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TRITYILIZDWT, MEBEEE BW/-EETiR

100 ms I & W) BHEREOARE M T2 L HET
HAHILMERESINTEY, LERO—RBGOEL AV
TREZHRBTE2HEDEIVERATHLLEZONS.
72720, ICD NOEEDBIZIZ, KEhen /£ WX
5REZBMHTATEENDLDOT, 707 BB
EBT4NEDERNE VS AR ESBRET 5 LEND
5.

K3 H4lhEFELEH-270T) ZLIIMAT,
BRIERZHVLZ LT, SHICHREBERIIBIIAEE
BEERED ERMSER SN BIC, BETHRHEVS
FTE, VT, VFOUREREE SRor SVT OERED LA
BENTHo72 COBELD, BHBICLSICD D
B 2RV EELHEELTHRATHHEEZONS.

—F, ZEHREEER L FECBWTY, SRor SVT
OHEREER VE OBRELR EDOEAMRR S N2%, BEIFEY
FROEFEEZERE A aho72. Thid, BETFHE
BRI RRS vy k) % B #AT
FETHL0IH L, SEREEE BV RFETIE, 78
HBREODOEXHCLBITHETH L0, EBRVELS
LE2o5ND. Thid, vk OEBRAKEOKEEIZEST
“ﬁ@ﬁﬁ%ﬁwbof<é*tﬁﬁ@@&ék%i%n

ﬁ%ﬁfi(Ol)wﬁﬁﬁﬁ S B, HEEM
meﬁﬁﬁ# ZEWE ZOSBEROFFEEER
%<,$ﬁm@ﬂ£ﬁﬁﬁ<&é.u®%&#6,%ﬁ$
BERWIZFETIE, k) OBEOEHZTI LD, BE
HEOR, THbbRKEIVNSRELEHTLOT,
HHEOUENLED L. —F, SRBEBEEREBVIHFET
X, k) DEZFOIOTIIRL, FINLBOLNEHHE
BRzHACTWAD, BEIFFYZ AW HERICHETR
FlTha BRI,

T4 AV ERWEEEROFEMICELTIE, #2008
B LY, H56ms &) EERMIIRD 5 N5 4HORH
60%THD I EWbhb, ZOERNIS, BETLVIVX
LTI, PEROBEHBREFTREZY, LRBOEER
WKBUTLBEBNEEZMNZAIENTES, T, HRRICH
LTRHPH L0, SBOTNVIT) X L0RBICHES &
HEOZEIH L TERICHIETELLE1 65,

Pl k5, il - BRIz RET VY
ZADICD ~NDELEIENUFBLEZONDE, —F
T, ROEH REERERA TV A, iﬂnf‘ﬁ®ﬁ%
ELARERE, BESEENTHY, 778+
WBEAR., 2070, SBEBRRHEFERTHWH @@
HERERL LV ELLORERT— 2 20UFL, 7TV
AL DFHEEBGET 5 LENDH 5.

EHIC, v MENREE LAEATTIIRD L REES
FHZTWA, AFFETIE Sch DLRLERTF—7 2 H
WTWBD, FNA ZAORBEET 2ch 07— L2 ESL
NS, BERRETVEEHOBREZ TXTEHETS



FIES  ARIEA : BURHEAEIRRE 7 V) XL DY A (937)

F2 BELENT DL ELRIERN
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Juxtaposition of Mitochondria to the Ca’" Release Site is Crucial
for the Cardiac Energy Balance—A 3-D Simulation Study of Cardiomyocyte—

#*

Asuka Hatano, ™ Jun-ichi Okapa,” Takumi WasHio," Toshiaki Hisapa,” Seiryo Suciura®

Abstract Recent studies revealed that Ca®*not only regulates the contraction of cardiomyocytes, but can also
function as a signal to stimulate ATP production by the mitochondria. However, spatio-temporal resolutions of
current experimental techniques limit our understanding on this issue. This study employs our 3D
cardiomyocyte model based on the finite element method (Okada et al. AJP 2005) and has been extended to
include the detailed subcellular structure including the sarcolemma with t-tubule system, sarcoplasmic
reticulum, myofibrils and mitochondria. Elementary processes involved in the electrophysiology, contraction and
ATP metabolism are spatially arranged, and the multiple reaction diffusion equations for Ca®* and energy
metabolites, and contraction were solved simultaneously. We specifically examined the effect of the gap distance
between mitochondria and Ca?* release site. Our model revealed that increasing the gap distance induced a
severe energetic derangement due to phosphate accumulation, resulting in contractile failure under tachycardic
electrical pacing at 3 Hz. Juxtaposition of the mitochondria to the Ca®" release site is crucial for rapid signal
transmission to maintain cardiac energy balance. Realistic 3-D model of cardiac excitation-contraction and
metabolism provides a powerful tool for the study of cardiac function by expanding the temporal and spatial
resolution beyond the limit in experimental approaches.

Keywords : cardiomyocyte, mitochondria, energetics, finite element method, sub-cellular.
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T HIC—RRICH A L Ca®t BV 7B X U Nat/Ca®* st
RIZL o THIRRIMCHE X B, I ba Yy FY7E ISR
DAL ES RN F—RBHCG 2 2EEL2 AL 720,
JSR-3IFa vy FU 7oA 50nm (Gap50) & 200

nm (Gap200) LD 220DEFNVEAELY (M1(c)).
2-2 EISHBAER
IANFKF—-RFOEH A E2ERT B0, ATP (7
TV V39 V8, ADP (7F /¥ ¥ 29 VE), Pi
(&Y VB, CP (2 V7 F Yy VB, Cr (7 VLT F
V) O500RFWEE, YIFVWETHS Ca D
ELEZHReRCER L. ZosteWHEIZO>VWT, DT
DRILE B2 BRE T BV THEWw -,

d[S), s
5 =V (DPVIS)+fF

Si& Ca®*, ATP, ADP, Pi, CP, Cr W §ha, ildfir

BOA YTy A, [ShESokE DR fIZE
IR % RT.

POSEHIZ OO BESRER - A VF—RFICET S
Cortassa D EFNV[4] D& IS %, Wib$ 5 & Mg
BICEE LA #HEREICOwWTRERT— 7 [7-11]% b &
W5 272 R1EBHERERBMFTNOEBRETH 5.
S5 T 1 0.6265 £ (8], MIMLE X 0.1 FEEZ H v
7=[11].

2:3 IRILF—RKBPEI PO RFUTD Ca’ FlH

IMIAVFYTHNOWEDORY AA, PIBRRSGDZ2H
DR Y 7 ZANTO Ca®t OILEZE Y A A T
ZiTo7z. I PV FYTOCS BYAARITCa® =
R = ENDEF A NVEB LIPS, 2R —
F— P RARRENH 10M L BV LMo THEY
(12], ZOHZIY AND /20 Dash ik 2 EF V%
Fw7z[13].

MIE D Ca® RENL=R—F —IZ X 20 ) BAER
BT 5720, MBED Ca* WRICHE-TI bav Fy 7
PICH Ca** IREAR L LA 5. Ca?™ DBELRIZ
TCABBOA VI VBFe FusrF—¥, r vy
VBFe Frayrr—ExEMIL+ %52 LT, NADH -
ATP EEZRET 5 [14].

EEINZZ< MY 2 ZWNO ATP i3 ANT (Adenine
nucleotide translocater) 12X ) JEREEA~LHEB XN 3.
ATP PEBERALAEIE S N5 REE, EEEHDEI I
[CP¥x bV PEETHLEEZLNALTWS. CK (2
L7 F ¥ —¥) 2tE LT, ATP/ADP DRV
F—L CPCrDIANF—LIIMHEICEBRINL -0,
SVIHDOES R CPICIAINVF— R ELTEEL, LE
LHAITHERSICE Y ATP 2l By HEATH B, K
EFNTIEIOCP Vv MVOMBAZEEEL ZER LT
FUVALET o7/ I ba Yy FY 7 OREEEIZIE mit-CK
(RPavyFY7CK) #BEELZ HEATHAHER
HETIEMBIZCKPRELTWAEEENTVSD, £
DO Z3 - MH - AF - IH2ZEHL, M#FITIE M-
line bound CK #, A #i2it Acto-Myosin ATPase I X 5
ATPHEZRE L. ChicL Y, HEBME~D ATP
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T,
Fig. 1 3D model of cardiomyocyte.
(a) Schematic image of the modeled segment and structure of
subcellular components. (b) Finite element mesh around Ca?*
release site. Yellow arrows indicates Ca** fluxes. (c¢) Diagrama-
tic sketch of the models whose gap between Ca*" release site
and mitochondria are either 50 nm or 200 nm.

%1 HEBMEC B B EHER (um¥/msec) 2:4 NEBRR

Table 1 Diffusion Coefficients in myofibril (zm®/msec).

Ca** CP Cr Pi ATP | ADP
03 0.11 0.15 0.14 0083 | 0078
HEGICEL, S P FYTHLOEERNLR ATP KR E

mitCK 12 & ) CP & & hiE# L, M-line bound CK T
ATP L2 ) RBMENL BTSN3, 2 BBEO{EIE
T AL s L7z,

5 R ARME (21X, Negroni @ 4 REEEFIV[I5], =H I
F-REDEORB-CHLTRRAEEF V6] ZHV
oo ATOHATCS Lz ANF—REWEOBEIIS
LT Negroni EF Vb UEAMRRE Y, ThihEWN
BREHL LTHEMEABRZB V. ELoRMI
S [5]ICHET 5.
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2L w iR, WRERT > v, Cidh Cauchy-
Green ZI7 Vv, E i Green-Lagrange &7 VI, ]
AR, VIBrER, AEDO-1/212HET 5

Lagrange REFEH, ol EMBUESR, 20 EREMH,
SUEHBEREUIIRESNAHE, LE BTy o
2H 59— (A:B = Z2A:B;) THAH [17). HE 5
PR ERE L, HEAHEILE DD S Humphrey, Lin-
Yin ORI [18-20], I Mo ¥ FY 7 RMEERICIE
47514 0> Mooney-Rivlin ff 2 @ L 7-.

2-5 EtHE

BR&EME LT, BEMBREDA + > F % v 2R
THAAVOMAD ZERE, ETOETHREED, H¥ER
5 ORAME ST N T 2 i & MR R RS 4 9 S T TEAL
2o, zhlilommidish€¥nxs 2. £, NEHRE
ELEBREHORNTHEDS, EROBFIERIIZD 1/4 &
L7

7u 79 Aix4T Fortran90 THA W /-HEEa— F
THb, YIalb—F3BRWE—T v 7il#cxEES
Bl 2 BEER (100 A/cm?, 05 ms) % Y0
252 ET, BE - I - AENED A EEMICEE SN
5., BAW (1Hz) WA BHz) OX—T Y 7 DR
Rl L BANOERGTIRZHEOEHLERT S
B, NSR Otk o & 15 % & L 7z, & # iZ Intel Xeon
CPU (32GHz) ZHwTiibh, 1HHOFHIZH 1000
BEELL.

3. & 5

31 HWNIEOZE(LHFFEEICRIFTRHE

JSR-: Fa Y FUTOMBORLS 22007V (K1
(e)) L, FRUEDFEHTTIHz DEHREL 3Hz
~NDOBRMHEKREG Z MW7 o7 B2k [Ca* e
(M8 B Ca® IBEE), [Ca®*lmio (3 P Y FU T7H Ca®*
REE) DG & IGE T OREZIE% Gap50 (), Gap200
(%), 1Hz (W&) & 3Hz (E#H) Ko»wTHELALD
DTH A, [Ca*" ey I Gap200 EF N DFHYE —
7 DEFETEL BoTWwh, it Gap200 EFNVIZH
WT, BWCa¥ Jgw RT3 b2 ¥ FY 7-JSR MEROM
TEAFHEIIEZ L hol b2 L-HDTHY, 1
Hz & 3Hz L THBLTWA. —F TLCa? Jmio T &
M HIcoWTiE, 1Hz Tt Gap 12 & B2 Z i3/ S 02T,
3Hz Tid Gap200 TEH LB E—7 DEMBEL o TH
D, 3HZz TR Gap ICX 2 ZDOHFNKREL L oTWa.
8 (2 [NADH]niww & [Pileyio @ 1 Hz & 3 Hz ~DBEIS
&% AT, [NADHlwmio & [Pileyo d FIBRIC, 3Hz IZBW
TGap WX BENEALTWD I ENRGN5,

3:2 Ca*" ZHA A I PIACFUTICERSHE

AMICEA2ELFMIIREFTT 57120, 4(a)B LT
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=
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2 1Hz(E#), 3Hz(WEMH) OFHTICBITA
Gap50(£), Gap200(#) EFIVDOFH[Ca® Jeoyo
(a), FH[Ca® Tmin(b) LHERERI (c) DK
%1k
Fig.2 Average[Ca*' ]l (a) , [Ca® Jmio (b) and
isometric force ( ¢ ) at either 1 Hz (solid) or 3
Hz (dashed) under the Gap50 (black) or
Gap200 (red) models.

(b) 2 [Ca®* leywo E AE (cf) 12 [Ca®* Jmito D REF - 221
GAiERL2 KXl (a c e E1Hz, BHH (b, d,
IZ3Hz DR THAH. I by FY TICiBo THRMES M
ICZHH»S MAICHD ) R EOMELRITEMWMTRL,
WPRD 2 B, REABSLBTERLTVS, I b F
U7 ® Ca?* P h AAZHBENTAT 5 Ca* D 2%k
TdHh [Ca’ oy 1252 BTN E WV, $Eo T Gap Dik
WTIR[C® ]y DAMICIT L AEEDNH B WD,
Gap50 D [Ca® law DA ER LA (a, b). HEEWVWT A ¥
X Z DS OMEA200nm DRA ¥ DRFZE{LZRL
Twab. (c)&(d)ix Gap50 €7, (e) & ()i
Gap200 EF VD [Ca® Imie E R LD DTH B, ¥ 1
Hz O#EFR=2WHETHE, ZHOJSR 60D Ca HHIZ &
D, [Ca® Joyw ICKERBEARSELTVWEOPHEE
Na(a). COREARERIMLT, [Ca® Jmiw b HE
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Fig. 3 Transient response of (a) [NADH]mw and

(b) [Pilste upon switch from 1Hz to 3Hz

conditions.

HEAE LTS, Gaps0 KBV TIRI FPI Y FYTD
2=R—F—i3 X DBV [Ca® g0 LT 5728, Gap50
D [Ca®* Jmio (¢ ) 1E Gap200 D [Ca®* Jmin(e) E B L TE
RELTHB-2TWS, 3Hz2R5 L, ZD[Ca* Imitw
DGap ICLBENFKEL ZoTWS (d, f). [Ca**Jeywo
(b)2RA2L 1Hz LI L TEMARISHERLTED,
Gap200 EF IV & Gaps0 EFNMIZBIFAI by FYTO
Ca* =B — ¥ —HET L [Ca )y DENM KL
[Ca®" Imie DEDERIZORA 02 LA 5.

4., & =

41 JSR—3 bV FUTHEROBZE

EEM (1Hz) IBWTIiE, JSREIPavYFY7OM
BRI XY [Calmiw, [NADH]miw SMMBEH O U
F—REODLTIPLRETHRLNAH (F2(a), K3,
IF T AR EICERIRALNR o7 (K2
(c)). —hF®AM (3Hz) I2BWTiE, MROBEIMEI
Fa v FY7THCE ORERBOET (K2(b)), Ml
B vBOKELZER (M3), ZLTMHOET 23]
L7

ME DY Ca® gLtz R5L (M2(a)), 3Hz
THEROE -7 HHL, B2HZoTwa. ZhidiK
H - B ETHHICEEL LR TH Y, ERGENE
—HTHMEEITH A2 3]. ZOHHERALETOEEA

DR, MRAO Ca® GRS KELE) (H4(b)), 3
ba Y FYTHAND Ca™™ Y AKLEEDOMEIZ X 5 ER
ERELLTWS (H4 (cf). ¥5IC3Hz TRRABE
DREETHEMICRBIA2D, IFaYFITH6D
Ca¥* A MAL VERICRE I A4 I VARV, 20
T2OWMADILL LY OHEOEDVIBREDIRIEIZES Z 5%
BYMKLALEZEZONS. —F, BANTIIHERMEC
BiF5 ATP HEROWMIC X ) NADH FELHMNT 5 2%,

IV FYTADRA Ca o®iIMc L b 7 = BRI
PRESNDZ LIZE o THEDHINT 2#E NADH L
NHMRIz S, LA L Gap200 EFVicBW Tk ko
X)) BBEHTI by FY 7HO Ca i) Gap50 & I
BLTHRALT 5720, TCA EEETO NADH MEA FTH#H
HEIBEVODT, BEIMIVFYTHLD ATP 645
FRIL, Pillow P ERICLBMEHOET 23X
L7z, 2OXH3EI P FY)7LISROBESTCOR
W Ca* DA, EBR EEEMN (3Hz) oI bav
FUT7OIINVF—BBICEETHY, MBEOHKICZLS
M E AR LT A Z L 2R LT 5.

42 EFIOBESELSHBOEL

4:2-1 EFTIVOER BHERTEIEFVORAT—VD
ME L M, stEROHM»SSEOFVIXT, TH
DETFNVERGFEE CHEMr MBIz DL ES
R hh otz BoLmtERROEFHEMEEZ - i
M ED 3 KT HMHRAERL S L OBHMRICOVWTD
T®, IbaryFY72&blEr@EIhTwS[21].
RO L) HMAHEEE TOERALLEFVHTEEL
ZAUEE B £ AN ORESEZ Lol & ofikic 5
AABEELFMTAILOWMERL A EEZ NS,

4:2-2 BROPREBLASHFORYEY FHEFNL
TiEA F v OEB VIR OAES LIEL, HEORE)
LERMARYTA 4 VICRIZTHERY Fo TRV EWVH
MEEAH A, FMBE - 3 bay M) 7HBELIZRE
OERIE TRV EDEND, 1203 Fa Y FY
THTIRI bay P 7TEEMLRIY—L LTH-72. Th
BHMRCZ LWL HEZ LI ba Yy FY 7TORER
Z#T 2BEBAZ LD XD ICHY D OHBBEU»PE VI K
ERMEZMTLDTHE. SHEMBAOBRS® X 0 F
BUCHETAICHo T, BEBIXUEMARIZL A2
BREPC, IFIVFITHOE»2EBMEICLS ATP
EENOEEZRF LFSIFBEHTELRVWEELONRS D
DEFEFNVICIY) ATV LERSH S, ZAHBRSE DM
AL TZOMBEORIEHE Z LIISBO—DDKE
REETH 5.

4-2-3 HEEHETTIVOHR AFETFEIEREOE
BT o 72720, BENED IEEREBICHE IV 05
FoRCHAL, EUEREO] IFY Y2 01lms '
ATP R H S L ETFMELL. 3RO EHK SN
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4-2-4 HREZHE BEIFEROWHH»S 1 HEE
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Abstract

Obesity induces hypertrophy of adipocyte resulting in
production of pro-inflammatory cytokines such as tumor
necrosis factor-o. (TNF-2) and monocyte chemoattractant
protein 1 (MCP1 (CCL2)). These cytokines play an
important role in the development of insulin resistance.
Beraprost sodium (BPS), a prostaglandin I, analogue, is
reported to attenuate inflammation. In this study, we
examined the effect of BPS on glucose metabolism in mice
fed a high-fat diet (HFD). Four-week-old C57/B6 male mice
were fed a HFD for 12 weeks (HFD group) and the treatment
group received oral BPS (300 pg/kg per day) for the same
period. Then, glucose metabolism, histological changes, and
gene expression of white adipose tissue (WAT) were
examined. Body weight was increased, and glucose

intolerance and insulin resistance were developed in the
HFD group. Treatment with BPS improved glucose tolerance
and insulin action without body weight change. Histological
analysis of WAT showed an increase in the size of adipocyte
and macrophage infiltration in the HFD group, which was
attenuated by BPS treatment. BPS reduced HFD-induced
expression of MCP1 and TNF-o in WAT. BPS also
attenuated hepatic steatosis induced by the HFD. These
results suggest that BPS improved glucose intolerance possibly
through suppression of inflammatory cytokines in WAT. BPS
may be beneficial for the treatment of obesity-associated
glucose intolerance.

Journal of Endocrinology (2012) 213, 285-291

Introduction

Obesity plays a central role in the development of metabolic
syndrome (Wajchenberg 2000), a constellation of risk
factors such as insulin resistance, dyslipidemia, and high
blood pressure. Accumulation of visceral fat rather than
subcutaneous fat is believed to cause insulin resistance
(Wajchenberg 2000, Masuzaki et al. 2001). In obesity,
adipocytes are enlarged and increased in number, and an
excess of lipid leads to ectopic deposition of triglyceride in the
liver and muscle, which is one of the causes of insulin
resistance (Savage et al. 2007). The hypertrophied adipocytes
produce proinflammatory cytokines such as monocyte
chemoattractant protein-1 (MCP1 (CCL2)) and tumor
necrosis factor-o. (TNF-o) as obesity progresses (Shoelson
et al. 2006). These cytokines, so-called adipokines, cause
inflammation and recruitment of macrophages to adipose
tissue (Xu et al. 2003), which is another important mechanism
for obesity-induced insulin resistance. The infiltrated macro-
phages enhance inflammation of adipose tissue, indicating
that these processes form a vicious circle.
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TNF-o induces c-Jun amino-terminal kinase (JINK)
activation and phosphorylation of insulin receptor
substrate 1 (IRS1) at serine residues that negatively regulate
normal signaling through the insulin receptor/IRS1 axis
(Hotamisligil e al. 1996). Mice lacking chemokine receptor-2
(CCR2), a receptor for MCP1, are partly protected against
developing high-fat diet (HFD)-induced insulin resistance
and exhibit reductions in adipose tissue macrophage
recruitment and inflammatory gene expression (Weisberg
et al. 2006). These observations suggest that adipose tissue in
obesity is characterized by chronic low-grade inflammation,
and inflammatory cytokines play a causative role in the
development of insulin resistance.

Beraprost sodium (BPS) is a stable prostaglandin 1> analogue
and has a potent vasodilating effect through activation of
prostacyclin receptor (Olschewski et al. 2004). BPS is also
reported to attenuate inflammation. BPS reduced serum TNF-o
levels in diabetic patients (Fujiwara ef al. 2004) and expression of
Mep1 mRNA in the kidney of Otsuka Long-Evans Tokushima
fatty (OLETF) rats, resulting in the amelioration of dia-
betic nephropathy (Watanabe et al. 2009). BPS inhibits
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The expression of each gene was normalized with that of
18s rRNA.

ELISA

ELISA for adiponectin and TNF-o. was performed using
commercially available kits (R&D systems, Inc., Minneapolis,
MN, USA) in accordance with the manufacturer’ instructions.

Statistical analysis

Statistical analysis was performed with one-way ANOVA and
Fisher’s test if appropriate. Data are shown as mean +s.E.M.
P<0-05 was considered to be statistically significant.

Results

Hemodynamic and metabolic parameters

Body weight was significantly increased in the HFD group
compared with the control group at the end of the
experiment. However, there was no significant difference
between the HFD and BPS groups (Table 1). SBP was
significantly increased in the HFD group compared with the
control group. BPS significantly reduced SBP, but SBP in the
BPS group was still significantly higher than that in control
group (Table 1). HR was significantly increased in the HFD
group compared with the control group. BPS reduced HR,
but the difference was not statistically significant (Table 1).

After 16 h of fasting, lipid profile and glucose and insulin
levels were determined. Total cholesterol and triglyceride
were significantly increased by the HFD (Table 2). BPS
treatment modestly decreased total cholesterol and triglycer-
ide levels. However, the differences were not statistically
significant. Fasting insulin and glucose levels were elevated in
the HFD group.

BPS improved GTT and ITT

At the end of experiment, GTTs and ITTs were performed.
The HFD group developed glucose intolerance (Fig. 1A) and
insulin resistance (Fig. 1C). Treatment of mice with BPS
significantly improved glucose tolerance and insulin action
(Fig. 1A and C). Interestingly, the basal glucose level was

Table 1 BW, SBP, and HR

BW (g) SBP (mmHg) HR (b.p.m.)
Control (n=5) 269405 97+3 448431
HED (n=10)  43-4+1-1F 114+2* 532415t
HFD + BPS 43-940-9" 106 +2%* 496+15
(n=10)

HFD, high-fat diet; BPS, beraprost sodium; BW, body weight; SBP, systolic
blood pressure; HR, heart rate. *P<0-05, 'P<0-01 vs control. *P<0-05 vs
HFD group.

www.endocrinology-journals.org

Table 2 Fasting serum chemistry of control, HFD-, and BPS-treated
mice

1€ TG Insulin Glucose
(mg/ml) (mg/ml) (ng/ml) (mg/ml)
Control 55+4 66112 0-16£0-05 59:-6+2-6
HISB=5] 209+9° 94 +9* 3-754£0-51" 142-447-3"
HFEB?-:BE%S 1821147 7446 4-12+0-90" 132-8+6-2"
n=

HFD, high-fat diet; BPS, beraprost sodium; TC, total cholesterol;
TG, triglyceride. *P<0-05 and "P<0-01 vs control.

significantly lower in the BPS group compared with the HFD
group after 6 h of fasting, which was not observed after 16 h
of fasting (Table 2). Area under the curves (AUC) also showed
improvement of glucose metabolism by BPS treatment
(Fig. 1B and D).

BPS reduced adipocyte size

Histological analysis of epididymal WAT showed that the
adipocyte size was increased in the HFD group compared
with the control group (Fig. 2A and B). Treatment with BPS
reduced adipocyte size (Fig. 2C). Statistical analysis
confirmed that BPS significantly reduced adipocyte size
(Fig. 2D). These data suggest that BPS enhanced adipocyte
differentiation. We therefore examined expression of genes
related to adipocyte differentiation. Ppary was significantly
suppressed by the HFD, which was reversed by BPS (Fig. 3A).
The upregulation of Ppary by BPS showed a borderline
significance (P=0-06) when three groups were considered.
However, the difference between the HFD and BPS groups
was statistically significant if only the HFD groups were
compared (P=0-02). We failed to see a significant effect of
BPS treatment on the expression of C/EBPa. (Fig. 3B) or
adiponectin (Fig. 3C). Although adiponectin mRINA levels
were not changed in the three groups, serum adiponectin
levels were mildly decreased in the HFD group and BPS
groups (Fig. 3D). However, the difference in serum
adiponectin levels between the three groups was not
statistically significant.

BPS reduced inflammatory changes in WAT in HFD-fed mice

Chronic inflammation in WAT is a common feature of
obesity. Therefore, we examined the infiltration of macro-
phages into adipose tissue. The number of MAC3-positive
macrophage aggregation surrounding adipocytes, often
referred to as a crown-like structure (CLS) in WAT (Weisberg
et al. 2003, Xu et al. 2003), was significantly increased in the
HFD group compared with the control group (Fig. 2E and F;
arrowheads). In the control group (Fig. 2E), almost no CLS
was observed in WAT. Treatment with BPS significantly
decreased the number of CLSs in WAT (Fig. 2G and H).
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Figure 1 BPS ameliorated HFD-induced insulin resistance. (A) The
control group (black triangle) was fed a normal chow and the HFD
(black box) and BPS groups (white box) were fed a HFD for 12
weeks. Mice were i.p. injected with 1 g/kg glucose and blood
glucose levels were measured. (C) Mice were i.p. injected with
0-5 U/kg insulin and blood glucose levels were measured. (B and D)
AUC were calculated. Control group n=5, HFD group and BPS
group n=10. *P<0-05 and **P<0-01 vs control. *P<0-05 vs HFD
group, “*P<0-01 vs HFD group.

Real-time PCR analysis showed that HFD-induced
expression of TNF-a2 and MCP1 was significantly suppressed
by BPS treatment (Fig. 3E and F). We could not detect serum
TNF-a even in mice fed a HFD (data not shown).

BPS attenuated HFD-induced hepatic steatosis

Finally, we examined whether BPS affects hepatic steatosis
induced by the HFD. HFD feeding for 12 weeks caused fatty
liver compared with control feeding (Fig. 4A and B). Fat
accumulation in the liver was attenuated in the BPS group
compared with the HFD group (Fig. 4C and D).

Discussion

We demonstrated in this study that BPS improved HFD-
induced insulin resistance and glucose intolerance. Treatment
with BPS reduced expression of inflammatory cytokines,
adipocyte size, and macrophage infiltration in WAT of diet-
induced obesity mice. BPS also induced modest PPARYy
upregulation. Although BPS treatment did not affect serum
glucose and insulin levels after 16 h of fasting (Table 2), GTT
performed after 6 h of fasting showed a significant reduction
in basal glucose levels in the BPS group. The difference may
be ascribed to the length of the fasting period, and prolonged
fasting time may attenuate the difference between the HFD
group and the BPS group.

Low-grade adipose tissue inflaimmation is a key state
underlying insulin resistance in obesity. An increase in TNF-«
mRNA expression was observed in adipose tissue from animal
models of obesity and diabetes (Hotamisligil er al. 1993). It has

Journal of Endocrinology (2012) 213, 285-291

been suggested that TNF-o. is an important mediator of
insulin resistance in obesity because neutralization of TNF-.
increased peripheral glucose uptake in response to insulin in
obese rats. And TINF-a-deficient obese mice were protected
against obesity-induced attenuation of insulin signaling in
muscle and fat tssues (Uysal er al. 1997). Several studies
suggest that TNF-a. blocks insulin signaling. It is reported that
TNF-o. inhibits insulin-induced tyrosine phosphorylation
and tyrosine kinase activity of the insulin receptor in the
obese rat (Hotamisligil et al. 1994a,b). TNF-o activates

JNK  signaling, and JNK activation promotes the
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Figure 2 BPS treatment decreased adipocyte size and infiltration of
macrophages in WAT. (A, B, and C) Representative microphotographs
of H&E-stained sections of epididymal WAT from the control group
(A), HFD group (B), and BPS group (C) are shown. Scale bar, 100 pm.
(D) Bar graph indicates average adipocyte size of epididymal WAT,
n=5 (control group; n=3). **P<0-01 vs control. **P<0-01 vs HFD
group. (E, F, and G) Representative microphotographs of WAT
immunohistochemically stained with an anti-MAC3 antibody to stain
macrophage in the control group (E), HFD group (F), and BPS group
(G) are shown. Scale bar, 100 pm. (H) Bar graph indicates the number
of CLSs in high power field (HPF), n=7-8. **P<0-01 vs HFD group.
Almost no CLS was observed in the control group.
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Figure 3 Effect of BPS on the adipocyte differentiation markers in
WAT. (A, B and C) The results of real-time qPCR analysis for PPARy
(A), C/EBPz. (B), and adiponectin (C) are shown, n=5. **P<0-01 vs
control. (D) Serum adiponectin levels were determined by ELISA.
(E and F) The results of real-time gPCR analysis for TNF-z (E)

and MCP1 (F) expression in WAT are shown, n=5. **P<0-01 vs
control. “P<0-05 vs HFD group.

phosphorylation of IRS1 at serine residues that negatively
regulate normal signaling through IRS1 (Aguirre ef al. 2000,
Shoelson et al. 2006). An absence of JNK1 (MAPKS)
improved insulin sensitivity and enhanced insulin receptor
signaling in diet-induced obesity mice and ob/ob genetic
obesity mice (Hotamisligil et al. 1993, Hirosumi et al. 2002).
In this study, BPS reduced mRNA expression of TNF-2 in
WAT from diet-induced obesity mice. Hence, we assume that
reduction of TNF-o may contribute to the improvement of
insulin action by BPS, at least in part. It is also expected that
the signaling pathways activated by TNF-a are attenuated in
the adipose tissue of BPS-treated mice. However, the effect of
BPS seems to be multi-fold, such as reduction of MCP1.
Therefore, it is difficult to determine specifically whether
TNF-a-signaling is attenuated in this model. It is important
to note that we must be cautious in extrapolating the data in
this study to humans because TNF-¢. neutralizing antibodies
have been shown to be ineffective on impacting insulin
sensitivity in humans (Ofei et al. 1996).

Several studies showed anti-inflammatory effects of BPS.
Ohta et al. (2005) showed that BPS suppressed concanavalin-A-
induced TNF-a and INF-y production and liver injury. It is
also reported that BPS prevented the development of cigarette
smoke extract-induced emphysema (Chen et al. 2009).
Production of TNF-o and interleukin 1B (ILB) in the lung

www.endocrinology-journals.org

tssue was suppressed by BPS in this model. Although
activation of prostacyclin receptor is suggested to be involved
in the anti-inflammatory effect, the detailed mechanism of
BPS suppression of inflammatory cytokine production is not
clear and further study is needed.

Hypertrophied adipose tissue secretes MCP1 (Hotamisligil
et al. 1995, Bruun et al. 2005). MCP1 attracts macrophages
to adipose tissue (Kamei et al. 2006). It is suggested that
infiltrated macrophages secrete MCP1 and proinflammatory
cytokines such as TNF-a or IL6, indicating that macrophage
infiltration and inflammation of WAT form a vicious circle
(Suganami et al. 2005). It is also reported that transgenic
overexpression of MCP1 in adipose tissue causes insulin
resistance by direct attenuation of insulin signaling in skeletal
muscle and liver and inflammation of adipose tissue (Kamei et al.
2006, Kanda et al. 2006). Therefore, MCP1 is thought to
contribute to insulin resistance through paracrine and endocrine
effects (Kamei et al. 2006). BPS reduced both MCP1 expression
and macrophage infiltration, which may contribute to the
improvement of glucose tolerance and insulin action.

PPAR Y has been known as a master regulator of adipocyte
differentiation in vivo and in vitro (Rosen et al. 1999, Camp
et al. 2002). PPARY ligands, such as thiazolidinediones,
improve insulin sensitivity by increasing the number of small
adipocytes secreting adiponectin and decrease the number of
large adipocytes secreting TNF-2. in WAT (Okuno et al.
1998, Yamauchi et al. 2001). We observed that treatment with
BPS decreased the average size of adipocytes in epididymal
WAT from diet-induced obese mice. Although statistical
significance was marginal, it is plausible to assume that the
increased PPARY by BPS may contribute to adipocyte

©
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Figure 4 BPS attenuated HFD-induced hepatic steatosis. (A, B,
and C) Representative microphotographs of H&E-stained sections
of liver from the control group (A), HFD group (B), and BPS group
(C) are shown. Scale bar, 500 um. (D) Bar graph indicates area of
vacuolation, n=5-8. **P<0-01 vs control. **P<0-01 vs

HFD group.

Control
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differentiation and improvement of insulin action. Because
PPARYY is known to inhibit NF-kB, a transcription factor-
mediating expression of inflammatory cytokines, BPS may
suppress TNF-ot and MCP1 expression through PPARY
activation. Although the detailed mechanism of BPS
upregulation of PPAR Y is not clear, a previous report showed
that another prostacyclin analogue, treprostinil, activates
PPARYy through prostacyclin receptor-dependent and
cAMP-independent mechanisms (Falcetti et al. 2007).

Adipocytes become hypertrophied as obesity progresses.
It is suggested that these hypertrophied adipocytes secrete free
fatty acid that contributes to fat accumulation in ectopic sites
including liver and muscle, leading to the development of
insulin resistance (Jacob er al. 1999, Bays et al. 2004, Hwang
et al. 2007). Although the mechanism is not clear, BPS mildly
decreased serum TC and TG levels (Table 2). A decrease in
the serum TC and TG levels by BPS may contribute to the
improvement of insulin action.

[t is of note that BPS ameliorated hepatic steatosis induced
by HFD. Although the precise mechanism is not clear, anti-
inflammatory effects of BPS may play a role in the attenuation
of hepatic steatosis because recent studies suggest that
inflammation is one of the critical factors in the development
of hepatic steatosis. It was reported that anti-TNFe antibody
treatment improved hepatic steatosis in ob/ob mice (Li e al.
2003). Treatment with an inhibitor of MCP1 receptor
reportedly attenuated insulin resistance and hepatic steatosis
in diet-induced obese mice (Tamura et al. 2010). Therefore,
reduction of fat accumulation in the liver by BPS treatment
may be due to suppression of inflammatory cytokine expression,
at least in part, as observed in WAT of the BPS group. However,
it is not clear at this point whether cytokine levels in the liver
are decreased in the BPS group, and further study is needed.

A recent study showed that BPS improves glucose
metabolism in a genetic obesity-induced insulin resistance
model (Sato ef al. 2010). Although our data mostly agree with
those by Sato et al. (2010), our study is also important because
we showed beneficial effects of BPS on glucose metabolism in
a diet-induced obesity model, which is more clinically
relevant than a genetic model. In addition, our data suggest
a possible involvement of anti-inflammatory effects of BPS in
the improvement of impaired glucose metabolism, which was
not obvious in the previous study by Sato et al. (2010).

Taken together, we showed in this study that BPS improved
glucose tolerance in mice fed a HFD possibly through
suppression of inflammatory cytokines in WAT and induction
of adipocyte differentiation. BPS may be beneficial not only
for the treatment of patients with peripheral artery disease or
pulmonary hypertension but also for treatment of patients
with insulin resistance.
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Acetylcholinesterase inhibitors
attenuate angiogenesis
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ALBERSESTE I RETACHCE TN

Donepezil {(RS)-2-[(|-benzyl-4-piperidyl)methyl]-5,6-dimethoxy-2,3-dihydroinden-l-one} is a
reversible acetylcholinesterase inhibitor and used for treatment of patients with AD (Alzheimer’s
disease). Recent studies showed that treatment with donepezil reduced production of inflammat-
ory cytokines in PBMCs (peripheral blood mononuclear cells). It was also reported that muscle-
derived inflammatory cytokines play a critical role in neovascularization in a hindlimb ischaemia
model. We sought to determine whether donepezil affects angiogenesis. A hindlimb
ischaemia model was created by unilateral femoral artery ligation. Blood flow recovery examined
by laser Doppler perfusion imaging and capillary density by immunohistochemical staining of
CD3I-positive cells in the ischaemic hindlimb were significantly decreased in donepezil- and
physostigmine-treated mice compared with control mice after 2 weeks. Donepezil reduced expres-
sion of IL (interleukin)-1 8 and VEGF (vascular endothelial growth factor) in the ischaemic hindlimb.
Intramuscular injections of IL-1 8 to the ischaemic hindlimb reversed the donepezil-induced VEGF
down-regulation and the anti-angiogenic effect. Hypoxia induced IL-18 expression in C2CI2
myoblast cells, which was inhibited by pre-incubation with ACh (acetylcholine) or LY294002,
a PI3K (phosphoinositide 3-kinase) inhibitor. Donepezil inhibited phosphorylation of Akt [also
known as PKB (protein kinase B)], a downstream kinase of PI3K, in the ischaemic hindlimb.
These findings suggest that cholinergic stimulation by acetylcholinesterase inhibitors suppresses
angiogenesis through inhibition of PI3K-mediated IL-18 induction, which is followed by reduction
of VEGF expression. Acetylcholinesterase inhibitor may be a novel anti-angiogenic therapy.

INTRODUCTION reversible acetylcholinesterase inhibitor that increases

bioavailability of ACh (acetylcholine), a neurotrans-
Donepezil {(RS)-2-[(1-benzyl-4-piperidyl)methyl]-5,6- mitter both in the CNS (central nervous system) and
dimethoxy-2,3-dihydroinden-1-one} is a specific and PNS (peripheral nervous system). Donepezil is used for

Key words: acetylcholinesterase inhibitor, angiogenesis, hindlimb ischaemia, interleukin-18.

Abbreviations: ACh, acetylcholine; AD, Alzheimer’s disease; bFGF, basic fibroblast growth factor; BP, blood pressure; CNS,
central nervous system; COPD, chronic obstructive pulmonary disease; DMEM, Dulbecco’s modified Eagle’s medium; donepezil,
(RS)-2-[(1-benzyl-4-piperidyl)methyl]-5,6-dimethoxy-2,3-dihydroinden-1-one; ERK, extracellular-signal-regulated kinase; FBS,
fetal bovine serum; HPF, high-power field; HR, heart rate; IL, interleukin; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide;
mAChR, muscarinic ACh receptor; MAPK, mitogen-activated protein kinase; nAChR, nicotinic ACh receptor; NF-«xB, nuclear
factor kB; PBMC, peripheral blood mononuclear cell; PDGEF, platelet-derived growth factor; PI3K, phosphoinositide 3-kinase;
PTEN, phosphatase and tensin homologue deleted on chromosome 10; qRT-PCR, quantitative reverse transeription-PCR; TNFe,
tumour necrosis factor &; VEGF, vascular endothelial growth factor.
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