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Telmisartan protects central neurons against
nutrient deprivation-induced apoptosis in vitro
through activation of PPARy and the Akt/GSK-3f3
pathway
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Aim: To determine whether angiotensin Il receptor blockers (ARBs) could protect central neurons against nutrient deprivation-induced
apoptosis in vitro and to elucidate the underlying mechanisms.

Methods: Primary rat cerebellar granule cells (CGCs) underwent B27 (a serum substitute) deprivation for 24 h to induce neurotoxicity,
and cell viability was analyzed using LDH assay and WST-1 assay. DNA laddering assay and TUNEL assay were used to detect cell
apoptosis. The expression of caspase-3 and Bcl-2, and the phosphorylation of Akt and GSK-3 were detected using Western blot
analysis. AT;, MRNA expression was determined using RT-PCR analysis.

Results: B27 deprivation significantly increased the apoptosis of CGCs, as demonstrated by LDH release, DNA laddering, caspase-3
activation and positive TUNEL staining. Pretreatment with 10 pymol/L ARBs (telmisartan, candesartan or losartan) partially blocked
B27 deprivation-induced apoptosis of CGCs with telmisartan being the most effective one. B27 deprivation markedly increased the
expression of AT,, receptor in CGCs, inhibited Akt and GSK-3( activation, decreased Bcl-2 level, and activated caspase-3, which were
reversed by pretreatment with 1 pmol/L telmisartan. In addition, pretreatment with 10 umol/L PPARy agonist pioglitazone was more

effective in protecting CGCs against B27 deprivation-induced apoptosis, whereas pretreatment with 20 pmol/L PPARy antagonist
GW9662 abolished all the effects of telmisartan in CGCs deprived of B27.
Conclusion: ARBs, in particular telmisartan, can protect the nutrient deprivation-induced apoptosis of CGCs in vitro through activation

of PPARy and the Akt/GSK-3[3 pathway.
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Introduction

The renin-angiotensin system (RAS), including angiotensino-
gen, renin, angiotensin converting enzyme and angiotensin II
(Ang II), exists in both the peripheral nervous system and the
brain!l. The brain RAS plays an important role in the regula-
tion of neurogenic hypertension”, strokes?, depression!*,
and other neurodegenerative diseases, such as Alzheimer’s

disease!™ ! and Parkinson’s disease”. There are two types of

#These authors contributed equally to this work.
*To whom correspondence should be addressed.
E-mail lyzhang@cpu.edu.cn (Lu-yong ZHANG);
liaohongb6@hotmail.com (Hong LIAO)
Received 2013-10-04 Accepted 2013-12-30

Ang II receptors, AT, and AT, receptors, and AT, receptors
mediate most of the physiological and pathological effects of
Ang II. Recent studies have indicated that the administration
of AT, receptor blockers (ARBs) significantly lowers the risk of
stroke owing to the neuroprotective effects of these drugs®'’.
Most of the ARBs, which are collectively referred to as sar-
tans, are biphenyl-tetrazole derivatives with similar, but not
identical, pharmacological profiles[“]. Among the ARBs, the
biphenyl-nontetrazole telmisartan is structurally unique and
possesses AT; receptor blocking and partial peroxisome pro-
liferator-activated receptor gamma (PPARY) activating prop-
erties”. PPARYy is an intracellular nuclear hormone receptor
that regulates multiple pathways involved in carbohydrate
and lipid metabolism!™ as well as neurological diseases™!.
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The differentiated neurons in the central nervous system
(CNS) require nutrients, including serum, to survive against
apoptosis and to exert their functions™ . The nutrients in
serum activate the phosphatidylinositol-3 kinase (PI-3K)/Akt
pathway, which is an important signal transduction pathway
involved in the survival of neurons””, while Akt phosphory-
lates and inhibits glycogen synthase kinase-3p (GSK-3p)",

91 In several

which is required for apoptosis in neurons
brain diseases, such as traumatic brain injury (TBI), stroke
and chronic neurodegenerative diseases, there are insufficient
nutrients to support neuron survival, resulting in neuronal
death. The main type of neuronal death is apoptosis induced
by nutrient depletion. The PI-3K/Akt/GSK-3p pathway has
also been shown to play important roles in glutamate-induced
apoptosis? 2!,
reported to prevent glutamate-induced neuronal death by
regulating these pathways®"*.

Recently, it has been shown that ARBs significantly amelio-

Compounds, such as lithium, have been

rate the neurological outcome of TBI, stroke and Alzheimer’s
disease, which are associated with insufficient nutrients'®*!,
Therefore, we hypothesized that ARBs may directly protect
neurons from nutrient deprivation-induced neuronal death.
To further clarify the mechanisms of the direct neuroprotec-
tive effects of ARBs in neurons, we studied the effects of ARBs
in rat cerebellar granule neuron cells (CGCs), one of the most
widely used in vitro experimental models used to study neuro-
nal cell death. CGCs can survive in the presence of the nutri-
ent B27, a serum substitute. If the B27 is removed, the major-
ity of CGCs will die through an apoptotic process™ *!.

In particular, we focused on telmisartan as an ARB pro-
totype because of its reported pleiotropic neuroprotective
effects as an AT; receptor antagonist and a PPARy agonist in
in vivo animal models of stroke and Alzheimer’s disease® %,
We investigated whether telmisartan protects the CGCs from
death induced by nutrient deprivation and the mechanisms

involved in these neuroprotective effects.

Materials and methods

Materials

Cell culture medium and supplements were obtained from
Invitrogen (Carlsbad, CA, USA). Telmisartan, losartan and
GW9662 were purchased from Sigma-Aldrich (St Louis,
MO, USA). The following primary antibodies were used for
Western blot analysis: rabbit anti-B-actin (1:1000), rabbit anti-
caspase 3 (1:1000), rabbit anti-cleaved caspase 3 (1:1000), rab-
bit anti-phospho-Akt (Ser473) (1:1000), rabbit anti-phospho-
GSK-3p (Ser9) (1:1000) and rabbit anti-Bcl-2 (1:1000). All anti-
bodies were purchased from Cell Signaling Technology (Dan-
vers, MA, USA). The following secondary antibodies were
used for Western blot analysis: donkey anti-rabbit IgG (1:5000,
Amersham BioSciences, Piscataway, NJ, USA) and goat anti-
mouse IgG (1:10000, Jackson ImmunoResearch, West Grove,
PA, USA). SuperSignal West Dura Substrate was used for
chemiluminescent detection and was purchased from Thermo
Fisher Scientific (Pittsburg, PA, USA). All other chemicals
were obtained from Sigma-Aldrich unless otherwise stated.
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Animals

Eight-day old Sprague-Dawley male and female pups and
their mothers were purchased from the Experimental Animal
Center of Soochow University (Suzhou, Jiangsu, China). Wild-
type C57BL6/] and AT, knock-out B6.129P2-Agtrlatm1Unc/]
mice were obtained from the Jackson Laboratory (Bar Harbor,
MA, USA) and were used to breed the 6-d old pups, respec-
tively. These mice were backcrossed for more than 10 genera-
tions to the parental inbred strain. One male and one female
were kept in each cage at 22°C under a 12:12 h dark-light
cycle and were given free access to water and breeder chow.
Animal housing and handling were carried out in accordance
with the US National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals, which is published by
the US National Academy of Sciences (http://oacu.od.nih.
gov/regs/index.htm). All experimental procedures were
approved by the Administration Committee of Experimental
Animals, Jiangsu Province and China Pharmaceutical Univer-
sity.

Primary rat CGCs cultures

CGCs were isolated from 8-d old Sprague-Dawley rat pups,
as previously described™!.
placed in ice-cold Hanks” balanced salt solution (Invitrogen).

Cerebella were collected and

After removal of the meninges, the cerebella were dispersed
in the same buffer containing 0.25% trypsin (Invitrogen) and
digested for 15 min at 37°C. Trypsin digestion was stopped
by the addition of two volumes of DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) (Invitrogen) and
0.1 mg/mL DNase I (Sigma-Aldrich). After gentle trituration,
the digested tissues were centrifuged at 1000xrounds/min for
5 min. The cell pellets were resuspended in complete Neuro-
basal culture medium (Invitrogen) supplemented with 2% B27
(Invitrogen) and 0.5 mmol/L GlutaMax (Invitrogen). After fil-
tration through a 70 pm cell strainer (BD Falcon, Vernon Hills,
IL, USA), the cells were plated at a density of 1x10° cells/mL
in poly-L-lysine coated plates (Becton Dickinson and Com-
pany, Franklin Lakes, NJ, USA) or glass chamber slides (Nalge
Nunc International, Naperville, IL, USA). The cultures were
incubated in a humidified atmosphere of 5% CO,/95% air at
37°C. Cytosine arabinofuranoside (10 pmol/L) was added to
the cultures 24 h after plating to arrest the growth of the glia
cells. Cultures at 6-8 d in vitro (DIV) were used in this study.
Immunocytochemical validation with anti-MAP2 antibody
and 4’,6-diamidino-2-phenylindole (DAPI) revealed that more
than 95% of the cells in our culture system were neurons at the
time of experiment.

Cell culture treatments

Excitotoxicity was induced by B27 deprivation for 24 h for
the various assays. To determine whether AT, receptor was
involved in nutrient deprivation-induced cell death, the cells
were pretreated with either telmisartan or losartan (AT, recep-
tor antagonist) for 24 h. To determine whether PPARy was
involved in the neuroprotective effects of telmisartan or losar-
tan, the PPARy antagonist GW9662 was added 1 h prior to
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telmisartan or losartan treatment.

Measurement of lactate dehydrogenase (LDH) activity

Cell viability was quantified by measuring the LDH activ-
ity. Cells pretreated with telmisartan, candesartan or losartan
were incubated under nutrient deprivation conditions for 24 h.
The cell-free culture supernatants were collected at the end of
incubation to determine the LDH activity using the LDH Cyto-
toxicity Assay Kit (Cayman Chemical, detailed imformation)
according to the manufacturer's instructions. The data were
normalized to the activity of LDH released from the vehicle-
treated cells (100%) and are expressed as a percentage of the
control.

WST-1 assay

The viability of the CGCs was also evaluated using the WST-1
colorimetric assay kit (Beyotime, Nanjing, China) according
to the manufacturer’s instructions. WST-1 is a water-soluble
tetrazolium salt, and the rate of WST-1 cleavage by mitochon-
drial dehydrogenases is correlated with the number of viable
cells. Briefly, cells cultured in a 96-well plate were pretreated
with telmisartan, candesartan or losartan for 24 h, followed by
nutrient deprivation. After 21 h of nutrient deprivation, 10 uL
of WST-1 was added to the 100 pL of culture medium in each
well, and the incubation was continued for an additional 3 h.
The optical density was measured at 450 nm with a reference
wavelength of 650 nm. The control was normalized to 100%
for each assay, and the treatments are expressed as the per-
centage of the control.

Western blot analysis

To determine the levels of phospho-proteins, the cells were
lysed in Tris-Glycine SDS lysis buffer (Invitrogen) at the
indicated time points after B27 removal, and the lysates were
boiled for 10 min. For other protein blots, cell lysates were
prepared 24 h after the B27 removal. The whole cell extracts
were separated by electrophoresis on 10% SDS-PAGE gels
and transferred onto PVDF membranes. The membranes
were blocked for 1 h in a casein-based blocking buffer (Sigma-
Aldrich) and incubated overnight at 4°C with the primary
antibody, followed by washing and exposure to the secondary
antibody for 30 min at room temperature. -Actin was used as
a loading control for the whole cell samples. The membranes
were exposed to SuperSignal West Dura Substrate for chemi-
luminescent detection. The resulting bands were quantified
using densitometric analysis and were normalized to the lev-
els of B-actin protein.

Real-time PCR

To determine the levels of gene expression, total RNA was iso-
lated at the indicated times using 1 mL of TRIzol (Invitrogen),
followed by purification using an RNeasy Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruc-
tions. Synthesis of complementary DNA (cDNA) was per-
formed using 0.8 ug of total RNA and the Super-Script III first-
Strand Synthesis kit (Invitrogen). Quantitative real-time poly-

merase chain reaction (qQPCR) was performed on a Real-Time
PCR Detection System (PTC-200, BioRad) with the SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA).
qPCR was performed in a 20 pL reaction mixture containing
10 pL of SYBR Green PCR Master Mix, 4 pL of cDNA and 0.3
pmol/L of each primer for a specific AT, gene. The following
specific primers were used: AT,, (Forward: 5-AGCCTGC-
GTCTTGTTTTGAG-3" and reverse: 5-GCTGCCCTGGCTTCT-
GTC-3') and GAPDH (Forward: 5'-ATGACTCTACCCACG-
GCAAG-3 and reverse: 5-TGGAAGATGGTGATGGGTTT-3').
The remaining reagents for RNA isolation and reverse tran-
scription were purchased from Invitrogen. The amplification
conditions consisted of one denaturation/activation cycle at
95°C for 10 min, followed by 40 cycles at 95°C for 15 s and
60°C for 60 s. Serial dilutions of cDNA from the same source
as the samples were used to obtain a standard curve. The AT,
gene was quantified in each sample by determining the cycle
threshold and comparing this value to the standard curve.
The relative amount of the AT;, mRNA was normalized to the
amount of the housekeeping gene GAPDH.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) and DAPI staining

To determine the apoptotic morphology of the CGCs, TUNEL
was performed using the In Situ Cell Death Detection Kit
Fluorescein (Roche Diagnostic) as previously described™!.
Briefly, the neuronal cells were cultured on poly-L-lysine-
coated glass chamber slides and, after 6 or 7 DIV, were pre-
treated with telmisartan for 24 h, followed by 24 h of B27
deprivation. The cells were then fixed with 4% paraformalde-
hyde. The cells were subsequently treated with 0.1% Triton
X-100 in PBS for 2 min on ice and incubated with TUNEL reac-
tion mixture for 60 min at 37°C. After washing, the TUNEL-
labeled nuclei (green points) were examined using an inverted
fluorescence microscope (model Olympus, Tokyo, Japan).
After TUNEL, the nuclei were stained with DAPI (1.5 pg/mL),
which was included in the mounting medium (Vectashield;
Vector Laboratories, Burlingame, CA, USA) to yield blue fluo-
rescent nuclear images. The labeled nuclei (blue points) were
examined with a microscope (Olympus) equipped with a digi-
tal camera.

DNA laddering assay

The CGCs were pretreated with telmisartan for 24 h, followed
by nutrient deprivation. After 24 h of nutrient removal, the
cells were pelleted, and total genomic DNA was extracted.
DNA fragmentation was detected using the Apoptotic DNA
Ladder Detection Kit (Millipore) according to the manufac-
turer's instruction.

Statistical analysis

Statistical significance was determined using the GraphPad
Prism 5 Software (GraphPad Software, San Diego, CA, USA).
Multiple group comparisons were performed using a one-way
ANOVA, followed by Bonferroni post test. The differences
were considered statistically significant at P<0.05. The values
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are expressed as the mean+SEM.

Results

Telmisartan protects neurons from nutrient deprivation-induced
apoptotic cell death

Incubation of CGCs for 24 h under nutrient deprivation con-
ditions by removing the B27 supplement (-B27) dramatically
induced neuronal death, as indicated by an increase in LDH
release and the number of dead cells, compared to the B27
supplemented (+B27) control cultures (Figure 1). Co-incuba-
tion of the B27-deprived neurons with 10 pmol/L telmisartan,
candesartan or losartan partially reversed this effect, and of
these inhibitors, telmisartan showed the most potent effect
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(Figure 1A). The WST-1 assay was also simultaneously per-
formed to evaluate the effects of the ARBs on cell viability,
and telmisartan still exhibited the most potent neuroprotec-
tive effect (Figure 1B). Thus, telmisartan was selected for
the following experiments. Telmisartan dose-dependently,
even at a lower concentration of 1 pmol/L, inhibited the B27
removal-induced LDH release (Figure 1C) and reduced the
number of dead cells (Figure 1D). To further demonstrate that
telmisartan exerts anti-apoptotic actions on CGCs, we exam-
ined the TUNEL-positive cells, DNA laddering, and caspase-3
activation in control and B27-deprived cultures in the presence
and absence of telmisartan. Removal of the B27 supplement
induced an increase in the number of TUNEL-positive cells
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Figure 1. Telmisartan prevents nutrient deprivation-induced neuronal death in CGCs. (A, B) CGCs were pretreated with 10 umol/L telmisartan (Telm),
10 pymol/L candesartan (Cand), or 10 ymol/L losartan (Los) for 24 h, followed by B27 deprivation for an additional 24 h. LDH release (A) in the culture
supernatant was detected using the LDH Activity Assay kit, and cell viability was measured using the WST-1 assay (B) as described in Materials and
methods. (C) CGCs were pretreated with different concentrations of telmisartan (Telm) for 24 h, followed by incubation with or without B27. LDH
release in the culture supernatant was measured using the LDH Activity Assay kit, as described in Materials and methods. (D) Morphology of the
neurons. The cells were pretreated with 1 pmol/L telmisartan (Telm) for 24 h, followed by the B27 deprivation for an additional 24 h. Photomicrographs
were taken using an inverted light microscope. Scale bar, 50 pm. The results represent the mean+SEM of at least three independent experiments.

°P<0.05, °P<0.01.
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Figure 2. Telmisartan protects CGCs from nutrient deprivation-induced apoptosis. CGCs were pretreated with 1 umol/L telmisartan (Telm) for 24 h,
followed by B27 deprivation for an additional 24 h. Apoptosis was determined by the cell morphology using the In Situ Cell Death Detection Kit (A)

and DNA laddering using the DNA fragmentation assay (B).

The figure represents a typical experiment that was repeated three times. (C) CGCs

were pretreated with or without 1 umol/L Telm for 24 h, followed by B27 deprivation for the indicated time points. The levels of the apoptotic protein
caspase-3 and the anti-apoptotic protein Bcl-2 were determined using Western blot analysis. All results represent the mean+SEM of three independent

experiments. °P<0.01.

(Figure 2A), DNA fragmentation levels (Figure 2B) and cas-
pase-3 activation, as indicated by caspase-3 cleavage (Figure
2C). These effects were significantly reduced by co-incubation
with telmisartan (Figure 2). B27 deprivation time-dependently
decreased the level of the anti-apoptotic protein Bcl-2 (Figure
2C). Incubation with telmisartan partially reversed this effect,
compared to the B27-deprived cultures without telmisartan
(Figure 2C).

Telmisartan reverses the suppression of the Akt/GSK-33 path-
way induced by nutrient deprivation in CGCs

As the Akt/GSK-3p signaling pathway has been well-studied
as a survival-promoting signaling mechanism in neurons™,
we investigated the involvement of these kinases in the neu-
roprotective effects of telmisartan. CGCs were B27 starved
for different durations in the absence or presence of 1 pmol/L
telmisartan. B27 deprivation decreased the phosphorylation

levels of Akt (Ser473) and GSK-3f (Ser9), indicating a decrease

in Akt activity and an increase in GSK-3p activity (Figure 3).
Conversely, telmisartan reversed both of these effects (Figure
3).

The role of the AT, receptor in the neuroprotective effects of
telmisartan

B27 deprivation significantly enhanced AT;, mRNA expres-
sion compared to the B27 incubation control (Figure 4A). The
presence of telmisartan partially blocked the B27 deprivation-
induced AT;, mRNA expression (Figure 4A).

To further confirm the role of AT;, receptor in the neuropro-
tective effect of telmisartan, AT,,-deficient CGCs isolated from
AT},-KO mice were used. The removal of the B27 supplement
induced less LDH release in the CGCs from the AT,,-KO mice
than in the CGCs from the wild-type control mice (Figure 4B).
However, pretreatment with telmisartan or losartan prevented
the nutrient B27 deprivation-induced LDH release in both the
CGCs from the wild-type and AT;,-KO mice (Figure 4B), sug-
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Figure 3. Telmisartan inhibits the nutrient deprivation-induced alterations
in Akt and GSK-3p phosphorylations. CGCs were pretreated with 1 pmol/L
telmisartan (Telm) for 24 h, followed by nutrient deprivation (-B27) for the
indicated times. The levels of phosphorylated Akt (Ser473) (A, B) and
GSK-3pB (Ser9) (A, C) were determined using Western blot analysis. The
results represent the mean+SEM of the groups from three independent
experiments. °P<0.01.

gesting that both AT, receptor-dependent and AT;-indepen-
dent mechanisms are involved in the neuroprotective effects
of telmisartan. The PPARy antagonist GW9662 partially
reversed the preventive effects of telmisartan and losartan in
the CGCs from the AT;,-KO mice (Figure 4C).

Telmisartan’s neuroprotective effects are partly mediated by the
PPARy pathway in CGCs

As telmisartan also exhibits a PPARYy activating property, the
participation of the PPARy pathway in mediating the neuro-
protective effects of telmisartan in CGCs was studied using the
PPARYy agonist pioglitazone and the antagonist GW9662. The
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Figure 4. The AT, receptor is involved in telmisartan neuroprotection. (A)
CGCs were pretreated with 1 ymol/L telmisartan (Telm) for 24 h, followed
by B27 deprivation, and AT,, gene expression was determined 24 h
later. The data are presented as the mean+SEM of three independent
experiments. °P<0.01. (B) Nutrient deprivation-induced neuronal death
is reduced in CGCs isolated from AT, receptor knock-out mice (KO) when
compared to the wild-type mice (WT). Primary CGCs from wild-type or AT,
knock-out mice were pretreated with 1 uymol/L Telm or 10 ymol/L losartan
(Los) for 24 h, followed by B27 deprivation for an additional 24 h. The
maximum nutrient deprivation-induced LDH release was significantly lower
in the CGCs obtained from the AT,, knock-out mice compared to that from
the wild-type mice. (C) Primary CGCs from the AT,, knock-out mice were
pretreated with 20 ymol/L GW9662 for 2 h, followed by 24 h exposure
to 1 pymol/L Telm or 10 pymol/L Los and B27 deprivation for an additional
24 h to determine the LDH release. The results represent the mean+SEM
of the groups from three independent experiments. °P<0.01.

PPARY agonist pioglitazone decreased the B27 deprivation-
induced LDH release and was more potent than telmisartan
(Figure 5A). GW9662 totally prevented the protective action
of telmisartan, while incubation with GW9662 alone had no
effect on the B27 deprivation-induced neurotoxicity (Figure 5).
GW9662 markedly decreased the telmisartan-induced inhibi-
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Figure 5. PPARYy activation is partly involved in the neuroprotective effects
of telmisartan in CGCs. (A) CGCs were pretreated with 1 umol/L telmisartan = c
8 —~
(Telm) or 10 umol/L PPARy agonist pioglitazone (PGZ) for 24 h, followed SqIned
m
by B27 deprivation for an additional 24 h. (B) CGCs were pretreated with %i <
1 pmol/L Telm for 24 h, followed by B27 deprivation for an additional 24 5,0\3 504 <
h. The PPARy antagonist GW9662 (GW, 20 umol/L) was added 2 h prior to i
Telm treatment. (C, D) CGCs were pretreated with 20 ymol/L GW9662 for

2 h, followed by 24 h exposure to 1 ymol/L Telm and B27 deprivation for
an additional 24 h to determine the caspase-3 activation, as indicated by
caspase-3 cleavage, and Bcl-2 expression using Western blot analysis (C).
Alternatively, the cells were starved for 4 h to determine the phosphorylation
levels of Akt and GSK-3p using Western blot analysis (D). One representative
picture is presented here. The data are presented as the mean+SEM of three
independent experiments. °P<0.01.
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tion of B27 deprivation-induced LDH release (Figure 5B), cas-
pase-3 activation (Figure 5C) and Bcl-2 down-regulation (Fig-
ure 5C). GW9662 remarkably blocked the telmisartan-induced
increase in B27 deprivation-induced Akt activity, as indicated
by Akt (Ser473) phosphorylation (Figure 5D), and prevented
the telmisartan-induced inhibition of B27 deprivation-induced
GSK-3p activity, as indicated by the levels of inactive, phos-
phorylated GSK-3p (Ser9) (Figure 5D).

Discussion

In this study, we used primary cultures of CGCs as an in vitro
model to investigate the potential neuroprotective role of
ARBs. We demonstrated that ARBs, in particular telmisartan,
have protective effects against nutrient deprivation-induced
apoptosis in CGCs, and activation of PPARy and the Akt/
GSK-3p signaling pathways are the main contributors to this
effect.

In our preparations, these neuronal cells undergo apoptotic
cell death after the removal of the culture supplement B27, as
shown by increased DNA fragmentation, caspase-3 activation
and characteristic morphological changes. Nutrient depriva-
tion-induced apoptosis plays an important pathophysiological
role in the CNS after TBI, ischemia or many chronic neuro-
degenerative diseases™*?. Therefore, the ability of ARBs to
ameliorate nutrient deprivation-mediated apoptosis might
explain the therapeutic efficacy of ARBs and shed light on
the mechanisms by which ARBs significantly ameliorate the

neurological outcome of the TBI animal model™®, the stroke”

] The concentrations of

or the Alzheimer’s disease models
telmisartan used in the present study ranged from 1 to 10
pmol/L to prevent nutrient deprivation-induced apoptosis

B3 and

in CGCs, and these levels were clinically physiological
could be reached in the patient serum.

Ang II stimulates two receptor types, the AT, and AT,
receptors[34].

by glutamate primarily through the AT, receptorm *l CGCs

Ang II attenuates neuronal cell death induced

expressed AT, receptor mRNA, whereas there was no detect-
able AT, receptor mRNA expression in the CGCs (data not
shown), indicating that the AT, receptor is involved in the
neuroprotective effect of telmisartan in CGCs. Further indica-
tions of AT, receptor’s participation in the neurotoxic effect
of nutrient deprivation included the upregulation of the AT,
receptor and the reduction of the nutrient deprivation-induced
neurotoxicity in CGCs isolated from AT;,-KO mice, which
do not express the AT, receptor. A similar neuroprotective
role for the AT,, but not AT,, receptor was reported earlier in
human neuroblasts™”.

There is evidence that some sartans, in addition to AT,
receptor blockade, activate the nuclear receptor PPARy, an

important neuroprotective system[zs’ 3,39,

Prolonged candes-
artan administration upregulates PPARy gene expression in
adipose tissue!”

mouse model of TBI is partially the result of PPARYy activa-
23]

, and the beneficial effect of candesartan in a

tion'”". Another sartan, losartan, has been reported to activate
PPARY in vivo™ and in vitro™. However, the PPARy activat-
ing effect of telmisartan has been reported to be higher than
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that of candesartan or losartan!'? % % %I

. When tested in pri-
mary cultures of CGCs obtained from wild-type or AT;,-KO
mice, telmisartan was a far more potent neuroprotective agent
than losartan which exhibited a reduced PPARYy activating
ability™*!. Furthermore, incubation with a PPARy antagonist
partially reduced the neuroprotective effects of telmisartan
and losartan in CGCs from AT;,-KO mice. This suggests
that the PPARYy activating effect of telmisartan or losartan is
mainly responsible for its neuroprotective efficacy. These
results are consistent with the initial demonstration of PPARy

[12, 42744], and

activation by telmisartan or losartan in cell cultures
the PPARy-activating neuroprotective effects of telmisartan or
losartan in vivo™ ***> %l It has also been reported that PPARy
activation can promote neuroprotection against glutamate-

[47]

mediated neurotoxicity™”, as well as reduce neuronal damage

48, 49]

in focal cerebral ischemial and other neurodegenerative

diseases, such as amyotrophic lateral sclerosis, Huntington’s
disease and Parkinson’s disease!*®*" "I,
It has been well established that Akt phosphorylation is also

associated with CGC survival®® *,

It has been reported that
the survival of CGCs after serum deprivation can be main-
tained by several different survival factors, all of which con-
verge in the activation of Akt® ®!. Telmisartan significantly
increased the decreased Akt phosphorylation caused by nutri-
ent deprivation in CGCs, suggesting that the activation of the
PI-3K/ Akt pathway by telmisartan plays an important role in
enhancing cell survival. This pathway also delivers an anti-
apoptotic signal. Bcl-2, one of the downstream targets of Akt,
is an anti-apoptotic molecule that maintains the mitochondrial
membrane potential and prevents the release of cytochrome ¢
from the mitochondria™ ¥,
artan was able to increase the level of Bcl-2 protein to prevent

Our results showed that telmis-

nutrient deprivation-induced neuronal death. The PPARy
agonist rosiglitazone has been shown to prevent f-amyloid-
induced neurodegeneration in hippocampal neurons through
a mechanism involving the increased expression of Bcl-2 .
Therefore, the upregulation of Bcl-2 protein due to PPARy
activation might be one of the important mechanisms respon-
sible for the neuroprotective effect of telmisartan.

GSK-3p, a serine/threonine kinase, is abundant in the CNS
and plays a pivotal role in the regulation of numerous cel-
lular functions. GSK-3f is another downstream target of Akt
and regulates many metabolic and signaling proteins that can
influence cell survival and the expression of a variety of genes
associated with cellular metabolism™. Akt phosphorylates
GSK-3p at serine 9 to inactivate the GSK-3f kinase, and this
inactivation occurs during neuronal degeneration'®. Con-
versely, the inactivation of GSK-3p by PI3K/Akt has been
shown to be an important neuroprotective mechanism. Our
results showed that nutrient deprivation decreased the level
of GSK-3p phosphorylation at serine 9 (inactive form) in a
time-dependent manner, which is consistent with previously
reported studies which showed that GSK-3( activation-medi-
ated neuronal apoptosis could be induced by trophic factor
withdrawal® “*l. Telmisartan increased the level of inactive
GSK-3p in the CGCs. Therefore, the inhibition of GSK-3p is



neuroprotective™ %!, and the activation of the Akt/GSK-3p
signaling pathway mediates neuronal survival to reduce neu-
ronal death resulting from oxygen-glucose deprivation, gluta-
mate excitotoxicity and cerebral ischemia!®*!,

In summary, the data obtained in the present study show
that telmisartan exerts its neuroprotective effect against nutri-
ent deprivation-induced apoptosis in CGCs through AT,
receptor blockade and PPARY activation, and these effects
involved the activation of the Akt/GSK-3p pathway, which is
activated by telmisartan, resulting in the observed neuropro-
tective effects, as illustrated in Figure 6. Our results support
the hypothesis that ARBs, in particular telmisartan, could
have therapeutic potential for brain diseases in which nutrient
insufficiency plays an important role in neurotoxicity.

Nutrient depletion

Telmisartan

Telmisartan

l

PPARY Akt/GSK-36
activation \ /
Apoptosis:

Caspase-3 activation

Bcl-2 down-regulation

Nuclear DNA laddering
LDH release

Neuroprotection

Neuronal death

Figure 6. Proposed mechanisms of telmisartan neuroprotection. Nutrient
depletion induces neuronal injury by stimulating apoptosis. The involved
mechanisms include increasing the expression of the AT, receptor and
inhibiting the anti-apoptotic Akt/GSK-3p pathway. Telmisartan reduces
nutrient depletion-induced neuronal apoptosis in CGCs. Telmisartan
neuroprotection is due to both AT, receptor blockade and PPARy activation,
which decreases apoptosis by preventing the nutrient deprivation-induced
alterations in the Akt/GSK-3p pathway.
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