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Si�iliiAit-i�

(‘hick enmbnvtlniic liven’ cells gm’o\mnm inn muuolmuolnuycl’ cult ores mmct nubolhizc nunuumnt(Ipyn’mtic to

4-anuintomunmtipyt’inue, mmhmiehn is relenuseol iunt 0 t inc mumeoliunm. ‘Tlmis JV-o!enmet hnylmut ion is lIem’folm’nmedl

by liver cell cubtimmes hint it(It by rcnnnul oIl’ intestinnnil cell cunltun’es fn’onu cimick enubryos. ‘fine
fonnmnut ioIt of 4-mum�immonmnmtiII\u’inne is himmenur wit I tin-id’ munnolis inmimibit e(! by 5 K I’ 525-A (2-oliet hnyl-

nununmolet liii 2 , 2-c!ipimenmylvnuhemnute FI(’h) , I)iI)enolmnyl but olxidc, hmexolbmmrbit nib, haun’ic nmcio!, mu-mud

testostenonme. Innimibitionu in-i null eases is n-it least jImurtin�.ll� reversible. Time m’mute dlf 4-anmimnl-

mutt ipvnimme folnmmutionm is alsol neven’sibly inuimibite! by cnunbonu im�IIiO)Xid!e. l’rolnm t Inc Co :
t’nit 10) anud I’m-ite (If formnut lou (If t i-ic nuct abollit e, ii is possible t o est imnut e I imc l)nmrt it iou coefh-
cieunt , J’tL, for cyt olchnonc P-450 mm hivimng cells, miluicli nugnees o1uit c mmehl mm-itIn est in-in-it cs from

imneubnutionns in i’ili’o.

I NTi(OiWC’�ION

1)unimng tie pnust decade, extensive iii-

vcstigat lotus (If inepn-itic nmmcrosonmnul nmixed-

fun-id iomu oxygennmise lmnive denuonist nnmted t 1mm-it

this elcctromt tnnunusport systenm nmmetmubohizes

ninuntv xenobiotics numui nmutummullv oecunninmg

conupounmds ( 1 ) . Cyt oclnn’olne P-450 him-is

beent io!en-itified ns time temmuin-imul oxygo’mm
mctivmton of this systenu, mmiiiehn combimies

mvitin nmolleculnu’ o�xygcnm n-it-id time substrate. A
vnuniety of dn-imgs n-in-id nmatummihiy oectirm’img
metnuboiit es colnmpetitivehy imdmibit emucin

ot Imei”s numetmubohisnu nit-id bimndinng spect n’um

mvitim cvtolchmronue P-450 (2-4). (1anbomu monm-

oxide biumo!s t(I the imenuc prostluetic group of
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Stmiles Public Henihtlu Service Granmt HI)-04313 mmmd

Nat ionumul I nustit mutes of Healtim Special Postdoct until

Fellowship PHS ES4619601.

1 Present tuddress, I )epartmuenut of Phturnmmnueol -

(Igy, Unmiversity of Rochester Medical Cenuter,

R(I(’hcstcr, N. V. 14642; ii) whom re(iuests fur

repri nut &; sliotmld be addressed.

this ummusumul hmcn�)IIro)1eimn nmnd j)nevetts

oxygeum nictivmmtiolnu nun-id luenncc subst-nnit e

nmetnmbolismu (5, 6).

All t lie mmbom’c olbsen’vnmt loIns hntvc becmn

derived fronm expen’inucmmts in l’ilr() usinug

n�icno)sonues on nmmorc imiciusive cellular fnnie-

tionns. I-Iepnmtie cell ctmitun’e offers mum isoinut ccl

svsten it-i mmhiclu onic emunu study nnixed-fuumc-

f lou oxid!nutiomms i-imou’c pimysioiogicnihhy, mu

mmino)lc cells. Tine fntct t limit t lie nuffinuit �

cnunbomn nonoxide for cvtolchnolmne P-450 is

mucim greaten timnumu for cytocinronme (Ixid!nmse

suggested time �)dIssibility of selectively iii-

imibit immg nmieroson�mi oxidnut iomn inn cell cult nrc

mmit inoint significnummt ly affect intg o)xidat ive

pinosphnoIr�lnutioImu (6) . Thuis is unot possible in
ti-ic whole labonmutony nmnminund, bccnuuse inem�oI-

gldlbinn linus mu grenut en’ muflimnity folt’ cmn’bott

nmounoxic!e thnumn cit lien of I hnese cvtocimronucs

(6) . ‘flue nmbility I (I imnimibit nuienosolnmal oxidnu-

tiolmis sebd’ctivebV ill mmlmole cells flinty shied

soI-im(_ ligint (Itt I Inc physiologienul n’olc of
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microsolnmnul o)Xidltt-ioti in-i tine tlmet-nbo)hisimm (If

en-idogemous subst rmtes.

It-i thus paper, studies n-ire ilncsenteol enm-

ployitig inel)nitic cell cultures from duck

embryos , mmlmicim net abollize anminmopyninne.

TIme metabolism (If thus cinung is reversibly

inuhibited by ni vninietv of siubstaimees n-it-id

cnmrbomu m(Imoxide.

mnETFIOI)5

Cult-tare oJ (/ii(i einbi-yo liter cells. Tine

livers of 14-16-day-ok! chuck enmbrvo� mvere

removed utmuden sterile conmditionms mumd eui-

tuned niccordiimg to time nmethold of Grmunmiek

(7), mmitim mm fcmm modifications. The liven’s

mverc 1)001cc!, mmnishmeol three times iii Earle’s

solut ion-i mvitlmout enulcium (In nmuagnmesium

( modified Earle’s solution), blotted dry, and
mmeigimed. Thcmm the livers mvene minced very
finch’ mmitin a sterile razor blnudc mmmd digested

it-i 12 nil of n-iodified Earle’s solutionu, dOfl-

taim-iinng 100 nmg (If trypsin-i (\Vorthintgton)

and 30 mg (If Pammgestin (I)ifco), for 20-40

mim a-f- 37#{176}.[hnnimng tI-is period time cells mm-crc
gemmt-ly nispirnite(! immto n-mud out olf n-i lange-bore

pipette t(I aid iii cell scpnun’mu-tiolnn. Time cell

suspemmsmoln-i mmnLs t inert diluted mvit In nodified

Earle’s solut-ionu to 130-200 nmg- nil. ()ne
niullilitcr of time (hiuted! cell suspensiot mm-n-is

ndded to) 20 nil (If mediummm in mm 10-em-

dinumcfer Petri dish-i (Fn-ileonm Plmustics on
Nut-ic). Ti-ic nmeoliunm eoimsisted of 1 liter of

Eagle’s basal niedium mviti-iout pi-iemmolh red,

100 nl o�f fet n-il bovinme serum, 10 ml (If mm

1 00-fold conmcent rn-it e dlf mmmimo acid nmmixt unc,

10 nil of 0.2 �i glutmiminme (all punchmiscd

fronm \licrobiologienml Asso)eintcs), 0.5 ml of

\l\-costn-itint (200 units), 6 ng of i)(utticillilm

0, 10 mg of stre�)fomycin, n-it-ic! 3.0 g of

XmuHCO ; time l)H mm-misnudjustcol to 7.4. Time

cells mm-crc l)lniee(1 in ant ain-�5 #{182}�CO2 atmos-

pimere n-it 37#{176},� after 5-S inn tIme medium
mmas removed by aspira-fiomn minnd replnced mmitlm
fresh medium. Timis mm-as domme beemiuse of ti-ic

henivy inoeiltn (If cells, minm(! to) rcm(Ive the

ummn-ittaclmcd cells. The experimeuuts mm-crc per-

folrmed betmmeenm 16 mumcl 45 hr tlf culture.

Unnden’ pimmuse nmmcroscopy t h-ic gromm-t in mm-as

very luenivy, mvitim liven lInurenteit�nuh cells

easily distitngitishni-ble fnolnm (Ithem’ cell types.

J)i’-uf/ incubations. Time drugs, munTlitmopynine

(Enustmati Om’gnm-nic Cinenmicals) , 2-diet imyl-

nmnmimmoethyl 2 ,2-cliphmenmylvmulerate HC1 (SKill

525-A) (a- gift of Smith Khinme & I’nenmeh,

Inc.), l)iPcronm�l butoxide (nu gift of F\IC

Conpomnut ioti , Niagara Clmcmienml Division,

sodium hcxobarbitnul (Winmt lmrop Lnbora-

tories), testosterome (Calbiocimem), n-it-id immune

acid (Sigma Chemical Compaimy) , mvcre

dissolved in time medium prior to ac!ditioim.

Testosterone, laurie micid, n-in-id piperonyl

butoxic!e mm-crc mill first dissolveol ii cfhma-nmol
so timmut ti-ic fit-in-i! s(Ilvcnt commeentnafion-i in

time medium mm-n-is never more ti-ian-i 0.10 %.

After 18-30 inn, the nmwdium mmas removed
from tine cultures n-i-mid an exnuct volume of

fresh medium (7 or 10 n-il) containinug

aminmopvninme an-id the test drug mm-n-is added.

Foilomminug various periods of incubatiot, 5

ml of fl-ic medium mverc removed for analysis.
In some cxperimeimts, after the medium

had been-i removed nit-id time plates mmnisimed

mmith buffered salt- solution, n-ill f-i-ic cells mm-crc

removed by adding 0.1 M potassium phos-

phmute buffer, I)H 7.4, conmtaining 200 nmg of

EDTA per liter. Time cells mm-crc analyzed for

i)roteit by the ntlkniline-coppc’n nmo’thod of
Sut-imenlauud et ai. (8), mvithm bovine s(’rum

albumin mis a st-atdard.

Gas iii ixt-ure e.rperinlen Is. Four lomm-flomv

flomvnmet ens (Mati-ieson-i (his Products) mm-crc

eommumecfed to a eommonm manifold, at-id tI-is

it-i f-urn-i mm-n-isconnected to a mmater flask to
saturate the gas witim mmater vapor, f-hen run

Hito) muspecially built Lucite gnussing cimamber.

Time cimamber mmnis placed in ti-ic regular

cuitire incubnutor. Time f-ott-il flomv rate in time
i-et-ft cimamber mm-as 100-200 n-il/mini.

This design-i j)ermitted time simultaneous

innvestigation of nnTlitopynimme met nmbohism in
commtnol plates (muir-S % C0) mmmd in-i cultures

exposed to vmtnious CO---02 mixtures; hot-it

mvere cxposec! to the same temper-i-if-i-ire,

humidity, mind enurbon dioxide commcetutna-

tionus. Time CO : 02 gm)s rnutio)s mmcre c!cterminmed
from f-he readings (It-i the itdividually cali-

brated fldlmm valves. Tol cicterminue the

pnmrtition-i coefficietit, ti-ic (IX): O� gnu-s nnitios

mvene corrected foln’ time m’elmmtive solubihitv

(If these gases in-i mvaten nut 37#{176}(0.77).

.1 Iet/mo(Is oj an alysis. 4-Aminonunt i pyninc

mmnus nutmalvzed by the nmetinod of Brodie n-it-id

Axelrod (9), mmitim on-ic nmminnon moc!ificnmtion.

F’ive mi!hihit-ens of medium mmerc extracted in
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Fnom. 1 . Effect of m’arious agents on 4-aminoantipyrine formation in liner (-eli cultures

Liver cell cultures were grown for 24 hr; themu 10 mi-il of mediun conttmimuimmg 10 .amoles of amimopyrine

(1 nyu) were added to each Petri dish. Appropriate inuhibitory drugs were mudoled to each Petri dish: SKF
525-A (0.1 mM), �--�---�; piperonyl i)utoxide (0.1 nnt), X---- --X ; hexobarhital sodiunm (0.2 mM), O---O;
laurie acid (0.1 mM), #{149}-�S; testosteromme (0.1 11mM), #{149}-- -�. At appropriate tin-ic inmtervals (4, 8, 12,
and 16 hr), dishes were renmoved ammd the nmedia were amnalyzed. The result-s are averages of three stinmples

at each polinmt for the control 1)ltut(’S. tumid of duplicate stunmples for the drug-inhibited cultures. Aft-er 16

Imours ai)out 1.2 per cent of the substrate is conmverted to 4-nuninmoamutipyrinue.

DRUG METABOLtSM IN HEn�ATmc’ (‘ELL CULTURE 699

nun-itipyninme fonnied minus cmulculnit ccl from t hue minit i � ii nme

u6
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a,

ehiom’oform ; n-i pon’t lou (If t his olngnmnuc j)imni-sc

mvas re-extrncted it-ito) dilute HCI, mutud time

diazotizn-itionu m’enctionu mvas performed. The
couplinig n’emigent, co-naphtinol, mvms fnesimly

resublinmucd n-it-id used mit a coneemmtnni.tionu of

15 mg/nm! in-istead! (If 50 nmg-’ml (9). F’ive

milliliters of mvatcr on medium (mmitimout
drugs mudded) enurnied through ti-ic procedure
gave n-in-i optical dcmsity dlf 0.020-0.035 mt

540 rmn. A 6-/2g stnunnlmmnd of 4-nmminmoanmtipy-

nine in medium gave nit-i optiemul denmsity of

about 0.600. Time mupproprinute bhnunuk, eon-
sisting (If ncdium mum-ic!aminolpynimue mmith on

mmitlm(Iut conmpetimg drug, mm-n-istnukenu through

t i-ic nea-ctiomu, mit-id t lie amount of 4-nimiuuo-

c!iffercnce in-i absorbnrice betmmeen time sample

anud time blnunmk.

�‘)lalistics. Results mure expressed as means

:1:: stnummdnurcl devimutionTi. The level of sig-

imifienunce mvas detcnnmiumed by Studennt’s (-test.

RESULTS

Tin’ culture (It chick embryo liven cells

gives mumotmolayen of imepafie cells mmlmicim cani

metnuholize aminoj)yninme to its product, 4-

numiriolnunitipvrine. As shommni in Fig. 1 , time

fonmnutiomm of 4-AAP2 mmns roughly limmenun over

a 1 (‘-i-Inn period. Alt hougim mmolf memusured in-i thus

2 The m-mbbreviat ion used is : 4-AAP, 4-anmimuo-
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(‘xpet’inmcnlt , I hue avermige pn(It eit concetitt’nm-

tioln I-icr culture olisim mm-n-is3-G nmg, mmitim little
vnirinm-tionu bet mmeeum l)lmt es ii mummy given-i

culttnre. ii\ IoIo!est- celhitlnu-t’ olivisicln mind gnommt i-i

took l)immce olum’inmg time fim’st- 24 lit’ (If citltun’e.

Time oxic!nmtive N-denmetimvinu-t ioti of amimno-

i)�nin-ic is emuzvnnnutic n’nutincn’ t hat ch-iemicmul
beemuitse (mm) iric’�tbnmtion (If nediun ammo!

nimimu(Ipvrimme n-it 37#{176}for S hun’ produced t-io

4-AAP nmno! (b) cells fixco! mmith S �-- tn-

dinlolnacetic nucid for 10 nminm, n-into! then mmmusined

mind exposed t o mimintolpyt’im-ie it-i mneclhtnn,

fonntmecl lid) 4-AAP.

,I’le nmetnubolisnm (If nimflitR)jIVt’ite oloes tiolt-

nuppenun to) be linmited by 02 unmder tnormmnul

culture con-idit ions, mis slnoimmn in Table 1.

A(ld!img 1NADPH to t inc nmco!iunm (It’ usimug

95 (;; ()2-CO)2 instead of niiu’-S � (102 mmmd to

nuppnuneimt effect (Ill the nmto’ (If fornnt.tioni of

4-AAP. (Time XADPH l)t’obnmbl� oloes nmolt

cross time cell membrame.)

(1ultun’es (If cnbrvonmic chick in-it est imues

mumd kicimmev inucubmut cc! mm-itin nutmminalj)yt’imc fon’

6 Inn fonn�cd nO) nmenusinrmuhle 4-AAP. Time

n�ct-nuboiisn of numinmolll\’nitud’ to 4-AAP ( Fig.

2) inn-is bo’cun demortstm’muted to imwolve tmmo

o)xidnutive �V-dcnmet invimit iofmS t’cquit’mtg

N��AD1�H , nmm(Ilcdutlmum’ oxygeni, nmn(l I inc tflidt’o-

‘I’.iJLE 1

.EfJcet itf .VA DPH (�in�/ 02 OIl formation

of 4-aminoantiptirine

1mmexperinuuciut 1 . (ells gruwmu fun 20 lur m�cne mi-
(-umh)nmtcol for 8 hr with 11) n-i-il (If fresh mmue(limmmn comu-

I nuninug 10 �.mmuioles of amniniol)vn-imue. Resmmlts mule

expressed mis micr(Igrmmms of 4-AAP foimmmed per

l)late timid arc averages of duplicate Petri dishes.
Jim experinmemit. 2, dishes were imucubnmted for 6 hr

‘lu-ith 7 nil of niuediumn (-onitaimuimug 5.6 �.zmnoles if

mmnninmopvrinie . Ucstnl is mire o’xpresseml as mmuicrogrnunis

of 4-AAP l)C� nilligramii of cellular proteinu. 1mmthis

experimumemi t t-i-ie nmmuuotmrut- )f cell ml am- pmot ci nu pen

1)lmute was Iletweetu 3.7 mmnid 4.3 mg.

(onohitions 4-A.-\.P formed

Experimnenut- I
Conut-rol 10 .S

0.125 mnmi NAI)PII 11.8

0.50 mi-iM NAI)PIHI 11.7

Experimemut 2

Air (20� (��)�) 1 . 27 ± 0.30 ((( = 4)
95’i,-;- 1)2 1 . 23 ± 0 . i3 (n = 3)

�! �uIemumn ± stamudard deviat-ionu

somnul m�ix(’ol-fuImct 10)11 oxidnuso’ svst enm (10,

1 1).

A mnunmmben’ of olrugs, nmo)sthy mmithn ii ty�)c I

biimc!inug sjlectm’unm, inmive been siuo)mmmm to) be

con-ipetit ive immhibitom’s (If nun�imopyrimme

metabolism iii ijijo (2, 3, 12). il�epreseimtative

drugs mm-crc cluoscmn nunuomug t inc corn-

pet itive itilmibitot’s : 2-o!iethylnummminocthmyl 2,2-
c!ipimemmvlvnilen’mute H(’i (SIcI-’ 525-A) mmmd

pipero)nnvi butoxiole , ns classic inmhibitors;

imexobmi-rbit mu!, n-is mu mm-eli-studied eolrnpet itive

drug mvitim time sn-in-ic relative nmnugnitude of

bimmolimug nuffituity mis nmnminopynimme ; testos-

ten’onme, mis n-i m’eprcsetmtmUive st eroid ; aimcl

laurie acid, mmhieh is w-hmydn’olxylmmt ccl.

Iii time expenimenmt preseimtecl iii F�ig. 1,

cells mm-crc cultureol for 20 imn’; t men 10 nml of

nmediutnm c(Itmt nuimmimg num�inopyn’i tie (0 .5 mmm)

nmtd the nmppnopt’inute competitive drug-SKF

325-A (0.1 mmt), lIil)erollmYl butoxicle (0.1

nm�-i), iuexobnt’bitmul (0.2 mmn), testost erotic

(0.1 n-nmm), (It’ immun’ic nicici (0.1 mmn)----mmen’e

mudded, ntmcl ti-ic 1)lnites mm-crc iricubmuted folr 4,

5, 12, OIl’ 16 hun’. Tine nmcdiunm mm-n-is thucim n’c-

nmu(Ivcol fom’ munmmulvsis. (Jn mu n�olmur bmusis time
m’ehnutu-c oln’o!en’ of II(It cttcv n-is mu colmmj)etitive

nuntnugolnnst mm-n-is: J)ipeI’oInu�’l but o)xi(!e > SKE
525-A > t d’st ost ci’onme > lmuum’ic nucid >

imexobmurbitnil . Immiuibit io�im nmemusum’cnments macic
nm-fter S lmn’ mu’e pm’olbnbly less n’climble becnuuse

(If (m) utiliznui 1(111 (If t ime colnmmpet itive sub-

st m’nuto’ (It’ (b) cnzvnmmc innciuct loti, mmhich is

pen’immmps un-ihikelv inn t mis slnoi’t t in-ic pel’iold.

I)espite timo’ fmuct t immit n-ill tine nibove dn’ugs

mct mis ConTipet it ive immimibit OIl’S (If niImtO�Iyt’mImc

nuct nubolisnm in iili-o il-i rat nu-umd cimick enmbm’vo

liver nmmicrosonm-ics (or 9000 X #{231}jsupernnmtnmnmt

fn’muctiont) , they 0101 tuolt necessnmnilv exen’t their

effect it-i tissne culture mm this nmnunmnmen’. Conu-

ceivnibly, the olnugs could muter immembm’nunuc

Pen’nmenubilitY t (I murmmnmopynimuc 0)1’ exen’t nu
evtotoxic effect (13). In fmmct-, nit time comncemm-

t rn-it 1(1mm of S K 1’ 525-A enmpi(Ivcoi mn Fig. 1,

sonmw cells hoIst nudimcsivemmess, immohicmmtiutg mm

nmcnmbm’mune effect (It’ cell cleat In.

:m‘l’he hi mmdimug (If stmi)St n-mit es t ( ) (y ) ochnOifle P�45()

lInotlumo-es (-harmuct enist ic (Iiflencmi(c Spect mmu. The

tVl)( 1 sI)ectrumnui, tvpifio’d li-i-amnimuop-s-rine, has a

peak at appioxinmiat clv 39() mmmii tumid a t lI tmghu

anounmid 420 nun; the type II Sl)e(tmtmmiL typified by

mmuilimue. hunts a tmumgh at :ml)1)ioXiflimitclV 395 uun amid

mu pcmtk mum-oumud 425 tuna.



Ftc;. 2. .lfe’taholi.n,n of (ilnil(op!/rmnc

T-mno�E 2

Reversible i nh i bition of 4-aiii i noantipyrine formation l)!J connpetitime substrates

Chick en-ibryonic hepatic cells were cultured iii 10-emit Petri dishes for 20 hr. Each dish was t hcnm
incubated with 7 n-il (If mediun� cont nuimuinug 5.6 /.Lmiuoles (if amimuopyrine (0.8 mmm ) ni-md t he mupproprimite

competitive drug. After 6 hr, the nuedium was removed timid ammalvzcd, amid the Petri dishes were genitl-�’
washed t wice wit ii Phosl)hmit c-buffered O.9� �, NmuCl timid twice Wit h regular mediummmm . Amiot-her 7 miii of

nmeditmn (onmtnminning the sn-in-ic annoimnut (If numninopyrimue wit bout army ot her drugs were mudded to enm(’h dish
tumid migainu incumi)ate(l. After 6 hr, nle(lm(nrn wmus reniovedi for anmulysis, and the cells were wmushed, det-acheol

wit h El)1’A, cent rifuged, timid analyzed for prot ciii.

Comparative SUi)St raie Conceni rat ion

“i_u,

0.04

0.04

0.20
0 . 10

0.10

ph

NS

<0.05

<0.01

<0.001

<0(X)!

<0.05

± 0.07

± 0.04
± 0.20
± 0.06
± 0.19

± 0.26

(I Nleamn ± stan-idam’d deviationu.
b � � the level (If significanuec unsinug Stundemut ‘S t-t 0-st , (om�)arimig t he first nurid so’oomid inucubmut ion periods

for each treatmenut group.
C Not signuficanut.
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H3C.�N�O

H3C� N-CH3
CH3

Aminopyrine

None (conutrol)

SKF 525-A

Piperonyl l)utoxide

1Iexohmlri)i t al

Testost crone

Lmuunric acid

+ HCHO

NADPH

02 H3C�.N.�O

)��i N-CH3
H3C

H

4-Monomethylamino

antipyrine

1I��:::c::i+ HCHO
NADPH

#{176}2 H3C-.�.N��O

)_! N-H

H3C I

H

4-Aminoantipyrtne

4-AAP formed

(1 . . - -
1st incubation 2nd incubation

llerio(1 Period

I-LI 6 hr mui,gprotein

4 1 .27 ± 0.30-’ 1.39

:3 0.34 ± 0.13 0.55

3 1) . 20 ± 0 . 12 0 . 9))

3 I .02 ± 0.07 1 .ti()

:� 0.44 ± 0.04 1.55

:� 1 .04 ± 0.06 1.60

A mvnushomtt expen’iment mm-mis j)enfonnmedl to

exnumine t he ro’versibility of cling immhmibitioln

of nimitmolpynine nuctmubohisnu (Tmublc 2) . 1mmthe

first period the cultures mmere immeutbnuted mmitin

mumindlpvn’inme mmii t Inc cornpetinmg substrate.

The nmuedium mm-n-is titetu colliectedi, n-in-ic! time

p plnutes mm-crc mmnusimed nund ineubnuteol mmitim
aminuolpvnine nulonme. As f�hoImmm in Tnible 2,

mo�re 4-AAP mmmus nulmmavs folnnwoi dunimug tine

seeonmd in-ieubnmtion-i period, nufter mmmuslout (If

tine eonmpetii-ig substrate, ti-in-in-i during tine

first period. 1mm time control cultures there

mmns t-io signmificnunut differenmee betmmeenm ti-ic

first- nut-id seeottd incitbnutiotm periods. The level

(If sigmuifienunnee is givent it-i Tnmblc 2.
rfhe cultures tn’cnite(i mvitiu SKI �

nummd piperonyi bmntoxide iid nnot completeR-

recover duninug 1 lie second period (4-A�� P

levels mm-crc substnuntinuhhv lommcn ti-in-it-i in-i tue

control culture) . Timis mmiv be nut tnibutimbh-�

to a d\’toItoXiC effect (In to) ti-ic inability conm-

phetely 1(1 mmnuslm (lilt these drugs, mmhieli limo-c
mu vem’v high nuffinmity for cytolchmrolmmme P-450.

Itt ti-ic first imcubation period tine ctltures

t renuted mmithu imexobmmnbit nil mit-id lnmum’ic mueioi

were Imolt significmimthy inhibited mm corn-

Ilanisotu mmitlm colnutrol cultures. (Hommcven,
cc)nTmpnmninmg periods 1 nummd 2, 4-AAP formnt ion

mm-n-is gncnuten nuften renovnml of I-iexobnunbit nil

muind immune mcioi.) mm t ime secoltudi inmeubmmt ioti

period huexolbnmnbitah-t remit cci plmit es formed
sigrmificnumnt ly noln’e 4�;��\P t lmnummdounui nol en!-
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I

tunes (/) � 0.01 ). A j)(IsSibl(’ cXI)ifltuitiolti for

t imis result is t limit t Inc mcidit 1(111 of hexolbmunbit nil

dunim-ig t he first period induced drug nmet nib-

ollism, ncsinltimmg in ni fnuster mute of 4-AAP

prold!-iictiolm-iinn peniolol 2 c(Inmpmut’ed to) eomntnoll
cult ures.

Carboin iii Oil Oxide �ja-s.sin �,‘ . ii ne fdIl lommimug

expeninmemnts mvene penfolnimmed! in tine snmnme

mnmmuncr n-is those reported nibove, except thunut
after t lie nidc!itiomm o�f niniimopyrimn’ hmnu-lf t hue

cultures mm-crc placed inn n-i Lucite gmussinmg

cI-ininmber n-i-n-id exposed t o vanioums (IX ) : 02-S �--

C() gnus nixtunes nunud time (It her cult uno’s mmcre

plnu-ceol inn n-i n’cgulnir nut rnolshliuere (If nmir -S �
CO2.

As sln(Immmn itt ‘fmublc 3, t h-ic i’m-ite of fon’rnnut lolim

of 4-AAP il-i mu (1() ntm(Isplnenc (A) mmns

retnurded mmhcnm eoIn�j)nun’eol to the mute of

format lOlti iFI mu tt(Innmmil n-it nmo)sllino’re (�4�).

Colrrectimmg the (�): 0)2 gas rntiol fon’ tine

relative solubilities of t Inc gases in sollut ion-i

mit :37#{176},mtmcl using � fornmnut 10dm miS a

menusure of furtctiolnmul nuctivitv clf cvtocimnome

P-450, (ItiC dtUi cahcuhat e time pmmntitiolmn do-

cfficieimt, K,. = n/(1 - ii-) (CO:02), mmhene

fl i= .4/.iI� (14). The estinmnutes of K,, , ti-ic

relnutive nuffinitv of cvtoelunome P-450 for

CO at-id 02 , nn-i-n-iged from 0.51 to) :�.Ss, RUt

almost 3-fold vnurinubihitv. This is nuttnibttt-
able in large part to) time inmprceision it-i

estirnat-ing A ann! �io , t Inc unmmvolidable shiglmt

vm-uriationts in-i ti-ic (�):(i)2 gassimug rmitio over

t lie 6-i-in time coun’se, nutud time nunmphificnitionu

(If ti-ic cnrolrs by fine nmitios (If A A0 mmmdCO: O�

in time e(litatiolmm for caicula-t img KL
It should be nmot ed t limit t Inc inmhibition of

4-AAP fonnnutiomm proldilcc(l by gassing mmith
cnurbolnm niolrtoxidc mmnus reversible. Table 4

gives ti-ic results of mini experiment it mmhieh

I he CO : 02 gm-is nmutio mm’as 3 : 1 . C-imlt-imres formed
less 4-AAP im time preseimec of CO (group 2),

but cultinnes sirnuitnumucoluslv exposed to CO

fon’ 6 1mm nunol tiierm incubated mmith nimino)-

P�nim-ic iii nun’S � CO2 cud muot signmifieminfly
differ fron t lie ccnut m’o)l cultures (air-S #{182}Z

CO�)2) in cit lien irmcubnut lou period. If thmcne is

mu nuonc geimernul cytotoxic effect of cnurbonm

nmnlnm(Ixiolc nit time eoIniC(’ttt nnution used (e.g.,

imui-iibitiomu (If cyt(Idlmrolne oxidnusc) , nil)-

Pnuncm-itlY it is reversible, sin-ice fl-ic cells rc-
covered t-i-iein ability to formnu 4-AAP mvhcm

lllmided inn n-inn muir-S � CO)2 nut rnolspimere.
It mmns inmpracticnul to) vary ti-ic C0 O�

ratio) over nu mm-icier rnunmgc. At (Xi) : 02 ratios

nmuich higher thin-it-i S : 1 signuilicmunt hmypoxia

mmolulc! o)ddtlt’ (mu fm-ill in-i I Inc l)murt ia-h pressure (If

02 belomm ti-in-it mmimiciu occurs in-i muir, mLp�)ro)xi-

mat clv 20 (T ) nuncl n-it mu CO : 02 rnt io less

t-hatm 2 : 1 the degree of intiuibit ion-i of 4-AAP

fonmatiomm mm-mis srnmull n-it-id imprecise, and

gnive mm-ide vm-irinutiom-is ii time estimate of KL

The investigationus presetmted above de-
scribe time ability (If a culture of embrvolm-iic

elmick hepnutic cells to convert muminopyninie

lnh ibilion of (ii?? 1fl�P!/r1fle 1?letal)OIisfl( by carbon monoxide, and estimation of parti tion coefficient

for cytochrome P-450

Cells cultures for 2)) hr were imucunbated for 6 hr with 7 ml of mnediumn containing 7 �.mmoles of amimmo-

PYrimme. A0 is the minmounnt of 4-AAP formed per milligran of cellular protein in comitrol cultures in 95%
nmir-5� (�)2 , and A is the annoummit of 4-AAP formned imu vari(Ius (X):02 atmospheres with-i 5% CO2 . The
solubihity of CO with respect to 02 at 37#{176}mi water is 0.77, mind the partition coefficient fur cytochrome
P-450, bnused on Warhnnrg’s formula, K = n (1 - n) (C0:02), is for a liqunid. i.e., KL (14).

. 4-AAP formed
, . ‘ A�ueous ratio, n = P1 -

Gas ratio, CO.02 C0:0. � � � -1 �-1 (1 � n) A,

j.mg ‘ ung protein

2:1 1.54:1 1.55 ± 0.31’ 0.94 ± 0.25 0.61 1.54 2.37

3:1 2.31:1 1.92 ± 0.47 0.50 ± 0.11 0.26 0.35 0.81

3:1 3.08:1 1(X) ± 0.37 0.36 ± 0.11 0.34 0.51 1.58

5:1 3.85:1 1.79 ± 0.2J 0.94 ± 0.10 0.53 1.11 3.85

a i\/leanm ± stanm(lmur(l devi:utiomm (three to five sinumltn-im-ieouisly gassed Petri olishes).



TABLE 4 TIme experiments reported nubove ciemoim-

Rem’ersibiiity of inhibition of (uninop!Jrine stnnitc the ability (If enurboni monmoxic!e to
metabolism by CO irmhibit reversibly mu cytochrome P-430-

The conmditionis were the same as in Table 3. medinuted reaction-i mm living hepnttoeytes in
Groups 1 am-id 3 were incubated with nunumio�)yrimue

iii am-i air-5% CO2 atmosphere iii time first and

second time periods, respectively. Group 2 emil-
t-ures miucutbateol with ammmiopyrimmenni the presence

of a C0:02 atn-iosphere (5: 1 rmstio) formed sig-

nificamntly less 4-AAP (p < 0.()01). however, group

3 cultures, whichu were first exposed to m CO:02

at mosphere am-id t hemu incubated with aminopyrine

imi air-5�, C0 , showed �i() sigmiificant differem-ice mm

4-AAP formnutiomu whemu conmpared with cit-her of

tissue culture. Although time cstimmutcs of time
l)mrtitiom-i coefficient, K,, , vary over n fairly

mviclc range (almost 5-follc!), they nure (If tine

smunme order n-is estimmites of vnunious P-430-
. . . .

nmeclin-it#{128}d � neactionns obtained � mmttlm , rnncrdl-

sonmes tti lmmeubdttOtTh in vitro (nnwludinug tine

Nolcmethylmit lOIn (If nmdlrmomet imylni-minonunti-

Pyrnn-ie) (16).
Cnmrbonn monoxide cmmnmnot inhibit drug

the conitrol groups.

- �- ---- �
Atm(Isl)here 4-AAI formed

--- -� - --------�----�------_----_--_--- ----

netabolism in nine in higher orgunisnms.

de’.�pntc cl mnm’� tin t it doe’� so (17) beeau’,e
. . . . .

tine relafnve binclnnmg tffinnty of hemoglobnn

pg �ng protein folr carbon nmonoxidc is 200 t imes timat of

First incubation period

1. Control (A9)

cytocimrome P-450. Homm-cver, Lemmis (15)
imtnlized time fnmct ti-in-if innsects (10) nnot rely Olti

2. CO-exposed (A ) hemoglobin for oxygenu transporf nunci Imenmee

Seconud inidul)atium periool mm-ould be likely to survive CO exposure. Flies
3. Control (A0)

4. CO-exposed,then
exposed to air-5 �
(/02 1.411 ± 0.28 (n = 4)

----_--_________ �--�--�---�----- -- --

I)nuintfed mmitin muldninm simommed less convension

of mmldrin to) dieidrin mu a 90 % CO-b % O�
atrnosplmene thnumm flies in mu 90 %- N--10 �

- -

atmosphere.

a �1eami ± stnimmdmurd deviatiomi. TIie reversible inimibitionu (If mirninmopvnutc

nmctabolism iii Imcpnutic eel! culture by carbon-i

ennzvmatiemillv to) its mctnubolite, 4-ninmunnoninnti-

j)ynimuc. Timis N-demctlmylase nietivity mvnus

present- in imepmutic cell cultures nmnmci mmnus nnolt

measurable in inutestimual on renmn-ul cell cultures

molnu)xide migimt nmnisc from n cytotoxic effect

of CO unmrelatcd to bimmdinmg to eytodhmrolme

P430. Cnmrbom momrnxide binuds to mu nuumben

#{176}�‘ otimen inmtrmcellulnun imemoproteinms: tnmyol-

from chick embryos. Ti-ic folnnmnmtionm (If

4-AAP mm-n-isimmimibiteci by SKI’ 523-A, pi�cn-

(ItmVl butoxic!e, hexobmirbitmil, inmunic mucicl, tumid

testosterolmue, nun-id! to mu vn-iniablc degree hi-

hibition mm-n-is reversible im mull cmuscs.

globin, tnyptophunun pyrrolase, mind cytol-

elmrome (Ixidnuse. Myoglobinu is mmolt pentin-icimt

to) o�un study, beeniins-’ this llenmolprotcirm is

conufimucci tol nminsclc cells. Inuinibitioim of

tnvl)tOI)imnufl P�’nnolnuse (K � 1) results imu

Time inmabihitv (If t 1-ic mmasiulut cxpeninmemt

to) cdlmpletelv reverse time inmimibition Pt’(I

duced by pipenolmmyl butoxicie (In SKi’ 525-A

migimt be attributnubhe to) timein knommrt strong
affinuify for cvtolchrorne P-450 (2, 4), nmnni

iuencc tight intracellular bimn!inng, on polssibly

to n more general cytotoxie effect.

C-iurbom-i monoxide, mi conmtnnust to) drugs,
appears to be a more specific inhibitom’ of

microsomal oxygcnafiomms. The discovery,

charactenizationm, n-in-id biochemical role of

(iirninuslmedi tuicolt inie m-iciol fornitut ion-i ; holmm-

ever, nuicotinic acid is pnesetut- im tIne meciiitni.

Cnurbomm mommoxicie does bind to cytociunonme

� mit-id inmimibits oxiclative I)I-ioSPimon�lni-
tion. Itmhibitioni (If oxidmitive l)hoSPI-ion�lmitionn

niigimt deprive ti-ic cell of suffieiennt energy to)

flccornplislm drug metabolism (19). Belomm mire

oltitlilmed ti-ic reusons mm-c feel timis is nmolt time

cmmse mn-ithe expeninmennts prcscnmted.

L The CO:02 pnrtition eoefficicmmt, K,,

for cytolehmrolmc oxidnusc in-i most rnmmmmnuhimumu

cytocimnome P-450 mis the termimnul oxygen tissues studied is mibout- 10 (6, 20). ‘uVitholut

nu-ctivafor in-i micnosoma-1 mixecl-funuetiomm specific datnu dlii cytolchrdlrne (Ixidnuse frolm

oxygenafionu mvcrc all based (It tIme nubility of chick cnmbryo liver cells, mm-c employ K,. = 10

this imemoprotein to bin-id to carbon-i rnon-ioxide for the fohlomming argumenmt. This nicmims timnu1

(3, 5, 13, 16). mvimemm ti-ic CO: O� m)�queoIus rnutio is 10: 1 f-here

i)RUG mIETAHOLtSM mN HEPATI(’ (‘ELL (‘ULTURE 703

1.79 ± 0.20” (n- - 5)

0.94 ± 0.10 (n - 4)

1.95 ± 0.10 (,i = 5)
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vmit iomns -

is 50 � itmhibition of oxidnutive pimosphior�lnm-

tion. At- tine highest CO: 02 gniseons nnutio

employed in our cxpenin-ients, i.e., 5: 1

(aqueous nnutio, 3.55: 1), thcnc should thco-

ncticmiIhv be only 25 9� itmiuibit-ion of olxio!mitive

lIimosPh-ior�inutiomm.

Pmm-ul (2 1 , 22) h-in-is imot ed t hunt most cult ureci

cells exhibit mm rnnmrkcd Pasteur effect , an-ic!

ct-it-i sustm-uimm thmcmselves completely o�mmanacr-

(Ibid glycolysis for nut lenst brief periods of

t ime. Hnurris (23) fluntd I limit mit fIbroblmsts

mmcrc able to nmultiplv nit mu mmolrnnul nato’ under

compiet ely aimnuerobic conditionms for 4 days.

At- gaseous (X�) : 02 co)nmeenmtratiomms in ti-ic

raimge (If 20 : 1 or iniglmer, rnitosis muppeared

to be itmhibited in-i cimiek fibnoblnusts (24) an-id

semi urci-iin eggs (25) im culture, bitt survivnul

mvns unmimpnmincd.

2. If inhibitionm (If 4-AAP forrnmution by

can’bonm monoxk!e is iim Ptmt’t n-it t m’ibumtnblc to)

inhibition-i (If oxicinulive I)imoIsPimoIr�lnutiot anmd

hetmce to a diminishmed level of avnmilablc emm-

engy, then, for a given-i CO:02 a-trnosphucne,

0)1-ic slmotld fit-id greater ini-iibitionm of mmmi-

nopynin-ie metabolism in tissue culture tham

in microsonmnul inmcubnit ions in vitro. Hcnmce

exposing ctlture cells to inereasing (i):02

ratios should result in-i increasinmg deviation-is

(If observed 4-AAP fonnuation from that

theoretically expected. Anmthmer mvnmy of stat-

ilmg this is that-, n-is the Co : 02 rnut-io inmereases,

time calculated K,. shontld decrease. As simommn

it-i Table 4, this is chenurly imot time enuse. (1ooper

ci al. (12) observed time K values for tmmo

�V-demctlmylationms in- citi’o, using rn-it liver

mierosomes, to be 0.96 for codeine n-it-id 1.14

for monometimvlaminopyn’inme. i)espite conm-

siderable variability, our values agree quite

mmeli.
3. 1’inmully, significaimt bimmding (If cnim’bon

monoxide to evtochronme oxidase n-it-id ithmibi-

tion (If (Ixidnut ive phosl)horvlat iOt nmigii t be

observable by mu depression of some (It her

en-iergy-d!epetK!ctmt function-i. \Ve immmve studied

i4(1_!eucjme immcorpo)rnition-i mt (I ceiluinu’ protciim

in-i citlt une (ATP-depen-iden-it ) . I nlconl)ornit ion-i

nut- � � min�i 2 hr mm-n-istot sigmificnumutly oiiffcrcnmt

for cells in nur� S � CO2 mu-ic! um 4 : I Co :02

nut mosphenes.4

rfl mibove obsen’vmut 1(1115 do malt suth)iloi’t

-1 .A.. Polmunid mind A. liifkinid , snmupunhl ished 01)5cm-

sign-iificatmt inmimibit ion-i of oxidative j)1m0S

phoryiatioi-i by eat’bon nmonoxioie.

The inhmibitionm of nmicrosomnui n#{252}xed-

functionm oxidat iom by enmrbomu monoxide

potcntin-ill� has n�tci bronuder tscs it-i cell
culture. In mnunv types (If experiments, the

cimemical unider study is introduccd itmt(I ti-ic

culture an-ic! its effect on-i some cellular pnuram-

eten is nnemsune(i (e.g., enzyn-ie inductioni,

cell trninsfonnuitionm). It is nmot mulmma-vs possible

to c!eterminue mm-hetinen time observed respoimse

mvnus elicited by tIme l)munent compound or by mm

nmetabohite(s) fon’med in the cell culture. If

time metmibolite(s) is kmommn at-id nuvaila-ble,

onme cat-i test this hypothesis experimetmtaily.

Hommevcr, oftemm the rnctabolitc(s) of mmdrug,

cancinogemm , or st (‘roll! t es-i ed is tnkmmommn-i,

ummavailable ; t lie met nbohit es so m�mnmerous

mt/s to preclude testing ; or inmfonrnntion is

itnnva-ihabhe n-is to mmhwtimcn mu ktmommni metabo-

hitc is fornmc’oI by tle cells bo’immg cuitured.

If time con-ipounc! under study is metabo-

iizec! })t’inmnily by nmienolsonmnml oxidnution, it- is

possible to dctenrnin-ie mmhethmen t ime pmirent
drug 0I� its nmeta-bohite(s) is respon-isible for

the observed respotmse by testing the drug

in-i n-i regular atrnosl)imen’e nun-id nu CO :02

nitntosphere. Time cnmrbot monmoxide should
retard tI-ic o)xidatiomm (If the j)arent compounmd.

Heincc muresponse ti-in-it is equal or gremiter mm
the CO : 02 n-tmosph-icrc colmpnmredi to time

miormal atmosphmene suggests ti-in-it ti-ic patent

drug is responsible. (1onven’sely, a diminished
nespoumse is compatible mmith the idea ti-in-it a

nmetabohite(s) is nesponmsibie for the observed

chaimge. A potential nq)�)licnitiOlm of time nubove

hypothesis is chemical enuncinolgenesis. Di

Paoiol, Nelson, anci I)onovan (26) have

slmommim that treatmenmt of hamster embryo

mixed cell cultures mmithm benmzo[a]pynine pro-

duces tranmsformed clonmes. Some of timese

tnammsforrned elones produce sarcomas when

iimj ected in-ito hmrnstei’s. Tlmenc is considerable

controversy mvhethen benuzo[a�pyrcnme or its

met abolit e (s) produces cell transformation-i.

On-ic mighmt mitt-muck ti-ic problein by comparing

ti-ic n-umber of bem-izo[a�pyrene-t ranmsformed

cells in-i mu n’egulnm’ mit-ic! n-i CO atmosphene.

Inmvest igat ions (If nicrosdlmai mixed-func-

ti(Ifl oxygenmm-use systenis itTu tissue cultures of

liven cells offer severmml dnstitmct nudvmu-it ages

over cxpcrinmenmts iii mvimohc munmintais. One cat-i
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observe drug disnuppearnuimee on’ Ilnoduet

formafiori im ti-ic livitig cells in-i eultun’e,

nummnmiog(llns to) scruni disnuppcnmrnnmce t’nites in

mmhole nuninmnuls. Also, one cmiii h:un’vest the

cells muimd nussay ti-ic enuzvrne activity in i’iti’o,

comparable to liver hmornogeimates. The cul-

ture is n-it-i isolated system ideal for in-ives-
tigat-io)ns (If cndlc)cnimc itmflucnees mmmd met-

abolic neoiuinenmcnts.
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