@ Pergamon

Biochemical Pharmacology, Vol. 48, No. 12, pp. 2231-2235, 1994.
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0006-2952/94 $7.00 + 0.00

0006-2952(94)00415-3

CORRELATION OF THE RESPONSE TO NITROGLYCERIN
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Abstract—The relationship between the activity of glutathione S-transferases (GSTs), especially the
mu isozyme, and the production of responses to nitroglycerin (GTN) was investigated in rabbit aorta.
GST mu isozyme activity was measured using trans-stilbene oxide (TSO) as a substrate. Each aorta
was divided into four parts, two of which were frozen for enzymatic analyses while the remaining two
were used to measure the effects of GTN (0.5 uM), i.e. the increase in ¢cGMP levels and the
corresponding relaxation. Thus, all three measures were obtained in each individual rabbit aorta. Eight
different rabbits were studied. An excellent correlation was obtained between the rise in cGMP and
the mu isozyme activity (r*> = 0.948). A good correlation was also obtained between TSO activity and
the relaxation response to GTN. Total GST activity did not correlate well with either cGMP increases
or percent relaxation. These observations indicate that the activity of the mu isozyme measured using
TSO and not the total GST correlates with the responses to GTN in the in vitro rabbit aorta model.

Key words: glutathione S-transferases; mu isozyme; cGMP; nitroglycerin; rabbit aorta

GTNi is believed to be metabolized in the vascular
smooth muscle where it stimulates the production
of ¢cGMP via nitric oxide or S-nitrosothiols. The
nature of the process involved in the production of
this second messenger is not clear. Different
hypotheses have been proposed to describe the
mechanism of GTN metabolism. Both enzymatic
and non-enzymatic thiol-mediated, as well as thiol-
independent, processes have been proposed [1-6].
It is our working hypothesis that GSTs are involved
in the metabolic bioactivation of GTN. On the basis
of inhibitor studies in homogenates of rabbit liver
[7, 8], rabbit aorta [9], and bovine coronary arteries
[10], we have been able to demonstrate successfully
that GST catalyzes the metabolic conversion of GTN
to its dinitrate products. When the effects of a GST
inhibitor were studied in an aortic strip model, the
relaxation response to GTN was decreased in parallel
with reduced metabolism of GTN [9] and also with
decreased cGMP concentrations [11], suggesting that
the biotransformation of GTN is required to produce
pharmacological action.

It is known that GSTs are expressed in the body
as multiple isoforms. In rabbit aorta, the distribution
of the different GST isozymes has been studied.
Chern et al. {12] and Lanzo et al. [13] found that the
majority of GSTs occur as the pi isozyme (85%)
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while the mu isozyme accounts for approximately
15% of total GSTs. The alpha isozyme could not be
detected in rabbit aorta. Using affinity chroma-
tography, immunoprecipitation and immunoblotting
techniques, the GST mu isozyme has been shown to
mediate GTN metabolism in rabbit aortic cytosol.
In immunoprecipitation studies on rabbit aortic
cytosol, antiserum against the pi isozyme did not
affect GTN metabolism [13], whereas antiserum
against mu isozyme decreased GTN metabolism
significantly [12]. Furthermore, Tsuchida ez al. [14]
have successfully purified GST mu isozymes with
activities towards GTN from the human heart and
aorta. In the human aorta, these authors found the
same distribution of GST isozymes as in rabbit aorta
with the pi being the most abundant, the mu isozyme
asmaller subset and the alpha undetectable. Tsuchida
et al. [14] also showed that the pi isozyme has no
activity to GTN, while the mu isozymes exhibit high
activities towards GTN. In our earlier studies [11]
in aortic strips pretreated with ethacrynic acid, a
GST mu preferential inhibitor, a good correlation
was observed between decreases in relaxation and
c¢GMP levels induced by GTN. Thus, the mu isozyme
of GST, an efficient metabolizer of GTN, appears
to be important in the bioactivation of GTN (i.e.
the production of pharmacologic effects).

The activity of the enzyme/isozyme of interest can
be measured using specific substrates. Seidegard et
al. [15, 16] have found that TSO is a specific substrate
for the GST mu isozyme isolated from human liver,
with a 2000-fold higher activity to this isozyme
compared with others. In contrast, CDNB is a well-
known general substrate of GST [17]. The objective
of the present work was to investigate the relationship
in rabbit aorta, a site of action of GTN, between
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the activity of GSTs, especially the mu isozyme, and
the generation of the responses to GTN (especially
the production of cGMP).

MATERIALS AND METHODS

Materials. The techniques utilized here follow
procedures described previously by Lau and Benet
[9] and Kenkare and Benet [11]. Briefly, eight male
New Zealand white rabbits (Nitabell Rabbitry,
Hayward, CA), weighing 2-3 kg, were used in this
study. The rabbits were anesthestized using s.c.
ketamine (40mg/kg as 1.5mL of a 100 mg/mL
solution in Water for Injection USP) and decapitated
15 min later. The thoracic cavity was exposed and
the descending aorta was removed surgically and
placed immediately in a beaker containing Krebs
buffer (NaCl, 119 mM; KCl, 4.8 mM; KH,PO,,

1.2 mM; NaHCO3;, 25 mM; CaCl,, 2.5 mM; glucose,

11.1 mM), which was gassed continuously with
carbogen (95% oxygen and 5% carbon dioxide).
Afterisolation of the aorta, excess fat and connective
tissues were removed carefully; during this process,
the buffer was replaced constantly with fresh buffer.
The endothelium was not disturbed. The helically
prepared tissue was cut into four strips (3 cm X
4mm). Two of the four strips were frozen
immediately for enzyme assays to be performed
later, while the remaining strips were used for cGMP
and relaxation measurements.

The aortic strips frozen for enzyme assays were
homogenized with 3 vol. of PBS. The homogenate
was centrifuged using an Eppendorf centrifuge at
maximum speed, and the clear upper layer was
frozen and stored at —80°.

Response measurements. Aortic strips were
suspended individually in Krebs buffer (composition
described above) contained in 25mL jacketed
circulating water tissue baths maintained at 37°. One
strip from each tissue was assigned as the buffer
control while the others were treated with GTN.
The contraction and relaxation of the strips were
recorded via transducers, coupled to a Grass model
7 polygraph (Quincy, MA). The precontraction of
the strips was performed as described previously
[11]. The relaxation produced by GTN (0.5 uM) was
recorded at the end of 5min, which is about the
time for maximal relaxation. Immediately after the
5-min measurement, the strips were freeze-clamped
using tongs precooled in liquid nitrogen and frozen
on dry ice. Analysis of cGMP was then carried out
in each of these strips, usually the next day.

Analysis of cGMP levels. The frozen strips were
homogenized in 1 mL of 6% cold TCA to precipitate
proteins; the homogenate was then centrifuged at
2200 g for 10 min at 2-4° to remove the protein
precipitate. The supernatant was transferred into a
fresh test tube and washed with a 4-fold volume of
diethyl ether saturated with water. This procedure
was repeated at least four times. Each time the ether
layer was removed carefully, after the tubes were
vortexed, and allowed to stand for some time. After
removing the residual ether by evaporation under a
stream of nitrogen, the TCA-free samples were then
assayed for ¢cGMP using a >H-labeled cGMP
radioimmunoassay kit (Amersham, Arlington
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Heights, IL). Each time a new kit was used, standard
curves were made with six concentrations (0, 0.5, 1,
2, 4 and 8 pmol ¢cGMP/100 uL) prepared from the
standard solutions of cGMP.

Enzyme assays. The strips frozen for enzymatic
analysis were homogenized using three times the
volume of PBS, pH 7.4, and spun at 2200 g for 5 min.
The supernatants were then used for enzyme assays.

Total GST activity (CDNB activity). Total GST
activity was measured using the procedure of Habig
et al. [17]. Briefly the assay was carried out in a
3-mL plastic cuvette that contained 1 mM CDNB,
5mM glutathione, 0.1 mM potassium phosphate
buffer, pH 6.65, and 10 uL of the aortic supernatant
preparation. The increase in absorbance was
measured at 340nm at room temperature. The
extinction coefficient was 9.6 mM~! cm~!, and one
unit of activity was defined as 1 umol CDNB/min.
Activities were expressed in micromoles CDNB per
minute per milligram protein. The variability of this
activity measure was less than 20%.

GST mu isozyme activity (TSO activity). GST mu
isozyme activity was measured using a radiometric
assay similar to that described by Seidegard et al.
[15]. Briefly, the samples were incubated with 4 mM
glutathione and 250 uM [*H]TSO (sp. act. 15 Ci/
mmol) in PBS, pH7.4, at 37° for 10 min. The
reaction was terminated by extraction with 200 uL
of hexanol. The percent radioactivity in the aqueous
phase (product of TSO and glutathione) was
calculated from the radioactivity measurements in
the organic phase and aqueous phase using liquid
scintillation counting. The unit of activity was
expressed as nanomoles TSO per minute per
milligram protein or normalized to total GST activity
as nanomoles TSO per minute per CDNB unit. The
variability of the GST mu activity measure was less
than 15%.

Protein assays. The analysis of proteins was
conducted using the classical procedure [18]. Protein
concentrations were expressed in milligrams per
milliliter.

Data analysis. GTN-induced relaxation was
measured as percent decrease in tension below the
elevated tension elicited by precontracting the strips.
Fold increases in cGMP were calculated as cGMP
in GTN-treated strips divided by cGMP in buffer
control. Linear regressions for all the correlations
were carried out using Cricket Graph software.

RESULTS

GST mu activity compared with the responses to
GTN in aorta. Basal cGMP levels in the aortas
of the eight rabbits were found to average
14.5 = 2.1 pmol/g wet wt. The rise in cGMP upon
GTN treatment in an individual rabbit aorta was
compared with its own basal cGMP level. Upon
treatment with 0.5 uM GTN, the cGMP levels in the
aortic strips increased from 2- to 4.2-fold relative to
basal levels. A good correlation (r? =0.789) was
observed between the fold increase in ¢cGMP and
the percent relaxation in the eight rabbit aortas.

Six of the eight rabbit aortas had TSO activities
ranging from 1.42 to 2.27 nmol/min/CDNB unit.
These rabbit aortas also showed a 2.2- to 3.5-fold
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Fig. 1. Correlation between the fold increase in cGMP

levels in response to GTN (0.5 uM) and the TSO activity

(GST mu activity, normalized to number of CDNB units)
in eight rabbit aortas (+2 = 0.948).

increase in cGMP levels and a corresponding 56 to
100% relaxation. One rabbit aorta, with a GST mu
activity of 0.99 nmol/min/CDNB unit, exhibited a
much lower increase in cGMP and a correspondingly
lower percent relaxation in response to GTN. The
eighth rabbit aorta, with a very high GST mu activity
of 3.58 nmol/min/CDNB unit, yielded the greatest
increase in ¢cGMP in response to the same
concentration of GTN. When the GST mu activity
was compared with the increase in cGMP levels, an
excellent correlation was found (r* = 0.948, Fig. 1).
A significant correlation was also observed when
c¢GMP concentrations themselves were compared
with TSO activity (normalized to CDNB units, 7> =
0.899).

A lower but obviously significant correlation (7% =
0.715) was observed upon comparison of TSO
activity with percent relaxation. When the enzyme
activity was normalized to protein content (nmol
TSO/min/mg protein) rather than total GST content,
the correlations were lower than those previously

2233

obtained. That is, comparison of the TSO activity
normalized to protein content with the fold increase
in ¢cGMP yielded an r? of 0.776 (while absolute
c¢GMP values gave an r? of 0.714) and an r? of 0.539
with percent relaxation.

Total GST activity compared with the responses of
GTN in aorta. The total GST activities of the
different rabbit aortas were compared and were
found to range from 0.18 to 0.6 umol CDNB/min/
mg protein. When total GST activities were
compared with responses to GTN in aortas of
individual rabbits, no correlation was found with the
increase in cGMP levels (7> = 0.099) or the percent
relaxation (r?> = 0.067) in the eight rabbits studied.
Table 1 summarizes the correlations observed
between the different isozyme/enzyme activities and
the responses to GTN in the individual rabbits.

DISCUSSION

Metabolism of GTN is known to be important for
the production of pharmacologic effects of this drug
in vascular tissue. Different theories have been
proposed to explain the metabolism of GTN in
vascular and nonvascular tissues. Feelisch and Noack
[1] proposed the non-enzymatic thiol-dependent
decomposition of GTN, while more recently several
investigators {2, 3,5,19,20] have suggested that
cytochromes P450 may be involved in the formation
of nitric oxide from GTN. Brien et al. [21] have
proposed that the biotransformation of GTN in
rabbit aorta occurs due to a direct interaction of one
of the nitrate groups of GTN with the iron (Fe?*)
of guanylate cyclase bound heme. Chung and Fung
[22] proposed that the enzyme responsible for the
activation of GTN to nitric oxide is located in the
plasma membrane and is thiol dependent. Most
recently, Fung et al. [23] reported that this enzyme
is a 160 kDa protein that is distinct from GSTs. We
and others [7-10, 24, 25} have suggested that GSTs
are important in the metabolic activation of GTN
and that the majority of the metabolism is associated
with the cytosolic fraction.

Three different classes of GST isozymes, des-
ignated alpha, pi and mu, have been identified.
These isozymes are expressed to different extents in
different organs of the body and in different species
[26]. As mentioned earlier, the results of Tsuchida

Table 1. Summary of the correlations between the enzyme activities and GTN responses

X variable

c¢GMP increase
GST mu (nmol TSO/min/CDNB unit)

GST mu (nmol TSO/min/mg protein)

GST mu (nmol TSO/min/CDNB unit)
GST mu (nmol TSO/min/mg protein)

Total GST activity (umol CDNB/min/mg protein)

Total GST activity (umol CDNB/min/mg protein)

Y variable r?
% Relaxation 0.789
c¢GMP increase 0.948
Absolute ¢cGMP levels 0.899
cGMP increase 0.776
Absolute ¢cGMP levels 0.714
% Relaxation 0.715
% Relaxation 0.539
c¢GMP increase 0.099
Absolute cGMP levels 0.092
% Relaxation 0.067
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et al. [14], Chern et al. [12] and Lanzo et al. [13]
indicate that in human and in rabbit vasculature, the
GST mu isozyme metabolizes GTN while the pi
isozyme, the most abundant isozyme, is not active
in metabolizing GTN. The alpha isozyme was not
detectable. We have shown recently that GTN
responses in rabbit aortic strips (measured as percent
relaxation and elevation of ¢cGMP levels) were
modulated when the strips were pretreated with a
GST mu selective inhibitor [11].

In the present study, the activity of total GST
enzymes and the activity of the mu isozyme were
measured together with the response to a specific
concentration of GTN in the same rabbit aorta.
Since the basal cGMP levels were also measured in
the same animal, the cGMP increases represent
specific rises in the level of the second messenger in
the aorta of each rabbit. As the enzyme activity
measurements and the response measurements were
done on each individual rabbit aorta, it was possible
to correlate individual tissue responses with the
enzyme activities in those rabbits.

The results of this study showed that total GST
activity, measured as umol CDNB/mg protein, did
not correlate well with the GTN-induced increase in
¢GMP levels of each rabbit aorta (r*=0.099).
However, upon comparing the GST mu isozyme
activity, measured as nmol TSO/CDNB unit, a very
good correlation (r? = 0.948) was observed between
these activities and the increase in cGMP levels.
This indicates that GST mu activity (TSO activity)
and not the total GST activity is a good marker of
the biochemical response to GTN in rabbit aorta.
The increase in ¢cGMP levels and the percent
relaxation in the different rabbits correlated well
(r* = 0.789) as seen in our previous study [11], which
is in agreement with the hypothesis that cGMP is
the second messenger of GTN-induced relaxation in
vascular smooth muscle. A marked but somewhat
lower correlation (r? = 0.715) was observed between
the mu isozyme activity and the percent relaxation
in aortas. This decreased correlation is predictable
since relaxation of aortic strips is a secondary
response to GTN, preceded by the cGMP increase,
a more primary biochemical response.

We also observed a decrease in the 7? values when
¢GMP increases and percent relaxation were
correlated with GST mu isozyme activity/mg of
protein rather than when GST mu isozyme
activity was normalized to CDNB measurements.
Theoretically, we would expect the correlation
between the nmol TSO/min/mg protein vs cGMP
increase to be as good as that between nmol TSO/
min/CDNB unit vs ¢cGMP increase. However,
practically, due to our technique of sample
preparation, which was limited by sample size, there
was an added variability in the protein measurements
in the supernatants. Thus, nmol TSO/min/mg of
protein did not correlate as well with cGMP increase
as nmol TSO/min/CDNB unit.

It could be argued that the observed relationship
between the TSO activity and the response to GTN
may be coincidental, and the increased GST mu
isozyme activity was due to a higher level of
expression of all proteins in individual rabbits.
However, this explanation is probably unlikely, since
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rabbit aortas with high GST mu activities did not
have high total GST activities (data not shown).

The results of this study indicate that mu isozyme
activity (TSO activity) in vascular tissue and the
pharmacologic response to GTN correlate well in
the rabbit model. This study does not exclude the
possibility of other enzymes being involved in the
metabolism and/or bioactivation of GTN; however,
together with evidence obtained previously, it does
indicate that the mu isozyme of GST may play a
role in the activation of GTN in the rabbit aorta in
the in vitro system used in this study.

It would be interesting to study this enzyme
activity in extravascular tissues in rabbits to probe
the possibility of using a peripheral tissue, such as
blood, as a predictor of the enzyme activity and
GTN effects. Furthermore, it would be worthwhile
to determine if there is a correlation between the
mu isozyme activity in different tissues and to study
the possible involvement of these isozymes in
tolerance development, a prominent clinical problem
of organic nitrate dosing. Studying this enzyme in
human vascular tissues and determining its role in
the action of nitrates in human vascular tissues would
be of clinical relevance. These questions are the
subject of further ongoing investigations in our
laboratory.
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