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SUM MARY

\arious nit-thiotis for estimatimmg tint’ stoiciiiometric relationishmij)ho-tweenm dring oxidationn
and NADPH oxidatit)nm inn imt-patic micrnsonnc-s art- discussed. Of these-, two n-io-timotisgive

value-s approaching 1: 1 for a number of type I stnbst-rate-s. Onme method ro-lato-s the metabolism

to time- subm-st-rate-dcpcnth-nt NADPH oxidation-n corrected for CO-st-nisit-ivc, endogenious

INADPFI t)xidatioin. Tue corrcctio)nn was obtain-no-el by mo-asuring the rato- of NADPH oxida-

t-iOmTi inn an-n atniosphmt-ro- of 9: 1 (i)-O2. Time otin-n metimod re-hates the- CO-so-umsit ive drug
t)xit!ation to C()-scmmsitivc NADPFI-oxit!ation.

nNmoDuc’Tnox

A large nnumber of thugs are o)xidizt-d by

hepat ic nhicroso)mai o-n-izymt-s that are usually

referred to as mixt-d-function oxidases. As

defined by \ lason (1), NAT)PH-tlepo-ndent,
mixed-function oxidase-s simouhtl utilize equiv-

alent amounts of NADPH, 02, aitd sub-

st-rate. Subtraction of the rate of endog-

enous from substrate-stimulated NADI�H

oxidation, imoiwever, has rarely provideti this

kind of stoichiometry. Arnon-ig the exco-ptions
are time N-oxidation-i of ccrtainm tertiary

amines by intact hepatic micro�so�nn-s (2),
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the- N-dcnu-t-hyiationn of amimnopvrmt- by

hcpatic micro msomt-s in m ph nenobarbit al-
tn-atcd rats (3), anmd tio- N-demcthvlation

of be-nzph-it-tauuino- by so nlubilize-d pr�-par-

ations (4).

This study was unelo-rtaken to develop

methods of co)rre-ctionn for tin- XAI)PH oxi-
dat ion-i unmre-lat (-(1 to-n tlmug o)xidat ion, t I ucro-by

�)emnnittirng the measurement of N A I) PH

oxidation-i solely ro-lated to) substrate oxida-

t-ion. Witim such methnols, it shnomuld he

possible to determine time stoichmiomo-tric re-
lationships bt’t �vt-cn t h( - metabolisnn t f type

I substrates an-id NADPH oxidation-i.

THEORETICAL BASnS OF METHODS

Possible- ro-asons for failing to) obtainn tic

ci-iaracto -rist ic st oichionnct nc relat jonsi 1iJ)S

betwe-n thmo-nato-s o)f t)xidatie)n-i of NAI)PH

and substrate pro-dicto-d by the mixed- func-

tion oxidase mechannism may be- Stoll with
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time aid of Fig. 1 , wimiclm shows a sinipiilio-d
vorsion of our current �‘icw e)f the mechanism

of cvtochromt- P-450 o-nzvmo- systems. Let

us assume for time- mo)ment ti-iat the onnlv

patimway of NAI)PH oxidation in-i iivo-r
nnicrc)somal 1)n(-1)arations is through the-
cyto)chmro)me- P-430 system. Inn absence- t)f

subst.ratt-, all oxidation of NAI)PH \VOUltl
occur along tiuc lower pathway. In the

j)rt-stm-nce (�)f a substrate at- concentrations
sufficie-nt to saturate ti-ic o-nzymc completely

( VI��ax cor-ico -ntrat it)nis) , imowcve-r, all oxidat ion
of NAI)PH would occur aloing the 111)1)0-n

pathway and none would occur alonmg the
iowo-r �at1-nway. Under ti-ic assumed coin-

tht-iomns, timcrcfore, the total rate of NADPH

oxidation in-itime presence of Vna� conmcenntra-

tioums of substrate shmemuld corn-t-spond to time

V,,� of subst-rato- metabolism; i.o-., index I

(Table 1) si-iould bo- 1.0. In fact-, wlme-n appre-
ciable amounts of NAI)PH are oxidized

along the lower path-iway, in ti-me absence of

substrate, it would be a mistake to subtract
timo- rat-c of NADPH oxidation-i in-i time abso-nct-
of substrate from that inn ti-ic prcsenncc of sub-
strate, i.e., index II. 1cm illustrate tinis fact
witim the idealized systcmn shown in Fig. 1,

let us assume that time rat(- of NADI�H oxi-
elation in ti-ne absence of substrate is 6

nmoles/min/mg and, in the j)res(-1-icc of Umax

co nmcenitnations of substrate, 10 nmolcs/nninn/

mg. Since the VmX for the metabolism of the

substrate would also be 10 nmolcs/mg, indo-x
II would be 2.5 instead of 1.0. In-ideetl, the
theoretical ratio of 1 .0 would be obtained by

index II only when the rat-c of NAI)PH oxi-
dat ion along time lower pathway is ze-ro in time

absoncc as veli as inn the presence of
substrate.

P-450-02.S � P.45O.�O�-S -� P-45O�-S’
NADPH2

NADH

P-450-02 � P-450-’Oj -� P-45O�
NADPH

NADH -

1)efinition- of indices I- IV

Index I)efinition

Umax (metabolism) in air

Rate of NADPII oxidation in air with

Vmax concent rations of substrate

(metabolism) in air

Hate of NADPI-1 oxidation in air with

Umax concent-rations of substrate, minnus

rate of NADPH oxidationi in air without

substrate

Va5 (muetabolism) in-n air

Hate of NADPH o)xidation in air with

V concentrations of substrate, nminius

rate of NADPII oxidation mi CO-U2

withonut- smubst-rate

V5�� (nmetabolism) in air mninins TTmaz

(n-netabolism) in CO-02

Hate of NADPII oxiolation in air with

V� concemit ration of smubst rate, muinus

rate of NADPII oxidation in C0-02

with 1max concemmt rations of sinbsi rate

Studies with live-n nnicnosomt-s, however,
have invariably sinown that time rate of

NAI)PH oxielatiomnt in-i ti-ne Presence of V�

conct-nitrations of substrate is always grt-ato’r

than time nate of substrate oxidatio)n ; i.e.,

inndcx I < 1. Although j)art of time n-xco-ss

NADP H oxidation undoubtedly occurs
t-hroingh Pat i-iways complett-ly unirt-lated to
the cytochmronm P-430 system, which cata-
lyze-s time metabolism of time substrate, othwr

reasons for a low inmde-x I valut- are- also pos-

sible. 1”on exannplo-, tine substrate may unnder-
go rcactionus which are riot tlct-t-ct-e-el by time
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assay system; inde-ed, mo)st drugs are mo-tab-

oiized by seve-nal diffcrt-rit reactions.

Alternatively, the substrate may combinme
with cytochrome P-450, but for some reason

may not- be metabolized. Ulinich and Diehi

(5) rece-ntly showed that pe-nfiuoroi-ncxane
stimulated NAD1�H oxidation by liver mi-

crosomes but was not defluoniniated. With

such abortive coml)lo-xes, tho- tliffe-rencc in

rates of NADPH oxidation in air in-nti-nc pncs-
c-rice ar-itt absence of substrate unav thus

exceed ti-no- rate of product- formatioum ; i.o.,

index II also < 1.

In most instance-s, ho�vo-ve-r, ti-ne- rate- of

product formation is gne-atcn than time diffo-n-
encc in-i ti-ne- rat-cs of NADPH oxidation hi time-

I)rcs(-nco’ and absence of substrate (indo-�x II
> 1), suggesting that an-n appne’ciablt’ j)ort-ion

()f ti-nc e-ndogenous nat-c- of NAT)1�H oxidation

passes t-hre)ugh time cytochromo- P-450 systt-m
ti-nat catalyzes substrate oxidationm. Wo- migimt
be able t-o decrease- ti-ic pont-io)n of ti-ne- e-nnlog-
en-ious rate- of NADPH oxidation mediate-ti
by cytocimn-on-ie P-450 by mo-asinring thit- rato-

of NADPH oxidation in the- abso-nce of sub-

strate bunt in-i ti-nc lro-s-Ice of an-i atmo)sj)iiore
containning a high con-icentration of CO, whmicim

innhibits e-lectron flux tinnough cyt o)ch ro)nB -

P-430 (index III, 51’ablc 1). Of course �vo-

could riot expect to immiuibit all ti-ic- e-lectroni

flux tim rough the syste-m, be-cause ev-n-n in-n ann

atmosphere containing 90 � CO an-itt 10 �
02 the elect-non flux could still be appreciablo’.
Indeo-d, ti-ic inmhibitory (-ifect of CO tam

NADPH oxidation througii time- systo-m
would probably be- slightly less in time- abseimce-

of substrate ti-ian-i ii its presence-, sinnco- the
tlo-greo- of inh-iibit-ionn by CO depenmds nmot only

on ti-nc relative affinities of ti-ne ro-duced form
of cytochrome P-450 for oxygen aiet CO but
also on the nelative rate-s at whnici-i time re-
duct-d form is formt-tl ainel oxidizo-d (6). ()n
tho- other hand, live-n microsomal 1)repara-
tiomns can-n contain-i othio-n cvtochrommo P-450

systems ti-nat are n-not involved in-i ti-ic- niwtab-
ohism of timo- sunbstrate-, as vo-ll as tither

CO-sensitive, NADPH-depcntlcnt enzyme

systems, suncin as cytocimnome- t)xidase in-i

nnit ochmmmtlnia, which-i usually contanii nate
live-n microsonnal pro-parations to a minor cx-

t-nnt. For ti-it-se reasons, ti-ne endogcrious rate

of NADI�H oxidation in-n the presence of

CO-02 can-i pre)vide a value fon- NADPH oxi-

datiomn by enzyn�o- syst-ons indept-nido-rit- of

tint- cytochnomo- P-450 syste-nu. This value

will be- ove-no-stimated becauso- o)f i rico )mnplo-t c

blockade of t.i-ie- CVtOClirt)nlW P-450 syst.o-m
amnd undt-rcstinnatcd be-cause of time inmimibitony

effct of CO oil othe-r CO-se-imsitivo- svstms.

\Viu-ni these factors art- about e’oluah to or

sniailen ti-ian ti-ic rate- of substrate-do-pt’nd-

ent NADPH oxidation iim air (i.e. , ti-ne- upper

patinway ojf 1’ig. 1), mmdcx iii (Tablo- 1)
simould approach-i 1 .0 whit-n the I : 1 stemichmionn-

ctnv is valid.4

In-n sonnc situations inmdo-x IV may provide

a be-t-te-r estimate of ti-no- stoichiometny of tint-
ro-action ti-ian-i doe-s inndex III. For t-xaniplt-,

CO may inhibit the o-lcctron flux thmrough

cyto)chnome- P-450 nioro- o-ffcctivoly in-i tine

presence (if subst-rats timann un ttn’ir abse-ncc.
Substrates may tie-crease- other NAI)PH-

(lcI)t’nidonmt systonns, sucim as liI)id pcro)xitia-
t ion . �\ Ioneov(-r, subst nat-cs may ho- mo-tabo-

lizctii by CO-inso-nsitivt- re-actions, suchn as
tile conversion of diniethylanmiline to tlimicth-
ylauniline N-oxido-. As with index III, imtw-

o-ve-m-, mmdcx j�r -i�-ili still be innvalid whie-nn ti-ic

substrate fern-is abontivo- complexe-s or \Vh(-nn

liver microsomo-s contain C()-sensitive- o-n-

zvne systcnms that are nmot iimvolvt-d inn

metabolism of ti-ic substrate.

METHOI)S

Male Spraguo--Dawlcy rats from Hormone
Assa, Chicago (1M0-200 g), were- decapi-

tat-ed at �:00 a.m., an-itt hmt-patic microsomes
went- Pro-Pared as elo-scribo-elpro-vimmsly (7).

Prot-cinn was determined according to tine

biunet- method (8). Metabolism of substrates
was acconnplisinetl in-i a 3.0-mi incubation
mixtuno- conmtaining 5 m�i MgCl2, 12 nmn

Wbmen liver mio-rosommmal preparat ions coumtain

relatively large activities of CO-sensitive euizymes

that are not- involved in the metabolism of driugs,

this method will give invalid results. Sin-ice nmany

of these extraneons CO-sensitive enzyme svstemns

are also sensitive t-o cyanide, their contribution to

NAI)PII oxidation cani he diminisimed by the addi-

tion of 1.0 TOM cyanide, which has little effect- on

cytochrome P-450. When this techniqmue is used,

however, it shoiuld be realized that cyanide can

react with ahdehydes siuch as formaldehyde to

forum-i cyanohydrins, and thereby camuse an apparent

decrease in-n aidehyde fornation, unless appro-

priate control exj)erinlents are also carried out.
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glucoso- 6-pi-iosphiato, 1 .0 ui-nit t)f glucose 6-
phosphate dehiydrogemnasc, 0.33 m.�-i NADP,

50 m� Tris buffer (pH 7.4), 5-10 mg of mi-
crosomal 1)rotcir-i, an-id various amounts of
substrate. Ti-nt- mixtures were incubated for
10 mum in air or inn am-i atmospimo-ne of 9 : 1

CO-O.

Tho- N-dc-met hvlat-ioni o)f aminmopynine,
bt-nzphmt-taniuuio- , c-f il1’lflTI( )rpiiiuc , an-ic! \T_

nne-t hmvl-p-chmioro)anilinme- was est imat-e-d by

neasuring t h-it- amo)tnnmt of fornnaidt-imydc

form-d (9). Tin- mo-tabolism of imipramine

was t-stiniate-tl by mo-asuninng bt)ti-n ti-ic

arnomun-it (if formaldo-iivdc formo-d and time
amounmt t)f drug disapptaning as describo-d by

Dingo-li et al. (10). Ho-xbarbital mo-tabohism
was tstimated by measuring tho remaininmg

substrato according to Ceopen am-id Bnodic

(11), as flmt)difit�(l by Bush.#{176}Isoamyl alcoilmol
�vas oniiittcd fron thie- heptaimt plmase- to tie--
cr(-ase t Imc t-xt ractionm o)f nmoT)nhmo’xobarbit al.

Flax values were calculated as de-scribo-d by
I)avit-s et a!. (12). NAI)PH oxidat-ionn was

mcasur(-tl as describe-ti by Gigomn et al. (13);

the uiiicrosoi�al sUsp(’nsiOn was gassed with

90 #{182}�CO-02 for S mimn at 37#{176},tInt- plunger

assoi�bly, cointainmun-ig 50 �l of am-i NAI)PH
so)lution (0.5 �mnoilt’), was immso-rt(-d, anmd thmo

gassing was continued for 3 mnin. Tho- cuvet-te

was ti-no-ni scaicti an-net tnansfcnro-d to a Giiford

n-iodt-l 2000 spo-ctrophotom-tcr, an-id tine- dis-
appcanannce of absorbancc at 340 mum was

nt-corded at 37#{176}.Studio-s co-in-ipan-ing NAI)PH

oxidation in-i an-i atmOsl)imtnt- of 1: 9 O2-N2

wit in that in-i air nvcaled that- 02 in-i concen-
trations as low as 10 #{182}�wa-s nnot-rate-limiting.

Tint-re-after NADPH oxidation ii air was

con-ipared with ti-iat in the- CO-02 atmos-

phere. With-n different con-icentrations of
the- substrates, an estimation-i of Vmax for
NAD1�H oxidation was obtain-ic-ti an-id was

founnd to be close- to tho value obtaintd with

For hexobarbital and imipranmine (substrate

disappea-raumce), it- W-1s Imt)t possible to obtain a

good estimate of VIx iu (X)-02 atmospheres

because of very low activity. Two of the highest
suibst rate concentratiomis were them-n cimoseuu, and

he velocit 1CS 0)1)-iainmeel were comimpared wit-h the

corresponding ones iii air. The percentage imhibi-

lion was the same Ion 1)0th smui)st rate concent ma-

tiimns an-id therefore was used to calculate il-ne

Vfl5� �I�i CO02.
6 N-I. ‘I. Biusim, personmal commiummio-ation.

high concentrations of substrate (approxi-

niate1v 10 X K). Thm- lattt-r value- was

t hmo-nofor- usttt to) rcpnesennt subst rato--stimu-
latod NAI)PH oxidation. For ncasonns dis-

cus-e-ti inn tiio- follo�ving scctionm, tine T�

valuos for substrate-’ oxidationn � usually

estimato-d froi� Line-we-aver-Bunk 1)lots.

RESULTS ANI) n)nsCUssnoN

.A.s txl)Octedl, efablt� 2 siitavs that the- intit-x

I valu(-s for �V-do-mo-timvlationn of timo- various
substrate-s by iivor microsonncs of nialo rats

wont- le-ss ti-ian-i 1 .0, indicatiimg that NAI)PH

is t)xidizo-d along PathwaYs which do flo)t lead

to) fornialdchivde- fonnationn. ()mm tin- otho-r
hand, ti-it- o-ndo)go-mmous NA!) PH o)xitlationm is

ap�)ant-n1tiv riot affectod by bcnnzphno-taniinc,

sinmct- inn(lt-x II io)r this nt-action ai)i)noacill’S
i .0. IHo�vt-ver, time iiitlo-x I I valuos foi iV-th’-

n�othylatio)n t)f ti-ic oth(-r substrat-s ctnisid-

o-nabiv cxce-e-dt-ti 1 .0, sugge-stinng o-itiwn- timat

most t)f t i-ic’ sunbst rates a�)pr(-ciably inimibit

time enndtgo-nmtus rate of NADPH e)xi(lation on
timat a significant 1)ontion of tin’ o-nntligenous

NADPH oxidation lno )co-o-ds t imrough the

cytt)ci-inome P-450 system tlmat catalyze-s ti-ne

V-de-mint-thvlationn of tint-sc subst rat-s.
By con-itrast-, ti-ic values of iimdices III anti

IV for ti-nc N-demethvlation o)f niost of the

substnatcs apl)roaclwd 1 .0, inmdicatinmg tinat-

the assun-iptioris nnatlo- in-i tin- tlcnivatit)nis of

these indices are reasonably valid. However,
the iindex for the N-do-methmyiation of im-
iprani-iine wa-s still considerably less ti-ian-i 1.0.

A hack of correlation bt-twt-enn NADPH ox-

idationn aind formaldehvtie formation wounld

be expected whe-n the drugs arc metabolized

along pathways ot imen- thai-i N-demct-hyla-
tion. For example, tine V0� for N-dcmeth-
vlation of imipramino- rt’pro-sennto-d only

about 50 � of time V55 ion total nm-taboilism

of ti-it- tiring as measinro-et by time-disapj)t-an-

aunce- of thm substrate (Ta-bit’ 3). Thus, meas-

ure-mo-nt of total microsomal nm-tabolism
oitinon by determining all ti-it- nno-tabolites or

by elt-tennninninmg tho- disappearan-ico- of sub-

strato-, suggests that n-t-lationn of ti-ic- maximal

velocity to NADPH oxidation accorttinng to

imntlico-s III anti IV would give- a stoichuomm-

o-tny e�! 1: 1. Inn accor(lanc(- �vithm timis view,

Tabli- 2 shows thnat tue vaunt-s oil iindo-x III

approach-d 1.0 �vho’nm thmo- V� values fon tho-
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Substrate

Tinnm. 3

Metabolism- of type I substrates and oxi(latiomo of NADPH in the absence (111(1 presence of cirbun monoxide

Values are the menu-is ± standard errors of t Imree or four animals, except as moted below.

lype I substrate metabolism NADPH oxidation

V in air V in CO-() A (emmdogenous B (substrate C (emidogenous - D (substratemax max - 2 in air) in air) in CO-U2) in CO-02)

nmoles ‘mug pro/eu: iulin

7.72 ± 1.12�

9.02 ± 0.85

8.16 ± 0.79

± 0.10

± 0.14

± 0.032,

± 0.57

± 0.32

13.4 ± 0.S2,

11.7 ± 0.77

16.8 ± 0.48

± 1.0 5.39

± 0.27 1.35

8.3 ± 0.20 1.66

- 8.5

3.68 ± 0.305.5:3 ± 0.51

2.35 ± 0.35:3.52 ± 0.20

5.15 ± 0896.16 ± 0.88

7.29 ± 0.40� 11.2 ± 0.72� 3.57 ± 0.30641 ± 0.91

8.51 ± 0.31 11.4 ± 0.56 3.23 ± 0.23350 ± 0.33

Nuinomoles e)f formaldehyde formed per nmiilligrarn of proteimm per mim-iute.
Narmomoles of substrate disappearing per milligram of proteimm per mimmute.

± (1.205.80 ± 0.38
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Catabolism’

Etlmylmorphimmell .2

Amim-iopyrine - 9.43

Bemmzphetamine 8.75

p-Chloro-N-
methylaniline 10. 1

Inupraniine - 4.48

Anabolisnnb

Hexobarbit-al

Imipranmunec

mznzoles mug protein1’ mm

± 0.36 2.27

± 0.40 �- 2.30
± 0.80 0.91

± 0.045 8.45 ± 0.50 13.9 ± 0.66 4.36

6.39 10.0 - 2.51

Det-ermimmed imm a pooled sample of two armimals.

total metaboiism of imiprarnine an-id imexo-

barbital were estimated by extrapolation of
the Lineweaver-Burk J)10t5.

H igin substrate comncenmtrat-ions, howo-ver,
inhibitetl ti-ne metabolism of N-methyl-p-

ch-ilore)anihne, imipramine, and hexobarbital,
but did not inhibit ti-ne subst-ratc-dopendent
NADPH oxidation (Table 4). Inde-d, ti-ne
velocities measured at the imigimest substrate
concentrations were tinily about 40-SO #{182}� of
tim(- calculated Vmax values (cf Tables 3 am-ic!

4), be-cause of substrate inhibition. Thnns, at
h-nigh-i concenmt-rations of ti-iese substrates,

there is an uncoupling mechanism between
NAI)PH oxidationi an-id drug metabolism.
Wint-ther the subst-ratc inhibition represents

an ahiosteric change of the reduced form of
cytoci-irome P-450 or another alto-nat-ion-iis

n-not understood.
Nevertheless, substrate inhibition cannot

account for all unusually low index III am-id
IV values. In other studies we found that- ti-ne

values for index II as well as indices III and

IV were less than-i 1.0 when we studied ti-ne

metabolism of hexobarbital by liver micro-

sones from female rat-s or from male rats
reco-iving spironoiactone (14). The reason for

these unmusually low values is not clear at

pro-sent., but h-ugh substrate concentrations or

tnt -atinent f an-iui�als wit-in spin- )nolactone
n-i-nigh-it dc-crease the affin-iit-y of substrate for
ti-ic- r-tiuced an-id oxyge-n-iated fonuns of cyto-
cl-iron-inc P-450 without affo-ctiing it- affinity

for tie oxidized form. In this cast-, ti-nc rate

of substrate m(-t-abolism would ho,’ less thian

timo- difference bo-twecn tho- rate-s of NADPH
oxidation in-i tho- prescnnct- anne! abscnnce of
substrato-, an-id ti-ins givt- aim index II vainue

less ti-ian-i1.0.

mm any evcnmt, tine use of inndice-s III ammet IV

reporteel in-i tit- pro-sent paper provities a

better und#{128}-rstantiing o f ti-it- stoici-iiometnic

relationships bctwo-cn nm-tabeilism of a nuim-

her of type I substrates anntl NAI)PH oxitla-

t-ion than can be obtainott solely by time

methods used in-n ti-ne past.
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