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Abstract

Previous studies have shown that hyperthermia pretreatment results in an attenuation of increased
vascular leakage in rats subjected to experimental anaphylactic shock.  It is known that both nitric oxide
synthase (NOS) and heme oxygenase-1 (HO-1) play a role in the maintenance of microvascular integrity.
In the study, we investigated the effect of hyperthermia pretreatment on mRNA expression of endothelial
NOS (eNOS), inducible NOS (iNOS), and HO-1 in heated or nonheated rats subjected to anaphylactic
shock using a semi-quantitative RT-PCR.  Protein contents of eNOS and HO-1 in tissue were also
assayed.  Plasma nitrite and nitrate before and after induction of anaphylactic shock were quantified
using a NO analyzer.  The heated, anaphylactic rats showed a significant increase of HO-1 mRNA
expression in heart as compared to both non-heated, anaphylactic and control rats.  HO-1 protein
contents in both heart and lung tissues in the heated, anaphylactic rats were significantly higher than
both non-heated, anaphylactic and control rats.  Protein contents of eNOS in various tissues appeared
to be the same among groups.  No significant change of iNOS mRNA expression was detected among
groups.  Plasma nitrite and nitrate before and after anaphylactic treatment appeared to be the same
among groups.  These data suggest that reduction of anaphylactic hypotension by hyperthermia
pretreatment in rats subjected to anaphylactic shock may be resulted from over-expression of HO-1
rather than NOS in various tissues.
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Introduction

The increase of vascular permeability induced
by vasoactive inflammatory mediators are attributed
to the pathophysiologic conditions of anaphylactic
shock.  The heat shock response by a brief period of
hyperthermia provides a protective effect for experi-
mental animals against subsequent various forms of
stress (1, 5, 9, 26).  Our previous studies (4) have
shown that hyperthermic pretreatment results in a
significant attenuation of anaphylactic hypotension
and increased plasma protein leakage in heart and

lung tissues in rats subjected to anaphylactic shock.
Heat shock proteins (HSPs) belong to multigene

families and are universally induced in all organisms
by hyperthermia and various chemical or physical
stressors (2, 13, 18, 20).  The inducible heme-oxyge-
nase-1 (HO-1) belongs to heat shock protein family
(2, 18, 20).  HO catalyzes oxidative degradation of
heme to carbon monoxide (CO), bilirubin, and iron.
CO has been implicated in the modulation of blood
vessel function (16, 23).  It was previously shown that
HO-1 has salutary effects in pulmonary, hepatic and
cardiovascular diseases (15).  Nitric oxide (NO) pro-
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duced by NO synthase (NOS) play a role in the
maintenance of microvascular integrity under physi-
ological and pathophysiological conditions (10-12).
There are 3 isoforms of NOS: endothelial NOS
(eNOS), neuronal NOS (nNOS) and inducible NOS
(iNOS).  In the present studies, we investigated the
effect of hyperthermia pretreatment on mRNA ex-
pression of eNOS, iNOS and HO-1 in various tissues
in rats subjected to anaphylactic shock, using a semi-
quantitative RT-PCR.  Protein contents of both HO-1
and eNOS were further assayed in tissue.  Plasma
nitrite and nitrate contents in femoral veins were also
measured before and after anaphylactic shock as an
indication of NO production in tissue.

Materials and Methods

Experimental Animals

Male Wistar rats were purchased from the
National Animal Center (Nan-kang, Taipei, Taiwan)
and housed in the animal center in Kaohsiung Medical
University.  Experiments described in these studies
were approved by the Animal Committee of the
Kaohsiung Medical University.

Antigen Sensitization, Induction of Anaphylactic Shock
and Plasma NO Measurement

Rats were randomized into 3 groups (anaphylactic
shock, heat and anaphylactic shock, and control with-
out any treatment) of 6 rats each.  The procedure of
induction of anaphylactic shock was performed as in
the previous studies (4).  In brief, rats (300g-400g)
were sensitized by subcutaneous injection of bovine
serum albumin (BSA) in complete Freund’s adjuvant.
After 14 days, anesthetized sensitized rats in both
heat and non-heat group were boosted with BSA via
the femoral vein and blood pressure (BP) was re-
corded from the femoral artery with a BP transducer
connected to a polygraph recorder.  Non-heated, non-
sensitized control rats received saline injection only.

The changes of BP appeared to be the same as in
the previous studies (4) and plasma nitrite and nitrate
contents were assayed in femoral venous blood.  In
the same rats received anaphylactic treatments as
described above, the other femoral vein was also
exposed.  Before BSA injection and 10 min after,
blood samples (1 ml) were collected by inserting a 24
gauge needle attached with a syringe and equal vol-
ume of saline was replenished.   Plasma nitrite and
nitrate contents were measured by a NO analyzer
(ENO-20, Eicom Cor.; Tokyo, Japan) using an auto-
mated procedure based on the Griess reaction.  The
NO analyzer was also interfaced with a commercial
personal computer software (Powerchrom, AD

Instruments; Castle Hill, Australia) to quantify nitrite
and ni t rate  contents  based on a  cal ibrat ion
chromatogram.  Plasma levels of NO were presented
by the sum of both nitrite and nitrate.

Heat Shock or Hyperthermia Pretreatment

Twenty-four hours before BSA challenge to
induce anaphylactic shock, rats of the heated group
were treated with whole-body hyperthermia (4) by
placing rats on the automatic heat-pads; the rat rectal
temperature was maintained at 41.5°C (±0.5°C) for
15 minutes.  Non-heated or control rats were
anesthetized, but not treated with hyperthermia and
placed back in cage.

Isolation of RNA in Tissue and Reverse Transcription

After monitoring BP changes, the vascular
system of rats was exsanguinated with 0.9% NaCl
solution injected through the left ventricle.  Heart,
lung and liver were removed and stored in RNAlater
(Ambion Inc.; Austin, TX, USA).  Then the tissues
were frozen in liquid nitrogen and pulverized with a
pestle in a mortar.  Total RNA was isolated using a SV
Total RNA Isolation System (Promega Co.; Madison,
WI, USA).  The integrity of isolated RNA was
confirmed by agarose gel electrophoresis and RNA
concentration was determined by spectrophotometry.
Samples of 1 µg total RNA were reverse transcribed
into cDNA as in the previous studies (28).  The
resulting cDNA was frozen at -20°C .

Detecting of eNOS, iNOS and HO-1 mRNA by Duplex PCR

Target genes were amplified using a Taq DNA
polymerase kit (FastStart Taq DNA polymerase, Roche
Diagnostics GmbH; Mannheim, Germany) as in the
previous studies (28).  In brief, a volume of 1.5 µl of
cDNA from RT was replicated in PCR reactions in a
volume of 25 µl including Taq DNA polymerase,
buffer supplied with enzymes, MgCl2, dNTP and
primers (in Table 1).  Duplex PCR was performed
using primers of either porphobilinogen deaminase
(PBGD) or β-actin and one of target genes: iNOS,
HO-1, eNOS.  PCR condition was 94°C for 4 min
followed by 25 ~ 28 cycles of 94°C for 30 sec, 60°C
for 30 sec, 72°C for 45 sec and finally 72°C for 7 min.

Primer sequences (β-actin and eNOS) were
adopted from the previous studies (3, 25), whereas
those of iNOS (accession # D14051), PBG-D
(accession # X06827) and HO-1 (accession # J02722)
were designed via a commercial personal computer
software (Lightcycler probe design; Roche Diagnos-
tics GmbH; Mannheim, Germany).  All primers were
made by a commercial company (GIBCO BRL;
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Rockville, ML, USA).  The expected size for the DNA
fragments of eNOS, β-actin, iNOS, PBGD and HO-1
was 230, 440, 241, 186 and 335 bp respectively.

After electrophoresis, the PCR products were
quantified by a densitometer interfaced with Bio-
profil image analysis software (Vilber Lourmat, Marne
La Vallee Cedex 1, France) as in the previous studies
(28).  And the results were expressed as ratios relative
to PBGD or β-actin.  Primer sequences of HSP 70 was
adopted from the previous studies (6).  PCR condition
was similar to the procedure mentioned above except
that 33 cycles of 94°C for 30 sec, 59.2°C for 30 sec,
72°C for 45 sec were used.  The expected size for the
DNA fragment of HSP 70 gene was 492 bp.

HO-1 Protein Detection by Western Blot and
Immunostaining

In another series of anaphylactic experiments
performed as above, rats were randomized into 4
groups (anaphylactic shock, heat and anaphylactic
shock, heat only and control without any treatment)
of 5 rats each.  After exsanguination with 0.9% NaCl
solution, heart, lungs and liver were excised.  Protein
isolation, Western blot and immunostaining were
performed as in the previous studies (4).  In brief, the
proteins on the gel after electrophoresis were
transblotted to a nitrocellulose membrane.  The
membranes were incubated with monoclonal anti-
HO1 antibody (Stressgen Biotech., British Columbia,
Canada) and followed by incubation with goat anti-
mouse IgG conjugated with peroxidase (Amersham
Pharmacia, Uppsala, Sweden).  Target protein bands
were visualized by enhanced chemilluminedcence
(ECL kit. NEN life science products, Boston, MA,
USA).   Beta-tubulin was also extracted and tested by
Western immunoblotting using anti-tubulin antibody
(Chemicon International, Temecula, USA) and used
for comparison among different groups.

Endothelial NOS (eNOS) Protein Assay

The protein contents in tissue extracts from above
was determined by a Bradford assay (Bio-Rad Lab.;

Hercules, CA, USA) and used for comparison among
different groups.  The protein contents of eNOS in
tissue extracts from above were analyzed using the
ELISA technique.  The procedure of performing ELISA
was designed according to the manufacturer’s proto-
col (Quantikine eNOS Immunoassay, R&D Systems,
Inc.; Minneapolis, MN, USA).

Statistical Analysis

Values are presented as means±SD.  The non-
parametric Kruskal-Wallis test was used to compare
the means of 3 or 4 groups of data.  If the Kruskal-
Wallis test indicated an overall significant difference
(P< 0.05), the pairwise multiple comparison test
(Duncan test) was used to determine the significance
of difference in the mean between any two groups.
The Student t test was used to compare the means of
two groups of data.

Results

Plasma Nitrite and Nitrate

Systemic BP of heated rats subjected to anaphy-
lactic treatment promptly returned to baseline levels
and hypotension was sustained for the duration of the
experiment in non-heated rats as in the previous
studies (4).  Plasma nitrite and nitrate before and 10
min after BSA challenge of anaphylactic treatment
were 53.9±10.6; 56.3±11.2 in non-heated rats (n=6)
and 62.5±21.2; 53.4±12.9 in heated rats (n=6)
respectively.  Plasma nitrite and nitrate before and 10
min after saline injection were 57.6±15.3; 59.8±13.7
in control rats (n=6).  The results showed that plasma
nitrite and nitrate in blood collected after BSA chal-
lenge in either heated or non-heated rats appeared to
be the same as basal levels.

Gene Expression of eNOS, iNOS, HO-1 and HSP70 in
Various Tissues by RT-PCR

Fig. 1 depicts a procedure for semi-quantitative
assessment of gene expression for HO-1 and PBG-D

Table 1. Oligonucleotide primers used for PCR.

Gene Sense primer Antisense primer

β-actin: 5’: CATGTTTGAGACCTTCAACAC 3’: CCAGGAAGGAAGGCTGGAAG
eNOS: 5’: CTGCTGCCCGAGATATCTTC 3’: CAGGTACTGCAGTCCCTCCT
HSP70: 5’: TGCTGACCAAGATGAAGGAG 3’: AGAGTCGATCTCCAGGCTGG
HO-1: 5’: CGAGCATCGACAACCC 3’: GGTCGCCAACAGGAAA
iNOS: 5’: CAGGTATGCGGTATTTGGC 3’: AGTGTAGCGTTTCGGGAT
PBG-D: 5’: ATGATGTGCGCTAACTGG 3’: GCAGTCATGGAGGCCC
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using the techniques of RT combined with duplex
PCR.  Initially duplex PCR experiments for both HO-
1 and PBG-D were performed with various amplifica-
tion cycles using cDNA isolated from heart tissue
(Fig. 1A).  Upon analysis of the density of PCR
products for both HO-1 and PBG-D amplified for 20-
35 cycles, an amplification cycle was chosen to en-
sure the cycles were not subjected to plateau effects
(Fig. 1B).  In the present study, the intensities ob-
tained at an amplification cycle of 28 were used for
group comparison.  The heated rats subjected to ana-

phylactic treatment showed a significant increase in
the levels of HO-1 mRNA expression in heart tissue
as compared to both non-heated, anaphylactic and
control rats (Fig. 1C).  In contrast, no obvious change
in the levels of HO-1 mRNA expression in both liver
and lung tissues were detected among 3 groups of
rats.  Expression of eNOS mRNA in the examined
tissue in non-heated rats subjected to anaphylactic
treatment appeared to be the same as compared with
control rats (Fig. 2).  However, the heated rats sub-
jected to anaphylactic treatment showed a significant
increase in the levels of eNOS mRNA expression in
heart and lung tissues as compared to control rats.  In
liver, no obvious change in the levels of eNOS mRNA
expression was noted among 3 groups of rats.  No
obvious change of iNOS mRNA expression was de-
tected in the examined tissue among 3 groups of rats
(Fig. 3).  Inducible HSP70 appeared overexpressed in
heart tissue of heated rats as compared to both non-
heated and control rats (data not shown).

Heme Oxygenase-1 (HO-1) and eNOS Protein Expression

HO-1 protein contents in heart and lung tissues
in the heated rats subjected to anaphylactic treatment
were significantly higher than both non-heated,
anaphylactic rats and control rats (Fig. 4).   Likewise,
significant increase of HO-1 protein levels were also
detected in examined tissue in rats pretreated with
hyperthermia only.  In contrast, HO-1 protein in
examined t issue isolated from 5 days af ter
hyperthermia pretreatment obviously decreased to
basal control levels (Fig. 5).  In liver there was no
significant difference for HO-1 protein levels among
groups.  Basal eNOS protein level was detected in all
examined tissues (Table 2).  No obvious change of

Fig. 1. Semi-quantitative assessment of gene expression for
heme oxygenase-1 (HO-1) and porphobilinogen deami-
nase (PBGD) using the techniques of RT combined with
duplex PCR.  A. An initial duplex PCR experiment was
performed to determine the cycles required to measure
gene expression for both HO-1 and PBG-D using cDNA
isolated from heart.  Lane M: 1 kb DNA ladder; lane 1: 20
cycles; lane 2: 25 cycles; lane 3: 30 cycles; lane 4: 35
cycles.  B. Relative density of PCR products of both HO-
1 and PBG-D obtained upon amplification for 20-35
cycles were plotted.  C. Expression of HO-1 mRNA
relative to PBG-D in various tissues in rats received
different treatment (n = 6) and control rats (no treatment;
n = 6).  *: P < 0.05.

Fig. 2. Expression of endothelial nitric oxide synthase (eNOS)
mRNA relative to β-actin mRNA among different groups
of rats using the similar techniques described in Fig. 1.
Rats (n = 6)/group;  *: P < 0.05.
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eNOS protein expression was noted in the examined
tissue among groups.

Discussion

We have used a semi-quantitative assessment of
duplex PCR in order to investigate expression levels
of mRNA of specific genes among different groups of
rats: anaphylactic and non-heated, anaphylactic and
heated, and control.  The specific genes were syn-
thetic enzymes of both NO and CO.  Protein contents
of both HO-1 and eNOS were further assayed in
tissue.  The present studies showed that overproduc-
tion of iNOS was not detected in rats subjected to
anaphylactic treatment.  Heat shock response was
indicated by overexpression of HSP70 mRNA and
HO-1 protein in the present studies.  Hyperthermic
pretreatment apparently increased HO-1 protein lev-
els in both heart and lung in the heated rats subjected
to anaphylactic treatment as compared to both non-
heated, anaphylactic and control rats.  In contrast,
HO-1 protein obviously decreased in rats 5 days after
hyperthermic pretreatment.  These results indicate
that attenuation of microvascular leakage and ana-
phylactic hypotension is highly related with presence
of heat shock proteins induced by hyperthermia.

The physiological role of heat shock proteins
and their protective effects against various form of
stress have been extensively studied (2, 20).  Among
HSPs, the possible mechanisms underlying the pro-
tective effect of HSP70 include their function as
molecular chaperons by refolding and renaturing the
damaged proteins (2, 18, 20, 27).  Inducible HO-1
also belongs to the heat shock protein family (HSP32).
Overexpressing of HO-1 has a principal role in many
cell types including endothelial cell adaptive response
to oxidative damage (2, 18).  HO-1 also has protective

effects in pulmonary and cardiovascular diseases (15).
It is known that CO is one of the products of heme
degradation by HO and results in vasorelaxation (15).
Bilirubin, another product of heme degradation by
HO, desensitizes mast cells and works as an anti-
inflammatory substance (22).  The present studies
showed that significant increase of HO-1 protein was
observed in heart and lung tissues in the heated rats

Fig. 3. Expression of iNOS mRNA relative to PBGD mRNA
among different groups of rats using the same techniques
described in Fig. 1.  Rats (n = 6)/group.

Fig. 4. Heme oxygenase-1 (HO-1) and beta-tubulin in the heart,
lung and liver tissues isolated from rats received various
treatments by Western blotting and immunochemical
staining.  The ratio of HO-1 over beta-tubulin was used for
comparison among different groups.  Rats (n = 5)/group;
*: P < 0.05.
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subjected to anaphylactic treatment.  Tamion et al.
(23, 24) showed that induction of HO-1 reduces lung
edema and prevents the systemic responses to hemor-
rhagic shock.  Recent studies also showed that HO-1
decrease the release of histamine from mast cells (16,
22).  Therefore, HO-1 could decrease histamine re-
lease through the same mechanism to prevent plasma
leakage in the microvasculature of the heated rats in
the present studies.

No significant change in the levels of iNOS
(NOS type II) mRNA expression was detected in
examined tissues in rats subjected to anaphylactic
treatment as compared to control rats.  The results are
consist with previous observations that a lack of
induction of iNOS in anaphylactic shock (14, 17, 21).
However, increased production of NO via activation
of the eNOS was found during anaphylactic hypoten-
sion (14, 17).  The present studies also showed that
plasma nitrite and nitrate in the femoral vein in non-
heated rats subjected to anaphylactic shock appeared
to be the same as basal levels before anaphylactic
shock.  This discrepancy of enhanced NO production
via activation of the eNOS may be due to enhanced
NO production detected only at 3-4 min early periods
(14) during anaphylactic hypotension rather than at
10 min for collecting plasma in the present studies.
Another explanation was possibly due to detection of
NO in peripheral tissues with a NO electrode (14)
versus the plasma nitrite and nitrate assay based on
the Griess reaction in the present studies.  Other
unknown mediators may also contribute anaphylactic
hypotension since anaphylactic hypotension is not
totally returned to normal levels by pretreatment of
NOS inhibitors (17).  Together, whether massive
amount of NO is produced and the role of NO during
anaphylactic shock needs further studies.

Basal levels of NO produced by constitutive
eNOS play a role in the maintenance of microvascular
integrity under physiological and pathophysiological
conditions (10-12, 19).  Increased eNOS mRNA ex-
pression is induced by a variety of stimuli such as
shear stress and exercise training (7, 8).  Although the
heated, anaphylactic rats showed a significant in-
crease in the level of eNOS mRNA in heart and lung,
eNOS protein levels appeared to be the same among
groups.  The present studies also showed that plasma
nitrite and nitrate of heated rats subjected to anaphy-
lactic treatment appeared to be the same as basal
levels before anaphylactic treatment.  Therefore, a
direct and sensitive method is required to measure
NO production in various tissues in rats treated with
hyperthermia in further studies.

Table 2  Protein contents of eNOS in tissue isolated from rats received various treatments.

eNOS/protein * in various tissues

Rats received various treatments heart lung liver

Anaphylactic shock 62.3±17.0 32.2±  5.3 3.0±1.4
Heat and anaphylactic shock  68.1±19.3 46.7±21.9 7.2±2.3
Control 64.2±22.0 45.1±20.2 8.3±5.0
Heat only 57.9±11.1 32.3±10.7 4.2±3.8

*: eNOS/protein: pg/µµµµµg, mean±SD, n = 5

Fig. 5. Heme oxygenase-1 (HO-1) and beta-tubulin in tissue
isolated from rats received various treatments by Western
blotting and immunochemical staining in typical
experiments. C: control without any treatment; H: heated,
anaphylactic treatment; HC: one day after hyperthermia
(only) treatment; H5: 5 days after hyperthermia (only)
treatment; NH: non-heated, anaphylactic treatment.
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It has been known that anaphylaxis includes the
activation of mast cells or basophils and release of
inflammatory mediators, like histamine, serotonin
and bradykinin.  The inflammatory mediators are
thought to mediate body wide vasodilatation, increased
permeability of post-capillary venules and protein
leakage.  Our previous studies (4) have shown that
increased protein leakage in heart and lung tissues in
rats subjected to anaphylactic shock is reduced by
whole body hyperthermic pretreatment.  The present
studies showed that hyperthermic pretreatment in-
creased production of HO-1 enzyme in various tis-
sues of the heated rats subjected to anaphylactic
shock as compared to both non-heated, anaphylactic
rats and control rats.  In summary, reduction of en-
hanced permeability and attenuation of hypotension
may be the result of overproduction of HO-1 rather
than NOS in tissue in rats pretreated with whole body
hyperthermia.  Heat shock proteins like HO-1 could
decrease histamine release to prevent plasma leakage
in the microvasculature of heated rats.
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