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Abstract

Telmisartan is an angiotensin-Il receptor blocker and acts as a selective modulator of peroxisome proliferator-activated recep-
tor gamma (PPARY). Several studies have demonstrated that telmisartan ameliorates depression and memory dysfunction and
reduces brain inflammation. We hypothesized that the beneficial effects of telmisartan on brain could be due to modulation of the
blood-brain barrier (BBB) function. Here, we examined the effect of telmisartan on tumor necrosis factor alpha (TNF-a)-induced
expression of intercellular adhesion molecule 1 (ICAM-1) which plays an important role in leukocyte transcytosis through the
BBB. Telmisartan blocked TNF-a-induced ICAM-1 expression and leukocyte adhesion in U87MG human glioma cells but showed
no effect on human brain microvascular endothelial cells. In U87MG cells, a PPAR antagonist, GW9662 did not block the effect
of telmisartan on ICAM1 expression but rather potentiated. Moreover, GW9662 caused no change in TNF-a-induced ICAM-1
expression, suggesting no implication of PPARYy in the telmisartan effect. Further studies showed that telmisartan blocked TNF-o.-
induced activation of c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK1/2), p38, and nuclear factor-
kappa B (NF-«B). In contrast, inhibitors of JNK, ERK1/2 and NF-«kB but not p38, blocked ICAM-1 expression induced by TNF-a.
Thus, our findings suggest that the beneficial effect of telmisartan is likely due to the reduction of astrocytic ICAM1 expression and
leukocytes adhesion to astrocytes, and that this response was mediated by the inhibition of JNK/ERK1/2/NF-kB activation and
in the PPAR-independent manner. In conclusion, this study enhances our understanding of the mechanism by which telmisartan
exerts the beneficial brain function.

Key Words: Telmisartan, ICAM-1, TNF-q, Inflammation, Astroglial, Blood-brain barrier

INTRODUCTION may cause neuroinflammation, oxidative stress, neuronal tox-
icity, and neuronal detachment from the supporting extracel-
The blood-brain barrier (BBB) is a highly specialized struc- lular matrix (Bell et al., 2010; Daneman et al., 2010; Winker et
ture which is formed by endothelial cells, pericytes, and as- al., 2012), leading to progressive neurodegeneration.
trocytes and ensures the export of neurotoxic molecules from Intercellular adhesion molecule-1 (ICAM-1; CD54) is a
the brain to the blood vessels (Sweeney et al., 2019). BBB transmembrane glycoprotein of the Ig superfamily which is
disruption allows the influx of neurotoxic plasma components involved in cell adhesion. Endothelial ICAM-1 is a ligand for
such as hematopoietic proteins, leukocytes, and microbial the membrane-bound integrin receptors lymphocyte function-
pathogens into the central nervous system. Recently, vascular associated antigen 1 (LFA-1) and Mac-1 on leukocytes, and
inflammation and dysregulated immune cell trafficking through plays an important role in leukocyte-endothelial cell adhesion
the BBB have been implicated in the pathogenesis of brain and migration (Lawson and Wolf, 2009). ICAM-1 is expressed
diseases such as dementia (Erd6 et al., 2017), although the by endothelial cells, leukocytes, fibroblasts, and microglia.
importance of leukocyte traffic in these diseases remains un- Although the function of endothelial ICAM-1 is well-known,
clear. The invasion of neutrophils or monocytes into the brain the role of ICAM-1 in astrocytes remains unclear. Interest-
https://doi.org/10.4062/biomolther.2020.119 Received Jul 8,2020 Revised Jul 15,2020 Accepted Jul 16,2020

Published Online Aug 12,2020
This is an Open Access article distributed under the terms of the Creative Com-

mons Attribution Non-Commercial License (http://creativecommons.org/licens- *Corresponding Author

es/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, E-mail: smahn@dankook.ac.kr

and reproduction in any medium, provided the original work is properly cited. Tel: +82-41-550-1433, Fax: +82-41-559-7899

Copyright © 2020 The Korean Society of Applied Pharmacology www.biomolther.org

423


http://crossmark.crossref.org/dialog/?doi=10.4062/biomolther.2020.119&domain=pdf&date_stamp=2020-08-28

Biomol Ther 28(5), 423-430 (2020)

ingly, ICAM-1 is aberrantly expressed by astrocytes in multiple
sclerosis and Alzheimer’s disease (AD) brains (Verbeek et al.,
1994; Ponath et al., 2018) and has been suggested as a blood
marker for AD (Janelidze et al., 2018), suggesting the impor-
tant role of ICAM-1 in the pathogenesis of AD.

Telmisartan is an angiotensin-Il type 1 receptor blocker and
peroxisome proliferator-activated gamma (PPARy) agonist
used to treat hypertension (Benson et al., 2004). PPAR ac-
tivation suppresses inflammatory responses in neurons, en-
dothelial cells, astrocytes, and microglial cells and promotes
amyloid B clearance (Camacho et al., 2004; Elkahloun et al.,
2018). Telmisartan had protective effects on memory impair-
ment, glial inflammation, and amyloid burden in a transgenic
mouse model of AD (Tsukuda et al., 2009; Torika et al., 2017).
Furthermore, in human prospective cohort and nested case
control studies (Davies et al., 2011), AD patients treated with
angiotensin-Il type 1 receptor blockers showed lower in-
cidence and progression rate for dementia (Li et al., 2010).
Therefore, telmisartan is a possible candidate for the treat-
ment of AD, but its molecular target and the mechanism un-
derlying its effect remain unclear.

In the present study, in order to understand the molecular
mechanism underlying the neuroprotective role of telmisar-
tan, the effects of telmisartan on tumor necrosis factor alpha
(TNF-a)-induced ICAM-1 expression and leukocyte adhesion
in microendothelial cells and astrocytes were investigated. In
addition, the molecular signaling pathways underlying this ef-
fect were monitored. Unexpectedly, telmisartan reduced TNF-
a-induced ICAM-1 protein expression in astrocytes but not in
endothelial cells. Furthermore, telmisartan regulated ICAM-1
expression through inhibition of the TNF-o-activated extracel-
lular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal
kinase (JNK), and nuclear factor-kappa B p65 (NF-xB p65)
signaling pathways.

MATERIALS AND METHODS

Materials and reagents

Telmisartan was purchased from Cayman Chemical Co
(Ann Arber, MI, USA) and human fibroblast growth factor
(bFGF) from Millipore (Temecula, CA, USA). Human TNF-q,
U0126, SP600125, SB202190, BAY11-7082 and GW9662
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Monoclonal anti-ICAM-1 and anti-TNFR antibodies were ob-
tained from Santa Cruz Biotechnology (La Jolla, CA, USA).
Monoclonal anti-a-tubulin and anti-p-actin antibodies were ob-
tained from Invitrogen (Carlsbad, CA, USA) and Abcam (Cam-
bridge, MA, USA), respectively. Antibodies against PARP and
phospho-/total forms of NF-kB p65, JNK, ERK1/2 and p38
MAPK were purchased from Cell Signaling Technology (Dan-
vers, MA, USA). Minimum essential medium alpha (MEM-a.),
Medium 199, RPMI1640 medium, fetal bovine serum (FBS),
heparin, penicillin and streptomycin were obtained from Gib-
co-BRL (Gaithersburg, MD, USA) and medium 199 from Life
Technologies (Carlsbad, CA, USA).

Cell culture

Human U87MG cells, a human glioma cells, purchased
from the American Type Culture Collection (Manassas, VA,
USA) were cultured in MEM-a supplemented with 10% FBS,
penicillin (100 U/mL), and streptomycin (100 pg/mL). Human
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brain microvascular endothelial cells (HBMVEC) were pur-
chased from Cell Systems (Kirkland, WA, USA) and cultured
in Medium 199 supplement with 20% FBS, 3 ng/mL bFGF, 5
U/mL heparin, penicillin (100 U/mL), and streptomycin (100
png/mL). HL-60 cells were purchased from the Korean Cell
Line Bank (Seoul, Korea) and maintained in RPMI 1640 medi-
um supplemented with 10% FBS, penicillin, and streptomycin.
The cells were cultured at 37°C in a 5% CO, incubator.

Immunoblotting

To prepare the total cell lysate, cells grown in 60 mm plate
were washed twice with PBS and solubilized on ice for 30 min
with RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NacCl, 0.1%
SDS, 1% Nonidet P40, 1% sodium deoxycholate; ThermoFish-
er Scientific, Waltham, MA, USA) containing protease inhibitor
cocktail tablets and protein phosphatases inhibitor cocktails
(Roche, Indianapolis, IN, USA). Protein concentration was
then determined using a BCA assay kit (Pierce, Rockford, IL,
USA). Equal amounts of protein were applied and separated
on 10 and 12% SDS-PAGE under reducing conditions. The
proteins were then transferred to a PVDF membrane and the
membrane was blocked. The membrane was then incubated
with primary antibodies, and proteins were detected using
horseradish peroxidase-coupled secondary antibodies (GE
Healthcare Life Science, Piscataway, NJ, USA). Bound anti-
bodies were visualized with ECL Plus or ECL Prime Western
Blotting Detection Reagent (GE Healthcare Life Science). Im-
ages were acquired using an ImageQuant LAS 4000 system
(GE Healthcare Life Science) and densitometric analysis was
performed using ImagedJ v1.52c (National Institutes of Health,
MD, USA). The brightness and contrast of the images were
adjusted in Imaged (National Institutes of Health) and Photo-
shop v7.0.1 (Adobe, San Jose, CA, USA).

RNA isolation and quantitative PCR

Total RNA was isolated from cells using the RNA Nu-
cleoSpin (Macherey-Nagel, Duren, Germany) according to the
manufacturer’s instructions. Purified RNA (2 pg) was reverse
transcribed in a 20 pL reaction to generate cDNA using the
GoScript Reverse Transcription kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. The 20 uL
reaction volume for relative quantitative PCR contained Fast
SYBR® Green Master Mix (Applied Biosystems, Foster City,
CA, USA), 2 uL cDNA, and 0.2 uM of gene-specific primer
mix. The reaction conditions were as follows: 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec, 58°C for 25 sec, and
72°C for 35 sec. At the end of each cycle, the fluorescence was
measured and analyzed using a 7500 Fast Real-Time PCR
system (Applied Biosystems). Amplification of the sequence
of interest was normalized using an endogenous reference
gene (glyceraldehyde 3-phosphate dehydrogenase; GAPDH).
Fold-change values were calculated using the AACt method.
RQ Manager software and GraphPad Prism v6.0 (GraphPad
Software, La Jolla, CA, USA) were used for data analysis. The
following gene-specific primers were used: ICAM-1 (forward,
5-TGTGACCAGCCCAAGTTGTT-3’; reverse, 5-AGTCCAG-
TACACGGTGAGGA-3’) and GAPDH (forward, 5-CCATG-
GAGAAGGCTGGGG-3’; reverse, 5-GGTCATGAGTCCTTC-
CACGA-3).

Adhesion assay
Confluent HBMVEC grown in 12-well plates were pre-
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treated with telmisartan (40 uM) for 1 h prior to the treatment dye were used; HL-60 cells were labeled by incubating HL-
with TNF-a (10 ng/mL). After 8 h, HL-60 leukocytes (5%10°) 60 cells with 5 nM CellTracker Green CMFDA (ThermoFisher
in 0.5 mL RPMI 1640 were added to the wells, and the plates Scientific) for 30 min at 37°C and then rinsed three times with
were incubated for 1 h to allow cell attachment. In case for the the growth media. After incubation, non-adherent HL-60 cells
U87MG adhesion assay HL-60 cells labeled with a fluorescent were removed by washing the wells twice with the growth me-
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Fig. 1. Telmisartan attenuates tumor necrosis factor alpha (TNF-o)-induced intercellular adhesion molecule-1 (ICAM-1) expression in
U87MG cells but not in human brain microvascular endothelial cells (HBMVECs). (A) Blocking the increase of TNF-a-induced ICAM1 pro-
tein level by telmisartan. U87MG cells were incubated with or without telmisartan (40 uM) for 1 h, and further treated with TNF-o. (10 ng/
mL) for 0, 4, 8, 12, or 24 h. Whole cell lysates were analyzed by Western blotting using anti-ICAM-1, poly (ADP-ribose) polymerase (PARP),
and B-actin antibodies. Quantification was performed using ImagedJ software (National Institutes of Health) (mean + SEM; n=3). (B) Blocking
the increase of TNF-a-induced ICAM1 mRNA level by telmisartan. U87MG cells were pre-incubated for 1 h with or without telmisartan and
then further treated with TNF-o (10 ng/mL) for 8 h. ICAM-1 gene expression was then detected by RT-gPCR (mean + SEM; n=3). (C) Pho-
tographs showing HL-60 cell adhesion to U87MG cells. U87MG cells seeded in a 12-well plate were incubated with or without telmisartan
(40 uM) and then treated with TNF-o. (10 ng/mL) for 24 h. Adherent HL-60 cells were observed and counted using an inverted microscope
(Olympus, Tokyo, Japan) with 200% magnification. (D) Quantitation of HL-60 cell adhesion assay (mean + SEM; n=5). *p<0.05, **p<0.01. (E)
No change in tumor necrosis factor receptor 1 (TNFR1) expression by telmisartan. HL-60 cells were pre-incubated for 1 h with or without
telmisartan (40 uM) and then further treated with TNF-a (10 ng/mL) for 24 h. TNFR1 and ICAM-1 expression was then detected by Western
blotting. (F, G) No effect of telmisartan on ICAM1 expression in HBMVEC cells. HBMVECs were incubated for 1 h with or without telmisartan
and then further treated with TNF-o. (10 ng/mL) for 24 h. The ICAM-1 protein levels (F) and mRNA levels (G) were determined by Western
blotting and RT-gPCR (mean + SEM; n=4), respectively. ***p<0.001. (H) Photographs showing HL-60 cell adhesion to HBMVECs. HBM-
VECs seeded in a 12-well plate were incubated with or without telmisartan (40 uM) and then treated with TNF-a (10 ng/mL) for 24 h. Adher-
ent HL-60 cells were observed and counted using an inverted microscope with 100x magnification. () Quantitation of HL-60 cell adhesion
assay (mean = SEM; n=4). ***p<0.001.
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dia. The number of adherent HL-60 cells was counted using
an inverted microscope at 100 or 200x magnification (CKX41,
Olympus, Tokyo, Japan).

Immunocytochemistry and confocal imaging

Cells grown on 2-well chambered coverglass (Lab-Tek™,
ThermoFisher Scientific) or 12-well plate were fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature,
permeabilized with 0.15% (v/v) TritonX-100 in PBS for 15 min,
and incubated with 2.5% (w/v) BSA in PBS for 30 min. The
fixed cells were incubated with primary antibodies and cor-
responding secondary antibodies (Alexa Fluor 488/ 594 goat
anti-rabbit or mouse IgG, Invitrogen, Waltham, MA, USA) for
immunostaining. Images of the cells were captured using an
inverted confocal microscope (LSM700, Carl Zeiss, Jena,
Germany). ZEN2009 was then used for quantification analysis
of the immunofluorescence images. For NF-«kB translocation,
6-7 z-sections were collected at 1 um intervals and three to
four fields (over 100 cells/field) per condition were analyzed.

Statistical analysis

Data are presented as mean + SEM as indicated in the Fig.
legends. Data were processed in Microsoft Excel and statis-
tical analyses were performed using GraphPad Prism v6.0
(GraphPad Software). Differences between two groups were
analyzed using a two-tailed, unpaired t-test. n.s. represents
not significant, *p<0.05, **p<0.01, and ***p<0.001.

RESULTS

Telmisartan reduces TNF-a-induced ICAM-1 expression in
U87MG cells but not in HBMVECs

We recently found that TNF-o upregulates ICAM-1 expres-
sion in both brain micro-endothelial cells in vitro and micro-
vessels in vivo (Choi et al., 2017). Thus, to examine the effect
of telmisartan on ICAM-1 expression in BBB-comprising cells,
astrocytes and endothelial cells, we measured the ICAM-1
mRNA and protein levels in U87MG cell, a human glioma cell,
after treatment with TNF-a. U87MG cells were pre-treated
with or without telmisartan (40 uM) for 1 h and then stimu-
lated with 10 ng/mL TNF-a for 4-24 h. Interestingly, U87MG
cells treated with TNF-a alone exhibited a significant increase
in ICAM-1 protein expression in a time-dependent manner,
reaching a maximum at 24 h, but this increase was signifi-
cantly downregulated following pre-treatment with telmisartan
(Fig. 1A). We also examined the ICAM-1 mRNA level using
RT-gPCR. As shown in Fig. 1B, telmisartan significantly re-
duced TNF-a-induced ICAM-1 mRNA expression. Then, the
functional alteration of increased ICAM-1 expression was ex-
amined by measuring leukocyte adhesion to U87MG cells. As
shown in Fig. 1C and 1D, adhesion of HL-60 leukocytes to
U87MG cells increased by TNF-a treatment but was blocked
by the pre-treatment with telmisartan. Moreover, telmisartan
or TNF-a had no effect on TNFR1 expression (Fig. 1E) and
no significant cytotoxicity to U87MG cells (data not shown).
In contrast, in HBMVECs telmisartan caused no alteration in
TNF-a-induced ICAM-1 protein and mRNA levels (Fig. 1F, 1G)
and leukocyte adhesion to HBMVECs (Fig. 1H, 11). Similarly,
no significant effect of telmisartan in HUVEC, a human umbili-
cal vein endothelial cell was observed (data not shown). Thus,
the effects of telmisartan on ICAM-1 expression are likely
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astrocyte-specific.

The effect of telmisartan on TNF-a-induced ICAM-1
expression is PPARy-independent

Telmisartan has been reported to act as a PPARy agonist.
Thus, the implication of PPARy in TNF-a-induced ICAM-1 ex-
pression in U87MG cells was accessed by performing studies
using an irreversible PPARy antagonist, GW9662. Treatment
with telmisartan blocked TNF-a-induced ICAM-1 expression
(Fig. 2A) as described previously. In contrast, co-treatment
with telmisartan and GW9662 did not block the decrease
in TNF-a-induced ICAM-1 protein level which is induced by
telmisartan. Moreover, GW9662 alone caused no change in
TNF-o-induced ICAM-1 expression (Fig. 2B). These results
suggest that the effect of telmisartan on ICAM-1 expression is
PPARy-independent.

Telmisartan inhibits TNF-a-induced NF-«B activation

It has been reported that one major signaling pathway of
ICAM-1 expression is the activation of NF-kB (Roebuck and
Finnegan, 1999). NF-kB is an important component in the
cellular responses to damage, stress, and inflammation. Vari-
ous exogenous and endogenous stimuli can activate NF-xB
in human cells, including several pro-inflammatory mediators
such as TNF-a, interleukin (IL)-1B, and IL-6. Thus, we inves-
tigated the involvement of the NF-kB signaling pathway in the
telmisartan effect on TNF-a-induced ICAM-1 expression. With
regards to this, it has been reported that in response to TNF-a
NF-xB p65 is phosphorylated by kinases including IKKa and
IKKB (Hinz and Scheidereit, 2014) and translocated into the
nucleus. In addition, lIkBa, which normally binds to NF-«xB di-
mers in the cytosol and inhibits the translocation of NF-«kB into
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Fig. 2. Telmisartan mediates its inhibitory effects on the tumor ne-
crosis factor alpha (TNF-a)-induced expression of intercellular ad-
hesion molecule-1 (ICAM-1) by the peroxisome proliferator-activat-
ed receptor gamma (PPARy)-independent pathway. (A) GW9662
does not block the telmisartan-mediated effect. U87MG cells were
either untreated, pre-treated with the PPARy antagonist GW9662
(5 uM) or telmisartan (40 puM), or co-treated with telmisartan and
GW9662 for 1 h and then further treated with 10 ng/mL TNF-a for
24 h. Whole cell lysates were analyzed by Western blotting. The er-
ror bars represent mean + SEM (n=4). Statistical differences were
determined using the student’s t-test. **p<0.01, ***p<0.001. (B)
GW9662 does not alter TNF-a-induced ICAM1expression. US7MG
cells were treated as describe in (A).
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the nucleus, is released from the complex upon phosphory-
lation by IKK and subsequently degraded. Thus, the time-
course (5-60 min) of NF-xB p65 phosphorylation and the level
of IkBa after TNF-a treatment was examined. As seen in Fig.
3A, increased NF-«B p65 phosphorylation was observed in 5
min after TNF-a treatment and then decreased over 60 min
(Fig. 3A). However, pre-treatment with telmisartan significantly
suppressed TNF-a-induced NF-kB p65 phosphorylation in a
time-dependent manner. Then, we traced the translocation
of NF-kB p65 into the nucleus using a specific antibody and
a confocal scanning microscope. Following stimulation with
TNF-a alone, the expression of the NF-kB p65 subunit was
significantly increased in the nucleus, while in the untreated
control group it was predominantly located in the cytoplasm
(Fig. 3B). In contrast, pre-treatment with telmisartan sup-
pressed the TNF-a-induced nuclear translocation of NF-kB
p65 (Fig. 3B, 3C). Taken together, these results suggest that
telmisartan inhibits TNF-a-induced NF-xB p65 translocation to
the nucleus in U87MG cells.
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Telmisartan inhibits TNF-a-induced ERK1/2, p38, and JNK
activation

It has been reported that TNF-a activates the MAPKs
signaling in HUVECs (Wang et al., 2016). To verify whether
telmisartan modulates TNF-a-induced MAPK activation, the
phosphorylation of ERK1/2, p38, and JNK was examined us-
ing Western blotting. TNF-a. induced ERK1/2, p38, and JNK
phosphorylation in U87MG cells, reaching a maximum after
approximately 10 min of exposure and then decreasing (Fig.
4A). Telmisartan significantly inhibited this TNF-a-induced ac-
tivation of ERK1/2, p38, and JNK in U87MG cells (Fig. 4B-4D).

Telmisartan regulates ICAM1 expression through the
ERK1/2, JNK and NF-xB signaling pathways

Then, we determined the role of NF-kB and MAPK signal-
ing pathways in ICAM-1 expression. U87MG cells were pre-
treated with specific inhibitors of ERK1/2 (U0126, 10 uM),
p38 (SB202190, 10 uM), JNK (SP600125, 10 uM), and IKKa
(BAY11-7082, 10 uM) for 1 h prior to incubation with TNF-a,
and the ICAM-1 protein levels were then evaluated. U0126,
SP600125, and BAY11-7082 significantly downregulated
TNF-a-induced ICAM-1 expression in U87MG cells (Fig. 5).
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Fig. 3. Telmisartan inhibits phosphorylation and nuclear translocation of nuclear factor-kappa B (NF-kB). (A) Blocking tumor necrosis fac-
tor alpha (TNF-a)-induced NF-xB p65 activation by telmisartan. U87MG cells were incubated with or without telmisartan for 1 h and then
treated with tumor necrosis factor alpha (TNF-o) (10 ng/mL) for 0, 5, 10, 15, 30, or 60 min (n=3). The transient phosphorylation of NF-xB
p65 in UB7MG cells were analyzed by Western blotting with the indicated antibodies. Phospho-NF-kB intensity values were normalized to
the corresponding NF-«xB value. Statistical differences were determined using the student’s t-test. *p<0.05, ***p<0.001. (B) Blocking TNF-o.-
induced NF-xB p65 nuclear translocation by telmisartan. U87MG cells were incubated with or without telmisartan (40 uM) for 1 h and then
treated with TNF-a (10 ng/mL) for 1 h. Fixed cells were stained with anti-NF-kB p65 antibody and DAPI and further processed for the immu-
nofluorescence staining. White bars, 20 um. White arrows indicate nuclear localization of NF-B p65. (C) Quantification of endogenous NF-
kB p65 nuclear localization in U87MG cells. Over hundred cells were counted in three separate wells. The error bars represent mean + SEM
from three independent experiments. Statistical differences were determined using the student’s t-test. ***p<0.001.
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Fig. 4. Telmisartan inhibits the tumor necrosis factor alpha (TNF-
a)-induced extracellular signal-related kinase 1/2 (ERK1/2), p38
mitogen-activated protein kinase (MAPK), and c-Jun N-terminal
kinase (JNK) signaling pathways in U87MG cells. Cells were incu-
bated with or without telmisartan for 1 h and treated with TNF-a. (10
ng/mL) for 0, 5, 10, 15, 30, or 60 min. Cell lysates were analyzed
by Western blotting (A). The levels of phospho-p42/p44 MAPK
(B), phospho-p38 (C), and phospho-JNK1/2 (D) were determined.
The error bars represent mean + SEM (n=3). Statistical differences
were determined using the student’s t-test. *p<0.05 and **p<0.01
compared to the cells exposed to TNF-a alone.

Inhibition of the NF-kB signaling pathway caused the great-
est reduction in ICAM-1 protein level. In contrast, SB201190
treatment did not affect ICAM-1 protein expression. Taken to-
gether, these results suggest that telmisartan modulates the
NF-xB, JNK, and ERK1/2 signaling pathways to reduce TNF-
a-induced ICAM1 protein expression.

DISCUSSION

Recent studies have suggested that hyperactivation of
angiotensin-Il type 1 receptor promotes hypertension and
vascular inflammation and enhances neuronal loss and neu-
rodegeneration in brain (Saavedra, 2012; Villapol and Saave-
dra, 2015). In addition, angiotensin-Il type 1 receptor inhibition
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Fig. 5. Telmisartan regulates intercellular adhesion molecule-1
(ICAM1) expression through the NF-kB, c-Jun N-terminal kinase
(JNK) and extracellular signal-related kinase (ERK) signaling path-
ways. Telmisartan and JNK, ERK and NF-kB inhibitors attenuated
tumor necrosis factor alpha (TNF-a)-induced ICAM-1 expression
in UB7MG cells. Cells were incubated with telmisartan for 1 h or
inhibitors (U0126, SB202190, SP600125, and BAY11-7082; all at
10 uM) for 30 min and were then treated with TNF-a, (10 ng/mL)
for 10 h. Whole cell lysates were analyzed by immunoblotting. The
error bars represent mean + SEM (n=3). Statistical differences
were determined using the student’s t-test. *p<0.05, **p<0.01 and
***p<0.001 compared to the cells exposed to TNF-o alone.

reduced the production of pro-inflammatory mediators by as-
trocytes and microglia cells (Miyoshi et al., 2008; Lanz et al.,
2010; Benicky et al., 2011) and promoted a shift in microglial
phenotype to the neuroprotective phenotype (Xu et al., 2015).
Indeed, telmisartan or valsartan has the beneficial effects on
cognitive function in mouse model of AD (Wang et al., 2007;
Tsukuda et al., 2009). Thus, angiotensin-Il receptor blockers
may alleviate amyloid plaque-related pathologies and cogni-
tive dysfunction by modulating brain inflammation, but the
detailed molecular mechanism is unknown. In this study we
proposed the implication of ICAM1, an inflammatory adhesion
protein induced by various stimuli, in the telmisartan effect and
demonstrated that telmisartan reduces TNF-a-induced ICAM1
expression and thereby blocks leukocyte adhesion to astro-
cyte.

Although the function of ICAM-1 expressed in endothelial
cells of various tissues is quite well known, its role in astro-
cytes has not been examined. Astrocytes in the neurovascular
unit surround most portions of the micro-vessels and capillar-
ies and interact with endothelial cells through the end-feet of
their processes. Thus, ICAM1 in astrocytes of BBB is likely
to be involved in adhesion of leukocytes to astrocytes to fa-
cilitate transcytosis or migration into the brain. This explana-
tion is supported from our results that the leukocyte binding to
astrocyte is enhanced by TNF-a and this increase is blocked
by telmisartan (Fig. 1). Since the leukocyte entry to the brain
is considered as an initial step of brain inflammation, blocking
this step by telmisartan may be useful to apply telmisartan for
the treatment of various brain diseases. In addition, an early
study demonstrated that ICAM-1 ligation by a monoclonal an-
tibody to astrocytes induced expression of pro-inflammatory
cytokines (IL-1a, IL-1B, IL-6, and TNF-a), causing astroglio-
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Fig. 6. Proposed model of the mechanism by which telmisartan attenuates tumor necrosis factor alpha (TNF-a)-induced intercellular adhe-

sion molecule-1 (ICAM-1) expression in US7MG cells.

sis, the induction of acute phase proteins, and neurodegen-
eration (Lee et al., 2000). Interestingly, telmisartan modulates
glial activation reducing TNF-a, IL-18 and NO release from
the glial cells (Torika et al., 2016). Moreover, ICAM-1-positive
astrocytes interact with LFA-1 and/or Mac-1-positive cells (in-
filtrating inflammatory cells and resident microglia) leading to
the production of inflammatory cytokines by astrocytes (Lee
and Benveniste, 1999). Taken together, aberrant expression
of astrocytic ICAM-1 plays an important role in brain inflam-
mation, and the suppression of ICAM-1 expression by telmis-
artan protects the brain against neuronal damage by reducing
the attachment of leukocytes to astrocytes and the release of
inflammatory cytokines.

Our results showed that telmisartan blocks TNF-o-induced
ICAM-1 expression in astroglioma U87MG cells, but not HBM-
VECs (Fig. 1). This finding is consistent with a previous study
that telmisartan attenuates TNF-o-induced vascular cell adhe-
sion molecule-1 (VCAM1) expression but not ICAM-1 in HU-
VECs (Cianchetti et al., 2008). Although it is hard to explain
why telmisartan does not modulate ICAM-1 expression in en-
dothelial cells, it is quite interesting to find the key molecule(s)
of the telmisartan effect which is absent in endothelial cells.

In fact, telmisartan acts as both an angiotensin-Il type 1
receptor blocker and a PPARy agonist (Saavedra, 2012).
Angiotensin-Il type 1 receptor activation is associated with
decreased cerebral blood flow, pathological responses to
stress, and inflammation (Saavedra et al., 2006; Ohshima
et al., 2013). It has also been reported that PPARy activation
suppresses TNF-a-induced VACM-1 expression in HUVECs,
thereby inhibiting the adhesion of monocytes to HUVECs
(Wang et al., 2016). Furthermore, telmisartan-induced PPARy
activation prevented cognitive decline in AD mice (Tsukuda
et al., 2009). Thus, we attempted to determine the relative
contribution of each pathway to the effect of telmisartan and
accessed the implication of PPARYy activation. We found that
GW9662, an irreversible PPARy antagonist failed to block the
effect of telmisartan on TNF-a-induced ICAM-1 expression
and that GW9662 alone did not alter the TNF-o effect (Fig.
2). Taken together, our results suggest that the inhibition of
TNF-o-induced ICAM-1 expression by telmisartan is medi-
ated in a PPARy independent manner and may be exerted
through blockade of angiotensin-II type 1 receptor-mediated

pathways.

The activation of angiotensin-II type 1 receptor stimulates
NF-kB-dependent transcription, induces the transcription of
several pro-inflammatory cytokines, and stimulates various ki-
nases involved in the propagation of inflammatory responses
and apoptotic pathways (Villapol and Saavedra, 2015). We
found that telmisartan blocked TNF-a-induced NF-xB p65
phosphorylation, lkBa degradation, and NF-xB nuclear trans-
location. Although the detailed molecular mechanism of the
telmisartan action is unclear it has been reported that telmisar-
tan attenuates hyperglycemia-exacerbated VCAM-1 expres-
sion in HUVECSs by inhibiting IKKB expression (Song et al.,
2016). Thus, it is possible in U87MG cells that telmisartan at-
tenuates ICAM1 expression by the NF-«kB signaling pathway
via the inhibition of IKK expression.

It is known that MAPK (ERK1/2, p38, and JNK) signaling
pathways are also involved in TNF-a-induced ICAM-1 and
VCAM-1 expression in HUVECs (Kuldo et al., 2005; Wang et
al., 2016). Thus, using specific inhibitors of MAPKSs, the role
of each MAPK pathway in TNF-a-induced ICAM-1 expres-
sion in U87MG cells was examined. The activation of all three
MAPK pathways by TNF-o was reduced by telmisartan, but
only U0126 and SP600125 significantly decreased TNF-o-
induced ICAM-1 expression; SB202190 had no effect on or
slightly increased TNF-a-induced ICAM-1 expression. These
results suggest that blocking ERK1/2 and JNK activation by
telmisartan is implicated in reduction of TNF-a-induced ICAM-
1 expression while p38 may not be related to this process.

In conclusion, our study demonstrated that in U87MG hu-
man glioma cells, telmisartan inhibits TNF-o-induced ICAM-1
expression and leukocyte adhesion by blocking the NF-«B,
JNK, and ERK1/2 pathways and in a PPARy-independent
manner (Fig. 6). This study provides an information of the
pharmacological target cell and the molecular mechanism of
telmisartan.
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