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SUMMARY

The immajor route fou- glycemyl trinitrate tiansfornmation appeam’s to be denitration in time

I)mesence of reduced glutatimione (GSH). One mmmoiecuie of giyceryl trinitrate reacts with
two GSH to release one inorganic nitrite ion fmommmeitimer time 2- or 3-position to form
1,3- or 1,2-glyceryi dinitrate. With liver enzynme the glyceryi dinitrates and inorganic

nitrite produced account for about 90% of the giyceryl trinit.rate transformed. There is

no product inimibition of time glyceryl trinitrate degradation reaction. The denitration
of glyceryl dinitrate proceeds at only 2-5% of time rate for glyceryl trinitrate. Glyceryl
mononitrate is practically unaltered by the liver enzyme. Thus, the denitration of gly-

ceryl trinit.rate does not lead to glycerol formation.

A rapid, sensitive enzymic assay i)ased on time reactiomm of organic nitrates witim GSH

to yield GSSG was developed. Time spectropimotommmetric or fluorommmetric mmmethod nmeasumres

TPNH disappeam-ance as time GSSG is catalyti-ally redimced by glutatimione reductase.
Mannitol imexanitratc, erytimrityi tetranitrate, and glyceryi trinitrate are rapidly trans-

formed by time liver solui)le eumzynme in time Presence of GSH, wimereas isosorbide dinitrate

and pentaerytimritol tetranitrate are degraded at a slow’ rate by this system. Time (leni-

tration of these conmpounds leads to a nunmber of products with a lower number of ni-
trate ester groups. However, commmpiete degradation of time parent molecule does not

occur. The in vivo immecimanismmm of organic nitrate detoxication appears to be similar to
time enzymie denitm-ation observed witim liver glumtatimione-organic nitrate recluctase.

I N rR0DUcTI0N

(i)berst and Snyder ( 1 ) meported timat

glyceryl trinitrate (GTN) w-as metabolized
to inorganic nitrite by rabbit liver imomog-

enates. Heppel and Hiimoe (2) observed

that GTN and erythrityl tetranitrate

(ETN) reacted with reduced glutathione
(GSH) to form oxidized glutatimione
(GSSG) and inomganic nitrite; this reac-
tion was catalyzed by a hog liver enzynme.

Hunter and Ford (3) demonstrated timat
less than one nitrite ion was formed per

molecule of GTN immetabolizeci. Needleman
and Krantz (4, 5) found timat the GTN

transformation w’as accomplished by the

‘I

formimation of 1 ,2-glyceryl dinitrate (1,2-

GDN) and 1 ,3-glyceryi dinitrate (1,3-

GDN) , both of wimich were observed to be
relatively resistant to enzymic transforma-

tion and were identified as time urinary
nmetabolites following the administration of
GTN to rats. Time glyceryl dinitrates were

observed to be less active coronary vaso-
dilators and blood pressure depressants

timan GTN. DiCarlo et al. (6, 7) studied

time degradation of pentaem’ythritol tetra-
nitmate (PETN) and observed partial de-

nitration into its trinitrate, dinitrate, and

mnononitrate.

Denitration with the formation of in-
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organic nitrite appears to be the only
reported route of transformation for or-

ganic nitrates. This investigation is con-
cerned with delineating qualitative and
quantitative aspects of the reaction mech-

anisnm by which organic nitrates are de-
nitrated by a soluble liver enzyme and by
the whole animal.

MATERIALS AND METHODS

Measurement of enzyme activity. A
rapid, sensitive enzymic assay of organic

nitrate transformation was developed by

Needlemnan and Hunter (8). The method is
based on time scimenme simown in Fig. 1. GTN

FIG. 1. Schenuatic diagram of the GTN trans-

formation reaction coupled uith the GSSG reduc-

tase assay system

Abbreviations employed are as follows: GTN,

glyceryl trinitrate ; GDN, glyceryl dinitrate ; and

NO2, inorganic nitrite.

anti GSH do m’eact spommtaneousiy at a slow

rate to formmm inorganic nitrite and GSSG.

Time soluble liver enzymmme, organic nitrate
reductase, wimiclm greatly increases timis re-

action, was partially purified according to
the metimod of Heppel and Hiilmmoe (2).

Rail and Lehninger (9) demonstrated time
specificity of glutatimione reductase (GR)

for GSSG in the presence of TPNH. In the

assay GR and TPNH are added to time

GTN-GSH system and GSSG forlmmation
is measured as TPNH disappearance in a
Beckman DU spectrophotomneter at 340

mmm�. The spectrophotometric deternmination

is performed at room telmmpem-ature witim 3
mmmMGTN, 3 m�r GSH, 0.7 nm�s TPNH, GR,

and liver enzyme. Time m-eaction is carried
out in 0.1 �r pimospimate buffer at 1)11 7.4.

In order to minimize TPNH and GSH

degradation by enzyme- or metal-catalyzed
side reactions, 20 m�i nicotinamide, 0.3 miul

cyanide, 1 mM EDTA, and 0.02% bovine
serum albumin were included in time
medium.

The GR assay for oi-ganic imitrate reduc-

tase was adapted to fluoronmetry utilizing

10 ,�tM TPNH and 1 imm� GSH. Fluoro-
nmetric measurements of the decrease imm

TPNH were made in a Farrand model A

fluoromneter with a Corning No. 5840 pri-
mary filter and a combination of Corning

No. 4303 and 3387 for time secondary filtem’

(10) . Preincubation of GSH, TPNH, and

GR renmoved contaminating GSSG frommm

the GSH reagent. This preineubated solu-
tion was added to medium containing time

organic nitrate, and the reaction was initi-

ated with liver enzyme. Time fluoronmetric
assay was employed for commmparison of time

relative velocities with various organic

nitrates as substrate for livem’ nitrate reduc-

tase. In timese studies time organic nitrate
concentration ranged fromn 0.004 m�i to 2

mM in time presence of 1-4 1tg protein of

the partially purified enzynme. Maximummm
velocities , derived from Lineweaver-Burk

plots, are reported as nmmmmole- kg protein’-
mm’.

A ii alytical procedures. Inom-ganic nitm-ite

was deternmined according to the metimol

of Bell et al. ( 1 1 ) on mmmercuric chloride

supem’natants ( 12) . Protein concentratioim

was immeasured by the method of Lowiy

et al. (13) . Total nitrate was nmeasured witlm
plmenoldisuifonic acid according to DiCarlo

et al. (6).

A iuiiiu a 1 e.rperimen to tion . \Iaie albino

rats (Holtzmmian Rat Co., Madison, Wis-

consin) weiglming 150-175 g were fasted

overnigimt but were allow-eti water ad lib-

itumm. Time organic nitrates (10 mg) were

admmministered intraperitoneally in 0.5 mmml

etimanol, and 5 ml of distilled water was

admmiinistered by an oral feeding needle.
Time pooled ui-inc of eacim treated group of

timree aninmals w’as collected at 24 hr, ex-
tracted witim etimei-, conceimtm-ated, aimcl
cimromriatograpimed.

(7/i rornatographic in thod. Analytical
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thin-layer cimroiumatography of organic

nitrates was carried out on 0.25-mm silica

gel using a solvent system of benzene:
ethyl acetate : acetic acid 80 : 20 : 5 as pre-
viously described by Needieman and

Krantz (5).
Preparative thin-layer chromatography

on a L0-mm layer of silica gel was em-
ployed to separate time glyceryl dinitrates

that were produced during 24-hr enzymic
incubation of GTN in the presence of the

GSH regenerating system.

Materials. Biochemical reagents and en-
zymnes were obtained from Sigma Chemical

Company; organic nitrates were the gifts
of Atlas Chemical Industries, Inc., and

Propeilex Chemical Company; phenoldi-
sulfonic acid was obtained from Harleco.

Thin-layer cimromatography supplies were
obtained frommm B rinkman Instrument Comn-
pany. All commmmon chemicals were of an-

alytical reagent gm’ade.

RESULTS

Studies of time transformation reaction

of glyceryl trinitm’ate (GTN) imave been
limited primarily to measurements of

inorganic nitrite formation. With the ob-

servation that GTN is denitrated to
1,3-glyceryi dinitrate (1,3-GDN) and 1,2-
glyceryl dinitrate (1 , a more com-

piete investigation of the GTN transforma-
tion can be undertaken.

Time time course of the enzymmmic and the

nonenzynmic degradation of GTN and the
appearance of 1,3- and 1,2-GDN is shown

in Fig. 2. The curve for the enzymic dis-

appearance of GTN is associated with a

curve of similar rate for the formimation of
1,3- and 1,2-GDN. The nonenzynmic reac-

tion of GTN and GSH produces a slow
linear decrease of GTN and a linear pro-

duction of 1,3- and 1,2-GDN. In time non-
enzymic control incubation, equal quanti-

ties of both inetabolites are produced, while
in the enzymic reaction, the contribution

of 1,3-GDN appears to be higher than
1,2-GDN. The difference in the level of the

enzymic metabolites may reflect either
preferential formation or more rapid trans-

formation of one of the nietabolites. During

this 2-hr incubation only traces of mono-
nitrate were found.

After 1 hr of incubation, 40% of the
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Fia. 2. Time course of the disappearance of GTN and the appearance of 1,3- and 1,2-GDN

The incubation was carried out at 37#{176}in 0.1 M phosphate buffer, pH 7.4, containing GTN 4 mr�i,

GSH 8 mr�t, TPNH 0.7 m�r, GR, liver soluble enzyme-1.7 mg protein/ml, 20 m� nicotinamide, 0.3

nmi�x cyanide, 1 mi�t EDTA, and 0.02% bovine serum albumin. Aiiquots (2 ml) were taken at 0, 30,

60, and 120 nmin, extracted with ether, concentrated, and chromatographed. The spots were scraped

from the plates and assayed with phenoidisulfonic acid for total nitrate. Values were normalized to

correct for GDN, which is a contaminant of commercial GTN. Control incubations (C) contained

no tiasuc.
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omiginal GTN remmmaimms ammd 60% of time total

organic nitrate is present as I ,2- and 13-
GDN. Since the reaction was started witim

4 mmi� GTN, timis indicates timat 2.4 mmoles

l)e1 litem’ of reaction immixtume was trans-
formmmed. I)uring time 1-hr incubation, 1.7
mnmmmoles of inorganic nitrite was fornmed per

liter of reaction mimixtum’e. Timus 0.71 nitrite

iomm is recovered pem’ GTN tiaimsformmmed. The
total of the mmitrate gm’oups found in time

I ,3-G1)N ammd 1,2-CI)N and aJ)�)eaming as

inot-gammic nitm-ite accounts for about 90�4
of time nitrate gmoups in the GTN wimicim

has undemgone enzymmmic reaction. Timerefore,

time mmmajor moute of C�TN degradation by

time liver enzymmme appears to be denitmation
with formmmation of time glyceryl clinitrates

mtmmtl immoigammie nit mite.

Figure 2 tltmmiommst mates that time enzymnic
mate of ( U’N (Iegm-ffllatiomm ammd iiietabolite

foimimatiomm ai� mmoaelmes zem’o aftem- I iii. ‘t’lmis

eon id Ia time mesu it of l)1odUc 1 immlii hitiomm,

cxliitustiomm of time reat-t ammts, or immactivatiomm

of time emmzymmme. Ihe possibility of l)m’Oduct

immimii)itiomm was immvestigated and is slmowmm

imm Fig. 3. No immimii)itioim of time GTN tmans-

foriimatioim Wits eXilii)ite(l followimmg the ad-
ilit iotm of a mmmixtmitt of I 3- iou I I ,2-G1 )N

or inorganic mmiti’ite to time emmzymiiic incuba-

tion. The increased rate of TPNH disap-
pearance witim GDN addition represents

the sum of time nonenzymnic and ammy
enzyniic traimsformimation of timese metab-

olites. Time timime course of GTN transfor-
mation was not altem’ed by time addition of

supplemmmentam-\’ GSH . Preincuimtion of time

enzymmme witim eitimem sui)strate for 30 nmiim
did not sui)stantially alter time reaction

wimen time secoimcl sul)strate was added.

In time course of establisimimmg time assay

systeum for coupling omganic imitrate traims-

fom’mation witim GSSG reductase (Fig. I �,

a commmparison of time rate and stoichiometi-y

of TPNH disa�)peam’ance and mmitrite fornma-
tion was umade ( Fig. 4) . Tlmmee incubatiomm
systeimis ��‘eme tumployetl so that time eommm-

l)arisons coul(l be made imm systemims witlm
time mmonemmzymmmie m(actiomm, with liver SOlUi)l(

fraction, ammd wit im putt iaily purified emm-

zymmme. In all timi-ec cases time FPNH con-

sUmmml)tion e( 1mmaied t he mmit1-ite fom’nmat iomm.

Timis stoichiotmmetm’y sup� )omts t he couplimmg

of livei glimtatlmiommt-orgammic mmittate reduc-

tase and TPNII-glutatimione m-etluctase fm
tLSSItY pUi’poses ItS simow’im sehemimaticaily imm
Fig. I - Ifl timt �ttsctmt-e of (ISSG redimetase

l’iu. 3. ‘I’/te ejTtt1 of (It/i/it ion of products on the enz yin ic / ran.-iJoiinatwn of (I ‘IN

The itmcul)atiotm niixtut-e eontained GTN 0.25 nmM, (1811 4 umam, liver soluble tnzynme-0.5 mg 1)10-

tern, other t-otimpotitimts as tltscribed in Fig. 2 and iim time Materials anti Methods section. TPNII

utilization was followed at room tcnmptrature with direct reatlimigs at 340 nm/i. Products were adtltd
at 30 mm as follows: controls, nothing ; nitrite, 100 �LM (i1)N, nmixt Lit-i of I ,2-CDN and 1,3-GDN

0.13 mM.
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Fin. 4. Comparison of the rates of ‘I’PNH c&appearancc’ a/ti! nitrite formation during GTV

/ ,ansforma/ion

Control, no tissue; partially purified hog liver, � �zg protein; rat liver soluble fraction, 1.0 mg

protein. The conditions for incubation are described in the Materials and Metimods section.

and TPNH time GSH is regenerated anti

maintained at a constant level. Timere was

no disappearance of TPNH or interfem-ence
with fluorescence immeasurements witim or-

ganic nitrates alone or in the presence of

TPNH, GSSG, or GSSG reductase. All time

alkyi nitrates tested show some nonen-

zymnic reaction with GSH to form inorganic
nitrite. This varies greatly with different

commipounds and ordinarily is deducted in
calculating enzyinic reaction rates.

Figure 5 represents the structure and a
commmparison of time mmiaximum velocities of

the enzynmic transformation of various
glyceryl nitrates, measured fluorometri-

cally. Time trinitrate ester is metabolized
more than 20 times faster timan the di-
nitrates, whicim are in turn metabolized

mmmore rapidly than the nmononitrate by liver

organic nitrate reductase.
A nummmber of alkyl nitrates of vai-ying

onset and duration of action are enmployed
in the treatment of angina pectoris. An
investigation of the general transfornmation

route of other alkyl nitrates in light of the

present informmmation regarding GTN was
undertaken.

Figures 6 and 7 present time structures

and the maximum velocities of transformna-
tion of a nunmber of aliphatic nitrates by

2.5 0.-i

FIG. 5. Structures and rates of enzymic /raiis-

formation of glyceryl trinit rate and its den it ration

products

The enzynmic activity at roonm tenmperature wa.s

inea.sured fluorometrically as described under

Materials and Methods. The number below eacim
formula represents the V,,,� for the compound.

The values are expressed as mmole-kg protein’-

min1 and are corrected for nonenzvtnic controls.

liver enzymime. Figure 6 includes a number

of time nitrates employed therapeutically

in time treatment of coronary insufficiency -

Linear-chain polynitrate esters, sucim as
mimannitol imexanitrate (MHN), glyceryl tn-
nitrate, and erytimrityl tetranitrate (ETN)



MANNITOL

IIEXANITRATE

C H.ONO

NOOCH

NOOCH

HCONO.

HCONO.

CH,ONO

830

ERYTIIRITYL
TETRANITRATE

CII,- 0-NO,

CII - 0-NO,

CII-O-NO,

CL- 0-NO.

358

ISOSORBIDE
DINITRATE

H,C

IICON0�

p-�IIj

NO,OCII

21.5

PENTAERYTIIRITOL PENTAERYTHRITOL
TRIMETHYLOL

ETHANE

TETRANITRATE TRINITRATE TRINITRATE

CL-O-NO

/CH2ONO� -
C
� �‘CII,ONO.

CH,-O-NO,

/CH2OH

C\
CH,ONO,

CII,-0-NO,

/CII3

C
�CH,ONO�

CII2-O-NO� CH-O-NO, CH,-O-NO

1.4 9.1

FIG. 6. Structures and rates of enzymic transformation of

nitrates and related compounds

11.1

some the rape utically employed a/ky!

The enzymic activity at room temperature was measured fluorometrically as described under Ma-
trials and Methods. The number below each formula represents the Vm� for the compound. The
values are expressed as mmole - kg protein1- min1 and are corrected for nonenzymic controls.

1.

IIO(��g2)-_ (912)3

CH,OH

2.6

82 NEEDLEMAN AND HUNTER, JR.

ho!. Pharmacol. 1, 77-86 (1965)

1. 2. 4-BUTANETRIOL
TRINITRATE

CII,- ONO.

CH- ONO.

CM,

CM,- 0NO�

i2. 5

1. 4-BUTANEDIOL
DINITRATE

CL- ONO,

CL

CL

CL- ONO,

3.1

DIETHYLENE GLYCOL
DINITRATE

CII,- ONO.

CII

CII.

(L-ONO.

1.2

TRIETHYLENE GLYCOL
DINITRATE

0- CH,- CII,- ONO.

CII,

CII,

CII,-ON0�

POLYGLYCIDYL
NITRATE

FIG. 7. Structures and rates of enzymic transfoi�nation of some alkyl nitrates

The enzymic activity at room temperature was measured fluorometrically as described under Ma-

trials and Methods. Time number below eacim formula represents the Vmax for the compound. The

values are expressed as rnmole-kg protein1-min’ and are corrected for nonenzymnic controls.

are rapidly transformed by time liver so!-

uhie enzyme in the presence of GSH. On

the other hand, branched-cimain alcohol
nitrates such as pentaerythritol tetrani-

trate (PETN), pentaerythritol trinitrate

(PETRIN), and trimethylol ethane trini-

trate (TMETN) are slowly transformed
by liver nitrate reductase (Fig. 6) - Re-
placement of the nitrate group by hydro-

gen in a linear ester decreases the rate of
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time enzvimmic m-taction. This can i)e seemm
when ETN is compared to I ,2,4-butanetriol

trinitm’ate ( BTTN ) , ()�. BTTN to 1 ,4-bu-
tanediol dinitrate ( BDT)N) . Introduction

of an eth(m linkage into a linear-chaimm

nitrate cOlmml)ound further decmeases time
rate of enzymic tm�insformmmation, as in the

case of (Ii- and tmiethvlene giycoi dinit mate.

Chrommmatograplmic ammalysis of the tIe-

gradation of the Pmifleil)mll organic nit rate

vasotlilatom-s us(2(l them-apeuticallv is simow-im

after 4 lmr of incui)ation with enzvmmme ( Fig.

8) . Eamlier eXl)eriflments tlemmmonstrated timat
timese cOmmml)OUlmds oxidize GSH an(I release
inorganic nitrite botim enzymimically and non-

enzymically. In all cases cimrommmatogranms

were run omm nonenzymmmic contm’ol immixtures.

In almimost all cases time nonenzymmmie prod-

ucts were qualitatively sinmilam’ to time prod-
ucts witlm enzvmmme. Time following (liscussion
is hase(l on time quantitatively immuch largem

yield of products seen witim enzymmme l)mesent.
\\Titim a cimm’onmatograpimic solvent systemu

consisting of benzene : etimyl acetate : acetic

acid 80:20:5 time greater time estem’ification

time imigher time mmmigmation on the l)ltIte.

Timus time (ommmplete!y nitrated parent conm-

poun(Is nmove farther timan time den it ration
products, a Pattern wimicim is reasonai)le in
light of the increase in watei solubility omm
replacing time nitrate ester witim a hydm’oxyl.

These chrommmatogrammms show only organic
nitrates because the immaterial applied rep-

resented time etimer extm-acts of aqueous in-
cui)ations. The color was (levelopetl witim

(iiphenylaflmifle (17).

In Fig. 8 time 51)0t5 nearest time to!) of the

figure m’eI)resent time l)ament coimipountls , as

labeled. Time GTN spot is followed by I 2-

GDN anti 1,3-GDN, respectively. At 4 1mm-

timere is no detectable GMN, but a trace

does appear after 24 hr. Witlm mmmannitol
imexanitrate (MHN) four definite immetab-

olites and a tract (dashed circle) of an-
other are present after 4 imr. After 24 hr

seven products are pmesent. However, time

exact contribution of time enzvmnic antI the
nonenzynmic reaction between 4 1mm-and 24

1mm-has not been tletem-nmined. Timis situation
differs from timat witim the GTN metal)-
ohites, �vhicim do not undergo ftmrtimer altera-

tion. Time transformimation velocity of MI-IN,

4 Iwttr ii uhatitn fl&-�,-�e: Ethyl

Hat 8020:)

GTN MHN �PETh ETN 1)1)

MHN c�ETN-

‘SDGTN�

1.3-
GD

OIIIGIN

I’m. 8. ( ‘It roina/ ograj)h ic aita!ys)s of t he �-/i

(liZljiiliC incubation of a!kq! nitra/(.s

In(-ubation.s were (-arried out at 37 - ttnploving
the following (-oncentrations : glycervl trimiitratt

(UTN) 4 hIM, mannitol liexanitrate (1\IHN) 0.5

II1M, ervthrityl tetranitrate (ETN) 3.1 mmm�, pentzt-

ervtlmritol tetrammitrate (PETN) 6.0 imiM, isosorhidt

dinitrate (ISD) 8.8 iu�r, GSH 8 nm�r, liver sOluble
tflzyn)e 1.7 iimg proteinml. Otimer ingreciiemmts as

described un(ier Materials an(i Met 110(15. A 1it1 itot

were extracte(i with ittiser, (-oncent rateti, atmd

(hIOn1�tt ogi-aphed.

Its mmmeasured by the fiuorommmetric immetimod,

is al)OUt seven times faster thalm GTN
(Fig. 5 and 6). Time i-ate of MHN tmans-
formmmation now mti�i�eam’s to represent time

si_mill of time degradations of time parent (ommm-

poun(I anti time umetabolites as well. Pemmta-
erythritol tetmanitrate ( PETN) slmows
large amimounts of uncimanged I)arent mmmoi-

ecule and snmall amimounts of timree nmetal)-
olites at 4 hr (Fig. 8) , an obsem-vation timat
is in agreeimment witim time low rate of en-

zvmmmic transformnation. According to Di-

Carlo � 7 � timese mimetabohites are time tn-,

(ii-, antI mmmononitrates. Time nmetaholite

levels are tliminisiming at 24 imr, an observa-

tion wlmicim is consistent witim the greater

V,� fom’ PETRIN Fig. 6) - Erythm’ityl

tetmanitrate (ETN) is mmmetabolized three

timmmes faster than GTN (Figs. 5 atmd 6)

witim time appeam’almce of large ammmoummts of
font- organic nit rate mmmetabohtes at 4 1mm

(Fig. 8). The ETN nmetabohites do imot ap-

iear to undergo much fum’timer degradation.
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Isosorbide dinitrate is very slowly metab-

ohized (Fig. 6), and timis is reflected by
large amounts of time parent immolecule re-

mimaining at 4 him’. Two nitrated pro(iucts

appear.

Time in vivo transformation of the vaso-

(iilator organic nitrates was determined by
etimer extraction of time pooled urine of rats

treatetl witim tlmese compounds. Time clmro-
mimatogranm of time urine extracts (Fig. 9)

RAT URINE - 24 lt�trs

ETN

� GIN ��II � �

1. 2-) - :

GDN

ORIGIN

1’�ic. 9. t7/eromatographic analysis of the pooled

urine of rats treated uith aikyl nitrates

Experiment is (iescribed in the Materials and

Methods section. Solvent systern employed wa�
1)enzene : ethyl acetate 4 : 1.

shows that sommme of time parent nmolecule of

eacim compound appears in the urine along
witim an assortmmment of metabolites. The

major metabolites of GTN are 1,3-GDN

and I ,2-GDN, witlm a trace of GMN. Time

urine frommm MHN-treated rats simows one

tiefinite umetabolite and traces of two

others, an indication timat the denitration
of time mmmetabolites continues in vivo. PETN

is excreted witim tlmree metabolites. ETN
is excreted witim four major metabolites

and a trace of anotimer. Timis result agrees
witim time apparent stability of the ETN
met abolites to furtimer enzynmic degrada-

tion. ISD is excreted primarily as one me-
tabohite, witlm traces of the pament conm-

pommmmd antI of a second metabolite.

DISCUSSION

Time enzynmic degm’adation of GTN to

time g!ycei’yl (linitrates and inorganic ni-

trite accounts for about 90% of the ni-
trate groups in the GTN wimicim imas under-
gone reaction (Fig. 2) . Time finding that

only 0.71 nitrite ion is recovered per

(�TN tm’ansformmmed in time longer indui)ations

is in agreenment witim time earlier finding of

Hunter and Ford (3) tlmat less timan one

nitrate was found per mimolecule GTN de-
graded. Figure 4 demonstrates timat in short

experiments TPNH consumption equals
time nitrate fom’immation. Timis stoicimiommmetry

sup�)orts time coupling of the enzynmes as
presented schemmmatically in Fig. 1. It is
apparent timat for eacim nitrate formmmed, two

GSH are oxidized. Timis mmmeans timat one
molecule of GTN reacts with two GSII

to release one inorganic nitrite ion frommi

eitlmer time 2- or 3-position to formim I ,3- or

l,2-GDN. The I : 1 yield of inorganic ni-

trite fromu GTN in thmese simort incuhations
(up to 10 mm) indicates timat time lower
nitrite values fountl in time longer-termmm cx-

penimnents are due to side reactions, such
as oxidation of nitm’ite to nitm-ate (14).

Since TPNH can i)e measured directly

and continuously eitimer spectroplmotommmet-
rically or fluom’ommietrically, time assay sys-

temmm simown in Fig. I ap�)eam’s to be supem’iom’

to time various colom’imnetnic assays for in-
organic nitrite, wimichm reqtmim’e reimmoval of

aliquots, l)I’ecih)itatiOn of pm’otein , centrif-
ugation, anti a(ldition of m’eagents to de-

velol) time color.

Time slow’ rate of GDN degratlatioim in-

dicated by time low- T’a. (Fig. 5) is con-
sistent witim time finding of Neetllemmman and

Krantz (5) timat time dinitrates of glycerol

appeared as time � )nimmmamy urin any met ab-

ohites foilowimmg CITN mttlmmmimmistmation to
m’ats. Time fact timat GMN is practically

unaltem-ed is in agreemmment witim time finding

of Heppeh and Hiimuoe 2 timat no glycerol

was found after GTN degradation. The

lmmetai)ohismmm of I ,2-G1)N proceetis some-
what more rapidly than 1 .3-GDN. This

difference immay account for time unequal
levels of timese metabolites aecunmulatiimg

in time enzymmmic experimmment shown in Fig.
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2. A mimixtume of 1 ,2- and 1 ,3-GDN did not
comimpete effectively with GTN in time en-

zymic reaction, otimerwise there would have
been inhibition of GTN transformation

in the expeninment simown in Fig. 3.

The relation of time emmzvmmiic transfom’nma-

tion of GTN to time shmort dum’ation of action

of this conipound is an immmportant question.

Time GDN nmetabolites were previously

simown by Needlenman and Krantz (5) to

be less active timan time parent muolecule.
The resistance of time Immetal)ohtes to de-
gradation, appam-ent in the enzymime studies

(Figs. 2 and 5) and in time fact that timey

appear in the urine, does not nmanifest itself
in a longer tlmerapeutic response. Time

transient duration of action of GTN in

vivo nmay depend in part on liver om’ganic
nitrate reductase, hut simort action witim
preparations such as isolated smmmootim

muscle indicates timat otimer mmmechmanisms
mimust be involved.

Linear-chain polynitrate esters were
shown to be rapidly transfornmed by

liver glutatimione-organic nitrate reductase,
whereas branched-cimain alcoimol nitrates

were only slowly degraded (Fig. 6).

O’Meara et al. (15) found that the degree
of nitration influenced vasodilator activity

of glucose derivatives. They showed that
mnono- or (linitrate glucosides were devoid

of activity wimile tn- and tetranitrate glu-

cosides possessed activity. All active vaso-
dilators tlmat timey studied imad at least one
pair of adjacent carbons nitrated. Figure

5 illustrates that replacenment of a nitrate

ester group with a free Imydroxyl decreases
time velocity of enzynmic degradation, since

GTN is tm’ansformed mmmucim mmmore rapidly

timan GDN, anti GDN more rapidly than

GMN. In addition, if time nitrate group is

replaced by hydrogen in a linear estem’ time
rate of the enzynmic reaction decreases. Time

brancimed-chain commmpound PETN rep-

resents an exception to thmese generaliza-

tions. This mmmight be time m’esuit of time very

low’ soluhility of PETN in time expemi-

mental system. Anhydride formation, as
in isosorhide dinitrate, nmarkedly decreases

enzynmic hmydrolysis. Krantz et al. (16)
tested a series of nitrates of sugar ahcolmols
and timeir anlmvdnides and found timat time

etlmer linkage increased watet solubi hity,
(lecreased blood pressure-low’ering activity,

increased duration of action, and decm’eased

in vivo imydrolysis of time anhmydrides.
Time clenitration of GTN leads to the mimore

water-soluble dinitrates and traces of

mononitrate (5) . The appearance of timree
nitrate mimetabolites in time um’ine of PETN-

treated m’ats indicates in vivo degradation

of timis cOflhi)Ound (Fig. 9). DiCanlo 7)
imas presented evidence fom enzymmmic trans-

formmmation of PETN in time emytimrocytes to

time tn-, di- and mmmononitrate. It �s’ili be re-

called timat time erytimrocytes are ricim in
GSH (18), so timat final determmminatiomm of
the contribution frommi enzymic and imon-

enzymmmic reactions requires furtimer study.
Isosorbide (linitrate is slowly transfom’mmmed

to tw’o nitrate products (Fig. 8) . These

are vem’y probably nmononitrates, 1)ut simice

ISD is a symmetrical immolecule time fom’mmia-

tion of two metabohites indicates timat amm

ad(Iitiommal change such as ring cleavage
nmust i)e responsible.

Time results presented in this paper in-

(iicate timat time in vivo nmecimanism of de-
toxification of organic nitrates is simmmilar

to time enzynmic denitration observed witii
liver organic nitrate reductase. This reac-

tion leads to formmmation of inorganic imi-

trite, whmich does relax snmooth nmuscle in

vitro. However, Krantz et al (19-21) anti

Needlenian and Knantz (5) have demmion-

stratetl timat time vasoililator activity of

organic mmitrates probably nesitles imm time
parent mimolecule and (loes not seemim to be

related to their transformation to nitrite

in time body. Time enzvmic denitration in

the body results in formation of products
with greater w’atem’ solubility.
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