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Dexmedetomidine suppresses serum syndecan-1
elevation and improves survival in a rat hemorrhagic
shock model
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Abstract: Hemorrhagic shock causes vascular endothelial glycocalyx (EGCX) damage and systemic inflammation.
Dexmedetomidine (DEX) has anti-inflammatory and EGCX-protective effects, but its effect on hemorrhagic shock
has not been investigated. Therefore, we investigated whether DEX reduces inflammation and protects EGCX
during hemorrhagic shock. Anesthetized Sprague-Dawley rats were randomly assigned to five groups (n=7 per
group): no shock (SHAM), hemorrhagic shock (HS), hemorrhagic shock with DEX (HS+DEX), hemorrhagic shock
with DEX and the a7 nicotinic type acetylcholine receptor antagonist methyllycaconitine citrate (HS+DEX/MLA),
and hemorrhagic shock with MLA (HS+MLA). HS was induced by shedding blood to a mean blood pressure of
25-30 mmHg, which was maintained for 30 min, after which rats were resuscitated with Ringer’s lactate solution
at three times the bleeding volume. The survival rate was assessed up to 3 h after the start of fluid resuscitation.
Serum tumor necrosis factor-alpha (TNF-a) and syndecan-1 concentrations, and wet-to-dry ratio of the heart were
measured 90 min after the start of fluid resuscitation. The survival rate after 3 h was significantly higher in the
HS+DEX group than in the HS group. Serum TNF-a and syndecan-1 concentrations, and the wet-to-dry ratio of
heart were elevated by HS, but significantly decreased by DEX. These effects were antagonized by MLA. DEX
suppressed the inflammatory response and serum syndecan-1 elevation, and prolonged survival in rats with HS.
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Introduction

es vascular permeability [4]. Hyperpermeability
promotes edema, impairs tissue microcirculation, and

Hemorrhagic shock (HS) is the leading cause of un-
expected perioperative death in Japan [1]. This is a ma-
jor challenge for anesthesiologists who play a central
role in perioperative medicine. Even if temporary resus-
citation is achieved with appropriate fluid or blood trans-
fusion, multiple organ failure can subsequently occur,
resulting in a poor prognosis [2]. Systemic inflamma-
tory responses are known to be secondary to HS and
might make a major contribution to multiple organ fail-
ure after HS [2, 3]. During systemic inflammation, im-
paired vascular endothelial glycocalyx (EGCX) increas-

causes organ damage [5]. Intravital microscopy demon-
strated the shedding of EGCX during HS [6], and the
degradation of EGCX was reported to lead to poor sur-
vival [7, 8]. Therefore, the control of inflammation and
protection of EGCX may help prevent the progression
of multiple organ failure and reduce mortality [9]. Al-
though several drugs were previously reported to protect
EGCX [7, 8, 10], clinically sufficient therapeutics have
yet to be established.

Dexmedetomidine (DEX) is a sedative that acts on the
02 adrenergic receptor and is commonly used in inten-
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sive care units [11]. Recent studies reported that DEX
has anti-inflammatory effects mediated via cholinergic
anti-inflammatory pathways [12—-14]. In addition, we
reported that DEX protected glycocalyx in a rat heat
stroke model [15]. However, the effect of DEX on EGCX
in HS is still unknown.

We hypothesized that DEX protects against EGCX
injury after HS and examined whether its action was
related to the control of inflammation via the cholinergic
anti-inflammatory pathway.

Materials and Methods

Animal preparation

This study was approved by the Ethical Committee
for Animal Experiments and the Laboratory Animal Fa-
cility of Hamamatsu University School of Medicine
(2018039). Overall, 70 male Sprague-Dawley rats (aged
13—15 weeks old, weighing 380-430 g) were obtained
from Japan SLC, Inc. (Shizuoka, Japan). All rats were
acclimated to a 12/12-h light/dark cycle at a temperature
of 24°C and were provided free access to standard feed
and water at all times. After the induction of anesthesia
with isoflurane (Mylan, Tokyo, Japan), the rats under-
went a tracheotomy and were intubated with a 19-gauge
fluororesin catheter (Hakko Medical Device Division,
Nagano, Japan). The core body temperature of the rats
was measured using a rectal probe (BWT-100A; Bio
Research Center, Nagoya, Japan) and maintained at 37°C
with a heating lamp. A 24-gauge catheter (B Braun, Mel-
sungen, Germany) was inserted into the descending
aorta from the left femoral artery to measure the arterial
pressure and heart rate. A catheter (SP31; Natsume Sei-
sakusho, Tokyo, Japan) was placed into the right femo-
ral vein for drug administration. A 20-gauge catheter (B
Braun, Melsungen, Germany) was placed into the right
femoral artery for sampling, blood withdrawal, and
fluid resuscitation. After all catheters had been placed,
pentobarbital sodium (Nacalai Tesque, Inc., Kyoto, Ja-
pan) and remifentanil (Daiichi Sankyo, Tokyo, Japan)
were administered continuously at 20 mg/kg/h and 2 ug/
kg/min, respectively, to maintain anesthesia instead of
isoflurane. The rats were artificially ventilated (rate, 60/
min; tidal volume, 0.8 ml/100 g; FiO,, 21%; Shinano
Seisakusho, Tokyo, Japan) during the experiments. Mean
arterial pressure and heart rate were continuously re-
corded. Data were recorded on a data acquisition system
(PowerLab 8/30, Chart v5.5.6; ADInstruments, New
Zealand).

Hemorrhagic shock model
After stabilization, the rats were randomly divided
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into five groups: no shock (SHAM), hemorrhagic shock
(HS), hemorrhagic shock with dexmedetomidine
(HS+DEX), hemorrhagic shock with dexmedetomidine
and the a7nAChR antagonist methyllycaconitine citrate
(HS+DEX/MLA), and hemorrhagic shock with methyl-
lycaconitine (HS+MLA). HS was induced using the
fixed-pressure model as previously described with minor
modifications [16]. Blood was withdrawn over 5 min
until the mean arterial pressure (MAP) decreased to
25-30 mmHg and maintained at this level by further
blood withdrawal and reinfusion of shed blood for 30
min after reaching the target pressure. After the shock
phase, rats were resuscitated by the administration of
Ringer’s lactate solution at three volumes of the shed
blood at 2.5 ml/min. Additionally, DEX was adminis-
tered at 5 ug/kg/h from the start of blood withdrawal in
the HS+DEX group, whereas MLA (5 mg/kg for ex-
periment 1; 10 mg/kg for experiment 2) was adminis-
tered intraperitoneally 15 min prior to blood withdraw-
al in the HS+DEX/MLA group. In the HS+MLA group,
the treatment was identical to that in the HS group, ex-
cept that MLA was administered intraperitoneally 15
min prior to blood withdrawal. Rats in the SHAM group
underwent all of the surgical procedures that the other
groups underwent. The experimental protocols are shown
in Fig. 1. All surviving rats were sacrificed by exsangui-
nation under anesthesia.

Experiment 1: Survival time analysis (n=7 per group)

The end of the experiment was defined when the MAP
decreased to <10 mmHg. The time from the beginning
of fluid resuscitation to the end of the experiment and
survival rates for 180 min from the beginning of fluid
resuscitation were measured. An arterial blood sample
was collected for the measurement of PaO,, PaCO,, and
hemoglobin (Hb) concentration at the start of blood
withdrawal (ABL90 FLEX; Radiometer Medical ApS,
Brenshgj, Denmark), and the shed blood volume was
recorded.

Experiment 2: Blood analysis and wet-to-dry ratio
of hearts (n=7 per group)

Ninety minutes after the beginning of fluid resuscita-
tion, an arterial blood sample was collected for the mea-
surement of PaO,, PaCO,, and hemoglobin concentra-
tion, and then thoracotomy for blood sampling from the
right atrium was performed. Plasma concentrations of
syndecan-1 (Cloud-Clone Corp., Katy, TX, USA) and
TNF-a (R&D Systems, Inc., Minneapolis, MN, USA)
were measured with an ELISA kit, in accordance with
the manufacturer’s instruction. Next, PBS was adminis-
tered from the left ventricle for 2 min, and the heart was
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Fig. 1. Experimental protocol of hemorrhagic shock and fluid resuscitation. DEX, dexmedetomidine; MLA, methyl-
lycaconitine; MAP, mean arterial pressure; LR, Ringer’s lactate solution; TNF-a, tumor necrosis factor-

alpha; W/D, wet-to-dry ratio.

excised and immediately weighed. It was then dried in
a 50°C oven for 72 h and reweighed, and the wet-to-dry
ratio was calculated. We chose the heart for evaluating
organ edema because it is sensitive to edema and has a
greater influence on functional impairment [17].

Statistical analysis

Data are expressed as the mean + SD. The means of
each group were compared by one-way analysis of vari-
ance (ANOVA). If there was a significant difference in
the overall comparison of the groups, comparisons be-
tween two groups were performed by the Holm test.
Survival rates were evaluated by Kaplan-Meier analysis
and log rank test. P-values <0.05 were considered sta-
tistically significant. All statistical analyses were per-
formed using the R statistical package (version 4.0.2, R
Foundation for Statistical Computing).

Experiment 1

There were no significant differences in body weight,
baseline PaO,, PaCO,, Hb concentration, or shed blood
volume among the experimental groups. In addition, no
significant difference in MAP was found among the
groups that underwent HS, except at 30 min after resus-
citation (HS+DEX vs. HS+MLA, P=0.002) (Fig. 2a).
The heart rate of the rats in some groups administered
DEX was lower than that in groups not administered it
at several timepoints (Fig. 2b). A higher 180-min sur-
vival rate was observed in the SHAM and HS+DEX
groups (100%) than in the HS group (0%, P=0.0014),
the HS+DEX/MLA group (14.3%, P=0.0133), or the

HS+MLA group (14.3%, P=0.0137) (Fig. 3). There were
no differences in survival among the HS, HS+DEX/
MLA, and HS+MLA groups.

Experiment 2

There were no significant differences in the PaO, and
PaCO, 90 min after fluid resuscitation, but the Hb con-
centration was significantly lower in the HS+DEX group
(8.5 £ 0.9 g/dL) than in the HS (10.6 £ 0.9, P=0.005),
HS+DEX/MLA (10.6 + 1.6, P=0.023), and HS+MLA
(10.8 £ 0.9, P=0.004) groups (Table 1). The shed blood
volumes were similar among all experimental groups.

For biomarkers, the serum syndecan-1 level was 2.2
+ 0.5 ng/ml in the SHAM group, 10.5 + 4.0 ng/ml in the
HS group, 2.4 + 0.1 ng/ml in the HS+DEX group, 8.5 +
3.1 ng/ml in the HS+DEX/MLA group, and 10.3 + 2.9
ng/ml in the HS+MLA group. The HS group showed
higher syndecan-1 levels than the SHAM group
(P<0.001) and the HS+DEX group (P<0.001). The
HS+DEX/MLA group also showed higher syndecan-1
levels than the SHAM group (P=0.001) and the HS+DEX
group (P=0.002). There were no differences in the serum
syndecan-1 levels among the HS, HS+DEX/MLA, and
HS+MLA groups, or between the SHAM and HS+DEX
groups (Fig. 4a).

Similarly, the serum TNF-a level was 12.3 = 6.7 pg/
ml in the SHAM group, 153.0 + 30.0 pg/ml in the HS
group, 39.3 + 24.8 pg/ml in the HS+DEX group, 202.0
+ 81.2 pg/ml in the HS+DEX/MLA group, and 183.1 £
88.3 in the HS+MLA group. The HS group showed
higher TNF-a levels than the SHAM group (P<0.001)
and the HS+DEX group (P=0.007). The HS+DEX/MLA
group also showed higher TNF-a levels than the SHAM
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Fig. 2. Time course of hemodynamic parameters after resuscitation. a Mean arterial pressure. b Heart rate. The
error bars represent the standard deviation of the mean. SHAM, no shock; HS, hemorrhagic shock; HS+DEX,
hemorrhagic shock with dexmedetomidine; HS+DEX/MLA, hemorrhagic shock with dexmedetomidine and
methyllycaconitine citrate; HS+MLA, hemorrhagic shock with methyllycaconitine citrate. *P<0.05:
HS+MLA vs. HS+DEX. #P<0.05: HS vs. HS+DEX/MLA. 1P<0.05: HS+MLA vs. HS+DEX/MLA. §P<0.05:
HS vs. HS+DEX.
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Fig. 3. Kaplan—Meier survival curves. SHAM, no shock; HS, hemorrhagic shock;
HS+DEX, hemorrhagic shock with dexmedetomidine; HS+DEX/MLA,
hemorrhagic shock with dexmedetomidine and methyllycaconitine citrate;
HS+MLA, hemorrhagic shock with methyllycaconitine citrate.

Table 1 Results of blood gas analysis and wet to dry ratio 90 minutes after fluid resuscitation, and amount of bleeding

Item SHAM HS HS+DEX HS+DEX/MLA  HS+MLA P

Body weight (g) 407+ 12 41417 409+ 15 406+ 15 412+ 14 0.977
Shed blood volume (ml) 9.5+0.3 9.2%0.5 9.4+0.5 9.5+0.6 0.958
Pa0, (mmHg) 89.4+7.2 88.9+9.5 967456  90.5+102 92372 0.259
PaCO, (mmHg) 37340  345+£35 30.4+2.3 319456  345+37 0.333
Hemoglobin (g/dL) 134403 108409  88+07°  104=16 10.8+0.8* <0.001
wet to dry ratio 47+02 54£04  47+03 52402 53+03%  <0.001

Data are expressed as mean+standard deviation. P values were calculated from ANOVA followed by the Holm post hoc test.
SHAM no shock, HS hemorrhagic shock, HS+DEX hemorrhagic shock with dexmedetomidine, HS+DEX/MLA hemorrhagic
shock with dexmedetomidine and methyllycaconitine citrate, HS+MLA hemorrhagic shock with methyllycaconitine citrate.
2p<0.01 vs. SHAM. P<0.01 vs. HS+DEX. °P<0.05 vs. HS+DEX.
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Fig. 4. a Serum concentration of syndecan-1. b Serum concentration of TNFa. SHAM, no shock; HS, hemor-
rhagic shock; HS+DEX, hemorrhagic shock with dexmedetomidine; HS+DEX/MLA, hemorrhagic shock
with dexmedetomidine and methyllycaconitine citrate; HS+MLA, hemorrhagic shock with methyllycacon-
itine citrate; TNF-o, tumor necrosis factor-alpha. 2P<0.01 vs. SHAM. ®P<0.01 vs. HS+DEX.

group (P<0.001) and the HS+DEX group (P<0.001).
There were no differences in the serum TNF-a levels
among the HS, HS+DEX/MLA, and HS+MLA groups,
or between the SHAM and HS+DEX groups (Fig. 4b).

The wet-to-dry ratios of hearts in the HS, HS+DEX/
MLA, and HS+MLA groups were significantly higher
than those in the SHAM and HS+DEX groups, indicat-
ing increased cardiac muscle edema (Table 1).

This study showed that DEX suppressed the elevation
of serum TNF-o and syndecan-1 levels in a rat HS
model. In addition, myocardial edema was decreased,
and survival time was prolonged. These protective effects
were antagonized by administration of the a7 nicotinic
type acetylcholine receptor antagonist methyllycaconi-
tine. To the best of our knowledge, this is the first study
to show that DEX suppresses serum syndecan-1 eleva-
tion in HS.

A DEX dose of 5 ug/kg/h used in rats is equivalent to
a human dose of 0.8 #g/kg/h based on body surface arca
[18], which is similar to the daily clinical dose. It is thus
expected that similar results of DEX for HS will be ob-
tained in clinical practice.

EGCX on the luminal surface of vascular endothelial
cells was reported to contribute to the permeability bar-
rier formed by the vessel wall [4, 19]. Syndecan-1 re-
leased into the bloodstream during EGCX shedding is a
major component of EGCX and a sensitive marker of
vascular endothelial damage [9]. It was reported that an
increase in syndecan-1 was associated with increased
vascular permeability in trauma patients [20], and endo-

thelial dysfunction and vascular permeability have been
associated with increased morbidity and mortality [21].
EGCX is injured by inflammatory cytokines, especially
TNF-a, which rapidly activates heparinase and damages
EGCX [9, 22].

In our experiments, the HS group had higher TNFa,
syndecan-1, and Hb levels than the SHAM group. This
suggests that the infused fluid likely extravasated to the
interstitium making it difficult to maintain the blood
volume because of damage to EGCX associated with the
inflammatory response. The water content of the heart
increased after HS and fluid resuscitation in our experi-
ments, which is considered to have caused myocardial
edema related to increased vascular permeability associ-
ated with EGCX injury. Indeed, a microscopy study
demonstrated that the experimental removal of EGCX
by treatment with hyaluronidase increased the permea-
bility of myocardial microvessels leading to an increased
interstitial space in the myocardium [23]. The heart is
highly sensitive to increases in microvascular permeabil-
ity and the accumulation of myocardial edema. A slight
increase in interstitial fluid volume can significantly
impair cardiac function [17]. Moreover, because the
cardiac function deteriorated by edema is not easily im-
proved [17], vascular hyperpermeability in the heart has
great pathological significance. To summarize, syn-
decan-1 elevation associated with EGCX injury might
increase vascular permeability, reduce circulating blood
volume, and decrease cardiac function related to myo-
cardial edema, leading to a poor survival rate.

However, the increases in serum TNF-o and syn-
decan-1 levels and the wet-to-dry ratio of hearts were
suppressed in the DEX group. This suggests that the
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suppression of excessive inflammation retained EGCX,
reduced vascular hyperpermeability, and led to better
survival. Previously, we reported that DEX protected
EGCX and improved survival in a rat heat stroke model
[15]. A similar effect was observed in the current study,
using a rat HS model, and we showed that this was re-
lated to an anti-inflammatory mechanism.

Previous studies revealed that DEX suppresses inflam-
matory cytokines [24, 25], and that the cholinergic anti-
inflammatory pathway mediated by efferent vagal nerve
activation plays a critical role in the regulation of inflam-
mation [12—14]. Vagal nerve activation stimulates the
a7 nicotinic acetylcholine receptor on spleen macro-
phages via the splenic nerve, and suppresses the release
of the pro-inflammatory cytokine TNF-a [26]. However,
excessive inflammation suppressed vagal nerve activity
[27] and significantly reduced cholinergic anti-inflam-
matory effects [28]. DEX increased the activity of the
cervical vagal nerve and improved survival in a mouse
sepsis model by inhibiting the release of inflammatory
cytokines [12]. In the current study, pretreatment with
MLA, a specific antagonist of the a7 nicotinic acetyl-
choline receptor, attenuated the anti-inflammatory effect,
suppressed serum syndecan-1 elevation, and reduced
edema, which suggests that these effects were mediated
via the cholinergic anti-inflammatory pathway, support-
ing the results of previous studies.

Our study had some limitations. First, we administered
DEX at the same time as starting blood removal in this
experimental protocol. However, DEX has hemody-
namic effects including bradycardia and hypotension,
even at the clinical dose used [29]. The administration
of DEX in situations of ongoing bleeding may promote
hypotension. However, in studies in which DEX was
administered before and after the onset of ischemia—re-
perfusion, it was effective before the onset but not after
it [30-32]. Further examination of the timing of DEX
administration is required to achieve optimal efficacy
and safety. Second, we used the serum concentration of
syndecan-1 as a marker of glycocalyx damage, and did
not directly observe the degradation of EGCX. Previous
reports showed that the degree of EGCX damage mea-
sured by electron microscopy correlated with the serum
syndecan-1 concentration [7, 33]. We assume that syn-
decan-1 level is one of the markers suitable for reflecting
glycocalyx damage.

In conclusion, DEX suppressed the inflammatory re-
sponse and serum syndecan-1 level in a rat HS model.
DEX also reduced vascular hyperpermeability, prevent-
ed myocardial edema, and prolonged survival. These
effects were antagonized by MLA, suggesting that the
cholinergic anti-inflammatory pathway is involved in the
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protective effects of DEX.
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