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Regional hypothermia attenuates ")
secondary-injury caused by time-out
application of tourniquets following limb
fragments injury combined with

hemorrhagic shock
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Abstract

Background: Tourniquet is the most widely used and effective first-aid equipment for controlling hemorrhage of
injured limb in battlefield. However, time-out application of tourniquets leads to ischemic-necrosis of skeletal
muscles and ischemia-reperfusion injury. Regional hypothermia (RH) on wounded limb can relieve the injury on
local tissue and distant organs. We aimed to investigate the protective effects of RH on rabbits' limbs injured by a
steel-ball combined with hemorrhagic-shock, and then employed tourniquet over-time, tried to identify the optimal
treatment RH.

Methods: Thirty rabbits were randomly divided into 5 groups. All rabbits were anesthetized, intubated femoral
artery and vein in right-hind limbs. Sham operation group (Sham): only femoral arteriovenous cannula in right-hind
limb. None RH group (NRH): rabbits were intubated as Sham group, then the soft tissues of rabbits' left-hinds were
injured by a steel-ball shooting, and were exsanguinated until shock, then bundled with rubber tourniquets for 4 h.
Three RH subgroups: rabbits were injured as mentioned above, the injured limbs were bundled with rubber
tourniquets and treated with different temperature (5+1°C, 10+ 1°C, and 20 + 1 °C, respectively) for 4 h. The injury
severity of lung and regional muscle was assessed by histologic examination. Activity of adenosine triphosphatase
(ATPase) and content of malondialdehyde (MDA) in muscle, inflammatory cytokines, myoglobin, creatine kinase-MM
(CK-MM), Heme, Heme oxygenase 1 (HO-1), lactic acid (Lac), and lectrolyte ion in serum were detected.

Results: Following with RH treatment, the injury of lung and local muscle tissue was alleviated evidencing by
mitigation of histopathological changes, significant decrease of water-content and MDA content, and increase of
ATPase activity. Lower level of Lac, Potassium (K*), inflammatory cytokines, Heme, CK-MM, myoglobin content, and
higher level of Calcium (Ca**), HO-1 content were shown in RH treatment. 10 °C was the most effective RH to
increase ATPase activity, and decrease MDA, myoglobin, CK-MM content.

Conclusion: Transient RH (4 h) had a “long-term mitigation effects” (continued for 6 h) on time-out application of
tourniquet with the fluid resuscitation and core temperature maintenance, and the most effective temperature for
reducing the side effects on tourniquet time-out application was 10 °C.
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Background

The incidence of limb injuries has increased greatly in
modern war, due to the extensive use of explosive
weapon. Limb injuries are also common in terrorist
attacks, accidents, and other civilian trauma in daily
life. According to the reports, the incidence of injuries
to the limbs is much higher (up to 60-70%) than to
the other parts of the body, and the percentage of cas-
ualties killed in action as a result of exsanguinating
hemorrhage of limbs is about 10% [1-3]. The most
commonly and also the most effective pre-hospital
cared equipment for limb hemostasis was tourniquet
[4]. However, the tourniquet application is limited by
application-duration and application-occasion. The
best time for tourniquet application is before the in-
jured person undergoing hemorrhagic shock, and the
safety-time-limit of employing tourniquet is no more
than 2h [5]. The survival analysis of America Army
Iraq battlefield demonstrated that using tourniquet to
the wounded who had already hemorrhagic shock, the
survival rate was only 4% of which using tourniquet
before hemorrhagic shock [6]. Side effects such as ir-
reversible injury in muscles and nerves, faster pro-
gresses in tissue necrosis are presented in the
wounded person who is applied tourniquet out of the
safety-limit-time [7-9]. As well as skeletal muscle de-
generation, rhabdomyolysis, and release of myoglobin
and other toxic substances caused by time-out appli-
cation of tourniquets on limb which injured by frag-
ments and combined with hemorrhagic shock are
important causes of injury to organs such as kidney,
lung, and liver [10, 11]. Moreover, once removing
tourniquet, damage cascade effects emerge, such as in-
jury of limb and complications of distant organ were ag-
gravated due to reperfusion of limb. Because of the high
rate of hemorrhagic shock and traumatic shock in war-
wounds or civil injuries, accompanied with bad environ-
ment (such as backcountry or battlefield) and limited
medical supports, it is very difficult to escort the wounded
person to the effective treatment location in limited time.
Therefore, it is urgent to improve the application-time of
tourniquet.

Previous reports indicated that hypothermia could
decrease oxygen consumption and reduce tissue me-
tabolism, and has been applied in many clinical sur-
geries [12, 13] (such as cardiac arrest [14], brain
Injury [15], and acute lung injury [10]). Hypothermia
has also been proven to attenuate complications
caused by ischemia reperfusion [16, 17]. It is demon-
strated that regional hypothermia (RH) could signifi-
cantly improve the protective effects on both local
tissue and distant organ in injured tissues [18, 19].
Interestingly, effective alleviation on distant organs
(hepatic, renal and lung) injury was detected when
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treated with RH (the temperature of regional trau-
matic muscle was 15-20°C) on blast injured limb [10,
11]. Therefore, we speculated that appropriate RH
also could be employed in injured limbs, and mitigate
complications which were caused by time-out applica-
tion of tourniquet.

As rabbit has moderate physique, and the hind limb
skeletal muscle tissue of rabbit is abundant, many
studies used the hind limbs of rabbits as the object of
study on the safety time limit of tourniquets [20, 21].
Moreover, a number of literatures have also used rabbits
as experimental animals to study the characteristics
and mechanisms of hemorrhagic shock and ischemia-
reperfusion [22-24]. In this study, limb fragment-
penetrating trauma for time-out application of tourniquet
on rabbit limb was created, with fragment injury
combined hemorrhagic shock characteristics, which could
simulate of the injured limbs on the battlefield or other
civilian trauma accident, and the effect of regional
hypothermia in relieving lung injury when using a limb
tourniquet over-time were studied. Besides, different
temperatures were employed to investigate the most
effective RH.

Methods

Animal experiments

The animal experiments were approved by the Ethic
Committee of Third Military Medical University and per-
formed in accordance with guidelines of Ethics
Committee for Animal Experiments. New Zealand white
rabbits (2.0-2.5kg) of both sexes were housed for 12h
under light-dark conditions with free access to water and
standard laboratory chow. After 12h fasting prior to
trauma, all the experimental rabbits were anesthetized
with 3% pentobarbital (30 mg/kg of body weight), and di-
vided into 5 groups randomly (# = 6 per group), and fem-
oral arteriovenous cannula in right hind limbs were
performed for infusion and blood collection. Then the
rabbits’ left-hind limbs were shot with a 0.25 g steel-ball
from a 7.62 mm smooth-bore rifle (the impacting velocity
of the steel bull was about 550 m/s) at middle and lower
sections of thighs where muscle is rich, avoiding injury to
the femoral arteries and femur. The injured rabbits were
exsanguinated to shock and the mean artery pressure
(MAP) was 45 +5mmHg. Then the injured limbs were
bundled with rubber tourniquets for 4 h (distal arterial ar-
tery fluctuations disappearance on injured limbs were de-
tected by ultrasound.). After removal of the tourniquets,
the animals were monitored for 6 h until the end of the
experiment. Blood transfusion and fluid (Sodium Lactate
Ringer’s injection) infusion therapy were taken to all ex-
perimental rabbits 1 h after injury for rising MAP to 70 +
5 mmHg, and the core temperature of rabbits were main-
tained at normal level (normal rabbit body temperature
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was 38.0-39.0 °C), which were rewarmed by infrared radi-
ation heating. At the end of experiment, all the rabbits
were euthanized by general anesthesia. The experiment
procedure was shown in Fig. 1.

Sham operation group (Sham group): only femoral
arteriovenous cannula in right hind limb for blank con-
trol. None regional hypothermia group (NRH group):
the injured limbs were bundled with rubber tourniquets
for 4h. After removal of the tourniquets, the animals
were monitored for 6 h until the end of the experiment.
Three RH subgroups: the wounded limbs were bundled
with rubber tourniquets and at the same time imple-
mented RH for 4 h, the RH of muscle on injured limbs
were maintained at 5+1°C, 10+1°C and 20+ 1°C re-
spectively by a Low Temperature Cycler (HX-08, Jiangsu
Tianling Instrument. Jiangsu, China), from which differ-
ent temperature of coolant was circulated through a
rubber conduit, and then reduced the local temperature
of the injured muscle. A needlelike thermometer was
inserted into the muscle tissue to monitor temperature
(Fig. 2). After removal of the tourniquets and RH, the
animals were monitored for 6h until the end of the
experiment.
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Related vital signs monitoring and arterial blood gas
analysis

Arterial blood pressure, anus temperature, breathing,
and heart rate were monitored with Power Lab Monitor
(PHILIPS sure signs VMS8, Amsterdam, Netherlands)
throughout the experiments. Arterial blood was sampled
for blood gas analysis via a portable blood gas analyzer
(Abbott Company. Chicago, USA) at the time point:
before injury (To), and 2-h (T,), 4-h (T,), 6-h (T3) after
removing the tourniquet.

Blood and tissue sampling detection

Arterial blood was sampled at the time point mentioned
above for collecting serum and detecting inflammatory
cytokines (TNF-a, IL-2, IL-6), myoglobin, creatine
kinase-MM (CK-MM), Heme, and Heme oxygenase 1
(HO-1). The specific method referred to the manual of
relevant Elisa kits (Xitang Biological Technology, Shanghai,
China).

At the end of experiment, all the rabbits were eutha-
nized by general anesthesia. Skeletal muscle of injured
limb and lower lobe of right lung were sampled and
divided into three parts: one was used for determining
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Fig. 1 Experimental protocols. All rabbits were anesthetized, intubated femoral artery and vein in right-hind limbs. The soft tissues of rabbits’ left-
hinds were injured by a steel-ball shooting, and were exsanguinated until shock, then bundled with rubber tourniquets and treated with different
temperature (5+1°C, 10+ 1°C and 20 + 1 °C, respectively) for 4 h. Then animals were monitored for 6 h until the end of the experiment
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tissue water content, one was fixed with 4% paraformal-
dehyde for executing histologic examination, and one
was stored in liquid nitrogen for western blot or Elisa
determination.

Lung and muscle water content determination

The samples of lung and muscle were completely dehy-
drated for 72 h in an oven at 60 °C. The lung and muscle
weight was measured before and after dehydration, and
the water content was calculated with the formula (wet
/dry weight).

Histologic examination and immunohistochemistry

The samples of lung and muscle were fixed in 4% parafor-
maldehyde for at least 48 h, then embedded in paraffin
wax, sectioned into slices with 5-pum thickness, stained
with hematoxylin and eosin, and finally examined with
microscope. The traumatic lung histopathological changes
including infiltration of the inflammatory cells, lung
edema, hemorrhage and pulmonary architecture were
evaluated. The severity of acute lung injury (ALI) was
scored according to categorical degree scoring injury from
0 (minimal or no damage) to 4 (severe damage) as
described previously [25, 26], and the mean score of 5

random areas in each section per animal was used for data
analysis.

Immunohistochemistry staining for detection of HO-1
was performed as the instruction manual (Maixin Bio-
logicals, Fuzhou, China). In brief, the slides were
cleared of paraffin and subjected to antigen retrieval,
then quenched of endogenous peroxidase activity with
endogenous peroxidase blocker, the primary antibody
rabbit anti- HO-1 (Novus Biologicals, Colorado, USA)
was employed under 4°C for overnight. The second-
ary antibody (Abcam, Cambridge, UK) was recognized
using a horseradish peroxidase-conjugated goat anti-
rabbit/IgG and a DAB kit (Beyotime Biotechnology,
Shanghai, China). The images were observed using
Olympus microscope BX50.

Western blot and tissue Elisa

Both lungs and muscles were stored in liquid nitrogen.
The muscles were grinded with liquid nitrogen to collect
tissue homogenate for detecting the concentration of
malondialdehyde (MDA) and adenosine triphosphatase
(ATPase) activity via Elisa, and the specific method
referred to the manual of relevant Elisa kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).
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The samples of lung were also grinded with liquid
nitrogen to extract protein for detecting HO-1 via west-
ern bolt. The total protein for western blot was obtained
following the manufacturer’s instructions of the total
protein extraction kit (Key GEN Bio TECH. Jiangsu,
China). Equal amounts of protein samples (about 50 pg)
were separated on 10% sodium do decyl sulfate (SDS)-
polyacrylamide gels and electrophoretic ally transferred
to PVDF membranes. Following blocking with 5% non-
fat milk at room temperature for 2 h, membranes were
incubated with the primary antibody dilution of (HO-1
1:1000, Tubulin 1:3500) overnight at 4 °C and then incu-
bated with a horseradish peroxidase-conjugated second-
ary antibody (1:10000) for 2h at room temperature.
Specific immune complexes were detected using Immo-
bionTM Western Chemiluminescent HRP Substrate
(Millipore, MA, USA). The band’s density was also
quantified using Image-] (National Institutes of Health,
MD, USA). The optical density of each protein was
normalized to tubulin.
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Statistical analysis

The data were presented as mean + SD (standard devi-
ation), unless indicated otherwise, and the data were
analyzed using analysis of variance followed by SPSS
software version 23 (IBM Corporation, NY, USA) and
Tukey comparison (Graph pad software Inc., La Jolla,
CA). p <0.05 was considered to be statistical significant.

Results

In this study, limb fragment injury combined with
hemorrhagic shock and employed tourniquet was gener-
ated, which simulated the injured limbs on battlefield or
clinical emergency accident. The anal temperatures of
all experimental rabbits were kept at normal ranges
throughout the experiment (Data were shown in
Additional file 1: Table S1) to avoid trauma “triad of
death”, which describes the combination of acidosis, coag-
ulopathy, and hypothermia, can cause death of the patient.
The results indicated that with the fluid resuscitation and
core temperature maintenance, the experimental rabbits
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Fig. 3 The effects of RH on lung and regional muscle histopathology. a. Histopathology changes of the lung and regional injured muscle
following different RH treatment. Representative microphotographs (H&E, 20x) were taken from the Sham, NRH, RH5°C, RH10°C and RH20°C,
respectively. b. Histopathological scoring data of lung injury. ¢. Lung water content was represented by wet weight/dry weight. d. Muscle water
content was represented by wet weight/dry weight. Notes: Data are mean + SD (n = 6). Sham: Sham group. NRH: None Regional hypothermia.
RH5: Regional hypothermia 5 °C. RH10: Regional hypothermia 10 °C. RH20: Regional hypothermia 20 °C. *p < 0.05 vs. Sham, #p < 0.05 vs. NRH
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could survive for more than 10h after subjecting to
hemorrhagic shock on limbs and then treating with tour-
niquet for 4 h.

The effects of RH on lung and local muscle
histopathology
The histological structure of lung and injured muscle
was shown in Fig. 3a. In contrast to the blank control
group (Sham group), different degrees of alveolar struc-
tural damage were detected both in NRH and RH
groups. Lung histological changes including congestion,
hemorrhage, alveolar wall thickening, and inflammatory
cells were significantly attenuated in RH groups com-
pared with that in NRH group, and scores of the Smith
Semi Micro Quantitative Analysis were decreased in RH
groups compared with NRH group (#p < 0.05) (Fig. 3b).
Local muscle was edema and deformation, muscle gap
was obviously widened, and the structure of myofibril
was unclear in NRH group. Different degrees of edema
were found in muscle fiber among the three RH groups,
while the RH10 group was the lightest.

Lung wet/dry weight ratio significantly increased in
the NRH and RH groups compared with that of sham
group. Moreover, the values of three RH groups all
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decreased compared with that of NRH group (#p < 0.05)
(Fig. 3c). Similar results were detected in muscle wet/dry
weight ratio (#p < 0.05) (Fig. 3d). All these results dem-
onstrated that RH could attenuate the lung and local
muscle injures of rabbits, whose limbs were experienced
a steel-ball penetrating injury combined with hemorrhagic
shock and applied with tourniquet, the effects of RH10
group were most prominent.

Physiologic variables

In order to simulate fragment injury combined with
hemorrhagic shock, each of the experimental rabbits ex-
cept sham group were shot by a steel-ball, and then
exsanguinated to shock (MAP was 45 + 5 mmHg). Blood
transfusion and fluid infusion therapy were implemented
1h after injury. Anal temperature and heart rate of all
rabbits were kept at normal ranges throughout the
experiments. After removing tourniquet, the breath rate
of NRH group increased significantly (#p <0.05) com-
pared with Sham and RH groups, however the MAP in
NRH group was significantly lower (#p<0.05) than
Sham and RH groups (Data were shown in Additional
file 1: Table S1).
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Blood gas analysis of arterial blood

Arterial blood sample of rabbits in all groups were col-
lected at the time before injury (T), and after removing
the tourniquet (T;, T, T3) to analyze blood gas. The
pH, Sa0,, HCO;3~, and PaCO, of all rabbits were kept at
normal ranges throughout the experiment (Data were
shown in Additional file 1: Table S1).

The electrolyte in arterial blood was also detected.
Compared with sham group, the K" concentration of
NRH and RH groups was significantly elevated (*p <
0.05) after removing tourniquet, and then the concentra-
tion of K* in RH groups was significantly lower than that
of NRH group (#p <0.05) (Fig. 4a). Similar effects were
presented in detection of Ca®* concentration. Compared
with sham group, the Ca®* concentration of NRH and
RH groups was significantly decreased (*p <0.05) after
removing tourniquet, and then the concentration of
Ca®" in RH groups was significantly higher than that
of NRH group (#p<0.05) (Fig. 4b). The results of
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Na® concentration displayed no statistical difference
among all groups (Fig. 4c). Compared with sham
group, the value of Lac in NRH and RH groups was
significantly elevated (*p <0.05) after removing tourni-
quet. However, the value of Lac in all RH groups was
significantly lower than that of NRH group (#p <0.05)
(Fig. 4d). All those results demonstrated that RH
could reduce the amount of lactic acid, mitigate the
symptom of serum hyper-kalemia and hypo-calcemia
induced by applying of tourniquet. Among the three
RH groups, the effects of RH10 group were the most
prominent.

Change of ATPase activity, MDA in regional muscle and
inflammatory cytokines in serum

The ATPase activity in regional muscle significantly
decreased (*p <0.05) in NRH and RH groups compared
with sham group. However, the RH group was signifi-
cantly higher than NRH group (#p < 0.05), what’s more,
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Fig. 5 Change of ATPase activity, MDA in regional muscle and inflammatory cytokines in serum. a. ATPase activity of muscle. b. MDA content in
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RH10 group and the other two RH groups also had
significant differences (&p <0.05) (Fig. 5a). The change
of MDA content in regional muscle showed opposite
trend compared with that of ATPase activity. The MDA
content significantly increased (*p <0.05) in NRH and
RH groups compared with sham group, among which
the RH groups was lower than that of NRH group (#p <
0.05), especially, the RH10 group showed significant
differences (&p < 0.05) compared with the other two RH
groups (Fig. 5b).

The concentration of inflammatory cytokines (IL-2,
IL-6, TNF-a) was detected in serum (Fig. 5c-e). The
three inflammatory factors’ content showed no statistical
significance among all groups before injuring (T,). After
removing tourniquet (T, Ty, T3), all the three inflamma-
tory cytokines significantly elevated except sham group,
but the values in RH subgroups were found significantly
lower than that of NRH group (#p<0.05), the most
prominent group was RH10 group.

Change of myoglobin and CK-MM in serum

The concentration of myoglobin and CK-MM in serum
was kept at normal ranges in all groups before injury
(To) (Fig. 5f and g). However, the content obviously in-
creased (*p < 0.05) after removing tourniquet (T, Ty, T3)
expect sham group. While the myoglobin and CK-MM
content in RH groups were found significantly lower
(#p < 0.05) than that of NRH group, and the RH10 group
was the most prominent group. Among the three RH
subgroups, the most prominent was RH10 group, which
showed significant differences (&p <0.05) compared
with other two subgroups.

The effect of Heme and HO-1 on distant lung injury
The HO-1 was a catalyst in the degradation of Heme
[27], and Heme was one of the important mediators for
inducing lung injury [28]. In this study, both the HO-1
and Heme were detected in serum, moreover, HO-1 in
lungs was detected by western-bolt and immunohisto-
chemistry. The content of HO-1 and Heme in all groups
maintained at the same level before injury (Tp), but
increased significantly in the NRH and RH10 groups
after removing tourniquet (T;, T,, T3). Noteworthy, the
Heme value in RH10 group was significantly lower (#p <
0.05) than that of NRH group, and the HO-1 content in
RH10 group was significantly higher (#p <0.05) than
that of NRH group (Fig. 6a and b). HO-1 could reduce
total Heme content in injured rabbits, and also make
protection effects for lung of injured rabbits.
Immunohistochemistry of HO-1 in lung showed that
obviously positive signal was found in NRH and RH10
groups, especially in RH10 group, however weak signal was
found in sham group (Fig. 6¢). Thicker alveolar septum
was presented both in NRH and RH10 groups compared
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with sham group, especially in NRH group. Similar results
were verified in western-blot of HO-1. Compared with
sham group, the expression of HO-1 in NRH and RH10
groups was detected significantly elevated (*p < 0.05), and
HO-1 expression in RH10 group was significantly higher
than that of NRH group (#p < 0.05) (Fig. 6d). All these re-
sults revealed that RH could obviously attenuate oxidative
stress induced by applying of tourniquet.

Discussion

Limbs injuries are extremely common in war-wounds or
civil injuries. Tourniquet is considered as the first choice
for controlling bleeding in limb injury, however, as men-
tioned above, the tourniquet application is limited by
application-duration and application-occasion. Therefore,
in this study, in order to get a more realistic trauma simu-
lation to fragment injury combining with hemorrhage
shock in battlefield or civilian life, rabbits were exsangui-
nated from femoral artery after injuring the soft tissue,
due to the femoral artery has good elasticity and not easy
to fracture, and furthermore, the hemorrhage in femoral
artery is difficult to control once hitting.

RH had a “long-term mitigation effects” on time-out
application of tourniquet

According to the reports, limb injury combined with
hemorrhage shock is a leading cause of preventable
death on the battlefield, timely and correct use of tourni-
quet is a simple method to eliminate preventable death
[29]. However, inappropriate (time-out use or use after
hemorrhagic shock, or other improper operation) appli-
cation of tourniquets on casualty could lead to organ
injury, amputation, and even death [6].

Although hypothermia has been proposed in clinical
treatment [14], it is rarely reported in treatment of war
wounds or emergency surgery, controversial opinions
are still held because of “lethal triad” theory, which dem-
onstrate that hypothermia can aggravate acidosis and co-
agulopathy, then cause death of the patient [30, 31].
Previous study indicated that RH could attenuate pul-
monary injury after hepatic ischemia and reperfusion
[18, 19]. Furthermore, transient RH (15-20 °C) had been
applied in trauma rats’ muscle treatment, which were
subjected to blast injury, and protective effects were
shown both on local traumatic tissue and distant organ
injury [10, 11]. According to the literature, we specu-
lated whether analogous protective effects of RH were
also effective in limb fragment-penetrating trauma
combined hemorrhagic shock for timeout-application of
tourniquet.

In this study, three different gradients (5+1°C, 10+
1°C and 20 +1°C) of RH were employed on fragment
injured rabbit limb which was employed tourniquet for
4h, in the state of hemorrhagic shock. Compared with
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NRH group, mitigation effects of injury were demon-
strated in all three RH groups. The injury of local mus-
cles and distant-lungs were attenuated in RH groups,
histological structure presented less hemorrhage area in
RH groups compare with NRH, and the RH10 group
was the most effective (Fig. 3a). The K* and Ca®" are the
highest content of intracellular fluid cationic. When
body is experienced traumatic and hemorrhagic shock,
the increase of K* content and the decrease of Ca®* con-
tent in serum could cause cardiac arrest and failure of
cardiopulmonary resuscitation, which have potentially
life-threatening nature [32]. In this study, the significant
decrease of K* content and increase of Ca>* content in
serum were shown in RH groups compared with that of

NRH group (Fig. 4a and b). Studies have shown that
high content of inflammatory cytokines, CM- MM and
myoglobin in serum could lead to lung injury directly or
indirectly [33-35]. Myoglobin precipitation or accumu-
lation have been proposed to cause oxidant injury and
even to cause acute renal failure (ARF) after crush injur-
ies/reperfusion [36, 37]. In this study, the levels of
inflammatory cytokines (TNF-a, IL-6, IL-2), myoglobin
and CK-MM in serum all decreased in RH groups com-
pared with that of NRH group, and the most significant
decline group was RH10 group (Fig. 5¢c-g).

It was shown that different level of protective effects
was shown both on local traumatic muscle and distant-
lung injury in RH group after removing tourniquet for 6
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h. All of these indicated that transient RH (4h) had a
“long-term mitigation effects” (6 h) on time-out applica-
tion of tourniquet.

RH could improve energy-metabolism related protective
effect and inhibit oxidative stress

The oxidative stress reaction in injured muscles was mit-
igated, which was demonstrated with increase of ATPase
activity and decrease of MDA content in RH groups
compared with NRH group, and the RH10 group was
the most significant among three RH groups (Fig. 5a and
b). The results above indicated that appropriate RH
could regulate metabolism of ATP, inhibit cell and ATP
metabolism, reduce the content of MDA and inflamma-
tory factors, therefore improving energy-metabolism and
playing oxidation protective effect.

Furthermore, previous reports have shown that myo-
globin precipitation [36, 37] and excess Heme in tissue
are important factors causing oxidative stress and
inflammatory injury [38—40]. HO-1 is the rate-limiting
enzyme in the oxidative breakdown of Heme, and cata-
lyzes the conversion of Heme to carbon monoxide (CO),
ferrous iron and biliverdin, which all have strong anti-
oxidant effect. Strong and rapid expression of HO-1
induced by oxidative stress (such as Heme, interleukins,
hydrogen peroxide) has been reported in the lung, liver,
and kidney [41]. Besides, the expression of HO-1 could
also be induced by low temperature and ischemia reper-
fusion, and protect the injured stimulation of tissues and
organs [42, 43]. The results in this study indicated that
lower levels of Heme were found in RH10 group com-
pared with NRH group, and higher levels of HO-1 in
lung were displayed in RH10 group than that of NRH
group (Fig. 6). Besides, the decrease of serum myoglobin
also was shown in RH groups compared with that of
NRH group, and the RH10 group had the largest decline
among the three RH groups (Fig. 5f). So the injury of
distant-lung was relieved (Fig. 3a). All these results were
in accordance with the previous reports mentioned
above.

Consequently, RH could up-regulate the expression of
HO-1 and catalysis decomposition of excess Heme or
myoglobin, thereby inhibiting oxidative stress. Moreover,
results in this study demonstrated that HO-1 played a
critical role in “long-term mitigation effects” of RH, the
probable reason is that HO-1 can improve oxidative
stress reaction by regulating the metabolism of myoglo-
bin and Heme, but the specific mechanism is still
unknown.

Conclusions

In summary, we could conclude that with the fluid re-
suscitation and core temperature maintenance, transient
RH (4 h) had a “long-term mitigation effects” (continued
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for 6h) on time-out application of tourniquet. Histo-
pathological changes of lung and local muscle were
significantly attenuated in RH groups compared with
that in NRH group. Protective effects of regional limb
hypothermia on local muscle and distant lung injury
were indicated. These results showed that RH could
mitigate the symptom of serum hyper-kalemia and
hypo-calcemia, decrease skeletal muscle metabolism and
myoglobin release, inhibit inflammatory responses and
oxidative stress caused by prolonged application of tour-
niquet, finally reduce the injury of local muscle and distant
lung. Particularly, among the three different RH, the most
effective regional limb hypothermia was probably 10 °C. In
conclusion, RH could attenuate secondary-injury caused
by time-out application of tourniquets following limb frag-
ments injury combined with hemorrhagic shock.
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