-tagged CRTC1
was present in the cytosol and translocated to the nucleus in
response to forskolin stimulation (supplemental Fig. 4D). This
translocation was markedly inhibited by Pinl overexpression
(supplemental Fig. 4D).

CRTC2 Associated with Pinl Did Not Bind to CREB—Forma-
tion of the CREB-CBP-CTRC complex, which binds to a CRE
site, is critical for CRE transcriptional activation. We investi-
gated whether or not the CREB-CBP-CRTC2-Pinl complex can
form, using the baculovirus and Sf9 cell overexpression system.
When CRTC2 and CREB were both overexpressed in HepG2 or
S£9 cells, CREB was detected in the CRTC2 immunoprecipitate.
Interestingly, the overexpression of Pinl markedly reduced the
association between CREB and CRTC2, in either HepG2 or S9
cells (Fig. 4, A and B).

Furthermore, the effect of Pinl on the association between
CRTC2 and 14-3-3 was investigated. In Sf9 cell lysates over-
expressing CREB and CRTC2, both CRTC2 and endog-
enously expressed 14-3-3 protein were detected in anti-
CREB immunoprecipitates (Fig. 4C). In the case of triple
overexpressions of CRTC2, CREB, and GFP-tagged Pinl,
CRTC2 and 14-3-3 were detectable in the GFP-tagged Pinl
immunoprecipitate (Fig. 4D).

Similar results were obtained in the HepG2 cells. The asso-
ciation between MEF-tagged CRTC2 and endogenously
expressed 14-3-3 was not affected by the overexpression of Pinl
(supplemental Fig. 54). In addition, Pinl overexpression did
not affect the phosphorylation level of Ser'”*, responsible for
the association with 14-3-3, in either basal or forskolin-stimu-
lated conditions (supplemental Fig. 5B). These results suggest
that Pinl-associated CRTC2 is capable of binding to 14-3-3
protein but not to CREB.

Pinl Inhibits CRE Transcriptional Activity and Its Down-
stream PEPCK Expression—Subsequently, to elucidate the role
of Pinl in CRE transcriptional activity, the effects of Pinl over-
expression and Pinl gene silencing using siRNA on the CRE
and PEPCK luciferase assay, and PEPCK mRNA level were
investigated in HepG2 cells (Fig. 5). The amount of overex-
pressed Pinl was ~5 times that of endogenous Pinl in HepG2
cells, Under these conditions, forskolin-induced transcrip-
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FIGURE 4. Binding of Pin1 to CRTC2 inhibits the association between
CREB and CRTC2 but not that between 14-3-3 and CRTC2. A, MEF-tagged
CRTC2, CREB, and Pin1 were overexpressed in HepG2 cells in the indicated
combinations. The cell lysates were immunoprecipitated (/P) with anti-FLAG
antibody and immunoblotted (/B) with anti-CREB antibody. B, CRTC2, CREB,
and Pin1 were overexpressed in 5f9 cells in the indicated combinations. The
cell lysates were immunoprecipitated with anti-CREB antibody and immuno-
blotted with anti-CRTC2 antibody. C, CREB and CRTC2 were overexpressed in
Sf9 cells. The cell lysates were immunoprecipitated with anti-CREB antibody
and immunoblotted with anti-14-3-3 protein antibody. D, CREB, CRTC2, and
either GFP or GFP-Pin1 were overexpressed in Sf9 cells. The cell lysates were
immunoprecipitated with anti-GFP antibody and immunoblotted with anti-
CRTC2 or anti-14-3-3 protein antibody. Representative data from four inde-
pendent experiments are shown.

tional activity and PEPCK mRNA induction were significantly
attenuated (Fig. 5, A-C). On the contrary, gene suppression of
Pinl using siRNA significantly enhanced these events (Fig. 5,
D-F). In addition, suppressions of CRE-luciferase and PEPCK-
luciferase activities by Pinl overexpression were observed in
immortalized human hepatocytes (supplemental Fig. 6) (25),
suggesting that this mechanism is independent of the glucose
sensitivity of the cell type. An inhibitory effect of Pinl on CRE
luciferase activity was observed when wild type or S171A
CRTC2, but not S136A, was overexpressed, consistent with the
results showing Pinl to regulate the translocation of CRTC2
(supplemental Fig. 7). Thus, the Pinl expression level was
revealed to negatively regulate CRE transcriptional activity.
Chromatin Immunoprecipitation Assay with Anti-CRTC2
and CREB Antibodies—Because Pinl-associated CRTC2 did
not bind CREB, we performed a ChIP assay to investigate
whether or not Pinl affected recruitment of CRTC2 to cAMP-
responsive elements upstream of PEPCK, NR4A2, and CGA
genes (Fig. 5G). The PCR product obtained using the anti-CREB
immunoprecipitate was unchanged regardless of forskolin stimu-
lation or Pinl overexpression. In contrast, the PCR product of the
anti-CRTC2 immunoprecipitate was markedly increased by for-
skolin stimulation, and Pinl overexpression abolished this in-
crease. Forskolin stimulation induced CBP recruitment to the pro-
moter as well as CRTC2, but Pinl overexpression had no effect.
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FIGURE 5. Pin1 suppresses CRE luciferase activity and PEPCK mRNA level in HepG2 cells. A and B, LacZ or Pin1 was overexpressed in HepG2 cells
transfected with pTAL and pTAL-CRE or pTAL-PEPCK. D and £, these transfected HepG2 cells were treated with control siRNA or Pin1 siRNA. In two experiments,
with and without forskolin stimulation for 6 h, the cell lysates from HepG2 cells were subjected to the luciferase assay. C and F, PEPCK mRNA levels were also
measured. Representative data from four independent experiments are shown. **, p < 0.01 versus LacZ or negative siRNA. G, HepG2 cells overexpressing LacZ
or Pin1 were subjected to the CHIP assay using anti-CRTC2, anti-CNP, or anti-CREB antibodies and primers corresponding to the PEPCK, NR4A2, and CGA

promoter regions. Representative data from four independent experiments are shown. /B, immunoblot; IP, immunoprecipitation. Error bars, S.E.

Thus, it was suggested that CRTC2 associated with Pinl was
removed from CREB located in the CRE sequence in the PEPCK,
NR4A2, and CGA promoter region.

Hepatic Pinl Overexpression Reduces PEPCK Expression and
Decreases Hyperglycemia in STZ-induced Diabetic Mice—
CRTC2 is a major transcriptional co-activator for hepatic glu-
cose regulation via its effects on PEPCK expression. Thus, we
considered the possibility of the regulation of PEPCK expres-
sion by Pin1 in the liver, and an adenovirus expressing Pinl was
introduced into STZ-induced insulin-deficient diabetic mice.
Due to the insulin deficiency, as reported previously, hepatic
PEPCK mRNA and serum blood glucose levels were markedly
increased in fed and fasted state, as compared with the control

33024 JOURNAL OF BIOLOGICAL CHEMISTRY

mice (Fig. 6). The adenovirus for Pinl expression was injected
intravenously, and 96 h later, overexpressed Pinl was detected
only in the liver (Fig. 64) and not in other tissues. With Pinl
overexpression in the liver, the increased hepatic PEPCK
mRNA level in STZ-mice was normalized, and blood glucose
elevation was also partially but significantly reduced in both the
fed and the fasting state (Fig. 6, B—E). Pinl overexpression
exerted the same effects on other CRE-dependent transcrip-
tional genes, such as G6Pase, PGC-1a, and CPT-1. These find-
ings revealed Pinl to be a regulator of CRE-dependent tran-
scriptional genes in vivo.

Pinl Expression Is Low in Fasting State—Finally, we investigated
the changes in Pinl expressions under different nutrient condi-
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FIGURE 6. Hepatic overexpression of Pin1 restored elevated CRE-dependent transcriptional genes and hyperglycemia in STZ-treated mice. STZ-
treated diabetic C57BL/6 male mice were injected with 2.5 X 107 plaque-forming units/g body weight of adenovirus containing B-galactosidase (LacZ) or
FLAG-tagged Pin1 construct via the tail vein. A, immunoblotting of hepatic tissue lysates with anti-FLAG or anti-Pin1 antibody. B and C, serum glucose
concentrations in fed and fasting states (n = 6, each group). D and E, CRE-dependent transcriptional gene mRNA levels in the liver. **, p < 0.01 versus STZ; **¥,

p < 0.001 versus STZ. Error bars, S.E.

Liver
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Fasted Refed

Fed

18: Pin1 IB: Pin1

1B: actin Lo 1B: actin

FIGURE 7. Pin1 expression is regulated by nutrient conditions. Mice were
fed routinely, starved for 20 h, or refed for 4 h after a 20-h fast. Liver (left) and
muscle (right) cell lysates were prepared and then immunoblotted with anti-
Pin1 antibody. A representative immunoblot (/B) is shown in the upper panel.

tions. Interestingly, we found that the Pinl expression level is low
in the fasted state but is increased by feeding (Fig. 7). Thus, Pinl
expression appears to be regulated by nutrient conditions.

DISCUSSION

CRE transcriptional activity is enhanced through associa-
tion of the CREB-CBP-CRTC complex on a CRE site. The
co-activator of CREB termed the CRTC family consists of

ASEYEN

OCTOBER 22, 2010+ VOLUME 285-NUMBER 43

three isoforms, CRTC1, CRTC2, and CRTC3 (18). CRTC2
was reported to be important for the regulation of CRE tran-
scriptional activity and its downstream PEPCK gene expression
(20). Depletion of nuclear CRTC2 leads to the suppression of
CRE transcriptional activity (20). Thus, both the subcellular
localization of CRTC2 and CREB-CBP-CRTC complex forma-
tion are critical for CRE transcriptional activity. CRTC2 is
reportedly phosphorylated by AMPK and SIK, and phosphory-
lated CRTC2 binds to 14-3-3 protein and is thereby shifted from
the nucleus to the cytoplasm (21). The Montiminy group (16) has
identified 12 independent phosphorylated serine residues on
CRTC2 using tandem MS analysis. They demonstrated that PICA
inhibits the activity of SIK and reduces Ser’”* phosphorylation
leading to binding with 14-3-3 protein and translocation to the
cytosol (16). However, the importance of other phosphorylation
sites identified in their study, such as Ser*3® remains unknown.
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In this study, it was demonstrated that Pinl associates with
the CRTC family of proteins consisting of CRTC1 and CRTC2.
Because the portion of CRTC1 and CRTC2 responsible for the
association with Pinl is in the NLS domain, we considered the
possibility that the binding of Pin1 to this portion would inter-
rupt NLS function, resulting in their export from the nucleus.
In fact, our observations using GFP-tagged CRTC1 and CRTC2
as well as staining of endogenous CRTC2 supported our
hypothesis. On the other hand, gene silencing of Pinl using
siRNA markedly induced nuclear localization of CRTC2 when
stimulated with forskolin. It is likely that altered localization of
CTRC2 due to Pin1 takes place independently of the binding of
14-3-3 protein to CRTC2 because Pin1 overexpression affected
neither the Ser'”’ phosphorylation level of CRTC2 nor the
association with 14-3-3.

A further interesting issue is that CRTC2 associated with
Pinl did not bind to CREB. This phenomenon cannot be attrib-
utable to the different subcellular distributions of CREB, CBP,
and CRTC because highly overexpressed CREB, CBP, and
CRTC2 are present in the cytosol of Sf9 cells. Taken together,
these observations indicate the association of Pinl with CRTC2
to decrease the nuclear CBP-CRTC2-CREB complex via two
mechanisms (i.e. the export of CRTC2 and interruption of the
association between CRTC2 and CREB). Thus, the Pinl expres-
sion level is a key factor regulating CRE transcriptional activity.

We investigated the effects of various kinase inhibitors on the
association between CRTC2 and Pin1, using HepGz2 cells, in an
effort to identify the kinase that is involved in the phosphory-
lation of S136A on CRTC2. However, we were unable to obtain
clear results. Although we did not discover which kinase(s)
phosphorylates the Ser*3® of CRTC2 responsible for the associ-
ation with Pinl in this study, high basal phosphorylation of
Ser'®¢ was already demonstrated in a previous report (16).

Prior studies have also shown that Pinl expression generally
correlates with cell proliferative potential in normal tissues (1,
26, 27) and is further up-regulated in many human cancers
(28 —31). In addition, interestingly, we noticed that the amount
of Pinl was higher in the fed than in the fasting state, in both
liver and muscle. However, neither insulin nor forskolin has any
effect on the expression of Pinl in HepG2. Thus, the mecha-
nism(s) involved in the altered expression of Pinl remains
unclear, although this is an important issue that merits further
investigation.

In the liver, CRE transcriptional activity plays a critical role in
gluconeogenesis (32-34). In addition, in the diabetic state,
insufficient suppression of CRE transcriptional activity is
regarded as a mechanism underlying hyperglycemia under
fasted conditions (35). In the present study, our final experi-
ment examined whether Pinl overexpression might improve
the hyperglycemia in insulin-deficient STZ-treated mice. In
these mice, gluconeogenic enzymes, such as PEPCK, under the
control of CRE transcriptional activity are reportedly up-regu-
lated (20, 36, 37) due to insulin deficiency and the relatively
increased effect of glucagon. The fact that Pinl overexpression
reduced the high PEPCK expression and its resultant fasting
serum glucose elevation in STZ-treated mice suggests that the
Pin1 expression level is involved in regulating glucose metabo-
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lism. Thus, an agent affecting Pinl expression or activity may
represent a novel therapeutic strategy for diabetes.

To date, numerous proteins have been identified as sub-
strates of Pinl (4, 5, 38). With the proline conformational
change induced by Pinl, the structure and function of the target
protein are modified, which affects protein stabilization, sub-
cellular localization, phosphorylation, transcriptional activity,
etc. In the case of CTRC2, both subcellular localization and the
complex-forming function with CREB are affected.

Although we did not investigate the physiological effects
occurring via CRTC1 induced by the association with Pinl, we
did observe that Pinl is highly expressed in the brain, whereas
its enzymatic activity is blunted by oxidative stress modification
that occurs in the early stages of Alzheimer disease (39).
Although the physiological function of Pinl in neurons remains
largely unknown, numerous reports have implicated CRE tran-
scriptional activity in brain function (40-42). Thus, further
important evidence may be obtained from studies of Pinl and
CRTC1 in the brain or other tissues.

In summary, CRTC2 was identified as a new Pinl-binding
protein. The CBP-CRTC2-CREB complex promotes glu-
coneogenesis. Pinl binding to CRTC2 prevents this complex
formation, thereby suppressing CRE transcriptional activity
(supplemental Fig. 8). These findings indicate that Pinl is a
regulator of gluconeogenesis and may be a new target for
diabetic therapy.
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Abstract

Dietary fiber protects against coronary heart disease (CHD), but evidence in Asia is limited. We examined the association
between dietary fiber intake and mortality from cardiovascular disease {CVD} ina Japanese population ina prospective study
of 68,730 Japanese men and women aged 40-79y in which dietary fiber intake was determined by a self-administered FFQ.
The participants were followed up from 1988-1990 to the end of 2003. Hazard ratios (HR) and 95% Cl of mortality were
calculated per quintile of fiber intake. During the 14-y follow-up, a totat of 2080 CVD deaths (983 strokes, 422 CHD, and 675
other CVD) were documented. Total, insoluble, and soluble dietary fiber intakes were inversely associated with risk of
mortality from CHD and total CVD for both men and women. For men, the multivariable HR (95% CI) for CHD in the highest
vs. the lowest quintiles were 0.81 [(95% ClI, 0.61-1.09); Ptrend = 0.02), 0.48 [(95% Cl, 0.27-0.84); Ptrend < 0.001], and
0.71[{95% ClI, 0.41-0.97); Ptrend = 0.04] for total, insoluble, and soluble fiber, respectively. The respective HR (95% Cl) for
women were 0.80 [(95% Cl, 0.57-0.97); Ptrend = 0.01], 0.49 [{95% Cl. 0.27-0.86); P-trend = 0.004], and 0.72 [{95% CI,
0.34-0.99); Ptrend = 0.03], respectively. For fiber sources, intakes of fruit and cereal fibers but not vegetable fiber were
inversely associated with risk of mortality from CHD. In conclusion, dietary intakes of fiber, both insoluble and soluble fibers,

and especially fruit and cereal fibers, may reduce risk of mortality from CHD. J. Nutr. 140: 1445-1453, 2010.

introduction

The WHO defines dietary fiber as the edible parts of plants or
analogous carbohydrates that are resistant to digestion and
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{2) stated that high dietary fber intake may protect against
chronic diseases; although their hypothesis initially focused on
gastrointestinal diseases, it was later expanded to involve
cardiovascular diseases {CVD)."!

Reports of epidemiologic studies in Western countries have
strongly suggested thar dietary fiber intake offers protection
against coronary heart disease {CHD) {3-9), but evidence has
been limited in Asia. The mean daily Japanese dietary fiber
intake was 20.5 g/d in 1952 and rapidly declined to ~70% of
that level in 1970 (14.9 g/d), with little change thereafter
{10,11). Meanwhile, during this period without declination of
dietary fiber intake between 1970 and 1992, the age-adjusted
mortality rates from CHD declined 50% for men and 65% for
women {12) and have continued to decline {12,13}. Neverthe-
less, the mean daily Japanese dietary fiber intake is similar to
that of some Western countries (3,6) and lower than that of
others (4,5,7-9). Therefore, it is worthwhile to investigate
whether dietary fibers of different types and sources may protect
against CHD with or without a threshold in a Japanese
population.

Participants and Methods

Study population. The Japan Collaborative Cobort Study for Evalu-
ation of Cancer Risks, a large prospective study sponsored by the
Ministry of Education, Sports and Science, was carried out between
1988 and 1990 and covered a total of 110,792 participants (46,465 male
and 64,327 female} aged 40-79 y. Participants were enrolled from 45
study areas throughout Japan, mostly from the general population or
those who had undergone municipal health check-ups and completed
self-administered questionnaires covering lifestyle data and medical
histories of previous CVD and cancer at baseline. A subsample of 39,393
cohort participants donated a residual serum sample that was
partitioned into 0.3-0.5-mL aliquots and stored at —80 C° unnil
Jaboratory analysis. The details of the study procedure were described
elsewhere (14,15). In most communities, informed consent was obtained
from each participant, except in a few study areas where informed
consent was obtained at the community level after the purpose of the
study and confidentiality of the data had been explained 1o community
leaders. The ethics committees of the Nagoya University Schoal of
Medicine and Osaka University approved the protocol of this investigation.

We excluded 16,109 parricipants {4683 men and 11,426 women) with
a medical history of cancer, stroke, or CHD, and 123 with energy intakes
above or below plausible intakes (<500 or >3500 kcal/ld = <2096 kJ/d or
>14,645 kj/d). Also, participants whose responses to the FFQ were
insufficient, which means failure to give an answer to 5 or more items of the
40 food itemns of the FFQ, and/or no answer for current rice intake, and/or
no answer for current miso soup intake, and/or no answer for curremt
alcohol consumption were excluded. A total of 58,730 (23,119 men and
35,611 women) were cligible for the study.

Mortality surveillance. For mortality surveillance in each of the
communities, investigators conducted a systematic review of death
certificates, all of which had been forwarded to the public health center
in the area of residency. Mortality data were then centralized at the
Ministry of Health and Welfare and the underiying causes of death were
coded according to the Narional Vital Seatistics system, which is based
on the International Classification of Diseases, 10th revised edition,
Participants who died after they had moved from their original
communities were treated as censored cases. Of the roral 58,730
participants, 2487 {4.2%) moved. Cause-specific mortality was catego-
rized as stroke {160-169}, CHD (120-125}, other CVD ({130-152), and
total CVD (101-199). The follow-up of mortality was conducted until the

' Abbreviations used: CHD, coronary heart disease; CVD, cardiovascular
disease; DR, dietary record; HR, hazard ratio: IDF, insoluble dietary fiber; SDF,
soluble dietary fiber; TDF. total dietary fiber.

1446 Eshak et al.

end of 2003, except for 4 communities, where follow-up was terminated
at the end of 1999.

Diet and baseline survey. A self-administered guestionnaire, which
included a FFQ, was used 1o collect the baseline data for demographic
characteristics; history of hypertension, diabetes mellitus, and other
chronic diseases; family history of cancer; and height and weight, as well
as habits related 1o smoking, alcchol consumption, exercise, and diet.

The FFQ representing the dietary component of the survey included 40
food items (15}, Participants were asked about average intake frequency
without specifying portion size. There were § response choices: almost
never, once or twice/mo, once or rwice/wk, 3-4 timesiwk, and zlmost
every day. Food and nutrient intakes were computed using the Japanese
food composition table {(4th revised edition} (16} and standard portion
sizes derived from weighted dietary records {DR}. The detaiis of the study
procedure were described elsewhere (14,15). Key’s score was calculated
using this formula: Key’s score = 1,35 |2energy from SFA (% energy) —
energy from PUFA (% energy}} + 1.52 [cholestero! intake (mg/1000kcai)]?
{17). Values for total dietary fiber (TDF}, insoluble dietary fiber (IDF), and
soluble dietary fiber (SDF), obtained by enzymatic-gravimetric methods
by Prosky et al. {18), and were derived from the food composition table.
The FFQ was validated by using 4 3-d weighed DR over a -y period as a
reference standard {19). The authors reanalyzed dara from the validation
study to take into account skewed distributions of nutrient intakes and
within-person variations for intake (20). The deattenuated correlation
coefficients for energy-adjusted intakes between the FFQ and DR were
0.46 for TDF, 0.47 for IDF, 0.42 for SDF, 0.30 for cereal fiber, 0.33 for fruit
fiber, and 0.41 for vegetable Aiber (P < 0.001 for all). The ratios of mean
intakes estimated by the FFQ to those calculated from the DR were 0.60,
0.58,0.51, 0.66, 0.84, and 0.53 for total, insoluble, soluble, cereal, fruit,
and vegetable fibers, respectively.

Statistical analysis. Total, insoluble, soluble, cereal, fruit, and vegeta-
ble dietary fiber intakes were calorie adjusted by using the residual
method (21) and modeled as categorical (5 quintile groups) variables in
the primary analysis. Statistical analyses were based on sex-specific
mortality rates of discase outcomes during the follow-up period from
1988-1990 to 2003 {until 1999 for 4 areas}. The person-years of the
follow-up were calculated from the date of completing the baseline
questionnaire to death, moving out of the community, or the end of
follow-up, whichever came ficst,

Because most of distributions for the dietary variables are skewed,
sex-specific medians with interquartile range or proportions of cardio-
vascular risk factors were calculared. The sex-specific hazard ratios {HR)
with 95% Cl for mortality by disease outcome {stroke, CHD, other CVD,
and total CVD} were calculated with reference to che risk according to
energy-adjusted total, insoluble, soluble, and different sources of fiber
intakes. For Cox proportional hazard models, the PHREG procedure of
SAS/STAT software {version 9.1; SAS Institute) was used. There was no
evidence that proportional hazards assumptions were violated, as
indicated by the lack of significant interaction between the predictors
and a function of survival time in the model. The estimates were
presented as age-adjusted and multivariable-adjusted models including
other potential confounding factors: history of hypertension, history of
diabetes, BMI (sex-specific quintiles), smoking status {neves, ex-smoker,
current smoker of 1-19, and =20 cigarettes/d), alcohol consumption
(nondrinker, ex-drinker, current drinker of 0.1-22.9, 23.0-45.9, 46.0-
68.9, and =69.0 g ethanol/d}, hours of exercise (aimost never, 1-2, 34
and =5 hiwk], hours of walking (almost never, 0.5, 0.6-0.9,and =1 hid),
perceived mental stress {low, moderate, and high), education level
{primary school, junior high school, high school, and college or higher},
sleep duration (<6 h, 6-<7 h, 7-<8 h, 8->9 h, =9 h/d), fish, sodium,
SFA, {n-3) farty acids, folic acid, and vitamin E intakes (sex-specific
energy-adjusted quintiles), and total energy intake. Because of the high
correlations berween soluble and insoluble fibers (r = 0.96 for men and
(.95 women), they could not be distinguished in the multivariate analysis

Because of low to moderate correlations between different sources of
fibers (cereal, fruit, and vegetables}, a 3rd model was added for each with
further adjustment for intakes of other sources of fiber: for men, r =
—0.31 berween cereal and fruit fibers, —0.43 between cereal and
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vegerable fibers, and 0.29 berween fruit and vegerable fibers, and for
women, ¢ = —0.33 between cereal and fruir fibers, -0.43 between cereal
and vegetable fibers, and 0.20 between fruir and vegetable fibers. For
tests for linear trends across increasing categories of Gber, the categories
were treated as a continuous variable and the median intake for the
category was designated as its value. All sratistical resting were 2-sided,
and for all tests P < 0.05 was considered significant.

Results

Among the 58,730 adults aged 40-79 y at baseline examination,
2080 total CVD deaths were recorded during the 14.3 y of

follow-up, comprising 983 deaths from stroke, 422 from CHD, |

and 675 from other CVD.

At baseline, both men and women with higher TDF intake
were ~6~9 y older, with higher BMI, more educated, more likely
to practice sports and to walk, less likely ro drink, less likely to
be current smokers, and less likely to have a history of
hypertension. Furthermore, higher TDF intake was positively
associated with higher intakes of fish, vegetables, fruir, meat,
milk/dairy, soy, calcium sodium, potassium, vitamin B-6,
isoflavones, (n-3) fatty acids, SFA, monounsaturated fatty acid,
and PUFA, dietary cholesterol, and the Key’s score {Table 1).

As for the serum chemistry in the subsample of men (n = 6767)

and women (# = 13,102), higher TDF intake was inversely -

associated with serum total cholestero! and triglycerides. Similar
trends were observed for SDF and IDF {resuits not shown). There
was an ~0.8- to 1.1-fold greater median TDF intake in the highest
compared with the lowest quintiles of TDF for men and women.

Sex-specific, age-adjusted mortality from CVD and total
CVD was lower for both men and women with higher TDF
intake. After adjustment for cardiovascular risk facrors and fish,
sodium, SFA, (n-3) facty acid, folate, vitamin E, and total energy
intakes, this tendency toward lower mortality was slightly
attenuated but remained significant. The multivariable HR of
CHD in the highest compared with lowest quintiles were 0.81
[(95% CI, 0.61~1.09); P-trend = 0.02] for men, 0.80 [(95% CI,
0.57-0.97); P-trend = 0.01] for women, and 0.79 [(35% CI
0.61-0.98); P-trend = 0.01] overall when men and women were
combined adjusting for sex (Supplemental Table 1). The
multivariable HR of total CVD in the highest compared with
lowest quintiles were 0.83 [(95% CI, 0.63-1.09); P-rend =
0.05] for men, 0.82 {(95% ClI, 0.57-0.97); P-trend = 0.04] for
women, and 0.82 [(95% ClI, 0.60-0.99); P-trend = 0.02] overall
{Supplemental Table 1). There were no significant associations
of TDF intake with risk of mortalisy from stroke or other CVD
for either sex (Table 2).

After dividing TDF into IDF and SDF, the age-adjusted risks
of mortality from CHD and total CVD were lower for both men
and women with higher IDF intake {Table 3). After adjustment
for cardiovascular risk factors and dietary variables, the muiti-
variable HR for mortality from CHD in the highest compared
with lowest quintiles of IDF intake were 0.48 [(95% CI, 0.27~
0.84); P-trend < 0.001)] for men, 0.49 {{95% ClI, 0.27-0.86];
P-trend = 0.004] for women, and 0.46 [{95% CI, 0.30-0.85);
P-trend = <0.001] overall (Supplemertal Table 2). For mortality
from total CVD, the multivariable HR were 0.82 [(95% (I,
0.65-0.98); P-trend = 0.04] for men, 0.63 [{95% CI, 0.53-0.91);
P-trend = 0.02] for women, and 0.77 {(95% CI, 0.61-0.96);
P-.trend = 0.01] overall (Supplemental Table 2). There were no
significant associations of IDF intake with risk of mortality from
stroke or other CVD for either sex.

Age-adjusted mortality from CHD and total CVD were lower
for both men and women with higher SDF intake. The multivar-

Dietary fiber intake and cardiovascular disease mortality in Japan

fable HR of mortality from CHD in the highest compared with
lowest quintiles of SDF intake were 0.71 {0.41-0.97; P-trend =
0.04) for men, 0.72 [{0.34-0.99) P-trend = 0.03] for women, and
0.69[(0.44-0.94) P-trend = 0.01] overall (Supplemental Table 2).
For mortality from total CVD, the multivariable HR were 0.81
[(95% CI, 0.63-1.04); P-trend = 0.04] for men, 0.83 |(95% CI,
0.53~1.02); P-trend = 0.04] for women, and 0.80 [(95% CI, 0.60-
0.99); P-trend = 0.02] overail (Supplemental Table 2). There were
no significant associations of SDF intake with risk of mortality
from stroke or other CVD for either sex.

We analyzed separately the effects of 3 main food sources of
dietary fiber (Table 4; Supplemental Table 3). Fruit fiber intake
was significantly inversely associated with risk of mortality from
CHD. The multivariable HR for CHD after further adjusting for
other sources of fiber were 0.55 [(95% ClI, 0.32-0.96); P-trend =
0.03) for men and 0.42 [{95% CI, 0.33~0.81); P-trend = 0.01]
for women. Cereal fiber intake was inversely associared with risk
of mortality from CHD; the multivariable HR were 0.89 [(95%
Cl, 0.65-1.01); P-trend = 0.06} for men and 0.72 [(95% C],
0.59~0.97); P-trend = 0.04} for women. There was no significant
association of vegetable fiber intake with risk of morrality from
CHD for either sex.

Discussion

This 14-y prospective study of Japanese men and women aged
40-79 y showed inverse relationships of total, insoluble, soluble,
cereal, and fruit fiber intakes and risk of mortality from CHD,
These inverse associations were similar for hoth men and women
and stronger for IDF than SDF and for fruit than for cereal fibers.

The inverse associations with mortality from CHD were
observed for both IDF and SDF intakes in a pooled analysis of 10
American and European cohort studies (7); HR per 10-g/d
increment were 0.80 {95% (1, 0.69-0.92) for IDFand 0.72 {95%
Cl, 0.55-0.93) for SDF intakes. Further, the somewhat stronger
association for IDF than SDF in the present study is consistent
with the results of the Health Professionals Follow-up Study (9)
and the Iowa Women’s Health Srudy (22). In the Health
Professionals Follow-up Study, the multivariable HR of mortality
from CHD for each 10-g increment of IDF intake was 0.75 (95%
Cl,0.59-0.94) and that of SDF was 1.07 (25% CI,0.57-2.02).In
the Jowa Women's Health Study, the multivariable HR of
mortality from CHD in the highest compared with the lowest
quintiles was 0.70 [{95% Cl,0.50-0.96); P-trend = 0.05) for IDF
and 0.79 [{95% CI, 0.58-1.08); P-trend = 0.30] for SDE.

The inverse associations of fruit and cereal fiber intakes, but
not vegetable fiber intake, with mortality from CHD in the
present study were consistent with findings from previous
studies: the Women's Health study (23), Nurse Health study
(24), Cardiovascular Health Study {(25), and the pooled analysis
of 10 American and European cohort studies (7).

The inverse association between dietary fiber and CHD can
be explained by different mechanisms, such as improving blood
lipid profile through its cholesterol-lowering effect (26), lower-
ing blood pressure {27} via reduction of abdominal -obesity and
improvement of vascular reactivity (28), improving insulin
sensitivity (29), inhibiting a postprandial rise of glucose and
triglycerides (30}, and improving fibrinolytic activity (31,32), all
of which may prevent or delay the development of atheroscle-
rosis. Previous studies suggested that those effects were dertved
by both IDF and SDF (7-9,31,33}. However, SDF may have a
stronger cholesterol-lowering effect (26), whereas IDF may have
a stronger clotting factor reduction effect (23,31).
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TABLE 1 Cardiovascular risk factors in Japanese men and women aceording to guintiles of TDF intake at the baseline examination'

Man Waorhen
01 {low} 0z a3 o4 05 (high) a1 ilow} az 03 04 05 thigh)
Median intake, g/ 6.8 8.7 102 "7 14,0 74 82 10.50 119 138
Participants at risk, » 4523 4624 4524 4624 4624 N2 N2z 1z 72z 7122
Ags, ¥ 52 [45-60) 55 [47-682) 55 (47-63) 58 (49-64) BQ (52-66) 53 (46-61) 55 {47-82) 56 (48-63) 57 [43-64) 59 {52-66)
BMI, kg/m" 225 208-24.5) 22.5(208-24.3) 226 (20.8-24.4) 226 (20.8-24.5) 22.6 {20.8-24.6) 22.7 (20.8-24.8) 226 {20.8-24.6) 227 (208-247y  22.8(209-248) 228 (21.0-24.9)
History of hypsrtension, % 20 21 20 18 18 18 20 20 2 2
History of diabstes, % 6 6 7 5 B 3 4 3 3 3
Ethanol intake, g/d 46 (23-57) 34 {23-46) 23 {17-48) 23 (11-46) 23 (11-48) 7(3-23) 5 {2-11} 5{2-11) 5{2-11) 5 {2-11)
Current smoker, % 82 55 53 82 48 8 8 4 4 3
College er higher education, % 17 18 19 20 19 9 10 11 12 12
High perceived mental stress, % 25 % 25 24 23 23 bal 21 20 19
Exercise >6h/wk, % 26 30 32 33 35 20 2 23 28 26
Waiking =1h/d, % 87 67 69 72 73 70 | 72 74 75
Time sleeping, » 7.07.0-8.0) 70(7.0-8.0 7.0{7.0-80) 1.7 (7.0-8.0) 8.0{7.0-80 7.0(60-80} 7.0 {6.0-8.0) 7.0 {6.0-8.0} 7.01(6.5-8.0) 70 (65-8.0
Food group intakes,? g/d
Fish 35 (22-56) 39 (25-60) 43 {26-70} 45 (30-72) 57 (38-84) 38 {22-56) 40 {25-62) 43 {27-89) 48 (31-72) 56 (36-80)
Vegetables 45 {2966} 63 (43-94) 80 {(52-118} 105 (73=730 744 (117-812) 57 {37-85) 80 {52-118) 99 {63714} 131 (89-772) 779 (136-824)
Fruit 34 (8~54) 50 {23-80) 61 {34-107) 80 (33127 114 (80-161) 54 {23-88) 80 {38-114) 96 (61-127) 114 {80-181} 127 {86-161)
Maat 22 12-32) 23 {14-35) 25(14-36) 27 {18-39) 29 {1843} 26 (14-38) 26 116-38) 26 (1639} 27 (18-39) 27 (1541}
Milk and dairy products 37 {7-146} 73 (7-145) 73 (7-147) 78 {13-147) 97 {17-147) 78 {8-147) 81 (21-151) 106 (31-181) 148 {31-152) 123 {31-152)
Soy 15 (13-32) 36 {15-38) 32 {15-80} 39 {21-628 60 {32-68) 21 {15-32) 32 (15-50) 32 (21-62) 39 (32-62) B2 {38-70)
Selected nutrient intakes?
Vitamin B-8, mg/d 0.8 {0.6-1.0) 091{0.7-%.1) 10(08-1.2) 1.1 {0813 13 (1.1-1.5) 0.8 (0.7-1.0} 09{0.8-1.1) 1.01(0.8-1.2) 1.1110-1.3) 1.3{1.1-1.5)
{n-3) Fatty acids, mg/d 1.110.8-1.9 1.3{1.0-1.8) 15(1.2-20) 1.7 1.4-2.2) 2.11.7-26) 1.2 (0.9-16) 141(08-18) 15(1.2-2.0) 1.7 [14-2.2) 2.1 (1.6-28)
Caleium, mg/d 273 (270-483) 440 (330-551) 492 [370-508) 584 {429-560) 834 (514-747) 415 (297-527) 470 {343-583) 518 (386-624) 566 (437-670) BZ6 (484-739)
Patassium, mg/d 1736 1394-2096) 2004 (1651~2371) 2229 (1872-2676) 2525 (2154-2811) 3008 (2614-3450) 1879 (1519-2246) 2114 (1763-2482) 2333 | 1982-2700) 2590 (2236-2848) 2995 {2603-3391)
Sodium, mg/d 1318 {965-1772) 1778 {1312-2318) 2167 (1675-3140) 2498 (2006-2965) 2954 (2475-3485)  1335{1001-1772) 1675 (1282-2168) 1997 {1535-2474) 2315 (1827-2778) 2731 (2246-3218)
1soflavones. mg/d 12 (7-24) 25 {12-38) 34 (19-42) 39 (28-46) 45 (38-51) 12 (7-19) 18{12-33) 28 {17-40) 37 (24-44) 44 (34-51)
SFA, g/d 8 (6-10} 9(6~11} 3712 10 (8-12) 11 {8-13) 96-11) §{7-12) 10(7-12) 10 8-12) 1 {8-13)
Monaunsaturated fatty acids, g/d 8 (6-10) 3(7-11) 9{7-12 10 [8-12) 12 {8-14) 9{6-11} 9{7-11 10(8-12) 10 8-12) 11 (8-14)
PUFA, g/t 5 {4-B) 6 (57 7{6-4) 8 {6-5) 9{8-11) 5(4-7} 6 (5-7) 7 {5-8) 7{6-8) §(7-10)
Chalestsral, g/d 213 (142-316) 240 {161-332) 263 {183-349) 287 {205-367) 339 {236-401) 270 (148-323) 238 (166--338) 261 (183-348) 287 (193-365) 318 {218-380)
Energy, kJ/d 7457 {5046-6838) 7000 {5640-8439) 695G (5585-8503] 7013 (5740-8520) 7281 (5125-8851) 6021 (5007-7365) 5648 {4794-6530) 5748 {4911-6590f 5954 (5120-6757) 6258 (5313-7155}
Keys score,® mmoi/L 0.52 (0.51-0.74) 0.67 {0.56-0.8D) 069 {0.57-0.82) 0.72 {381-0.84) 0.74 {0.62-0.86) 0.74 (0.60-0.88) 0.80 (0.67-0.93) 0.81(0.88-0.93) 0.82 (0.69-0.83) 0.82 {0.68-5.92)
Serum chemistry of subsample, n = 18,853
Participants at risk, # 1403 1383 1378 1317 1286 2964 2807 2571 2434 2326
Tatel cholesterol, mmol/L 49(4.3-5.5) 48 (4.3-55) 43({4.3-55) 4.8 (4.2-54) 48 (4.3-54) 52(4.6-58) 5.2 (46-59) 8.2 (46-54) 5.2 {4.7-5.8) 5.1{45-57)
HOL-chiolesteral, mmol/t 1.3{11-18} 13(1.1-18) 1.3(1.1-18) 13 {1.1-1.5 13 (1.1-1.8) 14 {1.2-18) 1.4(1.2-1.7} 14 (1.2-18) 1.4{1.2-16) 14 {1.2-1.8]
Trigycerides, mmol/l 1.3{087-1.9 1.2(087-148) 1.3(0.87-18} 1.210.88-1.7) 1210.88-17) 1.210.83-18) 1.1 {0.77-15) 1.1 {0.84~1.6) 1.1 {0.77-1.5) 1.1{0.77-1.5

! Values are median (interquartile range), or percentages.
2 Food and nutrient Intakes ware enargy-adjusted using tha residual method,
2 Keys score was calculeted by this formula: Keys score = 1.35(2 [energy from SFA (% energy)] - {energy from PUFA (% energyll + 1.52 [cholesterol intake (mg/100C keanl2.
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TABLE 2 Sex-specific HR and 85% Ci for mortality from CVD according to quintiles of TDF intake

Men Women
01 {Low) Q2 03 a4 Q5 (High} Ptrend’ Q1 {Low) Qa2 a3 04 Q5 (High} P-trend’

n 4623 4624 4624 4624 4524 nnz naz naw na 122
Range, g/0 <78 78-84 95-108 10.8-12§ =128 <85 8599 10.0-11.1 112127 >127
Parsan-years 57,080 57426 57863 57.901 58,247 83055 89450 90,951 91953 93241
Total strake

Cases, 7 60 149 19 g1 80 n 87 102 128 116

Age-adjusted HR (95%CI) 1 1.32 10.894-1.704 1.37 (086177} 1.33{093-1.70) 1.03{0.78-137) 0842 1 0.97 [0.78-1.21) 101 {0.82-1.24} 113(082-1.38) 1.19(0.97-1.45} 0.364

Multivariable HR (95%C1? 1 1.14 {0.74-1.76) 112 {0.74-1.69) 1.1510.70-158) 1.08(0.75-158) 0585 1 0.78 {055-1.12) 1.08 {0.76~1.54} 0891061130 1.05{0.73151) 0775
CHD

Cases, n 40 68 50 41 40 38 35 41 47 30

Age-adjusted HR (35%Ci| 1 £.8310.62-1.11 0.70 {0.52-0.93) 050({0.44-0.82) 0.77{0.58-1.03} D013 1 104 {0.74-147) 6.85 (0.68-1.14) 0.79(054-088) 073 (0.54-086} 0021

Muttivariable HR {85%CHY 1 0.83{062-1.12) 0.69 10.51-0.93) 0.59 {0.43-0.81) 0.81{061-1.09 0022 1 1.03 {0.76-1.48) 086 {0.61-1.13) 0.81{052:099) 080057097 0.014
Other CVD

Cases, n 45 94 79 64 55 52 o1 78 86 75

Age-adjusted HR (35%Cl) 1 1.35(0.93-1.97} 1.05 {0.74-1.51} 107 062-1.34) 099 {066-1.45) 0464 1 1.13 {0.66-1.48} 0.35 {0.60-1.41) 08710591290 1.11{086-1.44) 0.254

Multivariable HR {356%CIF 1 1.25 {087-1.79) 0.92 (0.65-1.32) 1.06 (0.62-1.36} 0.781054-1.13) 0313 1 1.18 {0.91-1.54) 0.97 (0.74-1.26) 078(055-1.10) 1.08{0.74151) 0212
Total CVD

Cases, n 145 303 244 196 175 161 153 221 261 221

Age-adjusted HR{95%CI) 1 1.02 {0.88-1.17) 0.91 (0.79-1.08) 0.84{052-1.08) 0.84(066-1.02) 0043 1 1.17 {0.83-1.39) 1.10 {0.86-1.28) 084 {068-1.04) 0B1{057-088) D.061

Multivariable HR {95%C1f 1 106 {0.92-1.22) 0.92 (0.80~1.06) 0.86 {0.65-1.15)  0.83(063-1.09) 0.054 1 1.21 {D.94-1.44) 1.06 (0.82-1.19) 0.851069099) 0852057087 0.044

! Based on tests for trend across guintiles of fiber intake by assigning the madian value of each quintite.
2 Cox proportional hazard modal adjusted fer age, BMI, history of hypertensian, histary of diabetes, alcohicl consumption, smoking, education level, hours of exercise, hours o walking, parceived mental stress, sleep fish, SFA, in-3} fatty acids,
sodium, folate, and vitamin E.
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TABLE 3 Sax-specific HR and 85% Cl for mortality from €VD according to quintiles of iIDF and SDF intakes

5
Men Women
g 1 {Low) 0z 03 a4 05 (Hight  Arend’ Q1 (Low) 02 03 04 Q5 (High)  Ptrend’
g n 4623 4824 4624 4624 4624 22 "2 nn 122 ne
2 or
Range, g/ <59 §9-59 7.0-78 80-9.2 >82 <62 62-71 7.2-8.0 8181 >8.1
Person-years 56,963 57,598 57,534 57,720 58,702 88,073 89,584 50,818 81854 33220
Total stroke
Cases, n B1 iz 108 144 109 64 137 100 M 72
Age-adjustad HR (35%CH) 1 0.87 (0.70-1.36) 1.12 {0.52-1.54} 1.03 {0.76-1.39) 098 (0.71-1.34) 0.945 1 1.10 {0,82~1.48) 1.20 (0.87-1.54) 1.13{0.83-1.54) 093 {067-1.31) 0344
Multivariable HR (956%CI) 1 1.01 [0.70~1.48} 116 (0.79-1.70) 099 {D63-152) 036 (D64-1.45) 0715 1 1.03 (0.70-1.51) 1.8 {0.83-1.69) 1.06(0.73-1.53) 090(063-1280 0128
CHD
Cases, 1t 44 38 40 61 48 39 44 35 38 3B
Age-adjustad HR (95%C) 1 0.69 (0.45-1.07) 0.62 {0.40-0.86) 068 (046-1.01)  0.65(0.43-0.98) 0.032 1 0.72 ([0.46=1.14) 0.66 (0.42-1.05| 060 (0.38-084) 033{034-082 6003
WMultivariable KR 195%C1 ! 0.53 {0.38-1.02) 0.52 {0.30-0.87) 0.4510.26-084) 048(027-D84) <COM 1 0.63 {0.38-1.04) 0.61 {0.36-1.03) 056 (0.33-0.98)  0.49{0.27-0.86) 0.004
Other CVD
Cases, n 48 48 72 92 72 49 es 73 81 51
Age-adjusted HA (85%Cl) 1 1.43 [0.85-2.14) 1.01 {0.70~1.46) 1.13 {0.80-1.61) 1.24 {0.85-1.79) 071§ 1 0.86 {0.60-1.22) 0.94 {0.65-1.35) 1.01{0.7-1.44)  1.06(0.71-157) 0325
Multivariable HR {85%C))? 1 1.24 {0.85-2.06) 1.01(0.88-1.21) 106 (063-149)  1.15(0.78-162)  0.798 1 0.83 (048-1.45)  1.09{087-177)  1.20(0.73183] 083(051-1331 0698
Tetal CVD
Cases, 1t 153 164 220 97 228 152 288 208 230 158
Age-adjusted HR (85%C)) 1 D.88 {0.72-1.07} 0.88 (0.84-1.17) 081(078-1.08) 085(0.88-1.03) 0.061 1 0.84 (0.67-1.04) 0.93 (0.76~1.15) 087 {0.71-1.08) D.84{0.68-1.03} 0301
Multivarigble HR (95%CiF 1 D.88 {0.68-1.04) 0.87 (0.79-1.08) 089(0.72-1.03) 082 (0.65-0.98) 0.042 1 0.78 (0.61-1.00) 0.82 {0.84-1.06) 068 {0.51-0.81) 069({053-D.81) 0.017
SOF
Range, g/d <13 13458 1748 2.0-23 >23 <15 1518 1.9-2.1 2224 >4
Person-years 57,161 57,436 57,798 57,903 58,230 BY,551 88,205 90,778 91613 93503
Total stroke
Cases, n 65 146 107 90 9 78 72 125 107 102
Age-gdjusted HR (85%Cl} 1 1.04 10.77-1.40) 0.95 (0.69-1.29) 1.11{081-183) 092 (0.67-1.27) 0.891 1 0.81 (0.58-1.12) 091 (0.69-1.21) 1.00{0,75-1.34) 107 (DBD-1.44) 0801
Multivariable HR [85%CH? 1 0.88 (0.86-1.47) 0.9 {0.61-1.34) 1121079159 090(061-1.31) 0.790 1 0.80 {0.57-1.12) 0.88 {0.61-1.24) D.85{0.67-1.34) 1.02(0.73-142) 0843
CHD
Cases, 1t 38 58 48 43 45 39 39 41 38 34
Age-adjusted HR (35%C!} 1 0.81 10.53~1.22) 0.83 {0.54~1.18) 074 {061-1.10) 076 (0.49-1.07) 0.092 1 0.98 {0.65-1.14) .56 (0.35-0.87) 0.74 (0.44-1.04)  0.69(0.44-087} 0.005
Multivariable HR (85%CH 1 0.80 (0.44-1.16)  081{(D48-1.17}  072(058-1.02) 071(041-097) 0043 { 086 (0.54~1.18)  060(0.34-1.04) 088{(054-1.07} 0.72(0.43.089) 0035
Other CVD
Cases, n 46 98 Il 59 6t 56 56 B8 65 77
Age-adjustad HR {85%CI) 1 1.43 1.00-2.04} 1.41 {0.87-2.068) 1.1 (0.87-1.88) 1.12 {0.88-1.69) 0.785 1 0.79 [0.54-1.18) 0.74 (0.53-1.04} 1.1810.82-1.89) 084 (060118 0312
Multivariable HR (35%C1 1 1.08 [0.86-1.75} 1.24 {0.78-1.87} 1.04 (0.88-1.76)  1.0B(0.75-184) 0573 1 0.74 {048-1.14)  0.771046-1.28)  1.32{0.81-2.95  D.9B(D61-1500 0613
Tatal CVD
Cases, n 149 ki) 224 192 197 173 187 254 20 213
Age-adjusted HB (85%Cl} 1 1.23 (0.78-1.88) 1.04 (0.72-1.38) 0.75(0.54-0.97) 082(062-1.08) 0052 1 0.81{067-0.38)  0.B4(088-1.041 077 (061-0.87) 0B0{D56-09%  0.02
Multivariabia HR (35%CIF 1 1.11 {0.64-1.33) 0.89 {0.69-1.13) 0.74{052-0.98} 081 (0.53-1.04) 0042 1 0.86 {0.88-1.07) .85 (0.67-1.08) 078 (0.65-0.38} 0.831(0.53-1.021 0043

! Based on tests for trand across guintlies of fiber intake by assigning the median value of each quintite.

2Cox propartional hazard model adiusted for age, BMI, history of hypertension, histary of diabetes, alcohol consumption, smoking, education level, hours of exarcise, hours of walking, perceived menial stress, sieep ho fish, SFA, (n-3} fatty scids,

sodium, folate, and vitamin E,



TABLE 4 Sex-specific HR and 95% G for mortality from CHD according to quintiles of cereal, fruit, and vegetable fiber intakes

~89_.

Men Wormen
a1 (Low} a2 a3 04 U5 (High) Parend’ Q1 {Low) Q2 a3 04 Q5 {High} Ptrend’

n 4823 4524 4524 4824 48524 na naz e 7122 7122
Cereal fiber

Range, g/ <14 14-18 1.7-18 18-2.1 >2.1 <1.1 1.1-13 1.4-1.5 16-1.7 >17

Person-years 57,289 57,650 57,840 57,851 58,288 90,356 90,793 91,764 80516 31224

Cases; n 45 50 51 40 45 49 33 28 49 32

Age-adiusted HR (35%C 1 082(073-116)  096{0.71-1.25 081 (DB6-1.08) 088{0.71-1.05) 0125 1 0791052-086) 074 (056-0.95  1.03{0.83-1.54) 076057-0.98) 0.044

Multivariable HR (95%CH? 1 090 {0.70-1.16)  082{08%-1.12)  0.77(0.64-098) 086(064-089) 0042 1 080(053-087) 073(053-097)  1.06{0.73-153) 0.7 (0.55-0.88) 0.3

Mudtivariable HR (85%CI° 1 083 (068-1.15)  090/088-1.16) 074 (061-089) 089(065-1.01} 0060 1 080{053-098] D0.74(050-088)  1.06(0.74-1.56) 0.6 (059087 0.044
Fruit fiber

Range, .g/d <04 04-0.7 08-10 1.1-17 >11 <07 0.7-1.1 1.2-18 19-22 >22

Persan-years 57,199 57,641 57,971 57,831 57.818 50,999 80,362 90,751 90079 92438

Cases, n 62 53 43 36 37 55 39 38 39 22

Age-adjusted HR (85%C) 1 0.79 {0.46-1.01) 059 {0.54-0.98} 054{038-082) 054{035-088) 0004 1 0.69 {0.45-1.05) {67 (0.45-1.01, 0.66 (0.34-0.98 043 (0.25-0.70)  0.003

Multivariable HR [95%CI)2 1 0.80 {0.45-1.03) 0.71 {0.53-0.89) 0.54 (0.37-0.868) 056 (0.35-050) 0.007 1 0.7 {0.43-1.08) 0.70 {0.431.02 055 (031-0.98) 0.40(D.28-0.78) 0.005

Multivarizhle HR {95%CI 1 0.82 (045109 075 (0.52-1.02) 055 {0.34-092)  055{0.32-0.96) 0.032 1 0.73 (0.42-1.10} 0.69 10.42-1.04) 063 {0.33-0.99) 042033081} 0.014
Vegetable fiber

Range, g/d <28 28-36 3743 4455 >45 <31 31-39 40-48 47-58 >58

Person-yeats 57,636 58016 57,735 57,988 57,140 B9,688 90,395 90,874 81592 92099

Cases, n 4D 42 40 48 61 36 34 36 43 42

Age-adjustad HR (85%Cl) 1 104{066-162)  1.15{075-1.77)  077(0.49-1.21) 0.80(0.58-1.38) 0.328 1 076{045-126) 0821058-147) 054 (D40-1.05) 079(051-1.24) D460

Multivariable HR {95%Cl* ] 106 (086-1.71)  1.16(0.72-1.89)  0.761046-128) 0B2(056-152) 0.417 1 079(047-13¢4)  086(0.56-180) 073 (043-1.24) 091(055-1.49) 0983

Multivariable HR (85%CI° 1 103(064-167)  1.14(0.70-186)  0.75(0.44-1.28)  090{054-151) 0868 1 078(046-1.32) 093 (0.56-155  ©73{043-1.25) 09710581562} 0.817

uedep Ul AJRLOW 3SESIP JRINISEACIPIED PUR SXEIUI 18G4 Alelsi(]

(A=t 4%

' Based on 1ests for frend across quintiles of fibar intake by assigning the median value of gach gquintile.

2 Cox proportional hazard mode! adjustad for age, BMI, history of hypertension, history of diabetes, aloohol cansumption, smoking, education level, hours of exercise, hours of walking, perceived mantal stress, sieap hour fish, SFA, [n-3) fatty acids,
sodium, folate, and vitamin E.

3Ad]usted furthet for ather types of distary fier {ceraal, frun, and vegstable fibers).



