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Abstract

It has been proposed that organic nitrates such as glyceryl trinitrate (GTN),
used in the treatment of cardiovascular diseases, act by producing nitric oxide
(NO). However, the biochemical pathway for NO formation from GTN is not well
understood. In the present study, we showed that nitrate formation from GTN, by
isolated rat hepatocytes, was inhibited about 50% when cellular glutathione was
depleted and about 40% when cytochrome P-450 was inactivated by SKF525A. This
suggests that GTN is metabolized and/or NO is formed by three pathways in rat
hepatocytes: 1) denitrification of GTN by GSH/GSH transferase system; 2) reduction
of GTN by reduced cytochrome P-450; and 3) GTN can directly react with protein
thiol groups of cellular macromolecules (transnitrosation). At much higher
concentrations, GTN was toxic towards hepatocytes (LC5,= 2 mM for 2 h of

incubation) and cytotoxicity was accompanied by GSH and ATP depletion. Depleting
GSH and/or inactivating cytochrome P-450 beforehand markedly increased GTN
cytotoxicity. The permeable thiol reductant dithioteritol unlike antioxidants was found
to be an effective antidote, even if added to the cells an hour after GTN. The results
suggest that GTN-induced cytotoxicity is mediated by transnitrosyllation of
mitochondrial, structural and vital protein thiols.
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1. Introduction

The ability of mammalian cells to convert
the organic nitrate nitroglycerin (GTN), to
vasoactive nitric oxide (NO) or S-nitrosothiol
(SNO) played a significant part in the
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discovery that NO functions as an endogenous
physiological mediator [1]. GTN has long
served as a principal therapeutic agent for
acute angina and congestive heart disease [2-5].
It is thought that GTN induces vasorelaxation
by generating NO or a related SNO. However,
some observations have thrown this idea into
doubt, with many studies demonstrating that
NO is present only when there are high
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concentrations of GTN [6].

Both enzymatic and nonenzymatic
mechanisms of GTN metabolism and bio-
transformation have been proposed. The list
of candidate enzymes includes glutathione
S-transferases [7], the cytochrome P-450
system [8], xanthine oxidoreductase [9], and
mitochondrial aldehyde dehydrogenase
(ALDH-2) [10-13]. Direct interactions of GTN
with low molecular weight thiols may also
produce vasodilator SNOs [14]. NO and SNOs
activate the target enzyme soluble guanylyl
cyclase (sGC), increasing tissue levels of the
second messenger cGMP. A cGMP-dependent
protein kinase I (cGK-I) mediates
vasorelaxation by phosphorylating proteins
that regulate intracellular Ca2" levels [15].
Nitroglycerin can also dilate blood vessels
through a cGMP-independent pathway [10].

Although multiple cellular activities
mediating GTN metabolism have been
characterized, the mechanisms that
specifically subserve GTN bioactivation have
remained elusive. However, several studies
have demonstrated that GTN in vivo is rapidly
metabolized by the liver to nitrite and glycerol
dinitrate [16]. Because glutathione (GSH)
was depleted and the oxidized glutathione
(GSSG) formed was effluxed into the bile, the
initial step is believed to be mediated by
glutathione S-transferase to form glutathione
sulfonyl nitrite, which reacts directly with
GSH to yield nitrite and GSSG [17]. NO is
believed to be formed from the released
nitrite; however, the mechanism of formation
of NO from nitrite is not known yet. Figure
1 shows proposed mechanism of action of
GTN which involve glutathione S-transferase
and subsequent steps.

Cytochrome P-450 also is thought to
mediate biotransformation of GTN. Servent
et al. have reported that GTN was denitratted
by rat liver microsomes in the presence of
NADPH with formation of complexes of
glyceryl dinitrates and mononitrites [18].
They have also recorded formation of P-450-
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Fe-NO complex during the reaction.
McDonald and Bennet also have reported
microsomal biotransformation of GTN to
1,3-GDN and 1, 2-GDN which has been
shown to be NADPH dependent, inhibited
by cytochrome P-450 inhibitors, such as
carbon monoxide and SKF525A [19].

In the following, the effect of GTN on
isolated rat hepatocytes and mitochondria
has been investigated. Nitrite formation
correlated with GSH depletion and was
prevented by depleting GSH and/or
inactivating cytochrome P-450 dependent
mixed function oxidase. At higher
concentrations protein S-nitrosylation
occurred, respiration was inhibited and
cytotoxicity ensued. This could be averted
by addition of dithiothreitol.

2. Material and methods
2.1. Animals

Male Sprague-Dawley rats (300-350 g),
fed a standard chow diet and given water ad
libitum, were used in all experiments.

Figure 1. Proposed mechanism of cytotoxicity and
metabolism of GTN.



Nitroglycerin metabolism and toxicity

Table 1. Cytotoxicity of GTN in freshly isolated rat hepatocytes.

Cytotoxicity (%) at Time

30 60 120 180
Control 2242 2343 2442 2543
GTN 0.3 mM 2043 2843 33432 38452
GTN 3 mM 37434 55458 90+52 99452
GTN 3 mM+DTT 5 mM 3042 32420 36+£10 39+3b
GTN 0.3 mM+GSH Depleted 25+4 31+l 38+2ac¢ 42+32
GTN 0.3 mM+P-450 inhibited 3243 37+48c 43+43.c 49+33.¢
GTN 0.3 mM+GSH Depleted+P-450 inhibited 39+23¢ 56+43¢ 65+33¢ 69+53¢

All data are given as mean+SD (n=6). Cells were incubated at a concentration of 1x10° cells/ml. *Significantly different from control p<0.05. *Significantly different
from GTN (3 mM) treated hepatocyes (p<0.05). Significantly different from GTN (0.3 mM) treated cells (p<0.05).

2.2. Chemicals

Nitroglycerin was obtained from Du Pont
Pharmaceuticals as injectable USP from
(Tridil®). Collagenase (from Clostridium
histolicum) and HEPES were purchased from
Bohringer-Mannheim. Trypan blue,
thiobarbituric acid, fluoro-2-4-dinitrobenzene,
and iodoacetic acid were obtained from
Sigma. Sulfanilamide and N-(1-naphthyl)
ethylendiamine dihydrochloride were
purchased from Aldrich. Other chemicals
were of the highest commericial grade
available.

2.3. Preparation of isolated rat hepatocytes

Hepatocytes were isolated from male
Sprague-Dawley rats by a two-step
collagenase perfusion, as described previously.
The cells were suspended (10° cells/ml) in
Krebs-Henseleit buffer containing 12.5 mM
HEPES and incubated under a stream of 95%
0, and 5% CO, in continuously rotating round-

bottomed 50 ml flasks at 37 °C [20-22].

2.4. Glutation determination

The total GSH and GSSG content of
hepatocytes was measured by the HPLC
analysis of deproteinized samples (5%
metaphosphoric acid), after derivatization
with iodoacetic acid and fluoro-2,4-
dinitrobenzene, by high performance liquid
chromatography, using a C18 mBondapak

NH2 column (Waters Associates, Milford,
MA) [23]. GSH and GSSG were used as
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external standards. A Waters 6000A solvent
delivery system equipped with a model 600
solvent programmer, a Wisp 710 automatic
injector and a Data Module were used for
analysis.

2.5. Determination of ATP

ATP in hepatocytes was extracted using an
alkaline extraction procedure quantified by
HPLC, using C18 uBondapak reverse phase
column (Waters Associates Milford, MA) as
explained by Stocchi e al. [24].

2.6. Isolation of mitochondria

The liver was removed with small scissor
and minced in a cold manitol solution
containing 0.225 M D-manitol, 75 mM

Figure 2. Effect of treatment with SKF 525A (50 uM) and
I-bromoheptane (200 uM) on GTN (150 pM) induced
changes in nitrite release after 1 h. All data are given as
mean £SD (n=6). Cells were incubated at a concentration of
1x106 cells/ml. All curves are significantly different from
control (p<0.001).
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sucrose and 0.2 mM ethylenediaminete-
traacetic acid (EDTA). Approximately 30 g of
minced liver was gently homogenized in a
glass homogenizer with a Teflon pestle and
then centrifuged at 700xg for 10 min. at 4 °C
to remove nuclei, unbroken cells and other
non-subcellular tissues. The supernatants
were centrifuged at 7000xg for 20 min. These
second supernatant were pooled as the crude
microsomal fraction and the pale loose upper
layer, which was rich in swollen or broken
mitochondria, lysosomes and some
microsomes, of sediments was washed away.
The dark packed lower layer (heavy
mitochondrial fraction) was resuspended in the
mannitol solution and recentrifuged twice at
7000xg for 20 min. The heavy mitochondrial
sediments were suspended in Tris solution
containing 0.05 M Tris-HCl buffer (pH 7.4) 0.25
M sucrose, 20 mM KCl, 2.0 mM MgCl, and 1.0

mM Na,HPO, at 4 °C before assay.

2.7. Protein determination
Protein concentration was determined using
the method developed by Bradford [25].

2.8. Depletion of mitochondrial GSH
GSH-depleted hepatocytes were obtained

by preincubating hepatocytes with 0.2 mM

1-bromoheptane for 20 min. [26].

2.9. Mitochondprial calcium release assay

Calcium release was monitored in freshly
isolated mitochondria by measuring the
absorbance change of the chromatophoric
dye Arzenazo III (40 uM), using the
wavelength pair 654-685 nm. Mitochondria
(2.0 mg/ml) were loaded with Ca" before
addition of GTN.

2.10. Oxygen consumption assay

Oxygen uptake was monitored at 37 °C
using a Clark-type oxygen electrode (Yellow
Spring, OH) in a 2 ml chamber with 2 mg/ml
protein.
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2.11. Measurement of nitrite concentration
A colorimetric determination of nitrite
concentration by diazo coupling of N-(1-
Naphthyl) ethylene diamine dihydrochloride
and sulfanilamide was used. Aliquots were
taken in specific time points and added to
1.1 ml of 13.2 mM sulfanilamide in 0.91 M
HCI. After addition of 0.1 ml of 11.2 mM N-
(1-Naphthyl) ethylenediamine dihydro-
chloride the sample were allowed to stand
for at least 1 h at room temperature before the
absorbance was measured at 540 nm.

2.12. Statistical analysis

All values were expressed as mean+SD of
6 samples. Analysis of variance (ANOVA)
followed by student Newmans-Keuls test was
used to evaluate the significance of the results
obtained. All computations were analysis by
computer using SPSS software.

3. Results
3.1. Effect of GSH depletion and/or P-450
inactivation on biotransformation of GTN by
hepatocytes

Incubation of GTN (150 uM) with isolated
rat hepatocytes resulted in a time-dependent
formation of nitrite (about 110 uM at 60 min)
(Figure 2). Preincubation of hepatocytes with
200 uM bromoheptane, a GSH depletory,
inhibited metabolism of GTN to nitrite by

Figure 3. Effect of GTN (3 mM) on GSH (A) and GSSG (B)
content of hepatocytes after 1 h of incubation. Cells were
incubated at a concentration of 1x106 cells/ml.



about 50% after 1 h of incubation (Figure
2). Inactivation of cytochrome P-450 by SKF
525A beforehand also had a similar effect to
GSH depletion, i.e., it inhibited formation of
nitrite from GTN, but its inhibitory effect
was less than GSH depletion (Figure 2).
Inactivation of cytochrome P-450 and
depletion of GSH at the same time inhibited
the metabolism of GTN to nitrite by
hepatocytes by a large extent (about 90%)
(Figure 2).

3.2. Effect of GTN on GSH

Incubation of hepatocytes with different
concentrations of GTN decreased GSH
content of hepatocytes. Addition of 300 uM
GTN depleted the GSH content of hepatocyte
to about 55% and 20% at 15 min and 1 h,
respectively (Figure 3A). Toxic doses of GTN
(3 mM) depleted all of the GSH content of the
cells only in 15 min. of incubation (Figure 3A)
and did not recover during the rest of the
incubation time. The concentration of GSSG
did not increase parallel to decrease of GSH
(Figure 3B). Addition of dithiothreitol (DTT),
a thiol reductant, at 15 min. or even later
immediately restored the GSH content of the
cells to levels even more than the original
level (Figure 3A), but GSSG was almost
disappeared (Figure 3B).

3.3. Effect of GTN on ATP content of
hepatocytes

Figure 4 shows the effect of GTN on ATP
level in isolated rat hepatocytes. At the
beginning, decrease of ATP was fast with
high concentrations of GTN (1-3 mM), and
after 30 and 60 min of incubation of
hepatocytes with 3 mM GTN more than 60%
and 90% of ATP was depleted, respectively.
However, 150 or 300 uM of GTN did not
effectively deplete ATP content of the cells
(data not shown). The decrease in ATP content
of hepatocytes is in the same direction as
GSH, but the rate of GSH depletion is much
faster.
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3.4. Cytotoxicity of GTN in isolated hepatocytes

GTN in low concentrations (up to 300
uM) did not show significant toxic effects
towards isolated rat hepatocyte, but with
higher concentrations it was toxic and its
LCs, for 2 h was about 2 mM (Table 1). Its

toxicity was dose and time-dependent.

3.5. Effect of dithiothreitol on GTN cytotoxicity

Hepatocytes were protected against
cytotoxicity of GTN by DTT (Table 1).
Addition of DTT even 30 min. after GTN
prevented cytotoxicity of GTN.

3.6. Effect of GSH depletion and cytochrome
P-450 inhibition on cytotoxicity of GTN

GSH depletion and/or cytochrome P-450
inactivation increased the cytotoxicity of
GTN towards hepatocytes. Even 300 uM
GTN was toxic in GSH depleted and/or P-450
nactivated hepatocytes (Table 1). Inactivation
of cytochrome P-450 increased the toxicity
more than GSH depletion. If both pathways
of metabolism of GTN to nitrite were
inactivated, cytotoxicity was increased very
sharply and 300 uM GTN resulted in about
70% cell death at 3 hr (Table 1).

Figure 4. Effect of GTN on ATP content of hepatocytes
after 2 h of incubation. All data are given as meantSD (n=6).
Cells were incubated at a concentration of 1x106 cells/ml. All
curve are significantly different from control (»<0.001).
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3.7. Effect of GTN on mitochondrial
respiration

GTN inhibited mitochondrial respiration.
As shown in Figure 5, 1 or 3 mM GTN
inhibited oxygen uptake by isolated
mitochondria by 36% and 46%, respectively.
GSH depletion did not affect mitochondrial
respiration.

3.8. Effect of GTN on mitochondrial calcium
release

GTN increased the release of calcium from
mitochondria even with low concentrations
(100 uM). Figure 6 shows the effect of GTN
on calcium release from normal and GSH
depleted mitochondria. GSH depletion
potentiated the effect of GTN on calcium
release.

4. Discussion

Various hypotheses on the molecular
mechanism of organic nitrate-induced
vasodilation considered the biotransforma-
tion of organic nitrates, such as nitroglycerin
in the smooth muscle cells as an initial step
for vasodilation [15, 27, 28].

Metabolism of GTN occurs in the liver as
well [13], but probably it is not important in
the vasodilatory effect of GTN because
creation of NO in the smooth muscle cells of
the vessels is critical for its vasodilatory effect
and because of its short half life, it is unlikely
to be able to travel from liver to vascular
smooth muscle. Therefore, metabolism of
GTN by the liver seems to be a clearance
pathway [8, 29].

Within the vascular smooth muscle and
liver cells there may be more than one bio-
transformation pathway. Needleman et al.
[30] were the first to suggest that cellular
sulphydryl groups are involved in the bio-
transformation of GTN. GSH is the major
non-protein thiol present in cells and is
required for the metabolism of GTN by
glutathione S-transferase [14, 15, 27]. Other
thiol groups also have been shown to react
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Figure 5. Inhibition of mitochondrial respiration by GTN.
All curve are significantly different from control (»<0.001).

with GTN and produce nitrite in smooth
muscle cells [27]. Our results also approved
that GSH is involved in the metabolism of
GTN by hepatocytes, as depletion of GSH
resulted in about 50% decrease in nitrite
formation (Figure 2). Also, we found that
depletion of GSH and inactivation of
cytochrome P-450, another pathway for
metabolism of GTN, at the same time did
not completely block formation of nitrite
from GTN. This may be due to involvement
of other cellular thiol groups in the
metabolism of GTN.

We found that inhibition of cytochrome P-
450 by SKF 525A also decreases the
formation of nitrite from GTN by isolated

Figure 6. Effect of GTN (100 uM) on calcium release from
mitochondria



rat hepatocytes, but its role in nitrite formation
was less than GSH. Previously, also
metabolism of GTN by rat liver microsomes
has been reported [15, 16]. McDonald and
Bennett [19] have reported that the
involvement of cytochrome P-450 in the
metabolism of GTN in rat liver microsomes
is region selective and produces preferentially
1,3-dinitroglycerin, while GSH transferase
produces preferentially 1,2-dinitroglycerin
in rabbit liver cytosol [7].

At higher concentrations, GTN was toxic
towards isolated rat hepatocytes. Its
cytotoxicity was dose-dependent and started
from about 300 uM and its LCy, for 2 h was

about 2 mM. Dithiothreitol (DTT) was able
to protect hepatocytes against GTN
cytotoxicity, which implies that oxidative
stress and thiol oxidation is involved in the
mechanism of GTN cytotoxicity.

GTN with toxic doses depleted GSH very
fast, but did not increase the GSSG
concentration parallel to GSH depletion
(Figure 3A and B). This means that a part of
GSH is in the form of conjugate with nitrite
possibly by transnirosylation. Depleting GSH
and/or inactivating cytochrome P-450
beforehand sharply increased the cytotoxic
effect of GTN. Even 300 uM GTN was highly
toxic when both pathways were blocked.

GTN with toxic and non toxic doses
depleted ATP content of the cells. It also
inhibited mitochondrial respiration and
increased calcium release from mitochondria
even with non toxic doses (150 uM). GSH
depletion potentiated the effect of GTN on
mitochondrial calcium release. Respiratory
inhibitors, i.e. rotenon and cyanide, were found
to increase cytotoxicity of GTN (data not
shown). Inhibition of respiration and ATP
depletion could probably be due to oxidation of
thiol groups of mitochondrial proteins by GTN.

Putting all above data together, we propose
the following mechanisms for GTN
metabolism and cytotixicity which is also
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depicted in Figure 1. There are three pathways
for metabolism of GTN: 1) GTN can be
metabolized by GSH/GSH transferase system
to form glutathione sulfonylnitrite (GS-NO2)
and complexes of glyceryl dinitrites (GDN),
prefentially 1,2-GDN. GS-NO?2 later reacts
with GSH to yield nitrite and GSSG. Nitrite
is believed to be converted, by an unknown
mechanism, to nitrite oxide which by
activating guanylate cyclase and liberating
cGMP causes vascular smooth muscle
relaxation and vasodilation. 2) Cytochrome P-
450 metabolizes GTN to glyceryl dinitrites,
preferentially 1,3-GDN, and releases nitrite.
3) GTN can directly react with protein thiol
groups of cellular macromolecules (transni-
trosation). DTT can reduce these thiol groups
and protect cells from GTN induced
cytotoxicity. Transnitrosation of mitochondrial
thiol groups causes deformation of
mitochondrial membrane or inactivation of
enzymes which results in decrease in ATP
production by mitochondria. ATP depletion
leads to inactivation of ATP dependent
calcium pumps which results in elevation of
calcium level in the cell and finally by
activation of proteases and phospholipases
results in cell death. Denaturation of structural
and other vital proteins by transnitrosylation
are possibly involved in cytotoxic mechanism
of GTN.

References

[17 Gruetter CA, Gruetter DY, Lyon JE, Kadowitz PJ,
Ignarro LJ. Relationship between cyclic guanosine
3":5'-monophosphate formation and relaxation of
coronary arterial smooth muscle by glyceryl
trinitrate, nitroprusside, nitrite and nitric oxide:
effects of methylene blue and methemoglobin. J
Pharmacol Exp Ther 1981; 219: 181-6.

Ignarro LJ. Nitric oxide as a unique signaling
molecule in the vascular system: a historical
overview. J Physiol Pharmacol 2002; 53: 503-14.
Fung HL. Biochemical mechanism of
nitroglycerin action and tolerance: is this old
mystery solved? Annu Rev Pharmacol Toxicol
2004; 44: 67-85.

Janero DR, Bryan NS, Saijo F, Dhawan V, Schwalb



H niknahad et al / IJPS Spring 2012; 8(2): 105-113

DJ, Warren MC, Feelisch M. Differential

nitros(yl)ation of blood and tissue constituents

during glyceryl trinitrate biotransformation in vivo.

Proc Natl Acad Sci USA 2004; 101: 16958-63.

Thatcher GR, Nicolescu AC, Bennett BM, Toader

V. Nitrates and NO release: contemporary aspects

in biological and medicinal chemistry. Free Radic

Biol Med 2004; 37: 1122-43.

Nunez C, Victor VM, Tur R, Alvarez-Barrientos

A, Moncada S, Esplugues JV, D'Ocon P.

Discrepancies between nitroglycerin and NO-

releasing drugs on mitochondrial oxygen

consumption, vasoactivity, and the release of

NO. Circ Res 2005; 97: 1063-9.

Lau DT, Chan EK, Benet LZ. Glutathione S-

transferase mediated metabolism of glyceryl

trinitrate in subcellular fractions of bovine

coronary arteries. Pharm Res 1992; 9: 1460-4.

McDonald BJ, Bennett BM. Biotransformation of

glyceryl trinitrate by rat aortic cytochrome P-

450. Biochem Pharmacol 1993; 45: 268-70.

O’Byrne S, Shirodaria C, Millar T, Stevens C,

Blake D, Benjamin N. Inhibition of platelet

aggregation with glyceryl trinitrate and xanthine

oxidoreductase. J Pharmacol Exp Ther 2000;

292: 326-30.

[10] Chen Z, Zhang J, Stamler JS. Identification of the
enzymatic mechanism of nitroglycerin
bioactivation. Proc Natl Acad Sci USA 2002; 99:
83006-11.

[11] Dungel P, Haindl S, Behling T, Mayer B, Redl H,
Kozlov AV. Neither nitrite nor nitric oxide mediate
toxic effects of nitroglycerin on mitochondria. J
Biochem Mol Toxicol 2011; 25: 297-302.

[12] Beretta M, Gruber K, Kollau A, Russwurm M,
Koesling D, Goessler W, Keung WM, Schmidt K,
Mayer B. Bioactivation of nitroglycerin by purified
mitochondrial and cytosolic aldehyde
dehydrogenase. J Biol Chem 2008; 283: 17873-80.

[13] Chen Z, Foster MW, Zhang J, Mao L, Rockman
HA, Kawamoto T, Kitagawa K, Nakayama KI,
Hess DT, Stamler JS. An essential role for
mitochondrial aldehyde dehydrogenase in
nitroglycerin bioactivation. Proc Natl Acad Sci
USA 2005; 102: 12159-64.

[14] Feelisch M, Kelm M. Biotransformation of
organic nitrates to nitric oxide by vascular smooth
muscle and endothelial cells. Biochem Biophys
Res Commun 1991; 180: 286-93.

[15] Lincoln TM, Dey N, Sellak H. Invited review:
cGMP-dependent protein kinase signaling
mechanisms in smooth muscle: from the
regulation of tone to gene expression. J Appl
Physiol 2001; 91: 1421-30.

[16] Needleman P, Harkey AB. Role of endogenous

112

glutathione in the metabolism of glyceryl trinitrate
by isolated perfused rat liver. Biochem Pharmacol
1971; 20: 1867-76.

[17] Habig WH, Keen JH, Jakoby WB. Glutathione
S-transferase in the formation of cyanide from
organic thiocyantes and as an organic nitrate
reductase. Biochem Biophys Res Commun 1975;
64: 501-6.

[18] Servent D, Delaforge M, Ducrocq C, Mansuy
D. Lenfant M. Nitric oxide formation during
microsomal hepatic denitration of glyceryl
trinitrate: involvement of cytochrome P-450.
Biochem Biophys Res Commun 1989; 163: 1210-6.

[19] McDonald BJ, Bennett BM. Cytochrome P-450
mediated biotransformation of organic nitrates.
Can J Physiol Pharmacol 1990; 68: 1552-7.

[20] Wang YJ, Li MD, Wang YM, Chen GZ, Lu GD,
Tan ZX. Effect of extracorporeal bioartificial
liver support system on fulminant hepatic failure
rabbits. World J Gastroenterol 2000; 6: 252-4.

[21] Niknahad H, O’Brien PJ. Involvment of nitric
oxid in nitroprusside-induced hepatocyte
cytotoxicity. Biochem Pharmacol 1996; 51: 1031-
9.

[22] Moldeus P, Hogberg J, Orrenius S. Isolation and
use of liver cells. Methods Enzymol 1978; 52: 60-
71.

[23] Reed DJ, Babson JR, Beatty PW, Brodie AE,
Ellis WW, Potter DW. High-performance liquid
chromatography analysis of nanomole levels of
glutathione, glutathione disulfide, and related thiols
and disulfides. Anal Biochem 1980; 106: 55-62.

[24] Stocchi V, Cucchiarini L, Magnani M, Chiarantini
L, Palma P, Crescentini G. Simultaneous
extraction and reverse-phase high-performance
liquid chromatographic determination of adenine
and pyridine nucleotides in human red blood
cells. Anal Biochem 1985; 146: 118-24.

[25] Bradford MM. A Rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding.
Anal Biochem 1979; 72: 248-59.

[26] Khan S, O’Brien PJ. 1-Bromoalkanes as new
potent nontoxic glutathione depletors in isolated
rat hepatocytes. Biochem Biophys Res Commun
1991; 179: 436-41.

[27] Hill KE, Hunt RWJr, Jones R, Hoover RL, Burk
RF. Metabolism of nitroglycerin by smooth
muscle cells. Involvement of glutathione and
glutathione S-transferase. Biochem Pharmacol
1992; 43: 561-6.

[28] Katsuki S, Arnold WP, Murad F. Effects of sodium
nitroprusside, nitroglycerin, and sodium azide
on levels of cyclic nucleotides and mechanical
activity of various tissues. J Cyclic Nucleotide Res



1977; 3: 239-47.

[29] Ahlner J, Andersson RG, Torfgard K, Axelsson
KL. Organic nitrate esters: clinical use and
mechanisms of actions. Pharmacol Rev 1991;
43:351-423.

[30] Needleman P, Jakschik B, Johnson EMIJr.
Sulfhydryl requirement for relaxation of vascular
smooth muscle. J Pharmacol Exp Ther 1973;
187: 324-31.

113

Nitroglycerin metabolism and toxicity



ONLINE SUBMISSION

Ijps.sums.ac.ir

114



