
The stroke prone spontaneously hypertensive rat (SHRSP)
is a useful model of human malignant hypertension, cerebral
hemorrhage, and more serious hypertensive renal injury.1—4)

The serum cholesterol level of this rat is lower than that of
the normotensive Wistar Kyoto rat (WKY).5) Human epi-
demiological studies have indicated a negative association
between serum cholesterol levels and the incidence of cere-
bral hemorrhage.6) Recent experimental findings suggest that
oxidative stress in the vasculature and kidneys contributes 
to hypertension, a major risk factor for cardiovascular dis-
ease.7—9) Free radicals were also found to contribute to 
the maintenance of hypertension in SHRSP at 16 weeks of
age.10) However, in SHRSP exposed to oxidative stress at an
early stage, the subsequent increase in DNA damage was not
a secondary effect of hypertension.11) Therefore, not only hy-
pertension and lower serum cholesterol levels but also oxida-
tive stress was responsible for the cerebral hemorrhage in
SHRSP.

It has been suggested that 8-hydroxy-2�-deoxyguanosine
(8-OHdG) is a product of oxidative DNA damage following
specific enzymatic cleavage after 8-hydroxylation of the gua-
nine base.12) The amount of urinary 8-OHdG, a biomarker of
systemic oxidative stress in vivo, in SHRSP did not differ
from that in WKY at 6 weeks of age, but increased beyond
control values after the development of severe hypertension
at 14—17 weeks of age.11) Other groups reported that total
superoxide dismutase (SOD) activity in the rostral ventro-
lateral medulla was decreased in SHRSP compared with
WKY.13) Namely, the increase in reactive oxygen species
(ROS) in the brain of SHRSP at 16 weeks of age is caused by
a decrease of SOD. It was reported that SHRSP exhibits salt-
sensitivity, increased vascular release of superoxide, and 
decreased total plasma antioxidative capacity.14) Amounts 
of oxidized proteins were also remarkably enhanced in the
aorta, heart and kidney from SHRSP as compared with
WKY.15) Thus hypertension, cerebral hemorrhage, renal
damage, and the decrease in plasma antioxidative capacity in
SHRSP may be caused by oxidative stress. However, al-
though oxidative stress may be involved in brain damage in
SHRSP, it is not clear whether the effect is intrinsic (a direct

result of oxidative stress in the brain itself) or extrinsic (a
secondary effect of oxidative stress in serum or the kidneys),
as hydrogen peroxide (H2O2), a type of ROS, passes through
the plasma membrane in tissues and cells. Thus, we exam-
ined oxidative stress in the serum, brain and kidneys of
WKY and SHRSP at 10 weeks of age (cerebral hemorrhage
does not occur at this age in SHRSP). The results indicated
higher level of oxidative stress in the brain than serum or
kidneys of SHRSP of 10 weeks of age.

MATERIALS AND METHODS

Materials The ECL Western blotting detection kit was
obtained from Amersham Pharmacia Biotech (Tokyo, Japan),
Cholesterol E-test Wako kit from Wako (Osaka, Japan), 
BioMasher® tissue homogenizer from Nippi, Inc. (Tokyo,
Japan), Quick Gene RNA tissue kit S II from Fujifilm
(Tokyo, Japan), and SYBR Ex Script reverse transcription-
polymerase chain reaction (RT-PCR) kit from TaKaRa
(Tokyo, Japan). Sheep anti-catalase (bovine) immunoglobu-
lin G (IgG) was purchased from The Binding Site (Birming-
ham, U.K.) and donkey anti-sheep IgG conjugated to horse-
radish peroxidase was from Cortex Biochem, Inc. (San Lean-
dro, CA, U.S.A.). The oxidized protein detection kit was ob-
tained from Serologicals Corporation, Norcross, U.S.A. All
other chemicals were of reagent grade and purchased com-
mercially.

Animals Male (9—10 weeks old) SHRSP/Izm and
WKY/Izm were obtained from the Disease Model Co-opera-
tive Research Association, Japan.

Cholesterol Levels in Serum Cholesterol concentra-
tions in serum were determined using the Cholesterol E-test
Wako kit.

Protein Assay Protein levels were measured by the
method of Lowry et al. using bovine serum albumin (BSA)
as the standard.16)

Measurement of a Dvanced Oxidation Protein Products
Advanced oxidation protein products (AOPP) were measur-
ed with oxi-rat serum albumin using a semi-automated
method.17)
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Measurement of Oxidized Albumin High-performance
liquid chromatography (HPLC) was used to analyze serum
albumin as described previously and the oxidized albumin
ratio was estimated.18) Samples obtained from WKY and
SHRSP were immediately frozen and stored at �80 °C until
used for analysis. Then 5 m l aliquots of serum were analyzed
on a Shodex Asahipak ES-502N column (Showa Denko Co.,
Ltd., Tokyo, Japan). From the HPLC profile, the amount of
each albumin fraction (rat mercaptalbumin, f[RMA]; rat 
nonmercaptalbumin-1, f[RNA-1]; rat nonmercaptalbumin-2,
f[RNA-2]) was estimated as the area of the RNA fraction di-
vided by RMA fraction of the serum albumin peak.19)

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) and Immunoblotting SDS-PAGE
was performed on 10% slab gels according to the method of
Laemmli.20) Proteins on the SDS-slab gel were transferred to
a nylon membrane (NEN) by electrophoresis, using a modi-
fied version of the procedure of Towbin et al.21) Positive
bands were visualized using ECL Western blotting detection
kits (Amersham Pharmacia, Amersham, U.K.) that contained
a sensitive chemiluminescent substrate for horseradish perox-
idase.

Measurement of Oxidized Proteins Oxidized protein in
serum and tissues of WKY and SHRSP was detected using
an oxidized protein detection kit, as described previously.15)

The Oxyblot kit provides reagents for the sensitive immu-
nodetection of carbonyl groups. Chemiluminescence was 
detected with an ECL western blot detection kit. Signals of
bands were measured using an Intelligent Quantifier (Bio
Image).

Real-Time PCR Total RNA (50 m l) in the brain was iso-
lated from the cells using Quick Gene RNA cultured cell kit
S (total RNA extract kit) and Gene-810 (Nucleic Acid Isola-
tion System; Fujifilm, Tokyo, Japan). The concentration of
total RNA was calculated by a QubitTM fluorometer (Invitro-
gen). Two-microgram samples of total RNA from each group
of cells were subjected to reverse transcription (RT) using re-
verse transcriptase in a 50 m l reaction volume. After the RT
reaction, the cDNA template was amplified by polymerase
chain reaction with a SYBR Ex Script RT-PCR kit. SYBR
Green was used for the real-time PCR analysis of tyrosinase.
Real-time PCR was performed using an ABI7500 system
(Applied Biosystems Japan, Tokyo, Japan). Relative gene ex-
pression was quantified using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal control. The primer
pairs (GAPDH, F-5�-TGTGTCCGTCGTGGATCTGA-3�
and R-5�-TTGCTGTTGAAGTCGCAGGAG-3�; SOD, F-5�-
CAAGTACAGGGATCGGCCAAC-3� and R-5�-GGTGCA-
TTGGCTTCTGGGTAA-3�) were designed using the primer
Select program of TaKaRa. The cDNA products generated by
RT-PCR were electrophoresed on a 2% agarose gel and visu-
alized by ethidium bromide staining under UV light.

Statistics Statistical analysis was carried out using Stu-
dent’s t-test. Data are presented as the mean�S.D.

RESULTS

Oxidative Stress in Serum, Brain and Kidney First,
we determined the concentrations of cholesterol and protein
in serum at 10 weeks of age. As shown in Fig. 1, concentra-
tions of protein were similar between SHRSP and WKY.

Similar results were reported previously.2) Also, serum cho-
lesterol levels were significantly lower in SHRSP than WKY.

Next, to examine the effect of oxidative stress in serum at
10 weeks of age, we measured the levels of AOPP, oxidized
albumin and oxidized proteins, markers of oxidative stress.
As shown in Fig. 2, significant decreases in AOPP, oxidized
albumin and oxidized proteins were found in SHRSP as com-
pared with WKY.

Furthermore, to examine the effect of oxidative stress in
the brain and kidney, we measured the amount of oxidized
protein using immunoblotting. As shown in Figs. 3A, C, the
level of oxidized protein in the brain was significantly in-
creased in SHRSP as compared with WKY. However, that in
the kidney did not differ significantly, although it was re-
duced in SHRSP (Figs. 3B, D). These results (Figs. 2, 3) in-
dicated that the marker of oxidative stress in the brain was
higher among SHRSP than WKY, but that in the serum and
kidney was lower among SHRSP than WKY.

Change of SOD and Catalase Levels in the Brain
Major enzymes involved in the decrease in oxidative stress
were SOD and catalase. It was reported that the increase in
the amount of ROS in the brain of SHRSP at 16 weeks of age
was caused by a decrease of SOD.10) Thus, we examined the
change in SOD and catalase (antioxidative enzymes) levels
in the brain. As shown in Fig. 4, the level of SOD in the brain
was significantly increased in SHRSP compared to WKY, as
measured using real-time PCR. The level of catalase in the
brain was also significantly increased in SHRSP, as measured
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Fig. 1. Protein and Cholesterol Concentrations in the Serum of WKY and
SHRSP

Protein (A) and cholesterol (B) levels in the serum of WKY and SHRSP were meas-
ured as described in Materials and Methods. Data are means for four identical experi-
ments. Significant differences: ∗ p�0.05.



using immunoblotting. Thus, the increased oxidative stress in
the brain of SHRSP can not be explained by the decreases in
expression of SOD and catalase.

DISCUSSION

The damage to the brain and kidney, and decrease in
plasma antioxidant capacity in SHRSP may be caused by ox-
idative stress.11,13,14) However, it is not clear whether the ox-

idative stress in the brain is intrinsic or extrinsic. In the pres-
ent study, levels of oxidative stress were higher in the brain
than serum or kidneys of SHRSP at 10 weeks of age (Figs. 2,
3). Therefore, the oxidative stress in the brain was intrinsic (a
direct effect of oxidative stress in the brain itself), not extrin-
sic (a secondary effect of oxidative stress in serum or the kid-
neys).

In general, oxidative stress is caused by an imbalance be-
tween the production of ROS and the removal of ROS by the
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Fig. 2. AOPP, Oxidized Albumin and Oxidized Protein Concentrations in
the Serum of WKY and SHRSP

AOPP (A) and oxidized albumin (B) levels in the serum of WKY and SHRSP were
measured as described in Materials and Methods. Serum samples (C; 5 m l) of WKY
and SHRSP were subjected to immunoblotting as described in Materials and Methods,
and the signals in C were measured using an Intelligent Quantifier (D). Data are means
for three identical experiments. Significant differences: ∗ p�0.05.

Fig. 3. Oxidized Protein Levels in the Brain and Kidney of WKY and
SHRSP

Crude extract (30 mg) in the brain (A) and kidney (B) of WKY and SHRSP was sub-
jected to immunoblotting as described in Materials and Methods, and the signals in A
and B were measured using an Intelligent Quantifier (C, D), respectively. Data are
means for three identical experiments. Significant differences: ∗ p�0.05.



antioxidant system. Next, we examined whether decreased
expression of antioxidative enzymes occurred in the brain of
SHRSP. The present findings demonstrated that levels of
SOD and catalse in the brain were also significantly in-
creased (Fig. 4). Therefore, the increased oxidative stress in
the brain of SHRSP can not be explained by the decrease in
expression of these enzymes. From these results, it was sug-
gested that high levels of oxidative stress exist in the brain in
young SHRSP (10 weeks of age), but are not caused by de-
creases in the expression of SOD and catalase.

We conclude that the increased oxidative stress in the brain
of SHRSP at 10 weeks of age is intrinsic (high levels of ox-
idative stress in the brain itself), although the reason for such
high levels remains unclear. Further study will be needed to
understand the effect of oxidative stress on the brain in
SHRSP.
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Fig. 4. The mRNA Level of SOD and Protein Level of Catalase in the
Brain of WKY and SHRSP

(A) RT-PCR was performed using primer pairs for SOD or GAPDH from total RNA
in the brain of WKY and SHRSP as described in Materials and Methods. cDNA prod-
ucts (1 m l) were electrophoresed on a 2% agarose gel and visualized by ethidium bro-
mide staining under UV light. After each band (GAPDH or SOD) generated by RT-
PCR was recognized as a single band, real-time PCR was performed as described in
Materials and Methods. Crude extract (30 mg) in the brain of WKY and SHRSP was
subjected to immunoblotting using anti-catalase antibody as described in Materials and
Methods (B), and the signals were measured using an Intelligent Quantifier (C). Data
are means for three identical experiments. Significant differences: ∗ p�0.005.


