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Telmisartan markedly increased A␤ generation.
Losartan, valsartan and candesartan did not increase A␤ generation.
Olmesartan signiﬁcantly increased A␤42 generation.
Telmisartan increased the A␤ generation through angiotensin type 1a receptor-PI3K pathway.
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a b s t r a c t
Angiotensin II receptor blockers (ARBs) are widely prescribed for the medication of systemic hypertension
and congestive heart failure. It has been reported that ARBs can reduce the risk for the onset of Alzheimer’s
disease (AD) and have beneﬁcial effects on dementia. Neurotoxic amyloid ␤-protein (A␤) is believed to
play a causative role in the development of AD. However, whether ARBs regulate A␤ generation remains
largely unknown. Here, we studied the effect of ARBs on A␤ generation and found that telmisartan signiﬁcantly increased A␤40 and A␤42 generation, but decreased the A␤42/A␤40 ratio. However, losartan,
valsartan and candesartan did not increase A␤ generation, while olmesartan signiﬁcantly increased A␤42
generation. We also found that telmisartan increased the A␤ generation through angiotensin type 1a
receptor (AT1a) and the receptor-related phosphotidylinositide 3-kinases (PI3K) pathway. Our ﬁndings
revealed the different effects of ARBs on A␤ generation and provide new evidence for the relationship
between antihypertensive treatment and AD pathogenesis.
© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Angiotensin II receptor blockers (ARBs) are used primarily for
the treatment of hypertension where the patient has intolerance
to angiotensin converting enzyme (ACE) inhibitor therapy since
they are rarely associated with the persistent dry cough and/or
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angioedemia that limit ACE inhibitor therapy. The prevalence of
hypertension increases to 51% in the group aged 60–74 years [1],
and there is an almost 15-fold increase in the prevalence of dementia, predominantly Alzheimer’s disease (AD), between the ages of
60 and 85 years [2]. AD is the most common form of dementia and is
pathologically characterized by a reduction in brain volume, generally accompanied by brain shrinkage and cerebral amyloid plaques
which are largely composed of neurotoxic amyloid ␤-protein (A␤),
which is generated from the cleavage of amyloid precursor protein
(APP). Increasing evidence points to a link between hypertension
and AD [3,4]. The epidemiological investigations have shown that
AD rapidly progressed in elderly people who have a history of
lifestyle-related diseases such as hypertension [5,6]. The clinical
ﬁndings also indicate that cerebrovascular disease may play an
important role in determining the presence and severity of the clinical symptoms of AD [7]. The incidence of AD is associated with the
antihypertensive medications, including calcium-channel blockers
[8], ACE inhibitors [9] and ARBs [10]. However, since the current
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research on the association of ARBs and AD is limited to epidemiological research, there is no evidence concerning the direct effect
of ARBs on A␤ generation. Here, we report the different effects
of ARBs on A␤ generation among the ARBs examined. We found
that telmisartan signiﬁcantly increased A␤40 and A␤42 generation
through the angiotensin type 1a receptor (AT1a) and the receptor
related phosphotidylinositide 3-kinases (PI3K) pathway. Olmesartan signiﬁcantly increased the A␤42/A␤40 ratio. However, losartan,
valsartan and candesartan did not affect A␤ generation.
2. Materials and methods
2.1. Cell lines and cell culture
To generate Agtr1a deﬁcient mouse embryonic ﬁbroblasts
(MEFs), we isolated MEFs from 13.5-day-old embryos of Agtr1a
deﬁcient mice (The Jackson Laboratory) with the C57BL/6 background, following the procedures as described previously [11]. All
animal procedures were approved by the Iwate Medical University Committee for Animal Use. C57BL/6 MEFs and Agtr1a deﬁcient
MEFs were infected with human 695-amino acid amyloid precursor
protein (hAPP695) cDNA by a retrovirus-mediated method according to published methods [12].
The two kinds of cells were cultured in DMEM (Wako Pure
Chemical Industries) supplemented with 10% FBS (Sigma). Cells
were maintained at 37 ◦ C in an atmosphere of 5% CO2 in a tissue
culture incubator. The hAPP695 infected ﬁbroblasts were passaged with the same cell concentration for each pathway inhibitor
administration. After 1 h of incubation with the each inhibitor, the
ﬁbroblasts were treated with 20 M telmisartan to examine which
inhibitor reversed the increased A␤ generation by telmisartan.
2.2. Reagents
Telmisartan was purchased from Sigma and dissolved in DMSO.
Losartan was purchased from Wako and dissolved in PBS. Valsartan, olmesartan and candesartan were purchased from TRC and
were dissolved in DMSO. PD98059 and wortmannin were purchased from Cell Signaling. PD98059 was administered at the
ﬁnal concentration of 10 M. Wortmannin was administered at
the ﬁnal concentration of 100 nM and 10 M. Compound C and
protein kinase C (PKC) inhibitor cocktail were purchased from
Millipore. Compound C was administered at the ﬁnal concentrations of 500 nM and the PKC inhibitor cocktail was administered at
5000 × dilution of the original solution. DAPT was purchased from
Peptide Institute and was administered at the ﬁnal concentration
of 5 M. PI3K activator is a 1732.8 Da peptide with the sequence
KKHTDDGYMPMSPGVA and binds to the SH2 domain of the PI3K
by the tyrosine phosphorylated version to activate the enzyme [13].
It was purchased from Santa Cruz Biotechnology. GW9662 was
purchased from SIGMA and was administered at the ﬁnal concentration of 10 M.
2.3. Aˇ measurement
A␤40 and A␤42 in conditioned media were measured using a
sandwich enzyme-linked immunosorbent assay (ELISA) kit (Wako,
Osaka, Japan), based on the manufacturer’s instructions. A␤40 and
A␤42 concentrations were normalized based on the amount of cell
protein. All samples were measured in triplicate.

protein concentration of the collected supernatant was determined
using a BCA protein assay kit (Thermo Fisher Scientiﬁc). Cell culture
media was collected after centrifuging at 25,000 × g for 10 min at
4 ◦ C and supplemented with a protease inhibitor.
2.5. Immunoblotting
APP ﬁbroblasts were cultured to 70% conﬂuence and starved
overnight in serum-free medium prior to treatment. Starved cells
were treated with 20 M telmisartan for 5, 10, 15, 30 min and 1 h,
and washed with 1 mM sodium orthovanadate before being lysed
with 20 mM HEPES pH 7.0, 0.5% deoxycholic acid, 0.15 M NaCl, 0.1%
SDS, 1% Nonidet P-40, 4 mM EDTA, 10 mM NaF, 10 mM Na4 P2 O7 ,
2 mM sodium orthovanadate, containing a protease inhibitor cocktail (Roche). Wortmannin (100 nM) was administered prior to
20 M telmisartan treatment. Equal amounts of protein from cell
lysate were separated by SDS-PAGE and blotted onto polyvinylidene diﬂuoride (PVDF) membranes (Immobilon). The membranes
were incubated with the primary antibodies overnight at 4 ◦ C.
Appropriate peroxidase-conjugated secondary antibodies were
applied and the membranes were visualized by SuperSignal Chemiluminesence (Thermo Scientiﬁc). Total Akt (tAkt) was detected on
the same membrane after stripping the anti-pAkt antibody. The
rabbit anti-Akt and anti-pAkt (Ser-473) antibodies were purchased
from Cell Signaling. To examine the expression of AT1a, the brain
of C57BL/6 mice and the APP ﬁbroblasts were lysed in RIPA buffer
and the same amount of proteins were separated by SDS-PAGE.
The AT1a antibody using for immunoblotting was purchased from
Bioss.
2.6. Statistical analyses
We compared group differences by one-way ANOVAs followed a
post hoc Bonferroni test. Statistical analyses were carried out using
GraphPad Prism 5. A P-value < 0.05 was considered to represent a
signiﬁcant difference. Graphs are expressed as means ± s.e.m.
3. Results
3.1. Telmisartan increased Aˇ generation markedly, but
signiﬁcantly decreased the Aˇ42/Aˇ40 ratio
To determine whether ARBs affect A␤ generation, we infected
C57BL/6 J ﬁbroblasts with hAPP695 cDNA to generate constant
human APP overexpression ﬁbroblasts (APP ﬁbroblasts), and then
treated them separately with telmisartan, losartan, valsartan,
olmesartan or candesartan for 72 h. Telmisartan increased A␤40
and A␤42 generation markedly, about 6- and 3.2-fold (Fig. 1a and b),
respectively, compared to the controls, while olmesartan increased
A␤40 generation about 2-fold at the concentration of 5 M (Fig. 1a)
and A␤42 generation about 3.2-fold (Fig. 1b) at the concentration
of 10 M. However, losartan, valsartan and candesartan did not
show any clear increase in the A␤ generation (Fig. 1a and b). The
A␤42/A␤40 ratio in serum increased in familial AD patients and is
considered as a causal factor of AD [14]. Among the ARBs examined,
telmisartan signiﬁcantly decreased the A␤42/A␤40 ratio and had
the lowest A␤42/A␤40 ratio, whereas, olmesartan had the highest A␤42/A␤40 ratio which was signiﬁcantly higher than that of
telmisartan (Fig. 1c). Losartan, valsartan and candesartan did not
show any clear effect on A␤42/A␤40 ratio (Fig. 1c).

2.4. Cell lysate and cultured medium collection
3.2. Telmisartan signiﬁcantly increased Aˇ generation via AT1a
Cells were lysed on ice in RIPA lysis buffer (50 mM Tris–HCl (pH
7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1%
sodium lauryl sulfate) containing a protease inhibitor mixture. The

Telmisartan has the highest afﬁnity for angiotensin II type 1
receptor (AT1) among the examined ARBs [15]. Telmisartan also
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DAPT, markedly blocked the increased A␤ generation by telmisartan (Fig. 3a), whereas, the MAPK pathway inhibitor, PD98059,
the AMP-activated kinase (AMPK) inhibitor, compound C, and
the PKC inhibitor did not block telmisartan-induced A␤ generation (Fig. 3a), suggesting that telmisartan increased A␤ generation
through the PI3K pathway and this increased A␤ generation is
regulated by ␥-secretase. To examine the dose-response effect of
wortmannin on reversing the increase in A␤ by telmisartan, we pretreated APP ﬁbroblast with 10 M wortmannin and then treated
with telmisartan. Wortmannin 10 M pre-treatment completely
reversed the effect of telmisartan (Fig. 3a). We further conﬁrmed
the involvement of the PI3K pathway by determining the effect
of PI3K activator on A␤ generation. We found that PI3K activator increased A␤ generation signiﬁcantly (Fig. 3b). Furthermore,
30 min after the treatment of telmisartan signiﬁcantly stimulated
the phosphorylation of Akt (pAkt), the downstream signal of PI3K
(Fig. 3c). This stimulation could be blocked by pre-treatment with
wortmannin (Fig. 3d). These results suggest that telmisartan signiﬁcantly increased A␤ generation by increasing PI3K activity. A
previous report showed that telmisartan acts as a selective modulator of peroxisome proliferator-activated receptor gamma (PPAR␥)
and ameliorates cognitive deﬁcit via PPAR␥ activation [20]. Thus,
we investigated whether telmisartan could increase the A␤ generation through the PPAR␥ pathway. We treated APP ﬁbroblasts
with PPAR␥ inhibitor, GW9662, prior to telmisartan treatment and
found that telmisartan still signiﬁcantly increased A␤ generation,
indicating that the increase in A␤ by telmisartan is independent of
the PPAR␥ pathway (Fig. 3e). Thus, we conclude that telmisartan
increased A␤ generation through the AT1a-PI3K pathway.

4. Discussion

Fig. 1. Effects of ARBs on A␤ generation. (a) A␤40 and (b) A␤42 generation levels
by administration of ARBs after 72 h in APP ﬁbroblasts. (c) The effect of ARBs on the
A␤42/A␤40 ratio. Error bars show means ± s.e.m., ***P < 0.001 by one-way ANOVA
followed by a post hoc Bonferroni test.

can cross the blood–brain barrier and inhibit Ang II-mediated central effects, contributing to better blood pressure control [16]. As a
subtype of AT1, AT1a has a crucial role for blood pressure regulation
in mouse [17] and is expressed in mouse brain [18]. We ﬁrst conﬁrmed the expression of AT1a in mouse brain and APP ﬁbroblasts
(Fig. 2a). To investigate whether telmisartan increases A␤ generation via AT1a, we infected Agtr1a−/− ﬁbroblasts with hAPP695 cDNA
and conﬁrmed the constant overexpression of human APP. Telmisartan did not increase the A␤40 and A␤42 generation in the AT1a
deﬁcient ﬁbroblasts (Fig. 2b and c), suggesting that telmisartan
increased A␤ generation through AT1a.
3.3. Telmisartan increased Aˇ generation through the AT1a-PI3K
pathway
Telmisartan achieves its effect by binding with AT1a, and
AT1a correlates with the activation of mitogen activated protein kinase (MAPK), PI3K, PKC pathway and other pathways
[19]. We next investigated which regulating pathways telmisartan depended on to increase A␤ generation. Administration of the
PI3K pathway inhibitor, wortmannin, and ␥-secretase inhibitor,

In this study, we investigated the effects of ARBs on A␤ generation. We found that telmisartan increased the generation of A␤40
and A␤42 markedly, but had the lowest A␤42/A␤40 ratio among
the ARBs examined and regulated A␤ generation through the AT1aPI3K pathway. Olmesartan signiﬁcantly increased A␤42 generation
and markedly increased the A␤42/A␤40 ratio. However, losartan,
valsartan and candesartan did not show any clear effect of increasing A␤ generation or the A␤42/A␤40 ratio.
In our study, telmisartan, and valsartan are pharmacologically active molecules. Losartan is converted to its active
metabolite–EXP3174. Candesartan and olmesartan are available
as prodrugs [16]. However, losartan, candesartan and olmesartan
prodrugs still have an afﬁnity for AT1 [16]. It is possible that the prodrugs themselves can also be absorbed into the plasma. Moreover,
losartan, candesartan and olmesartan are also prescribed for intravenous injection. Thus, the losartan, candesartan and olmesartan
prodrugs will be in the plasma before being metabolized. Therefore, our results presented not only the effect of the active form of
telmisartan and valsartan on A␤ generation, but also the effects of
losartan, candesartan and olmesartan prodrugs on A␤ generation.
Telmisartan has the strongest binding afﬁnity for AT1 among
the various ARBs. The rank order of receptor binding afﬁnity was
telmisartan > olmesartan > candesartan > valsartan ≥ losartan [15].
Based on the increased A␤ generation levels by treatment of these
ARBs (Fig. 1a), we deduce that the ARBs receptor binding afﬁnity is
closely correlated with A␤ generation. We hypothesize that AT1a
receptor signal correlates with ␥-secretase assembly or modulates
␥-secretase activity. Our results suggest that the strong binding
of telmisartan [15] to the receptor can block or stimulate AT1a
receptor and then further affects the ␥-secretase activity via PI3K
pathway.
We also found that olmesartan signiﬁcantly increased the
A␤42/A␤40 ratio, suggesting that olmesartan also regulates
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Fig. 2. The effect of telmisartan on A␤ generation in Agtr1a−/− APP infected ﬁbroblasts. (a) The expression of AT1a in APP ﬁbroblasts and mouse brain. After Agtr1a knockout,
telmisartan did not increase (a) A␤40 or (b) A␤42 generation compared with Agtr1a+/+ APP infected ﬁbroblasts. Error bars show means ± s.e.m., ***P < 0.001 by one-way
ANOVA followed by a post hoc Bonferroni test.

Fig. 3. The pathway that is related to the increased A␤ generation by telmisartan. (a) Wortmannin (Wort) decreased telmisartan increased A␤ generation markedly, whereas,
PD98059 (PD), compound C (Comp. C) and PKC inhibitor cocktail (PKC) did not show any marked effect on inhibiting the telmisartan increased A␤ generation. DAPT
thoroughly inhibited the telmisartan increased A␤ generation. (b) PI3K activator increased A␤40 and A␤42 generation signiﬁcantly. (c) Telmisartan stimulated pAkt after
30 min treatment. (d) Wortmannin blocked telmisartan stimulated pAkt. (e) GW9662 (GW) did not block telmisartan increased A␤ generation. Error bars show means ± s.e.m.,
***P < 0.001 by one-way ANOVA followed by a post hoc Bonferroni test.

A␤ generation and may increase the risk of cognitive decline
and dementia. However, it has been reported that olmesartan administration inhibits cognitive decline by decreasing
glucose and cholesterol levels and increasing neuroprotective
factors [21]. It is possible that other effects, for example,

decreasing glucose and cholesterol and increasing neuroprotective factors, can offset the neurotoxic effect of an increased
A␤42/A␤40 ratio. The effect of olmesartan on cognitive deﬁcit
and dementia in APP transgenic mouse model needs to be
examined.
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Zhu et al. and Tian et al. demonstrated that Ang II had a significant role in increasing amyloidogenesis and tau pathology of AD
[22,23]. These ﬁndings suggest that there is relation between AT1
and AD pathology and support our results. Once the AT1 receptor was activated, the A␤ generation could be increased. Although
telmisartan increased A␤40 and A␤42 generation, it decreased the
A␤42/A␤40 ratio, which is a causal factor for the onset of AD. Thus,
the effect of telmisartan on AD pathogenesis needs to be determined.
AT1a is mainly activated by angiotensin II and its function can
be carried out by the activation of MAPKs, PI3K, and other pathways [19]. We found that the PI3K pathway inhibitor, wortmannin,
signiﬁcantly reversed the increase in A␤ generation by telmisartan, whereas the other pathway inhibitors did not. These results
suggest that telmisartan increase A␤ generation by stimulating the
receptor related PI3K pathway. The intracellular amino acid of AT1
is near the carboxy terminal and the three intracellular loops of
AT1. This provides an environment for the telmisartan to affect
the intracellular signal transduction of AT1 after binding it [24].
There are substantial reports showing that telmisartan can affect
the intracellular signal, for example, the PPAR␥ [25] and JNK pathway [26]. Therefore, after binding to the receptor, telmisartan is
capable of affecting the downstream signal of AT1. AT1 is one kind
of G protein-coupled receptors (GPCRs). It has been reported that
the receptor blocker of GPCRs could activate the downstream signal
of the receptor [27]. And our results also demonstrated that telmisartan could stimulate the downstream signal of AT1 and PI3K, pAkt,
after 30 min treatment (Fig. 3c and d). Based on this evidence, it is
possible that telmisartan affects AT1 as an agonist.
Based on the current reports, the ameliorative effect of ARBs
on cognitive deﬁcit is well-recognized. If one only considers that
telmisartan increased A␤ generation, it is reasonable to conclude
that telmisartan is related to the cognitive deﬁcit and exacerbates the process of AD. In contrast, telmisartan decreased the
A␤42/A␤40 ratio, which is considered as a causal factor of AD, and
an increased A␤42/A␤40 ratio is sufﬁcient to cause early onset AD
[28]. The decreased A␤42/A␤40 ratio can be caused by the increased
A␤40 which is not the pathogenic form of A␤ and can inhibit the
neurotoxicity and plaque formation of A␤42 [29,30]. It is reasonable to deduce that the neuroprotective effect of telmisartan, which
increased A␤40, has a dominant role of offsetting the corresponding
increased neurotoxic effect of A␤42. A␤ is generated from the cleavage of APP by a ␤-secretase and ␥-secretase-mediated cut, which is
also called ␤-cleavage and ␥-cleavage. ␥-cleavage has a signiﬁcant
role for the A␤40/A␤42 ratio. We hypothesize that telmisartan regulates the ␥-cleavage to modify the generation of A␤40 and A␤42
and further decreases the A␤42/A␤40 ratio, whereas, this effect was
not found for the other ARBs examined. Thus, our results imply that
ARBs play a signiﬁcant role in the regulation of A␤ generation, and
their relationship to the AD process needs to be determined.
Conﬂicts of interest
The authors declare no conﬂicts of interest.
Acknowledgements
This work was supported by grants from the Ministry of Education, Culture, Sports, Science, and Technology of Japan, Grant-in-Aid
for Young Scientists (Start-up) (19800040) and (B) (22700399,
24700383), Takeda Science Foundation (2008II, K. Z.), Kato Memorial Bioscience Foundation (H21-20, K. Z.), The Ichiro Kanehara
Foundation for the Promotion of Medical Sciences and Medical care
(H20-23, K. Z.), Suzuken Memorial Foundation (H21-29, K. Z.), The
Uehara Memorial Foundation (H22-24, J. L.), Kanehara Memorial

55

Japan China Medical Exchange Foundation (H24, J. L.) and Keiryokai
Research Foundation (H22-109, K. Z.). We thank Dr. Paul Langman
for English correction.
References
[1] V.L. Burt, P. Whelton, E.J. Roccella, C. Brown, J.A. Cutler, M. Higgins, M.J. Horan,
D. Labarthe, Prevalence of hypertension in the US adult population. Results
from the Third National Health and Nutrition Examination Survey, 1988–1991,
Hypertension 25 (1995) 305–313.
[2] R. Mayeux, Y. Stern, Epidemiology of Alzheimer disease, Cold Spring Harb.
Perspect. Med. 2 (2012).
[3] A. Corbett, C. Ballard, Is a potential Alzheimer’s therapy already in use for other
conditions? Can medications for hypertension, diabetes and acne help with the
symptoms? Expert Opin. Investig. Drugs 22 (2013) 941–943.
[4] L. Nelson, N. Tabet, C. Richardson, P. Gard, Antihypertensives, angiotensin, glucose and Alzheimer’s disease, Expert Rev. Neurother. 13 (2013) 477–482.
[5] L.J. Launer, K. Masaki, H. Petrovitch, D. Foley, R.J. Havlik, The association
between midlife blood pressure levels and late-life cognitive function. The
Honolulu-Asia Aging Study, JAMA 274 (1995) 1846–1851.
[6] L. Kilander, H. Nyman, M. Boberg, L. Hansson, H. Lithell, Hypertension is related
to cognitive impairment: a 20-year follow-up of 999 men, Hypertension 31
(1998) 780–786.
[7] D.A. Snowdon, L.H. Greiner, J.A. Mortimer, K.P. Riley, P.A. Greiner, W.R. Markesbery, Brain infarction and the clinical expression of Alzheimer disease. The Nun
Study, JAMA 277 (1997) 813–817.
[8] F. Forette, M.L. Seux, J.A. Staessen, L. Thijs, M.R. Babarskiene, S. Babeanu, A.
Bossini, R. Fagard, B. Gil-Extremera, T. Laks, Z. Kobalava, C. Sarti, J. Tuomilehto, H. Vanhanen, J. Webster, Y. Yodfat, W.H. Birkenhager, The prevention
of dementia with antihypertensive treatment: new evidence from the Systolic Hypertension in Europe (Syst-Eur) study, Arch. Intern. Med. 162 (2002)
2046–2052.
[9] S. Yasar, J. Xia, W. Yao, C.D. Furberg, Q.L. Xue, C.I. Mercado, A.L. Fitzpatrick,
L.P. Fried, C.H. Kawas, K.M. Sink, J.D. Williamson, S.T. DeKosky, M.C. Carlson,
Antihypertensive drugs decrease risk of Alzheimer disease: Ginkgo Evaluation
of Memory Study, Neurology 81 (2013) 896–903.
[10] N.C. Li, A. Lee, R.A. Whitmer, M. Kivipelto, E. Lawler, L.E. Kazis, B. Wolozin, Use
of angiotensin receptor blockers and risk of dementia in a predominantly male
population: prospective cohort analysis, BMJ 340 (2010) b5465.
[11] G.J. Todaro, H. Green, Quantitative studies of the growth of mouse embryo cells
in culture and their development into established lines, J. Cell Biol. 17 (1963)
299–313.
[12] H. Komano, H. Shiraishi, Y. Kawamura, X. Sai, R. Suzuki, L. Serneels, M. Kawaichi,
T. Kitamura, K. Yanagisawa, A new functional screening system for identiﬁcation of regulators for the generation of amyloid beta-protein, J. Biol. Chem. 277
(2002) 39627–39633.
[13] S.E. Shoelson, S. Chatterjee, M. Chaudhuri, M.F. White, YMXM motifs of IRS-1
deﬁne substrate speciﬁcity of the insulin receptor kinase, Proc. Natl. Acad. Sci.
U. S. A. 89 (1992) 2027–2031.
[14] D. Scheuner, C. Eckman, M. Jensen, X. Song, M. Citron, N. Suzuki, T.D. Bird, J.
Hardy, M. Hutton, W. Kukull, E. Larson, E. Levy-Lahad, M. Viitanen, E. Peskind,
P. Poorkaj, G. Schellenberg, R. Tanzi, W. Wasco, L. Lannfelt, D. Selkoe, S.
Younkin, Secreted amyloid beta-protein similar to that in the senile plaques
of Alzheimer’s disease is increased in vivo by the presenilin 1 and 2 and APP
mutations linked to familial Alzheimer’s disease, Nat. Med. 2 (1996) 864–870.
[15] H. Kakuta, K. Sudoh, M. Sasamata, S. Yamagishi, Telmisartan has the strongest
binding afﬁnity to angiotensin II type 1 receptor: comparison with other
angiotensin II type 1 receptor blockers, Int. J. Clin. Pharmacol. Res. 25 (2005)
41–46.
[16] G.K. Aulakh, R.K. Sodhi, M. Singh, An update on non-peptide angiotensin receptor antagonists and related RAAS modulators, Life Sci. 81 (2007) 615–639.
[17] F. Gembardt, S. Heringer-Walther, J.H. van Esch, A. Sterner-Kock, R. van Veghel,
T.H. Le, I.M. Garrelds, T.M. Coffman, A.H. Danser, H.P. Schultheiss, T. Walther,
Cardiovascular phenotype of mice lacking all three subtypes of angiotensin II
receptors, FASEB J. 22 (2008) 3068–3077.
[18] Y. Chen, H. Chen, A. Hoffmann, D.R. Cool, D.I. Diz, M.C. Chappell, A.F. Chen, M.
Morris, Adenovirus-mediated small-interference RNA for in vivo silencing of
angiotensin AT1a receptors in mouse brain, Hypertension 47 (2006) 230–237.
[19] R.M. Touyz, E.L. Schiffrin, Signal transduction mechanisms mediating the physiological and pathophysiological actions of angiotensin II in vascular smooth
muscle cells, Pharmacol. Rev. 52 (2000) 639–672.
[20] K. Tsukuda, M. Mogi, J. Iwanami, L.J. Min, A. Sakata, F. Jing, M. Iwai, M. Horiuchi,
Cognitive deﬁcit in amyloid-beta-injected mice was improved by pretreatment
with a low dose of telmisartan partly because of peroxisome proliferatoractivated receptor-gamma activation, Hypertension 54 (2009) 782–787.
[21] M. Mogi, K. Tsukuda, J.M. Li, J. Iwanami, L.J. Min, A. Sakata, T. Fujita, M. Iwai, M.
Horiuchi, Inhibition of cognitive decline in mice fed a high-salt and cholesterol
diet by the angiotensin receptor blocker, olmesartan, Neuropharmacology 53
(2007) 899–905.
[22] D. Zhu, J. Shi, Y. Zhang, B. Wang, W. Liu, Z. Chen, Q. Tong, Central angiotensin
II stimulation promotes beta amyloid production in Sprague Dawley rats, PLoS
ONE 6 (2011) e16037.
[23] M. Tian, D. Zhu, W. Xie, J. Shi, Central angiotensin II-induced Alzheimer-like tau
phosphorylation in normal rat brains, FEBS Lett. 586 (2012) 3737–3745.

56

J. Liu et al. / Neuroscience Letters 567 (2014) 51–56

[24] T.L. Goodfriend, M.E. Elliott, K.J. Catt, Angiotensin receptors and their antagonists, N. Engl. J. Med. 334 (1996) 1649–1654.
[25] S.N. Goyal, S. Bharti, J. Bhatia, T.C. Nag, R. Ray, D.S. Arya, Telmisartan, a
dual ARB/partial PPAR-gamma agonist, protects myocardium from ischaemic
reperfusion injury in experimental diabetes, Diabetes Obes. Metab. 13 (2011)
533–541.
[26] T. Pang, J. Wang, J. Benicky, E. Sanchez-Lemus, J.M. Saavedra, Telmisartan
directly ameliorates the neuronal inﬂammatory response to IL-1beta partly
through the JNK/c-Jun and NADPH oxidase pathways, J Neuroinﬂammation 9
(2012) 102.
[27] M. Nakaya, S. Chikura, K. Watari, N. Mizuno, K. Mochinaga, S. Mangmool, S.
Koyanagi, S. Ohdo, Y. Sato, T. Ide, M. Nishida, H. Kurose, Induction of cardiac ﬁbrosis by beta-blocker in G protein-independent and G protein-coupled

receptor kinase 5/beta-arrestin2-dependent Signaling pathways, J. Biol. Chem.
287 (2012) 35669–35677.
[28] E. Karran, M. Mercken, B. De Strooper, The amyloid cascade hypothesis for
Alzheimer’s disease: an appraisal for the development of therapeutics, Nat.
Rev. Drug Discov. 10 (2011) 698–712.
[29] J. Kim, L. Onstead, S. Randle, R. Price, L. Smithson, C. Zwizinski, D.W. Dickson,
T. Golde, E. McGowan, Abeta40 inhibits amyloid deposition in vivo, J. Neurosci.
27 (2007) 627–633.
[30] K. Zou, D. Kim, A. Kakio, K. Byun, J.S. Gong, J. Kim, M. Kim, N. Sawamura, S.
Nishimoto, K. Matsuzaki, B. Lee, K. Yanagisawa, M. Michikawa, Amyloid betaprotein (Abeta)1-40 protects neurons from damage induced by Abeta1-42 in
culture and in rat brain, J. Neurochem. 87 (2003) 609–619.

