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ity of HeLa S3 cells, and is faster than traditional animal
models using nude or SCID mice.

In cell-based therapies, huge numbers of cells are
transplanted at the site of the lesion; most problematic
among the risks is their potential neoplastic transforma-
tion or contamination of transformable undifferentiated
stem cells. Therefore, susceptibility to xenotransplanted
tumor cells has to be as high as possible. We examined
the transplantability of NOG mice in response to a much
lower (10'") dose of HeLa S3 cells. Unexpectedly, half of
the NOG mice (5/10) inoculated with this dosage showed
tumor formation in their subcutaneous spaces at 78 days
after transplantation. Fig. |1 shows the growth curve of
engrafted HeLa S3 cells in NOG mice. The tumors grew
progressively and formed a large spheroid mass, although
it was localized at the inoculation site and did not invade
surrounding areas. A necrotic core was usually observed
in advanced tumors (Fig. 2A). Almost all tumor cells,
except for the necrotic tumor tissue, were positive for the
cell-cycle-regulated nuclear protein, Ki67 antigen, which
is widely used as an operational marker of proliferation
(Fig. 2B). To determine the origin of the engrafted tumors
in the NOG mice, serial sections from formalin-fixed,
paraffin-embedded tumors were treated with an anti-HLA
monoclonal antibody using the immunoperoxidase stain-
ing method. The immunohistochemical reactivity of the
anti-HLA monoclonal antibody with the tissue sections
demonstrated that the engrafted tumors originated from a
human source (Fig. 2C). HeLa S3 cells are immortalized
epithelial cells obtained from a human cervical carcinoma
(Masters, 2002) and retain the original characteristics of
those cells. Moll er al. (1982) reported that the antibod-
ies for cytokeratin component 18 strongly stained a vari-
ety of tumors of epithelial origin. Therefore, we checked
the expression of cytokeratin 8 and 18 intermediate fila-
ment proteins (CK8/18) as an epithelial marker. Fig. 2D
illustrates the immunohistochemical reactivity of the anti-
CK8/18 monoclonal antibody with a tissue section from
subcutaneous tumors. Tumor cells were strongly stained,

but cells in the stroma were negative. These results dem-
onstrate that the engrafted tumors were progressively
growing, originated from human HeLa S3 cells, and were
not spontaneously generated by mouse cells.

Manufacturers and regulatory agencies have been
developing scientifically based guidelines for the use of
cell substrates for biologicals (2006, Center for Biolog-
ics Evaluation and Research, Food and Drug Administra-
tion (CBER/FDA)). The use of an animal model known
to be susceptible to tumor formation by tumorigenic cells
has been recommended. Due to their immunodeficiency
(T-cell deficient), athymic nude mice have been the ani-
mals most commonly used for tumorigenicity testing. In
this study, we demonstrated that NOG mice are more sus-
ceptible to tumor formation than the nude mice tradition-
ally used. This suggests that NOG mice may be the best
choice when identification of a weakly tumorigenic phe-
notype or a small contamination of transformable undif-
ferentiated cells is important.

104
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102 4

107 -

20 40 60 80
Days after inoculation

Tumor volume (mm3)

Growth curve of subcutaneous tumors in NOG
mice formed by inoculation with 10' HeLa S3 cells.
Closed and open circles indicate male (n = 2) and
female (n = 3) mice, respectively.

Fig. 1.

Fig. 2.

Histology and immunohistochemistry of subcutaneous tumors in NOG mice formed by inoculation with 10' HeLa S3

cells. Serial sections were stained with H&E (A), Ki67 (B), HLA (C) and h-CK8/18 (D). B to D shows the boxed area

in A at higher magnification. Scale bar, 50 um.
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Change in Characteristics of Human Mesenchymal Stem Cells during the In Vitro Culture
—c-myc Gene Expression and Chromosome Aberrations at the c-myc locus—
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We investigated mRNA expression of c-myc and chromosome aberrations at the c-myc locus in the same passage
number of human mesenchymal stem cells (hMSCs) . To understand the sensitivity of mRNA expression and the induc-
tion of chromosome aberrations, we first tested them in hMSC and cancer cell lines (HeLa S3, HOS, and OUMS-27).
The c-myc mRNA expressions in HeLa S3 and OUMS-27 were significantly higher than those in hMSC, but then those in
HOS were not. On the other hand, c-myc aberrant cells detected by fluorescence in situ hybridization in HeLa S3, HOS,
and OUMS-27 were significantly higher than that in hMSC. Both analyses were performed in hMSCs derived from five
donors for the culture period of 50 days. In hMSCs from one donor, the frequency of c-myc aberrant cells significantly
increased at 20 and 50 days respectively, and each mRNA expressions had a tendency to increase, but there is no sig-
nificant change among 3, 20 and 50 days. In hMSCs from the others, both endpoints did not change for 50 days. For safe
use of somatic stem cells in the regenerative medicine, the investigation of characteristic change of them during the in
vitro culture is important. In the present study, we showed the mRNA expressions and chromosome aberrations of
hMSC:s in in vitro culture as the first step for establishing of safety evaluation of tissue engineered medical devices using
normal hMSCs.

Key words——human mesenchymal stem cells (hMSCs); c-myc gene expression; copy number of the c-myc locus;

(HeLa S3, HOS, OUMS-27)
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i (hMSC) @ invitro TOEZEHMPIZBITSH
[EOZELICDWTHNT A2FEL LU TR FREL
NNV ERBEL XNV TORERITEZRAUBETE
c-myc CRBIZITo /=,

2 B 5 &

1. #MREaRUEE

bt MREREHME : 5 K —dkoD hMSC (Lon-
za Walkersville, Inc.) %, Mesenchymal Stem Cell
Growth Medium (MSCGM) |Z Mesenchymal Cell
Growth Supplement (MCGS) ZMA/=##hTEh
FhEELE THhTFhO R;F—1F#IT Table 1 iz
~Y.

E M FEEMABIHL : HeLa S3 (JCRB Cell
Bank) X Ham’s F-12 Nutrient Mixture [KHZ& G
AZEEM] 12 10% fetal bovine serum (FBS) %Nz
FoEEMTHIEL .

bt FEREME c HOS [KB AR BERK] 12
minimum essential medium (MEM; Eagle) iZ 0.1
mM non-essential amino acid (NEAA) & 10%FBS
(Intergen) ZINA/-IEHITHIEL /=

b hELE BRI : OUMS-27 (JCRB Cell Bank)
I3 Dulbecco’s modified Eagle’s medium [DMEM ;
H7k®#Z#]) 12 0.1 mM NEAA & 10%FBS #inx
ToREHTRE R L /2.

2. Real time (RT)-PCR [ & % mRNA RE R
DEEMRET  hMSC, HeLa S3, HOS, OUMS-27
725 RNeasy Mini Kit (QIAGEN) # F\T total
RNA ZiHB L 7=, #filH L/ total RNA @ cDNA ~
D¥ #5513 First Strand cDNA Synthesis Kit for RT-
PCR (AMYV) (Roche Diagnostics) Z Yy Tiro 7=,
FNThOFE® c-myc ® mRNA FBE L ~JLizD
WT Real time RT-PCR EICTHE L7z, FweT

Table 1. Donor Information of hMSCs

Lot No. Age Race Sex

hMSC-A  3F0664 19Y  African American
hMSC-B 4F1560 23Y  African American
hMSC-C 5F0138 19Y  African American
hMSC-D 5F0972 20Y  African American
hMSC-E 4F0218 21Y Other®

ZE2EEZmm

Lonza Walkersville, Inc. a) Except for Asian/Oriental, Caucasian,
African American, Hispanic and American Indian.

4 ¥ —Ii3, Forward: 5'-GCGAACACACAACG-
TC-3", Reverse: 5-CAAGTTCATAGGTGATTGC-
T-3 T, PCR R, 95°C T 108, 50°C T15%,
NRCTRHBZAOYALZNIT2E. —FH, NDZR
F—VE >V #MEF &L T Glyceraldehyde 3-pho-
sphate dehydrogenase (GAPDH) @ mRNA R %
&L, PCRERERSA 125 —HAE b
mRNA ER 7514 ~v—+t v b (Search-LC) ZFW»
Tiro . ERBYMHTIZ, Light Cycler Fast Start
DNA Master SYBR Green I (Roche Diagnostics) %
BT Roche Light Cycler (version 4.0) TfTo /=,

3. REEBEEEFISHICLD ccmye O —¥
BRI hMSC OREFEFEFRILTFOLS
IZEMLUE, INEI E O(0.02ug/ml) T—RGALFE
L, PUF> > THilaZEIRL . 75 mM KCliE
HTHEE20 PHERLELEOS, BV THEK
CKkBEft : A% /=) =1:3E¥%) TIEBEL
7. HIlEBEEEZASA RYSAICHTL, BRAE
v, 3HOEEMENKORAEELRIX, J)
3K (0.1-0.2ug/ml) T2-4BEENEL LIS
{3, hMSC ERIERICER L 7=, REAHGHEBO
EERFLTRAEL, SRPYEZRE L THREHK
BEHBL. emye O —¥EERITIL, k0
SRIEXDMBEICEKETE S FISH (fluorescence in
situ hybridization ; 8¢ in situ N\ TV F A ¥ —3
3) EEEBALEMN, FISHRiTEERZEREN
AEHRALZEZIRIZERAL, —200CIZREL
7=.

FISH #7113, c-myc @ DNA 70— (Spec-
trum Orange &%, VYSIS #tf, ¥E) ZFH W/, c-
myc SEETII S HREEOERDERIC T+
BB INDN, ToO—TENEN (# 120kb)
FORMRTL S STV OERZEENTES &
WHF RS D,

7O—7DNA % 70°C T 5 ML xE,
<IKHB L. Hefafs DNA #FHS 1201,
254 RTSAETOCCDT0% T+ WVAT I REGHK
IZ4MBL, T<IIKBLE0%TY J—)LicH
L, TOHEETTSE5%,100% % /— )iz LTH
REMESETe. ASARTF2REREL LT D—
7 DNAEEFERTAN—YSATEWL, B E
R=N—R KETL—)#, 37°CT—HNT TV Y
A XERE. AT VA XTI, 45°5CD 50%
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F# VAT S F¥T3E, 2Xsodium saline citrate
(SSC) # T 1@, 0.1% NP-40 5% 2XSSCH#T
1EI%#H L. TORBREBRIET, 4,6-diami-
dino-2-phenylindole (DAPI) Counterstain (VYSIS
#) T bL, #EEMB (Nikon E600) T
HEL.? c-mye I —HRFEOBEEZ, | M3
=0 2 MU ED S )b &R DRI 300 @iz D
WTiITW, 237 FIOMREER, 3>7FIVEL
Lo rregOMRERKELE. AERERE
TR rEEERAWEY

& x

9, B MEHBKEERS#E (hMSC) &3
HEOE FMEEME (E N FEBRMNAHEMIE
HeLa S3, &£ hEAMMA : HOS, & FRERIE
fifd : OUMS-27) DB %E{To /. Fig. 1 IZH
EEBITEZTRT. hMSC TOBIL TIT 46 &I
=2 ®RTAMmERLE EEMERICIDOVTII,

hMSC-A 40 cells
30
20
10
62 cells
2
©
o
- = 1
- 50 cells
£
=

|0w8_27] 50 cells
20
10—
04346 50 60 70 80 90

Chromosome number

Fig. 1 Distribution of Chromosome Numbers in hMSC-A
and Cancer Cells (HeLa S3, HOS, and OUMS-27)
The numbers in the upper-right corner indicate those of metaphases, for
which the chromosome number was counted. The normal chromosome num-
ber for human is 46 indicated by a dotted line.

Hela S3 fifla B UfF HOS fliflgiz T+ £ 67 £ R U
BERIZE =V ERTHMAERLIA, OUMS-27 #
RTIEIEL >R —2137<, 69-TBExEZFLEL
TRIEWRHZERLE, 6EKIZE—2 2HDIEH
RREEESHERLEZIMSCIZHL, 3ESEOD
BEMRRENTNORGBEBIHICK S LB N
A5N, TRTEHERBRRERDZBDOTHo /-,
Figure 2 |Z c-myc @ mRNA FH3H L ~) & Refa kR
WEZRT. mRNA $H L ~)L % GAPDH O#fxt
&L TRL, REFEREIZIDWTIZ 300 Mia9ic
BEzhREHREN S RO -REHRREZRL
7=. c-myc @ mRNA FEH L X)L [Fig. 2(A)] i3,
hMSC 12l ~XT HeLa S3 RTF OUMS-27 TIZHE
KEORHELXREM2EHOD, HOS TIREE R E
v ohhahok BE). —4FH, FEELAX
IWTORMWMIE®E (Fig. 2(B)] 1, HeLaS3 R U
OUMS-27 iZBWVNTIREESH 100% T VEHBE
AL, HOS TR IS%BEOREMBEETH -~
A, BEHRRH S%LLITFO MSC & T3 &3
HEITARATOEEARETHAEICEVWRAREERL
7= (PHE).

HKIZ, hMSC @ in vitro TOEELM P IZHIT 2
BEFRELAXNVOERE e-mye I —H R R
izfTok. £ 5 RF—H¥ED hMSC (hMSC-A,
B,C, D, E) I2D\WT, %M 160 HREZTO
WM % Fig. 31" L7, EDMilabigik S0 H
H<EVNETREBNISHEELTWSY, ZOR
RTRMREEY R —MTEICEA 100 521 L b8
S>TWik, ELTEO#IIE DM b MR E R
RIETFLTEE MEEEIIDODVWTRENRTILO
FF—RMTENASNEN, SEFWVL hMSC i
Eh$ Lonza Walkersville tt E DA L 7= H DT,
FOMRBUAEZI—ETHZ2LEbN 20, &
BERBEN=ThThoBAENKEKETD
bHoOEELZENS,

KRB ARz R ERER SRR O
BELTHWIHEERAEOBE, £6ANSEDH
L T in vitro THAEETIHMIZFE WL 5 B
PIREW, 2T, ZBIMEERERER - ER
REBEESOME L THERBMEREZAVWIBEZE
EL, RUZEEMMA (BLEDIZRELSOH
LAR) Te-myc DF{LICDOWTRE LR, 5 K- —
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Fig. 2 c¢-myc Gene Expression (A) and Chromosome Aberrations at the c-myc Locus (B) in hMSC and Cancer Cells (HeLa S3,

HOS, and OUMS-27)

(A) The relative expressions of c-myc to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in hMSC, HeLa $3, HOS, and OUMS-27 were investigated by
quantitative real time-polymerase chain reaction (RT-PCR). Mean values with SDs from three independent experiments are presented. Asterisks denote statistically
significant differences compared with hMSC (**p<0.01, *p<0.05) . (B) Frequency (%) of c-myc aberrant cells in hMSC, HeLa 53, HOS, and OUMS-27. 300 in-
terphase cells were analyzed after hybridization with the c-mye probe. **p<0.01 by a chi-square test.

—#— hMSC-A
—e— hMSC-B
—~a— hMSC-C
—&— hMSC-D
—=— hMSC-E

0 20 40 60 80 100 120 140 160
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Fig. 3 Proliferation of hMSCs
hMSCs were seeded at a density of 6000 cells/cm? and when they were
just subconfluent they were subcultured and then counted the cell numbers.

myc @ mRNA B L X)L EREEL X)L TOZEL
IDWTHBRA LS % Fig. 4 12779, hMSC-A,
B, C, D T3, HE:3MM 50 HEAIZBT S e-mye
@ mRNA EE L X)L &ar—¥iciz, &%
FREOshiaho/k, LhHL, WMSCEIZBWT
13, cmyc O —EE AR B 20 HMIT 7.7
%, 50 HFT 13.7% & 553 B B OB Iz 01
L, 3AM (3.3%) Ich_RTWwTFhbEZmm
NAHSNE, —FH, mRNA LARIIZDWLWTIZREE
20 HMI KU 50 HRIT 3 HMICH R THEE@ETIZ 2
EEREEOEMERMNASH-bOD, Wbkt
¥NICHEERZEREBED NN, T/,
hMSC-A |2 50 HEARE B S E VT, 2L ACHAM
La<izfiRELNZDSNIREY T TEHEL
7. EFEFIR 152 HMOMAERIC BV B c-myc FISH
FRATIC R D O — B REMBERERE LR B
WHHRIEA 15.7% THD 3 HM (5.0%) ITH~RT

FEBNAGED S,
HERETHIIEhEEFOE  ES Mgtk T
FRIZARYT L7 comye O — ¥R ¥ M % Fig. 5
\RY., REBARFBREER W RERCEEIC
ERNMORIZZ3/MOE b ES MR EEESR
ZHMELUTHEWA, KhES20D3 » HIS%HELT
X, TOEEMBRLID DEER ccmye O —%
REMRROEMAEEINA, T SITHEEET
712 » FEOEATREERZREDShzho ik,

* =

cmycid, fMRSHZRETLIT7 7N ERERS
MARKET) OFTERLEI<ASH-BETFD I
DT, ZLOPAICERLTWLEZ ENSh>TW
5., FEHROZERPAENLIIRDZTOAL—Z
EEEAET2EEEHTTH D, HEEEIZHEE
D Ioiz, BESEEOIPS HIREHOEIZE
AShB4D0BEFOIBED1DTHHD, F0O
#® MARET) THDcemye 2BV 3IR/ET
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Fig. 4 Change in c-myc Gene Expression and Chromosome Aberrations at the c-myc Locus of hMSC-A, B, C, D, E during the in

vitro Culture

Expressions of c-mye relative to GAPDH were investigated by quantitative RT-PCR, Mean values with SDs from three independent experiments are presented

in the line graph. Frequency (%) of c-myc aberrant cells is presented in the bar graph,

**p<0.01, *p<<0.05 by a chi-square test.
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Fig. 5 Frequency of c-myc Aberrant Cells in the Three Hu-
man ES Cell Lines Supplied by Dr. Suemori (Kyoto Univer-
sity) as Chromosome Preparations

300 interphase cells were analyzed after hybridization with the c-myc
probe. **p<{0.01.

BANDEZIMUEEZREEVSHBT ZHTHD, £
BRIZEERICBWTRMRRZFIATIHEITI3, &4
REERPSIMOHMLUZDS in vitro THE% L TH

300 interphase cells were analyzed after hybridization with the c-mye probe.

MERAZTHERSRL., FOREBRBICBVWTH
N—HRICABEREENEETLEBE, *
DHBEOHAACELEZBORSHIIERTER
Wi, FOk%, B in vitro EEBPOLTLOE
RIBEETHLLEEX, AMRTRBROFHRLL
T2EVDEE BEFLANTORREIE—K
BHE) ZAVWTITW, RUBEGETFE cmyciz2W
TRIRFICRETL 7=,

Y, MR EEEBEERZEZRWT ccmye @
mRNA RE LX) O —-EEBITDODWTERL
FeEZA, TORRIZIIBVWAASN (Fig. 2).
HeLa S3 BT OUMS-27 O L S IR &E L NI TD
REMEELS 100%FVWESHBICDOVTIT,
mRNA EH LX) bRl XTHEICH W E
ZaRLEN, BEMBREN IS%EETH 7= HOS
Ti3, mRNA REL ~N)LICE#E (hMSC) &0
FEREGED SN, E5iT, EEicEH
R DRI T OFH 2 485E U/ BRIz B3
EEFNZIZDWTS c-mye ® mRNA L)L &
E—HToBRMERICIGEVAA SN (Fig. 4).
vz 5 K>+ —H*ED hMSC (hMSC-A, B, C, D,
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E) §XTIZHBWT, c-myc ® mRNA B L X)L
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HHRELBIZIDODWTR S KF—9F D1 KR+ —
(hMSC-E) IZBWTHEMXHEM (~13.7%) A8
Honik., LLELOBEREMS, RAKL NIV TORE
HENER IR WHRTIZT® mRNA EFH L ~N)L
CLEBREMNMRENTL 5%, EEMERBN15%
BE (ODENEEMEMNSXEELHELTIIR
HHREDINZDELIFENTWSIRE) DM
Tid, mRNA BB L XNVICBWTHEBERELLZR
HTERWAEEEZRLTWS, ZOZEn5,
hMMSC Z I U EXFIROMMERE OIER RS
c-myc MEETEIZELTIE, BETRHEOBRMET
TRLIAE—HOBRMZTOVENH D EEZEASN
=, F£7=, e-myc UADOEEIZ DWW T B RO
EoTWBLEDLHDTHAD.

AR TIE, MO in vitro HEERM B DLk
IZDONTHETLADOXD IVHEEES =D
DE—$H L LT c-myc ZHWT mRNA 5EH - ~)b
LIE—HTO2DOD0HETHRHELEERZRL
= 'BAEES ZEELAEELBICATT, 4
ROEESGECHNIC X 2FFAMBORTUERZED
ZEL TN IENEETHAD.9

#EE EEPOE - ESHREEAZREHRLTHE
WeRE AR BAEER AP EAEER, R
R E L BT ET. AR, IS

La— A IOAREMATE BHRSEH
U 7 i e A A B 0D B T & R B Al o AR A L
BRUBEEHEE TRE) 2708k, R—4omE
&, DALEOMHBERVIEHEFIZLLZ2EEERAO
HIZBET AR TEREI N -HRO—ETH 5.
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To investigate the metabolism and distribution of
docosapentaenoic acid (22:5n-6, DPA) in the liver and
testis of growing rats, 22:5n-6 was administered to their
dams. Newborn rats with a low hepatic arachidonic acid
(20:4n-6, AA) level were generated by administrating a
diet rich in docosahexaenoic acid (22:6n-3, DHA) but
n-6 fatty acid (FA) free to pregnant dams. After
parturition, 22:5n-6 or linoleic acid (18:2n-6, LA) was
administered with a high level of 22:6n-3 to the dams
until weaning. At weaning, the hepatic 20:4n-6 level was
significantly highest in the DPA-DHA but not LA-DHA
diet-fed animals. The hepatic delta-6 desaturase (D6D)
mRNA abundance was significantly lower in both the
LA-DHA and DPA-DHA diet-fed animals, connoted
with the 20:4n-6 content recovered by 22:5n-6 that did
not involve D6D and supporting the occurrence of
retroconversion in the liver of the growing rats. The low
D6D level in the 3-week-old testis was not in proportion
to the elevated 22:5n-6 level, implying that early
testicular 22:5n-6 accumulation might require supply
from the circulation system.

Key words: docosapentaenoic acid; docosahexaenoic
acid; arachidonic acid; delta-6 desaturase;
retroconversion

Docosahexaenoic acid (22:6n-3, DHA), the most
abundant n-3 fatty acid normally present in human and
animal tissues, has specific functions in the brain and
retina."™ It has been reported that infant formula
containing 22:6n-3 was associated with improved
growth and development.®® Moreover, formula con-
taining 22:6n-3 has been shown to enable preterm
infants to achieve immune development similar to that
seen with breast-milk feeding.” Arachidonic acid

(20:4n-6, AA), which is important in cell membrane
phospholipids and serves as the precursor of eicosa-
noids, is maintained at a constant level under normal
conditions in vive. It has been shown that breast milk
containing 20:4n-6 contributed to infant development.®
There is also report that 20:4n-6 deficiency in preterm
infants may lead to impaired growth over the first year
of life” In studies on 22:6n-3 supplementation,
however, a high dietary intake of 22:6n-3 resulted
not only in an increased 22:6n-3 content, but also in
a drastically decreased 20:4n-6 content.'%!") This de-
crease in 20:4n-6 has been proposed to be related to
the inhibition of delta-6 desaturase (D6D), reducing
the synthesis of 20:4n-6 from linoleic acid (18:2n-6,
LA). Both 22:6n-3 and 20:4n-6 are essential compo-
nents for infant growth and development, and a lack
of either may lead to impaired growth. Therefore,
the 20:4n-6 decline caused by 22:6n-3 still requires
a solution.

The docosapentaenoic acid (22:5n-6, DPA) content in
most organisms is low, the n-3 isomer of 22:5n-6 in
most fish oils being at a higher level than the n-6
isomer.!? It is also known that 22:5n-6 is S-oxidized to
20:4n-6,'>16) and that a deficiency of n-3 essential fatty
acids in animals causes a compensatory rise in the
22:5n-6 level in the brain/retina,'”!® although the
physiological function of 22:5n-6 has not yet been
clarified. In our previous in vivo and in vitro study,
22:5n-6 was found to blunt the decrease in 20:4n-6
level, but 18:2n-6 could not prevent the same decline in
20:4n-6 caused by a high 22:6n-3 administration level,
implying that the 20:4n-6 level increased by 22:5n-6
supplementation was not affected by 22:6n-3.'%

There has been no previous report on the effect of
22:6n-3 on the 20:4n-6 level from pregnancy; studies on

' To whom correspondence should be addressed. Fax: +81-3-5978-5751; E-mail: fujiwara.yoko@ocha.ac jp
Abbreviations: D6D, delta-6 desaturase; D5D, delta-5 desaturase; FA, fatty acid; PUFA, polyunsaturated fatty acid; GC, gas-chromatography
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the effect of 22:5n-6 and 18:2n-6 on the biosynthesis of
20:4n-6 conditioned by high 22:6n-3 supplementation
are also limited. It would therefore be valuable to
compare the effects of 22:5n-6 and 18:2n-6, the two
possible sources of 20:4n-6 accumulation, under a high
22:6n-3 administration level on the accumulation of
20:4n-6 in pups from pregnancy to weaning.

A second objective would be to clarify the source of
the testicular accumulation of 22:5n-6 during growth,
because it has been found that 22:5n-6 was present in
a high concentration specifically in rat testis, where
the level of 22:5n-6 has been found to be independent
of the kind and quantity of oil in the diet.'” Therefore,
the testicular 22:5n-6 accumulation was investigated in
newborn and weaned rats to clarify the source of 22:5n-6
in the testis during growth.

Materials and Methods

Materials. The DPA-DHA oil prepared from a single-
cell marine microbe was presented by Suntory (Osaka,
Japan). Safflower oil, rapeseed oil and soybean oil were
presented by The Nissin Oillio Group (Tokyo, Japan).
DHA-35G oil was presented by Japan Scientific Feeds
Association. All other chemicals and reagents were of
analytical grade.

Animals and diets. All procedures for the use and care
of the animals for laboratory research were approved by
the Animal Experiment Ethics Committee of Ochano-
mizu University. Eleven-week-old Wistar rats were
purchased from Sankyo Labo Service Corporation
(Tokyo, Japan). All the rats were initially fed on a
commercial diet (CE-2) from Nippon Clea Co. (Tokyo,
Japan) for one week. The animals were housed individ-
ually in an air-conditioned room at 23 =+ 1°C witha 12h
light-dark cycle and were given the experimental diets
and water ad libitum.

The test schedule was shown in Fig. 1. After coitus,
the dams were fed with DHA-rich oil (DHA group: n-6
FA-free diet) or safflower oil (SO group: n-6 FA-rich
control diet) until parturition to generate newborn rats
with low hepatic 20:4n-6 content. At birth, the dams
were subdivided into the LA-DHA group (LA, 26%)
and DPA-DHA group (LA, 17%; DPA, 7.8%) with no
difference in body weight (data not shown). Before
breast feeding, newborn pups with similar body weight
were randomly selected from the DPA-DHA and
LA-DHA groups to provide 5-10 samples for an
analysis of the FA composition and D6D mRNA
expression level at birth (week 0). The dams in the SO
group continued to receive the same diet. The newborn
pups were breast-fed for 3 weeks until weaning.

All the diets were prepared by mixing 5% (w/w) of
the experimental oil mixtures with the basal diet. The
basal diet, which was prepared according to the stand-
ards given by the American Institute of Nutrition
(AIN), was provided by Eisai Co., and contained the

Al Birth

Pregnancy Breast
Feeding
ow

At Weaning

-3w w
DPA-DHA DHA diet | DPA-DHA diet
LA-DHA DHA diet | LA-DHA diet
SO SO diet S0 diet

Fig. 1. Experimental Design and Diets Given to the Dams,

SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA,
22:5n-6-rich diet; —3W, three weeks before parturition; OW, at
parturition; 3W, at weaning. All the experimental diets were
administered to dams. Analyses were conducted at the birth
(week 0) and weaning (week 3) stages.

Table 1. Fatty Acid Composition of the Diets (%)

SO DHA LA-DHA DPA-DHA
16:0 8.8 20.1 7.0 40.7
18:0 33 4.4 29 .22
18:1(n-9) 16.2 21.2 319 4.4
18:2(n-6) 70.9 3.0 26.0 17.3
20:4(n-6) 0.0 0.0 0.0 0.0
22:5(n-6) 0.0 0.0 0.0 7.8
18:3(n-3) 0.9 0.0 54 0.0
20:5(n-3) 0.0 10.8 0.0 0.0
22:6(n-3) 0.0 40.4 269 28.8

Each Value is expressed as a percentage of weight. SO, safflower oil diet;
DHA, DHA-rich diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich
diet.

following percentage of ingredients according to weight:
casein, 20; glucose, 25; sucrose, 25; cornstarch, 15; filter
paper, 5; mineral mixture (AIN-76), 3.5; vitamin
mixture (AIN-76), 1; choline bitartrate, 0.2; and DL-
methionine, 0.3. The oil mixtures were prepared as
follows: (i) SO diet, safflower oil; (ii) DHA diet, DHA-
35G oil; (iii) DPA-DHA diet, DPA-DHA oil /safflower
oil, 4:1; (iv) LA-DHA diet, (Soybean oil /rapeseed oil,
1:1)/DHA ethyl ester(65:35). The total amounts of n-6
and n-3 fatty acids in the dams’ diets were adjusted to
similar levels (Table 1).

Tissues collection. All animals were killed by blood
collection from the abdominal aorta. Collected tissues
were washed by saline and stored at —80°C.

Lipid analyses. Lipids were extracted from tissues of
the rats by the method of Folch et al.?") Each lipid
extract was methyl esterified with HCl/methanol by the
method mentioned in our previous paper to measure the
composition of fatty acids in the tissue.” The fatty acid
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methyl esters were measured by gas-liquid chromatog-
raphy (Perkin Elmer AutoSystemGC; Palo Alto, CA,
USA) with a Rascot Silliar 5CP capillary column
(0.25mm x 50m; Nihon Chromato Works, Tokyo,
Japan) under the conditions previously described in
detail. ™

Real-time PCR analysis. Total RNA was extracted
from the tissues by the acid guanidinium-phenol-chloro-
form method.” The mRNA expression level of D6D
was determined by the real time PCR method.

The Primer design of D6D was based on the
sequences obtained from GenBank and the location of
the open reading frame as determined with TagMan
Applied Biosystems Primer Express 1.0 software. The
forward and reverse primers used were as follows:
(5'-GTTCTTCTTTCTCCTCCTGTCCC-3') and (5'CA-
TTGCCGAAGTACGAGAGGAT-3'). Each sample was
subjected to quantitative real-time PCR, using the
GeneAmp 5700 sequence detection system (Applied
Biosystems).

Statistical analysis. Each result is shown as the
mean + SD. The significance of differences was eval-
uated by analysis of variance (ANOVA) and the
Bonferroni-Dunn post-hoc test, or by Student’s r-test.
Analyses were performed by using the StatView
(System 4.02) computer package or Microsoft Excel
software.

Results

Growth parameters and tissue weights

No significant differences in the food intake and body
weight gain were apparent among the animal groups
(data not shown). We conclude that the administration of
the various dietary PUFAs had no adverse influence on
the growth of the rats.

Effect on the fatty acid composition in the liver of
pups

Pregnant dams were fed by the DHA-rich diet for
three weeks until parturition, and the hepatic fatty acid
composition of the pups was investigated at birth
(week 0) (Table 2). The 22:6n-3 content in the DHA
diet was incorporated into the newborn liver of the DHA
group feeding dams with the DHA diet containing only
3% of 18:2n-6 as the n-6 fatty acid successfully in
created a newborn liver with a significantly low level of
20:4n-6 compared to the SO group. The other major n-6
FAs were at a very low level (18:2n-6) or not detected
(22:4n-6 and 22:5n-6) in the newborn liver of the DHA
group.

The low 20:4n-6 environment created at birth pro-
vided an appropriate platform to compare the efficiency
of 18:2n-6 and 22:5n-6, the two possible sources of
20:4n-6 accumulation. 18:2n-6 and 22:5n-6 were re-
spectively supplemented with 22:6n-3 in the diet for the

Table 2. Fatty Acid Composition in the Liver at Birth (Week 0)

SO DHA
18:0 15.1 £ 047" 12.8 £ 023"
18:1n-9 5.87 + 0.63 4.76 +0.37
18:2n-6 13.24 1.25* 2.70 £ 0.13%
20:4n-6 13.6 £0.71* 4.99 4 0.29
22:4n-6 1.78 £ 0.11 ND
22:5n-6 2.45+0.14 ND
20:5n-3 ND 0.90 +0.17
22:6n-3 4.99 +0.34° 7.88 = 0.38"

Dams were fed on the experimental diets for 3 weeks until parturition. The
FA composition in newborn liver was analyzed by GC. Each result is
expressed in nmol/g of tissue by the mean & SD (n = 5-10). SO, safflower
oil diet; DHA, DHA-rich diet. The significance of differences between
different dietary treatments was analyzed by Student's t-test. Bars not
sharing a common roman letter are significantly different (p < 0.05).

Table 3. Fatty Acid Composition of the Milk (%)

SO LA-DHA DPA-DHA
16:0 20.7 227 243
18:0 2.9 2.7 39
18:1(n-9) 13.1 124 9.8
18:2(n-6) 17.0 6.7 6.4
20:4(n-6) 0.6 0.0 0.4
22:5(n-6) 0.0 0.0 1.2
18:3(n-3) 02 1.1 0.0
20:5(n-3) 0.0 0.3 0.0
22:6(n-3) 0.0 2.8 6.1

Each value is expressed as a percentage of weight. SO, safflower oil diet;
LA-DHA, 1B:2n-6-rich diet. DPA-DHA, 22:5n-6-rich diet.

dams to feed the LA-DHA and DPA-DHA groups. To
confirm whether the various dietary PUFAs had been
incorporated into the milk of the dams in each group, the
milk was collected at weaning (week 3) for a fatty acid
analysis (Table 3). 18:2n-6, 22:5n-6 and 22:6n-3, which
were the major PUFAs in the dams’ diet, were found to
have been incorporated into the milk. The fatty acid
profile in the liver at weaning (Week 3) is shown in
Table 4. Although fed by dams whose diet had been
supplemented with a high 22:6n-3 content, 18:2n-6 and
22:5n-6 was respectively incorporated into the liver of
the LA-DHA and DPA-DHA pups. The 18:2n-6 level
was significantly higher in the LA-DHA group, and the
22:5n-6 level was significantly higher in the DPA-DHA
group. The level of 20:4n-6 in the liver of the weaned
DPA-DHA group was significantly higher than that of
the LA-DHA group. Comparing the 20:4n-6 levels in the
livers of growing rats in the LA-DHA and DPA-DHA
groups, 22:5n-6 was found to be more effective in its
contribution to 20:4n-6 accumulation when administered
with a significant amount of 22:6n-3.

Effect on the D6D mRNA expression level in the liver
of the pups

D6D, the rate-determining enzyme in both the n-3 and
n-6 pathway, was investigated in the liver of the
newborn rats (week 0) (Fig. 2). The mRNA expression
level of D6D was significantly low in the DHA group
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Table 4. Fatty Acid Composition in the Liver at Weaning (Week 3)

SO LA-DHA DPA-DHA
18:0 16.7+£0.92 17.4 £ 037 16.8 £ 0.42
18:1n-9 6.87 £+ 0.78* 4.55 4+ 0.24° 4044019
18:2n-6 18.7 + 1.88* 7.69+0.17° 593+021°
20:4n-6 16.8 = 1.08* 5.74 +0.21° 8.44 + 0.45°
22:4n-6 1.73£0.16 ND ND
22:5n-6 2.93 +0.14° ND 2.09 £ 0.20
20:5n-3 ND 2204£0.12° 0.83 £ 0.09"
22:6n-3 3.84 £ 0.30° 22.8 + 1.68° 228 +143%

Dams were fed on the experimental diets for 3 weeks until weaning. The FA
composition in the weaned liver was analyzed by GC. Each Result is
expressed in nmol/g of tissue by the mean & SD (n = 3-6). SO, safflower
oil diet; LA-DHA, 18:2n-6-rich diet: DPA-DHA, 22:5n-6-rich diet. The
significance of differences between different dietary (reatments was
evaluated by an analysis of variance (ANOVA) and the Bonferroni-Dunn
post-hoc test. Bars not sharing a common roman letter are significantly
different (p < 0.05).

Relative D6D mRNA level

SO DHA

Fig. 2. Effect on D6D in the Liver of Newbomn Rats (Week 0).

The mRNA expression level of D6D was measured by real-time
PCR. Each result is expressed as the relative concentration
(n = 5-10). SO, safflower oil diet; DHA, 22:6n-3-rich diet. The
significance of differences between different dietary treatments was
analyzed by Student’s r-tesr. Bars not sharing a common roman
letter are significantly different (p < 0.05).

liver. The D6D mRNA abundance in the weaned rats at
week 3 is shown in Fig. 3. The D6D mRNA levels were
very low in both the LA-DHA and DPA-DHA group
weaned liver, there being no significant difference
between the D6D mRNA levels in both these groups.

Effect on the fatty acid composition in the testis of the
pups

The fatty acid composition in newborn testis at
week 0 is shown in Table 5. 22:6n-3, which was the
major PUFA included in the DHA diet, was found to be
significantly high in DHA group testis. No significant
difference was found between the levels of 20:4n-6 and
22:5n-6, the major n-6 metabolites in the testis.

The testicular fatty acid composition at week 3 is
shown in Table 6. 22:6n-3 was significantly high in the
testis of the weaned LA-DHA and DPA-DHA groups,
reflecting its effect from the milk of the dams fed with
LA-DHA or DPA-DHA diets. 22:5n-6 in the testis of the
weaned DPA-DHA group was significantly higher than
that of the LA-DHA group.

i
1.8
1.6
14
1.2

1
0.8
0.6
0.4
0.2

0

Relative DA mRNA level

SO LA-DHA DPA-DHA

Fig. 3. Effect on D6D in the Liver of Weaned Rats (Week 3).

The mRNA expression level of D6D was measured by real-time
PCR. Each result is expressed as the relative concentration
(n = 3-6). S0, safflower oil diet; LA-DHA, 18:2n-6-rich diet;
DPA-DHA, 22:5n-6-rich diet. The significance of differences
between different dietary treatments was evaluated by an analysis
of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars
not sharing a2 common roman letter are significantly different

(p < 0.05).

Table 5. The Fatty Acid Composition in the Testis at Birth (Week 0)

SO DHA
18:0 10.1 £ 1.97* 17.5 +2.54%
18:1n-9 4,13£0.27 5.65+1.10
18:2n-6 1.32+0.19 2.19 £ 0.40"
20:4n-6 2934023 2.59£0.21
22:4n-6 0.61 £0.02 ND
22:5n-6 0.34 £0.01 0.51 +£0.10
20:5n-3 ND 0.37 £0.09
22:6n-3 0.65 £ 0.03* 1.78 & 0.02°

Dams were fed on the experimental diets for 3 weeks until parturition. The
FA composition in the newborn testis was analyzed by GC. Each result is
expressed in nmol/g of tissue by the mean £ SD (n = 5-10). SO, safflower
oil diet; DHA, 22:6n-3-rich diet. The significance of differences between
different dietary treatments was analyzed by Student’s r-resr. Bars not
sharing a common roman letter are significantly different (p < 0.05).

Table 6. Fatty Acid Composition in the Testis at Weaning (Week 3)

SO LA-DHA DPA-DHA
18:0 5.43 4 0.08 5.05+0.31 5.61£0.19
18:1n-9 4.85+0.10* 594 +0.51° 4.40£0.23°
18:2n-6 1.40 £ 0.04* 1.49 £ 0.15* 0.95 + 0.05

20:4n-6 5.45+0.22° 3.32 +0.39" 3.52 4+ 0.25"
22:4n-6 0.78 £ 0.02° 0.19 £ 0.03" 0.26 £0.02"
22:5n-6 3.27+0.26* 0.18 £0.02% 0.63 +£0.07°
20:5n-3 ND 0.26 + 0,03 0.11 £0.01°
22:6n-3 0.64 £ 0.02* 3.24+ 047" 2.56 £ 0.24°

Dams were fed on the experimental diets for 3 weeks until weaning. The FA
composition in weaned testis was analyzed by GC. Each result is expressed
in nmol /g of tissue by the mean = SD (n = 3-6). SO, safflower oil diet; LA-
DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich diel. The significance of
differences between different dietary treatments was evalualed by an
analysis of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars
not sharing a common roman letter are significantly different (p < 0.05).

Effect on the D6D mRNA expression level in the testis

of the pups

The testicular D6D mRNA expression could not be

investigated at week 0 due to the limited size of the
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Fig. 4. Effect on D6D in the Testis of Weaned Rats (Week 3).

The mRNA expression level of D6D was measured by real-time
PCR. Each Result is expressed as the relative concentration
(n = 3-6). SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet;
DPA-DHA, 22:5n-6-rich diet. The significance of differences
between different dietary treatments was evaluated by an analysis
of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars
not sharing a common roman letter are significantly different
(p < 0.05).

newborn organs. The results for the testis of the weaned
pups at week 3 are shown in Fig. 4. The D6D mRNA
level was significantly higher in the testis of the LA-
DHA group than of the DPA-DHA group. There was no
significant difference between the D6D mRNA level in
the DPA-DHA and SO groups. Focusing on the results
for the SO group, the low D6D expression level was not
in proportion to the increased accumulation of major n-6
metabolites, especially 22:5n-6, in the testis of the SO

group.
Discussion

Feeding pregnant dams with a n-6 FA-free diet in the
present study successfully created newbomn pups with a
significantly low level of 20:4n-6 in the liver of the DHA
group which provided a favorable environment to
compare the effect of the two possible sources for
20:4n-6 synthesis: 18:2n-6 and 22:5n-6. After 3 weeks of
diet intervention with the dams fed the LA-DHA diet, the
20:4n-6 level in their pups was unchanged from the
20:4n-6 level at birth (Tables 3 and 4). However, inter-
vention with 22:5n-6 in the dams fed with the DPA-DHA
diet resulted in the hepatic 20:4n-6 level in their pups
being increased by 1.5-fold, showing that 20:4n-6 syn-
thesis by 22:5n-6 was more efficient than by 18:2n-6.
Moreover, DHA diet intervention in the dams resulted in
the decline of D6D mRNA expression in both the
newborn and weaned liver of their pups (Figs. 2 and 3).
This D6D decline did not stop the increase of 20:4n-6 by
22:5n-6, which implies that the conversion of 22:5n-6 to
20:4n-6 did not involve D6D and supports the retro-
conversion of 22:5n-6 to 20:4n-6 that had been reported
in our previous study.'” Studies on the retroconversion
of 22:5n-6 to 20:4n-6 in rat liver have reported that
the retroconversion occured with 22:4n-6 as the inter-
mediate, suggesting that retroconversion took place by

direct hydrogenation and subsequent g-oxidation.**)

It has been well reported that a 20:4n-6 decline would
be caused by 22:6n-3 administration in vivo.=?® In the
present study, the hepatic 20:4n-6 decline in newborn
rats resulted from indirect diet intervention by supple-
menting the experimental diets fed to the dams. The
D6D mRNA expression level showed that D6D was
significantly low in the newborn pups fed by the dams
that had received the DHA diet, which may account for
the decline of 20:4n-6 in the newborn liver. As D6D is
the major enzyme catalyzing the rate-determining first
step of the n-6 and n-3 PUFA metabolic pathway, which
involves the conversion of linoleic acid (LA, 18:2n-6) to
y-linolenic acid (GLA, 18:3n-6) and of ALA to 18:4n-3,
the metabolism of 18:2n-6 cannot start without D6D.
There have been studies reporting the inhibitory effect of
PUFAs on the expression of D5D and D6D in the liver
through the regulation of sterol-regulatory element
binding protein 1 (SREBP-1) at the transcription
level.®3% Moreover, it has been reported that the
expression level of D5D and D6D was positively
regulated by SREBP-1 in the liver as a result of the
presence of a sterol-regulatory element in the promoter
region of D6D and probably D5D.*'? According to
these reports, the low D6D expression level caused by
PUFAs in this study was probably related to the
suppression of SREBP-1 at the transcription level.

20:4n-6 is an essential component of early growth.®?
Therefore, the abnormal decline of 20:4n-6 caused by
high 22:6n-3 supplementation still requires a solution.
Our former and present studies provided animal in vivo
and in vitro data demonstrating that the retroconversion
of 22:5n-6 to 20:4n-6 was independent of a high 22:6n-3
administration; this may suggest a solution to blunt the
abnormal 20:4n-6 decline caused by a high 22:6n-3
administration by applying 22:5n-6 to 22:6n-3. A human
clinical study has reported the effect on cardiovascular
risk factors of a marine oil rich in 22:6n-3 and 22:5n-6,
similar to the oil used in this study, showing that the oil
was safe and did not adversely affect cardiovascular
disease.?® In future, human data on the retroconversion
of 22:5n-6 to 20:4n-6 caused by a high 22:6n-3
administration will be required.

In our previous study, a high 22:5n-6 concentration
was unique to the rat testis, where the level of 22:5n-6
was found to be independent of the quality and quantity
of oil supplemented to the diet for mature rats.'® The
testis is an organ that consumes C22 PUFA to transport
the sperm into the vesiculae seminalis.>® At homeo-
stasis, 22:5n-6 as the dominant C22 PUFA in the testis is
believed to be involved in the function of sperm
transportation.* A study on the testicular development
of rats maintained from weaning age to 63 weeks has
reported that rats fed with a n-6 FA deficient diet
suffered testicular degeneration with the loss of germinal
cells and the 22:5n-6 level was being markedly low in
the testis.*® In this study, the fatty acid profile in the
testis of newborn and weaned rats showed that 22:5n-6
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in the testes was at a level independent of the dietary
effect. These results support the unique presence and
importance of 22:5n-6 during the development of this
organ (Tables 5 and 6).

It is known that testicular lipids have an active
metabolism, arising from both dietary sources and from
the processes of synthesis, elongation, desaturation,
interconversion, esterification and oxidation by the tes-
ticular tissue itself,’® although the source of 22:5n-6
accumulation during early growth has not yet been
clarified. In the present study, focusing on the results
for the SO group testis at week 3, the low D6D
expression level was not in proportion to the increased
accumulation of major n-6 metabolites, especially
22:5n-6 (Table 6). This suggests that the accumulation
of 22:5n-6 in the testis at the growing stage was not only
supported by local production, but also by uptake from
the circulation system, which was probably provided by
synthesis in the liver. According to an analysis of mouse
transcriptome, SREBP-1 was highly expressed in the
liver, while its expression in the testis is less than
25%.>") Moreover, the same relative SREBP-1 expres-
sion in these tissues has been reported in rodent and
human tissue.*® The low testicular expression of the
transcription factors may explain the lower desaturase
response observed in the testis than in the liver.

In conclusion, the results of the present study
demonstrate that the conversion of 22:5n-6 to 20:4n-6
was more effective than of 18:2n-6 to 20:4n-6 under the
condition of a high 22:6n-3 administration. A second
finding in this study is the possibility of 22:5n-6 uptake
from the circulation system for testicular 22:5n-6
accumulation during early growth.
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We demonstrated the effect of synthesized sulfated hyaluronan (SHya), which is composed of a sulfated
group and hyaluronan, and basic fibroblast growth factor 2 (FGF-2) on normal human astrocytes (NHA)
activity and its morphological transformation in vitro study. Astrocyte is a kind of glial cell and stellated
astrocyte (activating astrocyte) supports axons network, neurons survival and synaptic plasticity.
Treatment of SHya hardly affected NHA proliferation. However combination treatment of SHya and FGF-2

Keywords: increased NHA proliferation. Treatment of SHya promoted transformation of normal astrocyte into
?ylaf"‘:rz""r':m . a stella morphology (stellation) and combination treatment of SHya and FGF-2 promoted stellation than
;;[::w eg s that of SHya only. Treatment of SHya increased glial fibrillary acidic protein (GFAP), nestin mRNA and

FGF-2 GFAP protein expression in the stellated NHA. The cell-cell adhesion of NHA increased by treatment of
Neurotrophic factors SHya. Treatment of SHya increased heparin-binding trophic factors FGF-2, midkine, and some other
trophic factors mRNA level in the NHA. These results suggested that the treatment of SHya promoted
NHA activity due to enhancing neurotrophins production and the morphological transformation of NHA
and the effect of SHya on astrocytes partly involved FGF-2 activity. These findings indicate that SHya may

be involved in the astrocyte activity and support neurons survivals.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The central nervous system (CNS) comprises neurocytes and
glial cells. Recent studies have suggested that glial cells play im-
portant roles in neuroprotection and neurogenesis [ 1-3]. Glial cells
not only sustain the neuron network physically but also supply
neurotrophic factors to neurons, modify neurotransmission, and
support neuroregeneration. Astrocytes, a type of glial cell, intercede
between neurons and blood vessels and form the blood-brain
barrier. Astrocytes protect axons from injury and promote neuron
plasticity by producing trophic factors, such as basic fibroblast
growth factor 2 (FGF-2) and glia cell line-derived neurotrophic
factor (GDNF) [4,5]. Moreover, astrocytes contribute to neural stem
cell (NSC) proliferation and differentiation and the plasticity of
neurons. Especially in the region of an injury, normal resting as-
trocytes transform themselves into activated astrocytes to perform
their functions. Activated astrocytes themselves, which have
a stellar morphology, increase immunohistochemical reactions of
intermediate proteins such as glial fibrillary acidic protein (GFAP)
and express the NSC marker nestin, and stellation enhances the
production of neurotrophic factors by astrocytes [6,7]. In addition,

* Corresponding author. Tel./ffax: +81 3 3700 1487,
E-mail address: tsuchiya@nihs.gojp (T. Tsuchiya).

0142-9612/§ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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activation of astrocytes increases the production of FGF-2, midkine,
nerve growth factor (NGF), insulin-like growth factor-1 (IGF-1),
brain-derived neurotrophic factor (BDNF), and other trophic factors
that contribute to the survival and neurogenesis of neurons and
NSC. These results suggest that the activation of astrocytes to
supply neurotrophic factors may be an effective therapy for central
nervous diseases [4,8] and repair of brain injury.
Glucosaminoglycans have one or more sulfate groups, which
have negative charge, and these sulfate groups attract growth fac-
tors such as FGF-2 and midkine. Several glucosaminoglycans con-
tribute to the activities of neurotrophic factors. Heparin, a sulfated
glucosaminoglycan, binds FGF-2 and enhances FGF-2 bioactivity in
the central nervous system [9,10). A recent study reported that
chondroitin sulfate, an oligosaccharide that has sulfate groups,
combines with midkine and BDNF to promote neuronal growth in
cultured hippocampal neurons [11]. These pleiotrophin-/heparin-
binding growth-associated molecules, FGF and midkine, contribute
to survival and proliferation of immature and mature central neu-
rocytes and astrocytes. FGF-2 is involved in survival of immature
neural progenitor cells, and FGF-2 (20 ng/ml) and epidermal growth
factor (EGF) (20 ng/ml) maintained neural stem cell proliferation in
vitro [12]. FGF-2 also supported the survival and proliferation of
transplanted progenitor cells in the adult rat striatum [13]. It was
reported that hippocampal cells are generated over the lifetime of
an animal and that FGF-2 stimulates proliferation of these cells to
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a greater extent than EGF [14]. Midkine was identified as a retinoic
acid-inducible differentiation factor in an embryonic carcinoma cell
line, and with the pleiotrophin-/heparin-binding growth-associated
molecules it constitutes a unique family of heparin-binding pro-
teins, which was isolated from rat brains as a neurite outgrowth-
promoting protein expressed during the developmental stage of
rapid axonal growth [15,16]. These reports suggest that glucosami-
noglycans and heparin-binding proteins might be effective in ther-
apy for disorders of the central nervous system and neurogenesis.
Thus, we examined the effects of sulfated hyaluronan (SHya), a novel
glucosaminoglycan, on astrocyte activity in this study.

Heparin has the largest number of sulfated groups in mammalian
tissues, but the number of sulfated groups varies. We synthesized
sulfated hyaluronan (SHya) by sulfating hyaluronan, a non-sulfated
glucosaminoglycan; these synthesized SHyas have regular numbers
of sulfated groups (Fig. 1). In previous studies, we demonstrated the
effects of SHya on cell proliferation and differentiation. SHya in-
creased the adhesion molecules N-cadherin and connexin43 on the
mRNA level in cultured rat calvarial osteoblasts [17]. SHya also en-
hanced human keratinocyte differentiation and altered mRNA levels
of Wnt, Notch1, and Notch3, which play important roles in cell
proliferation and differentiation [18]. These studies suggested that
SHya could similarly affect glucosaminoglycans that enhance FGF-2
and midkine activities. Therefore, we examined the effects of SHya
on normal human astrocytes (NHA) activities, such as proliferation,
morphological change, and production of astrocyte trophic factors.
In addition, we compared the effects of SHya with that of FGF-2
on astrocyte activities and hypothesized the functional mechanism
of SHya.

2. Materials and methods
21. Materials

Sulfated hyaluronan (SHya) was synthesized in our laboratory by the method
reported previously [18,19]. The molecular weight of SHya was 2.0 x 10°, and the
degrees of substitution (D.S.) of SHya were 0.4 and 1.0, as determined by the chelate
titration method (Fig. 1) [20]. Normal human astrocytes (NHA) were purchased from
Cambrex Bio Science Walkersville, Inc. (MD, USA), and NHA culture medium (ABM)
(ANG bred kit) was from Sanko Junyaku Co., Ltd., Tokyo, Japan. Human recombinant
FGF-2 was purchased from BD Biosciences (Franklin Lakes, NJ, USA).

/ OOH"

CH,0H N

H NHCOCHS; Y.
Hyaluronan (Hya)

CH,OR

NHCOCH;
R =803NaorH
Sulfated hyaluronan (SHya)
Fig. 1. Structures of hyaluronan (Hya) and sulfated hyaluronan (SHya). SHya is com-

posed of Hya and sulfated groups. The molecular weight of SHya is 2.0 x 10°, and the
degrees of substitution of SHya were 0.4 and 1.0,

22. V79 colony assay

Cytotoxicity was examined using V79 cells by a colony assay following the
“Guidelines for Basic Biological Tests of Medical Materials and Devices - Part I1l:
Cytotoxicity tests [21]". Chinese hamster fibroblast V79 cells were obtained from
Japanese Cancer Research Resources Bank (Tokyo, Japan) and grown in Eagle's min-
imum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin in a 37 °C humidified atmosphere of 5% CO; and 95% air.
For the assay, 50 V79 cells/m! were seeded on 24-well plates in Eagle’s MEM sup-
plemented with 5% FBS and 1% penicillin-streptomycin. After 24 h incubation in the
37 °C humidified atmosphere of 5% CO; and 95% air, 1 ml of the medium with SHya0.4
(0.1, 1, 10, 50, 100 pg/ml), SHya1,0 (0.1, 1, 10, 50, 100 pg/ml) or without (control) was
added to each well, and the cells were cultured for 7 days. The colonies formed were
fixed with 10% formalin solution and stained with 5% Giemsa solution. The number of
colonies on each well was counted, and the efficacy of SHyas was calculated as a ratio
of the number of colonies in the sample to thatin the control. The data were expressed
as an average of four wells, and the procedures were performed in duplicate.

2.3. NHA MTT assay

Effects of SHya on mitochondrial activity of NHA were measured using
a microtiter tetrazolium (MTT) assay. NHA cells were extracted from a human fetus
at 18 weeks gestation. The basic culture medium was ABM medium supplemented
with 5% FBS and recombinant human epidermal growth factor, insulin, GA-1000,
ascorbic acid, and L-glutamate (ANG bred kit). NHA were seeded into 24-well plates
at a density of 1 x 10*/well in ABM medium at 37 °C in a humidified atmosphere of
5% CO; and 95% air. Stock solution of 100 ug/ml SHya1.0 was made directly in ABM
medium, After 1 week culture with 0.1, 1, 10, or 100 ug/ml of SHya0.4 or SHya1.0, the
medium in each well was replaced with 300 ml of fresh medium containing 6 ml
TetraColor ONE reagent (Seikagaku Corporation, Tokyo, Japan). After 2 h, the ab-
sorbance at 450 nm/630 nm was measured using a plate reader. The data were
expressed as averages of five wells. and the procedures were performed in triplicate.

2.4. Proliferation of NHA cells

NHA were cultured at 37 °C in a humidified atmosphere of 5% CO; and 95% air in
ABM (control), ABM supplemented with 10 ug/ml SHya0.4, or ABM supplemented
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Fig. 2. Viability of V79 cells cultured with SHyas. V79 cells were treated with SHya0.4
or SHyal.0 and cultured for 7 days. Data are expressed as mean + 5D (n=4).
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with 10 pg/ml SHya1.0; all three media were supplemented with or without 10 ng/
ml FGF-2. Stock solutions of 100 ug/ml SHya and solutions of 1 mg/ml FGF-2 were
made directly in ABM medium. The medium was exchanged for a fresh one every 2
days, and NHA were passaged every 7 days. The NHA proliferation data were
expressed as averages of three wells,

2.5. Immunocytochemical methods

NHA cells were cultured in ABM (control) or ABM supplemented with 10 pg/ml
SHya1.0, and both media were supplemented with or without 10 ng/ml FGF-2 for 10
days. Plated cells were fixed in 4% paraformaldehyde for 30 min and rinsed in
phosphate-buffered saline (PBS). Fixed cultures were blocked in 10% blocking re-
agent (Block Ace Powder; DS Pharma Biomedical Co., Ltd., Osaka, Japan) with 0.3%
Triton X-100 and incubated with primary antibodies to GFAP (polyclonal, 1:500,
neuron glial cell marker sampler kit: Millipore, Tokyo, Japan) at room temperature
overnight. After incubation with the primary antibody, cultures were rinsed in PBS
and incubated with fluorescein-conjugated goat anti-rabbit IgG (1:500, Alexa Fluor
488 goat anti-rabbit 1gG; Molecular Probes, Eugene, OR, USA) at room temperature
for 1 h, After incubation with the second antibody, cultures were rinsed in PBS and
incubated for 30 min in 300 nm 4’6-diamidino-2-phenyl-indole dihydrochloride
(DAPI) (Molecular Probes) to stain nucleic acid at room temperature. After in-
cubation, cultures were rinsed in PBS again, and their cells were observed by fluo-
rescence microscopy.
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Fig. 3. Mitochondrial activity of NHA cultured with SHyas. Astrocytes were cultured
with 0.1, 1,10, 100 mg/ml SHya0.4 or SHya1.0 for 7 days, and mitochondrial activity was
measured by MTT assay. Data are expressed as mean < SD (n = 3). Experimental data
showed significant difference from the control group (*, p < 0.05).
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2.6. Scrape-loading and dye transfer (SLDT) assay

The SLDT technique was performed by the method of El-Fouly et al. [22]. NHA
were cultured in ABM for 3 weeks. The medium was changed to a fresh medium
containing SHya 48 h before the assay. NHA cells in a confluent monolayer in 35-
mm culture dishes were rinsed with Ca®*, Mg?* phosphate-buffered saline
|PBS(+)), and the culture dishes were filled with 0.1% Lucifer Yellow (Molecular
Probes) in PBS(+) solution and immediately scraped with a sharp scalpel. After
5 min incubation at 37 °C, cells were washed four times with PBS(+). and the ex-
tent of the dye influx into cells was monitored using a fluorescence microscope
equipped with a type UFX-DXIl CCD camera and a super high-pressure mercury
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Fig. 4. The effect of SHya, FGF-2, and SHya with FGF-2 on the proliferation of cultured
NHA. The concentrations of each regent were 10 pg/ml SHya0.4, 10 pug/ml SHya1.0, and
10 ng/ml FGF-2. Data are expressed as mean + 5D (n = 3).
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lamp power supply (Nikon Co., Tokyo, Japan). The data were expressed as averages
PP PPy I g
of four wells

2.7. Expression of neurotrophic factor mRNA

NHA were seeded into six-well plates. When NHA were semi-confluent, the
medium was changed to a fresh medium containing SHya. NHA were incubated 24 h
at 37 °C, and total RNA was extracted using an RNeasy Mini Kit (Qiagen Sciences,
Germantown, MD, USA). First-strand cDNA was synthesized from total RNA using
a first-strand synthesis system (Invitrogen, Carlsbad, CA. USA). Midkine and BDNF
mRNA were measured quantitatively by a real time PCR light cycler and kit (Roche,
Mannheim, Germany). Primer sequences for amplification were 5-GGCTTGA-
CATCATTGGCTGA-3' and 5’-CCTCCAGCAGAAAGAGAAGAGG-3' for BDNF, 5'-AGC-
CAAGAAAGGGAAGGGAAA-3' and 5'-TGATTAAAGCTAACGAGCAGACAGA-3' for
midkine. For measurements of FGF-2, NGF, IGF-1 and B-actin mRNA, a human mRNA
quantitative 2 step RT-PCR primer set (Search-LC, Heidelberg, Germany) was used.
The RNA preparation and real time PCR in the present study were performed in
duplicate.

2.8. Statistical analysis
Data for individual groups were expressed as mean + SD, and two-way ANOVA
was performed. The Tukey-Kramer test was used to analyze differences between the

control and other groups. In all cases, p < 0.05 was considered significant. Results
were expressed as mean + SD.

3. Results
3.1. V79 colony assay
Treatment of SHya0.4 did not alter V79 cell viability. Treatment

with 100 pg/ml SHya1l.0 tended to decrease V79 cell viability, but
the difference was not statistically significant (Fig. 2).
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3.2. Mitochondrial activity of NHA

Treatment of SHya0.4 did not alter mitochondrial activity of
NHA. Treatment with 100 pg/ml SHya1.0 decreased mitochondrial
activity of NHA significantly (Fig. 3).

3.3. Proliferation of NHA cells

NHA cells increased in number for about 30 days (Fig. 4);
thereafter, they increased slightly. NHA cell body was enlarged
throughout in vitro culture (Figs. 5-7).

Treatment with 10 pg/ml SHya0.4 hardly affected NHA pro-
liferation. Treatment with 10 pg/ml SHyal.0 delayed NHA pro-
liferation, but NHA proliferation had almost caught up that of the
control by 50 days. Treatment with 10 ng/ml FGF-2 increased NHA
proliferation for 50 days, and cell numbers increased markedly
compared with control. In addition, treatment with a combination
of SHyas and FGF-2 also increased NHA proliferation without the
delay effect of SHya1.0. However, NHA proliferation due to combi-
nations of SHya0.4 or SHya1.0 and FGF-2 was lower than that due to
either FGF-2 alone (Fig. 4).

3.4. Morphological change of NHA

Treatment of NHA with 10 pg/ml SHyal.0, 10 ug/ml SHya0.4
with 10 ng/ml FGF-2, or 10 pg/ml SHyal.0 with 10 ng/ml FGF-2
transformed cells into a stella morphology (stellation) in 5 days of
culture (Fig. 5). In 10 days of culture, NHA cell bodies were enlarged

FGF-2
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SHya0.4
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+FGF-2
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SHya1.0
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Fig. 5. Effects of SHya, FGF-2, and SHya with FGF-2 on merphological changes in cultured NHA over 5 days. The concentrations of each reagent were 10 pug/ml SHya0.4, 10 pg/mi

SHyal,0, and 10 ng/ml! FGF-2. The arrow shows stellation of NHA.
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Fig. 6. Effects of SHya, FGF-2, and SHya with FGF-2 on morphological changes in cultured NHA over 10 days. The concentrations of each regent were 10 pg/ml SHya0.4, 10 pg/ml

SHyal.0, and 10 ng/ml FGF-2. The arrow shows stellation of NHA.

compared with those at 5 days of culture (control). Treatment with
SHyal.0 or SHya0.4 plus FGF-2 promoted NHA stellation, and
treatment with SHya1.0 plus FGF-2 promoted NHA stellation dra-
matically (Fig. 6). After 20 days of culture, NHA cell bodies were
enlarged markedly compared with 5 days of culture (control).
Treatment with SHya0.4 plus FGF-2 transformed the NHA cell body
into a thin cell body like a stella. Treatment with SHyal.0 partly
promoted stellation but prevented cell body enlargement. Treat-
ment with SHyal.0 plus FGF-2 promoted stellation markedly.
Treatment with FGF-2 alone or FGF-2 with either SHya prevented
cell body enlargement (Fig. 7). In 10 days of culture, treatment with
SHya, FGF-2, or both increased GFAP and nestin mRNA expression
and increased GFAP protein expression. These increases were
markedly increased by the combination of either SHya plus FGF-2
(Fig. 8).

3.5. SLDT assay

The SLDT assay estimates cell-cell adhesion and gap-junctional
intercellular communication by quantifying dye introduction into
cells. Treatment with 10 ug/ml SHyal.0 increased dye influx into
NHA significantly (Fig. 9).

3.6. Effect of SHya on mRNA expression

Treatment with SHya1.0 with or without FGF-2 increased FGF-2
and NGF mRNA expression. Treatment with SHya1.0 or FGF-2 in-
creased midkine and IGF-1 mRNA expression. The combination of
SHyal.0 and FGF-2 increased midkine mRNA expression re-
markably. Treatment with 10 pg/ml SHya1.0 increased BDNF mRNA

expression, but the addition of 10 ng/ml FGF-2 prevented BDNF
mRNA expression due to SHya1.0 (Fig. 10).

4. Discussion

Current evidence indicates that astrocytes not only help main-
tain the physical structure of neurons but also contribute to
formation of synapses and neural plasticity, in which astrocytes are
transformed into active astrocytes (stellation) [5]. Therefore, as-
trocytes may be an effective target for therapy of central nervous
system disorders and synaptic regeneration [23]. The purpose of
this study was to elucidate the effects of SHya on astrocytes activ-
ities. We synthesized the sulfated hyaluronans SHya0.4 and
SHya1.0, which have different numbers of sulfated groups, to esti-
mate the quantitative effects of the number of sulfated groups in-
troduced. First, we examined the biocompatibility and toxicity of
SHyas on cultured cells. Nagahata et al. showed that 500 pg/ml
synthesized SHya increased alkaline phosphatase activity in rat
calvarial osteoblast [17]. A colony assay showed that SHya0.4 and
SHyal.0 did not reduce V79 cell viability but treatment with 50 and
100 pg/ml SHyal.0 tended to reduce. MTT assay showed that
SHya0.4 did not change mitochondrial activity but treatment with
100 pg/ml SHya1.0 reduced mitochondrial activity of NHA. Treat-
ment with 10 ug/ml SHyal.0 tended to decrease mitochondrial
activity, but the difference was not statistically significant. From
these results, we suggested that 100 pg/ml SHya declined NHA
proliferation and activity and we used 10 ug/ml SHya in the
following study. Several glucosaminoglycans contribute to the ac-
tivities of neurotrophic factors, and heparin, a sulfated glucosami-
noglycan, binds FGF-2 and enhances FGF-2 bioactivity in the CNS



