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Aims: The aim of this study was to investigate the mechanism for the reversal effect of NF449 (a suramin
analogue) on the neuromuscular block induced by D-tubocurarine (D-TC).
Main methods: Nerve-stimulated muscle contractions and end-plate potentials were performed in mouse
phrenic nerve-diaphragm preparations. Acetylcholine (ACh)-induced muscle contractions were performed in
the chick biventer cervicis preparations. Presynaptic nerve terminal waveform recordings were performed in
mouse triangularis sterni preparations.
Key findings: Amongst the suramin analogues in this study, only the NF449 and suramin were able to reverse
the blockade effect produced by D-TC on nerve-stimulated muscle contractions. Each of these suramin
analogues (NF007, NF023, NF279 and NF449) alone has no significant effect on the amplitude of nerve-
stimulated muscle contractions. NF449 and suramin also showed the antagonising effects on the inhibition of
end-plate potentials induced by D-TC. Furthermore, pre-treatment with NF449 can antagonise the inhibition
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of D-TC in ACh-induced contractions of chick biventer cervicis muscle. NF449 produced a greater rightward
shift of the dose–response inhibition curve for D-TC than did suramin. Because other purinergic 2X (P2X)
receptor antagonists, NF023 and NF279, do not have the reverse effects on the neuromuscular blockade of
D-TC, the effect of NF449 seems irrelevant to inhibition of P2X receptors.
Significance: These data suggest that NF449 was able to compete with the binding of D-TC on the nicotinic ACh
receptors, and the effect of NF449 was more potent than suramin in reducing the inhibition of D-TC. The
structure of NF449 may provide useful information for designing potent antidotes against neuromuscular
toxins.

© 2011 Published by Elsevier Inc.
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Introduction

The neuromuscular junction consists of the presynaptic motor
nerve terminal and the motor end-plate of skeletal muscle. Acetyl-
choline (ACh) is synthesized within the presynaptic terminal and
stored in vesicles (Huh and Fuhrer, 2002; Fagerlund and Eriksson,
2009). The arrival of an action potential at the presynaptic terminal
leads to the release of ACh that then diffuses across the junctional cleft
and binds to nicotinic ACh (nACh) receptors at the postsynaptic
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y of the reversal effect of NF
membrane. Some chemical compounds can interrupt the neuromus-
cular transmission and cause muscle relaxation. The studies of the
structure–activity relationship of agonists and antagonists have
revealed how they bind to orthostatic binding sites (Albuquerque
et al., 2009; Zouridakis et al., 2009; Azam and McIntosh, 2009).
Previous studies showed that suramin not only reversed the effects of
neuromuscular blockers (Henning et al., 1993) but also inhibited the
prejunctional Ca2+ channels (Henning et al., 1996). However, the
mechanism of effect of suramin on the neuromuscular junction is still
unclear. Suramin is a polysulphonated naphthylurea derivative that is
used, as a therapeutic agent in the treatment of human African
trypanosomiasis (sleeping sickness) and onchocerciasis (Schneider,
1960; Schulz-Key et al., 1985). Recent studies have shown that
suramin possesses a variety of biological activities. The compound can
inhibit reverse transcriptase and prevent HIV entry into the cell
(Jentsch et al., 1987), and it has been used experimentally in the
449 on neuromuscular blockade induced by D-tubocurarine, Life Sci
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Q1 Fig. 1. The reverse effect of NF449 on the neuromuscular blockade induced by D-tubocurarine (D-TC) in the mouse phrenic nerve-diaphragm. Pretreatment with NF449 (100 μM) can
prevent the block of nerve-stimulated muscle contractions induced by D-TC (5 μM) (A). Pretreatment with vehicle served as a control for the comparison (B). The partial inhibition of
nerve-evoked muscle contractions induced by a lower concentration of D-TC (1.2 μM) can also be reversed by the after-treatment with NF449 (C). The blocking effects of D-TC (5 μM)
were reversible with washout (D, B). Calibrations: 5 min; 0.5 g.
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treatment of cancer (Dhar et al., 2000; Ord et al., 2005; Villalona-
Calero et al., 2008). Suramin is also an antagonist of P2 purinoceptors
(Dunn and Blakeley, 1988; Inoue et al., 1991). Previously, we have
demonstrated that suramin can reverse the inhibitory action of a
tripeptide, carbobenzoxy-Gly-Gly-Arg-β-naphthylamide, which acts
Table 1
The blocking effect of D-tubocurarine (D-TC) on the nerve-evoked muscle contractions of mo
NF023, NF279 and NF449). Suramin and suramin analogues were pretreated for 15–25 min

Treatment n Time to co

Group 1
Pretreatment with NF007 (100 μM)+D-TC 5 3.2±0.8
D-TC alone 5 2.8±0.5

Group 2
Pretreatment with NF023 (100 μM)+D-TC 4 7.7±0.3
D-TC alone 4 3.4±0.8

Group 3
Pretreatment with NF279 (100 μM)+D-TC 4 4.3±0.6
D-TC alone 4 3.6±0.6

Group 4
Pretreatment with Suramin (100 μM)+D-TC 11 18.5±3.1⁎

D-TC alone 11 4.1±0.5

Group 5
Pretreatment with NF449 (30 μM)+D-TC 4 Without co
D-TC alone 4 4.4±0.6

Group 6
Pretreatment with NF449 (100 μM)+D-TC 9 Without co
D-TC alone 9 5.0±0.8

Data are presented as mean±S.E.M.
The experimental animals were divided into six groups. The diaphragm of each individual anim
the other is a treatment for D-TC only (pair study).
⁎ Pb0.05 as compared with D-TC alone within each group.
# Without complete blockade: the nerve-evoked muscle contractions cannot be blocked
† Complete blockade=100% inhibition of nerve-evoked muscle contractions.

Please cite this article as: Su T-R, et al, Study of the reversal effect of NF
(2011), doi:10.1016/j.lfs.2011.03.013
both at the postsynaptic nACh receptors and presynaptic autorecep-
tors (Lin-Shiau and Lin, 1998). Recently, a series of novel suramin
analogues have been developed (Kassack et al., 2004; Ullmann et al.,
2005) that are specifically designed for antitumor activity (Krejci
et al., 2010). Most of these analogues have a symmetrical structure
use phrenic nerve–diaphragm pretreated with suramin and suramin analogues (NF007,
prior to the application of D-TC (5 μM).

mplete blockade (min) The percentage of inhibition of amplitude
(before/20 min after the application of D-TC)

Complete blockade†

Complete blockade

Complete blockade
Complete blockade

Complete blockade
Complete blockade

Complete blockade
Complete blockade

mplete blockade#,⁎ 75.1±5.9%⁎

Complete blockade

mplete blockade#,⁎ 10.7±6.8%⁎

Complete blockade

alwas divided into two equal parts, one is pretreatment with the suramin analogue and

completely.
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Fig. 2. The inhibition curves of nerve-evoked muscle contractions induced by D-
tubocurarine in themouse phrenic nerve-diaphragm pretreated with or without NF449
(or suramin). The pretreatment with NF449 100 μM (or suramin 100 μM) significantly
prevented the decrease in nerve-evoked muscle contractions induced by D-TC (5 μM)
treatment (A). The partial inhibition of muscle contractions induced by 1.2 μM D-TC
were reversed with the after-treatment of NF449 100 μM (or suramin 100 μM) (B). The
arrow at time 0 min indicates the application of suramin analogues (A) and D-TC (B),
respectively. The arrow at time 20 min and 30 min indicates the addition of D-TC (A)
and suramin analogues (B), respectively. NF449 caused a greater rightward shift of the
concentration–inhibition curve of D-TC than did suramin (C).
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with a central urea bridge except for NF007. Amongst these analogues,
the structure of NF279 is very similar to suramin. These analogues are
polysulphonates with six negative charges for suramin and NF279 and
eight negative charges for NF449. Therefore, we investigated the
effects of suramin analogues NF007, NF023, NF279 and NF449 on the
neuromuscular junctions. It turned out that NF449, but not the other
analogues, was an effective protecting agent against the inhibition of
D-tubocurarine (D-TC) on the nACh receptor, and its effect was more
potent than that of suramin.

Materials and methods

Mouse phrenic nerve-diaphragm preparations

Mice of the ICR strain (17–22 g) were anaesthetised with carbon
dioxide followed by cervical dislocation. Phrenic nerve-diaphragm
preparations were isolated and suspended in 10 ml of modified
Krebs solution with the compositions (in mM): NaCl 131, KCl 4.8,
MgSO4 1.2, CaCl2 2.5, NaHCO3 12.5 and glucose 11. The modified
Krebs solution was saturated with carbogen (95% O2/5% CO2) and
kept at a constant pH (7.3–7.4). Muscle contractions were elicited
by electrical stimulation of the phrenic nerve with supramaximal
rectangular pulses of 0.05 ms in duration at a frequency of 0.1 Hz
and recorded by the isometric transducer on a Gould TA240
polygraph. The muscle resting tension was adjusted to 1 g and the
preparation was allowed to equilibrate for 20–30 min before
starting the experimental protocol.

Chick biventer cervicis muscle preparations

The preparations were isolated from baby Leghorns, 4–7 days old,
according to previously described methods (Ginsborg and Warriner,
1960). The organ bath contained 10 ml modified Krebs solution. The
contraction of the muscle was recorded isometrically with 0.5 g initial
tension. Eachmuscle contractionwas elicited by the addition of 30 μM
ACh to the organ bath for about 1 min followed by thewashout of ACh.
The interval between applications of ACh was 20 min to prevent
desensitisation of the nACh receptors.

Miniature end-plate potential and end-plate potential recordings

Miniature end-plate potential (mepp) and end-plate potential
(epp) were measured by an intracellular glass microelectrode with a
high impedance amplifier (Axoclamp 2B) in bridge mode. The
microelectrodes were filled with 3 M KCl resistance of 5–12 MΩ.
Epps were evoked by stimulation of the phrenic nerve using a bipolar
suction electrode at a frequency of 0.1 Hz with 0.02 ms supra-
maximal rectangular pulses (A–M systems model 2100 stimulator),
and the diaphragm was immobilised by the cut muscle method
(Barstad and Lilleheil, 1968). The signals of epps, mepps and
presynaptic currents were digitalised (Digidata 1440A and pClamp
10, Axon Instruments) and stored for later analysis (pClamp-Clampfit
10, Axon Instruments).

Mouse triangularis sternus preparation and nerve terminal waveform
recordings

The thin layer (2–3 muscle layers) of mouse left triangularis
sterni intercostal nerve–muscle preparation was isolated according
to the method described previously (McArdle et al., 1981; Mallart,
1985). The isolated preparations were pinned out in the Sylgard-
coated glass chamber 1–2 ml and visualised at 400× magnification
by a Zeiss microscope (Axioskop FS plus). Preparations were
continuously perfused at a rate of 2–4 ml/min with an oxygenated
(95% O2 plus 5% CO2) modified Krebs solution containing (mM):
NaCl 131, KCl 4.8, MgSO4 1.2, CaCl2 2.5, NaHCO3 12.5 and glucose 11,
Please cite this article as: Su T-R, et al, Study of the reversal effect of NF
(2011), doi:10.1016/j.lfs.2011.03.013
pH 7.2–7.4. The intercostal nerves were stimulated by a suction
electrode using supramaximal voltage and square-wave pulses of
0.02 ms in duration at 0.2 Hz (A–M systems model 2100 stimulator).
Presynaptic waveforms were obtained from extracellular recording
close to the nerve terminal endings of intercostal nerves with glass
microelectrodes filled with 2 M NaCl (7–13 MΩ) placed inside the
perineural sheath (Mallart, 1985). Postsynaptic activity was blocked
by adding 20–30 μM D-TC to the bathing medium. The signals of the
presynaptic waveforms were displayed and analysed on pClamp 10
software. All animal care was performed in accordance with the
guidelines of the Committee of the CSMU as previously described
(Su et al., 2009).

Drugs and chemicals

Suramin (8, 8′-[Carbonylbis [imino-3,1-phenylenecarbonylimino
(4-methyl-3,1-phenylene) carbonylimino]] bis-1,3,5-naphthalenetri-
sulphonic acid hexasodium salt), NF023 (8, 8 (carbonylbis (imino-3,1-
phenylenecarbonylimino)) bis-(1,3,5-naphthalenetrisulfonicacid)),
449 on neuromuscular blockade induced by D-tubocurarine, Life Sci
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NF279 (8, 8′-(carbonylbis (imino-4,1-phenylenecarbonylimino-4,1-
phenylenecarbonylimino)) bis (1,3,5-naphthalenetrisul fonic acid))
and NF449 (4, 4′, 4″, 4‴-(carbonylbis (imino-5,1,3-benzenetriylbis-
(carbonylimino))) tetrakis-benzene-1,3-disulphonic acid octasodium
salt) were purchased from Tocris biosciende Inc. (UK). NF007 (8-(3-
nitrobenzamido)-1,3,5-naphthalenetrisulphonic acid) was purchased
from Calbiochem Inc. (USA). D-TC was purchased from Fluka Inc.
(USA).
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Statistics

The data are given as mean±S.E.M. The statistical significance of
differences was evaluated using a paired or unpaired Student's t-test.
When more than one group was compared with one control,
significance was evaluated using one-way analysis of variance
Fig. 3. Effect of pretreatment with NF449 on the inhibition of end-plate potentials (epp) or
recorded frommouse phrenic nerve diaphragm preparation. (B) The summarised plots of the
arrow indicates the application of NF449 or suramin or vehicle. Calibrations: 4 ms; 2 mV.
pretreatment with suramin or NF449 followed by addition of D-TC. The statistical bar chart
induced by D-TC. Calibrations: 10 s; 1 mV.

Please cite this article as: Su T-R, et al, Study of the reversal effect of NF
(2011), doi:10.1016/j.lfs.2011.03.013
(ANOVA). Probability values (P) less than 0.05 were considered
significant.
Results

Effects of NF449 on nerve-stimulated muscle contractions

As compared to the use of vehicle alone (Fig. 1B), pretreatment
with NF449 (100 μM) can prevent the block of muscle contraction by
D-TC (Fig. 1A). Another experiment showed that the partial inhibition
of muscle contraction caused by 1.2 μM D-TC (Fig. 1C and D) can be
reversed by subsequent treatment with NF449 (Fig. 1C). All effects of
the blockade were reversible by washout. Pretreatment with other
suramin analogues, NF007, NF023 and NF279, were unable to prevent
the block of nerve-evoked muscle contractions induced by D-TC
miniature end-plate potentials (mepp) induced by D-TC. (A) Representative epp traces
D-TC-inhibition curves are shown for D-TC alone, NF449 and suramin pretreatment. The
(C) The recording traces showed the mepp amplitudes by addition of D-TC alone, and
showed the reversal effect of suramin and NF449 on the inhibition of mepp amplitudes

449 on neuromuscular blockade induced by D-tubocurarine, Life Sci
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Fig. 4. Effects of the pretreatment with NF449 on themuscle contractions of chick biventer cervicis induced by ACh (30 μM). The representative traces of muscle contractions induced
by ACh are shown in (A). ACh-induced muscle contractions caused by the application of ACh (30 μM) and thenwashout after the muscle contractions reached themaximal response.
The upright arrow and down arrow indicate the application of ACh and washout (W), respectively. The effect of NF449 or suramin alone on the ACh-induced muscle contractions is
summarised in (B). Pretreatment with NF449 or suramin on ACh-induced contractions in the presence D-TC is summarised in (C).* Pb0.05 as compared with D-TC alone. Calibrations:
10 s; 1 g.

Fig. 5. Effects of NF449 and suramin on the presynaptic terminal waveforms. Treatment
with NF449 (A, 100 μM) and suramin (B, 100 μM) did not affect the presynaptic Na+

and K+ current waveforms. The K+ channel blocker, 4-aminopyridine (100 μM),
showed inhibition of the K+ current waveform as a comparison (C). Calibrations: 2 ms;
2 mV.
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(Table 1). The time course of inhibition curves of D-TC when pre-
treated or after-treated with NF449 are shown in Fig. 2A and B,
respectively. Fig. 2C shows the concentration–inhibition curve of D-TC.
The IC50 (inhibition concentration 50%) of D-TC alone was about
1.2 μM. Suramin and NF449 significantly shifted the curves to the right
(IC50 from ~1.2 to ~4 μM for suramin and from ~1.2 to ~8 μM for
NF449).

Effects of NF449 on the end-plate potential (epp) and miniature end-
plate potential (mepp)

Application of D-TC (5 μM) to the extracellular solution produced a
complete blockade of epps within 5 min (Fig. 3A). The time course of
inhibition curves showed that pretreatment with either NF449 or
suramin significantly reduced the percent inhibition of the epps induced
by D-TC (Fig. 3B). The percent inhibitions of epps for D-TC
alone, pretreatment with suramin and NF449 were 0%, 43.9±10.1%
and 61.4±8.9%, respectively at 10 min after the application of D-TC.
Similarly, NF449 and suramin significantly reduced the inhibition of
mepps induced by D-TC (data not shown). D-TC alone produced a
complete inhibition of mepps after 5 min of incubation. The
percent inhibitions of mepps (amplitude of before/after the D-TC)
were 50.2±4.1% for suramin and 66.1±5.2% for NF449. NF449 and
suramin did not change the frequency ofmepps (NF449: 0.95±0.08 Hz;
suramin: 0.88 ±0.07 Hz; and control: 0.97±0.08 Hz).

Effect of NF449 on the ACh-induced contraction in the chick biventer
cervicis muscle

The contractions of chick biventer cervicis muscle (4–7 days old)
can be induced by the addition of ACh (Fig. 4A). The time interval
Please cite this article as: Su T-R, et al, Study of the reversal effect of NF
(2011), doi:10.1016/j.lfs.2011.03.013
between each application was 20 min to prevent the nicotinic
receptors from desensitising. Only the muscle preparations with less
than 5% amplitude variance between two applications of ACh
449 on neuromuscular blockade induced by D-tubocurarine, Life Sci
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(30 μM) were used in the further experiments. The ACh-induced
contraction was significantly inhibited by the addition of D-TC
(5 μM; D-TC alone, 49.8±3.3% of control). Treatment with either
NF449 or suramin alone produces only slight changes in the
amplitudes of ACh-induced contraction (Fig. 4B). The pretreatment
with either NF449 or suramin significantly reduced the inhibition of
the ACh-induced contractions by D-TC (Fig. 4C; suramin: 67.8±3.4%
of control; NF 449: 93.3±7.6% of control; Pb0.05 as compared with
D-TC alone).

Effects of NF449 on the presynaptic terminal waveforms

To determine whether NF449 and suramin can affect the
presynaptic currents, we examined the presynaptic terminal wave-
forms with the application of NF449 or suramin. The results showed
that NF449 (Fig. 5A) and suramin (Fig. 5B) did not affect the
presynaptic Na+ and K+ waveforms. The effect of 4-aminopyridne
(50 μM), a K+ channel blocker, acts as the positive control for this
comparison (Fig. 5C).

Discussion

In the present study, we demonstrated that NF449 prevents the
neuromuscular blockade induced by D-TC via nicotinic ACh (nACh)
receptors. NF449 can significantly reduce the inhibition of D-TC on the
Fig. 6. The structures of NF449, NF007, NF023, NF279, suramin and ntubocurarine. NF007
(imino-3,1-phenylenecarbonylimino)]bis-1,3,5-naphthalenetrisulphonic acid; NF279: 8,8
1,3,5-naphthalenetrisulphonic acid; NF449: 4,4′,4″,4‴-(carbonylbis (imino-5,1,3-benzen
Suramin: 8,8′-[Carbonylbis [imino-3,1-phenylenecarbonylimino(4-methyl-3,1-phenylene)c

Please cite this article as: Su T-R, et al, Study of the reversal effect of NF
(2011), doi:10.1016/j.lfs.2011.03.013
amplitudes of nerve-stimulated muscle contractions, end-plate
potentials (epps) and ACh-induced contractions. Furthermore,
NF449 did not affect the presynaptic Na+ and K+ waveforms. All
the evidence indicated that the effect of NF449 was that it could
compete with the binding of D-TC to the nACh receptors.

It has been reported that NF449 is a selective P2X purinergic
receptor antagonist (Braun et al., 2001; Kassack et al., 2004),
fibroblast growth factor receptor 3 (FGFR3) inhibitor (Gunosewoyo
and Kassiou, 2010; Krejci et al., 2010) and Gs protein inhibitor
(Hohenegger et al., 1998). Furthermore, suramin and suramin
analogue NF023 act as direct antagonists of heterotrimeric G
proteins by blocking of the rate-limiting step of G protein activation
(Beindl et al., 1996). Because other P2X receptor antagonists
(NF007, NF023 and NF279) (Van Rhee et al., 1994; Damer et al.,
1998; Soto et al., 1999), FGFR inhibitors (NF279) (Krejci et al., 2010)
and G protein uncouplers (NF023) (Beindl et al., 1996) cannot
reverse the inhibitory effect induced by D-TC (Table 1), the effect of
NF449 on the neuromuscular junction is not likely related to its
effects on P2X, FGFR3 receptors or G protein.

In this study, NF449 protects the cholinergic receptor from the
action of D-TC and this suggests that the pharmacological competition
between these agents reflects a common binding site on the receptor
protein (Miledi and Potter, 1971). The structure of suramin analogues
and D-TC are shown in Fig. 6. NF449, NF023 and NF279 exhibit close
structural similarity with suramin that belongs to a group of
: 8-(3-nitrobenzamido)-1,3,5-naphthalenetrisulphonic acid; NF023: 8,8 -[carbonylbis
′-[carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-phenylenecarbonylimino)]bis-
etriylbis-(carbonylimino)))tetrakis-benzene-1,3-disulphonic acid octasodium salt;
arbonylimino]]bis-1,3,5-naphthalenetrisulphonic acid hexasodium salt.
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polysulphonated napthylurea derivatives (Kassack et al., 2004). How
does NF449 act on the nicotinic ACh receptor but NF007, NF023 and
NF279 do not? Further investigation is needed to find the information
concerning the structural determinants of ligand–receptor interac-
tions (Horti et al., 2010). The structure of NF279 is the most similar to
suramin, both are symmetrical polysulphonated naphthylamine
derivatives of urea. The only slight difference between suramin and
NF279 is that NF279 lacks two methyl groups located on the benzene
moiety as compared with suramin. It has been reported that NF279 is
a novel and potent antagonist selective for P2X1 (Rettinger et al.,
2000). However, suramin, but not NF279, prolonged the blocking time
caused by D-TC. Another suramin analogue, NF449, is also a potent
antagonist selective for P2X1 (Hülsmann et al., 2003). In contrast to
NF279, the treatment with NF449 can significantly prevent the
blockade of nerve-evoked muscle contractions induced by D-TC.
NF449 caused approximately a 5-fold (~1.2 μM to 8 μM) rightward
shift in the concentration–inhibition curve of D-TC (Fig. 2), and its
effect on the neuromuscular junction is more potent than that of
suramin. Based on the structure–activity relationship of NF449 at P2
receptors, any deletion or change of position of the sulphonic acid
groups, or replacing the central urea bond by the terephthalic acid
bisamides reduced the potency at P2X1 by at least 90% (Inoue et al.,
1991). We don't know whether the groups of the central urea and
sulphonic acid are important for the effect of NF449 on the nACh
receptor. NF449 and suramin have a symmetrical structure with a
central urea group and numbers of negatively charged sulphonate
groups on the benzene or naphthyl rings. Based on the observation
that the asymmetrical structure of NF007 does not have an effect on
the neuromuscular junction, the symmetrical polysulphonated naph-
thylamine is likely important for the protecting effect on the nACh
receptor by preventing neuromuscular block induced by D-TC.

A previous report showed that a stimulatory effect of suramin on the
growth factor receptor indicated suramin is both a partial agonist and
competitive inhibitor for thehighaffinityNGF receptor (Gill et al., 1996).
Because NF449 and suramin have a slight inhibition of ACh-induced
muscle contractions in chick biventer cervicis muscle, NF449 and
suramin could possibly act as partial antagonists for the nACh receptor.

In summary, NF449 can prevent the blockade of neuromuscular
transmission inducedby D-TC. The effect ofNF449 is to competewith the
binding of D-TC on the nACh receptor site, and its effect is more potent
than that of suramin. Even though this study provides evidence from
animal experiments, the findings seem to have a potential clinical
relevance. Nondepolarising neuromuscular blockers (muscle relaxants)
are widely used as an adjunct for general anaesthesia or an anticonvul-
sant in clinical practice. It is suggested that NF449 may be useful in the
treatment of muscle relaxants (nACh receptor blockers) overdose. The
chemical structure of NF449 may provide important information in
developing more effective antidotes against neuromuscular toxins.
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