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Moderate hypothermia suppressed excessive generation of superoxide
anion radical and inflammatory reactions in blood and liver in
heatstroke: Laboratory study in rats
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Abstract

The study was performed to demonstrate superoxide radical (O,7) generation, systemic inflammation and liver injury
caused by heatstroke and to reveal suppressive effects of moderate hypothermia. Heatstroke was defined as achieving pha-
ryngeal temperature of 40°C with arterial pressure reduction. Heatstroke rats were divided to four groups by the temperature
after the onset; 40°C, 37°C, 32°C and sham-treated with 37°C. O, current was measured continuously in the right atrium
using an electrochemical O, senor. The O, current increased in all groups except for the sham-treated group during the
induction. After the onset of heatstroke, the O, current was suppressed with temperature-dependency. Plasma and liver
high-mobility group box 1, intercellular adhesion molecule-1, plasma aspartate aminotransferase and alanine aminotrans-
ferase were also suppressed with the suppression of O, generation. Therefore, excessive O, generation might be a key
factor in heatstroke and the suppression with moderate hypothermia would be a therapeutic modality.

Keywords: Superoxide, heatstroke, hypothermia, high-mobility group box 1 (HMGBI1) protein, malondialdehyde (MDA),
wntercellular adhesion molecule-1 (ICAM-1)

Introduction

Heatstroke is a life-threatening disease defined as a core
temperature rising above 40°C and central nervous sys-
tem dysfunction including delirium, convulsions or
coma [1]. During the 2003 heat wave in France, the
mortality in hospital reached 62.6% in spite of intensive
care [2]. In heatstroke, ischemic tissue injury and hyper-
permeability in the microcirculation occurred because
of increased oxygen demand following the inflamma-
tion with coagulopathy [3,4]. Multiple organ failure
with activated inflammation and coagulopathy is com-
monly associated with heatstroke. In ischemic status,
oxidative stress might be one of the major mechanisms
of tissue injury. Oxidative stress is caused by reactive
oxygen species (ROS) and reactive nitrogen species

(RNS), including superoxide anion radical (O,7),
hydrogen peroxide (H,O,), hydroxyl radical (OH-),
nitric oxide (ON-), alkoxyl radical, carbon radical,
hydrogen radical, and peroxynitrite (ONOO"). In these
species, O, is the key radical because many ROS and
RNS are derived from O,~ [5,6]. It is reported that
therapeutic hypothermia after the onset of heatstroke
suppressed oxidative stress [7,8]. However, the dynamics
of O,~ during heatstroke and therapeutic hypothermia
is still unknown.

Recently, we developed an in vivo real-time quan-
titative O, "~ analysis system with an all-synthetic elec-
trochemical O, sensor [9-12]. The current measured
by the sensor correlates strongly with the hitting fre-
quency of O,~ on the surface of the sensor in the
circulating blood [11,12].
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In the present study, we used the O, sensor to mea-
sure the dynamics of O, in the mixed venous blood
of heatstroke rats and investigated whether O,~ gen-
eration was associated with systemic and liver oxidative
stress, endothelial activation, inflammation and liver
injury, as evaluated by malondialdehyde (MDA), inter-
cellular adhesion molecule-1 ICAM-1), high-mobility
group box 1 (HMGBI1), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT). We also
investigated the effect of moderate hypothermia after
the onset of heatstroke on these parameters in heat-
stroke rats.

Materials and methods
Experimental animals

This study was approved by the Animal Experiment
Committee of Yamaguchi University and was per-
formed in accordance with the guidelines of the United
States National Institutes of Health. The experimental
protocol is shown in Figure 1. Twenty-eight male
Wistar rats (230-280 g) obtained from Japan SLC,
Inc. (Shizuoka, Japan) were randomly assigned to four
groups: a hyperthermia group (heatstroke rats con-
trolled at 40°C after the onset of heatstroke, n=7), a
normothermia group (heatstroke rats controlled at
37°C after the onset, n=7), a hypothermia group
(heatstroke rats controlled at 32°C after the onset,
n=17) and a sham group (sham-treated rats controlled
at 37°C throughout the experiment, n="7). Four rats
were housed in a cage under controlled temperature
(24 = 1°C) and humidity conditions with a 12-h light/
dark cycle. They were acclimatized to these conditions
for 2 weeks prior to the experiment. All rats had access
to standard diet and water ad lLbitum the day before
the experiment. All animals were disease-free with no
signs of systemic inflammation.
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Surgical preparation

After overnight fasting, the rats were anaesthetized
with 3% isoflurane in O,.They were mechanically ven-
tilated (SN-480-7, Shinano Manufacturing Co. Ltd.,
Tokyo, Japan) through a tracheostomy tube. An arte-
rial catheter was inserted into the left femoral artery
to measure mean arterial pressure (MAP) and take
blood samples. A venous catheter was inserted to
administer drugs through the left femoral vein. The
electrochemical O, sensor described in our previous
study was inserted from the right external jugular vein
and the tip was placed in the right atrium [9-12]. Pan-
curonium bromide (0.2 mg/h) was given intravenously
for mechanical ventilation and heparin (100 U/h intra-
venously) was given to prevent coagulation on the sur-
face of the O, sensor. Before induction of heatstroke,
the core body temperature (T ., measured at the
pharynx) of the rats was maintained at 37.0 = 0.2°C
using a heating pad at room temperature (24°C) and
arterial blood pressure and O, current were mea-
sured continuously throughout the experiment.

Heatstroke induction and thermal control

After surgery, the anaesthesia was changed to 0.9% iso-
flurane and 60% N, in O,. After stabilization of the
O, current, the heating pad and an incandescent lamp
were used to induce heatstroke by increasing 7 . to

40°C. T, was elevated by 1.0°C/10 min and main-
tained at 40.0°C. The onset of heatstroke was defined
as the moment when the MAP dropped by 10 mmHg
from the peak level. After the onset of heatstroke, the
incandescent lamp was removed and the heating pad
was set to the target temperature for each group. In the
hyperthermia group, 7, was maintained at 40°C after
the onset. In the normothermia and the hypothermia

groups, 7. was cooled to 37°C and 32°C, respectively,

core
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Figure 1. Experimental design.

Sampling the plasma and liver
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using a fan, an ice pack, and by spraying alcohol. T
reached the target temperature within 10 min. In the
sham group, T, . was maintained at 37°C throughout
the experiments. All rats were administered normal
saline, starting at 10 pl/g/h as a continuous dose after
bolus injection of 170 pl/g. At 60 min after onset, the
blood was sampled and replaced with ice-cold saline.
The blood was centrifuged at 900 X g for 10 min at
4°C and the plasma was stored at —80°C until analysis.
The liver was removed, frozen in liquid nitrogen and

stored at —80°C until analysis.

Mixed venous O, measurement and evaluation

The O, generated was measured as a current in the
right atrium, which was recorded by an O, analysis
system with an all-synthetic electrochemical O, sen-
sor (Actiive Corp., Noda, Japan), as described previ-
ously [9-13]. Current data were recorded at two
points per second and smoothing procedures (i.e. a
moving average) were applied in data analysis [12].
Current data are presented as Al, which refers to the
difference in current between baseline and the mea-
sured current. Baseline current was defined as the stable
state before the induction of heatstroke. Measured
O, current was evaluated as the quantified partial
value of electricity (Q), which correlates with the

Start of heating Onset of heatstroke
38°C 39°C 40°C
< v . v
127 o Sham
4 Hyper
10 4 < Normo
4 Hypo

A I(nA)

-40 -30 -20 -10 0

Time (min)

amount of O,~ generated [12]. Al was integrated
before the onset of heatstroke (from the beginning of
heat exposure to the onset) as Q. . and for 60 min

after the onset as Q.

MDA analysis in plasma and liver

Liver tissue was homogenized in ice-cold 50 mM
Tris-HCI buffer (pH 7.4) with 5 mM butylated
hydroxytoluene (in acetonitrile) using a Polytron
PT-MR3100 homogenizer (Kinematica, Littau,
Switzerland). MDA levels in liver homogenate and
plasma 60 min after the onset of heatstroke were
analysed with a Bioxytech® MDA-586™ kit (Oxis
Research™, Foster, CA). The method is based on
the reaction of a chromogenic reagent, N-methyl-2-
phenylindole, with MDA at 45°C. The final results
are presented as pmol MDA/mg protein in liver
homogenate and as M in plasma. Plasma MDA lev-
els were calculated directly in pg/ml.

ICAM-1 analysis in plasma and liver

ICAM-1 levels in liver homogenate and plasma sol-
uble ICAM-1 (SICAM-1) levels 60 min after the on-
set of heatstroke were analysed with a Quantikine®
rat SICAM-1 (CD54) Immunoassay™ kit (R&D
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Figure 2. Superoxide anion radical (O,”) current during induction and after onset of heatstroke. (a) Change in O, current during
induction of heatstroke. Al indicates the difference in the O, current from baseline, which was defined as the stable state prior to
induction. There were significant differences in Al between the sham and the hyperthermia groups (» < 0.05 at 31, 33 and 34 min; p <
0.01 at 35-40 min), the sham and the normothermia groups (p < 0.05 at 27-33 min; p < 0.01 at 34—40 min), and the sham and the
hypothermia groups (p < 0.05 at 33 and 34 min; p < 0.01 at 3540 min). Each value is the mean * SE of seven measurements. (b) Change
in O, current after the onset of heatstroke. Al was significantly higher in the hyperthermia group than that in the sham group (p < 0.01
at 0—-60 min). Al in the normothermia and the hypothermia groups was significantly suppressed compared with that in the hyperthermia
group (the hyperthermia group vs the normothermia group, p < 0.05 at 22-27, 30-50 min and p < 0.01 at 28, 29, 51-60 min; the
hyperthermia group vs the hypothermia group, p < 0.05 at 10, 11 min and p < 0.01 at 12-60 min). Each value is the mean = SE of seven
measurements. Hyper, the hyperthermia group; Normo, the normothermia group; Hypo, the hypothermia group.
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Systems, Inc., Minneapolis, MN). The final results
are presented as pg ICAM1/mg protein in liver ho-

mogenate and as ng/mL in plasma.

HMGBI analysis in plasma and liver

The cytoplasmic fraction of liver was prepared as
described in our previous report [12]. In brief, liver
tissue was gently homogenized in 10 mM N-2-hydro-
xyethlpiperazine-N’-ethanesulphonic acid/10 mM
KClI buffer with 0.08% NP-40, 0.1 mM ethylenedi-
amine tetraacetic acid, 0.5 mM dithiothreitol and
0.5 mM phenylmethylsulphonyl fluoride; the soluble
fraction derived from the cytoplasm was kept at —-80°C
until further testing. HM GBI levels in liver cytoplasm
and plasma 60 min after the onset of heatstroke were
analysed with a HMGB1 ELISA Kit II™ (Shino-test
Corporation, Kanagawa, Japan). The final results are
presented as ng HMGB1/mg protein in liver cyto-
plasm and as ng/mL in plasma.

AST and ALT analyses

Plasma AST and ALT levels were analysed with the
Transaminase ClI-test (Wako Pure Chemical Industries,
Ltd., Osaka, Japan).

Arterial blood gas and lactate analyses

Blood samples were taken from the femoral arterial
catheter before the induction of heatstroke and
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60 min after the onset of heatstroke. Arterial blood
gas and lactate analyses were performed with the ABLL
system 555 (Radiometer Medical A/S, Copenhagen,
Denmark).

Statistical methods

All data were analysed using the SPSS 10.0 statistical
software package (SPSS Inc., Chicago, IL). The sta-
tistical significance of Al and physiological parameters
was determined by two-way analysis of variance
(ANOVA). The statistical significance of Q¢ s O.s.05
MDA, HMGB1,ICAM-1,AST, ALT, pH, and lactate
was determined by one-way ANOVA. When ANOVA
was significant, the Bonferroni post-hoc test was
applied to determine specific group differences. Sta-
tistical analyses of the correlation between total Q and
MDA, ICAM-1, HMGBI, AST, and ALT were per-
formed using Pearson’s correlation coefficient. All
data are expressed as the mean * standard deviation
(SD) of seven measurements, except for A, which is
expressed as the mean =* standard error (SE). Differ-
ences were considered to be statistically significant at
a value of p < 0.05.

Results

Dynamics of mixed venous O, generation and
evaluation in heatstroke rats

The mean Al of O,” in the heatstroke rats before

the onset is shown in Figure 2a.When T was raised
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Figure 3. Differences in quantified partial value of electricity (Q) during induction and after onset of heatstroke. (a) Q before the onset
of heatstroke (Q ¢ ..)- The generation of O, was evaluated as Q (uC), which was calculated by the integration of Al. Each value is the
mean *= SD of seven measurements. *¥p < 0.01 for the sham group vs the hyperthermia, the normothermia and the hypothermia groups.

(b) Q after the onset of heatstroke (Q,

after:

). Each value is the mean = SD of seven measurements.*p < 0.05, #*p < 0.01. Hyper, the

hyperthermia group; Normo, the normothermia group; Hypo, the hypothermia group.
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Figure 4. Malondialdehyde (MDA) levels in plasma and liver. (a) MDA in plasma 60 min after the onset of heatstroke. Each value is the
mean * SD of seven measurements. *¥p < 0.01. (b) MDA in liver tissue 60 min after the onset of heatstroke. Each value is the mean =
SD of seven measurements.*p < 0.05, *¥p < 0.01. (c) Relationship between total Q and plasma MDA. Total Q is the sum of Q, . and
O, frer- (d) Relationship between total Q and liver MDA. Hyper, the hyperthermia group; Normo, the normothermia group; Hypo, the

hypothermia group.

to ~38°C, Al began to increase and continued to rise
gradually until the onset of heatstroke in the hyper-
thermia, the normothermia, and the hypothermia
groups. There were significant differences in Al before
the onset between the sham and the hyperthermia
groups (p < 0.05 at 31, 33 and 34 min; p < 0.01 at
35-40 min), the sham and the normothermia groups
(p < 0.05 at 27-33 min; p < 0.01 at 34-40 min) and
the sham and the hypothermia groups (p <
0.05 at 33 and 34 min; p < 0.01 at 35-40 min).
There were no significant differences in AI among the
induced heatstroke groups before the onset of heat-
stroke.

Mean Al after the onset of heatstroke is shown in
Figure 2b. After the onset of heatstroke, Al began to
increase and was significantly higher in the hyper-
thermia group than that in the sham group (p < 0.01
at 0—60 min). In the normothermia group, Al
decreased after the onset before leveling out above the
baseline. In the hypothermia group, AI decreased
gradually after the onset and was suppressed to levels
below the baseline. After the onset, Al in the normo-
thermia and the hypothermia groups was significantly
suppressed compared with that in the hyperthermia

group (the hyperthermia group vs the normothermia
group, p < 0.05 at 22-27, 30-50 min and p < 0.01
at 28, 29, 51-60 min; the hyperthermia group vs the
hypothermia group, p < 0.05 at 10, 11 min and p <
0.01 at 12-60 min).

We evaluated the amount of O, generated as Q,
which was calculated by the integration of AL Q, .
and Q.. are shown in Figures 3a and b, respectively.
Opefore 10 the hyperthermia, the normothermia and
the hypothermia groups was significantly higher than
that in the sham group (p < 0.01 for the sham
group vs the hyperthermia, the normothermia, and
the hypothermia groups, Figure 3a). Q, . . was not
significantly different among the hyperthermia, the
normothermia and the hypothermia groups. Q,. . was
significantly higher in the hyperthermia and the nor-
mothermia groups than that in the sham group (p <
0.01 for the sham group vs the hyperthermia and the
normothermia groups, Figure 3b). Q, . in the nor-
mothermia and the hypothermia groups was signifi-
cantly suppressed compared with that in the
hyperthermia group (p < 0.05 for the hyperthermia
group vs the normothermia group; p < 0.01 for the
hyperthermia group vs the hypothermia group). Q

after
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Figure 5. Intercellular adhesion molecule-1 (ICAM-1) concentrations in plasma and liver. (a) Soluble ICAM-1 (SICAM-1) in plasma
60 min after the onset of heatstroke. Each value is the mean *= SD of seven measurements. *#p < 0.01. (b) ICAM-1 in liver tissue 60 min
after the onset of heatstroke. Each value is the mean = SD of seven measurements. **p < 0.01. (c) Relationship between total

Q and plasma sSICAM-1. Total Q is the sum of Q, . —and Q

after”

(d) Relationship between total Q and liver ICAM-1. Hyper, the

hyperthermia group; Normo, the normothermia group; Hypo, the hypothermia group.

in the hypothermia group was significantly suppressed
compared with that in the normothermia group (p <
0.01).We found that areductionin 7__ corresponded

. core
to a decrease in Q.

Plasma and liver MDA in heatstroke rats

Levels of plasma and liver MDA 60 min after the
onset of heatstroke are shown in Figures 4a and b,
respectively. All plasma and liver MDA values tended
to increase with increasing 7, . after the onset.
Except for plasma MDA in the normothermia group,
values in the hyperthermia and the normothermia
groups were significantly higher than those in the
sham group (p < 0.01 for the sham group vs the
hyperthermia and the normothermia groups). Values
in the hypothermia group were significantly sup-
pressed compared with those in the hyperthermia
group (p < 0.01 for the hyperthermia group vs the
hypothermia group).

For each of the four groups, correlation coefficients
were calculated between total Q (equal to Q¢ . +
Q.o and plasma MDA and between total Q and
liver MDA to test for a correlation between mixed
venous O,~ generation and the degree of lipid

peroxidation in plasma and liver. Total Q was signifi-
cantly correlated with plasma MDA (r = 0.6258,
p < 0.01, Figure 4c¢) and liver MDA (r = 0.7846,
p < 0.01, Figure 4d).

Plasma sICAM-1 and liver ICAM-1 in heatstroke rats

Levels of plasma sICAM-1 and liver ICAM-1 60 min
after the onset of heatstroke are shown in Figures 5a
and b, respectively. Plasma sICAM-1 and liver
ICAM-1 in the hyperthermia and the normothermia
groups were significantly higher than those in the
sham group (p < 0.01 for the sham group vs the
hyperthermia and the normothermia groups). Levels
in the hypothermia group were significantly sup-
pressed compared with those in the hyperthermia
and the normothermia groups (p < 0.01 for the hypo-
thermia group vs the hyperthermia and the normo-
thermia groups).

For the four groups, we calculated the correlation
coefficients between total Q and plasma sICAM-1
and between total Q and liver ICAM-1. Total Q
was significantly correlated with plasma sICAM-1
(r = 0.7497, p < 0.01, Figure 5¢) and liver ICAM-1
(r = 0.6495, p < 0.01, Figure 5d).

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

468 M. Todani et al.

a *k
r 1
*k *k
r 17 I
*% *
]20. T 1 T 1
ey
£ 100 4
&
—~ 804
=
Q0
E 60
g 40+
E:
i 20
0+—== : B\ .
Sham Hyper NMormo Hypo
[
140 7 o Sham
m Hyper ]
/_\]20" o Norme |
) AH
£ 004 " F° -
£
m 801 y=21003x-12.015 -
g r=0.8479 i
g 60 p<001
S ,
& 401 o
=
20 4
A
o0t A
5 0 5 10 15 20 25 30 35 40 45 50 55

Total Q(uC)

b
** **
I ' *h L

= 607 —
% 50
g
-5 40 1
£
m 30 1
0
& 20
3 10 A |

0 T T

Sham Hyper Normo Hypo

d

80
T704 © Sham y=0.6288x+ 9.8663
;E m Hyper r=07678
2 604 © Normo <001 -
g 501 4 Hpo
&
£
— 407
m
% 30 -
s 20 1
-
= 10 A

0

5 0 5 10 15 20 25 30 35 40 45 50 55
Total Q (uC)

Figure 6. High mobility group box 1 (HMGBI1) concentrations in plasma and cytoplasm of liver tissue. (a) HMGBI in plasma 60 min after
the onset of heatstroke. Each value is the mean * SD of seven measurements.*p < 0.05, *¥p < 0.01. (b) HMGBI in liver cytoplasm
60 min after the onset of heatstroke. Each value is the mean *= SD of seven measurements. *#p < 0.01. (c) Relationship between total Q
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after”

(d) Relationship between total Q and liver HMGB1. Hyper, the hyperthermia

group; Normo, the normothermia group; Hypo, the hypothermia group.

Plasma and liver HMGBI1 1n heatstroke rats

Levels of plasma and liver HMGB1 60 min after the
onset of heatstroke are shown in Figures 6a and b,
respectively. Except for liver HMGBI in the normo-
thermia group, all values for plasma and liver HMGB1
were significantly higher in the hyperthermia and the
normothermia groups than those in the sham group
(p < 0.01 for the sham group vs the hyperthermia and
the normothermia groups, Figures 6a and b). Except
for liver HMGBI1 in the normothermia group, values
of plasma HMGBI1 and liver HMGBI1 were signifi-
cantly suppressed in the hypothermia group compared
with the hyperthermia and the normothermia groups
(p < 0.05 for plasma HMGBI1 in the normothermia
group vs the hypothermia group; p < 0.01 for plasma
and liver HMGBI1 in the hyperthermia group vs the
hypothermia group). Plasma HMGBJ1 was significantly
suppressed in the normothermia group compared with
that in the hyperthermia group (p < 0.01).

For the four groups, we calculated the correlation
coefficients between total Q and plasma HMGBI1 and
between total Q and liver HMGB1.Total Q correlated
significantly with plasma HMGBI1 (r = 0.8479, p <
0.01, Figure 6¢) and with liver HMGB1 (r = 0.7651,
p < 0.01, Figure 6d).

Plasma AST and ALT in heatstroke rats

Plasma AST and ALT values 60 min after the onset
of heatstroke are shown in Figures 7a and b, respec-
tively. AST and ALT were significantly higher in
the hyperthermia group than that in the sham group
(p < 0.01). Total Q correlated significantly with
AST (r = 0.6233, p < 0.01, Figure 7c) and with
ALT (r = 0.6154, p < 0.01, Figure 7d).

Physiological parameters in heatstroke rats

Levels of MAP during the experiments are shown
in Figure 8a. MAP was lower in the hyperthermia
group than that in the sham group from 30-60 min
after the onset of heatstroke (p < 0.01 for the
sham group vs the hyperthermia group). There was
a greater degree of lactic acidosis in the hyper-
thermia and the normothermia groups than that
in the sham group (p < 0.01 for the sham group vs
the hyperthermia and the normothermia groups,
Figures 8b and c). Lactic acidosis was significantly
suppressed in the hypothermia group compared
with that in the hyperthermia and the normothermia
groups.
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Figure 7. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in plasma. (a) AST in plasma 60 min after the onset of
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value is the mean * SD of seven measurements.#p < 0.05. (c) Relationship between total Q and plasma AST. Total Q is the sum of Q, ¢

and Qafter'
the hypothermia group.

Discussion

In the present study, we demonstrated the excessive
O, generation measured in mixed venous blood and
the amount of O, generation correlated well with
plasma and liver MDA, HMGBI1, and ICAM-1 and
with plasma AST and ALT in heatstroke rats (Figures
2-T7). Therefore excessive O, generation may be the
primary mechanism of tissue injury and multiple
organ failure in heatstroke. These findings suggest
that excessive O, generation in heatstroke may
enhance systemic and liver oxidative stress, endothelial
activation and inflammation. Furthermore, moderate
hypothermia suppressed excessive O,~ generation
(Figures 2 and 3), systemic and liver oxidative stress
(Figures 4 and 7), endothelial activation (Figure 5),
and inflammatory reactions (Figure 6) in the heat-
stroke rats.

In the present study, excessive O, generation was
detected during the induction and after the onset of
heatstroke using the electrochemical sensor (Figures
2 and 3). In the pathophysiology of heatstroke, rela-
tive ischemia induced by heat exposure was consid-
ered one of the mechanisms of O, generation [3,4].
During relative tissue ischemia and hypoxia, immune
cells such as neutrophils and macrophages and
vascular endothelial cells might be activated and
generate O, in the extracellular component [14-17].
Activated immune cells produced O,~ as part of

(d) Relationship between total Q and plasma ALT. Hyper, the hyperthermia group; Normo, the normothermia group; Hypo,

the respiratory burst via the action of membrane-
bound nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase on molecular oxygen [18,19]. O,
was also produced by the oxidation of xanthine (XAN)
by xanthine oxidase (XOD), which bound to gly-
cosaminoglycan sites in the arterial wall endothelium,
and by specific NADPH oxidase in smooth muscle
cells [20,21]. Among these pathways, we previously
demonstrated that XOD was one of the major sources
of O, generated during cerebral ischemia-reperfusion
in rats [22].

In the present study, elevated MDA and ICAM-1
levels in plasma and liver were associated with O,~
generated in mixed venous blood in the heatstroke
rats (Figures 4 and 5). Excessive O,~ generated in
blood would produce toxic free radicals, including
ONOO™ and OH", which enhanced lipid peroxidation
and endothelial damage. Those were demonstrated in
the present results with elevated levels of MDA and
sICAM-1, respectively (Figures 4 and 5). Damaged
endothelial cells might activate thrombotic and fibrin-
olytic responses and induced disseminated intravas-
cular coagulation (i.e. microcirculatory ischemia—
reperfusion) in heatstroke [23,24]. These reactions
might create a vicious cycle as long as the core
body temperature remained high and caused multiple
organ failure, including the hepatocyte damage in
the present study. All of these processes might relate
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exacerbation of systemic organ failure, at least in part,
in heatstroke patients.

In the present study, elevated HMGBI1 in plasma and
liver was associated with O, ~ generated in mixed venous
blood in the heatstroke (Figure 6). It was found that
HMGBI1 induced NADPH oxidase activation and
ROS production in neutrophils in mice with haemor-
rhagic shock [25]. It was also demonstrated that
correlations existed between ROS generation and
HMGBI release from hepatocytes in a rat liver ischemia—
reperfusion model, from neutrophils in a mouse
haemorrhagic-shock model and from macrophages and
monocytes i vitro, respectively [25-27]. Our previous
study suggested the existence of a O, -mediated
HMGBI1 loop in the pathophysiology of global cerebral
ischemia—-reperfusion [13]. In the present study, ele-
vated levels of HMGBI in plasma and liver were asso-
ciated with O,~ generation in mixed venous blood
(Figure 6), suggesting the existence of an O, -mediated
HMGBI1 loop in the pathophysiology of heatstroke.
Therefore, both O,” and HMGBI1 might be key
mediators in the pathophysiology of heatstroke.

Systemic inflammation after excessive O, genera-
tion is a secondary mechanism of exacerbated tissue
injury due to heatstroke. HMGBI1 is ubiquitously
expressed in various tissues including the liver and its

intracellular functions include stabilization of
nucleosome formation and facilitation of gene tran-
scription [28]. HMGBI1 contributes to tissue injury
as an early and late mediator of inflammation [29-32].
In the present study, we revealed that HMGBI1 in
plasma and in liver cytoplasm increased 60 min after
the onset of heatstroke (Figures 6a and b). Elevation
of HMGBI1 in liver cytoplasm and plasma might
reflect early inflammatory response to heatstroke.
Furthermore, high concentrations of plasma HMGB1
might have occurred by both active and passive release
from immune cells and injured organs including the
liver, because HMGB1 expression in liver cytoplasm
and elevated levels of plasma AST and ALT were
demonstrated in the present study (Figures 6 and 7).
These findings indicate that the elevation of HMGB1
in blood and organs might enhance systemic inflam-
mation and exacerbate tissue injury, when the severity
of heatstroke exceeds a certain threshold. In the pres-
ent study, therapeutic moderate hypothermia after the
onset of heatstroke directly suppressed mixed venous
O, ™ generation, which was associated with suppression
of MDA, HMGBI1, ICAM-1 in plasma and liver and
AST and ALT in plasma in heatstroke rats. We also
demonstrated previously that moderate hypothermia
suppressed jugular venous O, generation in forebrain
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ischemia-reperfusion rats [33]. In the pathophysiology
of heatstroke, therapeutic hypothermia was reported
to suppress oxidative stress and tissue injury [7,8].
Moderate hypothermia was also reported to inhibit
XOD activity in a rat liver ischemia—reperfusion model
and endothelial O, generation itself in focal cerebral
ischemia of rats [34,35]. Furthermore, hypothermia
reduced ROS formation in the perfused rat liver [36].
The results of these reports are agreeable with our
present results in the hypothermia group.

There remains the concern between the reactivity of
the sensor and temperature changes in heatstroke. The-
oretically, temperature changes might affect the reactiv-
ity of the sensor. However, total Q of O,~ was well
correlated with both plasma and liver MDA (Figures
4a and b). Therefore, the change of the reactivity of the
sensor might be much smaller than that of the O,~
generation by the heatstroke in the present study.

Conclusions

We could detect excessive O, generation in the
mixed venous blood in heatstroke rats. The generated
O, was associated with systemic and liver oxidative
stress, inflammation and endothelial activation. Mod-
erate hypothermia was effective to prevent tissue injury
by suppressing excessive O, generation. Further-
more, monitoring and evaluation of O, generation in
mixed venous blood using our O, sensor would be
useful for predicting tissue injury and systemic inflam-
mation in heatstroke patients in the near future and
Q might be a therapeutic target of heatstroke.
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