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Abstract 2,4,6-Trinitrotoluene (TNT), which is widely
used in explosives, is an important occupational and
environmental pollutant. Human exposure to TNT has
been reported to be associated with cardiovascular
dysfunction, but the mechanism is not well understood.
In this study, we examine the endothelial nitric oxide
synthase (eNOS) activity and blood pressure value fol-
lowing TNT exposure. With a crude enzyme prepara-
tion, we found that TNT inhibited the enzyme activity of
eNOS in a concentration-dependent manner (IC50 va-
lue=49.4 lM). With an intraperitoneal administration
of TNT (10 and 30 mg/kg) to rats, systolic blood pres-
sure was significantly elevated 1 h after TNT exposure
(1.2- and 1.3-fold of that of the control, respectively).
Under the conditions, however, experiments with the
inducible NOS inhibitor aminoguanidine revealed that

an adaptive response against hypertension caused by
TNT occurs. These results suggest that TNT is an
environmental chemical that acts as an uncoupler of
constitutive NOS isozymes, resulting in decreased nitric
oxide formation associated with hypertension in rats.
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Introduction

2,4,6-Trinitrotoluene (TNT) (Fig. 1), a widely used
explosive is a common contaminant at military bases and
munitions production and handling facilities. Acute and
chronic exposure of workers to TNT has been shown to
cause toxicity in the liver, the hematopoietic system, the
eye and cardiovascular system (Voegtin et al. 1921;
Snyder et al. 1942; Vychub 1970; Hathaway 1977; Liu et
al. 1988). However, mechanistic details of pathophysio-
logical actions caused by TNT remain to be elucidated.

Nitric oxide (NO), which is synthesized by NO syn-
thase (NOS), plays an important role in neurotransmis-
sion, vasorelaxation and immune response (Moncada et
al. 1991). This gas produced in endothelial cells is in-
volved in the regulation of blood pressure, inhibition of
platelet aggregation, inhibition of smooth muscle
migration and ischemic protection (Moncada et al. 1991;
Nathan 1992; Schmidt et al. 1994). NOS are hemepro-
teins that catalyze oxidation of L-arginine to NO and L-
citrulline. Three main isozymes exist in mammals that
are regulated by distinct genes: a constitutive neuronal
NOS (nNOS) (Schmidt et al. 1991), an endotoxin- and
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cytokine-inducible NOS (iNOS) (Stuehr et al. 1991) and
a constitutive endothelial NOS (eNOS) (Pollock et al.
1991). Reduction in NO formation by NOS inhibitors or
disruption of the gene encoding eNOS caused blood
pressure elevation (Huang et al. 1995; Rees et al. 1989;
Sander et al. 1999). It has been shown that impairment of
NO production in the endothelium is implicated in the
phathophysiological actions of vascular diseases (Kelly
et al. 1996; Umans et al. 1995).

It is well recognized that nitroaromatic chemicals,
such as TNT, are good substrates for flavin enzymes
such as NADPH-cytochrome P450 (P450 reductase),
resulting in one-electron reduction of these compounds
(Kappus et al. 1986; Biaglow et al. 1986). We have re-
cently reported that TNT has a potent inhibitory action
on the enzyme activity of nNOS by shunting electrons
away from the normal catalytic pathway, resulting in a
decrease in NO production (Kumagai et al. 2004). Since
the sequence of the P450 reductase domain of nNOS is
similar to that of eNOS (Bredt et al. 1991; Lamas et al.
1992), we hypothesized that TNT would suppress not
only nNOS activity, but also eNOS activity via a similar
mechanism, thereby leading to hypertension. In the
present study, we examined the effects of TNT on eNOS
activity and blood pressure of rats.

Materials and methods

Materials

2,4,6-Trinitrotoluene was synthesized by the method of
McGookin et al. (1940). Chemicals were obtained as
follows: L-arginine, dimethyl sulfoxide (DMSO) and
aminoguanidine (AG) from Sigma Chemical (St. Louis,
MO, USA); ethyl carbamate and a-chloralose from
Wako; L-[2,3�3H]-arginine from DuPont/NEN Re-
search Products (Boston, MA, USA) and AG50W-X8
resin from Bio-Rad Laboratories (Richmond, CA,
USA). Calmodulin (CaM) was purified from the bovine
brain by the method of Gopalakrishna and Anderson
(Gopalakrishna et al. 1982). All other chemicals used
were of the highest grade available.

Animals

Male Wistar rats (8 weeks), weighing 240-290 g were
used in the measurement of blood pressure.

Enzyme preparation

Bovine aortic endothelial cells (BAEC) were obtained
from Dainippon Pharmaceutical Industrial (Tokyo, Ja-
pan). BAEC were maintained in Dulbecco’s modified
Eagle’s medium-nutrient mixture F-12 (1:1, vol/vol)-
15% heat-inactivated fetal bovine serum–penicillin
(100 U/ml)–streptomycin (100 lg/ml), fibroblast growth
factor-acidic (5 ng/ml)–heparin (10 U/ml). Cells were
incubated in a humidified atmosphere of 95% air–5%
CO2. The medium was changed every 2-3 days, and cells
were routinely passaged by trypsin-EDTA with a split
ratio of 1:4. BAEC between passages 3 and 7 were
scraped from culture plates and homogenized in 50 mM
phenylmethylsulfonly fluoride–leupeptin (1 lg/ml). The
homogenate was centrifuged at 100,000 g for 60 min.
The total membrane fractions obtained were suspended
in the homogenate buffer containing 2.5 mM CaCl2
according to the method of Patel and Block (Patel et al.
1995). Suspensions obtained were frozen under liquid
nitrogen and kept at –80�C until use.

Enzyme activity

Incubation mixtures (0.1 ml) consisted of a suspension
of the membrane fraction BAEC (0.8–0.10 mg of pro-
tein), TNT (10–200 lM), complete medium (20 nM 2,3-
[3H]arginine, 50 lM L-arginine, 100 lM NADPH, 10 lg
BH4, 2 mM CaCl2, 1 lg of CaM) and 20 mM HEPES
(pH 7.4). After the enzyme solution was preincubated
with TNT at 37�C for 5 min, reactions were initiated by
the addition of the complete medium and carried out at
37�C for 30 min. Under these conditions, NO produc-
tion determined by formation of citrulline was linear
with time and protein concentration. TNT was dissolved
in DMSO, and the maximal volume of DMSO was
maintained at 20 ll/ml of the assay mixture, because
DMSO slightly affected NOS activity. Production of
[3H]citrulline from L-[3H]arginine was performed by the
method of Bredt and Snyder (Bredt et al. 1990). Briefly,
each incubation was terminated by addition of 2 ml of
cold stop buffer [20 mM sodium acetate buffer (pH 5.5)–
1 mM citrulline–2 mM EDTA–0.2 mM EGTA]. A
portion (2 ml) of the mixture was applied to a column
packed with AG50W-X8 resin (1 ml), which had been
extensively equilibrated with the stop buffer, and then
the column was washed with 2 ml of water. The sample
(1 ml) of eluate collected was mixed with 5 ml of scin-
tillation cocktail, and radioactivity was determined
using a Beckman LS-600 scintillation counter. Protein
concentration was measured by the method of Bradford
(Bradford 1976), with bovine serum albumin as the
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Fig. 1 Structure of 2,4,6-trinitrotoluene (TNT)
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standard. To calculate the IC50 value of TNT on eNOS
activity, we analyzed the values obtained from eNOS
activity in the presence of TNT by a nonlinear regression
program using PRISM version 3.0 (Graph Pad Soft-
ware, San Diego, CA, USA).

Measurement of blood pressure

Rats were anesthetized with urethane (2 mg/kg) (35%
ethyl carbamate and 4% a-chloralose). A polyethylene
catheter (SP-31, Natsume, Tokyo, Japan) was inserted
into the right carotid artery to measure arterial blood
pressure. TNT (10 or 30 mg/kg) was administered to
rats by intraperitoneal injection, as a vehicle (corn oil)
was injected in control rats. In the further experiment,
aminoguanidine (AG) (100 mg/kg) was injected with
TNT (30 mg/kg) in rats. Hemodynamic measurements
were recorded by means of a polygraph system (AP-
601G amplifier and WT-687G thermal pen recorder,
Nihon Koden, Tokyo, Japan).

Statistics

Data are expressed as the mean ± SDs for each group.
A t test was carried out on a personal computer using a
biomedical program (HALBAU, Japan).

Results

Inhibition of eNOS activity

When the membrane fraction of BAEC was used as an
enzyme source for eNOS, L-citrulline formation from L-
arginine was inhibited by TNT exposure in a concen-
tration-dependent manner with an IC50 value of
49.4 lM (Fig. 2).

Changes in arterial blood pressure

2,4,6-Trinitrotoluene (10 mg/kg and 30 mg/kg) dis-
solved in corn oil (3 ml/kg), was administered to rats by
intraperitoneal injection; in control rats, a vehicle (corn
oil) was injected. Subsequently, arterial pressure and
heart rate (HR) were measured in the conscious state for
1 h. Administration of TNT (10 and 30 mg/kg) to rats
had no obvious effect on HR (Fig. 3). Systolic blood
pressure (SBP), diastolic blood pressure (DBP) and
mean blood pressure (MBP) were elevated 1 h after
TNT exposure. SBP was elevated to 1.2-fold that of the
control (10 mg/kg of TNT, P<0.05) and 1.3-fold that of
the control (30 mg/kg of TNT, P<0.01) (Fig. 4). With
exposure to TNT (30 mg/kg), DBP and MBP increased
to 1.3- and 1.4-fold that of the control (P<0.05), re-
spectively (Fig. 4). However, there was no change in
blood pressure by vehicle administration (corn oil) in
rats.

To explore whether there is an initial response against
such hypertension during TNT exposure, we examined
the effect of aminoguanidine (AG), a specific inhibitor of
iNOS, on TNT-mediated blood pressure elevation. As
shown in Fig. 5, an intraperitoneal injection of AG
(100 mg/kg) into rats had a slight effect on blood pres-
sure. However, simultaneous administration of TNT
(30 mg/kg) with AG (100 mg/kg) resulted in a signifi-
cant increase in blood pressure compared to treatment
with either TNT or AG alone (Fig. 5). The elevations of
SBP, DBP and MBP following co-administration of
TNT and AG were 1.3-, 1.7- and 1.4-fold that of the
control, respectively (P<0.005, <0.01 and <0.05)
(Fig. 5).

Discussion

This study indicates that TNT inhibits the enzyme
activities of eNOS, as well as nNOS (Kumagai et al.
2004), and thus elevates blood pressure. In TNT-ex-
posed humans, the notable toxic manifestations have
included toxic hepatitis, cataracts and aplastic anemia
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Fig. 2 Effect of TNT on eNOS activity in BAEC membrane
fraction. eNOS activity was determined as L-citrulline formation
from L-arginine. Each point is the average of two determinations

Fig. 3 Effect of TNT on heart rate in rats. Effect of TNT on heart
rate in rats at 1 h after administration is shown in this figure. TNT
(10 and 30 mg/kg) was administered to rats. Heart rate was
measured for 1 h after injection of TNT. Each value is the mean ±
SE of six rats
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(Rosenblatt et al. 1991; Yinon 1990; Hathaway 1985).
Vasquez-Vivar et al. showed that redox-active drugs
convert the activity of eNOS from NOS to an NADPH
oxygenase activity, an action referred to as ‘‘NOS
uncoupling’’ (Vasquez-Vivar et al. 1999). We reported
that TNT interacts with the P450 reductase domain of
nNOS and thus suppresses L-citrulline formation by
shunting electrons away form the normal catalytic
pathway (Kumagai et al. 2004). In the present study, we
showed that TNT is also an inhibitor for eNOS with an
IC50 value of 49.4 lM (Fig. 2). Since it was reported
that the sequence of the P450 reductase domain of
nNOS is similar to that of eNOS (Bredt et al. 1991;
Lamas et al. 1992), we speculate that a similar mecha-
nism is also involved in TNT-derived inhibition of eNOS
activity.

In recent years, it was shown that 9,10-phenanthr-
aquinone has a potent inhibitory action on eNOS
activity through a mechanism similar to that for nNOS
(Kumagai et al. 1998), thereby causing the suppression

of NO-dependent vasorelaxation and the elevation of
blood pressure (Kumagai et al. 2001). In this study, we
found that blood pressure was elevated in a TNT dose-
dependent manner. For example, intraperitoneal
administration of TNT (10 and 30 mg/kg) to rats caused
an increase in the systolic blood pressure by 1.2- and 1.3-
fold that of the control level, respectively (Fig. 4). These
results suggest that the elevation of blood pressure
caused by TNT exposure in rats may be, at least in part,
attributable to a TNT uncoupling reaction similar to
9,10-phenanthraquinone for NOS isozymes.

Intermediate exposure of beagle dogs to TNT
(32 mg/kg/day) for 26 weeks did not cause any changes
in heart rates (Levine et al. 1990). TNT led to a vigorous
hypertensive response without obvious changes in heart
rate (Fig. 3), partly suggesting that it was not associated
with cardiac contractility and output.

Fig. 4 Effects of TNT on blood pressure in rats. Effect of TNT on
blood pressure in rats at 1 h after administration is shown in this
figure. TNT (10 and 30 mg/kg) was injected into rats. Blood
pressure was measured for 1 h after injection of TNT. (a) Systolic
blood pressure (SBP); (b) Diastolic blood pressure (DBP); (c) Mean
blood pressure (MBP). Each value is the mean ± SE of six rats.
P<0.05 (*) and P<0.001 (***) compared to the control
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Fig. 5 Effects of TNT and/or iNOS inhibitor on blood pressure in
rats. Effect of TNT and/or iNOS inhibitor on blood pressure in rats
at 1 h after administration is shown in this figure. Rats were treated
with TNT (30 mg/kg), aminoguanidine (AG, 100 mg/kg), TNT
(30 mg/kg) and AG (100 mg/kg) together, respectively. Blood
pressure was measured for 1 h after injection of TNT. (a) Systolic
blood pressure (SBP); (b) Diastolic blood pressure (DBP); (c) mean
blood pressure (MBP). Each value is the mean ± SE of six rats.
P<0.05 (*), P<0.01 (**) and P<0.001 (***) compared to the
control; P<0.05 (****) compared to AG
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Reduction of NO formation by NOS inhibitors, or
disruption of the gene encoding eNOS caused elevation
of blood pressure (Huang et al. 1995, Rees et al. 1989,
Sander 1999). However, NO produced by iNOS nor-
mally helps to prevent salt-sensitive hypertension in rats
(Tan et al. 2000). iNOS expression at both the tran-
scriptional and translational levels was prominently in-
creased in portal hypertension rats, accompanied by
enhanced NO production (Hiseh et al. 2003). This sug-
gests that there is an adaptive response to increased
vascular tone. Interestingly, the elevated blood pressure
caused by TNT exposure (30 mg/kg) was augmented by
co-administration with AG (100 mg/kg) (Fig. 5). In our
preliminary study, we showed that systemic NO pro-
duction as evaluated by NO-Hb formation did increase
compared to the control, despite hypertension after
exposure to TNT, and that under the conditions, iNOS
gene expression in the spleens and blood of rats was
transiently up-regulated by TNT exposure (Amamiya et
al., unpublished observations). Thus, a reasonable
explanation for the stimulatory effect of the iNOS
inhibitor on increased blood pressure caused by TNT is
that there is an initial response of NOS to the disruption
of NO-forming activity following exposure to TNT. It is
evident that systemic production of NO by iNOS in the
vascularture is the major cause of hypotension and poor
organ perfusion associated with these conditions (Tith-
eradge 1999). In our field investigation at a TNT factory
in China, we found that hypotension, but not hyper-
tension, and increased NO metabolite levels in plasma
were observed in workers who were chronicly exposed to
TNT (SOT abstract). In order to explain how TNT gives
factory workers hypotension, we suggest that iNOS
expression be involved. iNOS expression might be in-
duced as an adaptive response at the beginning of
exposure with TNT to prevent hypertension. Conse-
quently, hypotension will occur by excess iNOS-derived
NO. Taken together, our findings suggest complex ac-
tions of TNT (e.g. inhibition of NOS activity, iNOS gene
expression) on the human vascular system.

We examined acute effect of TNT on rats injected
with the higher concentration. We need to investigate
the blood pressure and toxicity in rats administrated
with lower concentration of TNT than in this study.
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