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ABSTRACT. Clonidine, clinically used in the treatment of hypertension, is a central a2-adrenergic agonist
that reduces blood pressure and slows heart rate by reducing sympathetic stimulation. Considering the structural
similarity between clonidine and hydrophobic heterocyclic nitric oxide synthase (NOS) inhibitors, the effect of
clonidine on the nitric oxide (NO) pathway was investigated. This was verified by determination of NOS
activity in vitro and by analysis of inducible Ca21-independent NOS (NOS-II) mRNA expression and
measurement of nitrite levels in rat C6 glioma cells, taken as a cellular model. Clonidine inactivated neuronal
Ca21-dependent NOS (NOS-I) competitively without affecting NOS-II and endothelial Ca21-dependent NOS
(NOS-III) activity. However, the value of Ki for clonidine binding to NOS-I depended on tetrahydrobiopterin
(BH4) concentration, as reported for NOS inhibition by other nitrogen heterocyclic compounds. In particular,
the value of Ki for clonidine binding to NOS-I increased (from [7.9 6 0.4] 3 1025 M to [8.0 6 0.4] 3 1023

M) as BH4 concentration was increased (between 3.0 3 1027 M and 1.0 3 1023 M), at pH 7.5 and 37.0°. In
addition, clonidine (1.0 3 1024 M) enhanced NOS-II mRNA expression in rat C6 glioma cells, as induced by
Escherichia coli lipopolysaccharide (LPS) plus interferon-g (IFN-g). Finally, clonidine (1.0 3 1024 M to 1.0 3
1023 M) dose dependently increased the levels of LPS/IFN-g-induced nitrites, the breakdown product of NO,
in supernatants of rat C6 glioma cells. As reported for other NOS inhibitors, clonidine was also able to regulate
NOS-I and NOS-II inversely. BIOCHEM PHARMACOL 60;4:539–544, 2000. © 2000 Elsevier Science Inc.
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Starting from the terminal guanidino nitrogen atom of
L-arginine, the synthesis of NO† is catalysed by at least
three distinct isoforms of NOS. Two enzymes, the neuronal
and the endothelial Ca21-dependent isoforms (NOS-I and
NOS-III, respectively) are constantly expressed and termed
constitutive NOS. The third enzyme is an inducible Ca21-
independent isoform (iNOS or NOS-II), which is expressed
after stimulation with endotoxins and/or cytokines, such as
IFN-g or tumour necrosis factor-a. NOS is a homodimeric
enzyme consisting of a reductase domain with FAD and
flavin mononucleotide prosthetic groups, and an oxygenase
domain that binds arginine, BH4, and heme. Moreover,
NOS activity requires O2 as a co-substrate and NADPH-
derived electrons [1]. Nitrogen heterocyclic compounds
represent an important group of NOS inhibitors by binding
at the sixth co-ordination position of the heme-iron atom
[2]. In particular, it has been demonstrated that indazole,

5-nitro-, 6-nitro-, and 7-nitroindazole as well as 1-phenyl-,
2-phenyl-, and 4-phenylimidazole are potent NOS-I inhib-
itors [3–5].

Clonidine (2-(2,6-dichloroanilino)-2-imidazoline), a
central a2-adrenergic agonist, is used in the treatment of
hypertension, in the prophylaxis of migraine, and as part of
the treatment of opioid withdrawal. Considering the struc-
tural similarity between clonidine (Fig. 1) and nitrogen
heterocyclic compounds, it may be hypothesised that this
drug interferes with NOS activity. In the present study,
the interference of clonidine on the NO pathway was
investigated by assessment of NOS activity in vitro and
by analysis of NOS-II mRNA expression and measure-
ment of nitrite levels in rat C6 glioma cells, taken as a
cellular model.

MATERIALS AND METHODS
Materials

[3H]L-Arginine was obtained from NEN™ Life Science
Products. Clonidine was purchased from Sigma Chemical
Co. Recombinant rat IFN-g was obtained from Genzyme
Corp. All other products were purchased from Sigma
Chemical Co. and Merck AG. All chemicals were of
analytical grade and used without further purification.

* Corresponding author: Prof. Paolo Ascenzi, Dept. of Biology, University
of Roma Tre, Viale G. Marconi 446, I-00146 Rome, Italy. Tel. 139-06-
551 76329; FAX 139-06-55176383; E-mail: ascenzi@uniroma3.it

† Abbreviations: BH4, tetrahydrobiopterin; GAPDH, glycerol-3-phos-
phate dehydrogenase; IFN-g, interferon-g; L-NAME, L-NG-nitroarginine
methyl ester; LPS, Escherichia coli lipopolysaccharide; NO, nitric oxide;
NOS, nitric oxide synthase; NOS-I, neuronal Ca21-dependent NOS;
NOS-II, inducible Ca21-independent NOS; and NOS-III, endothelial
Ca21-dependent NOS.

Received 20 July 1999; accepted 14 February 2000

Biochemical Pharmacology, Vol. 60, pp. 539–544, 2000. ISSN 0006-2952/00/$–see front matter
© 2000 Elsevier Science Inc. All rights reserved. PII S0006-2952(00)00352-X



Cell Cultures

Rat C6 glioma cells were purchased from the American
Type Culture Collection and grown in Dulbecco’s modified
Eagle’s medium (GIBCO BRL, Life Technologies Italia)
supplemented with 10% foetal bovine serum (GIBCO BRL,
Life Technologies Italia). Bovine aortic endothelial cells
were harvested from the internal surface of aortas using
collagenase XI according to a procedure described else-
where [6] and grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% foetal bovine serum, 30 mg 3
mL21 of endothelial cell growth supplement (Sigma Chem-
ical Co.), 100 U 3 mL21 of penicillin, 100 mg 3 mL21 of
streptomycin, and 50 mg 3 mL21 of gentamicin (GIBCO
BRL, Life Technologies Italia) at 37.0° under an atmo-
sphere of 5% CO2 in air. Endothelial cells were character-
ised by immunofluorescence staining using antibodies to
Factor VIII. The confluent monolayers were subcultured by
conventional trypsinisation and cells were used at passages
5–8.

NOS Preparation

NOS-I was prepared from rat brain homogenates, as already
reported [7]. NOS-II was obtained from lung homogenate
of rats treated with Escherichia coli LPS (10 mg 3 kg21) [7].
NOS-III was prepared from the homogenate of bovine
aortic endothelial cells treated with 2.0 3 1022 M 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulphonate
for 20 min in ice, as previously described [7]. All samples
were homogenised at pH 7.5 (5.0 3 1022 M HEPES),
5.0 3 1024 M EGTA, 1.0 3 1023 M dithiothreitol, and 0.1
mg 3 mL21 of phenylmethylsulphonyl fluoride [7]. Then,
homogenates were desalted by chromatography over dispos-
able PD-10 columns packed with Sephadex G-25 medium
(Pharmacia Biotec).

NOS Activity Assay

NOS activity was assessed by evaluating the conversion of
[3H]L-arginine to [3H]L-citrulline, at pH 7.5 (5.0 3 1022 M
HEPES) and 37.0°. For NOS-I and NOS-III activity, an
enzyme aliquot was added to a reaction mixture containing
1.0 3 1023 M NADPH, 1.2 3 1023 M CaCl2, 1.0 mg 3
mL21 of calmodulin, 1.0 3 1025 M FAD, 1.0 3 1025 M
flavin mononucleotide, [3H]L-arginine (from 12 kBq to 185
kBq), and L-arginine (from 2.0 3 1026 M to 5.0 3 1025 M)
in the presence or absence of clonidine (ranging between

4.0 3 1024 M and 1.0 3 1022 M). For NOS-II, CaCl2 and
calmodulin were omitted, and 1.0 3 1023 M EGTA was
added. NOS-I, NOS-II, and NOS-III activity was assayed as
a function of BH4 concentration (ranging between 3.0 3
1027 M and 1.0 3 1023 M). After 15 min of incubation,
the reaction was stopped with ice-cold 2.0 3 1022 M
HEPES solution, pH 5.5, containing 2.0 3 1023 M EDTA.
[3H]L-Citrulline was separated from [3H]L-arginine by ion-
exchange chromatography on Dowex 50WX8 (Fluka Che-
mie AG) [7–9]. The enzyme activity was linear up to 30
min of incubation, and results were expressed as nmol
citrulline 3 min21 3 mg21. In addition, NO production
was monitored spectrophotometrically following the NO-
mediated conversion of human oxyhaemoglobin, added to
the NOS-I, NOS-II, and NOS-III preparations, to methae-
moglobin, at pH 7.5 and 37.0° [10, 11].

Determination of Ki for Clonidine Binding to NOS-I

Values of the inhibition dissociation equilibrium constant
(Ki) for clonidine binding to NOS-I were determined
under conditions where 0.2 3 Km , [S] , 5 3 Km and
0.2 3 Ki , [I] , 5 3 Ki, [12], according to the Dixon
graphical method [13]:

vi
21 5 Km 3 Vmax

21 3 @S#21 1 Vmax
21 1 Km

3 Vmax
21 3 @S#21 3 @I# 3 Ki

21 (1)

where vi is the initial velocity, Km is the Michaelis
constant, Vmax is the maximal velocity, [S] is the substrate
(i.e. L-arginine) concentration, and [I] is the inhibitor (i.e.
clonidine) concentration. According to Eqn 1, if vi

21 is
plotted against [I], keeping [S] constant, a straight line will
be obtained. If this is done at different substrate concen-
trations (i.e. [S1], [S2], . . . [Sn]), the lines will cut one
another at a point on the left of the vertical axis. If
competitive enzyme inhibition occurs, this point lies at
2Ki and Vmax. Therefore, 2Ki can be read off directly.
Furthermore, Km can also be determined from the Dixon
plot when Ki is found. In fact, each straight line cuts the
horizontal axis at a value of [I], corresponding to 2Ki 3
([S] 3 Km

21 1 1) (see Fig. 2).

Reverse Transcriptase–Polymerase Chain Reaction

Reverse transcriptase–polymerase chain reaction was car-
ried out to analyse the effect of clonidine on NOS-II
mRNA expression in rat C6 glioma cells, as induced by LPS
(10 mg 3 mL21) plus IFN-g (100–1000 U 3 mL21), for 4
hr. Briefly, total cellular RNA was purified from 1 3 106 rat
C6 glioma cells by the method of Chomczynski and Sacchi
[14] and reverse-transcribed into cDNA, as previously
reported [14]. cDNA was amplified for the NOS-II gene
(450 bp) using rat NOS-II-specific primers, as described
elsewhere [15]. The mRNA for the constitutive GAPDH
enzyme was examined as the reference cellular transcript.

FIG. 1. Chemical structure of clonidine.
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GAPDH mRNA amplification products (195 bp) were
present at equivalent levels in all cell lysates. Estimates of
the relative NOS-II mRNA amounts were obtained by
dividing the area of the NOS-II band by the area of the
GAPDH band (Bio-Rad Multi-Analyst™/PC Version 1.1).
Setting the value of LPS (10 mg 3 mL21) plus IFN-g (1000
U 3 mL21) as equal to 1 unit, values for the other samples
were calculated relative to it.

Nitrite Determination

In order to evaluate the effect of clonidine (1.0 3 1024 M
to 1.0 3 1023 M) on the total NO production, nitrite (the
breakdown product of NO) levels were measured [16].
Briefly, 2 3 105 rat C6 glioma cells were treated with LPS
(10 mg 3 mL21) plus IFN-g (10–1000 U 3 mL21) for 48
hr. Either in the presence or absence of clonidine, the
nitrite levels present in the cell supernatant were deter-
mined by using the Griess reagent (1.0 3 1024 M sulpha-
nilamide, 1.0 3 1024 M naphthylenediamine dihydrochlo-
ride, and 1.0 3 1022 N HCl). The absorbance was
measured at 540 nm, and nitrite concentration was deter-
mined using sodium nitrite as a standard. Results were
expressed as nmol 3 mL21.

RESULTS
Effect of Clonidine on NOS Activity

Here, clonidine was shown to competitively inhibit NOS-I
activity (see Fig. 2). Moreover, the value of Ki for clonidine
binding to NOS-I was dependent on the BH4 concentra-
tion (see Fig. 3). According to the ‘linked functions’ [17],
the decrease in clonidine affinity for NOS-I (i.e. the
increase in Ki values) on increasing BH4 concentration

reflected the higher affinity of BH4 for the clonidine-free
NOS-I rather than for the clonidine-bound (i.e. inhibited)
enzyme.

Scheme I represents the apparent minimum model ac-
counting for the effect of BH4 concentration on clonidine
binding to NOS-I [17]. In this scheme, Ki0 is the compet-
itive inhibition dissociation equilibrium constant for
clonidine binding to desalted NOS-I; KiL is the competitive
inhibition dissociation equilibrium constant for clonidine
binding to NOS-I in the presence of saturating amounts of
BH4; KBH40 is the dissociation equilibrium constant for
BH4 binding to clonidine-free NOS-I; and KBH4L is the
dissociation equilibrium constant for BH4 binding to
NOS-I in the presence of saturating amounts of clonidine.
In the case of Ki0, it is to be noted that one BH4 molecule
remained tightly bound to dimeric NOS-I during enzyme
purification, not being replaced by BH4-based NOS inhib-
itors. This finding reflects the extremely low dissociation
equilibrium constant, in the order of 10211 M (i.e. very

FIG. 2. Dixon plot [12] for rat brain NOS-I inhibition by
clonidine. The analysis of data allowed the value of Ki (5 [1.8 6
0.1] 3 1023 M) to be evaluated. BH4 concentration was 5.0 3
1026 M. L-Arginine concentration was: 2.0 3 1026 M (a),
5.0 3 1026 M (b), 1.0 3 1025 M (c), 2.5 3 1025 M (d), and
5.0 3 1025 M (e). The initial velocity (i.e. vi) was expressed as
nmol citrulline 3 min21 3 mg21. Data were obtained at pH 7.5
(5.0 3 1022 M HEPES buffer) and 37.0°. For further details,
see text.

FIG. 3. Effect of BH4 concentration (i.e. log[BH4]; M) on logKi
values (M) for clonidine binding to NOS-I. The symbol on the
ordinate (filled square) indicates the value of logKi for clonidine
binding to desalted NOS-I (i.e. logK*i). The continuous line was
calculated according to Eqn 2 with values of K*i (5 [7.9 6 0.4]
3 1025 M), KBH40 (5 [2.4 6 0.2] 3 1027 M) and KBH4L (5
[2.0 6 0.1] 3 1025 M). Data were obtained at pH 7.5 (5.0 3
1022 M HEPES buffer) and 37.0°. For further details, see text.

SCHEME 1.
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high affinity), of the first BH4 molecule for the BH4-free
NOS-I [17].

Applying Scheme I, a relation between values of Ki for
clonidine binding to NOS-I and BH4 concentration (i.e.
[BH4]) may be expressed according to the following equa-
tion [18]:

logKi 5 logK9i 1 log $~KBH40 1 @BH4#!/~KBH4L1@BH4#!%

1 log ~KBH4L/KBH40) (2)

Eqn 2 was used to generate the continuous line shown in
Fig. 3 with the following values of K9i (5 [7.9 6 0.4] 3
1025 M), KBH40 (5 [2.4 6 0.2] 3 1027 M), and KBH4L

(5 [2.0 6 0.1] 3 1025 M). The agreement with the
experimental data was fully satisfactory, strongly suggesting
that the assumptions underlying Eqn 2 were correct. The
value of KBH40 (5 [2.4 6 0.2] 3 1027 M) obtained by the
analysis of data given in Fig. 3 according to Eqn 2 was in
good agreement with the value of (2.4 6 0.1) 3 1027 M,
as reported elsewhere [19]. On the contrary, clonidine
affected neither NOS-II nor NOS-III activity even at the
highest drug concentration used (5.0 3 1023 M) (data not
shown). Therefore, as expected for a simple system [20, 21],
values of Ki for clonidine binding to NOS-II and NOS-III
exceeded 5 3 1022 M. Moreover, clonidine was not an NO
precursor. In fact, oxyhaemoglobin added to NOS-I, NOS-
II, and NOS-III preparations was not converted to meth-
aemoglobin in the presence of clonidine instead of L-
arginine (data not shown).

Effect of Clonidine on NOS-II mRNA Expression in
Glial Cells

Using reverse transcriptase–polymerase chain reaction,
clonidine was observed to enhance NOS-II mRNA expres-
sion in rat C6 glioma cells treated with the NOS-II
inducers LPS and IFN-g. As shown in Fig. 4, untreated cells
did not express NOS-II mRNA (lane 1). Incubation of
1.0 3 106 cells with a suboptimal concentration of a
mixture of LPS (10 mg 3 mL21) plus IFN-g (100 U 3
mL21) for 4 hr induced a less pronounced NOS-II mRNA
expression (lane 2) than did treatment with the optimal
concentration of LPS (10 mg 3 mL21) plus IFN-g (1000
U 3 mL21) (lane 5). When cells were incubated with the
suboptimal concentration of LPS and IFN-g, clonidine
(1.0 3 1024 M) caused a NOS-II mRNA overexpression
(lane 4). The same effect was obtained by the NOS
inhibitor L-NAME (1.0 3 1023 M) (lane 3). When cells
were incubated with the optimal concentration of LPS and
IFN-g, clonidine (1.0 3 1024 M) did not provoke a
significant NOS-II mRNA overexpression (lane 6).

Effect of Clonidine on Nitrite Production in Glial Cells

Stimulation of 2 3 105 cells with LPS (10 mg 3 mL21) plus
IFN-g (100 U 3 mL21 and 1000 U 3 mL21) for 48 hr
caused a dose-dependent generation of nitrite (Fig. 5). The

increase in nitrite levels was abolished by L-NAME (1.0 3
1023 M) treatment, indicating that nitrite production was
dependent on L-arginine metabolism. When cells were
incubated with the suboptimal concentration of LPS (10
mg 3 mL21) plus IFN-g (100 U 3 mL21), clonidine
(ranging between 1.0 3 1024 M and 1.0 3 1023 M)
increased NO production dose dependently, this increase
being complete at the highest dose (see Fig. 5).

DISCUSSION

The present results indicate that clonidine competitively
inhibits NOS-I activity (see Fig. 2), this effect depending

FIG. 4. Analysis of NOS-II gene expression in rat C6 glioma
cells. Lane 1, untreated cells; lane 2, a 4-hr treatment of 1 3
106 cells with a mixture of LPS (10 mg 3 mL21) plus IFN-g
(100 U 3 mL21) suboptimally induced NOS-II mRNA expres-
sion; lane 3, the same sample as in lane 2, incubated with
L-NAME (1.0 3 1023 M), showed a NOS-II mRNA overex-
pression; lane 4, the same effect was obtained by clonidine
(1.0 3 1024 M) treatment; lane 5, LPS (10 mg 3 mL21) plus
IFN-g (1000 U 3 mL21) optimally induced NOS-II mRNA
expression; lane 6, the same sample as in lane 5, incubated with
clonidine (1.0 3 1024 M), did not show a significant NOS-II
mRNA overexpression. PCR product (195 bp) for the GAPDH
gene was taken as the reference cellular transcript. Estimates of
the relative NOS-II mRNA amounts were obtained by dividing
the area of the NOS-II band by the area of the GAPDH band.
Setting the value of LPS (10 mg 3 mL21) plus IFN-g (1000
U 3 mL21) as equal to 1 unit, values for the other samples were
calculated relative to it. Relative molecular mass (Mr) is the
100-bp DNA ladder (Life Technologies, Inc.). Bars represent
the means 6 SEM of 3 experiments and the gel shows a typical
experiment. Student’s unpaired t-test was used to determine the
significant differences: P < 0.001 between clonidine (1.0 3
1024 M) or L-NAME (1.0 3 1023 M) plus LPS (10 mg 3
mL21) 1 IFN-g (100 U 3 mL21) and LPS (10 mg 3 mL21) 1
IFN-g (1000 U 3 mL21); P < 0.0001 between LPS (10 mg 3
mL21) 1 IFN-g (100 U 3 mL21) and LPS (10 mg 3 mL21) 1
IFN-g (1000 U 3 mL21); not significant between clonidine
(1.0 3 1024 M) plus LPS (10 mg 3 mL21) 1 IFN-g (1000 U 3
mL21) and LPS (10 mg 3 mL21) 1 IFN-g (1000 U 3 mL21).
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on the BH4 concentration (see Fig. 3). On the contrary,
clonidine affects neither NOS-II nor NOS-III activity,
accounting for structural differences in the heme-, BH4-,
and L-arginine-binding domains of NOS isoforms [22, 23].
Although the three-dimensional structure of the NOS-I:
clonidine complex is not available, clonidine may be
postulated to inhibit NOS-I by binding at the sixth (axial)
co-ordination position of the heme-iron atom, as observed
for a number of nitrogen heterocycles [22, 23]. The heme-
iron-bound positively charged clonidine may be stabilised
by the negatively charged NOS-I Glu597 residue that is
required for L-arginine binding [22, 23].

The affinity of clonidine for NOS-I is similar to that
observed for inhibitor binding to swine kidney and Lens
culinaris copper amine oxidase (Ki 5 9.0 3 1024 M and
5.0 3 1024 M, respectively) [24]. Furthermore, aprotinin,
gabexate mesylate, p-aminobenzamidine, amiloride, and
4,6-diamidino-2-phenylindole inhibit NOS isoforms, tryp-
sin-like serine proteinases, and copper amine oxidases [9,
10, 15, 24–27]. In addition, agmatine, a competitive
inhibitor and/or poor substrate of NOS isoforms [28, 29], is

a substrate for copper amine oxidases [27, 30]. Furthermore,
gabexate mesylate, p-aminobenzamidine, amiloride, 4,6-
diamidino-2-phenylindole, and agmatine may also affect
arginase, L-arginine-glycine transaminase, kyotorphine syn-
thase, and L-arginine decarboxylase, all using L-arginine as
the substrate [9, 10, 15, 24–27, 31]. Therefore, as already
reported for aprotinin, gabexate mesylate, p-aminobenza-
midine, amiloride, 4,6-diamidino-2-phenylindole, and ag-
matine, clonidine may affect (un)related functions, repre-
senting a further case of cross-reactivity.

Recently, NOS inhibitors as well as NO-trapping agents
have been reported to up-regulate NOS-II gene expression
in glial cells [15, 32]. This effect reflects the inhibitory
action of ‘pre-existing’ NO at physiological levels (e.g. as
produced by constitutive NOS) on nuclear factor kappaB
activation, which leads to the suppression of NOS-II
mRNA induction [33–35]. As observed for other inhibitors
of constitutive NOS activity [15, 32], clonidine is able to
increase NOS-II gene expression, as induced by LPS and
IFN-g in glial cells (Fig. 4). In order to verify whether the
effect of clonidine also occurs on NO release, levels of
nitrites, the breakdown product of NO, were measured in
the supernatant of rat C6 glioma cells. Unlike other
non-selective NOS inhibitors (e.g. L-NAME), clonidine
has been found to increase NO production dose depen-
dently, this increase being complete at the highest dose
(Fig. 5), i.e. under those conditions where NOS-I (but not
NOS-II) activity in vitro was affected by clonidine (Fig. 2).
The present findings suggest that clonidine may enhance
NOS-II gene expression and NOS-II-mediated nitrite pro-
duction in rat C6 glioma cells by selectively inhibiting NO
produced by NOS-I, thus explaining why inducible and
constitutive NOSs are inversely regulated.

In conclusion, the present results indicate that clonidine
can be added to the ever-increasing list of NOS inhibitors,
in vitro, with a high selectivity for NOS-I. Moreover,
clonidine is able to increase NOS-II-mediated NO produc-
tion in glial cells.
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