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Impact statement

Raynaud syndrome (RS), usually caused
by cold or mental stress, may lead to cya-
nosis and reactive hyperemia accompa-
nied by pain or paresthesia. Although a
variety of drugs have been used to alleviate
the symptoms, the effects have not been
satisfactory, so there is an urgent need to
explore new alternative treatments. The
present study investigated the mechanism
underlying the effects of botulinum toxin
type A (BTX-A) on arterial vasoconstriction,
which may provide new approaches for
RS. We found that BTX-A suppresses
arterial vasoconstriction by regulating
smooth muscle calcium sensitization and
the endothelial nitric oxide synthase
(eNOS)/soluble guanylyl cyclase (sGC)/
cyclic guanosine monophosphate (cGMP)
pathway. These findings clarify the under-
lying mechanism of the effects of BTX-A on
arterial vasoconstriction and provide new
theoretical support for the use of BTX-A on
RS. It may also help us to develop new
medicines which regulate calcium sensiti-
zation and the eNOS/sGC/cGMP pathway
against RS.

Abstract

Botulinum toxin type A (BTX-A) is a potent neurotoxin that causes relaxation of striated
muscle by inhibiting the release of acetylcholine at the neuromuscular junction. Some stud-
ies have suggested that BTX-A treatment for Raynaud syndrome is safe and effective with
few adverse reactions. However, the underlying mechanism remains unclear. In the present
study, we used both arterial rings isolated from rabbits and human microvascular endothe-
lial cells (HMEC-1) to evaluate the mechanism underlying the effects of BTX-A on arterial
vasoconstriction induced by 5-hydroxytryptamine. The roles of calcium sensitization and
the endothelial nitric oxide synthase (eNOS)/soluble guanylyl cyclase (sGC)/cyclic guano-
sine monophosphate (cGMP) pathway were investigated. BTX-A caused a concentration-
dependent decrease in the contraction of endothelium-intact arteries and significantly
reduced calcium sensitization in the arteries. Inhibitors of eNOS (L-NAME) and sGC
(methylene blue) both significantly abolished the vasodilatory action of BTX-A.
Furthermore, BTX-A increased eNOS activity and the cGMP level in dose- and time-
dependent manners and increased eNOS and sGC protein levels in a time-dependent
manner in HMEC-1. Taken together, these findings indicate that BTX-A suppresses arterial
vasoconstriction by regulating smooth muscle calcium sensitization and the eNOS/sGC/
cGMP pathway.
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Introduction

Raynaud syndrome (RS), usually caused by cold or mental
stress, was first described by the French scholar Raynaud in
1862. The main clinical manifestations of RS include cyano-
sis and reactive hyperemia accompanied by pain or pares-
thesia."? A survey conducted in the USA found that the
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incidences of RS in women and men are approximately
9.6 and 5.8%, respec’cively.l’3‘5 The main sites of the disease
include the fingers, toes, ears, nose, and tongue. The onset
duration usually varies between 20 min to several hours.®”
RS can be divided into primary and secondary diseases
according to the aetiology. The former is also called
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Raynaud’s disease, which accounts for 80% of RS cases; it is
normally caused by changes in vascular function and
results in no irreversible tissue damage.' Secondary RS is
known as Raynaud’s phenomenon, which is secondary to
other diseases, including mixed connective tissue disease
(86%), systemic lupus erythematosus (31%), rheumatoid
arthritis (22%), and Sjogren’s syndrome (13%).® In addition,
atherosclerosis and some drugs or poisons can also cause
Raynaud’s phenomenon.® The frequency of RS onset is
higher than that of Raynaud’s disease and may be accom-
panied by pain, skin ulcers, and gangrene."”®

Although a variety of drugs have been used to alleviate
the symptoms, the effects have not been satisfactory.
Commonly wused drugs include calcium channel
blockers, ol receptor antagonists, angiotensin converting
enzyme inhibitors, angiotensin II receptor antagonists,
5-hydroxytryptamine (5-HT) reuptake inhibitors, phospho-
diesterase inhibitors, prostaglandins, and endothelin recep-
tor antagonists.® Among them, calcium channel blockers
are the most frequently used and can significantly reduce
the onset frequency of RS. However, most drugs are inef-
fective for patients with severe symptoms. Some drugs may
reduce the functions of the heart, liver, kidney, and other
organs, and should not be applied for a long duration.
Thoracic sympathectomy can be used for patients with
intolerance to drug therapy, but this treatment may be
accompanied by different degrees of trauma, pneumotho-
rax, hemothorax, and Horner’s syndrome. Moreover, the
recurrence rate is as high as 55-82.1%.° As a result, there
is an urgent need to explore new alternative treatments.

Botulinum toxin (BTX) is produced by anaerobic bacte-
ria of the genus Clostridium and is the most toxic protein in
the world (mouse LD50 values can be as low as 1ng/kg).*
BTX can be divided into seven serotypes (A, B, C, D, E, F,
and G) based on antigenicity. Types A, B, E, and F cause
human BTX poisoning, whereas types C and D cause mam-
malian and avian poisoning. Among these serotypes, BTX
toxin type A (BTX-A) is used most frequently in clinical
applications via intramuscular or subcutaneous injection.™
BTX-A is a potent neurotoxin that causes relaxation of stri-
ated muscle by inhibiting the release of acetylcholine (ACh)
at the neuromuscular junction. It also acts on the autonomic
nervous system, inhibiting the secretion of glands and
release of smooth muscle ACh.'> After the US Food and
Drug Administration approved the use of BTX-A in clinical
practice in 1989, it was rapidly developed and applied in
the plastic surgery field. At the same time, broader appli-
cations of BTX-A have been constantly explored in clinical
prac’cice.13 However, the specific mechanism is still unclear,
and its relationship with vascular endothelial cells needs
further study.

Under the action of vascular shearing force, endothelial
cells produce vasoactive substances such as ACh.
Endothelial nitric oxide synthase (eNOS) in endothelial
cells produces nitric oxide (NO), which diffuses freely
into smooth muscle cells, producing cyclic guanosine
monophosphate (cGMP) from guanosine triphosphate
(GTP) and finally inhibiting vasoconstriction via cGMP-
dependent protein kinase G. Soluble guanylyl cyclase
(sGC), which is completely intracellular, is the only

known receptor for NO that is involved in vasodilation.
NO induces an approximately 200-fold increase in sGC
activity. Similar to the contraction mechanism of striated
muscle, contraction of smooth muscle is also dependent
on myofilaments under the regulation of actin-myosin
interactions, which require Ca>" for excitation and ATP
for its energy supply. Previous studies have shown that
BTX-A regulates arterial vasoconstriction, but whether the
underlying mechanism involves eNOS, sGC, ¢cGMP, or
Ca®" needs to be clarified.

Therefore, in the present study, we used both arterial
rings isolated from rabbits and human microvascular endo-
thelial cells (HMEC-1) to investigate the mechanism under-
lying the effects of BTX-A on arterial vasoconstriction. The
roles of calcium sensitization and the eNOS/sGC/cGMP
pathway were also investigated.

Materials and methods

Preparation of arterial rings

First, 136 four-month-old male New Zealand white rabbits
(2-2.5kg, obtained from the laboratory animal center of
Tongji University School of Medicine) were used in the
study. Rabbit is a common model to study the arterial
ring, as the diameters of arterial rings isolated from rabbits
were bigger than those of arterial rings isolated from rats or
mice, making the experiments easier to perform and the
experimental error smaller. The study was approved by
the Animal Experiment Administration Committee of
Tongji University School of Medicine (No. K17-154). All
the animal experimental procedures followed the Guide
for the Care and Use of Laboratory Animals, 8th Edition
(National Academies Press, Washington, DC, 2010).

The rabbits were first anesthetized by intramuscular
injection of xylazine hydrochloride (0.2mL/kg). The
abdominal aortas of the rabbits were extirpated, and
3-4mm long ring slices were prepared by separating the
lipids and connective tissues in a Petri dish filled with
Krebs-Henseleit solution (K-H) solution (120.0 mM NacCl,
25.0mM NaHCO;, 5.0mM KCl, 1.2mM MgSO,, 2.5mM
CaCl,, 1.4mM NaH,PO,, and 11.0mM glucose) bubbled
with 95% O, and 5% CO,. The temperature was maintained
at 37 £0.5°C. One end of the aorta slice was fixed in the
tissue bath. The bath was changed for every experiment.
Changes in arterial tension were recorded isometrically by
the Multi Myograph System (Danish Myo Technology,
Aarhus, Denmark). Each arterial ring was stretched gradu-
ally to a resting tension of 1.8-2mN during a 90 min equil-
ibration period to obtain optimal tension. The K-H solution
in the chamber was replaced every 20 min, and tension was
readjusted to 1.8-2mN.

Vascular reactivity test

After the equilibration period, 60 mM KCl was added to the
bath, and the contractile force was recorded. The vascular
rings were washed four times with K-H solution at 5 min
intervals to restore basal tension. A change in the vascular
tone amplitude <3 mN was considered indicative of poor



contractibility, and the arterial rings were discarded. The
bath was changed for every experiment.

Endothelial integrity test

Small forceps were inserted into the lumen, and the arterial
ring was rolled to denude the endothelium. Endothelial
integrity of the arterial rings was confirmed by at least
80% relaxation in response to ACh (10 °mol/L) at the
5-HT plateau (10 °mmol/L). Successful removal of the
endothelium was confirmed by the lack of a vasorelaxant
response to ACh.

Effect of 5-HT on arterial rings

5-HT was used to produce an evoked response for vasocon-
striction. 5-HTwas added to intact and endothelium-
denuded rings cumulatively, and tension was expressed
as a percentage of the initial contraction of 5-HT
(10 °mol/L). A cumulative concentration-response curve
for 5-HT was obtained.

Effect of BTX-A on vasoconstriction induced by 5-HT

BTX-A was purchased from Lanzhou Biological Products
Institute (Lanzhou, China). It was received as lyophilized
powder. Before it was used for experiments, the BTX-A
powder was diluted using 1ml of normal saline (0.9%)
per 100IU, for a concentration of BTX-A solution of
100IU/mL. The solution was then added into the K-H
solution or the RPMI-1640 to archive the concentration of
1,25,5,10, 20, or 401U/mL. The rings were incubated with
BTX-A at1, 2.5, 5, 10, 20, and 40 IU/mL for 30 min, and the
change in tension was measured. To determine the effect of
BTX-A on contractility, a 5-HT concentration-response
curve was obtained while maintaining the dosage of
BTX-A at 10, 20, or 40IU/mL. The time and concentrations
selected for this study are based on other publications in the
field."*'® Similar concentration of BTX-A was used in other
cells." Even in RS patients, 30min of infiltration with
BTX-A showed a very good perception of response in
some RS patients.15 After the BTX-A treatment was done,
it was washed out within 1 min.

Effects of different treatments and the presence
of endothelium on the inhibition of vasoconstriction
by BTX-A

5-HT was used to produce an evoked response for vasocon-
striction. Cumulative concentrations of 5-HT were added
to intact rings incubated with BTX-A (20IU/mL) in the
presence or absence of the eNOS inhibitor L-NAME
(10*mol/L) or the sGC inhibitor methylene blue
(MB, 5 x 10 °mol /L). In endothelium-denuded rings, cumu-
lative concentrations of 5-HT were added without any other
treatment after incubation with BTX-A (201U/mL).

Myogenic vasoconstriction and smooth muscle
calcium measurements

Arterial rings were mounted in an arteriograph chamber, as
described previously."® Myogenic activity was compared
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between Control (n=8) and BTX-A (n=8) arterioles by
measuring their diameters and tones at pressures of
40-80 mmHg. Arterial rings in the Control groups received
no treatment; they were kept in 37°C K-H solution
(120.0mM NacCl, 25.0mM NaHCO;, 5.0mM KCI, 1.2mM
MgSO,, 2.5mM CaCl,, 1.4mM NaH,PO, and 11.0mM
glucose) bubbled with 95% O, and 5% CO,. Arterial rings
in the BTX-A groups were treated with BTX-A dissolved in
37°C K-H solution (20IU/mL). To investigate the relation-
ship between myogenic tone and calcium in arterial rings, a
calcium-sensitive dye (Fura 2-AM) was used as described
previously.'” Briefly, the arterial rings were pressurized to
40 mmHg and equilibrated for 30 min to allow spontaneous
development of myogenic tone. Changes in the smooth
muscle diameter and calcium level were evaluated by step-
wise increases using lonWizard software (IonOptix,
Westwood, MA, USA) at pressures ranging from
40 to 80 mmHg.

Measurement of calcium sensitivity in arterial rings

Calcium sensitivity in arterial rings was determined using
the method described by Cipolla et al.'® Briefly, the arterial
rings were mounted in an arteriograph filled with
HEPES-buffered physiological saline solution. The rings
were pressurized to 40mmHg and equilibrated for
30min. The arterial rings were permeabilized with
Staphylococcus aureus o-toxin (800 U/mL) in relaxing solu-
tion at room temperature for 20 min. The S. aureus a-toxin
was washed from the bath, and the arterial rings were
equilibrated in relaxing solution at 37°C for 30min.
The bath was changed for every experiment. The vasoac-
tive response to calcium was determined by replacing the
relaxing solution with activating solution containing
known concentrations of free ionic calcium. The inner
diameters were measured at each calcium concentration.
The arterial rings in Control were kept in the HEPES-
buffered physiological saline solution, while the arterial
rings in BTX-A were kept in HEPES-buffered physiological
saline solution with BTX-A (20IU/mL). The same volume
of saline as the BTX-A group was added into the bath
of Control.

Detection of eNOS activity in HMEC-1

The HMEC-1 line was purchased from the ATCC
(Manassas, VA, USA) and used in this experiment.
The cells were pre-incubated with 0, 1, 2.5, 5, 10, 20, or
40IU/mL BTX-A in RPMI-1640 supplemented with 10%
fetal bovine serum (Beyotime, Shanghai, China) for
30min or with 20IU/mL BTX-A for 0, 10, 20, 30, or
60 min. eNOS activity was evaluated by determining the
conversion ratio of [3H]L-arginine to [*H]L-citrulline using
a liquid scintillation counter (Packard Inc., Prospect, CT,
USA), using the method described by Kimura et al.'* The
cell viability was measured with MTT assay following the
manufacture instruction (Beyotime, Shanghai, China) after
HMEC-1 cells were treated with 0, 1, 2.5, 5, 10, 20, or 401U/
mL BTX-A in RPMI-1640 supplemented with 10% fetal
bovine serum for 30 min or with 20IU/mL BTX-A for 0,
10, 20, 30, or 60 min.
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Measurement of cGMP levels in HMEC-1

HMEC-1 (passages 3-6) showing >99% positive immunos-
taining of a-smooth muscle actin were pre-incubated with
0,1, 25, 5,10, 20, or 40IU/mL BTX-A in RPMI-1640 sup-
plemented with 10% fetal bovine serum (Beyotime,
Shanghai, China) for 30 min or with 20IU/mL BTX-A for
0, 10, 20, 30, or 60 min. The cGMP levels in HMEC-1 were
determined using the Parameter™ Cyclic GMP Assay kit
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions.

Western blot

Total proteins (100 pug) extracted from cells were first sub-
jected to 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose mem-
brane. After the membranes were blocked with 5% non-
fat milk powder in 0.05% Tween-20 PBS buffer for 1h,
they were incubated with a primary antibody against
eNOS, sGC, or GAPDH overnight at 4°C. The next day,
the membranes were rinsed with 0.05% Tween-20 in PBS
three times and incubated with a secondary antibody con-
jugated to horseradish peroxidase (cat. no. G-21040;
1:10,000; Thermo Fisher Scientific, Inc.) at room tempera-
ture for 1 h. The membranes were rinsed with 0.05% Tween-
20 in PBS three times. A chemiluminescence reagent
(GE Healthcare Life Sciences, Little Chalfont, UK) was
added to the membranes and incubated for 2min. The
developed film was analyzed using a chemiluminescence
ChemiDoc™ imager (Bio-Rad Laboratories, Inc.), Bio-Rad
Laboratories, Inc., Hercules, CA, USA), and Image] 1.43
software (National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis

Statistical analyses were performed using SPSS software
version 17.0 (SPSS Inc., Chicago, IL, USA) and one-way
analysis of variance, followed by the Student-Newman-
Keuls post hoc test. Differences were considered significant
at p <0.05.

Results

Effect of BTX-A on aortic ring resting tension and
5-HT-induced vasoconstriction

Figure 1 shows the effects of BTX-A on arterial ring resting
tension and 5-HT-induced vasoconstriction. BTX-A had no
direct effect on the resting tension of the aorta in the
absence of the endothelium but caused a concentration-
dependent decrease in the contraction of endothelium-
intact arteries (Figure 1(a)). As the concentration of
BTX-A increased, the effect on contraction decreased.
BTX-A at 10, 20, and 401U/mL had a significant effect on
5-HT-induced vasoconstriction compared with in the
absence of BTX-A (Figure 1(b)). Regarding the effect of
the interaction between BTX-A and the endothelium on
vasoconstriction, only the presence of both endothelium
and BTX-A significantly inhibited vasoconstriction
(Figure 1(c)). No significant difference was observed
among the endothelium-only (no BTX) group, no endothe-
lium or BTX-A group, and the BTX-A-only (no endotheli-
um) group.

Effect of BTX-A on myogenic tone and calcium

Figure 2 shows the relationship between myogenic tone
and the smooth muscle calcium level in arterial rings
from the Control and BTX-A groups. The arterial rings
were larger in diameter in the BTX-A group than Control
group as a result of decreased myogenic tone (Figure 2(a)
and (b)), but there was no difference in the calcium level of
arterioles between the Control and BTX-A groups (Figure 2
(c)). When the arterial rings were treated with different
concentrations of calcium, the tone of arterioles was
lower in the BTX-A group than Control group for the
same calcium level (Figure 2(d)). The rate of tone increase
induced by calcium was lower in the BTX-A group.

Calcium sensitization of permeabilized arterioles after
the BTX-A treatment

Figure 3 shows the calcium sensitization of permeabilized
arterioles after BTX-A treatment. The myogenic tone in arte-
rioles and calcium sensitivity were decreased significantly in
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Figure 1. Effect of BTX-A on aortic resting tension and 5-HT-induced vasoconstriction. (a) The effect of BTX-A on arterial resting tension in the absence versus
presence of the endothelium; —Endo group was used as Control. (b) The effect of BTX-A on 5-HT-induced vasoconstriction; BTX-A 0 IU/mL was used as Control. (c)
The effect of the interaction of BTX-A and the endothelium on vasoconstriction; —Endo group was used as Control. —Endo: arterial ring without endothelium; + Endo:
arterial ring with endothelium. + Endo + BTX-A: arterial ring with endothelium treated with 20 IU/mL BTX-A; —Endo + BTX-A: arterial ring without endothelium treated
with 20 1U/mL BTX-A. # p < 0.05 compared with the —Endo group or with the 0 IU/mL BTX-A group. N=8.

BTX-A: botulinum toxin type A; 5-HT: 5-hydroxytryptamine.
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Figure 2. Effect of BTX-A on arterial ring diameter and myogenic tone. Differences in arterial ring diameter (a), myogenic tone (b), and calcium content (c) between the
Control and BTX-A groups. (d) Difference in myogenic tone between the Control and BTX-A groups in the presence of calcium. # p < 0.05 compared with the Control

group. N=8.
BTX-A: botulinum toxin type A.
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Figure 3. Calcium sensitization of permeabilized arterioles after BTX-A treatment. Myogenic tone in arterioles (a) and calcium sensitivity (b) in the Control and BTX-A
groups. A decrease in calcium sensitivity was detected after BTX-A treatment. The effective concentration that produced half maximal constriction (EC50) was
significantly higher for arterioles in the BTX-A group than the Control group. # p < 0.05 compared with the Control. N=8.

BTX-A: botulinum toxin type A.

the BTX-A group compared with the Control (Figure 3(a)
and (b)). The effective concentration that produced half max-
imal constriction (EC50) was significantly higher for arterio-
les in the BTX-A group than in the Control group.

Effects of eNOS and sGC inhibitors on the vasodilatory
action of BTX-A

Figure 4 shows the effect of inhibitors of eNOS (L-NAME)
and sGC (MB) on the vasodilatory action of BTX-A. Treatment
with inhibitors of eNOS (L-NAME) and sGC (MB) significant-
ly abolished the vasodilatory action of BTX-A (Figure 4(a) and
(b)). Treatment with these chemicals alone had no effect on the

vasoconstriction caused by 5-HT. Figure 4c shows the
changes in vascular diameter caused by BTX-A, L-NAME,
and MB. Under treatment with 80 nmol/mL 5-HT, BTX-A
significantly increased, while co-treatment with L-NAME
or MB significantly decreased, vascular diameter, indicating
that the vasodilatory action of BTX-A was abolished by L-
NAME and MB (Figure 2(c)).

BTX-A increased eNOS activity and cGMP levels
in HMEC-1

To further explore the involvement of eNOS and cGMP in
the vasodilatory action of BTX-A, we measured eNOS
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Figure 5. Effects of BTX-A on eNOS activity and cGMP levels in HMEC-1. Effects of the BTX-A concentration and treatment duration on endothelial eNOS activity
were shown in Figure 5(a) and (b). Effects of the BTX-A concentration and treatment duration on cGMP level were shown in Figure 5(c) and (d). In Figure 5(a) and (c),
BTX-A 01U/mL was used as Control; in Figure 5(b) and (d), 0 min was used as Control. # p < 0.05 compared with the 01U/mL BTX-A (a and c) or 0min ((b) and (d))
group. N=38.

BTX-A: botulinum toxin type A; cGMP: cyclic guanosine monophosphate; eNOS: endothelial nitric oxide synthase.

activity and cGMP levels in HMEC-1. The eNOS activity
was measured by calculating the percentage of [*H]L-
citrulline converted from [*H]i-arginine. BTX-A increased
endothelial eNOS activity in dose- and time-dependent

manners (Figure 5(a) and (b)) and significantly increased
the cGMP level at a concentration over 5IU/mL (Figure 5
(c) and (d)). BTX-A increased the cGMP level in dose- and
time-dependent manners. The cell viability was measured
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eNOS: endothelial nitric oxide synthase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; sGC: soluble guanylyl cyclase.

with MTT assay. As shown in Figure 5(e), all the treatment
with BTX-A did not affect the cell viability.

BTX-A increased eNOS and sGC protein levels in
HMEC-1

To confirm the effects of BTX-A on eNOS and sGC protein
levels in HMEC-1, we treated the cells with 20IU/mL
BTX-A for different durations (0-60min) and measured
eNOS and sGC protein levels by Western blot. BTX-A
increased the eNOS and sGC protein levels in a time-
dependent manner (Figure 6(a) and (b)).

Discussion

The present study used both arterial rings isolated from
rabbits and HMEC-1 to study the mechanism underlying
the effects of BTX-A on arterial vasoconstriction. The roles
of calcium sensitization and the eNOS/sGC/cGMP path-
way were also investigated. Our results demonstrate that
BTX-A caused a concentration-dependent decrease in the
contraction of endothelium-intact arteries. BTX-A inhibited
vasoconstriction significantly only when the endothelium
was present. It is important to note that we used an evoked
response for vasoconstriction by 5-HT, it is not spontane-
ous, and that BTX-A has effects on both condition of evoked
vasoconstriction and no evoked vasoconstriction model.
Figure 1 showed that under vasoconstriction induced by
5-HT, BTX-A significantly caused a concentration-
dependent decrease in the contraction of arteries. Figure 2
shows under no evoked vasoconstriction, the diameter of
arterial rings was larger in the BTX-A group than Control
group. Treatment with inhibitors of eNOS (L-NAME) and
sGC (MB) both significantly abolished the vasodilatory
action of BTX-A. The arterial rings were larger in diameter
in the BTX-A group due to decreased myogenic tone. When
the arterial rings were treated with different concentrations
of calcium, arterioles in the BTX-A group had less tone
compared with those in the Control group at each level of
calcium. The increase in tone induced by calcium was

lower in the BTX-A group. A decrease in calcium sensitivity
was detected after BTX-A treatment. BTX-A increased
eNOS activity and cGMP levels in HMEC-1 in dose- and
time-dependent manners. Furthermore, BTX-A increased
eNOS and sGC protein levels in HMEC-1 in a time-
dependent manner.

Some studies have indicated that BTX-A may offer a new
option for treating RS. Although the mechanism is not clear,
it has been confirmed that BTX-A treatment for RS is safe
and effective with few adverse reactions, such as intrinsic
weakness and dysesthesia, which disappeared within
2-5months.*® BTX-A was first used to treat RS in 2004.
Subsequently, several clinical studies confirmed that
BTX-A significantly alleviates finger artery spasms in
patients with RS. BTX-A increases blood flow, promotes
ulcer healing, and relieves pain without obvious complica-
tions.”’* In a three-year follow-up study, Medina et al.
revealed that after 30 min of infiltration with BTX-A, it
showed a very good perception of response in some RS
patients. After the patients were treated with BTX-A for
one month, more than half of them have maintained a
very good response throughout the study.'” In the present
study, using arterial rings isolated from rabbits, we showed
that BTX-A caused a concentration-dependent decrease in
the contraction of endothelium-intact arteries (Figure 1).
BTX-A significantly inhibited vasoconstriction only when
the endothelium was present. The arterial rings were larger
in diameter due to decreased myogenic tone in the BTX-A
group. All of these results reveal that BTX-A directly sup-
presses arterial vasoconstriction, and that the effect is
dependent on the endothelium.

Previous studies reported that BTX-A inhibits the release
of ACh from the presynaptic membranes of motor nerve
terminals, and this process usually takes 1-14 days. In con-
trast, injecting BTX-A into patients with RS is effective
immediately and exerts long-term effects. This phenome-
non indicates that BTX-A may treat RS via a different mech-
anism, but previous studies have suggested multiple
explanations. One reported mechanism is that BTX-A
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inhibits the release of vascular smooth muscle norepineph-
rine vesicles as well as supplementation of the alpha-
adrenergic energy receptor, thereby reducing the activity
of sensitive C-fiber pain receptors and vascular smooth
muscle contraction.”?® BTX-A may reduce pain in patients
with RS by inhibiting ectopic sodium channels or the
release of pain-causing substances, such as glutamate, sub-
stance P, and calcitonin gene-related peptide.”

Because of the importance of calcium and the eNOS/
sGC/cGMP pathway in the regulation of arterial vasocon-
striction, we explored the possible involvement of calcium
sensitization and the eNOS/sGC/cGMP pathway in this
mechanism. The arterial rings in the BTX-A group were
larger in diameter and had less myogenic tone compared
with those in the Control group (Figure 2). When the arte-
rial rings were treated with different concentrations of
calcium, the arterioles exhibited lower myogenic tone in
the BTX-A group than Control group. The increase in
tone induced by calcium was lower in the BTX-A group.
The myogenic tone in arterioles and calcium sensitivity
decreased significantly in the BTX-A group compared
with the Control group (Figure 3). The EC50 was signifi-
cantly higher for arterioles in the BTX-A than Control
group. The relationship between BTX-A and calcium has
been examined in previous studies. Ali et al.?® showed that
a single unilateral BTX-A injection into albino rats induced
a significant decrease in the serum calcium level. Calcium
plays an important role in RS. Calcium channel blockers are
the most widely used drugs to manage RS and could sig-
nificantly reduce the frequency and severity of RS.*™'
The present study suggests that the mechanism underlying
the protective effect of BTX-A on RS may be regulation of
calcium sensitization and not just the calcium level.

Smooth muscle cells are effectors that regulate vasocon-
striction and relaxation. Under the action of a vascular
shearing force, endothelial cells produce vasoactive sub-
stances, such as ACh and NO, which play important roles
in the regulation of vascular tone via regulation of eNOS in
endothelial cells. NO diffuses freely into smooth muscle
cells, activates sGC to synthesize cGMP from GTP, and
finally induces vasorelaxation.’*>> On the other hand, ele-
vated levels of cGMP and cAMP allow relaxation of smooth
muscle cells.*®> To further examine the role of the eNOS/
sGC/cGMP pathway in the vasorelaxant effect of BTX-A,
first we examined the effects of inhibitors of eNOS
(L-NAME) and sGC (MB) on the vasodilatory action of
BTX-A. Inhibitors of eNOS (L-NAME) and sGC (MB)
both significantly abolished the vasodilatory action of
BTX-A. Treatment with BTX-A significantly increased,
whereas co-treatment with L-NAME or MB significantly
decreased, vascular diameter, indicating that the vasodila-
tory action of BTX-A was abolished by L-NAME and MB.
Next, we measured eNOS activity and cGMP levels in
HMEC-1. As shown in Figure 5, BTX-A increased both
endothelial eNOS bioactivity and cGMP levels in dose-
and time-dependent manners. Furthermore, BTX-A
increased eNOS and sGC protein levels in HMEC-1 in a
time-dependent manner. These results suggest that BTX-
A suppresses arterial vasoconstriction via the eNOS/
sGC/cGMP pathway, and that BTX-A induces relaxation

via the endothelial-dependent pathway as mediated by
the eNOS/sGC/cGMP pathway. Previous studies have
shown that eNOS consists of oxygenase and reductase
domains with a Ca*"/calmodulin-binding domain.
Calcium binds to calmodulin and then to eNOS, thereby
activating enzymatic activities. eNOS catalyzes the produc-
tion of NO by oxidizing L-arginine, which diffuses into vas-
cular smooth muscle cells, stimulates sGC, and increases
intracellular cGMP levels. cGMP, in turn, activates cGMP-
dependent protein kinase G, resulting in reduced intracel-
lular calcium levels and relaxation of smooth muscle cells.*
Increased levels of cGMP and subsequent activation of
cGMP-dependent protein kinase A may result in vasodila-
tion.>>?® These statements are consistent with our results
and may explain the underlying mechanism of action of
BTX-A on smooth muscle cells.

In general, when BTX-A is used to treat RS, it is injected
at the local sites of palm, which can alleviate pain, improve
blood flow, and elevate temperature of the fingers.>” Using
this route of delivery for RS in clinic, the BTX-A could
directly act on the microvessel in palm, which is similar
to our organ bath direct application in the present study.
However, it should be noted that local administration of
BTX-A may also produce systemic effects. It was reported
that an intramuscular injection of BTX-A produced a sig-
nificant decrease in the calcium level with a significant
increase in the phosphorus, alkaline phosphatase,
C-reactive protein, and tumor necrosis factor a levels in
serum.” Tt also induced pronounced alteration of heart
rate variability.”® The effect of BTX-A on blood pressure
was not observed, but a study showed that BTX-B slightly
decreased systolic blood pressure.* However, it is also
reported that heart rate and blood pressure remained
stable after a patient received an unintended intrathecal
injection of BTX-B.*® These results remind us that we
should pay attention to potential systemic effect of BTX-A
in clinical. In addition, Tanyeli et al.*' compared the vaso-
dilator effects of BTX-A and papaverine on human radial
artery grafts and found that BTX-A inhibits both ET-1- and
5-HT-induced contractions in human radial artery. This
study reminds us that the arterial vasodilatating effect of
BTX-A may be used in broader clinical situations, such as
coronary artery bypass graft surgery.

The present study might have potential for translational
research but it also has some limitations compared with
direct studies in humans. First, this is an in vitro study
using arterial rings isolated from rabbits and HMEC-1.
The experimental condition in the in vitro study was well-
controlled, but in the human body, the situation is far more
complicated. Whether the smooth muscle calcium sensiti-
zation and the eNOS/sGC/cGMP pathway are still the
main mechanism of BTX-A in human body is not clear.
Future work should examine the role of smooth muscle
calcium sensitization and the eNOS/sGC/cGMP pathway
in clinical trials regarding the protection of BTX-A against
RS. Second, age and gender influence clinical outcomes,
perhaps in response to many medications, including
BTX-A. In the present study, we used four-month-old
male New Zealand white rabbits to isolate the arterial



rings, so the fact of age and gender was not analyzed in the
study, which should be further explored in future study.
In conclusion, the present study revealed that
BTX-A caused concentration-dependent vasodilation of
endothelium-intact arteries. BTX-A significantly reduced
calcium sensitization in the arteries. Furthermore, inhibitors
of eNOS and sGC both significantly abolished the vasodila-
tory action of BTX-A, and BTX-A increased eNOS activity
and ¢cGMP levels in HMEC-1 in dose- and time-dependent
manners. Taken together, these findings indicate that BTX-A
suppressed arterial vasoconstriction by regulating smooth
muscle calcium sensitization and the endothelium-
dependent pathway via the eNOS/sGC/cGMP pathway.
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