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1. XL®IC

MiRT. HE. BBE. B, BB, EARREAROBLDZRERA FVRNPLAE
LEARETA-DIC, B a v s 2K (Hsp) 2P0 ETHR MV ABHEREZD
a2 TWA, LHL, EHA M AZEOICBET D FEE, SEIIM», 72, Hsp OF
MmUY FAEERBANICOVWTEAFAOARE Y, ZOMBEEMRT RO
LT, B, AFVARENICRATIH THIWRBIZERL, $TLEOIEH
R4y DORE 2R AT L, TORBE, £ FREOEEMIIIHRRA PR EEXD L,
HABOBEIEENERE., 1 OoFEPhitARBEEINSs I LERM L., ZO0STFEH
BN LER, AT IAILay RO—RTHEa AT IAIAvas R (Fig 1) &
RIE S, '

AF YA Kk, BarOAFe—AL I a—Zda, HBIWEE-Fa K
BELESTTHY ., BEEMIZESEELTVWADEh, v 277 X=) BEY
HMERESD, ~Y s 2" LIt b FET D, AT oA o —A0EE, B
Mo LinlETAMWEERS, Az tET I FAROIAa—REEL LTHEL
FREMENTIR AR TV AN, FOEWES « ABOBERICOVWTRZLAEHALMIE
nTHaRn,

AFETIE. ZOATF YA Lay FOFEENR, MO L RAREICBWTHIENIC
Bibo TWBAEBEITONT, EELOREOHERREZELBE L, &6IT, =
VAF YA AL FOBORENRTF » FOR M RAEEROREXZIWMTLIZEEZR
HLOT, ZOEBICYTHLRED,

2. MR ML AR L > THEEINDI2VATIAT LA F

BWELIT. b FRBHEERSESFMA (TIG3 M) #AVT, A F LAKFHICE
B S ISERSIC OV TS L, 37CTRELMIELZ., THOMR LT
Tt AR Eo T RCILBYa v 28R, Z0BL NCTELEM L, BRI
WBAPEIR LCIEEREL, BB a= /574 —TH Lz, TORKR. X LU
2%, 15, BLU30IBCH L RZIEEFRE &, T 0% 60 5% ITikiH%k L (Fig. 2)
10 > pmisER, EEWEE LTAVWEEERERROAT I LI A2 FTHD
RYT72FRFUAE) YL F (PSMG) & O/ SRRMAZER L, £, 28
BiEnb i oMBEiItEL AT u— A SRR L HESR, 288, TOROHspT0 i
REL 7 FLTHLH 0 SRICHEREINTEY, ZOREOEHIIHp70 (L - TE
TABGThoT,

IORMSEFRHUL THEERELEER, B-aLAFYIAIAaVE (Figl) TH
Sf, BMAMVAEBFEHRATFT YAV a Y FOE RS IXE M E Physarum
polycephalum THIHTRIMENEBREOTH B, b FEBEEBEARICEOTHLREESH
T r B, B, BB —FPichia pastorisit BV T L RBROBER XN TEY.,
M2 N UVAKFER AT IA I3y FOBBIAHRICEENLRRELTHLEELD
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ha,

TIG-3 MR OEE Iz, UDP-ZAa—Ahba AT a—A~nZNa—R @B T
BNV FFTURT = F—BEENEETD I ERRENTEY, ZOR, BiEH
BOESPLELLTWS, AT UAZLaY FOSRERIC DWW TITHEY TORRES
HATEY, AR DA XFXFOUDP-ZNV3—R : A7 2= AT A3V TR
7 5—-PREFHRIE—=rZERD, BV TESOMREMKE CTLREORRN
p—zyXEnt®, DhboRFICE. M, BS, MREEEIChbo THEOR
EHEBRAES T TEY ., UDP-EERED A —/—77 I U —THDHUGT A—/3—T7
Y —itEBOER, AT A FESFALVEEXLNAERREBTFRINTVD,
LA L. LB TORETFR, BEXTOLIBHFEIN TR,

(A a-ALARATFUYLTLILE (a-06)

CH,OH

OH
OH 0
OH

(B B-aALAFYLITAILE (B-C6)

CHOH

OH .
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OH

Fig. 1 aLRFUALTLIS FOEE

(A a-TLRFYILTNLAY FIE Acholeplasma. Helicobacter pylori
BEIHEET S, B B-aLAFUNLTLIALRIER/IRD, Candida, =
JRY LRGSO, & MEEHBRIIEET 5.

3. AaLRFUAIAIL FITL B Hsp DN

TR LEESI, BA LRI BT VAT YA V2L FOERIL, Hsp?70 OFEHE X
NAEMEIVLBECRIB I D, HpB T EZ V7 HAEED ERIZAT UL
2L RRMBT 2D ERNELILND, £ T, TIG3 MBROEE IFICERER L=
AF VAT AL RERMLULEBESIE, BR L RAEMiT2< L bHsp70 FEIEZ S0
PR L, TOEE, A b L RAATER X D BVEEHE THsp70 OFMEMBERINLI L
e, ALARFYAIAI Y FTHEEOBA b LAREITRB T 2MORETHELR, £
DB OHpHEH R BRTHIHEERNFTHD I LBFRENEY,
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Fig. 2 b FEX@#EFMEMA (TIG-3) TORA FLAIZLIBREROELR?
37°C TR L f- TIG-3 $IMS % 42°Copifshic e, 42°Cc¢ 5, 15, 30, 60 &R«
UkarR—hLT:, FO®, BERS4ZHHLTHRIOI FIS5370—EALT
DL, BRI a0RALA/AS /L K (60:40:9) Z2EALE. (A &
L/ —IHBRRECLIBORE. B) FELEESERIIEISIATOLO
BEETT, PSHG; BES (Std) ELTRAVW:-HESERRORY 75 ATA—
LE/ZLASE, KBAMLRIZEZYEZBESARRATO-LERE,

XLICEE LT, Ty bH LI L BB 2 IS E LT invio TR F LA
FEzA-Lizky, HEEIZEITER ML RSB 2T, TOER, 7y b
BRI BT S TIG-3 MR & RIS, BAR b LR ERTFRICERSLR2 VAT U
INa FOBMABESH, 3l HpT0 OFERR N,

UlomBEE L ez, AFUAZAaL FEMTIHER b L RAREDR FHEIEICD
WUHRT B L, FigdiCRLAEX I RAF—2B@Sh D, T72bbh, HESFHAA b
VAR PIIRENS L. MEECHEELEN L THIEBEOR T YTV y FaiEE
EREMESRTAT YA LaY REARBEENS, ERHLEXT YA IR
3. MR GEETHI3MOF 7 BEXFT—E2EBHEET 2L T, BRI
HSF1 % U »BR{L LCIEME{L L, HSE L DA 2 LT Hp BETORREBEH T 5, M
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BN O F 82 B —E OFEE L T OB BER ESERHL TV N BELE
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Fig. 3 RAFUATLIALFENTHR FLABEOS TR (R

ZPLRERITSE, BRRAIEEETSEILAVL LS AT 5—ENEELES
N, RAFYLTLIASEMRERERD, ATFUALTLIL FIZEYHEBOTOTS
LExF—HaEELEh, cOXF—HIc& o T HSF1 A LERE, EfEdEShTHsp
SREBEAT D,

4. IVAFIAIAaY FOREREBIER

IR R L RSEICBWT, Hepld & w7 BERESCAF Uy Re v L LTHE,
Z O, 2 A P VAR UTHIBREERERZ R, —H, BRI ML RREORE
ELARATCZHFERA ML RICES2TH, RAWRPHEMBRERICLDZ R M ARIEERT
LT, BEMICITHELLTOR ML RAIGEREREN, TORER, MM CHspHEE
MED T LR EEBEICEL TV EELZ BN TWA, Hsphd, il - B LIS
IBEER LA, EBRETAa—NLREOWEY - (LEOEERTFICHLTR7 R b
— U2 ERARRT, 2. BEEOTY ) - X 5BEX 72— A BHspT0 (2L Y
MEIENB T LEWRENTNEY, Lid-T, SOHspH B EEELPLRALDF~ZE
MITFIAT A - LSRG, Ty FEAVWIERARA b LRI L 2 HEERED
REEFATE .. RN OB 2 HspO FHE S MR B /A 2 B L CGARBHER D
EHEr bbb T EELONTED, BE, RBBEL LTHENCEDRTHWDTY
LUk, FOTELERBAFEL LTHp BEAHEEZN TV, BOLRAECH
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BEORBICEH < AEEME L LTR., RIVTeRF /A FRPNOBMLI TN,
UL, TurE2 5000 v d—PIERIERALE Y AITBWTERBEESE
RE Lo m thb, BEEOHREREIE - ORTFICLD LT TIIHAT
ZfhhniEIOND, LER-T, FuRF 7S5 P UN0HREEER 2R TETF
PHOMCTS L, BMBEICBT AR ML AIREOREAICE-TEETHS LEX
bhd, BELMNAMHULESIVAFUAILIY FIRFOFAZZEHTH Y, HpDEH
FMALTHREORELESHboTW3EEZ LN,

5w hEAKERA FLARBEFAETRWVTHAT LR, UTICBAS X 5T, =
LRAFUAZLaY FORARERABBERETT I EBHLMNERSED, LR
FUNIAaL FEROBREL, 30 0MBELRET v MIEGHEA MR 25X, F
MEOBRTPHREL:, v ba—ARE LT, Buffe®AEHE LT v POBEKET
i, BARER P L ABRMOERESEREESAIDE - THEES R, Mtk EE
bAabhiz, —H. 10mgkgP A LAF Y AT N3y RESHETHE, a. HDWVTE-E
& LT BufferBEIC L_BEOB L L2, TOREEL/NEMoT, Figd 12, FHICB
I ARBOE X DT (Ulcer Index, U #7772 » b LI=E%R1, MIERROMH RIL.
a-AVRAFYATAL FIRERTIE8429%, B-T VAT YA Lol FEERETIE
76+11%THH. AELZIMHEEREZRLE,

10

* P<0. 01 vs Buffer

ol |1
]}
4t
*
21 * !
0 2 2
Buffer a-C6 B-CG
Inhibitory
Rate (%) 84+9 7611

Fig. 4 FESHER FLABREERBIIHTIIALATFILI LIS FORE U
18 L VRE)

&3 (0=5) OS5y FEBBEICETLRBOEE. Ul IBETCORESOREOR
N%EFRT, Buffer: v 2 7—OHARERICA MLAREZ LTy FE. a- (6,
B-CG: a-, EFEZEB-ALAFULTLAL FEEOICTHHRSE, BAHHEX b
LAZEZESy M, BfER, FHIMEREERT,
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:Oﬁm%#%%6mmfétbu\:vz?ywyw:VF%ﬁﬁbtﬁvbwﬁ
¥R 31T B HspT0 DIEM AN LT LT, TORRE, HSFI-HSED#REATEE B E#
54YBLRICAEZ 0 . #EV N THsp70 mRNARFER S h, HEV THsp70 ¥ 2737 BOAREH
REC A= LAFENEY, 7=, HspT0 BEORHMES L HERT D L. avAFIN
Aoy Fiok AHEMIT, B LR LERBEVWRETH 2o, 2 LvRFUNT A
o3 R R TARR S N THsp70 B S 74k LTEHW TV A AIEEN TR S
7o

AEMMEKLAAOR L RAERITH S, BETH-TEE-BBEIEER (HPA system)
L LB FLanAFas FHRE, BN TE-ZEHE-HTEHMER (SAM system) (&
A7 FUFY L4awE s LT EMEIC RV T HEBESWIIHE, BRESWED . T8 -
mAREEE FRiIC e bR ) MEESRIS, 20L& BT ORBEEICEEL
. GymEmEToalL A7 YA vay FEERERSNT Hsp70 OFEEEEIEET
L. 20 Hp L X BT R b— R, FhiZiA s n—vAMERIRLY BRSO R
HAPRTLELLND (Figs). BEMS, VAT UAT Loy FIEA kv AR
M TARBRS NS ATEEEWE TH D LT, Hp HEA L LTHKKRE
=Rl A EERM L LTRHIATE WS TENE,

AR

& (2
34 iy

1 ZaanFaqr ATELF T

BERSWTE BIERATIL
B SIS R B 3 PR
FRE DEERS R A
fGmE aL RFYIILT LD F RN
v
HSPIEIE
v

BB P BiEMEIERE

Fig.5 aLAFYALTALAL FIZLDHSPEERBER L5 Y b BRSO IEIEE
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5. A7V A3y RO LD 0OMOEFEERE

AF VA Na ROAERBRRICOVWT, ZhEThE S odEiERy,
Tit, BMOTEBRRS L LTI/Aa—ARRT a—LORE~ORAE>SY Sray
LTI FEROINa—AfEEE LTHEHL ATESE RN TWS, BIET
i, ERIERICISHATRER TR 2FHS, HPEROR T I AT Y FIZo20nTHL
P ST LH TS, Yasukawa b i, 12-O-tetradecanoyl-phorbol-13-acetate (TPA) -
I ABEENERY . EREEO— (Euphorbia kansui) DIRBERXD F Y T A~ T3
—Ll B RARAFYALIAaL FRMET R EERLEY, £, Rubnov b, 41 F
¥ (Ficus carica) ISR D 6-0-acyl-beta-D-glucosyl-beta-sitosterol (7 VB DI b A
FYALT AT R) BETRIT, Vo AREEMEENA LRI EZ2REL TV,
T, EFEPNLEBTLERBESNTEY, B-YFAF YA LY FERICLY, TH
BO—H Th ONKHROEMRBES 2 ENBE IR TWEY, bz, #HPEERNR
FUAIAY ERT S XBBECOERRNEZRETZZ LY, RFIATAILF
2ELYEY—ABFHE~ORT v Xy VTR EFF—F T4 T HATH
B EORLLREN, AT IATAY FOFHREENXERE IR TWS,

6. bz

EETIEH, AFUATAIY FOEBBEIZSWT, MO M RAREEOREE
RLCEEOMRE ¥ &, BILEBYHIICBWT, X7 VA2 FilHspiREO
TDDAFT 4 = —EHTFL LTHELTWATRENEZ N L, £, £0
ROBSIHpOFEEZN L THERBEARZREETI ZLATMERTRINEZZ L
REEBMLE, BEREPEHAARY LOBESEH I TWAREARL LTALRT
WEA~NYarF— ol iziE, a-ILRFIAI AV REERE L2 =—2 R
AFUNTALaL FRBEILEETA I EBBEIATVE™, ZhbDRATIAT NV
aV R, BEOHLEHBROLDATIATA2Y FERLE LA FLVRIGERE
BI L THREER TR LTWAHEELEZ N, SEROILRZBITNEIFENDS,
F7-, HspAEA 5T M EIC L, HERMBELUSMC L., &, FIMgERE, 5 CREKRE,
F YA e fFGR0NF v P ERE, xR bR TS, AF VAT
2 Rk, HIENHspREL-UVORAEBEZEL T, ZThHRBOTFHPRIICRILO>Z LR
ZXbhd, AFUNINaL R, RKEREOERKIILELFENLIRATTHY, #
AR E LTHEBENDTHS I,
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In order to test the estrogenic activity of sterol
oxidation products from cholesterol and phytosterols,
an estrogen-dependent gene expression assay was per-
formed in estrogen receptor e-stably transformed Hela
cells. The ranking of the estrogenic potency of these
compounds was different: 178-estradiol 3> genistein 3>
B-epoxycholesterol = daidzein = cholestanetriel =
22(R)-hydroxycholesterol = 20(S)-hydroxycholesterol =
sitostanetriol > campestanetriol = S-epoxysitosterol =
7B-hydroxycholesterol. These compounds were not
estrogenic in estrogen receptor-negative HeLa cells,

Key words: oxysterols; estrogen receptor; cholesterol;
phytosterol; phytoestrogen

Phytoestrogens such as genistein and daidzein, and
endocrine disrupters such as bisphenol A and p-n-
nonylphenol, have estrogenic activities.” Although
cholesterol is not estrogenic, B-sitosterol, one of the
most abundant phytosterols in nature, in which the side
chain structure differs slightly from that of cholesterol,
has an estrogenic potency in vive™ and in vitro.” In
recent years, sterol oxidation products {oxysterols) from
cholesterol have attracted wide attention as activators
for liver X receptor (LXR), one of the nuclear
receptors.) The overall structure of the LXR ligand
binding domain (LBD) is similar to that seen in the
crystal structure of other nuclear receptor LBDs,”
Estrogen receptor (ER) is one such nuclear receptor. In
this study, we examined the effects of oxysterols from
cholesterol and phytosterols on estrogenic potential in a
transient gene expression assay using human ERex-stably
transformed HeLa cells. Our results indicate that some
oxysterols from cholesterol and phytosterols stimulate
ERa-mediated gene expression,

Cholesterol-derived oxysterols such as cholestan-
Ser,6a-epoxy-38-0l  (x-epoxycholestercl), cholestan-
38.,68-epoxy-38-ol (B-epoxycholesterol), cholest-5-en-
3B-0l-7-one (7-ketocholesterol), cholest-5-en-3 8, 7a-diol

(7a-hydroxycholesterol), cholest-5-en-38,78-diol (78-
hydroxycholesterol), cholest-5-en-38,20(S)-diol [20(S)-
bydroxycholesterol], cholest-5-en-38,22(R)-diol [22(R)-
hydroxycholesterol], cholest-5-en-38,22(S)-diol [22(S)-
hydroxycholestercl}, cholest-5-en-38,25-diol  (25-hy-
droxycholesterol), 25R-cholest-5-en-38,26-dicl (27-hy-
droxycholesterol), and cholestan-38,5¢,68-triol (choles-
tanetriol) were purchased from Steraloids Inc. (Wilton,
New Hampshire, U.S.A.). B-Sitosterol, campesterol, and
the phytosterol mixture (8-sitosterol 52.5%, stigmasterol
2.0%, campesterol 45.5%) that were obtained from
Tama Biochemical (Tokyo, Japan) were used as starting
materials for preparing phytosterol-derived oxysterols
such as campestan-Sa,6a-epoxy-38-0l (a-epoxycampe-
sterol), campestan-58,68-epoxy-38-ol (B-epoxycampe-
sterol), p-sitostan-5a,6a-epoxy-38-0l (a-epoxysitoste-
rol), B-sitostan-58,68-epaxy-3B-ol (B-epoxysitosterol),
campestan-38,5x,68-triol (campestanetriol), and S-sito-
stan-3f,5«,6-triol (sitostanetriol), as described previ-
ously.9 Cholesterol and 178-estradiol were purchased
from Sigma (St. Louis, Missouri, 11.8.A.). Soy isofta-
vones (genistein, daidzein, and glycitein) were obtained
from Fujikko {Kobe, lapan). Citrus-derived products
(hesperetin and limonin) and endocrine disrupters (bi-
sphenol A and p-n-nonylphenol} were purchased from
Wako Pure Chemical (Osaka, Japan).

pCI-neo-ERw vector was constructed by insertion of
human ERo cDNA derived from pIC-ER-F (ATCC,
Manassas, Virginia, U.S.A)) in pCl-neo mammalian
expression and neomycin resistant vector (Promega,
Madison, Wisconsin, U.5.A.). pGL3-estrogen respon-
sive element (ERE) luciferase reporter vector, pGL3-
ERE, was constructed by insertion of four copies of
Xenopus vitellogenin ERE? into pGL3-Basic vector
(Promega). Renilla luciferase constitutive expression
vector pRL-CMV was obtained from Promega for
estimating transfection efficiency. HeLa cells that were
obtained from Riken Gene Bank (Tokyo, Japan) were
plated and cultured at 90% confluence in minirmum

¥ To whom correspondence should be addressed. Tel: +81-92-541-1513; Fax: +81-92-541-0990; E-mail: hiroyosi@junshin-c.ac jp
Abbreviarions: oxysterols, sterol oxidation products; LXR, liver X receptor; LBD, ligand binding domain; ER, estrogen receptor; ERE, estrogen
responsive element; MEM, minimum essential medium; FBS, fetal bovine serum; PBS (~), phosphate-buffered saline without Ca®t or Mg?*
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essential medium (MEM, Invitrogen, Carlsbad, Califor-
nia, U.S.A.) containing 10% fetal bovine serum (FBS,
Thermotrace, Melbourne, Australia) in an atmosphere of
5% CO, at 37°C. The cells were washed once with
Dulbecco’s phosphate-buffered saline without Ca?* or
Mg?* (PBS (-), Nissui Pharmaceuticals, Tokyo, Japan).
The cells were transfected with 5 ug of pCl-neo-ERx
with LIPOFECTAMINE reagent (Invitrogen) and PLUS
reagent (Invitrogen) according to the manufacturer’s
instructions. After 48h, the medium was changed to
MEM supplemented with 10% FBS and 400 pg/ml of
antibiotic G418 (Nacalai Tesque, Kyoto, Japan) for
selection. After one month, the vector stably trans-
formed (G418 resistant) cells were grown as colonies.
The cloned cells were assayed for estrogen responsive-
ness by luciferase assay, as described below., The
responsive colonies were cloned further by limited
dilution for purification. This clone was termed ERa-
HeLa.

ERa mRNA expression in ERo-Hela cells was
measured by northern blot-hybridization analysis and
compared with HeLa cells that were transiently trans-
fected with 5 ug of pCl-neoc-ERa or pCI-neo vector in
10 cm dishes.® The cellular total RNAs were isolated by
acid guanidium thiocyanate-phenol-chloroform extrac-
tion.” 20 ug of cellular total RNA were electrophoresed
in individual lanes.

The ERa-HelLa cells were seeded at a concentration
of 5 x 10* cells per well in 24-well plates and incubated
for 24h in phenol red-free MEM containing 10%
charcoal/dextran-treated FBS (Hyclone, Logan, Utah,
U.S.A.). The medium was replaced with phenol red-free
MEM containing 5% charcoal/dextran-treated FBS.
After 24h, the cells were transfected with 310ng of
pGL3-ERE and 31ng of internal control pRL-CMV
vector by LIPOFECTAMINE reagent and PLUS reagent
in individual wells. After 24 h, the cells were rinsed with
PBS (=) and the medium was replaced with phenol red-
free MEM containing 5% charcoal /dextran-treated FBS
and a desired concentration of test chemicals that were
dissolved in ethanol. The final ethanol concentration was
0.1%. Following 24h incubation, the cells were rinsed
with PBS (-) and were harvested in Passive Lysis
Buffer (Promega). Luciferase assay in HeLa cells was
performed as in the case of the ERa-Hela cells except
for transfection with 31 ng of pCI-neo or pCl-neo-ERe,
310ng of pGL3-ERE, and 31ng of pRL-CMYV. The
firefly and Renilla luciferase activities of the cell lysates
were measured with the Dual-Luciferase Reporter Assay
System (Promega) with Lumat LB 9507 luminometer
(EG&G Berthold, Bad Wildbad, Germany). Statistical
analysis was performed by Dunnett’s multiple compar-
ison test or Student’s #-test.

Figure 1 shows the results of northern blot-hybrid-
ization analysis on ERe. ERe mRNA was detected in
ERwa-Hela cells strongly and pCl-neo-ERa-transiently
transfected HeLa cells intermediately. But ERe mRNA
was not detected in pCl-neo-transiently transfected

20pg of total RNA

Transient Stable Vector

Fig.1. Northern Blot-hybridization Analysis of ERa.

Total RNAs derived from ERo-Hel a (Stable) and HeLa cells that
were transiently transfected with pCl-meo-ERa (Transient, as
positive control) or pCl-neo (Vector, as negative control) vector
were analysed by northemn blotting. 20 g of total RNAs were
electrophoresed in individual lanes.

HeLa cells.

As shown in Table I, the relative transcriptional
activity of each compound was calenlated as the ratio of
the luciferase reporter gene induction valve of each
compound to that of the no additive (0.1% ethanol) -
group, 178-Estradiol and genistein stimulated specific
reporter gene activity at concentrations of 10nM and
1 1M respectively. As for other compounds, however,
including sterols, oxysterols, endocrine disruptors, citrus
products, and soy isoflavones, estrogenic activity was
not seen below a concentration of 1 uM. Then, estro-
genic activity was investigated at the concentration of
10 M. Neither cholesterol nor the phytosteral mixture
showed estrogenic action. On the other hand, some
oxysterols derived from these sterols showed estrogenic
activity. The ranking of the estrogenic potency of these
compounds for ERe in the transactivation assay was as
follows: 178 -estradiol > genistein >» hesperetin = g-
epoxycholesterol = daidzein = cholestanetriol = 22(R})-
hydroxycholesterol = 20{S)-hydroxycholesterol = sito-
stanetriol > campestanetriol = S-epoxysitosterol = 78-
hydroxycholesterol. The remainder of the tested com-
pounds resulted in no estrogenic activity. Two endocrine
disrupters, bisphenol A and p-n-nonylphenol, resulted in
no estrogenic action, One of the citrus-derived products,
hesperetin, caused a significant elevation of estrogenic
activity to the same extent as daidzein. This finding is in
accordance with a report that hesperetin was estrogenic
in human breast cancer MCF-7 cells.!?

It is interesting to note that 22(R)-hydroxycholesterol
was estrogenic, but it was not so for the enantiomer,
22(S)-hydroxycholesterol in Table 1. It has been re-
ported that although 22(R)-hydroxycholesterol binds in
the core of the LBD of LXRe as the agonist, 22(S)-
hydroxycholesterol does not.*) Hence, it is expected that
some oxysterols of animal or plant origin can combine
with the LBD of ERw, thereby promoting estrogenic
activity. In order to elucidate the mechanism of estro-
genic activity by oxysterol, we performed a luciferase
assay on the estrogenic action of typical oxysterols in

-88-
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Table1. Relative Transcriptional Activity of Oxysterols and Various Chemicals for ERx
Chemical Fold activation Chemical Fold activation
No addiive (ehtanol) 1.00+0.10° Oxidized phytosterols
17B-Estradiol 951+ 0.57 «-Epoxycampesterol 0.98 + 0.22°
Sterols a-Epoxysitosterol 0.83£ 0250
Cholesterol 0.96 £ 0.06° B-Epoxycampesterol 0.66 £0.19°
Phytosterc] mixture 1.50 + 0.20° B-Epoxysitosterol 2.56 & 0.44%®
Oxidized cholesterols Campestanetriol 2.91 +0.45%®
a-Epoxycholesterol 1.62& 0.11? Sitostanetriol 350017
B-Epoxycholesterel 4.84 +0.39* Endocrine disrupting chemicals
7-Ketocholesterol 1.44 £0.10" Bisphenol A 1.24 £ 0.15%
7a-Hydroxycholesterol 1.69 & 0.05° p-n-Nonylphenol 1.76 £ 0.18°
78-Hydroxycholesterol 25240180 Citrus-derived products
20(S)-Hydroxycholesterol 3.60+0.16* Limonin 1.87 £0.30b
22(R)-Hydroxycholesterol 3874041 Hesperetin 530075
22(S)-Hydroxycholesterol 1.06 &+ 0.04° Soy isoflavones
25-Hydroxycholesterol 1.44+012° Glycitein 123 +0.37°
27-Hydroxycholesterol 1.61+0.17° Daidzein 431 027"
Cholestaretriol 4.27 £+ 0.60* Genistein 11.98+1.71

ERa-HeLa cells were transfected with pGL3-ERE reporter vector and internal control pRL-CMV vector. After 24 b, the cells were treated with oxysterols and other
chemicals for 24 h. All chemicals were added at 10 M, except for genistein (1 uM) and 178-estradiol (10nM). The transcriptionsl activity of the no additive (0.1%
cthanol) group was arbitrarily set as 1. Data are means + SE for four determinations. The significance of the difference in the mean values other than those for
genistein and 178-estradiol was evaluated by Dunnent’s multiple comparison test. *: P < 0,01 against the no additive group. ®: P < 0.0] against the daidzein group.

Table2. Oxysterol and Estrogen Did Not Activate ERo-Negative
HeLa Cells

Chemical ERa-negative ERa-positive
No additive (ethanol) 1.00 £ 0.04 1.00+£0.08
B-Epoxycholesterol 0.98 £ 0.09 1.48 £0.10*
20(S)-Hydroxycholesterol 0.97 £0.09 1.22 £0.05*
22(R)-Hydroxycholesterol 0.98 £0.07 1.58 £ 0.04**
17 5-Estradiol 1.06 £0.03 2.61 £0.14™

Hela cells were transfected with pCl-neo (for ERx-negative) or pCl-neo-
ERe (for ERa-positive) mammalian expression vector, pGL3-ERE reporter
vector, and intemal control pRL-CMV vector. After 241, the cells were
weated with oxysterols (10 um) and 178-estradiol (10nM) for 24h. The
ranscriptional activity of the no additive (0.1% ethanol) group was
arbitrarily set as 1. Data are means £ SE for four determinations. The
significance of the difference in the mean values was evaluated by Student’s
rtest, ™" P < 0,05, 0.01, or 0.001 against the same chemical-added
ERo-pegative group respectively.

ERa-expressing or non-expressing Hela cells. As
shown in Table 2, S-epoxycholesterol, 20(S)-hydroxy-
cholesterol, 22(R)-hydroxycholesterol, and 17S-estra-
diol showed estrogenic effects in HeLa cells expressing
ERa (ERa-positive), but they did not so in ERa-
negative HeLa cells. Thus, at least, it was revealed that
the estrogenic activity of oxysterol is mediated by ERa.
It has been shown that these oxysterols are efficiently
absorbed by laboratory animals.!''? Hence, it is
important to examine further whether oxysterols derived
from both cholesterol and phytosterols take a role in
triggering many of the biological responses in vivo.
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Phytosterol Oxidation Products Are Absorbed in the Intestinal Lymphatics
in Rats but Do Not Accelerate Atherosclerosis in Apolipoprotein

E-Deficient Mice’
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ABSTRACT Phytosterol oxidation products {oxyphytosterols) are formed during the processing and storage of
foods. However, it is unknown whether oxyphytosterols affect human health, To address these issues, we prepared
B-sitosterol and campesterol oxides, evaluated their lymphatic absorption in rats, and exarnined the effect of an
oxyphytosterol diet on atherosclerosis in apolipoprotein (apo) E-deficient mice. The lymphatic absorption of
cholesterol and 6 oxyphytosterols (7a-hydroxy, 78-hydroxy, B-epoxy, a-epoxy, dihydroxy, and 7-keto) of B-sitos-
terol or campesterol was assessed in thoracic duct-cannulated rats fed an AIN-93G-based diet containing 2.5 g
of cholesterol, oxyphytosterols, or intact phytosterols per kg. Lymphatic recoveries (on a mass basis) of oxy-
campesterols (15.9 + 2.8%, n = 10} and oxysitosterols (9.12 * 1,77%, n = 10} were higher than for campesterol
(5.47 = 1.02%, n = 12, P < 0.05) and B-sitosterol (2.16 + 0.37%, n = 12, P < 0.05), but lower than for cholesterol
(37.3 = 83%, n = §, P < 0.05). Apo E-deficient mice were fed an AIN-93G-based diet containing 0.2 g
oxyphytosterols or intact phytosterols per kg for 9 wk. Diet-derived oxyphytosterols accumulated in the serum,
liver, and aorta. Furthermore, the oxyphytosterol diet increased oxycholesterol in the serum compared {o the
phytosterol diet. However, there was no significant difference between the 2 groups in the serum and aortic
cholesterot concentration, the lesion area in the aortic root, or 8-iso-prostaglandin F2« concentration in the urine.
These results indicate that exogenous oxyphytosterols are well-absorbed and accumulate in the body, but do not

promote the development of atherosclerosis in apo E~-deficient mice.

J. Nutr. 134: 16901696, 2004.

KEY WORDS: « phytosterol » oxyphytosterol » absorption » atherosclerosis

Cholesterol oxidation products (oxycholesterols} are
formed during the processing and storage of foods (1). Oxy-
cholesterols are found in human plasma chylomicrons (2),
indicating that they are absorbed from the digestive tract.
Furthermore, Staprans et al. (3) showed that when a meal
containing 400 mg cholestan-5a, 6a-epoxy-38-ol (a-epoxy-
cholesterol) is consumed by humans, a-epoxycholesterol in
the serum is present in chylomicrons, chylomicron remnants,
and endogenous lipoproteins (VLDL, LDL, and HDL). There
are conflicting reports on the role of exogenous oxycholester-
ols in the development of atherosclerosis in experimental
animals; although atherosclerosis was observed in some stud-
jes, it was not in others (4,5).

Some investigators found plant sterol oxidartion products
{oxyphytosterols) in foods (6-9) and in the serum from phy-
tosterolemic patients (10), although there are fewer reports
than for oxycholesterols. The oxides of B-sitosterol and
campesterol cause cellular damage in cultured mouse macro-
phages similar to that caused by oxycholesterols (11). How-
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and 11460058},
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}e\ve}'.thit is unknown whether oxyphytosterols affect human
ealth.

To address these issues, we prepared B-sitosterol and
campesterol oxides and evaluated their lymphatic absorption
in rats with permanent cannulation of the thoracic duct (12).
Then we examined the effect of an oxyphytosterol diet on
atherosclerosis lesion size in apolipoprotein (apo)® E-deficient
mice, as well as the level of oxyphytosterols in the serum, liver,
and aorta and oxycholesterols in the serum. The level of
8-iso-prostaglandin F2a (8-iso-PGF2a) in the urine was also

measured as an index of in vivo peroxidative stress.

MATERIALS AND METHODS

Materials. Highly purified campesterol (97.8% on a weight
basis) and B-sitosterol (98.6% on a weight basis) were obrained from
Tama Seikagaku and used as a starting material for the synthesis of []]
epimeric 7-hydroxyphytosterols and 7-ketophytosterols (13), [lI]
5a,6a- and 58,6B-epoxyphytosterols (14), fILI) 5,6-dihydroxyphytos-
terols (15), and [IV} B-epoxyphytosterols {16). They were also used as

3 Abbreviations used: ACAT, acyl-coenzyme A:cholesterol acyltransferase;

apo, apolipogrotein; GC/NICI-MS, GC negative ion chemical ionization mass
spectrometry; 8-is0-PGF2a, 8-iso-prostaglandin F2a; LXR, fiver X receptor.
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standards for quantifying oxysterols by GC/MS in diets and animal
tissues. Alternatively, a phytosterol mixture (Merck-Japan) composed
(on a weight basis) of 37.8% campesterol, 54.3% B-sitosterol, 3.4%
stigmasterol, 0.5% campestancl, 1.3% sirostanol, and 2.7% unknown
compounds was used as a starting material for the preparation of
oxyphytosterols as described above (13-16), an equal amount of the
synthesized oxyphytosterols was mixed, and the mixrure was em-
ployed in Study 1 (Table 1). Because the methods used (13~16) for
the synthesis of oxyphytosterols produced unknown compounds other
than the target compound to different extents, the amount of indi-
vidual target oxyphytosterols shown in Table 1 differed. In another
experiment, the phytosterol mixture was heated at 150°C for 12 h.
Then the heated products were applied to a silicic acid column and
the resultant oxyphytosterols were eluted with acetone after being
washed with diethyl ether as previously described (17). The heat-
prepared oxysterols were then used in Study 2 (Table 1).

Animals and diets. Animals were individually housed in 2 tem-
peraturecontrolled room at 22-25°C with a 12-h light-dark cycle
(lights on 0800-2000 h). All diets were based on the AIN-93G diet
formularion (18), as previously described (19). Experiments were
carried out under the Guidelines for Anima! Experiments at the
Faculty of Agriculfture and the Graduate Course, Kyushu University,
Fukuoka, Japan, and Law No. 105 and: Notification (No. 6} of the
Government of Japan.

In Study 1, 8-wk-old male Sprague-Dawley rats were obrained
from Seiwa Experimental Animals. They wete trained to consume a
basal diet containing 100 g/kg lard as dietary fat twice per day from
1000-1100 and 1600-1700 h, respectively, for 1 wk. Lard was chosen
to avoid an effect of phytosterols derived from dietary oils on the
lymphatic transport of the phytosterols in rats because it contains
only a small amount of phytosterols (7.2 mg campesterol and 8.1 mg
B-sitosterol per kg lard). Deionized water was freely available
throughout the feeding periods. All rats were anesthetized with Nem-
butal prior to permanent cannulation of the thoracic duct according
to an original method (12} modified by us (20,21). Briefly, a cannula
(Silicon tube SH, id. 0.5 mm and o.d. 1.0 mm, product of Kancka
Medics) filled with heparinized saline was inserted into the thoracic
duct and secured within the abdominal cavity. The rats were returned
to their cages and provided with the basal diet twice per day. Ond 3,
the rats were attached to a long PE-cannula {i.d- 0.58 mm and o.d.
0.97 mm, Becton-Dickinson) to collect the lymph. The end of the
cannula was 5-10 ¢cm below the bottom of the cage to provide
sufficient underside pressure to allow the lymph to enter the cannula.
The lymph was collecred for 15 min in a tube containing 50 pg BHT
and the rats were then given free access to the dier {ghkg diet)

TABLE 1
Composition of oxyphytosterols in Studies 1 and 21
Study 1 Study 2
gtkg
Oxycampesterols
7a-Hydroxycampesterol 58+ & 10+ 0
78-Hydroxycampesterol 58 3 28+ 3
B-Epoxycampesterol 51+ 4 62=x 1
a-Epoxycampesterol 74+ 6 76 2
Dihydroxycampesterol 0=+ 4 18+ 0
7-Ketocampesterol 40 6 125+ 3
Oxysitosterols
7a-Hydroxysitosterol g5 8 16=x 1
78-Hydroxysitosterol 78 4 a3+ 1
p-Epoxycampesterol 57 7 69+ 1
a-Epoxycampesterol 104 8 53+ 1
Dihydroxycampestercl 54 § 15= 1
7-Ketocampesterot 57+ 8 130+ 1
Unknown 243 x 72 316 = 11
Campesterol 0 23+ 1
B-Sitosterol o 27+ 0

1 Values are means + SEM of triplicate analyses.
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supplemented with 2.5 cholesterol (control diet), 2.5 cholesterol plus
2.5 phytosterol mixture from Merck-Japan (phytosterol diet), or 2.5
cholesterol plus 2.5 oxyphytosterol (oxyphytosterol diet) (Table 1)
for 30 min. This amount of oxycholesterols was used to evaluate the
absorption (21), because we wanted to compare the absorprion rate of
phytosterols and oxyphytosterols with that of cholesterol. At this
time, the lymph was collected every hour for 7 h. The rats freely
consumed deionized water during lymph collection. After fibrin was
removed, 268 nmol/L EDTA was added to the lymph solutions. The
solution was flushed with argon (purity 99.9% on a volume, Hakata
Kyoudou Sannso) and stored at —30°C for up to 12 h. Apparent
lymphatic recovery {% on a mass) for 7 h worth of sterols {oxyphy-
tosterols, phytosterols, or cholesterol} was calculated according to the
formula [{lympharic transport of sterols for 7 h after meal) — 4 X 7
X (lymphatic transport of sterols for 15 min before meal)]/(amount of
sterols consumed for 30 min). Transport of sterols in the lymph
collected for 7 h after the meal was first deducted from the values that
were acquired by converting the transport of sterols in the basal
lymph collected for 15 min to that of 7 h and then divided by the
amount of sterols consumed for 30 min. The transport of sterols for
7 h in the basal lymph was estimared by multiplying the transport of
sterols for 15 min by 28 (4 X 7).

In Study 2, apo E-deficient mice purchased from Jackson Labo-
ratories in 1994 were used (19). Male apo E-deficient mice (7-11 wk
old) with an initial weight of 25.2 % 0.6 g were divided into 2 groups,
and the mice were fed a basal diet containing 100 gfkg palm oil as the
dietary fat supplemenred with 0.2 gfkg phytosterol mixture from
Merck-Japan {phytostercl diet) or 0.2 g/kg heat-prepared oxyphytos-
terols {oxyphytostero! dier) (Table 1). This amount of oxycholester-
ols was used previously to evaluate their effect on atherosclerosis in
mice (17). Palm oil was chosen to avoid an effect of cholesterol
derived from dietary oils on the development of atherosclerosis in apo
E-deficient mice because it is a dietary fat which contains negligible
amounts of cholesterol. Experimental diets were packed in a pouch
containing an O, absorbent (Ageless S-200; Mitsubishi Gas Chem-
ical}, flushed with N, and stored at 4°C. The diet was freshly prepared
every week and changed every 2 d. Any remaining diet was discarded.
At the end of the 9-wk feeding period, the mice were deprived of food
for 4 h prior to killing. During the week before killing, mice were put
in a metabolic cage (Shinano Seisakusho) where they freely con-
sumed the diet and water, followed by urine collection in a container
containing BHT (final concentration of 453 nmol/L) for 24 h. The
urine was frozen in liquid nitrogen after Ar was blown through it and
kept at —85°C. At the end of the experiment, the mice were
anesthetized by intraperitoneal injection of sodium pentobarbital (50
mgkg body wt) and killed by withdrawing blood from the left
ventricle. The blood was transferred into 1-mL microcentrifuge tubes
containing 50 pg BHT. The serum was separated, bubbled with Ar,
and stored at —85°C after being frozen in liquid nitrogen. Livers and
aortas were immediately removed from the carcasses, frozen in liquid
nitrogen, and stored at —85°C. Prior to freezing, adipose tissue
around the aorta was dissected away, rinsed in fresh PBS, and blorted
dry between filter paper.

Determination of sterols and oxysterols. Oxysterols were mea-
sured using the method used for axycholesterol (17,21). To 200 ulL of
serum and 0.25 g of liver was added 100 pg of Sa-cholestane (Sigma)
and 1 pg of 19-hydroxycholestero! (Steraloids) as an intemnal stan-
dard. Then 200 L of lymph was added to 50 pug of Sa-cholestane and
1 pg of 19-hydroxycholesterol. The total aorta was combined with 10
pg of Sa-cholestane and 1 pg of 19-hydroxycholesterol. Lipids in the
samples were extracted with 20 vol of chloroform/methanol (2:1, viv)
{22} containing 453 nmolfL BHT. The extracts were dried under N,
and the residue was dissolved in 1 mL of toluene (guaranteed reagent;
Nacalai tesque) and applied to a Sep-Pak Vac silica cartridge (Waters
Japan) to separate oxysterols from sterols {23). The cartridge was
sequenrially elured with I mL of hexane, 8 mL of 2-propanol (5 mL
2-propanol/L hexane}, and 5 mL of 2-propanol (300 mL Z-propanol/L
hexane), which allowed for the sequential elution of 5e-cholestane,
cholesterol plus phyrosterol, and 19-hydroxycholesterol plus oxys-
terols, respectively. The recovery of individual oxycholesterols and
oxyphyrosterols from the cartridge was confirmed to be almost 100%.
The samples were allowed to saponify at room temperature overnight
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in the dark (24), and unsaponified lipids were converted into tri-
methylsilylechers in a mixture of trimethylchlorosilane, 1,1,1,3,3,3-
hexamethyldisilazane, and dried pyridine (1:3:9, v:v:v) for 30 min at
room temperature, as previously described (17,21). GC of sterols was
perfortred as described (25). GC-MS was performed on 2 Shimadzu
GC-17A ver. 3 coupled with the SPB-1 fused silica capillary column
connected to a Shimadzu (QP5050A series mass-selective detector.
The following variables—ions monitored, relative retention time,
correlarion coefficient for calibration curves, response facrors for the
monitored ions, detection limit, and the CV for repeated injection—
were determined as previously described (17,21).

Determination of 8-iso-PGF2a. Purification and measurement
of urinary 8-iso-PGF2a were carried out by combining 4 methods
{26-29). The 8-iso-PGFle was analyzed by GC negative ion chem-
ical ionizarion mass spectrometry (GC/NICI-MS). GC/NICI-MS was
petformed using a Shimadzu QP5050A GC/MS (Shimadzu). GC was
performed wsing a 30-m, 0.25-mm-diameter, 0.25-pm-film-chick,
SPB-20 fused silica capillary column {Supelco}. The column temper-
ature was initially maintained at 100°C for 2 min. The column was
then heated o 250°C in 7 min and then to 290°C at 2°C/min and
maintained at this temperature {29). Isobutane was used as a reactant
gas for negative chemical ionization and helium as a carrier gasac 1.1
mb/min. The jon source temperature was 290°C and the electron
energy was 70 ev. The ion monitor for endogenous 8-iso-PGF2ax was

set at mfz 569 (M-181). We used B-iso-PGFla-d4 {Cayman Chem-

icals) as an internal standard and ions at m/z 573 were monitored. -

Quantificarion of endogenous 8-iso-PGF2a was accomplished by se-
lected ion monitoring analysis of the ratio of mfz 569 to mfy 573. The
lower limit of detection {signal-to-noise ratio of 4:1} of 8-isoPGFla
was within the range for 50 upl urine. A standard curve was con-
structed by adding varying amounts of unlabeled 8-iso-PGF2mx to 1 ng
of 8-1s0PGF2a-d4, and the measured ratio of mfz 569 o mfz 573 and
the expected ratio were compared. The standard curve was linear over
a 30-fold range in concentration. A concentration of wrine 8-iso-
PGF2a was expressed as a function of urinary creatine (Wako Pure
Chemicals).

Analyses of serum and lymph lipids. Serum lipid levels were
measured using commercially available kits {cholesterol C test, triglyc-
eride G test, and phospholipid B test, Wako Pure Chemicals). Lymph
lipids were chemically determined as previously described (21).

Morphometric determination of atherosclerosis. Apo E-defi-
cient mice were perfused with 50 mL PBS (pH 7.4} via a cannula
inserted into the left ventricle, which allowed unrestricred efflux from
an incision in the vena cava. After the aorta and its main branches
were dissected from the aortic valve to the iliac bifurcation, perfusion
of the heart was immediately continued with 50 mL 10% (v/v)
neutral formalin buffer solution {pH 7.4). The heart was removed and
fixed in 10% (v/v) neurral formalin buffered solution {19). Hearts
containing aortic roots were processed for quantitative atherosclerosis
assay to determine the cross-sectional lesion volume as previously
described (17,30).

Statistics. Results are expressed as means = SE. Seatistical anal-
ysis was carried our with Statcel {Excell 2000). A paired ¢ test was
used for comparisons within groups. Student’s ¢ test was used to
compare 2 groups after Bartlett’s test was used to check that variances
were homogenous. Statistical comparison of 3 or more groups was
done by Fisher's PLSD method, following detection of an effect by
one-way ANOVA. Differences were considered significant at P
< 0.05.

RESULTS

Study 1. Food consumption by the rats within 30 min did
not differ among the groups (743 = 057 g, n = 7; 6.43
+ 049 g, n = 12; 7.70 = 0.33 g, n = 10, for the control,
phytosterol, and oxyphytosterol groups, respectively), Lymph
flow also did not differ among the groups (Fig. 1). Rats fed the
phytosterol diet transported less cholesterol, triacylglycerols,
and phospholipids for 3-7 h after the meal than controls. Rats
fed the oxyphytosterol diet also transported less triacylglycer-
ols and phospholipds than did control diet-fed rats. Rats fed
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FIGURE1 Lymph flow (4) and the cumulative transport of cho-
lesterol (B), triacylglycerols (C}, and phospholipids (D) in rats fed a
control {Cont, n = 7), phytosterol (Phyto, n = 12), or oxyphytosterol
{Oxyphyto, n = 10) diet. Values are means + SEM. Means without a
common letter differ, P < 0.05.

<Q

the oxyphytosterol diet transported less cholesterol at 5 h afrer
the meal than controls, Lipid transport did not differ between
the phytosterol- and oxyphytosterol-fed groups.

In the basal lymph collected prior to the consumption of
oxyphytosterols, the following oxidized campesterols and sitos-
terols were detected (in nmol/k, n = 10): 7a-hydroxycampes-
terol (1.36 = 0.60), 7B-hydroxycampesterol (0.81 * 0.24},
B-epoxycampesterol {0.50 x 0.19), a-epoxycampesterol {0.74
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#+ 0.31), dihydroxycampesterol {0.69 * 0.28), 7-ketocampes-
terol (0.70 = 0.27), Ta-hydroxysitosterol (2.07 = 1.02), 7B-
hydroxysitosterol (1.15 * 0.50), B-epoxysitosteral (0.49
+ 0.16), a-epoxysitosterol {0.79 = 0.34), dihydroxysitosterol
(0.83 * 0.28), and 7-ketositosterol (1.10 = 0.60). After the
meal, the lymphatic recovery of oxycampesterols was greater
than that of the corresponding oxysitosterols, except for the
dihydroxy oxysterols (Fig. 2A}. Among the oxycampesterols,
the lymphatic recoveries of 78- and Ta-hydroxy were greater
than those of the other oxyphytosterols, as was also the case
for oxysitosterols. The lymphatic recoveries (on a mass basis}
of the 6 oxycampesterols (15.9 * 2.8%, n = 10} and 6
oxysitosterols (9.12 % 1.77%, n = 10) were greater than those
of the corresponding unoxidized campesterol (5.47 = 1.02%, n
= 12) or B-sitosterol (2.16 = 0.37%, n = 12) (Fig. 24, B).
Among the lymphatic sterols, the recovery (on a mass basis) of
campesterol was greater than that of B-sitosterol or stigmas-
terol (1.39 % 0.33%, n = 12), but lower than for cholesterol
(37.3 = 8.3%, n = 6) (Fig. 2B).

Study 2. The phytosterol and oxyphytosterol diets did not
affect the body weight gain, food intake, or liver weight of apo
E—deficient mice (results not shown). Serum cholesterol con-
centrarions did not differ between mice fed phytosterol {13.7
+ 1.1 mmol/L) and mice fed oxyphytosterol (16.0 = 1.9
mmol/L.) diets. The liver cholesterol concentration in the
mice fed the oxyphytosterol diet (12.7 = 0.5 mmol/kg, n = 7)
was greater than that in phytosterol diet—fed mice (14.9 £ 0.9
mmolfkg, n = 7) (P < 0.05}.

Even in mice fed the phytosterol diet, there was a small but
measurable amount of oxyphytosterols in the serum, liver, and
aorta (Table 2). Mice fed oxyphytosterols had significantly
more oxyphytosterols in these tissues than mice fed phytoster-
ols. However, the concentrations of oxysitosterols in the aorta
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FIGURE 2 Lymphatic recovery of cxyphytosterols (4) in rats fed
an oxyphytosterol (1 = 10} and sterols (B) in rats fed a phytestercl {n
= 12) or control {n = 7) diet. Values are means = SEM. Means without
a common letter differ, P < 0.05. *Different from the comesponding
oxycampesterols, P < 0.05. Abbreviations: B-Epo, B-epoxy; a-Epo,
a-epoxy; B-Sito, B-sitosterol; Cam, campestero!; Chol, cholesterol;
Dihyd, dibydro; Stig, stigmasterol
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did not differ between the 2 groups, except that the oxysterol
fed-mice had a higher concentration of 78-hydroxysitosterol
than the phytosterol fed-mice. In mice fed the oxyphytosterol
diet, 78-hydroxycampesterol and 78-hydroxysitosterol were
the most abundant species of oxyphytosterol in the serum,
liver, and aorta, although they were not the most abundant
species in the diet (Table 1). Mice fed phytosterols had sig-
nificantly more campesterol and B-sitosterol in the serum,
liver, and aorta than mice fed oxyphytosterols. The concen-
trations of campesterol in these tissues were higher than that
of B-sitosterol (P < 0.05). Unlike phytosterols, the concen-
trations of total oxycampesterols in the serum and liver of the
2 groups were almost the same as that of the total oxysiros-
terols.

Mice fed oxyphytosterols had significantly higher serum
concentrations of 7a-hydroxycholesterol, 7B-hydroxycholes-
terol, dihydroxycholesterol, 7-ketocholesterol, and 25-hy-
droxycholesterol in the serum than the phytosterol-fed mice
(Table 3). In particular, the elevation of 25-hydroxycholes-
terol (~600%) was greater than that of other oxycholesterols.
However, serum concentrations of a-epoxycholesterol, B-ep-
oxycholesterol, and 27-hydroxycholesterol did not differ be-
tween the groups.

Cholesterol concentrations in the aorta and the lesion area
in the aortic root did not differ between the phytosterol and
oxyphytosterol groups (data not shown). Furthermore, dietary
oxyphytosterol did not affect the amount of urinary 8-iso-
PGF2a excreted (data not shown).

DISCUSSION

The present study on thoracic duct lymph from rats con-
firmed the discriminatory capacity of the small intestine be-
tween cholesterol and plant sterols, in that cholesterol is
preferentially absorbed and transported into the lymph over
plant sterols (31-33). The pattern of discrimination depends
on the side chain; the addition of 1 methyl group at the C-24
position (campesterol), 1 ethyl group at the C-24 position
(B-sitisterol), or 1 ethyl group at the C-24 position, and the
A22 double bond {stigma sterol). Because the uptake of cho-
lesterol and plant sterols from the intestinal Iumen into en-
terocytes is a rapid process in mice (34), the efflux rather than
uptake of sterols may be the main process that discriminates
between the lymphatic transport of sterols (35,36). Cholestery
ester synthesis in enterocytes via acyl-coenzyme A:cholesterol
acyltransferase (ACAT) might be a crucial step for discrimi-
nation in that cholesterol is preferentially esterified. There-
fore, less free cholesterol than free plant sterols is available for
transport out of the cells and back into the intestinal lumen
(25,33). B-Sitosterol is a poorer ACAT1 substrate than cho-
lesterol in mixed micelles and reconstituted vesicles (37).

For the lymphatic absorption of oxidation products of
campesterol and B-sitosterol, the pattern of discrimination
depended on the side chain: lymphatic recovery of oxycampes-
terols was higher than that of oxysitosterols, except for their
trihydroxy types. Of note, the lymphatic recovery of oxyphy-
tosterols was higher than that of unoxidized plant sterols. In
particular, the addition "of a hydroxyl group (7a-OH and
T7B8-OH} to the 7 position of campesterol and B-sitosterol
resulted in the greatest recovery in the lymph. These results
contradicted our previous results for cholesterol with a second
oxygen atom, present as a carbonyl, hydroxyl, or epoxide group
in the cyclopentanoperhydrophenanthrene nucleus, in that it
was transported at a reduced rate into the lymph compared
with unoxidized cholesterol (21). In that study, recoveries of
a-epoxycholesterol in the lymph were the highest. Further-
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TABLE 2
Oxyphytosterof and phytosterol levels in serum, liver, and aorta of apc E-deficient mice fed a phytosterol or oxyphytosterol diett
Serum Liver Aorta
Sterols Phytosterol2 Oxyphytosterol3 Phytosterol Oxyphytosterol Phytosterol Oxyphytosterol
pmolfl, nmollg

Plant sterols
Campesterol 3544 x424 801 =422° 227.9 +14.7 51.7 =32 1175 =192 257 *20°
B-Sitosterol 434 + 51 142 = 5.1 216 * 13 81 0.7 48.0 =104 189 = 14"

Oxidized campesterols
7a-Hydroxy 0.08+ 0.01 150 = 0.01* 0.07 = 0.00 0.55 £ 0.14° 031+ 0.05 0.31 £ 0.07
7B-Hydroxy 048+ 005 23.04 = 0.05° 014 = Q.00 13.20 = 2.04* 115+ 0.38 6.05 + 1.06"
B-Epoxy 028+ 0.04 4.03 = 0.04* 022+ 0.05 1.75 = 0.41" 031+ 0.05 0.94 = 0.14*
a-Epoxy 032+ 0.08 6.07 = 006" 0.24x 0.05 4.70 = 0.53* 0.46 = 0.07 1.42 = 0.34*
Dihydroxy 0.81 = 0.05 242 = 0.05* 0.87x 0.14 2.09 + 027 083+ 0.14 1.06 *0.23
7-Keto 016+ 0.02 702+ 0.02* 0.19 = 002 2.44 + 0.65" 051+ 0.10 1.01 £ 0.15*
Total 214+ 018 4385 018" 177+ 017 24.56 = 3.58° 351+ 038 10,75 * 1.86"

Oxidized g-sitosterols
Ta-Hydroxy 0.21 % 0.03 1.87+ 0.03" 0.14 = 0.02 0.70 = 0.14* 3.07 = 0.19 251 £ 0.58
7B-Hydroxy 068+ 007 2429+ 0.07" 0.23 = 0.02 13.30 = 1.81* 1.32 = 0.30 389 £ 093"
B-Epoxy 0.19+ 0.02 3.04+ 0.02° 0.37 = 0.08 1.56 = 0.37* 095+ 0.14 J1.81 % 0.44
a-Epoxy 0.08* o0.02 337« 0.02° 021 = 007 3.30 % 037 077 £ 023 111 £0.12
Dihydroxy 0.28 > 0.04 141+ 0.04" 0.11 = 0.02 1.18 = 0.18* 223 + (.51 2.39 * 0.40
7-Keto 034 008 189+ 0.08" 054+ 0.09 1.21 = 0.18* 172+ 0.33 142 +0.28
Total 1.78 = 0.21 3572 Q.21 157 021 21.18 = 2.42* 1006 £ Q.72 1325192

1 Values are means = SEM, n = 7; * different from the phytosterol group, P < 0.05.
2 The phytosterol diet contained 0.2 g/kg phytostero! mixture.
3 The oxyphytostero! diet contained 0.2 g/kg heat-prepared oxyphytosterols.

more, the present study also revealed that the addition of a
second oxygen atom to the cyclopentanopethydrophenan-
threne nucleus of phytosterols lowered their ability to reduce
the absorption of cholesterol into the lymph (Fig. 1). These
data suggest that the intestine has a complex pattem for
discriminating between the cyclopentanoperhydrophenan-
threne nucleus and the side chain of sterols for their absorp-
tion and lymphatic oansport.

In contrast to our observarions, Grandgirad et al. (38)
reported that lymphatic recoveries of oxyphytosterols (7-keto
and epoxides) in rats are lower than thar of B-sitosterol and

TABLE 3

Oxycholesterol levels of serum in apo E-deficient mice fed a
phytosterol or oxyphytosterol dietl

Sterols Phytostergi2 Oxyphytosteroi3
wmoliL
Ta-Hydroxy 0.454 * 0.020 0.787 = 0.107*
78-Hydroxy 0.323 = 0.010 1.110 = 0.171"
B-Epoxy 3.775 £ 0.695 3.154 = 0.720
a-Epoxy 4.246 * 0.596 5.215 = 0.571
Dihydroxy 0.047 = 0.007 0.074 = 0.008"
7-Keto 0.107 = 0.010 0.252 * 0.022*
25-Hydroxy 0.042 + 0.004 0.298 % 0.040"
27-Hydroxy 0.273 + 0.025 0.315 = 0.032
Total 9.267 + 0.469 11.205 + 1.480

1 Values are means * SEM, n = 7; * different from the phytosterol

group, P < 0.05.

2 The phytosterot diet contained 0.2 g/kg phytosterol mixture.
3 The oxyphytosterol diet contained 0.2 g/kg heat-prepared oxy-

phytosterols.

campesterol, respectively. However, their results in which
oxycampesterols were better absorbed than oxysitosterols are
in agreement with those of the present study. The discrepan-
cies between the 2 studies might be due to the different
methods used to administer oxyphytosterols, collect lymph,
and analyze oxyphytosterols. They administered oxyphytoste-
rols into the stomach of thoracic lymph duct cannulated rats,
collected the lymph immediately after the operation, and
analyzed sterols with GLC.

Reflecting the lymphatic transport of sterols in rats, apo
E—deficient mice fed a diet of oxyphytosterols had elevated
amounts of these compounds in the serum, liver, and aorta
compared to mice fed the phytosterol diet. The concentrations
of 7B-hydroxycampesterol and 7B-hydroxysitosterol in the
serum, liver, and aorta were higher than that of other oxy-
phytosterols. Furthermore, the concentration of campesterol
in the serum, liver, and aorta was consistently higher than the
concentration of B-sitosterol. 783-Hydroxysitosterol and 78~
hydroxycampesterol are present in the serum of phytoster-
olemic patients, who have highly elevated serum plant sterol
concentrations (10). These results might be due to discrimi-
nation by the circulatory system for 78-hydroxysterols and
other sterols and between campesterol and B-sitosterol. Some
investigators hypothesized that ABC monomers (ABCGS,
ABCGB) expressed in the liver and intestine (39) are able to
discriminate between cholesterol and other sterols (40,41).
Therefore, the circulatory system appears to have a discrimi-
nation system that eliminates campesterol and 78-hydroxy-
phytosterols less efficiently compared with B-sitosterol and
other oxyphytosterols.

In the present study, apo E-deficient mice fed a diet con-
taining oxyphytosterols had elevated levels of 5 kinds of oxy-
cholesterols (7a-hydroxycholesterol, 78-hydroxycholesterol,
dihydroxycholesterol, 7-ketocholesterol, 25-hydroxycholes-
terol) in the serum compared to mice fed the phytosterol diet.
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The groups did not differ in the concentrations of S-epoxy-
cholesterol, a-epoxycholesterol, and 27-hydroxycholesterol.
Although a portion might be formed during the extraction and
analyses, oxysterols formed in vivo include 7a-hydroxycholes-
terol, 78-hydroxycholesterol, 7-ketocholesterol, and 24-, 25.,
and 27-hydroxycholesterols, as shown by %0, inhalation [re-
viewed by Bjérkhem (42)]. Because serum cholesterol did not
differ berween the groups, it is likely that elevated oxycholes-
terol in mice fed the oxyphytosterol-containing diet was due to
the consumption of oxyphytosterols. Rosenblat and Aviram
(43) showed that the enrichment of peritoneal macrophages
from C57BL6 mice with 3 kinds of oxysterols (7-ketocholes-
terol, B-epoxycholesterol, and 7B-hydroxycholesterol) dose-
dependently increased in superoxide anion release and cell-
mediated oxidation of LDL.

In the present study, the adverse effects of oxyphytosterols
on the development of atherosclerosis were evaluated in apo
E~deficient mice by measuring zortic cholesterol levels and
lesion size in the sortic root. Oxidative stress was also mea-
sured through the urinary excretion of 8-iso-PGFle, one of
the most reliable biomarkers of oxidative stress in vivo (44).
Although comparisons to mice fed the AIN diet alone were
not performed, our results showed for the first time that there
was no significant difference in the size of lesions or 2ortic
cholesterol concentration in apo E-deficient mice fed the
phytosterol- and oxyphytosterol-supplemented diets. These re-
sults agree with our previous results, which showed no signif-
icant effect of dietary oxycholesterols on the development of
atherosclerosis in apo E-deficient mice (17). Furthermore, the
oxyphytosterol and phytosterol groups did not differ in creat-
ine-indexed urinary isoprostanes. Accordingly, although apo
E-deficient mice have a high antibody titer against oxidized
lipids (45) and dietary oxyphytosterols might locally accelerate
oxidative stress as reflected by the elevation of oxycholesterol
in the serum, the endogenous antioxidant defense system and
dietary antioxidants are apparently adequate to minimize the
amounts of in vivo oxidant damage (5,17). Alternatively,
some dietary oxysterols might exert a beneficial effect on the
development of atherosclerosis. Oxycholesterols such as
22(R)-hydroxycholesterol, 20(S)-hydroxycholesterol, 24-hy-
droxycholesterol, 25-hydroxycholesterol, 7a-hydroxycholes-
terol, and 27-hydroxycholesterol are ligands for the liver X
receptor (LXR). This receptor is a transcription factor for the
ATP-binding casserte transporter Al, which is involved in
cholesterol efflux from the arterial intima (46). Similarly,
oxyphytosterols derived from ergosterol and brassicasterol are
LXR agonists, and act as effectively as the ligands 22(R)-
hydroxycholesterol and 24(S), 25.epoxycholesterol  (47).
Therefore, oxycholesterol and oxyphytosterol may exert their
effects on the sterol regulatory machinery and thereby prevent
the development of atherosclerosis. This hypothesis, however,
will need to be tested in future studies.

In summary, the present study showed that the intestine
and liver possess a discrimination system that eliminates less
campesterol and 7B-hydroxyphytosterols. Dietary oxyphytos-
terols are absorbed and accumulate in the serum, liver,
aorta in apo E-deficient mice. However, dietary oxyphytos-
terols do not affect aortic cholesterol or the lesion volume in
the aortic valve compared to phytosterols. The results indicate
that exogenous oxysterols do not promote the develomment of
atherosclerosis in apo E-deficient mice.
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Mechanisms of Phytosterolemia in Stroke-Prone Spontaneously
Hypertensive and WKY Rats

Ikuo lkeda, Hideaki Nakagiri, Michihiro Sugano, Sumiko Ohara, Tadateru Hamada,
Megumi Nonaka, and Katsumi Imaizumi

Analysis of sterol composition in serum, liver, adipose tissue, adrenals, and abdominal aorta demonstrated that the contents
of plant sterols, campestero!l and sitostarol, wera evidently higher in WKY and stroke-prone spontaneously hypertensive
(SHRSP} rats than in Wistar and WKA rats fed a diet containing a 0.5% plant sterol mixtura. Lymphatic 24-hour recovery of
34 .-sitostarol was about 2-fold higher in the WKY and SHRSP rats than in the WKA rats. Lymphatic absorption of C-
cholastero! was also higher In WKY and SHRSP rats compared with WKA rats, but the difference was smalfer than in the case
of sitosterol. The remarkabls increase of sitosterol absorption in WKY and SHRSP rats was observed between 9 and 24 hours
after the administration. In SHRSP rats, lymphatic absorption of sitosterol betwean 0 and 3 hours was also higher than those
in the other rat strains. Markedly less esterified *H-sitosterol was detected in lymph than 1*C-cholesteral in all strains, and in
WKY and SHRSP rats, only a small increase in the esterified forms of sitosterol and cholestero] was observed. Although the
incorporation of micellar *H-sitosterol and 7C-cholesterol into intestinal brush border membranes was higher in SHRSP rats
than in WKA rats, no difference was observed between WKY and WKA rats, These obsarvations suggest that the incorpo-
ration into the brush border membranes and the esterification of sterols are not the major determinants for the hyperab-
sorption of sitosterol and cholesterol in SHRSP and WKY rats. Secretion of sitosterol and cholesterol in the bile of rats fed a
plant sterol mixtura was lower in SHRSP than in WKA rats. These results suggest that WKY and SHRSP strains deposit plant
sterols in the body by enhancing the absorption and lowering the excretion of plant sterols. These strains of rats may be

suitable models for studying mechanisms of differential absorption of various sterols.

Copyright © 20071 by W.B, Saunders Company

N ALMOST ALL animal models and humans, intestinal
absorption of plant sterols is undoubtedly low compared
with cholestercl.}2? The mechanism underlying the discrimina-
tion of absorption of these sterols is an enigma yet to be
solved.3 Our previous study suggested a possibility that the low
absorbability of sitosterol may be due to the high affinity for
bile salt micelles and hence, a release of sitosterol as a mono-
mer from the micelles and the incorporation into intestinal
brush border membranes are less efficient.? However, it is
known that phytosterclemic patients who deposit plant sterols
in their body absorb plant sterols more efficiently than normal
subjects.** Because phytosterolemia is a rare inherited disease,
it is assumed that carrier proteins are involved in the hypera-
bsorption of plant stercls. Although gene defects in 10 families
with phytosterolemia were localized to chromosome 2p21,5 no
candidate genes were found in this regicn and hence, mecha-
nisms underlying the high absorbability of plant sterols in these
patients have not yet been elucidated. The reason for this
uncertainty is attributed to a lack of an appropriate animal
model for this issue. We report bere that the 3 strains of WKY,
spontaneously hypertensive (SHR) and stroke-prone spontane-
ously hypertensive (SHRSP} rats, can deposit plant sterols to a
significant extent as compared with Wistar and WKA rats. The
SHRSP strain was genetically separated from the SHR strain,’
which was originated from the WKY strain® To elucidate
causes underlying the deposition of plant sterols in these rat
strains, the lymphatic absorption and the incorporation into
intestinal brush border membranes of plant sterols were exam-
ined. It has been reported that the secretion of plant sterols in
bile in sitosterolemic patients is less efficient than that in
normal subjects.* This may be another reason for the high
deposition of plant sterols in their body. Therefore, biliary
excretion of sterols was also measured in SHRSP and WKA
rats.
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MATERIALS AND METHODS
Materials

[22,23(n)-*H] Sitostero] (specific activity 814 GBg/mmol, Amer-
sham, Buckinghamshire, England) was kindly provided from Kao Co,
Tokyo, Japan; [4-'C]cholesterol (55 mCifmmol) was purchased_from
Amersham.

Feeding Study of Plant Sterols

Groups of 9-week-old male WKY (WKY/NCrj, inbred, SPF, Charles
River Japan, Kanagawa, -Japan), SHRSP (SHRSP/Sea, inbred, SPF,
Seac Yoshitomi, Fukuoka, Japan), Wistar (Sea: Wistar, outbred, SPF,
Seac Yoshitomi) and WKA (WKA/Sea, inbred, SPF, Seac Yoshitomi)
rats were fed a purified diet (AIN-93G)? containing 10% safflower oil
and 0.5% plant sterol mixture (Merck, Darmstadt, Germany) for 2
weeks, The composition of the sterol preparation was in weight per-
cent, sitosterol, 54.9; stigmasterol, 3.9; campesterol, 37.6; campestanol,
0.4; and sitostanol, 1.5. The chemical structure of some plant sterols is
shown in Fig 1. At the termination of the feeding period, rats were
fasted for 7 hours, and blood was then withdrawn from the abdominal
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