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ABSTRACT

Angiotensin Il exerts its central nervous system effects primarily
via its receptors AT1 and AT2, and it participates in the patho-
genesis of ischemia via AT1. The selective AT1 receptor blocker
(ARB) is used in the hypertension treatment, and it exerts a
variety of pleiotropic effects, including antioxidative, antiapop-
totic, and anti-inflammatory effects. In this study, we investi-
gated the therapeutic effect of the ARB telmisartan in experi-
mental intracerebral hemorrhage (ICH) in normotensive rats.
ICH was induced via the collagenase infusion or autologous
blood injection. Either telmisartan at 30 mg/kg/dose or phos-
phate-buffered saline was orally administered 2 h after ICH
induction. We evaluated hemorrhage volume, brain water con-
tent, and functional recovery, and we performed the histologi-
cal analysis for terminal deoxynucleotidyl transferase dUTP

nick-end labeling, leukocyte infiltration, and microglia activa-
tion. A variety of intracellular signals, in terms of oxidative
stress, apoptotic molecules, and inflammatory mediators, were
also measured. Telmisartan reduced hemorrhage volume, brain
edema, and inflammatory or apoptotic cells in the perihemato-
mal area. Telmisartan was noted to induce the expression of
endothelial nitric-oxide synthase and peroxisome proliferator-
activated receptor y and decrease oxidative stress, apoptotic
signal, tumor necrosis factor-«, and cyclooxygenase-2 expres-
sion. The telmisartan-treated rats exhibited less pronounced
neurological deficits and recovered better. Thus, telmisartan
seems to offer neural protection, including antiapoptosis, anti-
inflammatory, and antioxidant benefits in the intracerebral hem-
orrhage rat model.

Angiotensin II is a potent vasoconstrictor hormone that is
cleaved from angiotensinogen by renin and angiotensin-con-
verting enzyme. In addition to its known vital role in both
cardiovascular and fluid homeostasis, several lines of evi-
dence implicate angiotensin II in the ischemic neuronal in-
jury via the angiotensin II receptor subtype AT1 (AT1R)
(Walther et al., 2002). Emerging evidence suggest that pe-
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ripherally administered AT1R blockers (ARBs) can interact
with AT1R in the brain across the blood-brain barrier (BBB)
and reduce the infarct volumes in the experimental cerebral
ischemia model (Dai et al., 1999; Nishimura et al., 2000;
Yamakawa et al., 2003). Recently, ARBs were also proven to
attenuate inflammatory and oxidative stress (Ando et al.,
2004; Zhou et al., 2005) and to regulate the nitric-oxide
synthase isoenzymes in the brain (Ito et al.,, 2002). As a
potent and highly selective AT1 receptor antagonist, telmis-
artan (TMS) is described chemically as 4[(1,4-dimethyl-2-
propyl[2,6-bi-1H-benzimidazol]-1-yl)methyl] [1,1-biphenyl]-
2-carboxylic acid. This unique feature of telmisartan
accounts for both its high receptor affinity and its excellent
pharmacokinetic properties. Furthermore, telmisartan could

ABBREVIATIONS: AT1R, angiotensin Il receptor subtype AT1; ARB, angiotensin Il receptor blocker; BBB, blood brain barrier; TMS, telmisartan;
PPAR, peroxisome proliferator-activated receptor; ICH, intracerebral hemorrhage; MLPT, modified limb placing test; MPO, myeloperoxidase;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; eNOS, endothelial nitric-oxide synthase; COX, cyclooxygenase; RT-PCR,
reverse transcription-polymerase chain reaction; FasL, Fas ligand; TNF, tumor necrosis factor; DHE, dihydroethidium; MDA, malondialdehyde;

ANOVA, analysis of variance; NF-«B, nuclear factor-«B.
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confer effects other than the blockage of the AT1R, such as
peroxisome proliferator-activated receptor (PPAR) vy activa-
tion (Benson et al., 2004).

The neurotoxicity associated with intracerebral hemor-
rhage (ICH) includes inflammation, oxidative stress, and
excitotoxicity, as well as toxic effects of blood degradation
products (Wang et al., 2002; Chu et al., 2004; Jung et al.,
2004; Lee et al., 2006). Recent work has indicated that the
suppression of these responses can reduce brain edema and
improve functional outcomes in experimental ICH (Mayne et
al., 2001; Peeling et al., 2001; Chu et al., 2004; Jung et al.,
2004; Lee et al., 2006). Given that angiotensin II is the
principal inducer of oxidative stress and inflammation (Ra-
jagopalan et al., 1996; Iadecola and Gorelick, 2004; Cha-
lupsky and Cai, 2005), the acute blockade of AT1R might
exert beneficial effects in the hemorrhagic brain. However, to
date, there was no study validating the effects of ARB as a
potential therapeutic agent against ICH.

Peripherally administered telmisartan penetrates the
BBB to inhibit the central effects of angiotensin II via selec-
tive blockage of AT1R, but not AT2R (Gohlke et al., 2001).
Since high doses of the antagonist, i.e., 10 mg/kg i.v. and 30
mg/kg p.o., could result in the nearly complete and sustained
blockade of AT1R within the brain (Gohlke et al., 2001), we
attempted to study the therapeutic effects of a high dose of
telmisartan in normotensive rats in which ICH had been
induced.

Materials and Methods

Induction of Intracerebral Hemorrhage and Telmisartan
Treatment. All the procedures were performed following institu-
tional approval in accordance with National Institutes of Health
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, 1996). Male Sprague-Dawley rats (12
weeks old; Orient, Seoul, Republic of Korea), weighing 200 to 220 g,
were randomly assigned to two experimental groups: ICH-vehicle
group (ICH-only) and telmisartan-treated ICH group (ICH-TMS).
Experimental ICH was induced via stereotaxic intrastriatal admin-
istration of bacterial collagenase type VII (Sigma-Aldrich, St. Louis,
MO), as has been described in other reports (Chu et al., 2004; Jung
et al., 2004; Lee et al., 2006). Two hours after ICH induction, a single
oral dose of telmisartan (30 mg/kg/dose p.o., dissolved in 1 ml of PBS;
GlaxoSmithKline, Seoul, Korea) was administered to the rats by
feeding tubes. An equal amount of PBS was administered to the
ICH-only group. We measured mean arterial blood pressure and
arterial blood gases via a right femoral artery line (polyethylene 50
tubing). A small amount of heparinized saline was used to prevent
clotting in the femoral artery and catheter. Physiological parameters
were assessed 30 min before and after ICH induction and 6 and 24 h
after telmisartan (or PBS) administration.

Autologous Blood-Injected ICH Model. Additional experi-
ments were also performed using a direct infusion of autologous
blood into the rat striatum as an alternative model (Chu et al., 2004;
Lee et al., 2006). A small craniotomy was performed using the same
stereotactic coordinates, and 300 ul of autologous unheparinized
blood (from the femoral artery) was infused into the left striatum. In
this model, we analyzed the brain water content in the ICH-only
group and ICH-TMS group (30 mg/kg) that were initially treated 2 h
after ICH induction, and we verified whether the effects of telmis-
artan would be comparable with those in the collagenase-induced
ICH models.

Behavioral Testing. To examine the effects of the telmisartan on
the neurological deficits of rats after ICH, behavioral tests were
performed by two investigators blinded to the treatment status of the

rats, with the modified limb placing test (MLPT) (Chu et al., 2004;
Jung et al., 2004; Lee et al., 2006). The test consists of two limb-
placing tasks that assess the sensorimotor integration of the fore-
limb and the hind limb by checking responses to tactile and propri-
oceptive stimulation. First, the rat is suspended 10 cm over a table,
and the stretch of the forelimbs toward the table is observed and
evaluated: normal stretch, 0 points; and abnormal flexion, 1 point.
Next, the rat is positioned along the edge of the table, with its
forelimbs suspended over the edge, and it is allowed to move freely.
Each forelimb (forelimb, second task; and hind limb, third task) is
gently pulled down, and retrieval and placement are checked. Fi-
nally, the rat is placed toward the table edge to check for lateral
placement of the forelimb. The three tasks are scored in the following
manner: normal performance, 0 points; performance with a delay (2
s) and/or incomplete, 1 point; and no performance, 2 points. In total,
7 points means maximal neurological deficit, and 0 points means
normal performance. The animals were monitored during the period
of postoperative recovery starting at 2 h and 1, 7, 14, 21, and 28 days
after ICH (n = 6/group).

Hemorrhage Volume and Water Content. Hemorrhage vol-
ume was quantified at 24 or 72 h via a spectrophotometric assay
conducted as described previously (Lee et al., 2006). Measurements
from perfused brains subjected to ICH were compared with the
standard curve to obtain data in terms of hemorrhage volume (mi-
croliters; n = 6/group). Seventy-two hours after the induction of ICH,
the rats were anesthetized, sacrificed via decapitation, and processed
for measuring water content (n = 6/group) (Chu et al., 2004; Jung et
al., 2004; Lee et al., 2006). Water content was expressed as a per-
centage of wet weight.

Tissue Preparation and Immunohistochemistry. On day 3,
the rats (n = 6/group) were reanesthetized and perfused through the
heart with 50 ml of ice-cold saline and 50 ml of 4% paraformalde-
hyde, in 0.1 M PBS. We conducted immunostaining with antibodies
against myeloperoxidase (MPO; 1:200; Dako, Carpinteria, CA), and
0X42 (1:500; Chemicon International, Temecula, CA), as described
previously (Chu et al., 2004; Jung et al., 2004; Lee et al., 2006). We
also conducted a TUNEL procedure for the in situ detection of DNA
fragmentation, as was described previously (Chu et al., 2004; Jung et
al., 2004; Lee et al., 2006). Coronal sections taken through the center
of the needle insertion were analyzed via the counting of marker-
specific cells throughout the entire section (three sections per each
antibody staining; 1 mm in width). The total counts in these sections
were converted to cell densities to facilitate quantitation and com-
parison between the groups.

Western Blotting. Twenty-four hours after the induction of ICH,
the rats were sacrificed via decapitation, and the brains were imme-
diately extracted (n = 3/group). Homogenates of the ipsilateral hemi-
sphere were serially processed for Western blotting, as described
previously (Jung et al., 2004; Lee et al., 2006). We used anti-eNOS
(1:200; BD Biosciences PharMingen, San Diego, CA), anti-COX2
(1:200; BD Biosciences PharMingen), anti-PPARy (1:1000; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-B-actin antibody
(Santa Cruz Biotechnology, Inc.). Relative optical densities were
obtained via comparison of the measured values, with the mean
value of the ICH-only group. For PPARY, cytosolic and nuclear ex-
tracts were obtained. Tissues were homogenized with 300 ul of buffer
(10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH
7.9, 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, 0.1 pg/ml aprotinin, 1 ug/ml
leupeptin, 1 pg/ml Na-p-tosyl-L-lysine-chloromethyl ketone, 5 mM
NaF, 1 mM NaVO,, 0.5 M sucrose, and 10 mM Na,MoO,). After 15
min, Nonidet P-40 (Roche, Indianapolis, IN) was added to reach a
0.5% concentration. The tubes were gently vortexed for 15 s, and
nuclei were collected by centrifugation at 8000g for 5 min. Superna-
tants were taken as a cytosolic fraction. The pellets were resus-
pended in 100 ul of buffer supplemented with 20% glycerol and 0.4 M
KCl, and then they were gently shaken for 30 min at 4°C. Nuclear
protein extracts were obtained by centrifugation at 13,000g for 5
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min, and aliquots of the supernatant were stored at —80°C. All steps
of the fractionation were carried out at 4°C.

Reverse Transcription-Polymerase Chain Reaction. We also
conducted RT-PCR for Fas, FasL, TNF-qa, and the AT1/AT2 receptors
(n = 3/group). The following primer sets were used (25 cycles of 95,
58, and 72°C for 40 s each): Fas, 5'-CAA GGG ACT GAT AGC ATC
TTT GAG G-3’ (sense) and 5'-TCC AGA TTC AGG GTC ACA GGT
TG-3' (antisense); FasL, 5'-CAG CCC CTG AAT TAC CCA TGT C-3’
(sense) and 5'-CAC TCC AGA GAT CAA AGC AGT TC-3' (anti-
sense); TNF-«, 5'-TAC TGA ACT TCG GGG TGA TTG GTC C-3’
(sense) and 5-CAG CCT TGT CCC TTG AAG AGA ACC-3’ (anti-
sense); AT1, 5'-AGA GCC GCA ACA TGA ACT CT-3' (sense) and
5'-CTG CAT AAG GCG GTT GGT AT-3' (antisense); and AT2, 5'-
AAT CTG GCT GTG GCT GAC TT-3' (sense) and 5'-AAG GAA GTG
CCA GGT CAA TG-3' (antisense). The mRNA expression levels were
normalized to glyceraldehyde-3-phosphate dehydrogenase, and rela-
tive optical densities were determined via comparison of the mea-
sured values with the mean value of the ICH-only group.

Measurement of Caspase Activities. Caspase activities were
characterized with enzyme-linked immunosorbent assay kits
(caspase-3; Promega, Madison, WI; caspase-8; BD Biosciences, San
Jose, CA; and caspase-9, Chemicon International; n = 3/group) at
24 h after the induction of ICH, as was described previously in other
reports (Lee and Lo, 2003). Fluorescent intensity was measured in
an FL600 plate reader (excitation wavelength, 380 nm; emission
wavelength, 460 nm; Bio-Tek, Instruments, Winooski, VT).

Evaluation of Oxidative Stress. One day after reperfusion, the
rat brains were processed for the analysis of oxidative stress (n =
6/group). The oxidative fluorescent dye dihydroethidium (DHE; Sig-
ma-Aldrich) was used to evaluate in situ production of superoxide
(Jung et al., 2006). Frozen, enzymatically intact brains were cut into
30-um-thick sections, and the sections were placed on a glass slide.
The sections were simultaneously incubated with 10 uM DHE in
PBS for 30 min at 37°C in a humidified chamber that was shielded
from light. Coronal sections cut through the striatum (three sections
per brain; 1 mm in width) were imaged in parallel. Superoxide-
positive cells were manually counted in the eight regions around the
striatum under 100X magnification using a laser scanning confocal
microscopy with a Bio-Rad MRC 1024 (argon and krypton; Bio-Rad,
Hercules, CA). Malondialdehyde (MDA) was estimated as an indica-
tor of lipid peroxidation (n = 3/group). The brain tissues were ho-
mogenized with sodium phosphate buffer, pH 7.4. The reagents (1.5
ml of acetic acid, 1.5 ml of thiobarbituric acid, and 0.2 ml of sodium
dodecyl sulfate) were added to 0.1 ml of processed tissue sample. The
mixture was then heated at 100°C for 60 min. The mixture was
cooled with tap water, and 5 ml of n-butanol/pyridine (15:1) and 1 ml
of distilled water were added. After centrifugation at 4000 rpm for 10
min, the organic layer was withdrawn, and absorbance was mea-
sured at 532 nm using a spectrophotometer.

Statistical Analysis. All data in this study are presented as
means * S.D. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test (when appropriate) or Student’s ¢
test if the data were normally distributed (Kolmogorov-Smirov test;
p > 0.05). For the blood pressure and behavioral data, values of
different time points were compared by two-way repeated measures
ANOVA. Without normal distribution, we used the Mann-Whitney U
test.

Results

Telmisartan Prompted a Functional Recovery. There
were no significant differences in rectal temperature, arterial
blood gases, and pH values among the experimental groups
measured before and after ICH induction, and 6 and 24 h
after telmisartan (or PBS) administration. Post-ICH mean
arterial pressure (89.4 = 5.8 mm Hg) did not significantly
differ (p = 0.302) from baseline pressure (87.5 = 3.0 mm Hg).
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Mean arterial blood pressure at 6 h after drug treatment was
slightly lower than that after PBS administration, but this
did not reach statistical significance (p = 0.218; two-way
repeated measures ANOVA). Data are available in Supple-
mental Table 1. The ICH-TMS group exhibited less profound
deficits than did the ICH-only group at 1 day after the in-
duction of ICH, and then it continued to recover, with the
difference between the two groups statistically significant
until at least 4 weeks after the induction of ICH (p < 0.05; ¢
test). At week 4, the ICH-TMS group scored less than 2
points on the MLPT (Fig. 1a).

Telmisartan Reduced Hemorrhage Volume and
Brain Water Content. Telmisartan treatment attenuated
the hemorrhage volume by 63%, compared with the ICH-only
group, 1 day after the induction of ICH, and by 86% at 3 days
after ICH. The hemorrhage volumes were as follows: 43.4 +
4.5 pl (day 1) and 22.5 + 4.5 ul (day 3) in the ICH-only group;
and 16.2 = 2.5 ul (day 1) and 3.1 = 0.7 ul (day 3) in the
ICH-TMS group (p < 0.01, ¢ test; Fig. 1b). Brain water
content in the lesioned (left) hemisphere was 81.81 + 0.59%
in the ICH-only group and 79.96 * 0.41% in the ICH-TMS
group, with a significant difference (p < 0.01, ¢ test; Fig. 1c).
Brain water content in the nonlesioned (right) hemisphere
was 79.51 = 0.56% in the ICH-only group and 79.47 = 0.25%
in the ICH-TMS group (p = 0.88, ¢ test). We also investigated
the effect of telmisartan on brain water content in the autol-
ogous blood-injected ICH model, in which similar patterns of
brain water content decrement were observed. In this model,
the brain water contents of the hemorrhagic hemispheres
were 80.8 = 0.84% in the ICH-only group and 79.42 *+ 0.86%
in ICH-TMS (p < 0.01, ¢ test; Fig. 1d).

Telmisartan Reduced Inflammatory Cell Infiltration
and Apoptotic Cells. TUNEL staining revealed a high den-
sity of positively stained cells within the hemorrhage lesions
themselves as well as in the periphery of the lesions (Fig. 2a).
Quantitative analysis revealed differences between the
groups with regard to the number of TUNEL™ cells. The
ICH-TMS group exhibited a significantly lower number of
TUNEL" cells (29.28 * 5.98 cells/mm?) than did the ICH-
only group (336.48 + 26.27 cells/mm?; p < 0.01, ¢ test; Fig.
2b). The ICH-TMS group was determined to possess signifi-
cantly lower numbers of OX42™ microglial cells (ICH-TMS,
24.19 + 6.10 cells/mm?; ICH-only, 90.28 + 10.71 cells/mm?;
p < 0.01, # test) and MPO™ neutrophils ICH-TMS, 71.57 +
20.87 cells/mm?; ICH-only, 195.84 + 15.29 cells/mm?; p <
0.01, ¢ test) than were observed in the ICH-only group at 3
days after ICH (Fig. 2b).

Telmisartan Down-Regulated the Inflammatory and
Apoptotic Molecules, Combined with the Up-Regula-
tion of eNOS Expression and PPARYy. Western blotting
revealed the up-regulation of PPARy and eNOS expression
and the down-regulation of COX2 induced by telmisartan
treatment (Fig. 3a). Analysis of the 52-kDa band correspond-
ing to PPARy demonstrated a 1.6 *= 0.1-fold increase in
nuclear extracts of hemorrhagic brain tissue at 24 h after the
onset of ICH, while it showed no differences in cytosolic
extracts (Fig. 3, b and c). The relative optical density of eNOS
expression in the ICH-TMS group was 16.5 += 1.2 times as
high as in the ICH-only group (p < 0.01, Mann-Whitney U
test; Fig. 3d). Meanwhile, COX2 expression was significantly
attenuated in the ICH-TMS group (35% decrease versus
ICH-only group; p < 0.01, Mann-Whitney U test; Fig. 3e).
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Fig. 1. Behavioral test, hemorrhage volume, and brain water content. a, in the MLPT, the ICH-TMS group exhibited less pronounced initial deficits,
and it recovered better than did the ICH-only group. b, telmisartan reduced the hemorrhage volume by 55% at 24 h and by 83% at 72 h compared with
the ICH-only group. Telmisartan significantly reduced brain water contents on the ipsilateral side following collagenase-induced ICH (c¢) and
autologous blood-induced ICH (d), compared with what was observed in the ICH-only group at 72 h (c). *, p < 0.05 versus ICH-only (n = 6; ¢ test).
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duced the number of TUNEL", OX42*,
200 and MPO™ cells in the perihematomal
regions. b, quantification analysis re-
vealed significant reductions in the
quantities of TUNEL", OX42*, and
MPO™ cells in the ICH-TMS group, com-
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Caspase activities were significantly reduced in the ICH- decrease; p < 0.01, Mann-Whitney U test; Fig. 3f). Caspase-8
TMS group. Twenty-four hours after the induction of ICH, and -9 activities were also shown to have been significantly
caspase-3 activity in the ICH-TMS group was determined to reduced in the ICH-TMS group (31% decrease in caspase-8;
be significantly lower than that of the ICH-only group (62% 20% decrease in caspase-9; p < 0.01, ¢ test; Fig. 3f). In the
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caspase-3 (f). The densitometric data are representative of three experiments. *, p < 0.0 versus ICH-only (n = 3; Mann-Whitney U test).

analysis for the angiotensin II receptors AT1 and AT2, both
of the ICH groups manifested marked increases in the ex-
pression of AT1 receptor mRNA after injury (3.5-fold in-
crease, ICH-only; 3.1-fold increase, ICH-TMS), but they ex-
hibited no changes in the expression of the AT2 receptor (Fig.
4, a and b). We measured the mRNA expression of cytokine-
related genes, including TNF-q«, Fas, and FasL. The hemor-
rhagic brain samples expressed abundant amounts of mRNA
of these molecules, whereas the normal brains expressed
them only at very low levels. Relative optical density analysis
revealed the ICH-TMS group to have undergone a 94% de-
crease in the levels of TNF-«, a 56% decrease in Fas, and a
79% reduction in FasL. mRNA levels, compared with the
ICH-only group (p < 0.01, Mann-Whitney U test; Fig. 4c).
Telmisartan Reduced Oxidative Stress in the Hem-
orrhagic Brain. In the normal rats, limited evidence of
DHE-induced ethidium bromide fluorescence was observed
in the cortex and striatum. Superoxide-generating cells were
increased in the hemorrhagic hemisphere, whereas only a
few labeled cells were detected in the nonhemorrhagic hemi-
sphere (Fig. 5, a—c). Data from image analysis indicated that
DHE-induced ethidium bromide fluorescence was 74% less
pronounced in the ICH-TMS group than in the ICH-only
group (p < 0.05, ¢ test; Fig. 5d). These histological results

were further supported by biochemical assay for MDA, a lipid
peroxidation product. Telmisartan significantly decreased
the levels of MDA (0.16 = 0.04 png/mg protein) compared with
the ICH-only group (0.31 = 0.05 wg/mg protein) and normal
group (0.07 = 0.03 pug/mg protein) (p < 0.05, Mann-Whitney
U test; Fig. 5e).

Discussion

In this study, telmisartan was shown to attenuate hemor-
rhage expansion and perihematomal edema formation, to
induce neuroprotection, and to enhance functional recovery.
These effects of telmisartan were associated with the inhibi-
tion or amelioration of apoptosis, oxidative stress, and neu-
roinflammation, rather than blood pressure reduction.

The dose (30 mg/kg p.o.) used in this study was selected on
the basis of pharmacokinetic study in the brain (Gohkle et
al., 2001). Telmisartan concentrations measured in the cere-
brospinal fluid after 8 days of consecutive daily oral treat-
ment (1-30 mg/kg) ranged from 0.87 * 0.27 ng/ml (1 mg/kg/
dose) to 46.5 *= 11.6 ng/ml (30 mg/kg/dose). Following
peripheral administration, telmisartan can penetrate the
BBB in a dose- and time-dependent manner to inhibit cen-
trally mediated effects of angiotensin II. Compared with lo-
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Fig. 4. RT-PCR for AT1, AT2, TNF-q,
Fas, and FasL expression. a, RT-PCR
results were analyzed in terms of the
optical density ratio to the glyceralde-
hyde-3-phosphate dehydrogenase. b,
AT1 was up-regulated in the hemor-
rhagic compared with the normal

samples, and this was also apparent
in the ICH-TMS group. However, AT2
exhibited no changes. ¢, whereas the
ICH-only group exhibited up-regula-
tions in TNF-a, Fas, and FasL, the
ICH-TMS rats exhibited reduced ex-
pressions of all of these molecules. *,
p < 0.05 versus normal in b and ver-
sus ICH-only in ¢ (n = 3; Mann-Whit-
ney U test).
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sartan and irbesartan, the apparent higher capability of
telmisartan to penetrate into the brain tissue might be ex-
plained by the hydrophobic/hydrophilic properties of the
drugs. Thus, we selected telmisartan (30 mg/kg/dose) as a
potential drug against experimental ICH.

The AT1R mRNA level was shown to be increased in the
hemorrhagic brain 24 h after ICH induction, whereas mRNA
level of the AT2R was not affected. Therefore, it is conceiv-

. b 2 :

Normal

*
i
*
.
Fas

FasL

Fig. 5. Antioxidant effects of telmis-
artan. Fluorescent images after incu-
bation with DHE demonstrated that
basal superoxide levels were in-
creased in the hemorrhagic brains
and that telmisartan treatment ef-
fected a reduction in the DHE fluores-
cence, which indicated reduced super-
oxide generation (a—c). Quantitative
measurements of DHE fluorescence
(d) indicated a 74% decrease in the
ICH-TMS group, compared with the
ICH-only group. Scale bar, 50 um. *,
p < 0.01 versus ICH-only (n = 6;
ANOVA and Tukey’s test). Telmisar-
tan significantly decreased the ele-
vated MDA content in rat brain after
ICH (e). *, p < 0.05 versus ICH-only
(n = 3; Mann-Whitney U test).

ICH-only ICH-TMS

able to assume that the inhibition of central AT1R can con-
siderably contribute to the observed beneficial effects of the
telmisartan on neurological outcome of ICH. In a study in-
volving heart transplantation donors, the systemic up-regu-
lation of AT1R was documented with the subsequent devel-
opment of transplant vasculopathy and ICH (Yamani et al.,
2004). The increased AT1R expression in the hemorrhagic
brain, as was documented in our study, suggests its patho-
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genetic implication in ICH, and it provides the feasibility of
the ATI1R blockers. Alternatively, when AT1 receptors are
inhibited, angiotensin II can increasingly interact with AT2
receptors, because telmisartan selectively blocks the AT1
receptors and it allows the angiotensin II to stimulate the
unoccupied AT2 receptors (Iwai et al., 2004). This dual effect
of telmisartan may be the cause of their superiority over the
angiotensin-converting enzyme inhibitors in ICH treatment.
Evidence has been more recently gathered, suggesting that
the stimulation of AT2R can offset or oppose, by cross-talk
mechanisms, the AT1-mediated actions of angiotensin II on
blood pressure regulation, vascular reactivity, cell growth,
and apoptosis (Wright et al., 2002; Wu et al., 2002). The
relative stimulation of the AT2R, as an indirect result of
AT1R antagonism, may contribute to the overall effects of the
AT1R antagonists during pathophysiological process of ICH.
However, the relationship between telmisartan and AT re-
ceptor subtype is not necessarily straightforward, and it war-
rants further study.

The inhibition of AT1R induces eNOS expression in injured
tissue via the activation of AT2R (Thai et al., 2003). The
telmisartan-induced activation of eNOS may perform a func-
tion relevant to the preservation of cerebral blood flow and
the attenuation of neurological loss in the perihematomal
regions (Endres et al., 2004; Jung et al., 2004). In addition,
nitric oxide from eNOS can be protective against oxidative
stress and excitotoxic damage (Iadecola, 1997; Agnoletti et
al., 1999), and it can reduce brain edema (Lee et al., 2006).
However, nitric oxide might aggravate the ICH conditions
via inhibiting platelet activation and preventing thrombosis
(Stagliano et al., 1997). Additional genetic controls, including
pharmacologic blocking, or genetic knockdown of eNOS,
would be helpful to verify a role of telmisartan-induced
eNOS.

Apoptosis represents a prominent feature of ICH-associ-
ated cell death in the perihematomal region (Qureshi et al.,
2003). In cells responsive to apoptotic stimuli, two major
apoptosis pathways have been identified: the intrinsic apo-
ptotic pathway, which includes mitochondria-involved sig-
naling and caspase-9; and the extrinsic apoptotic pathway,
which is mediated principally by death receptors and
caspase-8 (Qureshi et al., 2003; Huang et al., 2004). Since
telmisartan attenuated the activities of caspase-9, caspase-3,
and caspase-8, and the mRNA levels of FasL and TNF-«, we
speculate that telmisartan can alleviate both the intrinsic
and extrinsic apoptotic pathway activation associated with
ICH. Conversely, a variety of experimental and human stud-
ies regarding ICH has revealed that inflammation can be a
major target of novel therapies for ICH (Chu et al., 2004;
Jung et al., 2004; Lee et al., 2006). In line with reports that
some ARBs exerted anti-inflammatory effects (Kramer et al.,
2002; Nagai et al., 2006), telmisartan in our study could
inhibit the number of infiltrating leukocytes and activated
microglia, and the expression of COX2 in the hemorrhagic
brain. Oxidative stress during ICH is another critical event,
which leads to the disruption of the BBB, combined with
hematoma expansion and secondary vasogenic edema (Tang
et al., 2005). Angiotensin II is one of the most important
known oxidative stress inducers, and produce reactive oxy-
gen species by the enzyme NADPH oxidase (Cai et al., 2003).
The reduced levels of the superoxide and lipid peroxidation
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product by telmisartan might contribute to a remarkable
reduction in the hematoma growth and edema.

Recent evidence suggests that PPARy activation repre-
sents a novel mechanism for the beneficial effects of ARBs
(Benson et al., 2004; Schupp et al., 2004). Telmisartan can
function as a partial agonist of PPARy (Benson et al., 2004).
The ability of telmisartan to activate PPARy seems to be
independent of AT1R blockade, because it can activate
PPARYy in cells that lack AT1R (Schupp et al., 2004). PPARYy
activators can ameliorate multiple pathogenetic determi-
nants of atherosclerosis, ischemia, or inflammation (Schiffrin
et al., 2003). Thus, some interest exists in the potential use of
PPARy activators for treatment of ICH. In our study, the
administration of telmisartan at the onset of ICH coincided
with the activation of PPARy and suppression of inflamma-
tion and oxidative stress. The PPARy activation induces
catalase gene expression and protein. The inducibility of the
catalase gene could play an important role in combating the
oxidative stress induced by ICH (Nakamura et al., 2005). It
has also been postulated that the beneficial effect of PPARy
agonists in stroke is because of their anti-inflammatory ef-
fect. Most of the proinflammatory responses are amplified
and regulated by the transcription factor NF-«B. PPARy
agonists have been shown to inhibit NF-«B, either directly by
interacting with its subunits, by competing for common tran-
scription coactivators, or through up-regulation of its inhib-
itory protein, inhibitor kBa (Delerive et al., 2000). In a recent
study, 15-deoxy-'%'*A-prostaglandin-J2, a PPARy agonist,
could elevate the catalase expression and suppress the
NF-«kB activity, and it could restrict neutrophil infiltration
(Zhao et al., 2006). Therefore, it is likely that the up-regula-
tion of PPARy by telmisartan, as shown in the present study,
may provide an explanation for the antioxidative and anti-
inflammatory effects of telmisartan. By virtue of its unique
ability to activate PPARy at reasonable concentrations, telm-
isartan may have a greater potential than other ARBs to
improve the hostile environments of the hemorrhagic brain.

In conclusion, we provide convincing evidence to suggest
that telmisartan does indeed exert therapeutic effects in
experimental ICH. Telmisartan is widely used in the current
clinical field, as an antihypertensive agent. Considering that
the use of antihypertensive agents in ICH patients is seldom
contraindicated, the clinical use of telmisartan in cases of
ICH may be an option with a fair degree of feasibility.
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