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Subjects with high blood levels of inflammatory markers and patients with chronic inflammatory disor-
ders are at high risk for stroke. Dietary restriction (DR) suppresses systemic inflammation to deter age-
related chronic diseases. To examine whether DR delays the onset of stroke, 10-week-old stroke-prone
spontaneously hypertensive rats (SHRSP) were assigned to either a control (ad libitum) or DR (50% diet
of control) group, and day of stroke onset and lifespan were observed. DR markedly delayed the onset
of stroke in SHRSP compared to control without affecting blood pressure. Day of stroke onset (median)
in the control group was 34 days, whereas it was 70 days in the DR group. After 2 weeks of DR and before
the onset of stroke, plasma levels of interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), and mono-
cyte chemoattractant protein-1 (MCP-1) and their mRNA expression levels in adipose tissue were signif-
icantly lower in the DR rats than in the control rats. Intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) mRNA expression levels in cerebrovascular endothelial cells
(CVECs), and macrophage infiltration into brain were lower in the DR rats than in the control rats. IL-1b
and TNF-a treatment in CVECs increased MCP-1, C-reactive protein, ICAM-1, and VCAM-1 mRNA and
their protein levels in vitro. In conclusion, suppression of inflammation in response to DR may lead to
a delay in the onset of stroke independent of any effect on blood pressure in SHRSP.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Inflammatory processes are recognized to play a central role in
the pathogenesis of atherosclerosis and its complications. In clini-
cal settings, plasma levels of inflammatory bio-markers (cytokines,
C-reactive protein [CRP], chemokines) have been found to be asso-
ciated with future cardiovascular risk [1]. Administration of anti-
inflammatory drugs may prevent stroke in humans and in animal
models. In healthy persons without hyperlipidemia but with ele-
vated high-sensitivity CRP level, rosuvastatin, which lowers high-
sensitivity CRP as well as cholesterol, reduced the incidence of
stroke and myocardial infarction by 50% relative to placebo [2].

Stroke-prone spontaneously hypertensive rats (SHRSP), a un-
ique genetic model of stroke [3], have previously been used to
examine the contributions of inflammation to stroke. In SHRSP
fed a high-salt diet, rosuvastatin treatment significantly delayed
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the onset of stroke and attenuated the transcription of inflamma-
tory bio-markers (monocyte chemoattractant protein-1 [MCP-1],
transforming growth factor-b1, interleukin-1b [IL-1b], and tumor
necrosis factor-a [TNF-a]) [4]. Pioglitazone, an agonist of peroxi-
some proliferator-activated receptor-c, reduced the risk of recur-
rent stroke in patients with type 2 diabetes [5]. In SHRSP,
pioglitazone delayed the onset of stroke by improving vascular
endothelial dysfunction, inhibiting brain inflammation, and reduc-
ing oxidative stress [6]. A low dose of acetylsalicylic acid (aspirin)
delayed the onset of stroke in SHRSP with suppression of inflam-
mation [7].

Dietary restriction (DR) has been shown to suppress systemic
inflammation and thus deter age-related chronic diseases such as
atherosclerosis, cancer, diabetes, obesity, and metabolic syndrome
[8]. Pro-inflammatory mediators such as IL-1b, IL-6, TNF-a, and
CRP are attenuated by DR [9,10]. Diet-restricted human subjects
have shown significantly lower levels of TNF-a and CRP than have
healthy, aged-matched controls [11]. During war or severe eco-
nomic crisis where marked shortages of food persisted for several
years, incidence of stroke was reduced [12,13]. Therefore, DR may
prevent stroke in humans and rats by lowering systemic inflamma-
tion. However, SHRSP fed a low-protein diet (5% calories from pro-
tein) ad libitum showed acceleration in the onset of stroke [14],
making it unclear whether DR, which reduces systemic inflamma-
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tion, delays or accelerates stroke. We therefore conducted studies
of DR in SHRSP to answer this question.

2. Materials and methods

2.1. Experimental protocols

Male SHRSP/Izm were purchased from Japan SLC Inc. (Shizuoka,
Japan) and maintained under specific pathogen-free conditions in a
temperature-controlled room (22 ± 2 �C) with a 12-h light/dark cy-
cle. Rats had free access to a normal laboratory diet (CE-2: CLEA Ja-
pan Inc., Tokyo, Japan) and water until 10 weeks of age, when
experiments began. Control rats were fed an experimental diet un-
der ad libitum conditions; DR rats were given 50% of the diet con-
sumed by the control group at 10:00 am each day. Experimental
diet was purchased from Research Diet Inc. (New Brunswick, NJ),
and composition of the control diet is shown in our previous report
[14]. All rats were given drinking water supplemented with 1%
NaCl at the beginning of DR. Each group comprised eight rats, each
of which was kept in a separate steel cage and monitored for neu-
rological symptoms and physiological changes to detect the onset
of stroke.

To determine physiological characteristics, rats were killed at
10:00 am after 2 weeks of DR and before the onset of stroke. Con-
trol rats were fasted overnight to take into account the acute ef-
fects of fasting in DR rats (the authors wanted to compare the
chronic effects of DR with ad libitum feeding). Blood was drawn
from the abdominal aorta, and plasma was prepared rapidly. Tissue
samples were immediately frozen in liquid nitrogen and stored at
�80 �C until RNA isolation. All animal experiments were conducted
with the approval of the National Institute of Health and Nutrition
Ethics Committee on Animal Research.

2.2. Food intake, body weight, and blood pressure

Food intake, body weight, and blood pressure were measured as
described in our previous study [14].

2.3. Plasma chemistry

Plasma IL-1b, IL-6, and TNF-a levels were determined with
Quantikine rat IL-1b, IL-6, or TNF-a immunoassay kits, respectively
(R&D Systems, Inc., Minneapolis, MN). Plasma MCP-1 level was
determined with Endogen Rat MCP-1 ELISA Kit (Pierce Biotechnol-
ogy, Inc., Rockford, IL).

2.4. Onset of stroke

Onset of stroke was assessed by the appearance of neurologic
symptoms (hyperkinetic/hypokinetic behaviors, hyper/hyposensi-
tivity [manipulation], or proleg lift, piloerection) and physiological
changes (decrease in body weight or food intake or increase in
drinking water intake) as described previously [14]. Two people
checked for these symptoms at 10:00 am every day.

2.5. Cerebrovascular endothelial cells

Cerebrovascular endothelial cells (CVECs) were harvested in the
manner of previous reports with some modifications [15–17].
Four-week-old male SHRSP (for cell culture) or SHRSP with
2 weeks of DR (for gene expression) were killed and brains were
removed. The whole brain of each rat (about 2 g) was homogenized
with a Teflon-pestle homogenizer in 10 ml of 0.32 M sucrose
buffer (0.32 M sucrose, 3 mM HEPES, 10 lM CaCl2, pH 7.4). Homog-
enate was centrifuged (1000g, 10 min), and the pellets were
re-suspended with 10 ml of 0.32 M sucrose buffer. The suspension
was centrifuged (100 g, 15 s), and the pellets were re-suspended
with 0.4 ml of 0.32 M sucrose buffer. This suspension was centri-
fuged (100 g, 15 s), and the collected supernatant was re-centri-
fuged (200 g, 1 min). The pellet (microvascular-rich fraction) was
incubated with DMEM containing dispase (1000 protease units/
ml) for 30 min. After incubation, cells were centrifuged (1000g,
10 min), and the pellet was re-suspended in 1 ml of 0.32 M sucrose
buffer. CVECs were isolated with Ficoll gradient (7.5%, 12%, 18%,
and 32%) ultracentrifugation (53,000 g, 30 min) and collected as
cells between 18% and 32% Ficoll. The acetylated low-density
lipoprotein labeled with 1,10-dioctadecyl-3,3,30,30-tetramethylin-
do-carbocyanine perchlorate (DiI-Ac-LDL; Biomedical Technolo-
gies, Inc., Stoughton, MA) uptake, a maker of endothelial cells,
was confirmed in prepared CVECs. CVECs were washed with PBS
and re-suspended with Endothelial Cell Basal Medium-2 (Lonza,
Walkersville, MD) for cell culture or TRIzol Reagent for total RNA
extraction. For in vitro study, cells were plated onto a gelatin-
coated 90-mm dish and used within 10 passage numbers.

To examine the effects of inflammatory cytokine on expression
of adhesion molecules, CVECs prepared from 4-week-old SHRSP
were plated into a collagen-coated 60-mm dish and cultured until
confluent with Endothelial Cell Basal Medium-2 (5% FCS). The
CVECs were then growth-arrested with serum-free media for
24 h and incubated with IL-1b, IL-6, or TNF-a (10 ng/ml) in ser-
um-free DMEM for 72 h. After the incubation periods, total RNA
and protein were extracted, and mRNA expression levels were
measured by quantitative RT-PCR and protein levels by Western
blot analysis.

2.6. Quantitative RT-PCR

Total RNA was extracted with TRIzol Reagent (Invitrogen Co.,
Carlsbad, CA) and reverse transcribed with Omniscript RT Kit (QIA-
GEN, GmbH, Germany) and oligo (dT) primers. Reactions were per-
formed with SYBR Green PCR Master Mix and a 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA). The results are
expressed as the copy number ratio of the target mRNA to GAPDH
(for CVECs) or b-actin (for tissues and cultured CVECs) mRNA. The
rat-specific primer pairs used are listed in Supplementary Table 1.

2.7. Western blot analysis

Whole protein from CVECs was extracted with PRO-PREP (iN-
tRON Biotechnology Inc., Gyeonggi-do, Korea) according to the
manufacturer’s instructions. CVECs (90-mm dish) were lysed in
600 ll PRO-PREP and incubated for 30 min at �20 �C. Samples
were then centrifuged (15,000 g, 5 min, 4 �C), and supernatant
was collected as the whole protein fraction. Protein in the condi-
tioned media was concentrated using an Amicon Ultra-4 centrifu-
gal filter (Millipore Co., Billerica, MA). Protein concentration was
measured with Dc Protein Assay Reagent (Bio-Rad Laboratories,
Hercules, CA) according to the manufacturer’s instructions. Protein
(10 lg) separated by SDS–PAGE (12.5% gel) was transferred onto
Immun-Blot PVDF Membrane (Bio-Rad Laboratories) and immuno-
blotted with specific primary antibodies: MCP-1 (sc-28879), CRP
(sc-73864), ICAM-1 (sc-74097), VCAM-1 (sc-8304), and b-actin
(sc-47778) (1:200–500 dilution, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). Peroxidase-conjugated anti-rabbit IgG or anti-
mouse IgG (GE Healthcare, Buckinghamshire, UK) (1:2000 dilution)
was used as the secondary antibody. Bands were visualized by en-
hanced chemiluminescence system (GE Healthcare), and density of
each band was analyzed with Image J 1.41 software (National Insti-
tute of Health). An equal amount of loaded protein was verified
using anti-b-actin antibody.
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Fig. 1. Effect of DR on the onset of stroke and lifespan in SHRSP. (A) Body weights,
(B) day of stroke onset, and (C) survival rate in control (ad libitum) and DR (dietary
restriction) rats were determined as described in Section 2. Control, open circle; DR
(rats consumed 50% of diet of control), closed circle. n = 8 in each group. P = 0.022
(stroke incidence); P = 0.014 (survival rate) vs. control in the log-rank test.
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2.8. Statistical analysis

Data are presented as the mean ± SEM. Comparisons of data be-
tween two groups were made by unpaired Student’s t-test (Stat-
view 5.0, Abacus Concepts, Piscataway, NJ). Comparisons of data
from multiple groups were made by one-way ANOVA with a Bon-
ferroni post hoc test. A Kaplan–Meier curve was obtained for the
onset of stroke and survival curves, and the comparison of groups
was performed using the log-rank test. P < 0.05 was considered
statistically significant.

3. Results

3.1. DR delays the onset of stroke and extends lifespan in SHRSP

SHRSP were assigned to either the control (ad libitum) or DR
group. The baseline food intakes of DR rats were reduced by 50%,
and the onset of stroke and lifespan was monitored. DR rats first
slightly decreased and then gradually increased in weight through-
out the experimental period (Fig. 1A). Body weight in control rats
increased until stroke and then decreased. After 1 week, DR signif-
icantly increased systolic blood pressure compared to controls
(200 ± 6 mmHg vs. 180 ± 4 mmHg, P = 0.011), possibly due to in-
creased consumption of drinking water containing 1% NaCl, related
to controls. However, this difference disappeared for 2 weeks
(200 ± 8 mmHg vs. 197 ± 6 mmHg, P = 0.795). DR markedly de-
layed the onset of stroke compared to controls (P = 0.022)
(Fig. 1B). Day of stroke (median) in the control rats was 34 days,
whereas it was 70 days in DR rats. The survival rate followed the
onset of stroke (P = 0.014) (Fig. 1C).

3.2. DR suppresses systemic inflammation

Plasma concentrations and mRNA expression levels in each tis-
sue (liver, epididymal adipose tissue, spleen, and kidney) of major
inflammatory cytokines (IL-1b, IL-6, TNF-a, and MCP-1) were mea-
sured after 2 weeks of DR, before any SHRSP showed signs of
stroke. DR rats showed lower plasma concentrations of IL-1b,
TNF-a, and MCP-1 than did control rats (although TNF-a did not
reach significance, P = 0.063) (Fig. 2A). IL-6 was not detectable in
either group.

Expression levels of IL-1b, IL-6, and TNF-a mRNA in liver were
not different between control and DR rats. However, the expression
level of MCP-1 mRNA was significantly lower in DR rats than in
control rats (Fig. 2B). In epididymal adipose tissue, expression lev-
els of IL-1b, IL-6, TNF-a, and MCP-1 mRNA were markedly lower in
DR rats than in control rats (Fig. 2C). In spleen and kidney, only the
expression level of MCP-1 mRNA in all tissues was lower in DR rats
than in control rats, similar to that in liver (data not shown). These
data suggested that decreases in plasma IL-1b, TNF-a, and MCP-1
concentrations in response to DR might be largely due to their al-
tered expressions in adipose tissues and that DR suppressed sys-
temic inflammation before the onset of stroke in SHRSP.

3.3. DR decreases adhesion molecule mRNA expression in CVECs and
may suppress macrophage infiltration into brain

Intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1), which are located on the surface
of endothelial cells, bind to the leukocyte integrin and induce leu-
kocyte transendothelial migration [18]. After 2 weeks of DR,
expression levels of both ICAM-1 and VCAM-1 mRNA were lower
in CVECs from DR rats compared to those in control rats
(Fig. 2D). At the same time, macrophage infiltration was detected
in several areas of the brain from control rats, but there were
few macrophages in the same areas of the brain from DR rats
(Supplementary Fig. 1A). Quantitatively, although it was not signif-
icant (possibly due to the very low expression of CD68 mRNA [a
macrophage marker] in whole brain), the expression level of
CD68 mRNA in whole brain from DR rats was 20% lower than that
in control rats (Supplementary Fig. 1B), suggesting that there is less
macrophage infiltration into the brain in DR rats compared to con-
trol rats.

3.4. Inflammatory cytokines stimulate expression of adhesion
molecules in CVECs

To examine whether inflammatory cytokines in blood could af-
fect endothelial cells in the brain, CVECs from young SHRSP were
exposed to inflammatory cytokines (IL-1b, IL-6, or TNF-a) for
72 h, and expression of their target genes (MCP-1, CRP, ICAM-1,
and VCAM-1) was examined in vitro. IL-1b and TNF-a treatment
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Fig. 2. Plasma inflammatory cytokine concentrations and mRNA expression levels related to cytokines in several tissues. (A) Plasma concentrations of IL-1b, IL-6, TNF-a, and
MCP-1 in control and DR rats fed for 2 weeks were measured. Bars show SEM, *P < 0.05, **P < 0.01 vs. control rats by Student’s t-test. n = 5 in each group. N.D.; non-detectable.
(B, C) Inflammatory cytokine mRNA expression levels in liver and epididymal adipose tissue in control and DR rats fed for 2 weeks were measured by quantitative RT-PCR.
Bars show SEM, **P < 0.01, and ***P < 0.001 vs. control rats by Student’s t-test. n = 5 in each group. (D) ICAM-1 and VCAM-1 mRNA expression levels in CVECs from control and
DR rats were measured by quantitative RT-PCR. CVECs were isolated from brain and pooled among each group (five rats in control and four rats in DR group).
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increased mRNA expression levels of MCP-1, CRP, ICAM-1, and
VCAM-1 (Fig. 3A). IL-1b and TNF-a treatment also increased
MCP-1 and CRP protein secretion into media and ICAM-1 protein
in cells (Fig. 3B). However, IL-6 treatment did not affect expression
of these inflammatory markers and adhesion molecules. These
results indicate that inflammatory stimuli, IL-1b, and TNF-a,
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up-regulate chemokines and adhesion molecules in CVECs and
may recruit blood leukocytes into the brain.

4. Discussion

DR markedly delayed the onset of stroke and extended the life-
span in SHRSP. This delay in stroke onset in response to DR might
be mediated by suppression of inflammation. Increased inflamma-
tion in adipose tissue (or other tissues) in SHRSP led to increase in
blood cytokine (IL-1b, TNF-a) concentrations. Blood IL-1b and TNF-
a may increase expression of adhesion molecules in CVECs, by
which blood leukocytes are recruited into the brain. IL-6 may not
contribute to the brain inflammation in SHRSP because the plasma
level of IL-6 was very low, and IL-6 treatment did not affect expres-
sion of inflammatory markers and adhesion molecules in CVECs.

Even though inflammation is recognized as a key event in
stroke, it is controversial whether inflammation is the cause or re-
sult of stroke [19]. It was reported that SHRSP show increased sys-
temic and local inflammation before the onset of stroke. Excess salt
loading for 2 weeks increased ED-1 (=CD68)-positive cells (macro-
phage/activated microglia) in the brain before the onset of stroke
[20]. Inflammatory marker proteins, such as transferrin, hemo-
pexin, albumin in urine, or thiostatin in serum, were detected in
salt-loaded SHRSP before the onset of stroke [21]. Acute-phase pro-
teins were also detected in cerebrospinal fluid before there was
any MRI evidence of brain abnormalities [22]. These data support
the hypothesis that inflammation precedes stroke. In addition to
animal studies, clinical studies already attended inflammatory
events as targets of stroke therapy using statins. Meta-analysis of
statin trials showed that statins might reduce the incidence of all
strokes with no increase in hemorrhagic stroke [23]. Statins prob-
ably reduce stroke by a variety of mechanisms, including improv-
ing endothelial function and decreasing vascular inflammation
[24], which we observed in DR SHRSP.
Despite having a lower body weight and less adipose tissue
mass, a greater amount of inflammatory adipose tissue is present
in SHRSP than in spontaneously hypertensive rats (SHR), in which
stroke was not observed (unpublished observations, T. Chiba and
O. Ezaki). However, DR effectively prevents the increased inflam-
mation in adipose tissue observed in SHRSP; DR attenuated gene
expression levels of inflammatory cytokines. It was reported that
ob/ob mice on DR had longer lifespan than did ad libitum C57BL/
6J mice, even though they still had greater amounts of adipose tis-
sue than did the ad libitum C57BL/6J mice [25]. Thus, DR may de-
crease inflammation in adipose tissue, beyond its effect in
decreasing adipose tissue mass.

Nuclear factor-kappa B (NF-jB) is a multi-subunit transcription
factor and is involved in the induction of several inflammatory
cytokines that are critically involved in the pathogenesis of chronic
inflammatory diseases [26]. Lipopolysaccharide-induced NF-jB
activity was significantly inhibited in splenocytes from energy-re-
stricted mice [27]. Ten days of DR inhibited DNA binding activity of
NF-jB in rat kidney [28]. In SHRSP, a diet containing broccoli
sprouts high in glucoraphanin decreased NF-jB activation in kid-
ney and tissue inflammation [29], and pioglitazone decreased left
ventricular NF-jB binding activities and attenuated cardiac inflam-
mation with little effect on blood pressure [30]. Therefore, DR
might suppress NF-jB signaling and reduce the systemic inflam-
mation in SHRSP independently of blood pressure.

Another possible mechanism by which DR delays the onset of
stroke might be suppression of oxidative stress. Caloric restriction
suppressed synthesis of reactive oxygen species (ROS) and in-
creased expression of anti-oxidant enzymes, such as catalase,
CuZn–SOD, and Mn–SOD [31]. Suppression of ROS by NADH oxi-
dase inhibitor could suppress the onset of stroke in SHRSP [20].
However, significant differences were not detected in anti-oxidant
enzyme mRNA expressions in CVECs between control and DR rats
in our study (data not shown).
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Malnutrition, and especially protein depletion, might aggravate
cerebral hemorrhage. An inverse relation was also observed be-
tween animal protein intake and the risk of intraparenchymal
hemorrhage in a human study [32]. In agreement with that human
study, low-protein intake of less than 5% of total calories under ad
libitum feeding conditions accelerated the onset of stroke in SHRSP
[14]. DR rats in the present study had an absolute amount of pro-
tein equivalent to 10% of total calories under ad libitum feeding
conditions. This suggests that DR without a marked decrease in
protein intake might be effective in the prevention of stroke in
humans.

5. Conclusions

DR suppressed systemic and local inflammation in SHRSP, and
these effects may lead to a delay in the onset of stroke independent
of any effect on blood pressure in SHRSP. A combination of DR and
a hypotensive drug might be an effective method to prevent stroke
in hypertensive subjects who have a chronic inflammatory state
such as obesity.
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