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Induction of skeletal muscle contracture and calcium release from
isolated sarcoplasmic reticulum vesicles by sanguinarine
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1 The benzophenanthrine alkaloid, sanguinarine, was studied for its effects on isolated mouse

phrenic-nerve diaphragm preparations. Sanguinarine induced direct, dose-dependent effects on
muscle contractility.

2 Sanguinarine-induced contracture was partially inhibited when the extracellular Ca** was
removed or when the diaphragm was pretreated with nifedipine. Depletion of sarcoplasmic
reticulum (SR) internal calcium stores completely blocked the contracture.

3 Sanguinarine induced Ca®" release from the actively loaded SR vesicles was blocked by
ruthenium red and dithiothreitol (DTT), consistent with the ryanodine receptor (RyR) as the site of
sanguinarine action.

4 Sanguinarine altered [*H]-ryanodine binding to the RyR of isolated SR vesicles, potentiating
[*H]-ryanodine binding at lower concentrations and inhibiting binding at higher concentrations. All
of these effects were reversed by DTT, suggesting that sanguinarine-induced Ca** release from SR

occurs through oxidation of critical SH groups of the RyR SR calcium release channel.
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Introduction

Sanguinarine is a benzophenanthridine alkaloid predomi-
nantly found in Papaveraceae, such as the roots of the blood
root plant Sanguinaria canadensis L. (Mahady & Beecher,
1994), Chelidonium majus L. (Vavreckova et al., 1996) and the
seeds of the Argemone mexicana L. (Tandon et al., 1975).
Extracts of Sanguinaria canadensis have been shown to possess
antioxidative (Firatli et al., 1994), antitumor, antibacterial
activities, and antiinflammatory (Lenfeld ez /., 1981) proper-
ties in animals, and to reduce gingival inflammation and
supragingival plaque (Parsons et al., 1987; Laster & Lobene,
1990; Godowski et al., 1995) when used clinically. The
Sanguinaria extract, sanguinarine, has been used in many
over-the-counter products including toothpaste, mouthwash,
cough and cold remedies, and homeopathic preparations
(Frankos et al., 1990). Sanguinarine has a broad in vitro
activity against gram-positive and gram-negative bacteria,
fungi, and some protozoa (Nandi et al., 1983; Becci et al.,
1987). It inhibits several enzymatic activities, including
lipoxygenase (Vavreckova et al., 1996), cholinesterase,
(Ulrichova et al., 1983a,b; Schmeller er al., 1997), and Na™/
K" -ATPase (Seifen er al., 1979). It is also a potent inhibitor of
tubulin assembly (Wolff & Kniping, 1993), NF-«B activation,
IkBo phosphorylation, and degradation (Chaturvedi et al.,
1997) and human polymorphonuclear cell chemotaxis,
chemokinesis, and adherence (Agarwal et al., 1991).
Sanguinarine has been implicated in outbreaks of human
poisoning known as epidemic dropsy which is characterized by
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oedema of the legs, congestive heart failure, hepatomegaly,
ataxia, and glaucoma (Dalvi, 1985). Sanguinarine is toxic to
vertebrates when injected intraperitoneally or fed by mouth
(Sarkar, 1948) or when administered intravenously (Schmeller
et al., 1997). The acute oral LDy, in rats was calculated to be
1658 mg Kg~' with death resulting mainly from respiratory
paralysis (Becci et al., 1987); however, the underlying
mechanism leading to respiratory failure is not clear.

In this study, the direct effects of sanguinarine on isolated
phrenic-nerve diaphragm preparations were investigated. Data
are presented which suggest that sanguinarine induces
profound muscle contracture through direct actions on the
sarcoplasmic reticulum calcium release channel.

Methods
Chemical

All reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.) unless specified.

Mouse diaphragm preparation

Mice (ICR strain) weighing 20—-25 g of either sex, purchased
from Animal Center of College of Medicine, National Taiwan
University (Taipei, Taiwan), were used for all experiments.
The diaphragm was isolated according to the method of
Biilbring (1946) and placed in Krebs solution of the following
composition (mM): NaCl 118.5, KCI 4.8, MgSO, 1.2, KH,PO,
1.2, NaHCO; 2.5, glucose 11.1 and CaCl, 2.5; pH 7.4 and
constantly gassed with 95% O,+ 5% CO, at 37+0.5°Cina 10-
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ml organ bath. For Ca?* free experiments, the diaphragm
preparations were first washed three times in Krebs solution
with CaCl, replaced by 2.5 mM EGTA, and then placed in
Ca’" free Krebs solution without added CaCl, and EGTA.
Twitches of the diaphragm were elicited by either stimulation
of the phrenic nerve (indirect stimulation) with a supramax-
imal rectangular pulse of 0.05-msec duration at 0.2 Hz or
muscle (direct stimulation) with a pulse 0.5-msec duration at
0.1 Hz in the absence or in the presence of 1 x 107 ¢x g ml~' of
a-bungarotoxin («-BuTx) or 1 uM tetrodotoxin (TTX). The
muscle resting tension was set at 1 g, and the changes of
tension were recorded via isometric transducer (Grass FT.03)
on a Gould RS3200 polygraph (Gould Instrument Co.)

a
Sanguinarine(4OpM) g™ —

Preparation of sarcoplasmic reticulum fraction

The triad enriched heavy fraction of SR was prepared from back
muscles of either rat or rabbit by a differential centrifugation as
previously described (Kang et al., 1994). Briefly, the muscles
were homogenized and centrifuged at 10,000 x g for 3 min in a
JA-14 rotor (Beckman) and the supernatant fraction filtered
through eight layers of cheesecloth and then centrifuged at
17,000 x g for 60 min. The sedimented fraction was homo-
genized in a solution containing 0.3 M sucrose, 150 mMm KCl,
0.2 mM phenyl methyl sulphonyl fluoride, and 20 mm 3-(N-
morpholino) propane sulphonic acid (MOPS) (pH 6.8), and
centrifuged at 17,000 x g for 50 min in a JA-20 rotor (Beckman).
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Figure 1 Sanguinarine-induced muscular contracture and paralysis of mouse diaphragm. The effects of 40 um sanguinarine on
nerve-stimulated (trace a and b) or muscle-stimulated (trace ¢ and d) or quiescent (trace e) phrenic nerve-diaphragm isolated from
mouse were studied according to the procedure outlined in Methods. In trace b and d, 1 x 10~° g ml~! a-bungarotoxin (2-BuTx)
and 1 uMm tetrodotoxin (TTX) were added prior to the addition of sanguinarine, respectively.
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The final sedimentable fraction was homogenized in the above
solution at a final protein concentration of 20— 30 mg ml~"'. The
preparation was quickly frozen in liquid nitrogen after protein
determination and stored at —70°C.

Calcium release assay

The time course of Ca?* release from SR vesicles was
investigated with the Ca®" sensitive probe, antipyrylazo III
(AP III), in a dual wavelength spectrophotometer (SLM,
Aminco DW-2000) modified from Palade (1987). SR vesicles
(0.5 mg ml~"), were actively loaded with the addition of 1 mM
Mg-ATP in a reaction mixture containing 150 mM KCl,
100 um AP 111, 20 mm MOPS (pH 6.8). Additional aliquots
of CaCl, were added sequentially until no more Ca>* could be
taken up into the SR vesicles. Release inducers, such as
polylysine (2 ug ml~', M.W. 3800 Da) or sanguinarine at the
concentration indicated, were added to induce Ca’>" release
from SR.

Ca’*-ATPase measurement

ATPase activity was determined with a coupled-enzyme
spectrophotometric ADP-release assay (Warren et al., 1974)
by measuring the oxidation of NADH at 340 nm with a
Beckman DU-650 spectrophotometer. SR protein (20 ug) in
the absence or presence of sanguinarine at different concentra-
tion was incubated in a 1 ml assay mixture buffer containing
20 mM MOPS (pH 6.8), 0.3 mg ml~! NADH. 5 mMm MgCl,,
0.2 mM EGTA, 0.45 mM phosphoenolpyruvate, 5 units ml~"
pyruvate kinase, 10 units ml~' lactate dehydrogenase and
4 uM of the Ca®* ionophore A23187, at 37°C for 5 min, and
the reaction was started by the addition of 100 uM ATP. Ca®*-
ATPase activity was calculated as the difference of activities
measured with and without the addition of 0.2 mM CaCl,.

[?H ]-ryanodine binding

Ryanodine binding was measured according to Pessah et al.
(1987) with slight modifications. SR, 0.5 mg ml™', was
incubated at 37°C for 2 h in a medium containing 250 mM
KCl, 15mM NaCl, 50 mM CaCl,, 10 nM [*H]-ryanodine
(68.3 Ci mmol~'; NEM, U.S.A.), 20 mM Tris, pH 7.1 in the
absence or presence of sanguinarine at the concentrations
indicated in each experiment. Non-specific binding was
measured in the presence of 1 uM cold ryanodine (Latoxan,
France). At the end of the incubation, 900 ul of each reaction
mixture was withdrawn and added to 5 ml ice-cold buffer to
quench the reaction, rapidly filtered through Whatman GF/B
glass fibre filters, and rinsed once with 5 ml ice-cold buffer. The
data shown are the average of triplicate determinations in at
least three different preparations.

Statistical analysis
The statistical significance of difference between control and

drug effects was evaluated by Student’s ¢-test. A P value of 0.05
or less was considered statistically significant.

Results
Sanguinarine effects on contractility

The effect of sanguinarine on skeletal muscle was investigated
by using preparations of phrenic-nerve diaphragm isolated

from mice. As shown in Figure 1, sanguinarine induced a
marked contracture in preparations which were either nerve-
stimulated (trace a and b), activated by direct muscle
stimulation (trace ¢ and d) or in quiescent mouse diaphragms
(trace e). The maximal contracture forces induced by
sanguinarine were 3.184+0.15 g with nerve-stimulation,
3.214+0.16 g with direct muscle activation. Sanguinarine-
induced contractures were not affected by «-BuTx
(2.96+0.06 g, trace b) or TTX (3.15+0.16 g, trace d)
treatments. These data suggested that the contracture induced
by sanguinarine might be myogenic and independent of
innervation.

Importantly, the sanguinarine-induced contractures were
dose-dependent with maximum contracture force occurring
at 50 uM sanguinarine (Figure 2a). Further, sanguinarine
potentiated individual twitch contractions by decreasing the
time to peak tension in a dose-dependent fashion (Figure
2b).

Previous studies have shown that the effect of sanguinarine
on enzymatic activities were probably caused by its ability to
react with the essential sulphydryl (SH) groups (Sarkar, 1948).
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Figure 2 Dose-response effects for sanguinarine on muscular
contracture in mouse diaphragm. Mouse diaphragm was prepared
as described in Methods and the effects of sanguinarine at different
doses on contractile force (a) and time to peak tension (b) were
measured. Data are expressed as mean of multiple measurements and
vertical lines show s.e.mean (n>4).
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Table 1 Factors affecting sanguinarine-induced muscle
contracture

Contractile force (g)

Normal Krebs 3.21+0.16
+ Nifedipine 2.48+0.13%
Ca’" -free medium 2.2940.20*
+ Nifedipine 2.2440.20*
Ryanodine-pretreated 1.0540.18*
+wash with Ca’" free medium 0.32+0.16%°

The contracture of isolated diaphragm was induced by
40 uM sanguinarine in various conditions, and tension
measured according to procedure outlined in Methods.
Nifedipine, at 1 pMm, was added and incubated with the
diaphragm for 10 min prior the addition of sanguinarine.
For depletion of the internal Ca>* pool, the diaphragm was
pretreated with 2 pM ryanodine in normal Krebs medium
and sanguinarine was added after the tension returned to
base line. Data are expressed as meants.e.mean (n=4).
4P<0.01, compared to normal Krebs medium; bP<0.01,
compared to ryanodine pretreated condition.

Thus, we examined the effects of the thio-reducing agent,
dithiothreitol (DTT), on sanguinarine-induced contractures
(Figure 3). Figure 3 shows that sanguinarine contractures
could be rapidly reversed by the addition of DTT at the peak
(trace b) and the beginning (trace c) of tension development.
The saguinarine effect could be completely blocked with DTT
pre-treatment (trace d).

Sanguinarine induced muscle contracture by induction of
Ca’™" release from an internal Ca’" storage site and
enhanced the influx of extracellular Ca*”"

The involvement of extracellular Ca?* and internal Ca*"* in
sanguinarine-induced contractures were investigated by re-
moval of extracellular Ca®>" with EGTA and depletion of
internal Ca”* store with ryanodine, respectively. The data are
summarized in Table 1. The contractile force induced by
sanguinarine was reduced by approximately 30% in Ca>" free
Krebs solution. Pretreatment with the L-type Ca®" channel
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Figure 3 Reversal of the sanguinarine-induced contracture by sulphydryl reducing agent. The effect of sulphydryl reducing agent,
dithiothreitol (DTT), on sanguinarine-induced contracture was examined. In trace b, the DTT was added after removal of the
sanguinarine by washing the diaphragm with the fresh Krebs medium when the maximal contractile force was reached. In trace c,
2 mM of DTT was added at the beginning of the contracture without washing. In trace d, 2 mm of DTT was added prior to the

addition of sanguinarine.
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blocker, nifedipine, inhibited the sanguinarine-induced con-
tracture in normal Krebs solution by approximately 25% but
not in Ca?" free solution. These data suggested that the
contractures induced by sanguinarine were partly due to influx
of extracellular Ca?" through the L-type Ca®" channel.

Significantly, sanguinarine-induced contractures were
greatly reduced when the diaphragms were pretreated with
ryanodine, used in concentrations which open the ryanodine
receptor calcium release channel and deplete the SR of its
calcium store. In these experiments, extracellular Ca®" was
chelated with EGTA. These observations suggested that SR
internal calcium stores played an important role in the
contracture induced by sanguinarine.

Sanguinarine induced Ca’" release from sarcoplasmic
reticulum

Involvement of the SR in sanguinarine effects was further
studied in SR membrane preparations isolated from rabbit
muscle (see Methods). The direct effects of sanguinarine on SR
Ca®>" release were studied using the metallochromic Ca**
indicator dye, antipyrylazo III, and a typical result was shown
in Figure 4. Polylysine, a known release agent (Cifuentes et al.,
1989), induced a rapid Ca>" release from the SR (trace 1) as
indicated by the sharp increase of optical absorbance
difference at 710 nm and 790 nm. Sanguinarine, at 20 uM
(trace 2) and 10 uM (trace 3), induced Ca>" release from SR
which could be blocked by prior addition of the specific Ca**
release channel blocker, ruthenium red (RR, trace 4), or by the
sulphydryl reagent, DTT (trace 5).

Effect of sanguinarine on [>H ]-ryanodine binding
Ryanodine, a plant alkaloid, binds specifically to the Ca®*

release channel of SR (Fleischer ef al., 1985). Ligand binding
was used as a probe for the channel activity (Chu et al., 1990).

Figure 5 demonstrates that sanguinarine exerted a biphasic
effect on [*H]-ryanodine binding to SR membrane vesicles. At
lower concentration (<20 uM), the drug potentiated [*H]-
ryanodine binding. However, the degree of potentiation
decreased as the concentrations of sanguinarine increased to
higher doses (20—40 uM). Binding was completely inhibited at
40 um sanguinarine. The effects of sanguinarine, either at low
or high concentrations, could be reversed by co-treatment with
DTT (Table 2).

Discussion

In this study, we have presented evidence demonstrating that
sanguinarine induces dose-dependent contractures of isolated

Table 2 Effect of sanguinarine on [*H]-ryanodine binding
to isolated SR vehicles

Additions i [SH]-ryanodine binding (c.p.m.)
DMSO 18,526+ 1,129
DMSO+DTT 15,491+ 1,454
Sanguinarine 6 28,549 + 789%

18 38,65242,954%

60 5494207*
Sanguinarine + DTT 6 16,293+ 101

18 17,1674 149

60 17,692 + 760

The ryanodine binding was measured according to the
procedure stated in Methods in the presence of 6, 18, 60 pum
of sanguinarine with or without the addition of 180 pm
dithiothreitol (DTT). Control binding was measured with
the addition of 0.2% solvent, DMSO, instead of sanguinar-
ine. The specific binding in the presence of sanguinarine was
compared to the control (DMSO) and analysed by Student’s
t-test. *P<0.01 (n>3).
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Figure 4 Induction of Ca®>" release by sanguinarine from SR membrane vesicles. SR vesicles (0.6 mg ml~') were actively loaded
with Ca®" and the Ca®" concentration in the medium was monitored by absorbance difference at 710 nm and 790 nm according to
the procedures outlined in Methods. Trace 1, Ca>" release induced by 2 ug ml™! polylysine; traces 2 and 3, Ca>" release induced
by 20 um and 10 uM sanguinarine, respectively; traces 4 and 5, Ca®" release induced by 20 uM sanguinarine with prior addition of

275 um DTT and 2 um RR, respectively.
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Figure 5 Dose-response effect of sanguinarine on [*H]-ryanodine
binding. Sanguinarine, at concentration indicated, were added to the
reaction mixture containing 0.5 mg ml~! SR and 10 nm [*HJ-
ryanodine. The specific binding of [*H]-ryanodine to the SR were
measured according to the procedures outlined in Methods. Control
binding was measured with the addition of 0.2% solvent, DMSO.
Data are presented as mean+s.e.mean of triplicate measurements
from three different preparations.

diaphragm muscle. The sanguinarine effects were not affected
by pretreatment with a-BuTx, an irreversible ACh receptor
blocker, nor by TTX, a sodium channel blocker, suggesting
that the contractures induced by sanguinarine are direct
myogenic effects and independent of phrenic nerve innerva-
tion.

Pretreatment with the voltage dependent Ca’>* channel
blocker, nifedipine, or removal of extracellular Ca" inhibited
the contracture to a similar degree, suggesting that the influx of
extracellular Ca®>* through the voltage dependent Ca**
channel might be involved. Several other lines of evidence
indicate the sanguinarine-induced contracture is due to specific
effects of the drug on the ryanodine receptor calcium release
channel of the SR. Most importantly, the sanguinarine effect
was largely prevented when the internal SR Ca?* pool was
depleted by pretreatment with ryanodine, a specific ligand for
the release channel.

We also observed that the thiol-reducing agent, DTT,
counteracted the sanguinarine contractures. These data
suggest that the sanguinarine effect was dependent upon key
SH groups present on both the voltage dependent Ca**
channel and the ryanodine receptor. It has been previously
demonstrated that SH-reactive compounds induce contracture
of intact skeletal muscle through the oxidation of a critical SH
group of the voltage dependent Ca** channel (Oba et al., 1992;
1996) and the ryanodine receptor Ca®" release channel of the
SR (Cheng & Kang, 1998; Kang et al., 1998). Previous studies
also showed that the effects of sanguinarine on key enzymes
were caused by its ability to react with essential SH groups
(Sarkar, 1948), so it appears that a unifying theme for

sanguinarine action is to interfere with proteins which have
essential SH groups.

The release of Ca>* by SR is mediated by the ryanodine
receptor which is a ligand-modulated calcium channel
(Fleischer & Inui, 1989; Smith et al., 1985; Imagawa et al.,
1987). A large number of chemically diverse substances have
been shown to release Ca®" from SR via the ryanodine
receptor, including caffeine, Ca?* itself, and ryanodine (Palade
et al., 1989; Zucchi & Ronca-Testoni, 1997). SH reactive
compounds, such as heavy metals (Salama & Ambrason, 1984;
Brunder et al., 1988; Kang et al., 1997) and anthraquinones
(Abramson et al., 1988; Cheng & Kang, 1998), were also
shown to induce SR Ca** release via interaction with the RyR.
Thus it is not unreasonable to assume that sanguinarine-
induced SR Ca®" release was due to the oxidation of the SH
moiety of the ryanodine receptor.

The direct interaction of sanguinarine with the ryanodine
receptor was further evident by its ability to modulate the [*H]-
ryanodine binding. The [?’H]-ryanodine binding was enhanced
at lower concentrations of sanguinarine; however, the degree
of enhancement decreased as the concentrations of sanguinar-
ine increased. The binding was completely inhibited at higher
concentrations of sanguinarine and the effects of sanguinarine
at all concentrations could be reversed by DTT. These data
suggest that sanguinarine can readily react with multiple
classes of SH groups on the ryanodine receptor as well as other
SH-reactive compounds (Abramson & Salama, 1989; Aghdasi
et al., 1997; Kang et al., 1997; Feng et al., 1999).

It is also possible that the sanguinarine-induced contrac-
tures could be explained by the drug’s inhibition of the SR
Ca?"-ATPase. Murphy (1976) demonstrated the presence of
essential SH groups on the Ca®*-ATPase. Inhibition of the
ATPase could cause the SR to unload its calcium, independent
of or in addition to the effects of sanguinarine on the RyR
calcium release channel. It has been previously reported by
Faddeeva & Beliaeva (1988) that sanguinarine can inhibit the
SR Ca?"-ATPase activity of skeletal muscle with ICs, value of
71 um. We have also observed that the Ca*>*-ATPase activity
in our SR membrane vesicles was inhibited by sanguinarine
with a similar ICs, value of 80 uM. However, the contracture
induced by sanguinarine reaches maximal at concentration
around 50 uM and the ECs, is near 20 uM. This suggested that
the inhibitory effect of sanguinarine on Ca®*-ATPase might
act in concert with the very potent effects on the RyR calcium
release channel to induce contracture.

In summary, the present investigation showed that
sanguinarine could induce contracture and twitch depression
and hence paralysis of the isolated diaphragm. The direct effect
of sanguinarine on diaphragm might be responsible for the
respiratory paralysis and death of the animals from
sanguinarine intoxication.

The authors wish to thank Dr Roger Sabbadini (San Diego State
University, San Diego, CA, U.S.A.) for his comments on the
manuscript.
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