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Transient Receptor Potential Vanilloid 1T Antagonist,
Capsazepine, Improves Survival in a Rat Hemorrhagic
Shock Model

Hiroya Akabori, MD, Hiroshi Yamamoto, MD, PhD, Hiroshi Tsuchihashi, MD, PhD,
Tsuyoshi Mori, MD, PhD, Kazunori Fujino, MD, PhD, Tomoharu Shimizu, MD, PhD,
Yoshihiro Endo, MD, PhD, and Tohru Tani, MD, PhD

Objective: To evaluate the role of transient receptor potential
vanilloid 1 (TRPV1) in a rat hemorrhagic shock (HS) model using
the TRPV1 antagonist, capsazepine (CPZ).

Summary Background Data: TRPV1, distributed within the sen-
sory nerve, plays a role in the regulation of cardiovascular functions.
TRPV1 may be involved in the cardiovascular responses to HS.
Methods: Male rats were anesthetized and HS was induced with the
mean arterial pressure (MAP) at 30 mm Hg for 90 minutes. CPZ (5.0
pmol/kg) was administered at 30 minutes after the shock induction,
and the 24-hour survival rates were assessed. The MAP, heart rate,
and shed blood volume (SBV) were recorded throughout the exper-
iment. Arterial blood gas analysis and the plasma catecholamines
levels were measured before and after HS. Double-immunohisto-
chemistry for Fos and tyrosine hydroxylase (TH) was performed in
the rostral ventrolateral medulla (RVLM) of the brain.

Results: CPZ significantly improved the 24-hour survival rates,
which was accompanied by the increase in the MAP and the SBV,
a decrease of the plasma catecholamines levels, and attenuation of
the severe metabolic acidosis. Furthermore, CPZ reduced the per-
centage of double-labeled neurons for Fos and TH in the RVLM of
the rat brain.

Conclusions: TRPV1 may be involved in the regulation of the
cardiovascular responses to HS, at least in part, by recruiting
catecholaminergic neurons in the RVLM. CPZ appears to induce
metabolic compensations, which may be potentially useful in HS.

(Ann Surg 2007;245: 964-970)

Transient receptor potential vanilloid 1 (TRPV1) is a li-
gand-gated, nonselective cation channel and widely dis-
tributed within the cardiovascular system that has principally
been identified on capsaicin-sensitive sensory nerve (CSSN)
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endings."” TRPV1, expressed by the neurons of the dorsal
root ganglion constituting the origin of C and A8 primary
afferent fibers,” has been shown to be activated by a variety
of physical and chemical stimuli, including noxious heat,
reduced pH, ischemia, and capsaicin,>*> and involved in the
modulation of cardiovascular functions, including changes in
the blood flow and heart rate (HR).®’ Capsazepine (CPZ) is
a selective TRPV1 antagonist that has been shown to com-
petitively inhibit the responses to capsaicin in mice and rats.®

Hemorrhagic shock (HS) is a broad-spectrum hemody-
namic stimulus, eliciting a constellation of compensatory
autonomic and humoral responses,” which are initiated by
afferent C- and Ad-fibers.'® Cardiovascular receptors, such as
the baroreceptors, are considered to be the chief players in
mediating the reflex responses to acute hypovolemia, and
their afferent sensory fibers converge in the central nervous
system (CNS).!! In particular, physical stressors, like hem-
orrhage,'? appear to act mainly through primary afferent
input to the brainstem catecholaminergic neurons.'* The
catecholaminergic neuronal system in the medulla, including
the rostral ventrolateral medulla (RVLM), plays a pivotal
mediatory role for the compensatory neuroendocrine re-
sponses by relaying pressure and volume-related informa-
tion,'* and it has been demonstrated that Fos expression in
tyrosine hydroxylase (TH)-containing neurons in the ventro-
lateral medulla reflects the extent of the catecholaminergic
neuronal activation in response to HS.'

In the present study, we examined the effects of CPZ on
the survival rates in a rat HS model. To explore the mecha-
nism underlying the effects of CPZ on the compensatory
cardiovascular responses, we measured cardiovascular and
metabolic parameters. In addition, we assessed the effects of
CPZ on the expression of Fos in the catecholaminergic
neurons of the RVLM to determine whether activation of
TRPV1 in response to HS is associated with recruitment of
catecholaminergic neurons in this brain region.

METHODS

Animals
A total of 80 Sprague-Dawley male rats (8—10 weeks
old; Clea Japan, Inc., Tokyo, Japan) were housed in a
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controlled environment with a 12-hour light/dark cycle.
The rats were allowed access to standard laboratory food
and water ad libitum. All the animal experiments were
performed in accordance with the guidelines of the Insti-
tute for Experimental Animals of Shiga University of
Medical Science, after obtaining approval from the Insti-
tutional Review Board.

Hemorrhagic Shock Model

The rats were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (50 mg/kg). HS was induced
at our laboratory as described previously.'® Briefly, the left
femoral artery was cannulated with a heparinized (10
units/mL) polyethylene tube, which was connected to a
three-way in-line stopcock for blood withdrawal and blood
pressure monitoring. Blood was withdrawn into a syringe
until the mean arterial pressure (MAP) decreased to 30 mm
Hg, and it was maintained at 30 mm Hg for 90 minutes by
withdrawing/reinfusing blood, as necessary. The animals
were then observed for an additional 30 minutes. Each rat
was administered an intravenous injection of vehicle (sa-
line containing 10% Tween 80/10% ethanol; control
group) or capsazepine (CPZ: dissolved in vehicle; Sigma
Chemical Co., St Louis, MO; CPZ group) 30 minutes after
the shock induction. The remaining rats (sham group) were
anesthetized and treated as unchallenged controls: their
left femoral arteries were cannulated, but no blood was
withdrawn.

Survival Rate

To determine the 24-hour survival rates after HS, the 50
rats were administered vehicle (1 mL/kg; n = 10) or CPZ
(0.005, 0.05, 0.5, 5.0 wmol/kg, n = 10, respectively) intra-
venously 30 minutes after the shock induction. At the end of
the experimental period (at time 120 minutes), the animals
were returned to their individual cages and allowed access to
food and water, and the 24-hour survival rates were deter-
mined. For the subsequent experiments, we used 5.0 wmol/kg
of CPZ to assess the cardiovascular and metabolic parame-
ters, and the changes in the distribution of Fos expression in
the RVLM of the rat brain.

Evaluation of ABG and Plasma Levels of
Catecholamines

Blood samples were collected before the shock induc-
tion (at time 0 minutes) and at the end of the experimental
period for measurement of arterial blood gas (ABG; Rapid
laboratory 348, Bayer Medical). All the blood samples in
each group (sham, control, and CPZ: n = 10, respectively)
were collected in heparinized tubes and measured immedi-
ately after the withdrawal. We also measured the plasma
levels of catecholamines, that is, epinephrine and norepineph-
rine, at the same 2 time-points. Samples were collected into
ice-cold polypropylene tubes containing EDTA and centri-
fuged immediately (1500g for 5 minutes at 4°C). The sepa-
rated plasma specimens were kept frozen at —80°C until the
assay. The plasma levels of catecholamines were then mea-
sured using a HPLC system equipped with an immobilized
enzyme reactor and an electrochemical detector (HLC-8030,
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Tosoh). An analog recording system (BIO COLOR GRAPH
2G82, NEC San-ei Co.) was used for continuous monitoring
of the MAP and HR throughout the experimental period. The
volume of blood withdrawn to maintain the MAP at 30 mm
Hg was recorded as the shed blood volume (SBV). The SBV
was measured separately during the first 30 minutes (before
treatment) and between 30 and 90 minutes of the start of
blood withdrawal (after treatment).

Immunohistochemistry for Fos and TH

At the end of the experimental period, 7 rats from each
of the groups (sham, control, and CPZ) were deeply anesthe-
tized by an overdose of pentobarbital (100 mg/kg) and per-
fused transcardially with normal saline, followed by 4%
paraformaldehyde and 0.2% picric acid in 0.1 mol/L phos-
phate buffer (PBS; pH 7.4). The brain was removed and
postfixed and stored overnight at 4°C submerged in 20%
sucrose for 4 days, and cut into 20-wm sections using a
cryostat.

For Fos and TH double-label immunohistochemistry,
the brainstem tissue sections from each of the rat groups were
processed as described previously.'” Briefly, the sections
were washed in 0.3% Triton X-100 in PBS, followed by
incubation with primary rabbit Fos antiserum (Ab-2; Onco-
gene Research Products, Darmstadt, Germany; 1:5,000 dilu-
tion in PBS) for 48 hours at 4°C. Then, after washing in PBS,
the sections were incubated in biotinylated goat anti-rabbit
IgG (Vector Laboratories Inc.; 1:1,000) followed by incuba-
tion with avidin-biotin complex (Vector Elite ABC Kit;
Vector Laboratories Inc., Burlingame, CA; 1:2000 in PBST).
A combination of 0.04% diaminobenzidine tetrahydrochlo-
ride (Dojindo Laboratories), 0.01% nickel ammonium sulfate
(Nacalai Tesque, Inc., Kyoto, Japan), and 0.01% hydrogen
peroxide dissolved in 0.05 mol/L Tris/HCI buffer was used
for the chromogen reaction. Following the Fos staining, the
sections were incubated with mouse monoclonal anti-TH
antibody (Chemicon International; 1:2000 in PBS) as the
secondary antibody for 48 hours at 4°C.

Quantification of Fos/TH Neurons

The cell counts (Fos-expressing and TH-containing
cells) were conducted under a 100X objective by an observer
blinded to the treatment groups, using a computer-associated
image analysis system, the CCD camera VB-7000 (Keyence,
Osaka, Japan), and the results were expressed as the percent-
age of double-labeled neurons relative to the total number of
TH-containing neurons in the RVLM of the rat brain.

Statistical Analysis

All the data were expressed as means = SEM. Statis-
tical significance was determined by analysis of variance
(ANOVA) with repeated measures, followed by Fisher’s post
hoc test. Differences between the 2 groups at various time
points were evaluated by ANOVA. The unpaired ¢ test was
used for other comparisons between the 2 groups. Fisher
exact test was used to examine the differences in the survival
rates between the animal groups. The cell count data from the
double-label immunohistochemical study was also analyzed
by ANOVA, and differences between groups were analyzed
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by Fisher’s protected least significant difference. Statistical
significance was assumed at P < 0.05.

RESULTS

Administration of CPZ increased the 24-hour survival
rates in a dose-dependent manner (0.005 wmol/kg; 20%, 0.05
pmol/kg; 30%, 0.5 wmol/kg; 40% in each group), and 5.0
umol/kg dose significantly improved to 80% as compared
with that in the control group (10%, P < 0.05).

To explore the mechanisms by which CPZ improved
the survival rates, we measured systemic hemodynamic pa-
rameters (HR, MAP, and SBV). There were no significant
differences in the baseline (at time 0 minutes), HR (355.20 =
11.71/353.67 = 13.54 beats/min) or MAP (88.7 *£ 2.39/
90.2 = 3.46 mm Hg) between the CPZ and control groups,
and CPZ had no effect on HR and MAP in the sham group
(data not shown). At time 120 minutes, the MAP (43.1 =
3.46/28.3 = 0.80 mm Hg) was significantly higher in the
CPZ group as compared with that in the control group,
although the difference in the HR (328.67 * 14.59/297.33 =
9.06 beats/min) was not statistically significant (Fig. 1).
Before the treatment (administration of CPZ/vehicle), there
was no significant difference in the SBV between the CPZ
and control groups (2.96 = 0.13/3.00 = 0.08 mL/100 g body
weight). However, after the treatment in the respective
groups, a significant difference of the SBV was noted (1.37 =
0.07/1.01 = 0.14 mL/100 g body weight) (Fig. 2).

The metabolic acidosis with HS was further character-
ized by conducting ABG analysis, as shown in Table 1. There
were no significant differences in ABG or acid-base param-
eters (at time 0 minutes) between the 2 groups. At time 120
minutes, severe metabolic acidosis, including the pH, base
excess (BE), bicarbonate (HCO;), developed in the control
group, whereas the severity was significantly attenuated in
the CPZ group. In the control group, a moderate increase of
the arterial pO, was observed at time 120 minutes, with a
significant decrease in the arterial pCO,. A similar increase of
the arterial pO, was also observed in the CPZ group; how-
ever, no decrease of the arterial pCO, was observed noted in
this group.

To explore the involvement of catecholamines, we
measured the plasma levels of epinephrine and norepineph-
rine. The plasma levels of catecholamines significantly in-
creased at time 120 minutes in the control group. On the other
hand, while the plasma catecholamines levels were also
significantly increased as compared with the baseline levels
in the CPZ group, the levels were significantly lower than
those in the control group (Table 1). CPZ administration had
no effect on plasma catecholamines levels in the sham group
(data not shown).

Finally, we assessed the double-immunohistochemistry
for Fos and TH in the RVLM catecholaminergic neurons after
the induction of HS (Fig. 3). The percentage of double-
labeled neurons (Fos + TH) in the control group was signif-
icantly higher (61.5% = 2.0%) as compared with that in the
sham group (37.3% = 3.0%). On the other hand, CPZ, at the
dose at which it significantly attenuated the adverse cardio-
vascular responses and induced metabolic compensations,
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FIGURE 1. Heart rate (HR; A) and mean arterial pressure
(MAP; B) during the experiment in the rats of the control
and the CPZ groups (n = 10 in each group). Clear circles,
control group (hemorrhagic shock + vehicle); filled circles,
CPZ group (hemorrhagic shock + CPZ). *P < 0.01 for CPZ
group versus control group.

significantly decreased the percentage of double-labeled neu-
rons in the RVLM in the rat model of HS (43.8% = 4.7%)
(Fig. 3D).

DISCUSSION
In the present study, we found that the administration
of CPZ to rats with HS was associated with a dose-
dependent improvement in the 24-hour survival rates, and
5.0 umol/kg of CPZ attenuated the development of severe
metabolic acidosis, and reduced plasma levels of cat-

© 2007 Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Annals of Surgery ® Volume 245, Number 6, June 2007

Capsazepine Improves Hemorrhagic Shock

SBV (ml/100g BW)

Before Treatment After Treatment

FIGURE 2. Cumulative shed blood volume (SBV) before and
after treatment with CPZ/vehicle (n = 10 in each group).
Clear column, control group (hemorrhagic shock + vehicle);
filled column, CPZ group (hemorrhagic shock + CPZ). *P <
0.05 for CPZ group versus control group.

TABLE 1. Arterial Blood Gas and Acid-Base Parameters, and
Plasma Levels of Catecholamines Before and at the End of
the Experimental Period

Control CPZ

Parameter (n = 10) (n = 10)
pH

Baseline 7.38 £ 0.01 7.38 £ 0.01

End of experimental period 7.23 = 0.02% 7.33 = 0.017%
HCO; (mmol/L)

Baseline 200=*x 1.2 198+ 13

End of experimental period 7.8 +0.6% 14.2 = 1.9*
BE (mmol/L)

Baseline —4.7*0.5 —44*+12

End of experimental period —17.4 = 1.0 —10.1 = 1.8F
pCO, (mm Hg)

Baseline 326+ 13 347 22

End of experimental period 202 = 1.4% 30.0 = 2.97
pO, (mm Hg)

Baseline 84.0 =54 83.1 =46

End of experimental period 137.8 + 5.8% 130.7 = 3.4%
Epinephrine (ng/mL)

Baseline 0.012 = 0.003 0.010 £ 0.001

End of experimental period 4.748 * 1.106" 1.884 + 0.353*%
Norepinephrine (ng/mL)
0.067 = 0.012

0.683 = 0.110%

0.066 = 0.007
0.277 = 0.113*

Baseline
End of experimental period

Values are mean = SE.

*P < 0.05 for CPZ versus control group.

TP < 0.01 for CPZ versus control group.

P < 0.05 versus baseline.

8P < 0.01 versus baseline.

Baseline indicates before shock induction; HCO;, bicarbonate concentration; BE,
base excess.
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echolamines and Fos expression in the TH-containing
catecholaminergic neurons in the RVLM. These findings
suggest that catecholaminergic neurons in the brainstem,
known to be critical regulators of cardiovascular re-
sponses, may be activated by TRPV1 stimulation induced
by HS, which may, at least in part, be associated with the
lethal injury in this HS model.

Cardiovascular responses to HS are regulated by
both central and peripheral mechanisms, which include
neurohormonal mechanisms, such as the renin-angiotensin
system, arginine-vasopressin, and sympathetic nervous
systems.'® Recently, it has been reported that activation of
peripheral cannabinoid 1 receptors may contribute to the
pathogenesis of HS, and that this effect may be mediated
by the anandamide (AEA)."” AEA has been shown to be an
endogenous ligand for TRPV1.° Thus, it is likely that AEA
may be involved in the hemodynamic responses to HS through
TRPV1 activation.

In the present study, we used CPZ as a widely used
competitive antagonist of TRPV1, and this agent has also
previously been used in rat ischemia reperfusion and endo-
toxic shock models.?° Iodo-resiniferatoxin, (I-RTX) has re-
cently been shown to be a high-affinity antagonist of
TRPV1.?! However, in some subsequent studies, it has also
been shown to have agonistic activity in some doses** and
have limited utility for behavioral study.?® Accordingly, we
used CPZ as the TRPV1 antagonist despite its only modest
affinity for TRPV1. In addition, CPZ may also have nonspe-
cific actions in addition to its effects on the TRPV1, such as
on ion-channels.”* Further studies must be conducted to
investigate the specificity of TRPV1 ligands to determine the
physiological roles of TRPVI.

We observed a decrease of the arterial pH and pCO,,
serum HCO;, and BE, and an increase in the arterial pO,
at time 120 minutes in the control group, which is consis-
tent with a previous report.”> And the arterial pO, in-
creased moderately as compared with the baseline values
in the control group, reflective of the hyperventilatory
response to compensate for the metabolic acidosis devel-
oping during HS, which is also corroborated by the sig-
nificant decrease in the arterial pCO, as compared with
that at the baseline (Table 1). On the other hand, no such
evidence of severe metabolic acidosis with hypocapnia
was observed in the CPZ group. In addition, the SBV after
treatment was significantly higher in the CPZ group as
compared with that in the control group (Fig. 2), which
appears to increase the circulating intravascular volume in
HS. In this context, CPZ may be therapeutically useful for
the prevention of circulatory disturbance and metabolic
acidosis, and the consequent complications of HS.

The plasma catecholamines levels in the CPZ group at
time 120 minutes were significantly lower as compared with
those in the control group, which is consistent with a previous
report.?® It has been shown that signals from the CSSN during
HS can evoke a massive discharge of epinephrine from the
adrenal medulla.’” A recent study has demonstrated that
neonatal capsaicin treatment (capsaicin-denervated rats) al-
most completely abolished TRPV 1 expression in the CSSN.®
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FIGURE 3. Representative photomi-
crographs of double-labeled neu-
rons for Fos and TH in the rostral
ventrolateral medulla (RVLM) in the
sham (A), control (B), and CPZ (C)
groups. Black arrows, Fos/TH dou-
ble-labeled neurons; white arrows,
Fos-immunoreactive neurons; ar-
rowheads, TH neurons. Effects of
CPZ on Fos expression in the TH
neurons in the RVLM (D). The re-
sults are expressed in terms of the
percentage of double-labeled neu-
rons for Fos and TH in the RVLM.
**P < 0.01 for CPZ group versus
control group. ***P < 0.001 for
sham group versus control group;
n = 7 in each group.

According to our preliminary data, capsaicin-denervated rats
did not show any significant increase, and indeed, had slightly
lower levels of the plasma catecholamines as compared with
those in the CPZ group at time 120 minutes. In addition, CPZ
administration also had no effect on the plasma catechol-
amine levels in capsaicin-denervated rats with HS (data not
shown). These results suggest that the massive release of
plasma catecholamines during HS may, in part, be mediated
by the TRPV1 expressed on the CSSN.

There are 2 sets of cardiovascular sensors, namely, the
arterial baroreceptors and receptors in the cardiopulmonary
region, whose inputs to the CNS are thought to play impor-
tant roles responses to acute blood loss.'®?° Most afferent
fibers from the cardiac receptors are unmyelinated C fibers,
those are selectively destroyed by neonatal capsaicin treat-
ment, and the destructed afferent fibers caused a significant
reduction of reflex increase in the serum epinephrine levels
following coronary occlusion.*® We speculate that HS-in-
duced activation of TRPV1 expressed on the CSSN may play
pivotal roles in relaying pressure and volume-related infor-
mation to the CNS. The RVLM is considered to be a major
efferent output center, including the regulation of sympa-
thetic activity and cardiovascular responses. The present
study was conducted to determine whether TRPV1 might be
involved in sympathetic neural activation in the RVLM
during HS. The functional neuroanatomic study of Fos ex-
pression showed that catecholaminergic neurons in the
RVLM were indeed activated following HS, and that CPZ
administration significantly blunted this neuronal activation
in the RVLM.
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A dramatic increase in the plasma epinephrine levels
during hypotension has been reported in both humans®'
and animals.” In rats, Pittet et al>* previously reported that
the development of HS was associated with a significant
increase in the plasma epinephrine levels over a period of
2 hours, which is consistent with our results. However,
species differences in the sympathoadrenal mechanisms
involved in the cardiovascular responses to prolonged HS
have been reported.'® Further studies are necessary to
determine the effects of CPZ, specifically in humans be-
fore this agent can be applied in the clinical setting. In this
study, we used rats anesthetized with pentobarbital, and
the effect of the drug lasted for more than 2 hours in both
the control and the CPZ groups. Anesthetics are known to
weaken sympathoadrenal responses and affect also the
cardiovascular responses to HS.?*>* Although our results
with respect to the cardiovascular parameters and of the
neuroanatomic study by Fos immunohistochemistry were
correlated well with each other, further studies using
conscious rat models are needed to exclude the effects of
anesthetic agents on the responses to HS.

The mechanisms underlying the protective effects of CPZ
during HS are still not clearly understood. The present experi-
ment focused mainly on the CNS mechanisms, although it may
not depend solely on central sympathetic nerve regulation. A
recent study has demonstrated that TRPV1 activation induces
the release of neurotransmitters, which may also mediate the
cardiovascular responses.®> Possible involvement of these
TRPVI1-induced neurotransmitters in the cardiovascular re-
sponses in HS needs to be clarified to investigate the integrated
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cardiovascular responses to HS. Nonetheless, our results do
provide important evidence to suggest that activation of TRPV1
may be involved in the regulation of cardiovascular responses to
potentially fatal HS, at least in part, by recruiting catecholamin-
ergic neurons in the RVLM.

Although the present study used an HS model with-
out resuscitation, CPZ administration during HS improved
the survival rates. In clinical practice, the preoperative
approach to hypotension in patients with trauma has in-
cluded prompt intravenous infusion of isotonic fluids. On
the other hand, a previous study has expressed concern that
intravenous infusion of fluids before the hemorrhage is
surgically controlled may be detrimental in the clinical
setting.>® The mechanisms underlying the detrimental ef-
fects of fluid administration in humans are difficult to
ascertain. Further studies are needed to evaluate the effect
of CPZ in HS using a rat model with resuscitation. None-
theless, our results suggest that CPZ may be a useful tool
for the treatment of patients with uncontrolled HS in such
situations as prehospital care.

CONCLUSION

The present study demonstrates that the TRPVI
antagonist, CPZ, improves the survival rates in animal
models of HS. CPZ attenuates both the increase in the
plasma catecholamines levels associated with activation of
the catecholaminergic neurons in the brainstem and the
severe metabolic acidosis in HS. These findings suggest
that activation of TRPV1 may be involved in the regulation
of the cardiovascular responses to HS, at least in part, by
engaging catecholaminergic neurons in the RVLM. Thus,
CPZ appears to offer a useful tool in the treatment of HS.
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