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Angiotensin AT1 receptor antagonists exert anti-
inflammatory effects in spontaneously hypertensive
rats
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' Department of Cardiology, Shanghai First People’s Hospital, Jiaotong University, Shanghai, China and *Wellman Center for
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Background and purpose: Although the main therapeutic effect of angiotensin AT1 receptor antagonists is to decrease blood
pressure, they also exert anti-inflammatory effects in the cardiovascular system. However, the underlying mechanisms remain
unclear. We investigated the inhibitory effect of AT1 antagonists on the chemokine monocyte chemoattractant protein 1
(MCP-1) and its receptor C-C chemokine receptor 2 (CCR2) in rat monocytes and aortas.

Experimental approach: Spontaneous hypertensive rats (SHRs) were treated with the AT1 antagonists losartan or telmisartan
for 4 weeks, and Wistar-Kyoto rats (WKYs) were used as normotensive controls. Systolic arterial pressure was measured, and the
number of macrophages in the aortic vessel wall was assessed by anti-ED-1 antibody immunolabelling.

Key results: Compared with WKYs, SHRs showed significantly increased ED-1 positive macrophages in the aortic wall, which
were decreased after high doses of losartan or telmisartan. Low doses of losartan did not improve blood pressure significantly
as did the high doses, but markedly decreased macrophage infiltration in the vessel wall. AT1 antagonists, particularly at high
doses, improved aortic remodeling in SHR. At the molecular level, AT1 antagonists attenuated the expression of MCP-1 and
CCR2 in the aorta and peripheral blood monocytes and lowered the serum level of MCP-1. In addition, Western blotting
showed that AT1 antagonists inhibited the phosphorylation of Akt in mouse monocytes.

Conclusions and implications: AT1 antagonism inhibited vessel wall inflammation and inhibition of PI3K/Akt may be involved
in the modulation of the MCP-1/CCR2 system by AT1 antagonists in SHRs.
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Introduction

Hypertension is a risk factor for vascular diseases such as
atherosclerosis, but the molecular mechanism by which
hypertension leads to vascular inflammation is not well
understood (Alexander, 2006; Pauletto and Rattazzi, 2006).
Angiotensin II (Ang II) is a vasoactive peptide with a variety of
effects, including alleviating vessel inflammation. Ang II
induces inflammation through the production of reactive
oxygen species, adhesion molecules and inflammatory cyto-
kines such as monocyte chemoattractant protein-1 (MCP-1).
As selective inhibitors of the Ang II receptor AT1, AT1
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antagonists are used clinically for reducing arterial blood
pressure. MCP-1 acts as a central mediator of the inflamma-
tory response in hypertensive vascular disease (Usui et al.,
2000; Sanz-Rosa et al., 2005; Willemsen et al., 2007). In
response to Ang II, monocytes increase MCP-1 secretion,
which plays an essential role in increased inflammation in the
vessel (Ni et al., 2004). Previous studies reported that although
activation of the renin-angiotensin system upregulates MCP-
1, AT1 antagonism significantly decreases MCP-1 expression
(Chen et al., 2003; Esteban et al., 2005; Ouyang et al., 2005). In
addition, the C-C chemokine receptor 2 (CCR2), one receptor
for MCP-1, is involved in Ang II-induced atherosclerosis (Bush
et al.,, 2000; Bruemmer et al., 2003; Morita et al., 2003;
Ishibashi et al., 2004a). Ang II-induced macrophage infiltra-
tion into the arterial wall has been shown to be markedly
decreased in CCR2-deficient mice (Bush et al., 2000).



We hypothesized that the MCP-1/CCR2 system mediated
the anti-inflammatory effect of AT1 antagonists in hyper-
tensive animals. Our results showed that macrophage
infiltration into vessel wall was greatly decreased with
AT1A treatment. As well, the ratios of left-ventricular mass
of the heart to body weight (LVM/BW) and aortic intima-
medial thickness (IMT) to diameter (IMT/D), and aortic
perivascular fibrosis ratio (PVFR), were all attenuated. The
intracellular signalling pathway of phosphoinositide-3
kinase (PI3K)-Akt seems to be involved in this anti-inflam-
matory effect.

Materials and methods

Animal experiments

The animal study protocol was approved by the Jiaotong
University, Medical Science School animal care and use
committee. Ten-week-old male spontaneously hypertensive
rats (SHRs) (n=24) were fed a standard chow diet. The rats
were divided into four groups with the following treatments:
vehicle-treated controls, 5 or 30mgkg 'day ' losartan (pur-
chased from Merck (Shanghai, China) or 30 mgkg 'day !
telmisartan (purchased from Boehringer Ingelheim Inc.
(Shanghai, China). Age-matched Wistar-Kyoto rats (WKYs,
n=6) were used as normotensive controls. Systolic arterial
pressure was measured by tail-cuff plethysmography at 2 and 4
weeks after treatment. Peripheral arterial blood (~ 5-6 ml) was
collected immediately from the aorta before rats were killed.
The aorta and left ventricle were isolated. All specimens were
fixed in 10% buffered formalin or snap-frozen in liquid
nitrogen for histological and immunohistochemical analysis.

Monocyte chemotaxis assay

MCP-1 chemotaxis was assessed with use of a double-
chamber system (Costar Transwells, Corning, NY, USA).
Peripheral blood monocytes (PBMCs) were isolated by
density centrifugation with the use of a lymphocyte separa-
tion medium (Nycoprep 1.077A, purchased from Axis-
Shied). For chemotaxis assays, 600 pl of RPMI 1640 medium
(RPMI) containing 5% bovine serum albumin were placed in
the lower chamber with or without MCP-1 (25ng ml™Y).
PBMCs in 100 ul of RPMI (10° cells per well) were added to
the upper chamber. After incubation for 4 h, the cells on the
upper part of the membrane were scraped and fixed, and the
migrated cells were stained with Giemsa and counted under
a microscope.

Reverse transcription-polymerase chain reaction

The total RNA was isolated from PBMCs using RNAiso. RNA
was reverse transcribed, and semiquantitative PCR was
performed according to routine procedures. Glyceralde-
hyde-3-phosphate dehydrogenase expression was used as
an internal control. The following primers were used: rat
MCP-1, 5-ATGCAGGTCTCTGTCACG (forward) and 5'-CTA
GTTCTCTGTCATACT (reverse); CCR2, 5-AGATGATCAGCA
TACTTGTG (forward) and 5'-AATGATAGGATTAACGCAGC
(reverse).
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Measurements of monocyte chemoattractant protein 1

After human blood monocyte (THP-1) cells were treated with
various stimuli for different durations, MCP-1 released from
the cells was measured. In brief, the supernatant was
collected, filtered with 0.45pm-pore filters and stored at
—70°C until use. Serum from 1 ml blood was centrifuged and
MCP-1 concentration was measured by using BioSource
ELISA kits (R&D, Shanghai, China).

Histology and immunohistochemistry

Rat descending aortas were embedded in paraffin and
sectioned. The specimens were stained with haematoxylin
and eosin staining or Masson'’s staining to show the internal
lamina. In brief, sections (5 pm thick) were deparaffinized,
rehydrated and blocked. Rat anti-mouse ED-1 at 1:100
dilution was used as the primary antibody and mouse IgG1
as a negative control. The goat anti-mouse SABC kit (Bostor
Co. WuHan, China) was used for immunostaining. Sections
were then counterstained with haematoxylin. Monocytes/
macrophages accumulating in the aorta were counted. All
images were captured with use of an Aixon 6.0 microscope
equipped with a video camera and analysed by using Adobe
Photoshop 6.0.

Western blotting

Monocytes (5 x 10%) were plated into six-well plates and
cultured for 20 h. LY294002 (5 uM) or CV-11974 (10 uM) was
added to the cells for 30 min before Ang II treatment. Ang II
(100 nM) was added to the cell cultures for 24 h. Cells were
lysed with 150mM radioimmunoprecipitation buffer. The
whole-cell lysates underwent 10% SDS-PAGE. Western blot
analysis was performed with the use of anti-Akt antibody or
anti-phosphorylated Akt. An antibody against glyceralde-
hyde-3-phosphate dehydrogenase was used as a loading
control and goat-anti-mouse horseradish peroxidase as a
secondary antibody. The signal was revealed by chemilumi-
nescence detection kit (Super Signal West Dura Extended
Duration Substrate; Pierce Co., Rockford, USA).

Statistical analysis

Data were analysed by analysis of variance and Student’s
t-test with use of SPSS 13.0. The results are shown as
mean +s.d. from three or five independent experiments.
P<0.05 was considered statistically significant.

Materials

CV-11974 (an AT1 antagonist, an active metabolite of
candesartan) was provided by Takeda Pharmaceutical Co.
(Osaka, Japan). LY294004 (an inhibitor of PI3K) from
Promega (Madison, WI, USA). Akt and phosphorylated Akt
antibody and the glyceraldehyde-3-phosphate dehydrogen-
ase antibody were purchased from Cell Signaling Co.
(Boston, USA). Recombinant Rat MCP-1 (as used in the
chemotaxis assays) was from Peprotech Inc. (Shanghai,
China).
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Results

AT1 antagonism inhibits monocyte infiltration into the aorta of
spontaneous hypertensive rats

To investigate whether AT1 antagonists have an effect on
monocyte/macrophage infiltration into the aorta in the
presence of hypertension, we treated WKY controls and SHRs
with or without losartan (5 or 30mgkg™!) or telmisartan
(30mgkg ') for 4 weeks. The systolic blood pressures of the
five groups of rats are shown in Table 1. Immunostaining
with anti-ED-1, a marker for monocyte/macrophage was
enhanced in aortas from SHRs as compared with WKYs

(Figure 1la). Treatment with either low or high doses of
losartan or a high dose of telmisartan decreased the
infiltration of monocytes/macrophages, as shown by de-
creased anti-ED-1 staining. Quantification of the infiltrated
monocytes/macrophages (Figure 1b) demonstrates that AT1
antagonism inhibited the infiltration of monocytes/macro-
phages into the vascular wall in SHRs.

AT1 antagonism inhibits MCP-1/CCR2-mediated chemotaxis
Given the key role of MCP-1 and its cognate receptor CCR2
in monocyte chemoattraction, we measured the serum level

Table 1 Systolic blood pressures in rats before and after treatment with AT1 antagonists (mm Hg, mean+s.d.)

WKY SHR SHR-LL SHR-HL SHR-T
Before treatment 131.3+14.8 187.2+11.7° 176.7+15.3° 172.9+15.8° 169.8+15.4°
After treatment 2 weeks 132.2+12.7 186.8+11.6 175.2+15.3 162.7+14.9 166.4+17.6
After treatment 4 weeks 129.3+3.9 189.2+11.7 174.2+17.1 118.1+27.2° 113.5+18.9°

SHR, spontaneously hypertensive rats; SHR-HL, SHR treated with losartan 30 mgkg~'; SHR-LL, SHR treated with losartan 5mgkg~'; SHR-T, SHR treated with

telmisartan 30 mgkg~'; WKY, Wistar-Kyoto rats.
?Compared with WKY groups, P<0.01.
PCompared with before-treatment, P<0.05.
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SHR SHR-LL SHR-HL SHR-T
AT1 antagonists inhibited the infiltration of monocytes/macrophages into the aorta of SHRs. (a) WKY and SHRs received 5 or

30mgkg ™" losartan (SHR-LL and SHR-HL, respectively) or 30 mgkg~" telmisartan (SHR-T) for 4 weeks. The isolated aortic specimens from the
five groups (n=6 in each group) were immunostained with anti-ED-1, a marker for monocytes/macrophages. Images are representative of
cross-sections (5 pm thick) (magnification x 40). Black arrows indicate the positive ED-1 staining. (b) ED-1-positive cells were counted and
quantified; bar graphs are means+s.d. from 3-4 aortic specimens of each animal (**P<0.01 and *P>0.05). SHR, spontaneous hypertensive

rats; WKY, Wistar-Kyoto rats.
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of MCP-1 and tissue content of CCR2 in both PBMCs and
aortas after losartan and telmisartan treatment. The level of
MCP-1 in the peripheral blood of SHRs was much higher
than that of control WKYs (Figure 2a) and this level was
significantly reduced in SHRs receiving losartan or telmi-
sartan. The mRNA for CCR2 was increased in SHRs and was
attenuated by losartan or telmisartan treatment (Figure 2b).
In the MCP-1 chemotaxis assay, monocytes isolated from

N w
o o

Serum MCP-1 (pg mlI'™")
)

WKY SHR SHR-LL SHR-HL SHR-T

1

0 mcp-1
[0 Buffer

Numbers of migrated
cells (400 xHPF)

T

WKY SHR SHR-LL SHR-HL SHR-T

d Aorta
MCP-1

WKY SHR SHR-LL SHR-HL SHR-T

MCP-1/GAPDH

WKY SHR SHR-LL SHR-HL SHR-T

AT1A inhibits vessel wall inflammation

Q Dai et al 1045

losartan- or telmisartan-treated SHRs showed attenuated
MCP-1 chemotaxis as compared with control SHRs
(Figure 2c).

To compare data obtained from PBMCs (Figures 2b-c) with
the levels of MCP-1 and CCR?2 in the aorta, we measured the
mRNA for MCP-1 and CCR2 in aortas from the five animal
groups. The mRNA for MCP-1 and CCR2 in untreated SHRs
was higher than that in WKYs (Figures 2d and e), but
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Figure 2 AT1 antagonists decreased MCP-1/CCR2-mediated monocyte chemotaxis. (a) Serum was collected from WKYs and SHRs receiving
vehicle control or 5mgkg " losartan, 30 mgkg ™" losartan or 30 mg kg~ telmisartan for 4 weeks. The serum level of MCP-1 was determined by
ELISA with the use of anti-MCP-1 antibody. (b) Level of CCR2 mRNA in PBMC detected by Reverse transcription-PCR. The upper panel indicates
the amount of CCR2 mRNA, with the internal control GAPDH mRNA, and the lower panel shows the density of DNA bands. (c) Monocytes
from the five groups of rats (n=6 in each group) were plated onto the upper chamber of the transwell, and MCP-1 (25 ngml~") was added to
the lower chamber. At 4h after incubation, the membrane was fixed and stained with Giemsa, and the migrated cells were counted.
(**P<0.01) (d and e) Aortic extracts from the five groups of rats were processed by Reverse transcription-PCR to determine the mRNAs for
MCP-1 and CCR2. Bar graphs in the lower panel show density of DNA bands. CCR2, C-C chemokine receptor 2; ELISA, enzyme-linked
immunosorbant assay; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCP-1, monocyte chemoattractant protein 1; PBMC, peripheral
blood monocytes; SHR, spontaneous hypertensive rats; WKY, Wistar-Kyoto rats.
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losartan or telmisartan treatment decreased both the mRNAs
levels comparable to those in control untreated WKYs.

AT1 antagonism improves aortic remodeling in spontaneous
hypertensive rats

To study whether AT1 antagonists exerts protective effects on
blood vessels, we compared aortic remodelling among the five
rat groups. Treatment with 30 mgkg ™' losartan or telmisartan
markedly decreased the IMT/D of the aorta as compared with
that in untreated SHRs (Figure 3a). As well, all of the AT1
antagonists decreased the PVFR, compared with that in
untreated rats (Figure 3b). The therapeutic effect of the AT1
antagonists was also exhibited in the heart. Thus, the heart
LVM/BW ratio was significantly improved in SHRs receiving
the higher dose of losartan or telmisartan (Figure 3c).
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Figure 3 AT1 antagonists reduced the remodelling of hyperten-
sion-targeted organs in SHRs. (a) Ratios of the aortic intima-medial
thickness to the aortic diameter (IMT/D) after treatment with AT1
antagonists for 4 weeks. (b) Aortic perivascular fibrosis ratios (PVFRs).
(c) Mass of the left ventricle normalized to body weight (LVM/BW).
WKY aortas were measured at day 1 and SHR aortas after 4 weeks
treatment. (*P<0.05 or **P<0.01). SHR, spontaneous hypertensive
rats; WKY, Wistar-Kyoto rats.
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PI3K/Akt is involved in inhibition of monocyte chemoattractant

protein 1 by AT1 antagonists

To confirm inhibition of MCP-1 secretion by AT1 antagonists
at the molecular level, we pre-treated THP-1 monocytic cells
with Ang II, or Ang II and CV-11974, another AT1
antagonist. Ang II dose-dependently induced the secretion
of MCP-1 from THP-1 cells (Figure 4a). However, the
addition of CV-11974 abolished this effect of Ang II. To
dissect the signalling pathways involved in the inhibition of
MCP-1 by AT1 antagonism, THP-1 cells were treated with
Ang II with or without LY294002, a specific inhibitor of PI3K,
or CV-11974. As already observed with CV-11974 inhibition,
inhibition of PI3K attenuated the activation of Akt, as
indicated by the decreased phosphorylation of Thr-308.
Furthermore, inhibition of PI3K attenuated MCP-1 secretion
(Figure 4c). Thus, we concluded that the PI3K-Akt pathway
was involved in the inhibition of the MCP-1/CCR2 by AT1
antagonists.

Discussion

Hypertension is considered a major determinant of endothe-
lial dysfunction, including but not limited to, promoting
inflammatory responses and recruitment of PBMCs (Alex-
ander, 2006). AT1 antagonists have anti-inflammatory
effects on the vascular wall, in addition to lowering blood
pressure. In this study, we showed that treatment with the
AT1 antagonists, losartan and telmisartan, decreased the
monocyte/macrophage infiltration into the vascular wall of
SHRs, which was associated with improved protection of
target organs, including vessels and heart. Further, AT1
antagonism decreased the secretion of MCP-1 from PBMCs
and the level of CCR2 in PBMCs. Previous studies of animal
models of hypertension have also shown AT1 antagonists
alleviating the detrimental effects of Ang II on endothelial
cells and reducing the level of inflammatory response in
vessels (Cheng et al., 2005; Sanz-Rosa et al., 2005).

Interestingly, losartan at the lower dose of 5mgkg™!,
although not improving systolic pressure, still showed
significant beneficial effects on the cardiovascular system,
as shown by decreased MCP-1 and CCR2 expression,
monocyte/macrophage infiltration and protection of the
vessels and heart. Thus, low-dose AT1 antagonists may
provide an anti-inflammatory effect clinically and prevent
cardiovascular complications of hypertension. Two subtypes
of Ang II receptors (AT1 and AT2) exist. Grafe et al. (1997)
reported that human endothelial cells mainly express AT1R
but not AT2R. It is through the AT1 receptors, that
endothelial cells interact with leukocytes. Thus, AT1 antago-
nists could decrease the inflammatory response by blocking
AT1 receptors.

Ang II augments MCP-1 expression in cell types such as
endothelial cells, monocytes/macrophages and smooth
muscle cells. MCP-1 plays a central role in the inflammatory
response in vascular diseases related to hypertension, as
shown by increased MCP-1 expression in the arterial walls of
hypertensive animals (Capers et al., 1997), and inhibition of
either MCP-1 or CCR2 prevents vascular inflammation in
hypertensive rats (Bush et al., 2000; Koyanagi et al., 2000;
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Figure 4 Inhibition of MCP-1 expression by AT1 antagonists was
mediated through the PI3K/Akt pathway. (a) THP-1 monocyte cells
were treated with 10, 100 or 1000 nM Ang Il alone or 100 nM Ang I
with 1 or 10uM CV-11974. After 24h, MCP-1 level in the
supernatant was assayed by ELISA. The data are means+s.d. from
five experiments (*P<0.05; **P<0.01). (b) THP-1 cells were pre-
treated with 5pM LY294002 (LY) or 10pM CV-11974 (CV) for
30min, then treated with 100nm Ang Il for 24 h. The cell lysates
were analysed by 10% SDS-polyacrylamide gel electrophoresis.
Western blot analysis involved anti-phospho-Akt (phosphorylation of
Thr-308), anit-Akt or anti-GAPDH. The data shown are representa-
tive of three independent experiments. (c) THP-1 cells were pre
treated with 5puM LY294002 or 10uM CV for 30 min, then with
100nmM Ang Il for 24h. The concentration of MCP-1 in the
supernatant was assayed. Statistical analysis was as for (a). ELISA,
enzyme-linked immunosorbant assay; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; MCP-1, monocyte chemoattractant
protein 1; PI3K, phosphoinositide-3 kinase.

Ishibashi et al., 2004b). Furthermore, Ang II infusion results
in decreased accumulation of macrophages and vascular
hypertrophy in CCR2-deficient mice (Bush et al., 2000). In
this study, we showed MCP-1 was upregulated in SHRs, most
likely because of the elevated Ang II, and this upregulation
was attenuated by AT1 antagonists. One detrimental effect of
Ang II-mediated vascular remodelling is the recruitment of
inflammatory cells to the vascular wall. Our findings
indicate that the decreased MCP-1 following AT1 antagonists
was associated with decreased recruitment of inflammatory
cells to the arterial wall.
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The PI3K/Akt pathway is widely involved in various
pathophysiological processes of vascular diseases such as cell
proliferation and migration of endothelial cells, smooth
muscle cells and monocytes/macrophages. Our data demon-
strate that blocking of Ang II with AT1A diminished the
activation of the PI3K/Akt pathway. Furthermore, inhibition
of PI3K/Akt attenuated MCP-1 secretion. Thus, Ang II
signalling through AT1 receptors could activate PI3K/Akt,
which was critical for the enhanced expression of
MCP-1/AT1R.

Conclusions from this study have increased our under-
standing of the functions and associated mechanism of AT1
antagonists in providing an anti-inflammatory effect by
suppressing monocyte/macrophage recruitment. From the
translational research point of view, treatment with AT1
antagonists, even at doses that did not lower blood pressure,
improved the remodelling of organs such as the aorta and
heart, which are important targets for the pathological
consequences of hypertension.
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