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Abstract
Exposure to high environmental temperature leading to increased core body temperature above
40°C and central nervous system abnormalities such as convulsions, delirium, or coma is defined as
heat stroke. Studies in humans and animals indicate that the heat shock responses of the host
contribute to multiple organ injury and death during heat stroke. Heme oxygenase-1 (HO-1)—a
stress-responsive enzyme that catabolizes heme into iron, carbon monoxide, and biliverdin—has
an important role in the neuroprotective mechanism against ischemic stroke. Here, we investigated the role of endogenous HO-1 in heat-induced brain damage in rats. RT-PCR results revealed
that levels of HO-1 mRNA peaked at 0 h after heat exposure and immunoblot analysis revealed
that the maximal protein expression occurred at 1 h post-heat exposure. Subsequently, we detected the HO-1 expression in the cortical brain cells and revealed the neuronal cell morphology.
In conclusion, HO-1 is a potent protective molecule against heat-induced brain damage. Manipulation of HO-1 may provide a potential therapeutic approach for heat-related diseases.
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Brief Communication
The phenomenon of global warming is becoming
increasingly serious [1]. One of the consequences of
the global warming is an increase in the frequency
and intensity of heat waves. Exposure to extremely
hot environment (such as among fire fighters, miners,
or during a military training) or hot weather can induce heat-related diseases such as heat cramps, heat
exhaustion, and heatstroke (HS). HS is defined clinically as a condition when core body temperature rises
above 40°C (hyperthermia) and is accompanied with
the central nervous system abnormalities and multi-organ dysfunction [2]. The relative risk for 1-year
mortality of hyperthermic versus normothermic pa-

tients was 3.4 (95% confidence interval, 1.6 to 7.3) in a
cohort study [3], and survivors may remain with the
neurologic injury after discharging from the hospital
[4]. During the past decade, research showed that HS
results from thermoregulatory failure coupled with
altered expression of heat shock proteins [5].
Heme oxygenase-1 (HO-1), also named heat
shock protein 32, is an important enzyme that degrades heme, a pro-oxidant, leading to the formation
of antioxidant molecules [6]. Enzyme reaction of HO-1
generates biliverdin, carbon monoxide (CO), and divalent iron as products, each of which is biologically
active and ameliorates the oxidative susceptibility of
http://www.medsci.org
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cells through distinct mechanisms [7]. Previous studies indicated that pretreatment with HO-1 induction
material or its gene transfection markedly protects
cells and tissues against oxidative damages in vitro
and in vivo [8-9]. Although many studies showed the
evidence of protective role of HO-1 in their investigations [9], a recent study revealed another data that
suggest HO-1 aggravates heat stress-induced neuronal injury in cerebellar Purkinje cells [10]. Hence,
this study aims to investigate whether HS induces
HO-1 and the location of HO-1 expression in the
brain.

Induction of HO-1 mRNA in brain tissue after
HS
As shown in Figure 1, we investigated HO-1 expression levels of mRNA in the rat brain after HS.
Heat exposure caused a significant induction of HO-1
after HS0. Image analysis of ethidium bromide
stained gels indicated that the level of HO-1 mRNA
began to increase in HS0 rats and returned to normal
in HS6 rats. In addition, quantitative results of
RT-PCR (n = 5 in each group) exhibited a similar time
course of HO-1 expression. RT-PCR results revealed
that levels of HO-1 mRNA peaked at 0 h (2.81 ±
1.25-folds, compared with sham rats) after heat exposure and returned to basal level at 6 h (0.59 ±
0.6-folds, compared with sham rats).

Figure 1. HO-1 mRNA expression in brain tissue at different time frame after heat
stroke (HS). Upper panel, image of an ethidium bromide-stained gel showing the time
course of HO-1 mRNA expression in brain tissue from rats sacrificed at various
recovery time intervals (HS0, HS1, HS3, and HS6). β-actin was used as an internal
control for mRNA loading. Lower panel, real-time PCR results of HO-1 mRNA levels
at different time points after HS induction. HO-1 mRNA levels were significantly
increased in HS0 and HS1 rats (n = 5, * p < 0.05, compared with sham rats).

738
A previous study has shown that the mRNA
levels of HO-1 and heat shock protein 70 showed different expression time profiles with a tissue-specific
distribution in brain tissues in a gram negative bacterial lipopolysaccharide-induced sepsis [11]; it suggested that the gene expression of these heat shock
proteins is separately regulated. The up-regulation of
these cytoprotective genes in a specific tissue such as
that in the kidney could prevent tissue damage during the period of brain death, and it could be the part
of a protective or recuperative mechanism induced by
brain death-associated stress [12]. In a rat vasospasm
model, researchers reported that the HO-1 mRNA
expression was prominently induced in the basilar
artery and other brain tissues. They also demonstrated that HO-1 gene induction in cerebral vasospasm
after subarachnoid hemorrhage protects against cerebral vasospasm [13].

Protein expression of HO-1 in brain tissue after HS
We further examined the HO-1 protein expression levels in rat brains after HS. As shown in Figure
2, the western blot data (n = 5 in each group) also
showed a significant increase in protein levels of
HO-1 in HS1 rats (5.30 ± 0.30-folds, as compared with
sham rats) and sustained levels in HS3 rats (4.43 ±
0.41-folds, compared with sham rats). Therefore, the
time course of steady state levels for HO-1 protein in
animals that underwent HS showed that a sustained
increase in HO-1 protein was expressed during the
observation period of up to 6 hours.

Figure 2. Protein expression of HO-1 in brain tissue at different time frame after
heat stroke (HS). Upper panel, representative immunoblot showing the time course
of relative HO-1 expression in brain tissue from sham and HS rats (HS0, HS1, HS3,
and HS6). β-actin was used as an internal control for protein loading. Lower panel,
quantification of protein band densities of HO-1 showed significant increases in HS1,
HS3, and HS6 rats (n = 5, * p < 0.05, compared with sham rats).
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In the present study, the HO-1 mRNA levels increased at 0 h after HS challenge and continued to rise
until 1 h, returning to the control level by 3 h after the
HS. The HO-1 protein expression level was significantly increased during 1 to 6 h after HS challenge.
The time course of HS-induced steady state mRNA
and protein levels of HO-1 in the brain are rational
and consistent with previous study that has demonstrated the expression pattern of HO-1 in hemorrhagic
hypotension and resuscitation-exposed rat livers [14].
HO-1 metabolizes heme to CO, ferrous ion, and biliverdin. CO could promote vasodilation by activating
cGMP, and bilirubin, derived from biliverdin, could
also serve as an anti-oxidant, both of which may contribute to the reported protective role of HO-1 in cerebral ischemia and subarachnoid hemorrhage [15].

Observation of HO-1 expression in cortical
brain after HS
To further characterize the brain cell types expressing HO-1 protein that underwent HS, samples of
cortical brain sections from sham or HS rats were
stained immunohistochemcally to localize the induction of HO-1. As shown in Figure 3, representative
micrograph showed minimal induction of HO-1 in
sham rats and continued to increase in HS1 rats. Cells
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expressing HO-1 revealed neuronal-like cell morphology.
In conclusion, we found a remarkable level of
HO-1 mRNA and protein upregulation and its time
course in the brain tissue, which may have been
closely correlated with the occurrence of delayed
brain damage after the heatstroke. As neuroprotective
strategy, the therapeutic gene modulation of HO-1
may represent a novel approach for the prevention
and treatment of such HS-induced pathologic conditions.

Materials and Methods
Animals and experimental design
Adult male Sprague-Dawley rats (10–12 weeks
old) were purchased from the Animal Resource Center of the National Science Council in the Republic of
China (Taipei, Taiwan) and housed in the National
Defense Medical Center’s Center for Laboratory Animal Care. Animals were allowed ad libitum access to
food and water, and they were kept in a 12-h
day–night cycle. All experimental protocols were approved by the Animal Use and Care Committee of the
National Defense Medical Center (Taipei, Taiwan) in
accordance with the NIH guidelines for the care and
use of laboratory animals.

Figure 3. Immunohistochemical staining of HO-1 in brain tissue from sham and heat stroke (HS) rats. Nuclei were stained with hematoxylin (blue), and HO-1 was stained with
mouse monoclonal antibody (brown). Left: Low power image (4×) showing location of observed cells. Many cells expressed HO-1 in cortical tissue after HS. Right: high power
images (40×) demonstrating that HO-1 was induced in neuronal-like cells following HS.
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We have previously established an animal model
of HS [16]. In brief, rats were anesthetized by a single
intraperitoneal dose of urethane and pentobarbital
(0.6 g/kg and 30 mg/kg, respectively). A thermocouple probe was inserted into the rectum for continuous
monitoring of the core temperature (Tco), the right
femoral artery was cannulated with polyethylene
tubing (PE 50) for blood pressure monitoring, and a
pressure transducer was inserted into the cannula for
continuous monitoring of both mean arterial pressure
and heart rate. Rats were subsequently exposed to an
ambient temperature of 40°C in a heating chamber
until Tco reached 40.5°C (HS onset). After heat exposure, rats were transferred from the heating chamber
to an animal cage (room temperature: 25°C), where
they remained for various periods of time, permitting
the recovery of the core temperature to normal. The
recovery time is determined as the number of hours
after HS onset: HS3 refers to a condition 3 h after HS
onset. HS and normothermic sham rats were sacrificed after various recovery periods with an overdose
of urethane.

Real-time reverse transcription polymerase
chain reaction (RT-PCR)
Total RNA was extracted from the cortical brain
using the TRIzol® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). Total RNA (3 μg) was reverse transcribed to cDNA using the Rever Tra Ace-a
First-strand cDNA Synthesis Kit (Toyobo Life Sciences, Osaka, Japan). The resulting cDNA was incubated
with the SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) and primers for HO-1 or
β-actin (each at 150 nM final concentration).
Table 1. PCR primer list
Gene
name

Forward

Reverse

Product size
(bp)
HO-1
5’-CAGAAGGGTCAGGT 5’-GAAGGCCATGTCCTGCT 262
GTCCAG-3’
CTA-3’
β-actin 5’-CCCATCTATGAGGGT 5’-TTTAATGTCACGCACGA 150
TACGC-3’
TTTC-3’
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Immunoblotting
Cortical brains of the sham and HS rats were
collected. Tissues were lysed in a buffer containing
150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 1% sodium
deoxycholate, 0.1% SDS, 1% NP-40, and 10% complete
protease inhibitor solution (Roche Molecular Biochemicals, Mannheim, Germany). Twenty micrograms of protein lysate were run on 4%–12%
NuPAGE Bis–Tris polyacrylamide gels (Invitrogen).
Proteins were transferred from the gels to PVDF
membranes (Invitrogen, USA) by electroblotting. Each
membrane was incubated in a blocking buffer containing phosphate-buffered saline (PBS; 120 mM
NaCl, 2.7 mM KCl, and 0.01 M PB), 3% BSA (Sigma,
St. Louis, MO, USA), and 0.04% Tween 20 for at least 1
h. Each membrane was then blocked, incubated with
an anti-HO-1 antibody (1:2000; Stressgen Biotechnologies, Victoria, British Columbia, Canada) at 4°C
overnight, washed in PBS containing 0.04% Tween 20
(three times, 10 min each) to remove unbound primary antibodies, incubated with an HRP-conjugated
secondary antibody (1:10,000 diluted in blocking
buffer, Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) for 2 h, and washed in PBS (three
times, 10 min each). Labeled proteins were visualized
by chemiluminescence (ECL Plus kit, Amersham, Arlington Heights, IL, USA).

Immunohistochemical staining of brain tissue
Brain slicing was preformed after completion of
the experiment. The obtained brain specimens were
excised and fixed in 4% paraformaldehyde. Paraffin-embedded brain tissues were cut at a thickness of
2–5 μm. Parts of these tissues were stained with hematoxylin and eosin for histological examination, and
other parts were used for immunohistochemical
staining (NovoLink polymer detection system; Leica
Biosystems Newcastle Ltd, UK). A semiquantitative
study of immunohistochemical staining was performed using image software (Image scope Ver.
10.2.2.2319; Aperio Technologies, Inc., Vista, CA,
USA).

Statistical analysis
For quantitative analysis, we performed 40 amplification cycles (denaturation: 95°C, 15 s; annealing:
60°C, 30 s; elongation: 72°C, 35 s) on an ABI 7500 PCR
Detection System (Applied Biosystems, USA). Melting curve and sequencing data were used to confirm
the specificity of the PCR products. HO-1 mRNA levels were normalized to those of β-actin and subsequently expressed as values relative to the control
using the comparative threshold cycle method.

The plotted data are means ± standard error of
the means. Statistical significance was assessed by
one-way analysis of variance followed by a Tukey’s
post hoc test using the SigmaStat software (Jandel
Scientific, San Rafael, CA, USA). A value of p < 0.05
was considered statistically significant.
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