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SUSIMA RI

Poi�.i.xr , ALA N, AND ( LOVER, EI)WARI) : (1hmloninatod dibenzo )-p-dioxins : potont inducers
of 5-amiumolo’vulinic a(’id svnthmetasc atmd arvl hmvdrocarbon Imvdnoxylaso’. II. �& study
of timo’ structuro’-activity relationsimip. .Wol. Pliarniacol. 9, 736-747 (1973).

2 , 3 , 7 , S-Tetraeimlorodibenzo-p-dioxin, an extrenmeiv potent toxin and tetatogen formed

during time conmnmercial syntii(’sis of the herbicide 2 , 4 , .-tnichllorophmenox\-acetic acid, is a

potent inducer of #{244}-anminolevulinio, acid svnthetaso and arvi Imvdrocarbon imvdroxvlase in

chick ombryo liver. Time induction of hydnoxylase activity is more seimsitive to Iosv doses of

time toxium thati is time induction of �-amimmolevuhiuiic acid svnthetase; 2-fold induction is

produced by 1.55 I)moles/egg (0.5 img), and maximal induction by 155 pmoles/cgg. Co-
ordiimate o’xpression of time tsi-o eimzymes is also dissociable by the adnministration of cycho-

hexinmide, svimich selectively inhibits induction of timo synthotase. Fifteen halogenated

dibenzo-p-dioxins were scroetmod for their ability to ilm(luce the two eimzs’mos, and a svehl-

defined structure-activity relationsimip enmt’rged; all thmo congeners timat induced both eimzymes

had halogen atoms at a nmiimimum of three of time four lateral ritig positions and contained

at least out notmhalogenated ring position. Thmen is a porfoct correspondeimce betsvoen time

svhole animal toxicity data on the dibo’nzo-p-dioxin congencns and timoir ability to iimduce

both enzymes.

INTRODU(’TION

In the past 15 yoans a nummmbeu �if lities of

investigat itin hiave uncover(d tho ext ra-

ordinary toxic Ilototicy (If cortain cimloninated

dibenzo-p-dioxins atl(l dibenzoftirans, which

arc formed as cointaminatits in time corn-

nmercial syntimosis of a numbor of (‘imloninated

This st udv was supported in l)art by National

Itist it tilts (If health Special Postdoctoral FellI(w-

shtil) 5 F03 E546196, a FIIrd Motor Cllmpanv ( rauit

for lIIxio’(Ilogy, att(l Natillnal Itistitutes of Health
Cent ci ( itattt. flit lhIxich(logv Beseatch and Tuaiti-

ing, 2P1 1 -( �‘�I-1519()-061. A prelimittary repllrt of

I Ito work was given at t Ito Nat illtitil I fist it tile (If
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1)hio’tmols (1-4). 2,3,7, �-TetraehmloI’oIdibenzo-

/)-dln ixitm, a contanminaumt ft irrned during time

svntiiesis of time hierhicide 2 , 4 , 5-tricimloro-

pimenhlxyaeetic acid, is time best studied o(f

timoso o’onmpounds. TCDI)t is perhaps the

nmh)st toxic small nmolocult kniowim : timo oral

1:ttvifIitifliefit al IlealtIi Scietices Chitifeteutce (In

(‘hilllrittat e(l 1)ihettzh-p-dioxins and I )ihetizo-

fttrans, l3esearcht Tuiatigle Park, NIIr1 hi Carolina,

April 2-3, 1973.

The althreviat ihltiS utsod are: TC 1)1), 2,37,8-

let ta(hl(luhI(libenz(I-p-dioxiti 2,4 ,5-T, 2,4 5-tn-
(hilItI 1�ihi�ttIIxyatet il ticiol ALA, #{244}-aniitihlloviihitiic

tt(i(l
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LD0 in guiumo’a iJigs is 1 jig/kg (3 nmolo’s/kg)

(4) . Several dist inctive fcatur’s cimaract enize

tho toxicity (If TCI)D : (a) death is dolayed
at least. 3 sveeks after �i sinmgie oral dose in all

laboratory animals; (b) there is more timamm a

1000-folld difference itt the susceptibility olf

different spocies; and (c) histological (xami-
nation rev(als multiple organ damage ac-

cording to a sl)ecios-dleI)ondeilt pattcnmm. In
the rat gradual livo’r no’(’rosis (5, 6) is th(

aI)Parenit. cause of do’atim. In additioln toi its

lethality, 9j�(l�)�) produ(’es teratogenosis and

(mbryotoxicity, a syndromo of edema in time

nesvbolrn cimicken, and a(’n( svimeti dermally
applied to) rabbits’ ears on imuman skin (4).

In 1964 Bleiborg ci at. (7) nepo)ntod in-

dustrially ao’quiro’cl acuic (cimloracime) atid

porpimyria cutanea tarda in several ssolnk(rs
in a 2 , 4 , 5-T factory. rfhc acne imas beomm

shown to bo a direct result of TCI)i) ox-

posure (S-b). Porphyria cutanca tarda is

an acquired defect in hepatic I)orPimyniIi

svntimcsis characterized by increased 1)0�r-

phyrin accumulatiomi in the liver, iumcreased

urinary porphyrin excretion, and plmotol-

sensitivity and mochanical fragility of time

skin (11). The cause of porpimynia in timo’se

factory svorkers sias uncertain. Upon tom-

vestigatioim of timo’ factory 5 years later, we

discovered that time svndromo’ imad cleared
in all time svorkcrs aft(n reduction of TCI)T)

contamiumation (1 2).

Hcpatie l)roPh�ria can he I)rtldu(’t’(l in

animals by a nunmbor of o’oinmpounds, all (If

ivimich Imavo in common time cal)acits to)

induce2 timo itmitial o’nzvnmo in the hotm’ie

pat hsvay, #{244}-anminollovuhni(’ acid symmt imo t ase
(13, 14). rfhis nmitochondrial onzvnmo’ is tia’

rate-limiting step in tho fon’mation �f imonm’.

We have recently simown that TCI)I) is a

poltcnt inducer of ALA synthetase in (‘hi(’k

embryo liver amid thus si-as time liko’lv o’auso

2 The term enzyme induct iout is tusehl III dettol 0

a relative increase in time rates (If sytithesis (le

m,ono or act ivat �Ott I If enzyme act ivit y from pre-

existitig ummoict ies, or hhmthi, compared to t he rate

(If ettzytuc degradat out. Sittce ALA s\ttt htetase tifi(l

arvl hydrooarbott Iivdrl Ixvlase are tiiotuil)ratte-

houtid, and the latter enzvnie is a nitilt iconipottent

syst eta, t hete ate I ((lift iIal (lillt(til t its iii alt empt -

itig ill dist i tiguish bet weeut enzytne svti 1 he�is de

mmoro atid act ivat O(tt . This induct II (� hero signifies

I)til\ t hit tate (If tt((tifiitilat ilIti ‘If otizvtne al I ivil v

of the �oIr�hiyria o)bsot’Vt(l iii tIme wo)rko’rs iii

time 2,4,5-T factory (15).

:\llaumy drugs tlmat inm(Iuo’o ALA sytithiotaso’

also induct’ imopat ic tmmiero )solnmal nmixo’(I -

ftmllctioln oxygeumaso’ ( 1 6, 1 7). \Ii(’nllsomal

oxygenasc is a nmo nmbratme-b lund oimzynme
complex rospo)nsiblo for time olxidativo

metabolism (If a variety of xotmo)biolti(’s atmd

several eimdo Igenolus c(Impoutmds ( I Si) . Timo’

activ( (rmzvmo sitt’ t)f this cimzvn’mo (‘olnmplo’x

is ti hemo IJ)�l itoium , o’vto Ichmr )nmo’ P-450.3 1�imo’re

is considerablo evidetmce t hat timis cyto(’imrc)m(

coimsists of a nmixturc of at hoast two imenmo-

I IrOtcilms atm(l that tho’ type o)f (‘ytoIo’imronmo’

pres(nt dletdrnmin(’s substrate specificity ( I 9,
20).

\‘V�e noiv i’tpO)nt studios (Iii tim( ofito’ts t

time imalo Ig(mmat od dibemmzo )-/)-(Iit )xinms cam A �

svnmtimetase atmd microsomal oxygonase iii

(‘imick embryol livor. As a measure olf mi(’rol-

so)n’mal tlxygonas(’ ao’tivity sio measurod aryl

imydro(’arbo am hydro xylasc ,� becauso pre-

linminarv sttidies rovoaled timat TCI)i), liko

time polv(’vhc imvdrt Iearbo Ins, selectively in -

duced this onzvnmo activity. Timo chick

o’mbrvo liver was onmploytd because (a) tim(

aviatm enmbrvo is the aninmal modol nmo)st

soimsitive tol tim(’ tolxic effects o)f TCI)I) (24),

(b) inductioum of ALA svntimctaso’ in (‘hick

embryo hivor is woll cimaracto’rized and vo’rv
sensitivo to) xeumobioties (25), (c) timo ogg is a

closed systenm, roducing time risk of laboratory

contaimminat io�n by oxenet it �n, anmd (d) time

avian embryo is inoxpenmsive ptrnmitting large

s(’r(enmng exponinments.

Timo structuro-aetivit y rolationshmip t )f a

series t � i� hmalogoumat 0(1 (libetizo )-/)-dio )xiuis

u-as oxaimmitmod ft �r their ability to) inmduo’t’

ALA svmmthmetase aumd arvi imvdnocarh( )ti

imvdroxvlaso’. The ability of thu vanitlus

Itt I his �iti�er (Vt((hhif((file P-45() tofots III till

sl)eci(5 of tIme carhhin nml(ut( (xide-binoling nii(ro-

51 (mal Iiefnoprl it cit , 1)111 Ii P-450) a ti(I Pt -450) (P-
448).

&rvl hvd a ((ti rl)( (ft hvd a ixvl ase has also I Ie(’t t

called betiz(I[a]pyro’fte hivdrllx\lase, hut Sitill it

tact ah(Il izes a ttiinihieu of pt Ihycvclic hiydrocafhI (05

to phettl (111 olotival ivos , t ho ni� Ire gotioral ttanio’ is

l)fefetfed . The I ttfo fea(t ((ft PtOOitfll is tout ollhlxiole

(21, 22), which is ftitt bet fuel 01)1 (hizool (If roarrttttgos

to the lihieftl II ic doti vat ivo I lie proolticl iaoasurcd

(23) . Perhaps I lie tii� (St ttl)litI Il)fit( I ( fil iuiicttclti I tire
iv, lull! lit afvl htV(h fl lItifhil (ft #{176}‘l�’(Xi(lttst’
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dlio)xitms to o’voko onzvnme induo’tit (ft 15 (1 If-

nolatod witim tI (Xj(’�t”s data.

MATERIALS ANt) METHODS

1)r. �Albert 1�)imlIut1d, (�imiof of time i�iotl xiti

Section of timo’ 1)ivisioum of (1imeummistrv atid

Physics, � Io)(1 atid I )nig A(lnmitmistratiolm,
\Vashington, I). (1, getlortlusly 1)rtlvided time

co)mpotmimds listod boltl\i. )dtto’im of timo’ in-

fornmatioin on tlmoir svnthiosis aim(l analysis (‘aim

be found in r’of. 26. i’iio’d’oumgo’umot’s1)0)55(55

very large (liffol’onmo’os iii tu’tivity, plating thmo

pno)blo’umm of ivimotimer a sunall rosj)oumse pro-

dut’t’d by a high (11)50 of a (‘oIIlml)o)umm(l is duo

toi svt�tk intniumsio’ ao’tivitv or to) trade (‘1111-

tamlmifmatio)fi (less timaim l��) by a vorv tm(tivo

(‘oumg(’ti(r. i\Imiii� ((1 timo’ analoguos are simil�u’

iii j)ii�sidal ptopoi’tios and (liffid’Iilt to) sopa-
rate. Fiimallv, 51 (ml of time (hbeumzt )-p-diolxnms

Imave only beoum svnthesiztd otico, aimd there

are no physio’al o’ommstatmts in timo’ litorature

witim wimicim to) o’onmparo’ thmo’nm. For timeso

reasons oachi (Iibo’tmzo-J)-(lio)xium coaigoncr is

ido’ntifio’(l bt’low by lot tmumbor, (I(’gr(e (If

purity, aumd nmo’thod olf analysis: I -(‘Imlolro
(1”- 1041), 2 ,3-di’lmltlrl (F-1043), 2, 7-di-

(‘hloro) (F’-905), I , 2 ,4-trio’hmloro (F-9S9),

1 ,2,3 , 4-to’trachmloro (1”-990), 2,3 , 7 , 5-tetra-

(‘imlorl) (F’-553), 1,2,3 ,4,6,7 , S , 9-octachloro

(F-912), ammd 2 ,S-dieimloro (l”-955). Tho’ struc-

turo of ea(’hm conmpouuid iias substtmntiato’d by

nmothmo(1 O)f svmitimosis, by appropriato iuifrared,

ulti’avio do’t, (‘lt’ctr( ID spimm m’osonammco, aimd
nmatt.t spo’o’tra, an(l by demotistratioti (II purity

gro’ator thamm 99 ‘ by gas-liquid (‘imrt)nmatog-

m’aphmv sii tim (leet ut Iii (‘apt tilt (let o’o’t �( �n. The

2 , 8-dicliloa’o amialolgue, witilo more thami 99

pure on gas-liquid euro )mat o)graphmy, had an

X-ray diffractiolmi l)attonmm u’evoaliumg tWIl

diffo’rommt. o’rvstal struo’tures.

hi addition, i)u. Poimland j)t’oVidlod other

sanmples, (If lesser puu’itv : 1 , 2 , 3 , 5 , 7 -penta-

o’imloro (l”-1053) atid I .2 , 3 ,4,7 , 8-imexa-
o’lmlolro (1-1055) svet’o’ nit )ro tlman 95( � punt’ by

gas-ho�uid cimromatllgrajlhtv I ,2.4 ,6,7, 9-

hmo’xmmchloro (F- 1061) sias tOIl\ 90� �, PUre by

gas-hio�ui(l chronimatograpimy; timo’ 2,3, 7-tn-

o’imloro (‘onmpound (F-90�)A) ivas otily avail-

able as a immixturo of (0#{176}� (ii- �w-) 2,3,7-
tniehlo (ft I aimd 40� �. 2 , 7 -(li(’iilt 11,0) ammd time

2,3, 7-tribuoummoldillxin (I”-991 ) was 94(� pure,

I )ioxitt is used tIl (lefillt 0 tilt’s If t Ito htilo-

getitilo(I dillotizo-p-dioxins.

Cl iimtaitung 5� l� 2 , 7-dibronil I aumd I #{182}�2,3,

7 ,S-totrabronmo conmgtumors by glms-li(fuidl
chroniatographv.

‘\Ir. (oorgo Lytmn aui(l l)n’. \V. \V. \Iuelder,
l)f 1)o’sv (‘imonmieal (‘onmpan�-, i\lidland,

:\ I u’im. , geumero Ilisly P10 iVi(lt(l dlibofizo-/)-dlil)xin

(SAl3-9: 144), svimieim ivas 95(� 1)11th by gas-
liquid clmronmatographv.

N.-� I) i�H, ‘uris, o’ycloimo’xinmide, bonzo[aJ

lIyI’t’Ii(, bovine serunm albumin titt(1 o Iliiniflc
snilfato ivoro’ Pllrclmasod fi’onm Signma (‘imenmical

(‘llulmllamiy. TlTlio beumzo[a]pvi’emmo ivas ii-

(‘i’\StalliZo’d frotmm svarnm boumzene by the

a(l(Iitioui of niethaumol. Aetiti(Inmycimi 1) sias

j)uI’(’imas((l fl’( 1111 (‘mmlbib )oimo’nm. I )r. Flanry
( io’lhoin, lIf tim’ iN�atil)uma1 (‘afmo’or Iumstitutc,

kitmdly P1(IVi(1(’d 3 -im��1ro Ixvbo ‘tmzo[aJ �)yreno.
.All otimer reagonits ‘siot’e of r’agoumt grado.

J�ccas,tioi,.s imi IIaml(lllfl(J /laloqenate(l (Ii-

!)elmzo-p-fli().mins. A. small o�uanmtity of o’ach

test (‘(Impound (less timaum 1 tmmg) was sieigimed

on atm (1O’(’tnic baiatlc(, (lissOlV((1 itm p-(lioxane
ium a serosv-eap tube wrapped hi alunmimmum

fo Iii tII I)l’tvouit piiotodoct Iummpositil Itt (27 ) , tiIl(l

thmemi stored undor a svoll-ventilated imtlo)d.
(�roat care svas tako’n in Imandlinmg timese

comlmj)oltmnds, ospociallv in ‘sveiglminmg tho s(Ihd;

pre(’aut 11 IflS ili(’iU(lt’(l tho’ tise of disposable
glovos Iilidl(lisj)oIsabi(’colvorings lot’ tiit si0)i’k

stirfaees, and the (‘lealminmg of all glasswmmno’ iim

o’tltmtact witim a imigim cotmo’ontratilltm o�f the

(‘0 Ifl1�( attmds, fit’st svitim cimlolt’(Ifo)rnm auid timetm

witim a o’otmo’entrated sulfimnio’ acid--potassiunm

dicimrh )nmato’ solution. Wimonever � Issible,

disposablo’ plastic wtmr was used.

7’ieatniet,t of au iinal.s. lortilizod svhito
Logiml ItO (‘imi(’ko’ti oggs wei.o j)IIr(’imasod fronm

Bmtbcook l’arnms, Itimaca, T\. V., or SP.\..FAS,

Iim(’., Norwich, (‘outn. Time oggs wou’e imm-

cubatod at 370 svitim 70� or greater imumidity

aum(l Use(l hots’s-lout time 1;)tim ati(l 20th (lays (If

gostatitium (total gestation j)onit)d 21 (lays).

Tost Oh Iti��b Iutids were ti(Iuimimmisto’ro’d into

time air sao’ thnolughi a smmmall imole puimeimod imm

thmo shmo’ll. rfhe lmalogttmatod dibonzol-p-oliolxiums

wore injocted in a voIluumme (If 25 /11 of p-

(lioxano (unloss ot herwise mu Ited), using a

Ilamil to )i i microl it �r syniumgo. p -1)io �xan(

(25 ��l) WIts itmjt(’tt’(l into O’t)tmt toil eggs, wimicim

(li(l tiot (lisj)iay otmzyimmo ao’tivitios sig-

umifieaimt ly (lifforo’uit fronm untroatod oggs.

�FIil holl itt time shall was c worod with cello-

pimmmtmo’ tapo’ to Provetmt do’hydratioln atid timo
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eggs svero returumed to) the incubator until

tho enmbrvos siere killt’dl.

Preliminary experiments revealed that

cycloheximide and act limo Inmycin D , silmenm ad -

ministered into time air sac or yolk sac, were

only partially offective in prcvcntinmg etizynie

induction. Timerefore these compounds svere
administoned intnavenoiuslv by time ummothod

of Finkelstein (28). Time eggs svere “candled”

to visualize time vas(’ular supply to) time shell

membrane. Then, with a dentist’s (trill

e(ltiiI)ped siith a �‘s��iIm(�im abrasive disc, a

3 X 3 mm piece of simehl svas removed over a
pro)niunidnt vein, si-ith (ant taken imot to
injure the underlying nmembrane. The eggs
sv(’re returned to time iiicubator for 1 un to

harden time simell nmonmbratmo. Usitmg a 27-

gauge needle and tuborculin synimmge, 0. 1 nil

of 0.9 Xael containing act immoummycin D o�r

cvclohexinmide svas inj octod iimto time veiim.

TCI)D sias administered by tho usual route

into the air sac, and both sitos (If injoction

were covonod by cellopimano tape to i)t’event

dehydratioim. (We art’ grateful to I)r. Urs
i\ I eyer, T)epart ment of \ I edicine, Unmivensity

of California Medical Scimolol, San Fnaim(’isco,

for reco)nmmcnding t imis t ecimtmique.)
Enzyme assays. Time livers front timree to)

fivo sinmilarlv treated aumimals were pOOled,

sveighcd, and imomogenized in isoIto)nic KC1

and timeim eontrifuged at 10,000 X q for 20
mum. ALA synthetase was assayed by restis-

petisioim #{176}� time 10,000 X u Pellit, as pro’-
viouslv des(’nibed (15). Each poliimt svas time

avonago (If t niph(’ate do’termitmatio Ins.

Any! imydnocrbon lmvdrtlxvlase was as-

sayed by time umlotimold of Giolen, Cioujon,

aumd Nebort (23), modified slightly. Time

rOactio)n 5VU5 run iim a tOlta! vtmlunmt’ of 1.05

nil contaiuminmg 50 �Lmo)los (If Tris-FIC1 (p11

7.2), 1 nmg (If boviimo so’rutmm albunmin, 0.5

/�moio (If NA1)PH, 3.0 �tnmolo’s of MgCl2,

0. 1 nml of 10,000 X q liver supernatant.

oquivaicrmt to) 5 nmg of liver, and 100 immoles

of bcimzo4a]pvronme in 50 .il of immetimanol, added

to start tho assay. After iimcubatiomm for 10

mini at 37#{176}in a shako’r wator bath time reac-

titln was tormiumated by timo additi(Ifl of 1 .0

nil of cold tmcotone and 3.25 ml of imexane.

rfimc mixture was reincubated at 37#{176}for 10
nun to) extract time betmzo[a}pvrotme and

metaboiitcs. A 1 -nil sample of time 3.3-tmml

l)rgatmi(’ phaso was oxtrao’tod svitim 3.0 ml lf

1 x Na( )H, aumd timo alkaii-xt mactable

tmmetabo!)lito’sivei’e exanmined in an Auiiitmco-

Bo iwniani sPect ropimotofluoroniet r (tmmt1(1(1 4-
5202 SPF’) ; fluoro’scence o’olrr(spl Inditig t I)

3 -imvdroxvbemmzo[a Ipyreimo has nut act i vat io In

I)t�Itk at 30,)5 nni Iitm(I au onmission tmmaxitmmuumm
itt 520 nnm. rI,i fluoro’scetmce of a s�mtiiplt’

blank, to) iiimieim time benzoi[a)pvreumo’ wtts

ItdI(I(dlaftor time IL((’tOtit atidi h(xammo, sias

simbtrao’ted fronm tlmo’ fluoroso’ence ( �f oaeh

oxpeniummttmtal sanmp!e. ‘limo’ fi tillrotimot ti’ ‘si_its

(‘alibrattd siitim a staimdar(I so)luti( at I If

oluitlino sulfate ot :�-imluox�’boimzo{aJj�i’eime.

()ne unit (If �mrv1 imydrocarbo)n imydi’( )xy!aso

tietivit�i si-as defined as timat atmil ititit (If

o’mmzvnie catalyzimmg the fornmatilln p01’ nmintito

at 37#{176}(If lmvdrllxvlate(1 prl)du(’t o’ausitmg

fluoreso’cimce equivalctmt to tlmat of I i)mmi� (It’ of

3-im\dlrt )xvbenzo[a]pvrene. Activity was cx-

prosseci as ummits 1)01’ nmilligranm (If liver svl’t

weight. Lacim assay was ponformo(l twico;

duplicato’ results nolrmally vanio’d loss than

b0�. Time assay was linear for oimzvtmmo (‘((Ii-

o’ontnatio)n and time uumder timo co Indit 1lIi1�

(‘nWlo�o(1. Time assay was always 1)erItII’tmmool
at j)H 7.2 (37#{176})in Tnis buffer at tho (Iptifimal

pH for lmydroxylast activity ill etmmbrylls

treated witim 1(’l)l) o�r 3-nmo’thylcimoll-

�mntimnetme. 1mmtime o’t (mitro Ii oimick liver, imvdroxyl -

ase act ivitv imad an optimal activity at 1)11
6.6 an(I enzvtmme activity sias about 25#{176}
lowor at pH 7.2.

1IESU LTS

2,3,7, S-Totrlmchlorodibenmzo-p-dillxium is a
synmtmmotnical, imoarly plammar molecule; all 4

cimlonint atonms are iimdist inguisimablo frI (Ui

one aumlltimer (Fig. 1). TCI)l) si-as found tOl ht’

a pot etmt immducen of any! hmy(lro)carbon imydrox-

ylaso’ activity itm ehmi(’k embryo livor (Fig.
2). A plot of the enzymo activity vs. log ad-

nminist(ned doso gave a signmoidal curve svithm

half-nmaximal imiduct mam at 10 j)iilt ilos, egg

(3.2 mmg). Evon at timo’ lowest (10)50 testool,

1 .J.) pmolles/egg (0.5 img), TCT)1) umoarly

doublod enzyme activity. \ laxinmal itmduct II ID

of ar! imvdrocarbo In imvdro Ixylase, a ppr )xi -

nmatelv a 10-fold itmer(ase abovo o’ommt rId

levels, was prtldlieedl by 155 j)tlmoles tgg.

TC1)1) �5 liver l0� tinmes more potoimt thmanm
:3 -nm(timvlclmolantimreno cam a molar basis itt

iumducitmg aryl imydrolc:mrbo)n imydro Ixylase.

6 :� . Poland tad E ( lllvef, fnatulis(fij)t ifi

l)rePtiutil illft



FIG. 1. Structure of 2,3,7, 8-tctrachlorodibenzo-p-

dioxim,

�l2

TCDD (moles/egg)

740 POLANI) ANt) GLOVER

FIG. 2. Log do.se-respomi.se curve for induetiom, of

ary! /1 l/(lrOcarbOmi /l ydroxy!ase

TCI)1) dissolved in p-dioxane, or p-dioxane

alotic (cotitrol), was injected itmto 18-day enmhryos,
and hepatic enzynme activity was assayed 24 hr

luit or. Eao’h poifit represents the mean ± standard

errhIr of four groups of poioled livers (three livers

�er gt((tij))

We previously roportod that TCDD svas a

potoiit inducer (If ALA syimtimetaso in (‘hick
embryo liver (15). It should be noted that

induction of imvdnoxylase activity is more

sensitive to TCDI) timan ALA synmtimetase,

and that a dose of 50 ng/egg of TCDD pro-

du(’es nmaximal imvdroxvlase inmdueth ID svimer(-

as at least 10 timos timis dose is nec(’ssarv

for nmaxitmmal inductiotm of ALA svnthetase

(15).
limo time co )urse of hiydroxvlase induct ion

by TCDI) is simosvn in Fig. 3. After a simolrt

lag period there is a coattinuous inmcrease in

enmzynmo’ act ivit v, svhich reaches a maximum

lit iS imr. Lnmzvmo’ in(hlction by TCI)I) is
j)rtllotmged for :mt io’ast 5 (lays (Fig. :3B),

in o’t)uitrmmst to the less sustainme(l itmduetion

ii( have observod iiitim 3-methvlcimolanthrene
rfiii persistent induction of aryl hydro-

carbon hvdroxvlase is similar to the pro-

loimged induction of ALA syntimetase (15)

anmd fllo)st likely rosults from the long

biollogical lmalf-life of TCDD (29).

Siruetu re-act lilly relations/i ip � \Ve com-

1)ared the abilities of a series of 15 congeners
of dibenzo-p-dioxin to induce aryl hydro-

(‘arbt)n hydroxvlase. The dose of TCDD
oniployed si-as 47 pmoies/egg, which evoked
nearly maximal induction (Fig. 2). The other

dioxitms svere t(sted at I , 10, or 100 times this
dcso, and the results are expressed as the

nmeaim ± standard error of four groups of

1)11(110(1 livers (Fig. 4). All compounds cal)able
(If itmducing hydroxylase activity did so at

47 or 470 pmolos/egg, and all the dioxins
that failod to stimulate enzyme activity

produced no cimange at 4. 7 nmoles/egg. The
I (DO exceptionm si-as I , 2 , 4, 6, 7 , 9-Imexachlono-

dibenmzo-p-dioxin, svhich at tho’ imighest dose
tosto’d producod a nmodest inm(’roase in by-

droxv!ase activity. This compouimd svas

only 90% pure by gas-liquid chro)matog-
napimy, and it was impossible to distinguish

botiveen weak po )t(ncy mt ninsic in the com-

pound and contamination svitim a po)t(’Imt

inducing congener. Coimt aminat moili wit ii

0.1% (sv/w) TCDT) svould account folr the

obso’rved response, and tho’ questioum svill

ronmain unsettled until a purer sample (If timis

lmexachlorodioxin beconios available.

Another svay tol examine the sharply

defined dioxin st nuct tint requirocI tel induct’
arvi imvdrocanbon imvdrolxvlase is to s(o’

whother hugh closes of the inmactivo’ congo’tmons
will block the induction produced by TCDD.

Timat. is, do these iimactive compounds bind
to tho induction receptor site and act as
anmtagotmists? To test this, we first simosvecl

that imigh doses of time 2 , 7-dichmlono, 1 , 3 ,6,S-

tet nachiono, and octachlor I congenens pro-

duced no significant inmduction of hydnoxylase

activity (Table 1). The 1, :3,6, S-tetnacimiono

congeumor, at 1000 times the dose (If 2 ,3 , 7 , 8-

t et racimli )rodibenzo) -/) -(hoxum, roughly clou -

blod emizyme activity. It is agaitm impossible

to distiumguish between si-oak potoncy (If time

paronmt (‘o)nmpo lund and trace coimtanminmatioum
witim a potent anmalogue. Xoxt timeso timreo

inmao’tive o’onmpolurmds wei’o’ admitmisterod tI I

chick enmbrvos, followed 2 hr later by TCIM)
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Ft i; 3. ‘I’i,,,eeour.%e of mmit/ott iou of tiri�l 1, )/(/r�-

carbon hqdroxy!ase

A. Twenty-day-old embryos were given 466

pulmhlics (150 tmg) lIf TCI)D per egg, dissolved in
p-dioxanc, or receive(I j itst the solvent , tind t lie

hepatic euizvme tictivitv was tissayed at t he

in(litate(I t inie iuitervtols.

B. Fifteeui-dtiy enmhrylis were t rent e(l wit hi t he

s((lvent or 150 rig (if TCI)I), titid hepatir enzyme

activity wtis assayed 1-5 dtmys ltttcr.The embrvlls

were staggered jut their incithatihiti tiges, 511 that
all enmhryos were killed tifid their enzyme activity

assayed ott the same day. The poifmts tire t lie

means ± st andard crr� irs of fI iur gr (tips (if 1)1 bled

livers (three or four livers per group).

The indtm(’ti(In by TCJ)l) alone did imot

significantly differ frolnm timat produced itm

tim(’ aninmals l)reViou5lY treated si-ith the

inactive (liboimzhl-p-dioxitms an(l timeti TCI)1).

The clibenzofurati ring is very sinmilar to

t imat of dibenzo -j) -dioxin . Some cimlo Ininat ed

dibeimzofuraims, nmo)stly t(t nacimlono 1111(1 p(nta-

chloro (‘Oml)O Itmlids , siimicim arise as (‘O)tmt a Immi-

mmants during the syntimesis (If 2 , 4 , 5-T (9),

aumd �)olychmlorobio�)imen1yls (30, 31 ) imavo’ beeum
simosvri tol product im(patotoxicity atmd acn(.
\V( have found timat tim( (hibenzofuraui niimg

and time 2 , 8-dicimloro-, 3 , 7-dichloro-, :mn(!

olctacimlorodibeimzofunaums imavo littlo � �r umo

(‘apacity to induce ar�’l imydrocarbon imy-

droxylase, but- timat 2 , 3 , 7 , 8-totrachloro-

dibenzofuran is a very gOO(l inducer, nougimly

as Iotont as TCI)D.7

Ii�diio(ioii otJ’ �4 L�1 syuuihelase. Eacim 0)1 time I S
dioxin eoimgeners svas tested at at least thre

(l(Ise lovels fclr its ability to) induce hto’j)atio’

AI�& svimthetase in time cimick o’nmbryo. As

511(1w-li in Jig. , time structuro-activit

relationship for umduction (If ALA syntimotase

sias ideumtical witim that observo’d for time

itm(luctioti of any! hmydrocarbotm imydrt Ixylase.

Timo’ inactive dioxins failed to) oli(’it atmv

eumzvnme inductioum at 200-400 tinmos the (101st’

oif TCJ)1) (30 pnmoles/egg) that ovI)kt’d a

substaumtial incroase in ALA svnthotaso’.

In time structure-activity studies simt)wn iii

Figs. 4 and 5, it. can be socum thiat TCI )l) is

timo’ niost potent (If the dioxilms. Other t’xpo’ni-

nmenmts sim(Iwed timat all timo’ dioxiuts svimio’im an’

inducors prolduo’o time satmie ummaxinmal a’-

sj)onso’; i.e., timoy differ ommly in potttmcy, Ill It

imm itmtt’ifmsi( activity.

In/uib#{252}ion 0/ ilu(lucIion o -IL.1 .s!1nh/ieI(zs(

a mud am�j1 / �jelu’omcaubouu /uyduo.uylasc b11 act umu 0)-

nil/din .D and o’ijelo/ue.uunide. Time stiimmuhmtioui

of both ALA syntimo’taso’ mmn(I mi(’i’tlsonmal

oxvgt’tmase by a variety of fo)neign conmmpoummds

imas boon simowum to) bo’ pi’tvetmtniblt by timo

adnministration of inhibitors of I�XA and

l)roteili synthesis. These studies imavo’ chili-

tnibuttd to) the idea that time increase’ itt t In’

activitios of botim eimzynmts repnost’tmts imm(luo’-

tioim, altimtlugim it is imot yo’t l)ossible tI I

(listinguish between pro)toin s\ntimesis (If

theso’ (‘tmzvnmes (le uuou’o and activatioum II! 11th’-

existitmg compotmo’tmts.

Table 2 shows the results of an expo’niml’umt

ium svhmicim cvcloimo’ximide and actin(Iniveitl I)

..-\. I�udtiuid, .J. \Vadc, titid A. Is.ermde, nuiptill-

lushed Il)servat ibltis
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Fuo. 4. Structure-activity relationship of halogenated dibenzo-p-’/ioxins: ifl(/bLCtiOfl of ary! hydrocarbon

hydroxylase (AHH) activity in the chick embryo liver

Eighteefi-dav embryos received 25 MI of p-dioxauie or p-dioxaite cOlttaifiiuig the test compound,

and e�mzynme activity was assayed 24 hrs later. The purity of each compoutmd is discussed ufmder

MATERIALS AND METHODS. Each bar represeuits the meafi ± standard error of four groups of pooled

livers, except for the solvent-treated couutrois autd TCI)D, si-here n = 12. Three to five livers were

Ar!,! hydrocarbon h yduoxy!ase induction by TCDD and eoimipet it ion by otho, Iba!ogenated dibenzo -p-dioxins

�fl (hick embryo

A total (If 40 Ml (If p-dioxane containing various dioxins was injected iutto 18-day chick enmbryos. In

groups 8-10 tIme inactive dihixin was given 2 hr before TCI)D. Twefity-f our hours later the embryos were

killed, atid time livers were pooled and assayed for enzynme activity. Results are means ± statmdard errors

of four or five groups of pooled livers, with timree t(i five livers per group.

Treatment Dose Comparative
molar ratio (to

Aryl hydrocarbon
hvdroxvlase activity

TCDD dose)

pmoks ‘egg

46,600 1000

46,660 100()
18,600 4(X)

46.6 1

6. Coot rol (p-dioxane I

7. T(�I)I)

8. 2.7-I)iclmlouo-1)l) + TCI)l)
9. 1,3,6,8-Tetrachlh(ro-I)I) + TCI)I)

10. ()ctachlhlro-1)I) + TCI )1)

1000:1
1000:1

400:1

1 .58
14.85

14.75
13.34

14.36

‘1 )ibeuizo-p-dioxin.

± 0.14
± 1.38

± 1.02

± 0.82

± 0.85

742

pooled per group.

1. Coiumt uol (p-dioxatte
2. 2,7-1)ichloro-l)I)’

3. 1 ,3,6,8-Tetrachlorhi-l)lJ

4. Octachloir��-l)l)

�i. TCI)I)

TABLE 1

46.6

46,600 -4- 46.6

46,600 + 466

18,600 + 46.6

units/mug liver

2.14 ± 0.29

2.62 ± 0.08

�.19 ± 0.90

2.84 ± 0.33

24.84 ± 2.16
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Fiu. 5. Structure-activity reiatio�tship of halogenated dibenzo-p-dioxiuts: induction of ALA synthe(ase

Seventeen-day enmbryos received the solvent alone or contaifming time dibenzo-p-dioxin tested, and the

enzyme activity was assayed 48 hr later. Values for untreated chifmtrols (il = 9) did imot differ appreciably

from controils receiviumg solvent (mu = 12). Eaclm bar for the test groups represents a sitigle group of three

to five pooled livers.
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ALA SYNTHETASE ACTIVITY (mpmoles ALA/gm liver/hour)

were administered intravenously to I o’ggs

just prior to the dose of TCDI). Eleveim

hours later the embryos si-crc removed, aimd

both ALA synthetase and arvi hydrocarbon

hvdroxylase activities svere assayed ill o’ach

liver. TCDD-treated embryos shosved a 13-

fold rise in ALA synthetase and nearly a 6-

fold increase iii hvdnoxvlase activity. Tho’

induction of both enzymes sias completely

inhibited by prior administration of actino-

mycin I), supporting other iumvest igat.ioims

ivimich suggost(d that RNA synthesis is

necessary for time induction of bothi eimzymo’s.

More interesting is the findiimg timat timo’

induction of ALA synthetase was sensitive

to inhibition by cycloheximide, and induc-

tion of hvdroxylase activity relatively in-

sensitive. At doses of 10 and 23 pg of (‘yclo-

heximide, the induction of ALA synthetase

svas completely suppressed; hosvever, iumduc-

tion of hvdnoxvlase activity in tim(’ same

livers was inhibited only 18% and 28%,

respectively. It is improbable that this

result caum be o’xplained by the difference in

half-lives between ALA synthetase and aryl

hydrocarbon imydroxylase or their respective

mRXAs, because cycloheximide was ad-

ministered before TCDD. The induction of

ALA synthetase, and resultant increase in

heme synthosis, is not essential for the

induction of arvi hydrocarbon Imydroxylaso.

DIScUSSION

TCI)D is a potent inducer of both ALA

synthetase and aryl hydrocarbon hydnox-

vlase in chick onmbrvtl liver. TCDD differs

fnonm other colmpounds that have been re-

ported to indtmce either or both euzymo’s lIt

three aspects. (a) It is at. least 1000 times

more potent than any othmer compound yet



.EJJeel of act i,I ommi ?/ciml D a mI(l o-qeloh (xi,,, ide on

i miduet io)mi of A LA s/jmI tli et (Ise a mb(! aryl /1 ijdrou-arbon

hydroxylase b1� TCDD

Fertilized eggs of 18 days’ gestation reo’eived
iumt ravenously 0.1 ml (If 0.9�, NaCI ((html rol,

TCI)l)) or 0.1 nil (If 0.9#{176}� NaCl hh(ntaiuiiflg not i-

fioinivc’ifi I) hlr cyclohooximide. Fift ceti niintites bi-

ter 25 �l of p-(IiOXafiC (o’ont rIds) (hr 466 ptmioiles (If

TCD1) in 25 M1 of p-dihlxane was itijeitod itilo t lie

air sac. Eleven hours later the enmbrvos were

killed, auid ALA synthetase auid aryl Imvdroo’arbon

hydroxyhase were assayed simult numerously in siti -

gle livers. Results tire meaums ± stati(lar(l errors

of the uiumiier oif embryos simh(wui.

T.uoI�F: 2 tribtmtes except that nmost mtre lipopimili(’ at

pimysihllogical pH (14, 18).

In time series of halogenated dibenzo-p-

diolxiums tested, five co)nml)ounds si-ore’ found
to) bo’ l)otent inducers of botim ALA svn-

t lmo’tase and arvl hy(lnocmmnbo)n hvdroxvlase.

Time dioxins timat wero’ indu(’(’rs Imad tiso

(_‘oIummnm( Itt Prol)erties : (‘hmlOnimm(’ on bromitme

aton3s occupy Itt lemmst. threo’ o�f tho folur

lateral ring l)OsitiolmS (Xos. 2, 3, 7, and S),

aumd timo’re is at least. 1 imoimlmalogo’uumto’d carbon

ato )nm . The fu liv (‘h!o Ininat ed oct acimloro)-

dibo’mmzo-p -dioxin did mmot i umduco o‘it imer
o’tmzvnme. One (‘onmpoun(I, I , 2 , 4 , 6 , 7 , 9-imexa-
o’imho)roldibenzo -p -(lioxilm , behaved except io n-

ally itt tbmat at high (loses it produ(’(’d a

mo)dest induo’tioui (If arvl hmvdro)(’arbon

________________ ___________ hy(lrolxvlase. Hosiever, bo’catiso’ thmis c�)n-

geno’r si-as olumlv � puro’ it is ifli1)OiSSiblO’ to)

(listimmguish betsveen ivo’ak poIton(’� of thus
diOlxifm and o’ontanmiumat io In svith a poto’tit.

nm(luciumg (‘olng(’Imer.

\Vo’ hiave’ recent lv synt hesized a umd t ost ( ‘(I

a miimtmmbo’r of dio�xiii iso)umm(’ns ivimicim su�)p(Irt

this itmterpretatiomm (If time stru(’tline-actiVity

r(’latioltlshiip.7 lro)ni. this larger serio’s it svmts
folufmd timat substitutions at tlmo’ lato’ral rimmg

jII )sitio ns are ao’tive iim the 0 Irder Br > Cl )‘

± 0.37 F > N�2

- Jo o’lio’it timo’ umductioim of ar\l hvdro Icarb 1mm

Imydro,xylaso, sit’ assuuimo timat time dio Ixins

Oh Itmmbitmh’ svith so (me sito’, thmo’ ‘‘imiduct lb (mm

receptor,’’ an(l this interao’tib)n iumitiates time

event oi’ evonts loading to timo’ fhiu’matioln I If

nmore arvl imvdrolcarbon imvdroxylaso’ act wit�.

NO assttumiptiouis are made about this ‘‘iumduo’-

tion ro’coptor’’ with respo’o’t tol its subcellular

lh)e’atihlum, time nature of its binditmg tel TCI)1),
o�r sviiether this drug-ro’ceptor iimteractiomi is

time same as timat svhich initiates time induc-

tio)n (If ALA svnthetase. Time (holxin coum-

go’uiers timat dlii umot ium(hico’ aryl imydrocarbolfi

imydrolxylaso’ (It ALA synthetase svo’n’ devoid

of agonist a(’tiVitv at 100-1000 tiummes thmo’

(lose hIt TCI)I) used, amid imigim (1(105 o�f time

immactivo’ dioxins did not b!olck timo’ inductihln

of Imvdrolxvlaso nAtivity produ(’ed by TCT)1).

‘i’imus the iimaetivo’ dih Ixilms mmct mmeithmer as

svommk agonists uiolr as antagonists to TCI)l),
suggo’stitmg that they hmmvo’ littlo’ affinity for

thmo’ itmductioum ro’co’ptolr sito’. 1�oIteumcv, st rue-

tural 51I0’(’ifi(’it�, and apparent ro’lative

Ireatmeuit � ii

� ;zmole.s � units,’ mug
� � IL;! g, hr

(�Iustrhd 5 19.1)
TCI)1) �5 261.9
TCI)I) + ti(�titi(i- �

fuiy(ifi I), 30 �g 4

TCl)I) + OV(’l(I-

hmeximidc, 5 �ig
TCI)1) + cyolo-

hexiluii(le, 1(1 �g 5

TCI)l) + cycho-
hcxifnidc, 25 �g 5

tested. (b) It has a pnolongod duratiolmm of

action: both enzymes are still indu(’ed in

cimick o’mbryo livor 5 days after a siimgle dose,

presunmably a reflo’ction of time po’rsistenc(’
of TCDD, svhmich imas been ro’ported tol hiavo’

a long biollogical half-life (29). Wo’ imave

fouumd mm siimgle dose (If TCDI) tol itm(ltm(’O’

imepatic any! hydrocarbon hydnoxylase in the

rat after more than 35 days.6 (c) Time so’nies

of halogo’nated dibenzol-p-dioxilms tested imavo

a. simarply defined stnu(’ture-a(’t ivity ro’lat iomim-

Simil).

�‘�lruet U re-a(t ili!!J me/at ioiis1� ip. Timo’ i tmduc -

t 10)11 0 If ALA svnt imo’tase aimd nmicrosolnma I
oxygenaso’ by a siide variety of compolunds

has prompted numerous structure-activity
studies (13, 32-37). Altimo,ugh witimin any

particular so’nies of compoluumds c(’ntain

prol)erties mmno’ conmmon to inducing con-
geners, companisoim of all the conmpoutmds

knosvn to in(ltice revo’als mmo� (‘Omnmoln at-

744 POLANI) ANI) GLOVER

ALA Arvl
svnthetase hydrocarhoti

hvdroxvlasc

± 6.7 1.31 ± ().15
± 43.9 7.36 ± 0.77

6:3 ± 5.1 1.17 ± 0.14

29.8 ± 5.8 7.89 ± 0.7(1

9.9 ± � 6.27 ± 1.11

6.2 ± :3.5 5.6%
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8 � Polauid afi(I i: ( lover, tinptibhishied 1(6-

servat iIifi5.

n(’sist.almo’( to metabolic degradation (38)

make the dioxins ideal tools to explo)n( the

site(s) at svimich foreign conmpoulm(lS must

interact to initiate the induction (If aryl

hydrocarbon hvdroxvlase and ALA svn-

thetase. Among t he unanswored quest ions

about the structure-activity relationship
among the dioxins are the importance of time
oxygen atoms : svould the 2 , 3 , 7 , 8-tetra-

ch!oro derivatives of other tricyclic planar
ring systems be active? And doles time iimter-

action Of the TCDD moleculo’ svithi the by-

poitheti(’al induction rec(ptOr depend oim the
steric configuration of the molecule on

primarily on the electron distribution?
Sonme chlorinated dibenzofunans Imave been

r(’pontod to be toxi(’ coumtaminaumts elf 2 , 4 , 5-T

(9) atmd the polychiolninated biphenyls (30,
:11). it is notess-oirth�’ that dibenzofuran and

(hbenz(I-p-di(Ixin ano closely related t ni -

(‘yclic planar molecul(’s, and thmat cimloniimato’d
congo’ners of both rings have been reported
to cause acne and hepatotoxicity and follow

a sinmilar structure-activity pattern in timeir

ability to induce anyl Imydnocarbon imydroxyl-

ase and ALA syntimetase. Thmese data sug-

gest that the mechanism of toxic action nmay

be identical for the chlorinated dibenzo-p-

dioxins and dibenzofurans.
Of practical import. is tho relatioimsimip

between the toxicity of the various imalol-

genated c(IImg(nors of dibenzo-p -dioxins aumd
thmeir abili tv to) induc(’ anvl hvdrocarb( In

imvdroxvlase aumd ALA synt.lmetase. TCI)D
and otho’n toxic dioxins produce several toxic

ro’spotmses in addition to let imality: cnmbrvo I-

toxi(’ity and teratogenesis, odonma in thm(

newborn chick, and acne svimen apphi((l tol

rabbits’ ears. The available data (4) suggo’st

thmat any dioxin timat elicits one of these

responses evokes them all. The toxicity data

on the various (lihlxium colngeumens colrresphlrmd

l)erfe’ctl� svith tlmo ability of timese O’hIfli-

l)otilmdS to) induco’ ALA svntimetase and arvl
hydrocarbon hydroxvlase. ion ilmstalm(’e, time

oral LD50 of TCDD in the rat is 22 pg/kg,
aumd time 2 , 7-dicimloro- and octachlorodioxiiis

-both inactivo as itmduc(’ns-imave LD�0
values of �wor I g/kg. Similarly, tlmo tin-

halogenated ring, 2, 7-dichloro-, 2, 3-di-

o’hmloro-, 2 , S-dicimloro-, 1 , 2 , 4-tnicimloro-, 1 , 2,

3 . 4-tetracimloro-, and b lctachlonoclioximms- -all

(If wimicim failed to cause acne-also I)roduced
no eimzymc induct ion . Howover, TCi) D,
2 , 3 , 7-tribromo-, 2 , :3 , 7-trichloro-, and mix-
tunes (If vaniolus hexachiorodioxins siere po-
teiit inducers as well as acneogeims.

The empirical correspondence between time
capacity of various dioxins to prol)du(’e toxic-

ity and evoke enzyme induction sugg(sts

that enzyme induction may be involved in

the mechanism of toxic action. Furthermore,

this (‘orrespondence suggests that enzyme
induction nmav be us(’d as a simple (‘onfinma-

tory bioassay to detect time Pno’sencc of the
toxic dioxiims and (‘otmtan)inalmts in the �n-

vironnmo’nt.
Relations/i 1/) bet neen in(luclion of A LA

S�fl t/ietase an(l ai’yl /iyclroeai’bon Ii y(11’oxylase.

()f tho many structurally diverse (‘ompounds

that induce hmepatic micnosomal oxygenas(�,
most of the drugs concurrently induce ALA

svtmtlmetase. Since timo’ tumnnover of cytochrome

P-430 accounts for a major fraction of the

total imepatic imeme s�vImtim(sis in time basal

state (16), it imas been asserted that induc-

tion of microsomal oxygenase activity tmmst

be accompanied by indw’tion of ALA syn-

thetase to provide the extra imeme necessary

for the induced apocs’tochrome P-450 (17).

In the present investigation, time identical

st ruct tire-activity r(’lat io)nships obtained

svithm time dioxin congeners for th( induction
of ALA svnthctase alm(l arvl hydrocarbon

imydroxylase support the idea of sonme type of

o’oordirmate gene linkage (13, 39-41). Hosv-

even, several observations contnadict. this

simple interpretation. iinst are the diffenont

dose-rosponso (‘urv(’s for induction of these

tsve) o’nzynmes by TCD1); time induction (If

imvdroxvlase activity is nmore sensitive to low

doses elf TCI)I) and maxinmal induction is

produced by a (lose of 155 pnmoles/egg,
svheneas even at a 10-fold greater (lose ALA

svntimetase induction is not nmaxinmal. Jut time

eimick embrvol, nmoreoven, time adnmiimist rat ion

(If 3 -nmetimylcim Ilant imrene produces nmanked
induction of imvdroxvlase a(’tivitv :mnel hmms

almost no (ifect oIl ALA svnthetaso’.5

Finally, tho’ inductiorm of ALA syumtimo’taso’ is

con’mplo’telv prevo’umteel by a dos( (If o’yo’liI-

imexinmide that only slightly inimibits imy-
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droxylase expressioln. Iii time chick embryo

micro)sonmal o)xyg(’umase (‘atm bo’ itmluco’d in th(

complete absenco’ (If induction of ALA syn-

thetase (aumd imence time l)neSUme(I absence of

augmented heme synthesis).

The above data demonstrate that timo’ (‘ofl-

current expression of ALA synthetase and
anyl hydrocanbo In lmydr( Ixylase is dissociable

under cent am (‘on(ht ions. The oft en coordi -

nated induction oif these eimzvnmes mac result
from some loose gene linkage (41) or tigimtly

coupled gene trarmscniption aimd subsequment

post -t nalmscril)tiolmal control mechaimisnms,

svhich have been described for time expression

of both enzymes (42, 43).

\v(’ believe that furtlmer investigation of

TCDI) is ssarnanted on tsvo accounts. First,

the presence of time cimlorinated dibenzo-p-

dmoximms and dibenzofurans as contaminants

in otir envinonmeimt post’s an incalculablo’

poltential hmealth hazard svimichm (‘an oimly be
asso’ssed svhen sve have sonme more basic

information on time degree of j)OllutiOn and

time nature of the biological toxicity. Second,

the unparalleled potency of time dioxins mis

inducers (If ALA syntimetase aimd anyl hydro-

(‘arbOfl hydnoxylase makes them extremely

valuable in th( study of enzyme induction.

E!u(’idating time mo’chmaumisnm oIf a(’tion of

TCDD may increase our knowledge in such

oliverso areas as neguhat.ioln oif gene o’xpres-

sioli, me(’lmarmisms (If hepato It oxicity, aum(l

t o’ratogeimesis.
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