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SUMMARY

The major route for glyceryl trinitrate transformation appears to be denitration in the
presence of reduced glutathione (GSH). One molecule of glyceryl trinitrate reacts with
two GSH to release one inorganic nitrite ion from either the 2- or 3-position to form
1,3- or 12-glyceryl dinitrate. With liver enzyme the glyceryl dinitrates and inorganic
nitrite produced account for about 90% of the glyceryl trinitrate transformed. There is
no product inhibition of the glyceryl trinitrate degradation reaction. The denitration
of glyceryl dinitrate proceeds at only 2-5% of the rate for glyceryl trinitrate. Glyceryl
mononitrate is practically unaltered by the liver enzyme. Thus, the denitration of gly-
ceryl trinitrate does not lead to glycerol formation.

A rapid, sensitive enzymic assay based on the reaction of organic nitrates with GSH
to yield GSSG was developed. The spectrophotometric or fluorometric method measures
TPNH disappearance as the GSSG is catalytically reduced by glutathione reductase.
Mannitol hexanitrate, erythrityl tetranitrate, and glyceryl trinitrate are rapidly trans-
formed by the liver soluble enzyme in the presence of GSH, whereas isosorbide dinitrate
and pentaerythritol tetranitrate are degraded at a slow rate by this system. The deni-
tration of these compounds leads to a number of products with a lower number of ni-
trate ester groups. However, complete degradation of the parent molecule does not
occur. The in vivo mechanism of organic nitrate detoxication appears to be similar to
the enzymic denitration observed with liver glutathione-organic nitrate reductase.

INTRODUCTION

Oberst and Snyder (1) reported that
glyceryl trinitrate (GTN) was metabolized
to inorganic nitrite by rabbit liver homog-
enates. Heppel and Hilmoe (2) observed
that GTN and erythrityl tetranitrate
(ETN) reacted with reduced glutathione
(GSH) to form oxidized glutathione
(GSSG) and inorganic nitrite; this reac-
tion was catalyzed by a hog liver enzyme.
Hunter and Ford (3) demonstrated that
less than one nitrite ion was formed per
molecule of GTN metabolized. Needleman
and Krantz (4, 5) found that the GTN
transformation was accomplished by the

formation of 1,2-glyceryl dinitrate (1,2-
GDN) and 13-glyceryl dinitrate (1,3-
GDN), both of which were observed to be
relatively resistant to enzymic transforma-
tion and were identified as the urinary
metabolites following the administration of
GTN to rats. The glyceryl dinitrates were
observed to be less active coronary vaso-
dilators and blood pressure depressants
than GTN. DiCarlo et al. (6, 7) studied
the degradation of pentaerythritol tetra-
nitrate (PETN) and observed partial de-
nitration into its trinitrate, dinitrate, and
mononitrate.

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-
anism 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
Needleman and Hunter (8). The method is
based on the scheme shown in Fig. 1. GTN

GTN
26sHy rTPN
ORGANIC 6SSG
REDUCTASE REQUCTASE
6556”7 “TPNH

1,3-GDN + 1,2-GDN + NO,

F1e. 1. Schematic diagram of the GTN trans-
formation reaction coupled with the GSSG reduc-
tagse assay system

Abbreviations employed are as follows: GTN,
glyceryl trinitrate; GDN, glyceryl dinitrate; and
NO., inorganic nitrite.

and GSH do react spontaneously at a slow
rate to form inorganic nitrite and GSSG.
The soluble liver enzyme, organic nitrate
reductase, which greatly increases this re-
action, was partially purified according to
the method of Heppel and Hilmoe (2).
Rall and Lehninger (9) demonstrated the
specificity of glutathione reductase (GR)
for GSSG in the presence of TPNH. In the
assay GR and TPNH are added to the
GTN-GSH system and GSSG formation
is measured as TPNH disappearance in a
Beckman DU spectrophotometer at 340
mp. The spectrophotometric determination
is performed at room temperature with 3
mM GTN, 3 mm GSH, 0.7 mm TPNH, GR,
and liver enzyme. The reaction is carried
out in 0.1 M phosphate buffer at pH 7.4.
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In order to minimize TPNH and GSH
degradation by enzyme- or metal-catalyzed
side reactions, 20 mM nicotinamide, 0.3 mm
cyanide, 1 mM EDTA, and 0.02% bovine
serum albumin were included in the
medium.

The GR assay for organic nitrate reduc-
tase was adapted to fluorometry utilizing
10 pm TPNH and 1 mm GSH. Fluoro-
metric measurements of the decrease in
TPNH were made in a Farrand model A
fluorometer with a Corning No. 5840 pri-
mary filter and a combination of Corning
No. 4303 and 3387 for the secondary filter
(10). Preincubation of GSH, TPNH, and
GR removed contaminating GSSG from
the GSH reagent. This preincubated solu-
tion was added to medium containing the
organic nitrate, and the reaction was initi-
ated with liver enzyme. The fluorometric
assay was employed for comparison of the
relative velocities with various organic
nitrates as substrate for liver nitrate reduc-
tase. In these studies the organic nitrate
concentration ranged from 0.004 mmM to 2
mM in the presence of 1-4 ug protein of
the partially purified enzyme. Maximum
velocities, derived from Lineweaver-Burk
plots, are reported as mmole-kg protein-!-
min-,

Analytical procedures. Inorganic nitrite
was determined according to the method
of Bell et al. (11) on mercuric chloride
supernatants (12). Protein concentration
was measured by the method of Lowry
et al. (13). Total nitrate was measured with
phenoldisulfonic acid according to DiCarlo
et al. (6).

Animal experimentation. Male albino
rats (Holtzman Rat Co., Madison, Wis-
consin) weighing 150-175 g were fasted
overnight but were allowed water ad lib-
itum. The organic nitrates (10 mg) were
administered intraperitoneally in 0.5 ml
ethanol, and 5 ml of distilled water was
administered by an oral feeding needle.
The pooled urine of each treated group of
three animals was collected at 24 hr, ex-

tracted with ether, concentrated, and
chromatographed.
Chromatographic  method. Analytical
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thin-layer chromatography 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 Needleman and
Krantz (5).

Preparative thin-layer chromatography
on a 10-mm layer of silica gel was em-
ployed to separate the 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-
zymes were obtained from Sigma Chemical
Company; organic nitrates were the gifts
of Atlas Chemical Industries, Inc., and
Propellex Chemical Company; phenoldi-
sulfonic acid was obtained from Harleco.
Thin-layer chromatography supplies were
obtained from Brinkman Instrument Com-
pany. All common chemicals were of an-
alytical reagent grade.

RESULTS

Studies of the transformation reaction
of glyceryl trinitrate (GTN) have been
limited primarily to measurements of
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inorganic nitrite formation. With the ob-
servation that GTN is denitrated to
1,3-glyceryl dinitrate (1,3-GDN) and 1,2-
glyceryl dinitrate (1,2-GDN), a more com-
plete investigation of the GTN transforma-
tion can be undertaken.

The time course of the enzymic and the
nonenzymic 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 formation of
1,3- and 1,2-GDN. The nonenzymic reac-
tion of GTN and GSH produces a slow
linear decrease of GTN and a linear pro-
duction of 13- and 1,2-GDN. In the non-
enzymic control incubation, equal quanti-
ties of both metabolites are produced, while
in the enzymic reaction, the contribution
of 13-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 metabolites. During
this 2-hr incubation only traces of mono-
nitrate were found.

After 1 hr of incubation, 40% of the
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Fi1a. 2. Time course of the disappearance of GTN and the appearance of 13- and 12-GDN

The incubation was carried out at 37° in 0.1 M phosphate buffer, pH 74, containing GTN 4 mM,
GSH 8 mm, TPNH 0.7 mM, GR, liver soluble engyme—1.7 mg protein/ml, 20 mmM nicotinamide, 0.3
mM cyanide, 1 mmM EDTA, and 0.02% bovine serum albumin. Aliquots (2 ml) were taken at 0, 30,
60, and 120 min, extracted with ether, concentrated, and chromatographed. The spots were scraped
from the plates and assayed with phenoldisulfonic acid for total nitrate. Values were normalized to
correct for GDN, which is a contaminant of commercial GTN. Control incubations (C) contained

no tissue.
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original GTN remains and 60% of the total
organic nitrate is present as 1,2- and 1,3-
GDN. Since the reaction was started with
4 mM GTN, this indicates that 2.4 mmoles
per liter of reaction mixture was trans-
formed. During the 1-hr incubation, 1.7
mmoles of inorganic nitrite was formed per
liter of reaction mixture. Thus 0.71 nitrite
ion is recovered per GTN transformed. The
total of the nitrate groups found in the
1,3-GDN and 1,2-GDN and appearing as
inorganic nitrite accounts for about 90%
of the nitrate groups in the GTN which
has undergone enzymic reaction. Therefore,
the major route of GTN degradation by
the liver enzyme appears to be denitration
with formation of the glyceryl dinitrates
and inorganic nitrite.

Figure 2 demonstrates that the enzymic
rate of GTN degradation and metabolite
formation approaches zero after 1 hr. This
could be the result of product inhibition,
exhaustion of the reactants, or inactivation
of the enzyme. The possibility of product
inhibition was investigated and is shown
in Fig. 3. No inhibition of the GTN trans-
formation was exhibited following the ad-
dition of a mixture of 1,3- and 1,2-GDN
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or inorganic nitrite to the enzymic incuba-
tion. The increased rate of TPNH disap-
pearance with GDN addition represents
the sum of the nonenzymic and any
enzymic transformation of these metab-
olites. The time course of GTN transfor-
mation was not altered by the addition of
supplementary GSH. Preincubation of the
enzyme with either substrate for 30 min
did not substantially alter the reaction
when the second substrate was added.

In the course of establishing the assay
system for coupling organic nitrate trans-
formation with GSSG reductase (Fig. 1),
a comparison of the rate and stoichiometry
of TPNH disappearance and nitrite forma-
tion was made (Fig. 4). Three incubation
systems were employed so that the com-
parisons could be made in systems with
the nonengymic reaction, with liver soluble
fraction, and with partially purified en-
zyme. In all three cases the TPNH con-
sumption equaled the nitrite formation.
This stoichiometry supports the coupling
of liver glutathione-organic nitrate reduc-
tase and TPNH-glutathione reductase for
assay purposes as shown schematically in
Fig. 1. In the presence of GSSG reductase
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F1a. 3. The effect of addition of products on the ensymic transformation of GTN

The incubation mixture contained GTN 025 mm, GSH 4 mumM, liver soluble ensyme—0.5 mg pro-
tein, other components as described in Fig. 2 and in the Materials and Methods section. TPNH
utilization was followed at room temperature with direct readings at 340 mu. Products were added
at 30 min as follows: controls, nothing; nitrite, 100 um; GDN, mixture of 1,2-GDN and 1,3-GDN

0.13 mm,
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Fic. 4. Comparison of the rates of TPNH disappearance and nitrite formation during GTN

transformation

Control, no tissue; partially purified hog liver, 50 ug protein; rat liver soluble fraction, 1.0 mg
protein. The conditions for incubation are described in the Materials and Methods section.

and TPNH the GSH is regenerated and
maintained at a constant level. There was
no disappearance of TPNH or interference
with fluorescence measurements with or-
ganic nitrates alone or in the presence of
TPNH, GSSG, or GSSG reductase. All the
alkyl nitrates tested show some nonen-
zymic reaction with GSH to form inorganic
nitrite. This varies greatly with different
compounds and ordinarily is deducted in
calculating enzymic reaction rates.

Figure 5 represents the structure and a
comparison of the maximum velocities of
the enzymic transformation of various
glyceryl nitrates, measured fluorometri-
cally. The trinitrate ester is metabolized
more than 20 times faster than the di-
nitrates, which are in turn metabolized
more rapidly than the mononitrate by liver
organic nitrate reductase.

A number of alkyl nitrates of varying
onset and duration of action are employed
in the treatment of angina pectoris. An
investigation of the general transformation
route of other alkyl nitrates in light of the
present information regarding GTN was
undertaken.

Figures 6 and 7 present the structures
and the maximum velocities of transforma-
tion of a number of aliphatic nitrates by

GLYCERYL 1,2-GLYCERYL
TRINITRATE DINITRATE
CH,—ONO, CH,—ONO,
CH—ONO; cH-ono,
CH,— ONO, CH,—OH

120 5.0
1,3-GLYCERYL GLYCERYL
DINITRATE MONONITRATE
GH;—ONo, CH,— ONO,
CH—OH CH—OH
CH;— ONO, CH;—OH

2.5 0.7

Fia. 5. Structures and rates of enzymic trans-
formation of glyceryl trinitrate and its denitration
products

The enzymic activity at room temperature was
measured fluorometrically as described under
Materials and Methods. The number below each
formula represents the Vmax for the compound.
The values are expressed as mmole-kg protein-
min? and are corrected for nonenzymic controls.

liver enzyme. Figure 6 includes a number
of the nitrates employed therapeutically
in the treatment of coronary insufficiency.
Linear-chain polynitrate esters, such as
mannitol hexanitrate (MHN), glyceryl tri-
nitrate, and erythrityl tetranitrate (ETN)

Mol. Pharmacol. 1, T7-86 (1965)
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F1a. 6. Structures and rates of enzymic transformation of some therapeutically employed alkyl

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

terials and Methods. The number below each formula represents the Vma for the compound. The
values are expressed as mmole-kg protein~-min~ and are corrected for nonenzymic controls.
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Fi16. 7. Structures and rates of enzymic transformation of some alkyl nitrates
The enzymic activity at room temperature was measured fluorometrically as described under Ma-

o
H,OH

terials and Methods. The number below each formula represents the Vma for the compound. The
values are expressed as mmole-kg protein~-min™ and are corrected for nonenzymic controls.

are rapidly transformed by the liver sol-
uble enzyme in the presence of GSH. On
the other hand, branched-chain alcohol
nitrates such as pentaerythritol tetrani-
trate (PETN), pentaerythritol trinitrate

Mol. Pharmacol. 1, 77-86 (1965)

(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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the enzymic reaction. This can be seen
when ETN is compared to 1,2,4-butanetriol
trinitrate .(BTTN), or BTTN to 1,4-bu-
tanediol dinitrate (BDDN). Introduction
of an ether linkage into a linear-chain
nitrate compound further decreases the
rate of enzymic transformation, as in the
case of di- and triethylene glycol dinitrate.

Chromatographic analysis of the de-
gradation of the principal organic nitrate
vasodilators used therapeutically is shown
after 4 hr of incubation with enzyme (Fig.
8). Earlier experiments demonstrated that
these compounds oxidize GSH and release
inorganic nitrite both enzymically and non-
enzymically. In all cases chromatograms
were run on nonenzymic control mixtures.
In almost all cases the nonenzymic prod-
ucts were qualitatively similar to the prod-
ucts with enzyme. The following discussion
is based on the quantitatively much larger
yield of products seen with enzyme present.

With a chromatographic solvent system
consisting of benzene:ethyl acetate:acetic
acid 80:20:5 the greater the esterification
the higher the migration on the plate.
Thus the completely nitrated parent com-
pounds move farther than the denitration
products, a pattern which is reasonable in
light of the increase in water solubility on
replacing the nitrate ester with a hydroxyl.
These chromatograms show only organic
nitrates because the material applied rep-
resented the ether extracts of aqueous in-
cubations. The color was developed with
diphenylamine (17).

In Fig. 8 the spots nearest the top of the
figure represent the parent compounds, as
labeled. The GTN spot is followed by 1,2-
GDN and 13-GDN, respectively. At 4 hr
there is no detectable GMN, but a trace
does appear after 24 hr. With mannitol
hexanitrate (MHN) four definite metab-
olites and a tract (dashed circle) of an-
other are present after 4 hr. After 24 hr
seven products are present. However, the
exact contribution of the enzymic and the
nonenzymic reaction between 4 hr and 24
hr has not been determined. This situation
differs from that with the GTN metab-
olites, which do not undergo further altera-
tion. The transformation velocity of MHN,

- en E{l;y]
Hac 80:20:5

vz ~ 9

4 hour

% ElA
O O
O VS

Fic. 8. Chromatographic analysis of the 4-hr
enzymic incubation of alkyl nitrates

Incubations were carried out at 37° employing
the following concentrations: glyceryl trinitrate
(GTN) 4 mM, mannitol hexanitrate (MHN) 0.5
mM, erythrityl tetranitrate (ETN) 3.1 mm, penta-
erythritol tetranitrate (PETN) 6.0 mM, isosorbide
dinitrate (ISD) 8.8 mm, GSH 8 mm, liver soluble
enzyme 1.7 mg protein/ml. Other ingredients as
described under Materials and Methods. Aliquots
were extracted with ether, concentrated, and
chromatographed.

as measured by the fluorometric method,
is about seven times faster than GTN
(Fig. 5 and 6). The rate of MHN trans-
formation now appears to represent the
sum of the degradations of the parent com-
pound and the metabolites as well. Penta-
erythritol tetranitrate (PETN) shows
large amounts of unchanged parent mol-
ecule and small amounts of three metab-
olites at 4 hr (Fig. 8), an observation that
is in agreement with the low rate of en-
zymic transformation. According to Di-
Carlo (7), these metabolites are the tri-,
di-, and mononitrates. The metabolite
levels are diminishing at 24 hr, an observa-
tion which is consistent with the greater
Vamax for PETRIN (Fig. 6). Erythrityl
tetranitrate (ETN) is metabolized three
times faster than GTN (Figs. 5 and 6)
with the appearance of large amounts of
four organic nitrate metabolites at 4 hr
(Fig. 8). The ETN metabolites do not ap-
pear to undergo much further degradation.

Mol. Pharmacol. 1, 77-86 (1965)
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Isosorbide dinitrate is very slowly metab-
olized (Fig. 6), and this is reflected by
large amounts of the parent molecule re-
maining at 4 hr. Two nitrated products
appear.

The in vivo transformation of the vaso-
dilator organic nitrates was determined by
ether extraction of the pooled urine of rats
treated with these compounds. The chro-
matogram of the urine extracts (Fig. 9)

RAT URINE - 24 hours
GTN MHN PETN ETN 1sD

GTN' @ JETN

{180}

GMN

olellof

Fi16. 9. Chromatographic analysis of the pooled
urtne of rats treated with alkyl nitrates

Experiment is described in the Materials and
Methods section. Solvent system employed was
benzene:ethyl acetate 4:1.

o

ORIGIN

shows that some of the parent molecule of
each compound appears in the urine along
with an assortment of metabolites. The
major metabolites of GTN are 13-GDN
and 1,2-GDN, with a trace of GMN. The
urine from MHN-treated rats shows one
definite metabolite and traces of two
others, an indication that the denitration
of the metabolites continues in vivo. PETN
is excreted with three metabolites. ETN
is excreted with four major metabolites
and a trace of another. This result agrees
with the apparent stability of the ETN
metabolites to further enzymic degrada-
tion. ISD is excreted primarily as one me-
tabolite, with traces of the parent com-
pound and of a second metabolite.

Mol. Pharmacol. 1, 77-86 (1965)

DISCUSSION

The enzymic degradation of GTN to
the glyceryl dinitrates and inorganic ni-
trite accounts for about 90% of the ni-
trate groups in the GTN which has under-
gone reaction (Fig. 2). The finding that
only 0.71 nitrite ion is recovered per
GTN transformed in the longer incubations
is in agreement with the earlier finding of
Hunter and Ford (3) that less than one
nitrate was found per molecule GTN de-
graded. Figure 4 demonstrates that in short
experiments TPNH consumption equals
the nitrate formation. This stoichiometry
supports the coupling of the enzymes as
presented schematically in Fig. 1. It is
apparent that for each nitrate formed, two
GSH are oxidized. This means that one
molecule of GTN reacts with two GSH
to release one inorganic nitrite ion from
either the 2- or 3-position to form 1,3- or
1,2-GDN. The 1:1 yield of inorganic ni-
trite from GTN in these short incubations
(up to 10 min) indicates that the lower
nitrite values found in the longer-term ex-
periments are due to side reactions, such
as oxidation of nitrite to nitrate (14).

Since TPNH can be measured directly
and continuously either spectrophotomet-
rically or fluorometrically, the assay sys-
tem shown in Fig. 1 appears to be superior
to the various colorimetric assays for in-
organic nitrite, which require removal of
aliquots, precipitation of protein, centrif-
ugation, and addition of reagents to de-
velop the color.

The slow rate of GDN degradation in-
dicated by the low V.., (Fig. 5) is con-
sistent with the finding of Needleman and
Krantz (5) that the dinitrates of glycerol
appeared as the primary urinary metab-
olites following GTN administration to
rats. The fact that GMN is practically
unaltered is in agreement with the finding
of Heppel and Hilmoe (2) that no glycerol
was found after GTN degradation. The
metabolism of 1,2-GDN proceeds some-
what more rapidly than 13-GDN. This
difference may account for the unequal
levels of these metabolites accumulating
in the enzymic experiment shown in Fig.
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2. A mixture of 1,2- and 1,3-GDN did not
compete effectively with GTN in the en-
zymic reaction, otherwise there would have
been inhibition of GTN transformation
in the experiment shown in Fig. 3.

The relation of the enzymic transforma-
tion of GTN to the short duration of action
of this compound is an important question.
The GDN metabolites were previously
shown by Needleman and Krantz (5) to
be less active than the parent molecule.
The resistance of the metabolites to de-
gradation, apparent in the enzyme studies
(Figs. 2 and 5) and in the fact that they
appear in the urine, does not manifest itself
in a longer therapeutic response. The
transient duration of action of GTN in
vivo may depend in part on liver organic
nitrate reductase, but short action with
preparations such as isolated smooth
muscle indicates that other mechanisms
must be involved.

Linear-chain polynitrate esters were
shown to be rapidly transformed by
liver glutathione-organic nitrate reductase,
whereas branched-chain alcohol 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
mono- or dinitrate glucosides were devoid
of activity while tri- and tetranitrate glu-
cosides possessed activity. All active vaso-
dilators that they studied had at least one
pair of adjacent carbons nitrated. Figure
5 illustrates that replacement of a nitrate
ester group with a free hydroxyl decreases
the velocity of enzymic degradation, since
GTN is transformed much more rapidly
than GDN, and GDN more rapidly than
GMN. In addition, if the nitrate group is
replaced by hydrogen in a linear ester the
rate of the enzymic reaction decreases. The
branched-chain compound PETN rep-
resents an exception to these generaliza-
tions. This might be the result of the very
low solubility of PETN in the experi-
mental system. Anhydride formation, as
in isosorbide dinitrate, markedly decreases
enzymic hydrolysis. Krantz et al. (16)
tested a series of nitrates of sugar alcohols
and their anhydrides and found that the

ether linkage increased water solubility,
decreased blood pressure-lowering activity,
increased duration of action, and decreased
in vivo hydrolysis of the anhydrides.

The denitration of GTN leads to the more
water-soluble dinitrates and traces of
mononitrate (5). The appearance of three
nitrate metabolites in the urine of PETN-
treated rats indicates in vivo degradation
of this compound (Fig. 9). DiCarlo (7)
has presented evidence for enzymic trans-
formation of PETN in the erythrocytes to
the tri-, di- and mononitrate. It will be re-
called that the erythrocytes are rich in
GSH (18), so that final determination of
the contribution from enzymic and non-
enzymic reactions requires further study.
Isosorbide dinitrate is slowly transformed
to two nitrate products (Fig. 8). These
are very probably mononitrates, but since
ISD is a symmetrical molecule the forma-
tion of two metabolites indicates that an
additional change such as ring cleavage
must be responsible.

The results presented in this paper in-
dicate that the in vivo mechanism of de-
toxification of organic nitrates is similar
to the enzymic denitration observed with
liver organic nitrate reductase. This reac-
tion leads to formation of inorganic ni-
trite, which does relax smooth muscle in
vitro. However, Krantz et al. (19-21) and
Needleman and Krantz (5) have demon-
strated that the vasodilator activity of
organic nitrates probably resides in the
parent molecule and does not seem to be
related to their transformation to nitrite
in the body. The enzymic denitration in
the body results in formation of products
with greater water solubility.

ACKNOWLEDGMENT

The authors acknowledge the assistance of Miss
Lois Schwartz in some of these experiments.

This research was supported by General Phar-
macology Training Grant No. T1-GM-0096, The
National Institutes of Health, U. S. Public Health
Service.

REFERENCES

1. F. W. Oberst and F. H. Snyder, J. Pharmacol.
Ezxzptl. Therap. 93, 444 (1948).

Mol. Pharmacol. 1, 77-86 (1965)



86 NEEDLEMAN AND HUNTER, JR.
2. L. A. Heppel and R. J. Hilmoe, J. Biol. Chem. 13. O. H. Lowry, N. J. Rosebrough, A. L. Farr

183, 129 (1950). and R. J. Randall, J. Biol. Chem. 193, 265
3. F. E. Hunter, Jr,, and L. Ford, J. Pharmacol. (1951).

Ezptl. Therap. 113, 186 (1955). 14. L. A. Heppel and V. T. Porterfield, J. Biol.
4. P. Needleman and J. C. Krantz, Jr., Federa- Chem. 178, 549 (1949).

tion Proc. 23, 178 (1964). 15. D. O'Meara, D. M. Shepherd and G. B. West,
5. P. Needleman and J. C. Krantz, Jr., Biochem. Arch. Intern. Pharmacodyn. 113, 432 (1958).

Ph‘”"_"'c"l' In press. 16. J. C. Krantz, Jr., C. J. Carr, S. E. Forman
6. F. J. DiCarlo, J. M. Hartigan, Jr. and G. E. and F. W. Ellis, J. Pharmacol. Ezptl.

Philips, Anal. Chem. 36, 2301 (1964). Therap. 67, 187 (1939).

7. F. J.. piCarlo, J. M. Hartigfm,.Jr. and G. E. 17. M. Jackson and L. D. Hayward, J. Chroma-
Philips, Proc. Soc. Ezptl. Biol. Med. 118, tog. 5, 166 (1961)
. 5 .

514 (1965).
8. P. Needleman and F. E. Hunter, Jr., Federa- 18. H. Waelsch, Advan. Enzymol. 13, 273 (1952).
tion Proc. 24, 301 (1965). 19. J. C. Krantz, Jr., C J. Carr, S. E. Forman
9. T. W. Rall and A. L. Lehninger, J. Biol. and F. W. Ellis, J. Pharmacol. Ezpll.
Chem. 194, 119 (1952). Therap. 69, 191 (1939).

10. O. H. Lowry, J. V. Passonneau, F. X. Hassel- 20. J. C. Krantz, Jr, C. J. Carr, S. E. Forman

berger and D. W. Schulz, J. Biol. Chem. and N. Cone, J. Pharmacol. Exptl. Therap.
239, 18 (1964). 70, 323 (1940).
11. F. K. Bell, J. J. O'Neill and R. M. Burgison, 21. J. C. Krantz, Jr., G. G. Lu, F. K. Bell and
J. Pharm. Sci. 52, 637 (1963). H. F. Cascorbi, Biochem. Pharmacol. 11,
12. M. B. Shinn, Ind. Eng. Chem. Anal. Ed. 13, 1095 (1962).
33 (1941).

Mol. Pharmacol. 1, 77-86 (1965)





