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4 Ay Disctton of mdoroglia with several bormamohistochomical
£, Az roateds @ 36 hoafivr 1 al (o and by e DAy B ¢ and 0 BEL o O LD (0 and b)Y Telencephaton {telencepbalic wall snd
smimn 3t mzﬁl &1 telencephatio walls {2 wod §) basal ganglin, Seale bass: 150 gy g and b and 30w fod (1 M il goll mdex. faand BYED-1 and
;d d; tha- f-positive tmgroghe wore cowsvd in contrel {white squore) and 3Az0treated iblack squarey nh.nwpim ie wall (o and o and bassd gangdin (b and Q0.
g eaifieantly ditforeny frony the contrad group (Sadont’s rtest), The number of marker-positive celly Invreased eveept tor fho- | -positive colls in basal

ab ganglio at 36 b Iba-Topositive ramified microghis wore
shagrved in conteod tssue (o) b SARC-domuged tssu, aotivsind amoobeid microghal colls pxpressed both [ba-1 and ED-1 () *Blood celly diar wore non-
specifically lebeled. Seale ban 50 pen. (83 Electron wivsogeaph with lectin (BS-D ataining. Dewdritic or spindle coll in controd {23 and » rounded vell that has
phagecviosed spapatc colls in the SArC-romed telencephalon (b Lectn siaindng in the membrane s shown as a black siggmal,

gngiia i () Double smining of $s-1 fgvesnd and B (red) To conteol {2y and SAsU-trcated () B

deseribed in Muterlals and methods. 333 genes were Wemtified (336 {response 10 woundsh the exwacelolar marrix. glycolysix and neural
gepes increased and 299 genes dosressedy of which 317 wore developiment were found o be tp-regulated in our neievoarray analy

exprossed sequence tags {E8T%) (eney whose exprission showed ¢ {Table 1) Realtime PCR was thon used 1o confinm the mBRNA
greater than b.5-fold increase or decrease are shown in Table 1. Gones gupression levels of sevesal genes whose expression levels were
categorized by DenMAPP a8 important in glial vells, inflammation significantly altered i the DNA microamsy analysis.
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Fus 4 bapression of eytokines fmporrant in the induction, profiferation and
activation of mizoplisl colls, {L vontrol group: 54z, S-azacyvtidine-reated
srougp. Levels of banor sestosls fagtor (TN ey, interleukin L1 and MCSF
mHEMA wore doweted by RT-polymerase chuln reaction, Thelr expression was
slovated betwsen 34 and 60 b Ghaenddehyde-3-phosphaie dehydrogenuse
(AP was included us an intemol controd,

5AzC

cont.

Fi 5. Gliad fiilury acidic proawi-pesitive astrocytes were not observad in
coptrod (A and Oy and S-azacytidine (FAz0 -treated (B and D welencephalon ot
36 hotA and By ‘lbia:slwgzixa%h wall: (O and 1) basal ganglia, Seale bar, 50 jun,

The microglial gene marker tha-1 way up-regulated at 24 b, This iy
gonfimmed by owy dili}}aszleizssawc%mmuzm resulis of sn increase in tha-1-
posiiive microgha i the SAzC-frcated group (Fig. TA), Other matkers
of cells from macrophage lneages, Lgaled/galectind, Mif and
pyteopontin (Walther er ol 2000; Imal & Kohsake, 2002 Calandra
& Ruger. 2003 Sano o7 ol 20030 Chol et al., 2004 were also up-
reguiuted between 24 and 36 h{Table 1) The clevated expression was
confinned by real-fime PCR (Fig. 6A) We detected osteopontin
staining i phagovptoie mivroglial cells that coexpressed ED-1
{Fig, 68). Furthenmore, various genes related 1o résponse to wounds

{inflaimation} were up-regulated fom 24 16 36 b {Table 1), sugpesi-
ing that. even in the developing brain, the inflamumatory response I
fduced by injury. Indeed, we detected elevated expression of thee
cywlines, 15, M-CEF end THF-q, that aze related 1o inflapaytion
and mderoglial setvation, as montioned sbove (Fig. 43 We vould nom
dorert the up-regulation of these oyvtokipes in the DNA micrpamay
anabysis boeause -1 and A-C8F were not prosent in the miersaray
used iy this smdy, and the expression of THF .y was 100 low 1o
evaluate.

ﬁle expression of gones invobod s the regulnton of e

KA ecih, lar wairin and ghyeolysis \%a:, clevaled between 24 and

’*2 in the SA2C-treated growp (Teble 1. Confirmisg our microarray
Tt‘suiifé mih roab-time POCR, we show the uperegnladen of Pebal, 3
gene coding for an enzyipe lovobed in colfagen wynthesis, and Phnl,
encoding 2 glyeniviie enzyme (Fig, 6. Ca and Oby, which suppors the
microartay dala showing that these gonos were changed by 5AxC
treatment. The expression of genes redared o powal development was
also chunged between 24 and 48 h (Table 1) Conlimning our
microarray results with regltime POR, we show that the expression
of #uf15, a prowth factor haporaat for brain development, was alse
clevated with resl-time POR (Fig, 6, Ceb

The cxpression of genes involved in profiforation. ccll cvele control
and gpoptosis was also changed between 24 and 48 b (Tabde 1) These
changes may be related 1o the cell evele alwrations affer SA2C
treatment of may be hnporgnt i the recovery of profiferation,

Discussion

Euirinsic stresses can negatively affoet bradn development. Tresoment
with eytotoxic chemicals Teads w apoptotic cell death in embryonic
brafns and brain malformation in noonatel pups. Howsver, the
wnderfying prococss between these two stages 13 largely vaknows. én
the present s‘uﬁy we found that the developmental process sooms

continue afler injury. as was showa by our histopathology work
{Fig. 1y and analysis of cell cyele kineties (Fig. 23, indicating that the
fetal brain maistains the capueity for ropalr and recovery Woveard tasue
damage. Cur results also suggest that damage In the developing brain
nitizies regencration more casily than in adults. Although the adull
brain can reproduce nowrons, astrocyies and ﬁ%xgﬁdmdu‘wcyks aficy
brain injury (Mugavi o7 ol 2000 Dostseh, 200%; Pleard-Riers e o/,
20043, the degree of regenemation i pot significant. However
fegeneration ovcurs rapidly afler dumage in the developing brain
{Shimada & Tangman, 1970 Houle & Das, 1983 Ovanagl e @l
1998y which s consisrent with owr results. After an injury., the
plasticity seen i embryoniy brains appears greater than that observes
i adult brains, This is possibly due 1o groater prolifesation of nevrsl
progenitor cells (Fig, 2y and the lack of asocyric responses (Fig. 3yin
the embryonic brain, a5 discussed later. Thas, our exporimental mods]
may offer imponanmt information on the mechanisms of brain
regeneration.

Here we show that brain injury stmulated microglia o participats in
the repair process, o feast. by clearing dead cells, These microglia
could have originsted intrinsically. as shown in Fig, 3C thar microglia
changed therr morphology from quiescent {ramified) w0 activated
{amoeboidy type. Following this scbvation process, microglial cclls
scemed 1o express ED-1 as previously reported tMilligan of o, 19911
Alrernatively, microglia Infilirated from the surrounding mesenchymal
areas, blood vessels or ventricles, as thelr presence near the pla mater
of the elencephalic wall suggests (Fig. 3A). Indeed, these tissucs arc
the sources of the monoeytes and homatopoietic cells thal eventually
form microghia (Serokin er al. 1992 Coadros & Navascues, 1994

% The Autliors (2006} Jownal Compitation ¢ Federation of Burupesan Newroscience Socictics and Bluckwell Publishing J1d
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Repair process of fetal brain afier dumage 2763

TABLL 1. Gene expression changes during the repair period of the rat fetal telencephalon after S-azacytidine tcatment

Avcession no, Cienes 2M4h ok 48 h

Glial ecll

NM_017196.)

Tha- 1 Zallografi inflammatoy factor § (AlTD

1,85 & 088

34201

NM _031832.) Lectin. galuctose binding, sofuble 3 {Leals3)/gafocun. 3/ Mac 1.85 £0.3] -
NM_021770.2 Ofigodendrocyte wanseripiion factor 1 (Oligl) 183 £ 047 -

NM 1335011
Al102437
AF4411I80

Bram protein 43-like (3mda). apoposis-regulanng basic prowin
Zine finger protein RP-§ (Rartus aorvegicusyy programmed cell death protem 2
BNIPIL protein (Baip3l)/Bell

AF2I65340.4 GLAST-1a/ solute carrier family §. member 3 (Skeiud) - 1771 002 1.6} .« 1138
Inflammation. response o wounds
All69104 Platelet factor 4 {PFd1/smalf inducible cyviokine sub-family B. wwmber 4 1.71 = 0.08
(Scybdy/ Uxeld
NMOGI2889. Vaseular cell adhesion moleenle 1 {Veamty ~1.78 = 0,07 ~1. 85 £ 024 -
AB(01382.1 Osteopontin/secreted phosphoprotein 1 (Sppls - 230+ 043 -
NALOR105L1 Muacrophage migeation inhibilory factor (Mif) - 1.68 1 0.03 -
NM_D53843.1 Fu receptor. 126G, low-affinily 11 (Fegr3) - 1.67 4 0.06 -
AR11618 ESTs. wenkly similar to complement clg sub-component. B chuin precursor - 1.59 £ 0.03 -
(Rars norvesicus)
NM 01251201 Beta-2-microglobulin (B2m) 1.35 £ 0.10 -
1AM3R3427 Interleukin 6 signal wansducer 1116sty/gp 130 munsducer chain (gpt3t) - - 1.31 = 0.0]
BI285183 Thyimus cell surface antigen (Thy by - - -1.72 - 085
BEIIHOS3 ESTs, highly similar to complenent-activating component of RA-rcactive - - -1.31 3 004
factor precursor §Crar: Mus mesealusy
Extracelludar niris
BM390457 TGE-bets masking protein large sub-unit (Libphy 204 = 0,52 - -
NM_D24400.1 A disistegrin and metaluprowcinase with thrombospondin motits 1 1 Ademisl) 1.67 = 0.6 - -
B127440] Prolyl 4-hydroxylase alpha sub-unit (P4hal) 1.50 - 008 - -
AF30541%.) Fype 11 collagen (Col2al) . 17 =021
BEIHITSR2 ESTs. highly similar to procallagen alpha 1 {1V} procursor [Wus auesculus) - 1.65 = 017
AITTHIRS Hyaluronan-mediated motility receptor { Hmmr/ Rhamm) - - 1.51 2002
Al179127 Swall proteoglycan 1/biglycan (Bgn) bone canilage prowelycan | precussor - - -1.56 + 047
Glycolysis
BM389769 Highly similar to A-phosphafroctokinase (Ruirus aorvegicun ) JA3 : 0.04 - -
NM 0308341 Monocarboayiate ransporter (Meid)/ Sic16al 222 007 1.90 + 0.26
Al348699 ESTs, highly similar 10 galactakinase (us muscnlus) 1.84 £ 0.53
NM_(113190.] Phosphofructokinuse, liver, B-type (PRI - 174 2021 -
NM_017023)) Lactate dehydrogenase A (Ldha) - 168 £ Q.43 -
BI2R3BR2 ES I's. highly similar to glicose-6-phasphuic isomerase (Mus muscidis) - 1.63 £0.29
NM 03532071 Pyruvute hinase 3 (Pkm2}/pyrus aie hinase, isozymes M1/ M2 - 1.55 £ 0.03
Neural development
NM_130753 1 Fibroblast growth factor 15 (Fafl) 1.73 £ 0.28 - -
1312743585 Weakly similar 10 neuronal olfactomedin-relaied ER localized protein 1.6 1 0.04 - -
precursor (Nomr: Ragrus norvegicis)/ noclin/ olfactomedin 1 101/ pancostin
NM 0191611 Cadherin 22 (Cdh22) 206 =010 237 =06 -
NM 033744 Peha-like homolog (DIk1)/ Pref-1 160 = 0,13 2108 £070 1LRS = 0.1
JO25%2 Apolipoprotein E (ApoE) 1.50 & 0.06 -
NM_053429.1 Fibroblast growth fctor reeepter 3 (Fgfrds - - 159 = 0,09
NM_030%36.1 Neuronal leucine-rich tepeal protcin-3 tLind) -1h2 1 0.2] - -
M55292.1 Neural recepror protein-tyrosine kinuse (TrkB3) -1.56 4 N.06 - -
NM 0243821 airy and enbancer of split 3 (Hes3) ~1.53 £ 013
AW L4823 ESTs, highly similar 10 Soil.A precursor (sunilin-related receptor precursor) ~1.37 =014
GMus nurscailus)
NVI_033346 Neuritin (Nm) ~ -1+ 0.0% -
BUAGEIYR Supcrior cervical ganghi neural speeific 10 (S 0/ stathmin-like 2 {Stmn2) - - ~1.34 1038
NM_033634.1 Pluteler-activating factor scetylhydrulase, isoform 1b, alphal sub-umit (Pafah 1b3) - - ~1.53 - 143
Cell cvele/prohiteration
NM_D12588 1 Insulin-like growth facior-binding protein (igfbpd) 250 %043 - -
NM_133298.1 Glycoprotein {transmembrame) amb (Gprimb) “oslcoactivin 303 015 I =074 241 2010
NM_ 0127601 Lust on wransformanon 1 {Lusth) - 1,94 - 007 1.98 ¢ D15
MROTOR. | inhibitor of DNA binding (1) - 1,65 =029
Al714002 ESTs, moderately similar to cell proliferation antigen Ki-67 (Mo mescedus) LAR £ 019
AWS33924 Exportin 1 {Xpol-Crml. yeast, homalog) 152 2026
AARGR420 ESTs. highly similar 1o uracil-DNA glycosylase precursor {Ling: Afus nruscidis) =201 £0.2 ~ -
AlF99423 ESTs. lughly similar to growth amest and DNA-damage-inducible protein ~1.91 £ 0.03 - —-
{GadddS gamma: Rarnis aunvegicis
NM 019348.1 Sonutostatin recepror sub-upe 2 {Ssicd) ~1,62 1 0.0} - -
Al412150 ESTs, weakly stmilar to DNA-binding protcin inhibitor (1d2: Rartus novyegicus) ~1.57+0.12
AY 04324061 Regulator of G-protein signaling 2 {Rgs2) ~1.53 =0.07 -
NM_D31762.1 Cyclin-dependent kmasc inhibitor 1B (p27. KipD) (Cdhalt) - ~1.63 =023 -
BEI1307Y ESTs. weakly similar 10 nueleolin (Nucl: Raires nomegicis) - - —}.85 1022
Apoplosis

-1.66 & 0,62
-1.63 = 0,480
-1.51 =022

Fold change is presenred as the mean = S1) of two anays. Genes that showed a greater than 1.5 x increase or deerease are shown,
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Fio. 6. The cepression of genes during the repair porlod, {A) The expression
of genes related to mdcrogha and influnomatory responses (responses w
wuum!m"} mRNA fevels of Loaled (a), MU (b md osteopontin ¢}, which
wepre up-roguiated i the DMA microurray analysiz {able 1), were deteeted by

real-time polymorase chain reaction (POR) White bar, control grey bar
3—a;au}<m§me Az Hremed group, Fold change relative to the control s
reprosenied an the mean 5D of three dums. Iooreases in expression wers
conststent with the results of the DNA icreavray analysis {(Table 1
R D05 xxgm% antly difforcnt from controd (Student’s Hest), (BY Osteo-
pontin-labeled microghia v the SA2C-trcated relencephalon. () Telencephadic
wall; ¢h and o} basal ganglin: 36 b after 3220 teatment. Microghial cofls were
double-labeted for osteopontin {zreen) and ED-1 tred) dok *Blood cells tha
wore non-specifically lubeted. Scale bar, 50 pm. (O} Expression of genes
important in the exwacciular matriz. glyvolysis and aeeral development, The
expression of Pahal G exvracellular mateing, Pl (b, glycolysis) and Fgfls
te, neurnd developmenty was enamined by real-time PUR. The representations
are similar o those s A

Kaur ef «f. 20011 although some studics indicate that microglia can
alse arise panly fom a neurcepithelial lincage (Cundros & Navaseues.
$998).

We tarther identdfled many uprepulated genes whieh indicate the
prasence angd activarion of microghal eells by using PCR and DNA
migroarrays. fba-l and Lgals3/galectind are both expressed in
phagoryiotic cells (Walther e o4, 2000: Tmai & Kobsaka, 2002; Sanu
ef af.. 2003}, ndicsting that infiltrating microglis express these genes.
Indeed, the number of Hha-L-positive microghia increased dramatically
after injury (Fig. 3, Ab and Be). Some genes invobved in inflummation
were also up-regulated durlng the repalr process, suggesting that
meural cells have & capacity w mespond to damage and lo nitine the
repatr process, followed by the activation of microglia. Dsteopontin is
gapressed on amoehold microglia in the devcloping bealn, and is
imporiant in regulating migration and phagocytosis (Chol e wl,
2004). Here we found thar the expression of oyteopoiin mRNA was
uperegulated and thut protein production was detected in phagoeytotic
amochoid microglia (Fig. 68} Brain damage induced by etyluitros-

ourca (2 DNA-damaging agent) aboe leads 10 vp-regulation of

<

wsteopontin during the recovery phase (Kemyams ¢ of, 20058,
suggesting that osteopontin may play an imporast rele in i repair of
the developing bealn, In addidon, we found Ineressed expression
fevels of threy cytokines fuvelved i the aciivation of microghial cells,
TNFe, A1) and M-CSF (Fig. 43, 95 well as increases of Mif (Table |
and Fig. 6. Abj. o cytokine w vith profnflanmmmery effects (Calandia &
Roger, 20033 The respective genes play roles in the bwducion,
proliferation md setivation of microglia (Makajios & Eohsaka, 2001;
Haniseh, 20023, and thely expression s npreguised by eyclophosph-
amnide-induced injury to fomd brains (Hao e #f. 2000a). TRF-4 i3
expressed i mdcraghn and wowal progenbior eolls, and colony
stimulating favter | recepior {USE-1R), encoding an M-USF recoplor,
in microglial colls {Hao or o, 2001ab, 2002} These reports ndicule
the importanve of these syiokines for activating sicroghial vells in the
developing brain, ¥t is koowsn that microglis release vwo ivpss of
opposing signaling moleesles, oviotoxins and sowrotrophic factors
{Nakajima & Kohsska, 2008, so finther investigation of microglial
function in this model s needed o clenify thelr role except for
phagooytosing dead colls.

Moreover, we found clevared lovels of mavkers for two other types
of ghal eoll oligodendrooyies and ssworytes. The cepressions of
Olig-1 (Zhow e . 200600 and Fof3 (Bansal o2 ol 200037, markers of
oligndendrosyie precumors, were elevated, dithough thelr role i our
study remains unclear. Glasi-1 i a glwtamate ansporier whose gene is
expressed in astroovies i the adolt brein sz well as on newmal
progenitor ¢olls (radial gling in the developing brain (Hanfuss o ol
2001) We cannot determing whether the increase thay we obsepved i
this marker was due 1o mereased exprossion by mdividusd cells orto an
increased number of neural progenitor vells eapressing Glas-J. We
cauld not find any clue that astrocyies panicipate in the repatr process
i our model beeanse the expression of GFAP and 51004, marker for
astroeyies. is not clevated in our DNA mieronrmay snalysis and we
conld not detect any OFAP-positive astrocyres {Fig. 5) This B
consistent with the faet that ssirocyvies are generaled in the late stuge of
the erbryonic period. On the other hand, astrocyies primurily mediste
the repair of lestons in the adplt brain with microglia {Fasveent & Asher,
1999; Siiver & Miller, 2004), Glind sear avd myelinaclated proteing
ke Mogo are. however, known 1o inhibit the regenoration of injured
ot bradn, Token together. this suggests that the embryvonic brain
might rogencraie more easily because tobibhiors, such as astrocyles or
matuee oligodendrocytes, are seant or absent in the premaal stage,

Weo frther identified ug-reguisted pones that are important for

sieacethdar maix, glyeolysis wnd weural development, We helieve

that admwost all ol the up-regadated genes thay v detected were induced
iy response 1o chamical-induced damage and dn the subsequen
recovery, and not vie the DNA-demethyiatiag offerts of 3420, This s
confirmed by the fact that gones whose axpressions are known 1o be
regulated by DNA methviation, such as GFAFP and 57000 (Takizawa
et af,, 2001 Namibim ef of., 2004, Fup o2 of ) 2008}, are not clevated
in our model. This suggests that 340 exerts 115 dumaging sffect 5ot
by DNA domethyiation but rather by BNA éamagc 28 discussed in our
previous repont {Ueno or o 20063,

The extravellular mutrix bs important s the remodeling thar oconrs

alter Ussue dumage. SA2( treatment increased the gone expression of

varions types of collagen, lamdnin (132 £ 001 % increase at 24
and proteases {Table 1) Lsi«mi*yszs 15 wsually induced under hypoxic
conditions. Chomigal injury might induce hyposxis-like conditions,
causing neurn] progeniter colls 10 uproguimc glveolytic pones.
Hypoxia-inducible factors are the key bamseription factors that
respond 1o liyposic conditions and control various targst genes relaied
w vascularization, glicose wpteke/glyoolysis, ervibropolesis. el
(Bracken e ol 2063 Michicls, J0043 We observed slevated

< The Auwhors (2006). Journal Compilation & Federation of Furopean Nevrosewnee Socicties and Blackweli Publishing Lig
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expression of two hypoxia-inducible factor igets. Pdhal and Phm?
(Fig. 6, Ca and Cb) (Bracken ef al.. 2003). Further work is necessary
to examine the expression of these (ranscription factors.

The expressivn of genes related 1o newral development s altered
during the repair process, suggesting that tissue remodeling occurred.
The normal. controfled expression patterns of these genes during brain
development are critical for the formation of the complicaied regional
patterning of the brain (Rubenstein ef of., 1998: Grove & Fukuochi-
Shimogori. 2003). We observed expression level changes in pattem-
ing-related genes that are expressed in a restricted region of the
telencephaton, including Fg/13 (Gimeno er af..- 2003y, Lhx3 (Sheng
ot al.. 1997, Lhx2 (Monuki ¢f al., 2001). Dix3 (Eisensiat ¢ ol., 1999}
and BF-7 (Dou er al.. 1999), although most genes are not shown in
Table | because the fold change in expression is less than 1.5 (LAxd.
142 2 017 x increase at 36 he LAx2. ~143 & 0.04 > decrease
24 h: DS, ~1.35 = 003 x decrease at 24 h: BF-1, —1.34 = 0.03 x
decrease at 24 h), Tt is unclear whether these changes in expression
reflect changes in cell populations cxpressing the genes or if they
reflect mechanisms controlling the proliferatiun, differcntiation and
patlerning response to tissue dumage. 1t would be interesting 10
cxamine how these types of genes affeet the following bran patterning
after prenatal injury. In addition. other genes are targets of the brain
signaling molecules Wi, Fgt and Shh, which play critical roles in the
proliferation, differentiation and patterning of the developing brain
(Almann & Brivanlou, 2001; Salic ¢ al.. 2005). For example. Lell
(142 = 0.06 = mcrease a1 36 1) is a transeription factor in the Wnt
signaling pathway (Galeeran er al, 2000). Fgfi3 s an Fef receptor
{Johnson & Williams. 1993: Bansal ef ul., 2003) and the expression of
Fgfl5 is induced by Shh (Saitsu er ol 2005). Some of these growth
factors may influence the preliteration or differentiation of neural
progenitor cells and help the regeneration. We therefore have to
investigate the cffect of these growth factors on the vell eyele kinetics
in more detail (Caviness & Takahashi, 1993),

We show here that the developing brain has the capacity to respond
to the dmmage induced by exwinsic chemical stresses. including
changing the expression of numerous gencs and recruiting microglia
ta aid the repair process. The degree of damage induced by extrinsic
stresses, and the extent of fhe subsequent repair process, would
dramatically influcnice the Tevel of abnormalities that would appear in
the neonatal brain. Qur present results offer important insights into the
mechanisms of repair and regeneration in the developing brain,
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dehydrogenase: GEAP. glial fibrillary acidiv protein: {L, interleuking M-CSE.
macrophage colony stimulating factor: PCR. polymerase chain renction: TNE
umor necrosts factor: VZ, ventriculay zone,
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Abstract

The effects of pregnancy on CYPs protein level in the liver have been investigated in our previous study. Since pregnancy was associated with
a decrease in CYPs protein level, the objective of this study was to investigate whether CYPs protein can revert to the virgin control level after
delivery. Western blot analysis was performed to investigate the changes of total nine CYPs protein (CYP1A1, CYP2B1/CYP2B2, CYP2CS,
CYP2C12, CYP2D1, CYP2D4, CYP2EL, CYP3AI and CYP4Al) at three distinct phases: delivery (postpartum day 0, PPD 0), peak lactation
(PPD 14) and on weaning (PPD 28). By PPD 0, CYP1A1, 2B1, 2B2, 2C6, 2E1 and CYP4A1 were markedly down-regulated when compared with
virgin controls. By PPD 14, however, CYP1A1, 2B1, 2B2 and CYP2C6 returned to the virgin control level. All the decreased CYPs during
lactation were at the virgin control level at PPD 28. The expression of CYP2C12, CYP2D1 and CYP 3A1 did not differ between lactating, post-
lactation and virgin control rats. CYP2D4 was not detectable in microsomal proteins obtained from virgin control rats at a protein loading of 20 ug

total protein per lane.
© 2005 Elsevier Inc. All rights reserved.

Keywords: CYPs; F344 rat; Western blot analysis; Lactation

Introduction

The cytochrome P450 (CYP) enzyme system is extremely
important for the metabolism of xenobiotics as well as
endogenous substances, such as fatty acids, prostaglandins
and steroids (Lind et al., 2003). Expression of CYP isozymes
(CYPs) is also known to be influenced by a variety of
endogenous and foreign factors such as inflammation, age,
gender, nutritional status, pregnancy and so on. Pregnancy is a
physiological state accompanied by a high metabolic demand
and an increased requirement for tissue oxygen (Spatling et al.,
1992). A body of evidence suggests that pregnancy may be
responsible for the depression in the microsomal enzyme
activity and the reduction in the total content of CYP in the rat
liver (Feuer and Liscio, 1969; Guarino et al., 1969; Neale and
Parke, 1973; Dean and Stock, 1975, 1989). We have previously
demonstrated that pregnancy is associated with decreased
hepatic levels of some CYPs proteins in midpregnancy and/
or late pregnancy (He et al., 2005). It has been suggested that

* Corresponding author. Fax: +81 3 5841 8185.
E-mail address: akunio@mail.ecc.u-tokyo.ac.jp (K. Doi).

0014-4800/% - see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10.1016/j.yexmp.2005.08.009

changes in the physiological state of an animal may alter CYPs
ability to metabolize foreign chemicals (Borlakoglu et al.,
1993). The hormonal changes that occur during pregnancy and
at the start of lactation are complex, and the balance between
the various hormones during lactation is different from that
during pregnancy and different again from that in the virgin
animal (Smith, 1975). In the lactating animals, milk production
introduces an additional metabolic systemn which competes for
the available nutrients with other processes such as the
formation of body reserves.

A few studies have been performed on the effects of
lactation on tissue metabolism and activities of some enzymes.
Smith (1975) has demonstrated that the activities of some
enzymes in the rat liver could be influenced by pregnancy and
lactation. Based on their observations, Abel et al. (1979) have
suggested that drug disposition may be altered during lactation.
Review by Williamson (1986) suggests that the main aim of
changes in tissue metabolism during rat lactation is to preserve
the increased intake of nutrients from diet for milk production.
Smith et al. (1998) have demonstrated that major changes in
hepatic lipid metabolism must occur to maintain cholesterol
homeostasis during rat lactation.
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Table 1
Body and liver weights

Postpartum day (PPD)

Body weight Liver weight

Virgin control 143.70 = 1.66 578 £0.34
PPD O 156.70 £ 6.61% 738 £ 1.17
PPD 14 184.50 £ 5.91%%* 8.23 £ 0.40%*
PPD 28 188.03 = 17.39% 760 £1.13

Data are represented as mean = SD of 6 rats. *P < 0.05, ¥%P < 0.0}, #¥*P <
0.001; significantly different from virgin contols.

It is assumed that, therefore, lactation may also be involved
in the regulation of hepatic CYPs expression like pregnancy.
Borlakoglu et al. {1993) investigated the alterations of some
CYPs in the rat liver during lactation. Western immunoblet
analysis of microsomal proteins obtained from pregnant and
lactating rats showed that only CYP2C6 and CYP3AL proteins
are expressed at detectable levels, while the expression of
others was not detectable in pregnant and lactating rats at a
protein loading of 3 pg total protein per well. In their study,
comparison was not performed between lactating and virgin
control rats. During the past few decades, much less attention
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has been given to the effect of lactation on the regulation of
hepatic CYPs expression. It was therefore of interest to
investigate the effect of lactation on the expression of hepatic
CYPs proteins. Attention is also paid to some CYPs, which
were down-regulated during pregnancy in our previous study,
whether and when they could return to the control virgin level.
For this purpose, changes in protein levels of nine CYPs in the
lactating and post-lactation rat liver were investigated by
Western blot analysis at three distinct phases: delivery
(postpartum day 0, PPD 0), peak lactation (PPD 14) and on
weaning (PPD 28),

Materials and methods
Animals

Twelve pregnant and six age-matched virgin control rats (11 weeks of age)
were purchased from Saitama Experimental Animal Co. (Saitama, Japan) and
used in this study. The day of delivery recognized was designated as
postpartum day O (PPD 0). The rats were individually housed in plastic cages
in an animal room controlled at 23 + 2°C and at 55 + 5% humidity condition
with 14 110 h light/dark cycle and fed pellets (MF, Oriental Yeast Co., Lid,,

123 45678 21011012
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Fig. 1. Western blot analysis of liver microsomes from virgin control, lactating (PPD 0, PPD 14) and post-lactation (PPD 28) rats. The amount of protein per lane was
20 ug (CYP2C12, CYP2DI and CYP3AL). Lanes | to 3: age-matched virgin control rats; lanes 4 to 6: PPD 0 rats; lanes 7 to 9: PPD 14 rats; lanes 10 1o 12: PPD 28
rats. Densitometry of Western blotting using monoclonal antibodies against rat hepatic CYP2C12, CYP2D] and CYP3A! was performed. Values are expressed as
the ratio of lactation (PPD 0 and PPD 14) and post-lactation (PPD 28)/virgin control in arbitrary densitometric units of protein amounts and reported as the means *

SD of 6 rats.
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Tokyo, Japan) and water ad libitum. On PPD 0, PPD 14 (peak lactation) and
PPD 28 (7 days post-lactation), 6 dams were sacrificed under ether anesthesia,
respectively, Livers were removed and used for Westemn blot analysis. Age-
matched virgin rats were used as controls.

Western blot analysis

Livers were homogenized in ice-cold 0.1 M phosphate buffer (PB), pH
7.4, containing 150 mM KCl, 1 mM EDTA Na, 1 mM DTT and microsomes
were prepared by differential centrifugation. Briefly, the liver homogenates
were centrifuged at 9000 x g for 20 min at 4°C, and the resulting
supematant was centrifuged at 105,000 x g for 1 h at 4°C. After discarding
the supernatant, the pellets were suspended in the same buffer and re-
centrifuged. The pellets were re-suspended with 0.1 M PB, pH 74,
containing 150 mM KCl, 20% glycerol, 1 mM EDTA Na, | mM DTT,
and stored at —80°C until used. Protein conceniration of the samples was
measured using bovine serum albumin {BSA) as the standard. Microsomal
proteins (20 or 40 pl) were separated using SDS-PAGE in 10%
polyacrylamide gels and electrophoretically transferred to polyvinylidene
difluoride (PYDF) membrane (Bio-Rad, Richmond, CA), and the plate was
blocked with 8% skim millk/TBS for 1 h at room temperature. The membrane
was then incubated with the abovementioned anti-rat CYP1AlL, CYP2BY/
2B2, CYP2C6, CYP2CI2, CYP2DI, CYP2D4, CYP2EL, CYP3AL and
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CYP4AL antibodies diluted in 8% skim mill/TBS (1:200) overnight at 4°C
followed by another 1 h incubation with horseradish-peroxidase-conjugated
secondary antibodies (donkey anti-rabbit IgG; Amersham Pharmacia Biotech
Lid., Arlington Heights 11) and rabbit anti-goat 1gG (Cappel, Awora, OH)).
The protein bands were visualized by ECL plus Western blotting detection
system {Amersham Pharmacia Biotech Lid., Addington Heights, 11} followed
by a brief exposure to Hyperfilm (Amersham Biosciences UK Lid.). Quantity
One v3.0 software (PDL, Ine, NY, USA) was used to quantitate the band
intensities.

Statistical analysis

Results were presented as the mean + standard deviation {(8D) of six rats.
Student’s 7 test was employed to caleulate the statistical significance between
virgin control and postparium (PPD 0, PPD 14 and PPD 28) groups.

Results
Change in body and liver weights

There were significant increases in the body weights on
PPD 0, PPD 14 and PPD 28 compared with virgin controls.
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Fig. 2. Western blot analysis of liver microsomes from virgin control, lactating (PPD 0, PPD 14) and post-lactation (PPD 28) rats. The amount of protein per lane was
20 ug (CYP2B1/2 and CYP206) and 40 pg (CYPIALD). Lanes 1 to 3: age-matched virgin control rats; lanes 4 to 6: PPD 0 rats; lanes 7 to 9: PPD 14 rats; lanes 10 to
12: PPD 28 1ats. Densitometry of Western blotting using monoclonal antibodies against rat hepatic CYPIAL, CYP2B1/Z and CYP2C6 was performed. Values are
expressed as the ratio of lactation (PPD 0 and PPD 14) and post-lactation (PPD 28)/virgin control in arbitrary densitometric units of protein amounts and reported as
the means  SD of 6 rats. * Significantly different from virgin controls at P < 0.05.
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Fig, 3. Western blot analysis of liver micrasomes from virgin control, lactating (PPD 0, PPD 14) and post-lactation (PPD 28) rats. The amount of protein per lane was
20 pg (CYP2E1L) and 40 pg (CYP4AIL). Lanes | to 3: age-matched virgin control rats; lanes 4 to 6: PPD 0 rats; lanes 7 1o 9: PPD 14 rats; lanes 10 1o 12; PPD 28 rats.
Densitometry of Western blotting using monoclonal antibodies against rat hepatic CYP2E1L and CYP4AI was performed. Values are expressed as the ratio of
lactation (PPD O and PPD 14} and post-lactation (PPD 28)/virgin control in arbiizary densitometric units of protein amounts and reported as the means * 8D of 6 rats.

* Significantly different from virgin controls at # < 0.05.

However, the increase in body weight was not accompanied
with the increase in liver weight when detected on PPD 0 and
PPD 28 (Table 1). On PPD 14, there was a significant increase
in the liver weight compared with virgin controls (Table 1).

Findings of Western blot analysis

The resulis of Western blot analysis are shown in Figs. 1~
3. The expression of CYP2C12, CYPZDI and CYP 3Al
proteins did not differ between age-matched virgin control
and experimental rats (at PPD 0, PPD 14 and PPD 28) (Fig.
1). CYP2D4 was not detectable in microsomal proteins
obtained from virgin controls and experimental animals at a
protein loading of 20 pg total protein per lane. Fig. 2 shows
significant decreases in the CYPIAL, CYP2B1, CYPZB2 and
CYP2(C6 contents when detected on postpartum day 0
(45.3%, 61.9%, 63.8% and 45.3% of age-matched virgin
control values, respectively). They retumned to the virgin
control levels by PPD 14 and kept constant levels on PPD 28
(Fig. 2). Decreases in CYP2EL and CYP4Al protein levels
{(71.3% and 39.0% of age-matched virgin conirel levels) were
also found on PPD 0 (Fig. 3), and they were still decreased
on PPD 14 (69.3% and 62.3% of virgin control levels). By
PPD 28, CYP2EL and CYP4A1 protein levels returned to
virgin contro! levels.

Discussion

In the present study, in comparison with age-matched virgin
control rats, lactating rats showed significantly decreased
hepatic levels of six out of nine CYPs proteins (CYF1AIL,
CYP2B1, CYP2B2, CYP2C6, CYP2E] and CYP4AL) at day
of delivery (PPD 0). By PPD 21 (peak lactation), CYPLAI,
CYP2B1, CYP2B2 and CYP2C6 proteins retuned to the
virgin control levels. All of the hepatic CYPs proteins were at
virgin control level at 7 days post-lactation (PPD 28).
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‘We previously demonsirated that pregnancy is associated
with decreased hepatic levels of three (CYP2B2, CYP2C6 and
CYP4L4AL) and six CYPs proteins (CYPLAL, CYP2BI,
CYP2B2, CYP206, CYP2E] and CYP4AL) in midpregnancy
and late pregnancy, respectively. Based on the marked
decreases in the same six CYPs proteins at FPD 0, it is
obvious that they kept decreased protein levels even though the
physiological state has been changes.

In the present study, peak lactation (PPD 14) was linked to
an increase in liver weight by up to 42.4%. Although it has
been suggested that a decrease in mixed-function oxidase
activity during pregnancy is due to a reduction in the
hepatocellular capacity to metabolize drugs with an increase
in liver size (Symons et al, 1982), it could not be used,
however, for interpreting during lactation. Since six CYPs
proteins were decreased on PPD 0, not accompanying with an
increase in Hver weight. Of six decreased CYPs proteins, four
returned 1o the virgin control levels on PPD 14, Based on these
observations, it is clear that liver enlargement is not involved in
the decrease in CYPs protein during rat lactation.

Progesterone and its metabolites have been suggested to be
involved in regulation of activities of the hepatic drug
metabolizing enzymes during pregnancy (Feuer, 1979).
However, once lactation begins, prolactin is Increased, and
progesterone is decreased and disappears immediately. Pro-
lactin is essential not only for the initiation of lactation after
parturition but also for the maintenance of lactation. In
addition to prolactin, successful lactation also requires the
hormone oxytocin (Heil and Subramanian, 1998). Dean and
Stock (1975) have suggested that lower levels of hepatic
microsomal enzyme activity might reflect a biological control
mechanism to ensure the elevated levels of progesterone
required to maintain the pregnant state. Similarly, down-
regulation of CYPs protein probably occurs in response to the
hormonal demand for milk production during lactation. In the
present study, six out of nine CYPs were down-regulated at
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PPD 0 and returned to the virgin control level at PPD 28 (on
weaning), indicating that this biological control mechanism
may also be present during lactation. Experiments remain to
be performed on whether prolactin and/or oxytocin could
suppress the activities of drug metabolizing enzymes and
reduce CYPs protein.

Oxidative stress may be one of the factors which are
responsible for the regulation of CYPs during rat lactation.
Oxidative stress has been suggested to result in the reduction of
total CYP450 levels and drug metabolizing activities in vivo
(Mannering and Deloria, 1986; Peristeris et al., 1992; Gatti et
al., 1993; Liu et al., 1993). Furthermore, Barker et al. (1994)
have investigated the possibility that oxidative stress may
influence inducer-dependent expression of CYP1Al and
CYP1A2 and demonstrated that hydrogen peroxide suppresses
the accumulation of CYP1A1 and CYP1 A2 mRNAs in isolated
hepatocytes through a transcriptional mechanism. Pahan et al.
(1997) demonstrated that there is a down-regulation of CYP2E1
in rat liver peroxisomes by a mechanism of ischemia/reperfu-
sion-induced oxidative stress. Investigation by Upreti et al.
(2002) indicated that significantly higher lipid peroxidation
levels were established in all the major organs of rat during
lactation. Furthermore, they also demonstrated that the early
lactation generated higher oxidative stress compared with the
late periods of lactation. This seems to be consistent with our
data: six CYPs proteins were markedly decreased at PPD 0, and
four of them returned to the virgin control level on PPD 14. In
human, lipid peroxidation is increased during pregnancy, and
delivery alone is a major source of oxidative stress (Arikan et
al., 2001), probably confirming the results obtained at PPD 0 in
this study. Therefore, oxidative stress may play a role in the
regulation of CYPs protein during rat lactation.

Although endogenous nitric oxide (NO), a potent vasodila-
tor and a platelet anti-aggregating factor, has been suggested to
be involved in the regulation of CYPs protein during rat
pregnancy (He et al., 2005), the data of changes in NO during
rat lactation are absent.

Taken together, the results of the present study suggest that
rat lactation is accompanied with decreases in some CYPs
proteins levels. Effects of lactation on decreases in CYPs
protein levels were more predominant at birth day (PPD 0) than
at peak lactation (PPD 14). All the decreased CYPs proteins
were at virgin control levels by 7 days post-lactation (PPD 28),
clearly suggesting that biological changes during rat lactation
could influence the expression of hepatic CYPs protein.
Further studies are required to elucidate the mechanism of
effects of lactation on down-regulation of CYPs protein.
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Abstract: T-2 toxin is a cytotoxic fungal secondary metabolite produced by various species of Fusarium. This paper
reviews the reported data about the development and/or mechanisms of T-2 toxin-induced apoptosis in the
hematopoietic, lymphoid and gastrointestinal tissues, dorsal skin and fetal tissues of mice and rats. Apoptosis occurs
earlier in hematopoietic tissues than in lymphoid tissues, and moreover there is a difference among lymphocyte
populations in the susceptibility to T-2 toxin. C-fos plays an important role in the early phase of T-2 toxin-induced
apoptosis in hematopoietic and lymphoid tissues through mobilization of {Ca™}; and the PKC-dependent pathway, but
not through Fas/Fasligand or p53-related pathways. In the gastrointestinal tract, apoptosis develops earlier in the small
intestine than in the stomach, and is more prominent in the small intestine than in the large intestine. In the dorsal skin
topically treated with T-2 toxin, epidermal basal cell proliferating activity is first suppressed due to the elevated TGF-
B, expression, and then basal cell apoptosis develops concomitantly with the elevation of c-fos, c-jun and TNF-cz mRNAs
expression. In the fetuses, T-2 toxin-induced apoptosis is mainly observed in the central nervous and skeletal systems.
In the fetal brain, T-2 toxin induces oxidative stress, followed by activation of the MAPK-JNK-c-Jun pathway, finally
resulting in apoptosis. The TNF receptor pathway may also be involved in T-2 toxin-induced apoptosis in the fetal brain.
Thus, the development and mechanisms of T-2 toxin-induced apoptosis differ somewhat depending on the tissues

affected. (J Toxicol Pathol 2006; 19: 15-27)
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Introduction

T-2 toxin is a cytotoxic fungal secondary metabolite,
produced by various species of Fusarium (F.
sporotichioides, FF. poae, F. equiseti, F. acuminatum), which
infect corn, wheat, barley and rice crops in the field or during
storage!?. T-2 toxin is a member of a large group of
sesquiterpenoid fungal metabolites, called trichothecenes,
which have a common skeleton that includes a double bond
between C9 and 10 and an epoxide group at C12 and 13%. Up
to the present, 148 naturally occurring trichothecenes have
been isolated, and they are classified into four types: A-D.
T-2 toxin belongs to type A trichothecenes and its chemical
structure was elucidated in 1986 by Bamberg et al.* (Fig. 1).
The natural occurrence of T-2 toxin in raw agricultural
commodities has been recorded in many countries (Finland,
1979; Hungary, 1983; Taiwan, 1983; India, 1987, 1989;
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Egypt, 1987, New Zealand, 1989; Canada, 1979-82; Poland,
1997, Denmark, 1998-2000), and T-2 toxin intoxication is
still a serious problem.

Fusarium spp. affects human and farm animals by
producing either mycotoxicosis or invasive diseases. A
disease known as “alimentary toxic aleukia (ATA)”,
characterized by leukopenia, agranulocytosis, hemorrhagic
diathesis, bone marrow aplasia and sepsis, caused the death
of hundreds of thousands of people in the USSR during the
World War 11°. The disease occurred after the ingestion of
overwintered cereal grains colonized with F.

H
=100 OH
i é”“ Ty H
CH3  OCOCH,
OCOCH
CH,  CH, 3

Fig. 1. Chemical structure of T-2 toxin.
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sporotrichioides and F. poae, high producers of T-2 toxin®,
In Japan, outbreaks of a similar disease called “Akakabi-
byo” in human and farm animals and hemorrhagic syndrome
in horses (“bean-hull poisoning of horses™) have been
associated with grains contaminated with T-2 toxin and other
trichothecenes™’.

The toxic effects of T-2 toxin have been studied in
many animal species such as experimental animals,
chickens, ducks, cattle, sheep and pigs. All animal species
tested were sensitive to this mycotoxin, Pigs are the most
sensitive among farm animals®, and rats are more sensitive
than mice. Oral, parenteral and cutansous exposure to
trichothecene mycotoxins produces lesions in
hematopoietic, lymphoid and gastrointestinal tissues and
functional suppression of reproductive organs® 2.
Cardiomyopathy has been reported after topical application
of T-2 toxin to rats!®, and signs somewhat similar to those in
human ATA have been reported in thesus monkeys and cats
fed T-2 toxin*,

The toxicokinetics of T-2 toxin have been studied using
various animal species. One or more biotransformations, i.e.
deacylation, hydroxylation, glucuronide conjugation,
deacetylation and de-epoxidation occur during the
metabolism of T-2 toxin by different systems®. The plasma
radioactivity reaches a peak at 30 min after oral
administration of *H-T-2 toxin to mice, and T-2 toxin is
rapidly metabolized in the liver and other tissues and
eliminated into the feces and urine!’. The plasma
elimination half-time of T-2 toxin and its metabolites in pigs
is approximately 90 min'®, After intra-aortal administration
in pigs, the tissue concentrations of T-2 toxin are
consistently highest in lymphoid organs, and detectable
amounts are present in the spleen and mesenteric lymph
nodes at 3 hours after administration!”. Enterohepatic
circulation of T-2 toxin and its metabolites through
glucuronide conjugation has been reported in rats'™.

T-2 toxin is a well-known inhibitor of protein synthesis
through its high binding affinity to the peptidyliransferase
which is an integral part of the 60s ribosomal subunit®!%0,
T-2 toxin also inhibits the synthesis of DNA and RNA,
probably secondarily to the inhibition of protein
synthesis®?!. Moreover, T-2 toxin interferes with the
metabolism of membrane phospholipids and increases liver
lipid peroxides®™®, However, the exact mechanism of T-2
toxin-induced cell death has remained unclear for many
vears. In this regard, Quiroga ef al.*® reported the
ultrastructural changes of thymocytes suggesting the
occurrence of apoptosis in T-2 toxin-inoculated mice (Fig.
2). Later, Shinozuka er al.?® clarified from multiple
viewpoints that T-2 toxin-induced lymphoid cell death is
apoptosis. This is the first report of mycotoxin-induced
apoptosis. Now, it is known that T-2 toxin is able to induce
apoptosis in many types of cells with high proliferating
activity (Fig. 3). Apoptosis is usuvally confirmed by
histology (pyknosis or karyorrhexis), in situ detection of
fragmented DNA (TUNEL method)?$, ultrastructure
(shrinkage of the cell body and condensation of nuclear

Fig. 2. Apoplotic thymocyte {(arrow) and apoptotic body ingested by
epithelial cell (b).

Lymphold tissues

Thymus  Yph
_ nodes

T2 toxininduced

Gastrointestine
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“Peyer's,
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Fig. 3. Target organs of T-2 toxin-induced apoptosis.

chromatin, and apoptotic body formation) and DNA agarose
gel electrophoresis (ladder formation). Flow cytometry is
also used to detect carly-phase apoptosis.

This article reviews the data reported about the
development and/or mechanisms of T-2 toxin-induced
apoptosis in hematopistic, lymphoid and gastrointestinal
tissues, dorsal skin, and fetal tissues of mice and rats.

Hematopoietic Tissues

In mice orally treated with T-2 toxin, the bone marrow
shows a significant hypocellularity. The number of
myelocytes signifieantly decreases due to the loss of
immature granulocytes, erythroblasts and lymphocytes by
apoptosis, and granulocytes and erythroblasts decrease
earlier than lymphocytes (Fig. 4). On the other hand, mature
granulocytes show no significant changes”. Such changes
in the hematopoietic tissues result in a significant depression
in the number of white blood cells in peripheral blood?%,

The spleen, which is composed of white and red pulp, is
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Fig. 4. Changes in differential myelocyte values () and histology (b)
of femur bone marrow of mice after T-2 toxin treatment.
Many pyknotic and TUNEL-positive cells are seen (b).
(Shinozuka er al., Toxicol Pathol. 26: 674-681. 1998
(modified)).

the largest lymphoid tissue in the circulation, and it is the site
of erythrocyte storage and the removal of dysfunctional
erythrocytes and leukocytes. In addition, it is well known
that the red pulp of rodents has hematopoietic activity
regardless of the age of the animals®®. The splenic red pulp
also shows a significant hypocellularity after T-2 toxin
inoculation. The time of onset of the significant
hypocellularity is similar between the bone marrow and the
red pulp. In addition, apoptotic cells increase earlier in the
red pulp than in the white pulp?’. Similar difference in the
onset of apoptosis is generally observed between
hematopoietic and lymphoid tissues®’.

In vive DNA and protein synthesis has been shown to
be inthibited in the spleen, thymus, and bone marrow of mice
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given T-2 toxin®?, and some groups have reported a
relationship between cytotoxic erythropoietic damage and a
strong inhibition of the uptake of iron into erythropoietic
cells in T-2 toxin-treated mice®. In addition, T-2 toxin has
species-specific hemolytic effects on erythrocytes®** and
Gyongyossy-Issa and Khachatourians®® have reported that
T-2 toxin interacts with and binds to the membranes of
spleen-derived lymphocytes from rodents. From these
findings, it is speculated that T-2 toxin induces direct
cytotoxicity to hematopoietic and lymphoid cells, resulting
in the induction of apoptosis of these cells. In the bone
marrow, damage to the hematopoietic microenvironments,
i.e. degeneration of sinus endothelial cells and reticular cells
and deposition of plasma proteins containing fibrinoid
materials around degenerated sinuses?, would also play an
indirect role in the induction of apoptosis by T-2 toxin,
because sinus endothelial cells and reticular cells are
components of the hematopoietic microenvironments and
play an important role in regulating hematopoiesis.

Lymphoid Tissues

In mice orally treated with T-2 toxin, the toxin aftacks
Peyer’s patches first, then mesenteric lymph nodes, and
finally the thymus in relation to the course of enteric
absorption of orally inoculated T-2 toxin®”. The degree of
Iymphocyte apoptosis is different among lymphoid tissues,
including the splenic white pulp, and it is most prominent in
the thymus, especially in ifs cortex, suggesting differences in
the iymphocyte population suseeptible to T-2 toxin among
lymphoid tissues®*"38 The weight and size of lymphoid
tissues decrease due to the apoptosis of component
lymphocytes.

It is reported that there is a difference in susceptibility
to T-2 toxin among lymphocyte subsets. For example, in
acute toxicity studies, CD4"CD8 cells are the most sensitive
to T-2 toxin®™%4 (Fig. 5). CD44°% or CD45%Y cells, which
are B lymphocyte precursor cells in the livers of fetal mice,
are also highly susceptible®!. Moreover, CD441Y and CD45*
cells in the bone marrow of aduli mice are reduced after T-2
toxin-treatment®!,

In the thymus, CD47CD8" cells differentiate to
CD47CD8 or CD47CD8" cells after coming in contact with
dendritic cells which exist in the cortex?, and this is
responsible for the fact that apoptotic cells exist almost
exclusively in the cortex. Between CD4*CD8 cells and
CD4-CD8" cells, the former is more severely depressed?
(Fig. 5). On the other hand, in a subacute toxicity study of T-
2 toxin in mice, it was shown that CD4"CD8" cells increased
probably due to an accumulation of these cells due to an
inhibitory effect of T-2 toxin on T cell differentiation®.

In the mesenteric lymph nodes, CD3™ cells are more
clearly affected than CD19" cells, and the numbers of CD4”
and CD8" celis are similarly decreased. In the Peyer’s
patches, the numbers of CD3™, CD19" CD4 and CD8* cells
are all similarly decreased. In addition, among IgM”, 1gG*
and IgA™ cells, the number of IgA* B cells, which are



18 T-2 Toxin and Apoptosis

1hg 40
0 Thymus Peyer’s paich
35
86 Yy
g CDA-0D8 20 -
0 EICD 46D 8
0B ACDS- mks
25
34 G440 D8 =

e lnum hay (108
Wy
Wy

Lol number (x40 %
[
fonel

15
2 30
10
26 .
5
10
o ¢

Yehick

-2 wxin

¥Yehick T-2 toxd

Fig. 5. Changes in mouse lymphocyte subssts at 24 hours after T-2

toxin treatment. (Nagata ef ol., Exp Toxic Pathol. 53: 309~
315. 2001 (modified)).

L P+ P-C

Fig. 6. Agarose gel electrophoresis of DNA exiracted from thymus of
mice at 24 hours afier T-2 toxin treatment. L: [pr/lpr mouse,
P+ p53+/- mouse, P—: p53—/- mouse, C: C57BL/6 mouse
(wild type).

important in mucosal immunity, is most severely affected”’
Fig. 5). IgA" B cells are highly expressed in the germinal
centers during their differentiation in the Peyer’s patches™-
%, and this may be at least partially related to the fact that
apoptotic cells are seen almost exclusively in germinal
centers.

Shinozuka ef al.*” have demonstrated that, among
apoptosis-related genes (fas, p53, bel, c-myc, and c-fos)
examined by RT-PCR, the expression of c-fos mRNA is
significantly elevated prior to the development of apoptosis

CHX+T-2

CHX

Fig. 7. Effect of pretreatment with protein inhibitor, cycloheximide

(CHX), on T-2 toxin-induced apoptosis in thymus. TUNEL
stain.

in the thymus of mice orally treated with T-2 toxin and that
the elevation of ¢-fos mRNA and the development of
apoptosis by T-2 toxin are not affected in p53-knockout mice
or Fas-disfunctional Ip»/lpr mutant mice (Fig. 6). Alam et
ai.®® have also reported that T-2 toxin-induced apoptosis in
thymoceytes is independent of the Fas/Fas ligand pathway.

The activation of specific genes, including immediate-
early response genes such as ¢-fos, ¢-jun and e-mye, is one of
the early responses to acute cell injury*°, Several studies
have shown that the expression of ¢-fos mRNA precedes the
initiation of apoptosis or is concomitant with apoptosis in
many systems’*. Colotta et al’ have shown that fos and
Jjun are induced in the very early phase of apoptosis in
hematopoietic cells after deprivation of growth factors and
that blocking of these sequences by antisense
oligonucleotides prevents apoplosis. Buttyan et al.’® have
reported that prostatic cell death after castration is
accompanied by a sequential pattern of gene activity (e~fos
~» c-myc —+ heat shock protein 70 (hsp70)), and Preston et
al.% have shown that the ¢-Fos induces apoptosis in sup-II
preneoplastic cells in serum-free medium. In addition, they
reported that c-FOS-induced apoptosis in their system is not
blocked by cycloheximide, a protein inhibitor, suggesting
that the transeriptional activation of ¢-fos is not involved in
apoptosis of sup-Il preneoplastic cells. On the other hand,
cycloheximide suppresses apoptosis in the thymus of T-2
toxin-inoculated mice*’ (Fig. 7). Based on these findings
taken together, the induction of ¢-fos mRNA is considered to
be associated with T-2 toxin-induced apoptosis in lymphoid
and hematopoietic tissues through apoptosis-related protein
svnthesis.

T-2 toxin also induces a rapid and continuous increase
in the expression of ¢-fos mRNA prior to the development of
apoptosis in ConA-stimulated mouse thymocyte primary
cultures®” (Fig. 8). Preincubation with BAPTA/AM, an
intracellular caleium ion chelator, markedly suppresses the
expression of c-fos mRMNA and subsequent apoptosis by T-2
toxin (Fig. 9), suggesting that T-2 toxin-induced c-fos
expression depends on [Ca*]; There is evidence that the
regulation of ¢-fos expression involves a major intracellular
second messenger, Ca®* ® Similar involvement of {Ca®};
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induced c-fos mRNA expression and DNA fragmentation in
ConA-stimulated mouse thymocyte primary cultures. EGTA:
exiracellular calcium chelator, BAPTA: infracellular calcium
chelator, H-7: PKC inhibitor.

has been reported in the induction of ¢-fos after oxidative
stress™ and hsp70 after heat shock®. Although the effect of
T-2 toxin on [Ca®"}; remains obscure, Yoshino et al.®! have
reported that the level of [Ca*"]; is markedly elevated in HL-
60 eells, a lymphoid cell line, after exposure to T-2 toxin.
They have also reported that intracellular calcium chelators
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Fig. 10. Hypothesis of mechanisms involved in T-2 toxin-induced
apoptosis in lymphoid tissues.

inhibit T-2 toxin-induced apoptosis in HL-60 cells. On the
other hand, chelation of an extracellular ionized calcium
(ICa*"1,) by EGTA has no effect on the expression of ¢-fos
mRNA or subsequent development of apoptosis in mouse
thymocyte primary cultures after 7-2 toxin-exposure®” (Fig.
9), suggesting that the increase in [Ca®'}; may not be due to
the influx of extracellular Ca®" but rather may be brought
about by the intracytoplasmic release of Ca®" from the
endoplasmic reticulum.

Although less effective, preincubation with H-7, a
protein kinase C (PK.C) inhibitor, also significantly
depresses the expression of c-fos mRNA and subsequent
development of apoptosis (Fig. 9). These findings indicate
that, in thymocyte primary cultures treated with T-2 toxin, c-
Jos may play an important role in the induction of apoptosis,
and the increase in intracellular caleium may be closely
related with the expression of c-fos mRNA. These findings
also suggest that a PRC-dependent pathway may be involved
in T-2 toxin-induced thymocyte apoptosis. In this regard, it
is well known that both {Ca®*]; mobilization and PKC
activation lead to an increase of e-fos transcription®®®. In
addition, it is also reported that the induction of apoptosis in
HK-60 cells by T-2 toxin involves activation of caspase-3
and -9 through the release of cytochrome ¢ from
mitochondria in the cytosol®®. A recent study on gene
expression profiles by Shinozuka ef al. showed that the early
up-regulation of the c~jun gene was also detected by
microarry analysis in lymphoid tissues of mice treated with
T-2 toxin, of which the data will be published elsewhere.

The above-mentioned in vivo and in vitro findings
suggest that the e-fos gene plays an important role in the
early phase of T-2 toxin-induced apoptosis probably through
the synthesis of a certain protein, and the elevation of ¢-fos
mRNA expression may require the mobilization of [Ca™],
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and partially involve a PKC-dependent pathway (Fig. 10).
The mobilization of [Ca?']; seems to activate calcium-
dependent enzymes, resulting in internucleosomal DNA
fragmentation. T-2 toxin-induced apoptosis in
hematopoietic and lymphoid tissues is considered to be
independent of the Fas/Fas ligand pathway and p53-related
pathway.

Gastrointestine

In mice treated orally with T-2 toxin, apoptosis occurs
earlier in the intestine than in the stomach. In the stomach,
apoptosis develops first in surface epithelial cells, and then
extends to the chief cells of the glandular stomach, when
apoptosis starts in the basal layer of the forestomach®.
Parietal cells in the glandular stomach are almost free from
apoptosis, though they shows dilatation of intracellular
canaliculi and vacuolation (Fig. 11).

In the intestine, apoptosis is exclusively found in crypt
epithelial cells®® (Fig. 11) and lymphoid cells in the lamina
propria and Peyer’s patches®”%. The apoptotic index of
crypt epithelial cells begins to increase simultaneously in all
regions examined (duodenum, ileum, cecum and colon), and
it is markedly higher in the small intestine than in the large
intestine. This difference in the apoptotic index between the
small and large intestines may be related to the repeated
exposure of the small intestine to T-2 toxin and its
metabolites through mucosal absorption and biliary
excretion via the enterohepatic circulation!,

The mitotic index begins to drastically decrease when
the apoptotic index starts to increase, and thereafter both
indices gradually returns to the control levels with the
passage of time. However, the apoptotic index after T-2
toxin inoculation is not always proportional to the mitotic
index before T-2 toxin inoculation®. In addition, there are
clear mouse strain- and sex-differences in the apoptotic
index but not in the mitotic index®. These findings suggest
that the suppression of mitotic activity by T-2 toxin may not
be a direct cause of the increase in apoptosis in the crypt
epithelium after T-2 toxin treatment.

Dorsal Skin

T-2 toxin penetrates through the skin®™%, and some
researchers have reported that T-2 toxin causes local”®” as
well as generalized injuries’™ upon topical application to
the dorsal skin. This seems to be important because there is
a chance that the skin of grain-handling workers as well as of
domestic animals would be exposed to T-2 toxin-
contaminated grain dust.

Albarenque et al. have carried out a series of
experiments of acute dorsal skin lesions up to 24 hours (24
hr) after topical application of T-2 toxin to the dorsal skin of
Wistar-derived hypotrichotic WBN/ILA-Ht rats (HtR),
which have an autosomal dominant gene (Ht: dominant
hypotrichotic) responsible for the characteristics of
hypotrichosis’. In the epidermis, basal cell proliferating

activity evaluated by the number of proliferating cell nuclear
antigen (PCNA)-positive cells is first suppressed, and basal
cell apoptosis develops later (Fig. 12). In the dermis,
inflammatory responses, including mast cell infiltration,
start when the suppression of basal cell proliferating activity
begins, and they are followed by capillary endothelial
degeneration, edema and an increase in the numbers of mast
cells and fibroblasts™.

As for apoptosis-related genes (p53, bel-2, c-ki-ras, c-
fos and c-jun) examined by the RT-PCR method, the
expression of ¢-fos mRNA markedly increases prior to the
development of epidermal basal cell apoptosis (Fig. 13).
Although not prominent, the expression of ¢-jurn mRNA also
shows a significant elevation concomitant with the elevation
of e-fos expression’® (Fig. 13). As mentioned before, c-fos is
a kind of immediate-early response genes, and its activation
together with that of other factors such as ¢-jun occurs as an
early respose to cell injury, resulting in an increase in the
sensitivity of keratinocytes to apoptosis’’. Thrichothecene
mycotoxins trigger ribotoxic stress response activating JNK/
p3878, and INK/p38 stimulates immediate-early response
genes, ¢-fos and c¢-jun, both of which encode components of
transcription factor AP-17°.

In addition, among the mRNAs of such cytokines as
TGF-p,, TNF-a, IL-1«, IL-15, IL-6 and IL-10 examined
after topical application of T-2 toxin, the level of TGF-f,
mRNA of the whole skin tissue is elevated slightly from the
early phase, and then reaches a significantly higher level
later®® (Fig. 13). Such changes in the level of TGF-f,
mRNA following T-2 toxin treatment correspond well to the
time course of the induction of basal cell apoptosis. In this
connection, it has been reported that human keratinocytes
could undergo apoptosis after growth arrest under the effect
of TGF-4,®. In addition, the depression of epidermal basal
cell proliferating activity becomes more prominent in
accordance with the clear elevation of the TGF-f; mRNA
level, suggesting that TGF- 4, may have a relationship to the
depression of epidermal basal cell proliferating activity’>%.

In the T-2 toxin-treated skin, signals of TGF-8; mRNA
detected by in situ hybridization method begin to increase
first in the epidermis, and they increase much more in both
the epidermis and dermis later, and clear increases in the
signal of TGF-f, correspond well to the elevation of TGF-5,
mRNA¥. Tt is also known that the elevated expression of
TGF-p, mRNA may act as one of the chemoatiractants for
mast cells®? and fibroblasts and as a stimulator for fibroblast
proliferation®®. These alterations are responsible for the
above-mentioned changes in the dermis after topical
application of T-2 toxin’.

Following the topical application of T-2 toxin to the
dorsal skin, the level of TNF-o mRNA also shows a marked
elevation from the early to late phase, and that of IL-15
mRNA shows a slight but significant elevation
simultaneously®® (Fig. 13). The possible role of TNF-aras an
apoptosis-inducer has been reported in various kinds of cells,
including keratinocytes®®7. Meng et al.®® have suggested
that TNF-o can interact with its receptors, and signals from
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Fig. 11. Histology of the gastrointestine (a: forestomach, b: glandular stomach, ¢: duodenum) of mice afier T-2 foxin treatment. Pyknotic cells

(arrowheads) are seen, HE stain.
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Fig. 12. Changes in the percentage of PCNA- or TUNEL-positive
epidermal basal cells after topical application of T-2 toxin
to the dorsal skin of WBN/ILA-Hi rats. (Albarenque ef al.,
Histol Histopathol. 14: 337-342. 1999 (modified)).
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Fig. 13. Changes in the expression of oos, cjun, TGF-f,,

TNF-« and IL-18 mRNAs after topical application of
T-2 toxin to the dorsal skin of WBN/ILA-H{ rats.

Fig. 14. TUNEL-positive apoptotic cells in the telencephalon (a) and caudal sclerotomic segment (b) of fetuses from pregnant mice treated with

T-2 toxin on day 11 of gestation.
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these receptors have relationships with the induction of some
genes such as c-myc, c-fos and caspase, resulting in the
induction of apoptosis®. It is also known that keratinocytes
can release proinflammatory cytokines, such as TNF-« and
IL-1/, when they are injured®®. In addition, it has been
demonstrated that keratinocytes are directly activated by
exogenous stimuli®®®! and, after abrogation of the barrier,
epidermal cells respond by producing various molecules,
including TGF-/, and TNF-a*2.

As in the case of in vivo experiments’6:8085 the
expression of apoptosis-related genes (c-fos and c-jun) and
the mRNAs for cytokines (TNF-o and IL-1f)markedly
increases prior to the development of apoptosis in rat
keratinocyte primary cultures exposed to T-2 toxin®>.

Judging from the above-described in vivo and in vitro
findings, it is considered that the induction of TNF-& and
TGF-f; mRNAs as well as that of ¢-fos and ¢-jun may have
a close relationship with T-2 toxin-induced epidermal basal
cell apoptosis.

Fetal Tissues

T-2 toxin readily crosses the placenta, is distributed to
the fetal tissues® and induces fetal death, necrosis of the
fetal brain and fetal bone malformations®. In addition,
thymic atrophy and decreases in the viability of
hematopoietic progenitor cells in the liver and in the number
of B cells have also been reported in fetuses from dams
exposed to T-2 toxin*»3. Moreover, changes attributable to
T-2 toxin-treatment have been reported in the nervous
system, liver, gastrointestinal tract and cartilage primordium
in rat fetuses®?’. Bone malfomations such as incomplete
ossification, absence of bones, wavy bones and fused
bones®*1%° may be related to the induction of apoptosis in
the caudal half of the sclerotome around the notochord, and
in the mesenchyme, chondroblasts and chondrocytes around
the cartilage primordium detected in fetuses from dams
treated with T-2 toxin!®%

Ishigami et al.'%? first reported that T-2 toxin could
induce apoptosis especially in the central nervous and
skeletal systems after oral administration of T-2 toxin to
pregnant mice (Fig. 14), and they demonstrated that T-2
toxin-induced skeletal malformations and apoptosis in the
fetal telencephalon are greatly reduced by pretreatment with
cyclohexamide. In addition, the number and region of
apoptotic cells in the mouse fetuses vary according to the
administration date. For example, apoptosis is observed in
many neuroepithelial cells and a small number of
chondroblasts and chondrocytes on embryonic day 13.5
while it is detected in many cells in the thymus and renal
subcapsular parencyma on embryonic day 16.5'°",

T-2 toxin is generally considered to induce apoptosis in
actively proliferating cells in embyos and fetuses, probably
through its radiomimetic effect, as observed in lymphoid and
hematopoietic tissues. However, it should not be forgotten
that a small number of TUNEL-positive cells are also
observed in some regions where PCNA-positive cells are not
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Fig. 15. Changes in the TUNEL labeling index in the rat fetal
telencephalon after T-2 toxin treatment to dams on day 13 of
gestation. ¥: time point of microarray analysis. (Sehata et
al., Food Chem Toxicol. 42: 1727-1736. 2004 (modified)).

detected¥!, suggesting that T-2 toxin-induced apoptosis in
the developing mouse fetus might also be affected by some
other factors in addition to the proliferating activity of the
target cells.

Sehata et al.®” have investigated the mechanisms of T-2
toxin-induced apoptosis in the fetal brain by the oral
administration of T-2 toxin to pregnant rats on day 13 of
gestation. The number of apoptotic neuroepithelial cells in
the telencephalon increases at 1 hr and peaks at 12 hr™’ (Fig.
15). As mentioned above, T-2 toxin passes through the
placenta®, and the blood brain barrier is not completely
developed before embryonic day 18 in rats!®. In addition,
T-2 toxin and its metabolite HT-2 have a lipophilic nature
and the fetal brain is rich in lipids. Therefore, T-2 toxin may
be easily distributed to the fetal brain.

Microarray analysis done on the fetal brain at 6, 12 and
24 hr has revealed that the expression of oxidative stress-
related genes (hsp70, metallothionein (MT)-2 and -1 and
heme oxygenase (HO)-1) is strongly induced by T-2 toxin at
12 hr, the peak time of apoptosis induction, and the
expression of the Cu, Zn-superoxide dismutase (Cu, Zn-
SOD) gene also increases later’”. The expression of
mitogen-activated protein kinase (MAPK)-related genes
(MEKK! and c-jun) and other apoptosis-related genes
(caspase-2, insulin-like growth factor-binding protein-3
(IGF-BP3), tissue inhibitors of metalloproteinase (TIMP)-3)
is also induced by T-2 toxin treatment® (Fig. 16). Data of
real time RT-PCR analysis done on HSP70 and HO-1 genes
have shown a good correlation with those of microarray
analysis®” (Fig. 17).

It is known that oxidative stress induces the elevation of
HSP70, HO, MT and CuZn-SOD gene expression!'%4197,
resulting in apoptosis in the nervous system'%®. This
suggests that T-2 toxin is able to induce oxidative stress and
subsequent apoptosis in the fetal brain, as reported in the
dam’s liver, placenta and fetal liver in pregnant rats treated
with T-2 toxin'®.

— 336 —



Doi, Shinozuka, Sehata

{a} Fetal Brain at 12 HAT

Cyelin M4
GAB.7

3%

GY% [ERIE S A ’

., veEera 4% gy gy
6% o-flaras desaturass
Farnasyl

diphosphate

Upereguiated {44 genes) Down-regulated (74 genes)

{b} Fetal Brain at 24HAT

Liver siearyl-CoA desahurase

{ atic i (] £

22%

7%

3% -
1%0% 45%  GST Yrs<Yrs

Down-regulated (118 genas)

Fold change

Heme oxygenase-1

N < I

Fold change
N L

o SN

8 12
Hours after T-2 toxin freatment

24

Fig. 17. Changes in the expression of HSP70 and heme oxygenase-1
mRNAs in the rat fetal brain after T-2 foxin freatment to
dams on day 13 of gestation. Real-time RT-PCR.

MAPKs are important intermediates in signaling
pathways for responding to extracellular stress. For
example, extracellular signal-related protein kinase (ERK)
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Fig. 16. Microarray analysis of rat fetal brain afier T-2 toxin
treatment to dams on day 13 of gestation.

mediates cell growth and protects cells from apoptosis,
wherease stress-activated protein kinase (SAPK )/e-Jun N-
terminal kinase (JNK) and p38 MAPK inhibit cell
proliferation and may promote apoptosis’®. Each MAPK is
activated by an upstream MAPK kinase including MEKX 1,
and activates transcription factors such as c-fun and c-fos.
MEKK1 may induce apoptosis by causing a general
deregulation of MAP kinase signaling!’’. 1t is also reported
that JNKs and c-Jun are important regulators of apoptosis in
the nervous system!'!®. In addition, it is reported that T-2
toxin and other trichothecene mycotoxins induce apoptosis
by activating MAPKs">1™ and increased expression of ¢-
Jos and c-jun genes has been reported in the skin topically
treated with T-2 toxin’™, Therefore the MAPR-INK-c-Jun
pathway is considered to be involved in T-2 toxin-induced
apoptosis in the fetal brain.

It is known that TIMP-3 induces a type 1I apoptotic
pathway initiated via a Fas-associated death domain-
dependent mechanism!'® and the expression of TIMP-3 is
elevated in the fetal brain treated with T-2 toxin®. In
addition, as mentioned above, TNF-« is involved in T-2
toxin-induced epidermal basal cell apoptosis®. Therefore
there is a possibility that the TNF receptor pathway may also
be involved in the mechanisms of T-2 toxin-induced
apoptosis in the rat fetal brain.

Caspase activation is known to play an important role in
the induction of apoptosis!!®. The activation of caspase-2
(but not of caspase-9 or 3), which has been detected in the T-
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