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& AL IFNS KRS TWw 528, IFNB
DEFHE LTk Thl Mg e Th2 MDD/ S
VARPET AR ESHONTRE, L
P LAEREDOBETIIENEIED 5T,
REORBIIN LTRG L ABE IS LT EE
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AMOTA FORERICERETLT 7R
U ¥4 (AQP4) 13 2 BTHMAEI T X
NBEZEDBTHholz, TOXD iR
BERFHL NMO) DEFRREZ E5DDIC%
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FTleBWTHILT (23 7€y bC, f vy —T7=x
T (IFN) -y, IL-2 R &% EAL, BEBEL2ED
FRL P R SE EAR D S OB IS LT b, &
72 Th2 #ilEIE, TL-4 X > CHEINLY T
v T, IL-4, IL-5, IL-13 2 &% EET 3.
HAFEALZFHET 13D, TUVVX-RIG, F4E
BEEICH T 2HMICES LTwd EEdhs.
Thl e & Th2 MRIXEEIMICE X, MEOT
VANSE ST pERIGR EH CREREBICHS
LTw3EwIEZHIE Thl/Th2 85 54 2 &
Eh, ESEFARLGRTE .
FRBBIEENRERDO—DTH S MS TH,
Thl MifaAsE & L CRER MY v gke LTl
L EZZONTE, LHL, EE, IL-17 2 &
£ 5MBERTH S Thi7? MIEOHELEI P21
FEsEsh, SFCELEBICBIBEREHER S
nCwb, Thl MfaoHbic B/l 1IL-12 iE5F
BOBLRATOOY T2y bR ENRS
(p35, pA0 ~NTF T A 2 —). —Jj, IL-12 44 b
HAYT7I)—D—DThH5H IL-23 1%, IL-12
Epa0 Ty PEHEL, BHICEHENE
pl9 EEAE (P19, pd0 ~FUF [ v —) BRI T
AV, Thl MO BEEEA»SE 2T, IL-12 2K
T 57U AT, MS OBYETFIVTH S ERY
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encephalomyelitis | EAE) X EJE(L$ 5 & FH S
iz, LaL, p35 R~ A (IL-12 RIE~ T X)
T EAE & LAEMEILL, pl9 K< A (IL-
23 RIE~< Y R) Tl BEAE IEHMEIC 2 % 2 &%)
812, EAE (28T Thl MR Ic BE
Thbrew) Fr<idfh, IL-23 BLUIL-23
WMD)V RBROERICEEPEE o . F0
#, IL-23 1213, CD4 Btk T MM IL-17 B %
WX EAEABH L EFHLMIZRY, T
A% Thl #MikE, The MEME & 1x8 %5 IL-17 AR
@ CD4 Bt T #38 (Thl7 ML) oMimic X 5 2
EAGREN, MS B X FEAE 12815 Thl7 #il
DOEENEEIET L LI ko7,

< Special Article> ZFIEMBRBOREF®

IL-17 & Th17 #il8O

IL-17 ¥ 1993 fECiEMAL T MO EET 55
FrlLCRESNLET AL AL VTV, BEFT
IZIL-17A 5 F O 6 D07 7 3 Y —43Fh5#k
EXNTWE, IL-17A A€ — CD4 BT
M HEEENDA, AEY— CD8 Btk T #l
Jate y 0T Milah S dbEASN S, IL-17 X B
W, MR MR, ASRHESFMIRR L EICIER L,
IL-18 % TNF-a % EDORIEWT A A4 7
EHNAVHIVRT Iy A AvuTas
T—YhhEOEERRT. T, FHIROEES
BEREITEAYSAZ LML TV A,

Th17 MfED 534biz ik, TGF-B & IL-6 Ol
PEETHAEIEIPPHLPICR TS, —H,
IL-23 iX Th17 fifao sk EEICEEES Low
P, ZFORGE, HFICERTHLLEEXILNTY
% (Fig. 1). Th17 Mg O LI LHOEER F &
LT, RORYT RS TE Y, 8512, RORa,
STAT3 R LD BEELEERFTHLLEEZ LN
Tnb.

EAE, MS 8175 Th17 #iiEO

MS O EF IV EAE ICBWTid, 83 &F %
2T Thi7 Mg & oFEIRIN TS, Lk L
7o & 942, Thi7 Mifiood8sE, HeRFICHEE M) X
2520 IL-23 DY T2y FTHD ply DRIE
<Y ATIE, EAE#HHEL %%, 72, IL-17K
v AR IL-17 O P E LS Lzvx v A
T EAE OFERPEREND Z L REATW
A. L2 L, pl9 K48~ A Tit EAE IIFIT5EE
KT iz L, IL-17 RE< 7 ALEH
kiR 5 T, BRI LA MH T &9, 1L-23
OYERIE IL-17 DA TIEHBETE S, 4%0RE
PUHETHD. Fiz, BABTHH, 2009 FITiX
CCR6 5% Th17 Mihass, IR %4 L Tt
BRHEA L, EAE BEQRMICEE 2 &H 2 R
TLTwnb v @MENE IR,

WWEFNVTHA EAE LIBELT, & b
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PHEETBEEEERY M b A Y OBEEEY, BRI I A VLY —
TR BT HHMMH AL T . Th ML, IL-12 OREC X D5HEL, TEN-y,
IL-2 2 L %A L, Th2 Mg, IL-4 OFEFTHEL, -4, IL-5, IL-18 % ¥
AT 5. Th17 MIIE, TGF-B & IL-6 OWiH 14 b4 4 ¥ OFAEFTHEL, I
RIEG T RORYT 256545, IL-23 1, Thi7 MIEORH, MHIEETH D E

EEZHNTWA,

ABMS BV 5 Thl7 MR OBENE, & 75RMEE
LERSICH L. LA L, MS BEOMIIZHT
% IL-17mRNA ORI 2R S 4T 5134,
IL-17 S MS OFFETHBASEH AT LB s
Twab. F7z, BHEEE MS o BE Tl
Ho IL-17 258 L Tw 5 & ofiErd 5.

RiEAER & RO

AR, BV, SREROERY SN
T B HETR 2 U, SR A AY AR HEER AL (immuno-
logically privileged site) & # 2 ST & 7z, IKIFEE
WOPUE, KEOREROEMRELENL L v
BGIE, 1921 EITIF U TR E N2, Shirai 1~
U ADREENIBMEINS v PAREEET
HIENTEZOIZHL, BT, bLJEHAN
RS N AIEI I S, BT A D LT

758 P} Vol. 105 No. 5(2010)

EhnI EERLEY. 8612, 1928 412, HE
O Rl % JOEE & A VSIS BICRAT B = & T,
WESEDO BB END T LR EN, ZDZ
Edh, BWEENTOEEOLR, RS, BH
DRIEZP LB EINTHBEI LI BHETH
HLEZLNDL X)W hol. 208K, HEEOH
Bhs, MEROBH, MW, YA VA HRETHRS
ni-®,

IR R AT RIE R MBI & o T B 3
HELTK, BPFoXohboddbifons, @
U ¥ SR < BRI 2 & oBUEHRRANE
D, THIEEEET B8 ThBIRY v/ 3 Hi~E
WTBN— DBV &, O MBI (blood-
brain barrier © BBB) 2% 0, 1 Y /8ERR, B
EDORAEHE L, @ RERP OB INLD
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RENT0inIl, 2ETHB. LrL, &F,
TN H ORIEEHIFHEEL 2 BRIF L Ty B ARAE
7, SESERERTEDR, MS ITREREND
BB TTI BT LR LRICRY
DDH 5.

MHC O%ERO

AR OBBEME TS 5,
Abo¥A4 b, FNVIFrRFeSf N 3707
Y7id, #E MHC 23R L Twiwy, LR
FORBAFFEE IR ONTWE. Ll
WAL TR SREAE SN S IFN-y XY,
a7, 7AMa¥A M MHC OR3P H
BERAIEASMSNTHY, FHAL T ML
T 5E, EROMIED THMRICHERELS
5. ¥/, MAEEBICHTET 5 perivascular macro-
phage i MHC # &8 LTB Y, T HE~OHE
PRICHEG L TwBEEZ LR TWA.

—a—uy, 7

Jir

BBB & U 2 IVERO

BRI E AN OB IZE BBB &IN5 LK
kﬂ&%ﬁlﬁl@q"l.’%%ﬂl%’b ﬂﬁ‘%ﬁﬁﬁé#ﬁﬁﬂ'@‘
%, BEBRNOEMIME T, NAEZHNLH AT tight
junction THE X1, 4/]’;’:17)‘%@}’C EhnlIiz
RoTHEY, VR BRoBEbHRENS, L
L, woltA, PREMEBRICKEIERINS &,
s ODWJ‘;Z%{IUM)K!HN HIaEAE - FR T ' A ¥
ZHEBRL, Y //\ﬂﬂ@'ﬁl‘ﬁ“?ﬁiwiﬁ’\@rxﬂiﬁ‘ﬂ'
&% %, EAE 23R L7z~ A%, TNF-a O
RIS 24T 0 727 9 AT, Y &2 SERAIBLAN
M EztEds X518, “rolling” & wyo 7o iE)
PEBEIND, BEORT o AR LT,
P-selectin, E-selectin, VCAM-1 7 & D555
DFEBAPHZ LN, CDS B T ML, L7
YA FTdhH P-selectin glycoprotein ligand-
1(PSGL~1) LT, 72 CD4 B T Ml TIX
VCAM-1 DY H ¥ FCHB adBl-4 v 77 >~
(VLA-4) 24~ LT, rolling #9479 &£ EhTw5

< Special Article> R ZIRIERE D RTLO

FOHVIZICREMBEECERLTWATELA
CETHRECREELTWATSENISf YLk
y—EOMEMERICLD, T HilRANEHELLI NS,
EAE =% A 2B W T, WEMIEEIC CCL19,
CCL2AL ARHBLTBY, ZTRHDTEHNAL VRE
DVETy—THb CCRT TRV I THIEL
T, FIEDHEZ o LB~ T MiLOHE 25K
ST BT EPRENTWS, Z0OHK, VLA-4 &
VCAM-1, LFA-1 & ICAM-1 kwioizf V57
U rEMLI Lo b & LB (adhesion) & &
T ARSI BE T S AL, BRI P B
TP % 3 9 #2147 (transcellular migration) S92 -
ABALTWL EEZLNTWAY (Fig. 2).

AR, BEERE U /GRO

HEMPYAEE T, ) Y 23R EMERAD
BAZEFICI b D~)1/‘52”L'Cb'>z;7b§ B
TI%e, Virchow-Robin i & I 2 i 45 /) BRI
Wi, AN ENTT %) T T{Hié,?b FHEAELTWA,
M;Ht WA DO A, B 15 HREOMIEAE £
By, F0F 80% »%, CD4 Bk CD45RO %
M CD27 Witk CXCR3 Moo k3 VA E
V- THIRTH L ESNTVD. <%k$%¢m
SR EERRER AT A s u T —
PEHELTBY, #MiEbokey SV AEY—T
AL, bRl >y 2 ML,
PR ROEENERZToTwAbOLE
ABENTw5, fiEbo T, RgEsAL
T, S LBETHEICBITLTVABI EARBEINT
Wb, IRiEHO WML, IMELANO BBB %
Ry AMRAIL L B2 Y, HRYONEMRT
MR EINTVE. S OICHRAIROIMINC 2R
% b g LEMIEYS Y, LEMER-LE
tight junction IZTHEEN TV A, T OIRMEHE %
A L7z THIRE O AP ~NOBITIZONWTIE, Wi
PR 2 H A% NA5, 2009 4E0 Reboldi S Ol
12k B &, CCR6 24 L7 IRMEFES S D Thi7 M
T BAH EAE DRACUETHL L VI,
EHAL VLT H—TdhAH CCR6 it Th17 MIfLIC
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Ghrelin: Friend or Foe for
Neuroinflammation

SACHIKO MIYAKE AND TAKASHI YAMAMURA

Abstract: Ghrelin is a recently identified gastric
hormone that displays strong growth hormone
(GH) releasing activity mediated by the GH sec-
retagogue receptor (GHS-R). While this unique
endogenous peptide participates in the regula-
tion of emergy homeostasis, increases food
intake, and decreases energy expenditure, its
ability to modulate immune regulation is anoth-
er important feature. Here we discuss the effect
of ghrelin on the immune system. Ghrelin was
initially reported as an immune enhancing fac-
tor. More recently, however, the immunosup-
pressive effects of ghrelin have been found in
several animal models including bowel disease,
arthritis, and sepsis and endotoxemia. We
recently demonstrated that exogenous adminis-
tration of ghrelin suppressed experimental
autoimmune encephalomyelitis, an animal
model of multiple sclerosis in association with
the reduction of pro-inflammatory cytokines in
microglia. These results shed light on the new
role of ghrelin in the regulation of disorders that
pro-inflammatory cytokines contribute to the
pathogenesis such as neuroinflammatory and
mental diseases.

Malnourished people are more susceptible to

Sachiko Miyake, M.D., Ph.D., and Takashi
Yamamura, M.D., Ph.D., is at the Department of
Immunology, National Institute of Neuroscience,
NCNP, Tokyo 187-8502, Japan.

Corresponding author: Dr. Sachiko Miyake
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pathogens, yet it is said, though mostly anecdotal,
that people with autoimmune diseases such as mul-
tiple sclerosis or rheumatoid arthritis may claim
that their symptoms can be reduced by fasting.
Although little was known about the mechanistic
link between starvation and immunity, recent stud-
ies have shed light on the immunomodulatory
potency of a range of feeding regulatory hormones
such as ghrelin, leptin, and neuropeptide Y (NPY).
For example, serum leptin is decreased after acute
starvation in parallel with immunosuppression or
Th2 bias, whereas exogenous leptin would correct
the altered Th1/Th2 balance towards Th1l (Lord et
al., 1998; Sanna et al., 2003). In contrast, endoge-
nous NPY is increased after starvation. Exogenous
NPY has been reported to shift the Th1/Th2 bal-
ance towards Th2 and can ameliorate the severity
of EAE (Bedoui et al., 2003). More recent study
using NPY1 receptor-deficient mice has shown
that NPY has the bimodal role in altering immune
responses (Wheway et al., 2005). Namely, a new
role of NPY to promote APC activation has
emerged in addition to its role for downregulating
Thl-responses. Interestingly, both peptide hor-
mones are linked to ghrelin, a focus of this short
review, in an endocrine feedback system. Ghrelin
level increased after starvation, and can potently
stimulate the release of NPY in the central nervous
system (CNS) (Cowley et al., 2003). Moreover,
ghrelin shows antagonistic effects against leptin
(Kalra et al., 2005).

The effect of ghrelin on immune system

Ghrelin is a gastric hormone first identified in the
rat stomach in 1999 as a mediator of growth hor-
mone (GH) release (Kojima et al., 1999). The bio-
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logical effect of ghrelin is mediated by a G protein-
coupled receptor called GH secretagogue receptor
(GHS-R). Although ghrelin is predominantly
secreted from mucosal endocrine cells of stomach,
ghrelin and GHS-R are widely distributed in vari-
ous organs. Furthermore, it is measurable in the
systemic circulation, indicating its hormonal
nature. In consistent with its broad expression,
ghrelin does not only stimulate GH release, but
also increases food intake, regulates energy home-
ostasis and decreases energy expenditure by lower-
ing the catabolism of fat (Nakazato et al., 2001; Wu
et al., 2004). Because of its orexigenic and adi-
pogenic character, ghrelin may be potentially use-
ful for the treatment of anorexia and cachexia
(Nagaya et al., 2005). Ghrelin and the GHS-R were
detected in immune cells and lymphoid tissues.
Initially, ghrelin was reported as an immune
enhancing factor. Koo et al. reported that ghrelin
induced increase of levels of peripheral blood lym-
phocytes and thymic cellularity and differentiation
(Koo et al., 2001). In addition, they showed ghre-
lin treatment reduced tumor initiation and subse-
quent metastases by the increase of the number of
cytotoxic lymphocytes. More recently, however,
the immunosuppressive effects of ghrelin have
been reported. Anti-inflammatory functions of
ghrelin were first reported against T cells and
macrophages in vitro (Dixit et al., 2004). And then,
the immunosuppressive activity of ghrelin in vivo
. was shown in several animal models including
bowel disease (Gonzalez-Rey et al., 2006), arthri-
tis (Chorny et al., 2008; Granado et al., 2005) and
sepsis and endotoxemia (Chorny et al., 2008; Li et
al., 2004; Wu et al., 2007). In these reports, the
anti-inflammatory effect of ghrelin is focused on
the suppression of pro-inflammatory cytokines
such as IL-1, IL-6, and TNF-alpha. Li et al. demon-
strated that ghrelin attenuated TNF-alpha-induced
nuclear translocation of NF-«B, indicating that
blockade for activation of the transcription factor
NF-xB could be a potential mechanism whereby
ghrelin modulates inflammatory responses (Li et
al., 2004).

Ghrelin suppresses experimental autoimmune
encephalomyelitis

In consistent with these observations, we recently
demonstrated that exogenous administration of
ghrelin suppressed experimental autoimmune
encephalomyelitis (EAE), an animal model of mul-

tiple sclerosis (Theil et al., 2009). Since ghrelin is
the most potent NPY releasing hormone and NPY
suppresses EAE by a Th2 bias, we examined
whether ghrelin affects the Th1/Th2 balance in
ways that are similar to NPY. It was also interest-
ing to clarify whether its potential mechanism of
EAE suppression is primarily mediated through
immune cells or secondarily through NPY release.
Both the proliferative response and the cytokine
production including IFN-gamma, IL-17, and IL-4
by encephalitogenic antigen-primed T cells did not
significantly alter between ghrelin- and sham-treat-
ed mice. Based upon these observations, we con-
cluded that the suppression of EAE mediated by
ghrelin is independent on the NPY effect.
Furthermore, we revealed that transfer of T cells
from ghrelin-treated mice to normal mice produced
a similar disease compared to transfer of T cells
from control mice, suggesting that other cells
rather than T cells are main targets of ghrelin in
EAE. Interestingly, the expression of pro-inflam-
matory cytokines was reduced in spinal cords, par-
ticularly in microglia, of ghrelin-treated mice. In
fact, LPS-stimulated production of pro-inflamma-
tory cytokines by microglia isolated from naive
mice was reduced when cultured in the presence of
ghrelin in vitro, indicating the direct effect of ghre-
lin on microglia. Although monocytes have been
reported to be mainly affected by ghrelin treatment
in animal models of sepsis or arthritis, microglia
seem to be an important target in EAE. Microglia
are derived from hematopoietic cells in central
nervous system. Microglia is a double-edged
sword which has both pro-inflammatory and anti-
inflammatory functions (Block et al., 2007).
Microglia play an important role in keeping home-
ostasis of CNS as a scavenger cells in normal con-
ditions. However, microglia are important sources
of inflammatory cytokines in pathogenic condi-
tions such as inflammation. More recently, the
involvement of pro-inflammatory cytokines has
gained attention not only in inflammation but also
in psychiatric disorders such as depression and
neurodegenerative diseases including Parkinson’s
disease, amyotrophic lateral sclerosis (ALS) and
Alzheimer’s disease. Therefore, to understand the
regulatory mechanisms of pro-inflammatory
cytokine production in microglia is critical to con-
trol a variety of neurological and mental diseases.

Future directions
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