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Abstract
Sartans (Angiotensin II AT1 Receptor Blockers, ARBs) are powerful neuroprotective agents in
vivo and protect against IL-1β neurotoxicity in vitro. The purpose of this research was to
determine the extent of sartan neuroprotection against glutamate excitotoxicity, a common cause
of neuronal injury and apoptosis. The results show that sartans are neuroprotective, significantly
reducing glutamate-induced neuronal injury and apoptosis in cultured rat primary cerebellar
granule cells (CGCs). Telmisartan was the most potent sartan studied, with an order of potency
telmisartan > candesartan > losartan > valsartan. Mechanisms involved reduction of pro-apoptotic
caspase-3 activation, protection of the survival PI3K/Akt/GSK-3β pathway, and prevention of
glutamate-induced ERK1/2 activation. NMDA receptor stimulation was essential for glutamate-
induced cell injury and apoptosis. Participation of AT1A receptor was supported by glutamate-
induced upregulation of AT1A gene expression and AT1 receptor binding. Conversely, AT1B or
AT2 receptor played no role. Glutamate-induced neuronal injury and the neuroprotective effect of
telmisartan were decreased, but not abolished, in CGCs obtained from AT1A knock-out mice. This
indicates that although AT1 receptors are necessary for glutamate to exert its full neurotoxic
potential, part of the neuroprotective effect of telmisartan is independent of AT1 receptor
blockade. PPARγ activation was also involved in the neuroprotective effects of telmisartan, as
telmisartan enhanced PPARγ nuclear translocation, and the PPARγ antagonist GW9662 partially
reversed the neuroprotective effects of telmisartan. The present results substantiate the therapeutic
use of sartans, in particular telmisartan, in neurodegenerative diseases and traumatic brain
disorders where glutamate neurotoxicity plays a significant role.
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1. Introduction
Glutamate plays important roles as the predominant excitatory neurotransmitter in the
mammalian brain (Coyle and Puttfarcken, 1993). However, excessive release of glutamate
leading to excitotoxicity is a major factor in neuronal injury associated with many acute and
chronic brain disorders such as brain ischemia, traumatic brain disorder, HIV and
neurodegenerative disorders (Chamoun et al., 2010; Coyle and Puttfarcken, 1993; Lau and
Tymianski, 2010; Tian et al., 2008). At present, there are no pharmacological treatments to
ameliorate glutamate excitotoxicity and provide neuroprotection for these conditions (Lau
and Tymianski, 2010). This indicates an urgent need to search for novel compounds with
neuroprotective effects.

One of such emerging therapeutic targets is a class of compounds commonly used for the
treatment of cardiovascular and metabolic disorders. These compounds, collectively called
Angiotensin Receptor Blockers (ARBs) or sartans, effectively block the physiological AT1
receptor (AT1R) and therefore the effects of Angiotensin II, the main active factor of the
Renin-Angiotensin Sytem (Timmermans et al., 1993).

Excessive peripheral AT1R activity associates with hypertension, heart and kidney failure,
peripheral vascular and tissue inflammation, and metabolic abnormalities such as insulin
resistance (Chrysant et al., 2010; Konstam et al., 2009; Savoia and Schiffrin, 2007). Sartans
protect end organs not only because they ameliorate hypertension, but also as a consequence
of beneficial effects on inflammatory and metabolic alterations beyond their effect on blood
pressure control (Bakris, 2010). For these reasons sartans are commonly used for the
treatment of cardiovascular and renal disease and diabetes (Chrysant et al., 2010; Konstam
et al., 2009; Savoia and Schiffrin, 2007).

Increased brain AT1R stimulation also associates with brain ischemia, abnormal stress
responses, blood–brain barrier breakdown, β-amyloid production and toxicity and brain
inflammation (Armando et al., 2001; Fleegal-DeMotta et al., 2009; Jezova et al., 1998;
Kaiser et al., 1992; Nishimura et al., 2000; Phillips and de Oliveira, 2008; Saavedra, 2012;
Saavedra et al., 2011; Tsukuda et al., 2009; Zhu et al., 2011). These are risk factors leading
to neuronal injury, the incidence and progression of neurodegenerative disease, mood and
traumatic brain disorders, and cognitive decline (Saavedra, 2012).

There is increasing evidence that sartans are effective neuroprotective compounds
(Anderson, 2010; Anderson et al., 2011; Saavedra, 2012). In preclinical experiments, sartans
ameliorate stress-induced disorders, anxiety and depression, protect cerebral blood flow and
cognition during stroke, decrease brain inflammation and β-amyloid neurotoxicity, and
reduce traumatic brain injury (Ando et al., 2004; Armando et al., 2001; Benicky et al., 2011;
Danielyan et al., 2010; Ito et al., 2002; Jezova et al., 1998; Kaiser et al., 1992; Nishimura et
al., 2000; Phillips and de Oliveira, 2008; Saavedra, 2012; Saavedra et al., 2011; Timaru-Kast
et al., 2012; Tsukuda et al., 2009; Villapol et al., 2012; Wang et al., 2007; Zhou et al., 2005;
Zhu et al., 2011). Direct sartan anti-inflammatory and neuroprotective effects against
bacterial endotoxin (lipopolysaccharide, LPS) and interleukin-1β (IL-1β) have been
demonstrated in cultured microglia, cerebrovascular endothelial cells, human circulating
monocytes, and neurons (Benicky et al., 2011; Dandona et al., 2003; Larrayoz et al., 2009;
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Miyoshi et al., 2008; Pang et al., 2012a, 2012b). Controlled clinical studies indicate that
ARBs protect cognition after stroke and during aging (Chrysant et al., 2010; Fogari et al.,
2004), and cohort analyses reveal that these compounds significantly reduce the incidence
and progression of Alzheimer’s disease (Davies et al., 2011; Li et al., 2010).

Individual sartans have very diverse pharmacological profiles, leading to marked differences
in neuroprotective potency (Benson et al., 2004; Erbe et al., 2006). Telmisartan is
considered to be the most potent member of the sartan group because, in addition to AT1R
blockade, strongly activates the anti-inflammatory nuclear receptor peroxisome proliferator-
activated receptor γ (PPARγ) (Benson et al., 2004; Erbe et al., 2006). PPARγ regulates
multiple pathways involved in inflammation and carbohydrate and lipid metabolism
(Rotman and Wahli, 2010). Full PPARγ agonists reduce inflammation and metabolic
alterations associated with cardiovascular disease (Duan et al., 2009). In addition, activation
of the anti-inflammatory nuclear receptor PPARγ plays an important role in neuroprotection
(Kapadia et al., 2008; Min et al., 2012; Pang et al., 2012a; Tsukuda et al., 2009; Villapol et
al., 2012). These observations prompted us to determine to what extent sartans, and in
particular telmisartan, may directly ameliorate glutamate excitotoxicity. In the present study,
we selected to study cerebellar granule cells (CGCs) in vitro, a well-characterized and
reliable model to analyze mechanisms and excitotoxic neuronal damage and neuroprotection
(Contestabile et al., 2002; Krämer and Minichiello, 2010).

2. Materials and methods
2.1. Animals

All animal care and experimental procedures in the present study were approved by the
National Institute of Mental Health Animal Care and Use Committee (Bethesda, MD). All
efforts were made to minimize the number of animals used and their suffering (National
Institutes of Health Guide for the Care and Use of Laboratory Animals, Publication number
80–23, revised 1996). Eight-day old Sprague-Dawley male and female pups and their
mothers were purchased from Charles Rivers Laboratories (Wilmington, MA).

For experiments with AT1A knock-out mice, male and female wild-type C57BL6/J mice,
and AT1A knock-out B6.129P2-Agtratm1Unc/J mice without detectable functional protein
(Ito et al., 1995) were obtained from The Jackson Laboratory (Bar Harbor, MA, USA). The
AT1A mice have been bred for more than 10 generations to the parental inbred strain. Viable
and fertile wild type mice and AT1A knock-out mice of both sexes were used to breed 6-day
old wild-type and AT1A knock-out pups, respectively. One male and one female were kept
per cage with free access to water and breeder chow at 22°C under a 12:12 h dark-light
cycle, at the NIMH Animal Care Facility (Bethesda, MD) according to breeding procedures
outlined in “NIH Guidelines for the Establishment and Use of Mouse Breeding Groups”.

2.2. Cerebellar granule cells culture
Primary CGCs were isolated from 8-day old Sprague Dawley rat pups (Charles Rivers
Laboratories, Wilmington, MA USA) or 6-day old wild type and AT1A knockout mouse
pups as described previously (Gao et al., 1995; Lee et al., 2009). Rat and mouse pups were
euthanized by decapitation; the brains were dissected immediately and the cerebella were
collected and placed in ice-cold Hank’s balanced salt solution (HBSS) (Invitrogen, Carlsbad,
CA). After removal of the meninges, the cerebella were dispersed into the same buffer
containing 0.025% trypsin (Invitrogen) and digested for 15 min at 37°C. Trypsin digestion
was stopped by adding a same volume of Dulbecco’s Modified Eagle medium (DMEM)
(Invitrogen), supplemented with 10% FBS (Invitrogen) and 0.1 mg/ml DNase I (Sigma-
Aldrich, St. Louis, MO). After gentle trituration, digested tissues were centrifuged at 1000 ×
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rpm for 5 min. The cell pellets were resuspended in the complete Neurobasal culture
medium supplemented with 2% B27 (Invitrogen) and 0.5 mM GlutaMax (Invitrogen). After
filtration through a 70 µm cell restrainer (BD Falcon, Vernon Hills, IL), cells were plated at
a density of 1×106 cells/ml onto poly-L-lysine coated plates (Becton Dickinson and
Company, Franklin Lakes, NJ) or chamber glass slides (Nalge Nunc International,
Naperville, IL). Cultures were incubated in a humidified atmosphere of 5% CO2-95% air at
37°C. Cytosine arabinofuranoside (Invitrogen) (10 µM) was added to the cultures 24 h after
plating to arrest the growth of non-neuronal cells. Cultures 6–7 days in vitro were used in
this study. Immunocytochemical validation with anti-microtubule-associated protein-2
(MAP-2) antibody (EMD Millipore, Billerica, MA) and 4–6-diamino-2-phenylindole
(DAPI) (Invitrogen) revealed that more than 95% of the cells in our cultures system were
neurons at the time of experiment (results not shown).

2.3. Cell culture treatments
Excitotoxicity was induced by exposing cultures with different concentrations of glutamate
(10–200 µM) (Sigma-Aldrich) at different time points. To determine which Angiotensin II
receptor type was involved in glutamate-induced cell death, cells were pre-treated with
vehicle, or with either the AT1 receptor blockers telmisartan (Sigma-Aldrich), candesartan (a
gift from Astra-Zeneca, Mölndal, Sweden), losartan (Sigma-Aldrich) and valsartan (Sigma-
Aldrich) (0, 1 to 20 µM) for 2 h, the AT2 receptor agonist CGP42112 (10 µM) (Sigma-
Aldrich) or the AT2 receptor antagonist PD123319 (10 µM) (Sigma-Aldrich) for 1 h. To
determine whether PPARγ was involved in telmisartan neuroprotective effect, the PPARγ
agonist pioglitazone (10 µM) (Sigma-Aldrich) was added 2 h before glutamate treatment;
the PPARγ antagonist GW9662 (20 µM) (Sigma-Aldrich) was used 2 h before pioglitazone
or telmisartan treatment. All drugs were dissolved in DMSO (Sigma-Aldrich). DMSO was
present in all samples at a final 0.1% concentration in the culture medium.

2.4. Measurement of lactate dehydrogenase (LDH) activity
Cell viability was quantified with LDH activity using LDH Cytotoxicity Assay Kit (Cayman
Chemical) according to the manufacturer's instructions. The data were normalized to the
activity of LDH released from control untreated cells (100%) and expressed as a percent of
the control.

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

To determine apoptotic morphology of CGCs, TUNEL was applied using the In Situ Cell
Death Detection Kit Fluorescein (Roche Diagnostic) according to the manufacturer’s
protocol. Neuronal cells were cultured on poly-L-lysine-coated chamber glass slides, and
after 6 or 7 DIV were pre-treated with 1 µM telmisartan for 2 hours, followed by 24 hours of
100 µM glutamate exposure. The cells were then fixed with 4% paraformaldehyde.
Subsequently, the cells were treated with 0.1% sodium citrate/0.1% Triton X-100 for 2 min
on ice, and incubated with TUNEL reaction mixture for 60 min at 37°C. After TUNEL,
cerebellar granule cells were incubated with blocking buffer (PBS with 10% goat serum and
0.1% Triton X-100) at RT for 1 h. Cells were incubated with anti-MAP2 antibody at 4°C
overnight. Cells then were washed and incubated with Texas Red goat anti-rabbit secondary
antibody (Invitrogen) at RT for 2 h. After washing, cells were incubated with 0.5 mg/ml
DAPI (Invitrogen) at RT for 2 min. Cells were coverslipped with mounting medium. The
cells were observed under inverted fluorescence microscope (AxioObserver, Carl Zeiss).
TUNEL-labeled nuclei (green points) and total cells in five areas (0.152 mm2) were
randomly selected from each slide and counted under a 40× objective by an observer blind
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to the protocol and who could not identify the slides. The ratio of number of TUNEL-
positive cells to the total cell number was calculated.

2.6. Apoptotic DNA fragmentation assay
CGCs were pretreated with 1 µM telmisartan or 10 µM candesartan for 2 h, followed by 24 h
of 100 µM glutamate incubation. The cells were pelleted and DNA fragmentation was
detected by Apoptotic DNA Ladder Detection Kit (Millipore) according to the
manufacturer's instruction. The cells were lysed by Tris-EDTA (TE) buffer, incubated with
RNase A at 37°C for 10 min and Proteinase K at 55°C for 30 min, respectively. After
ammonium acetate was added to the sample, DNA was precipitated at −20°C for 2 h with
isopropanol and samples were centrifuged for 10 minutes at 16,000× g. Pellets were washed
by ethanol, dried and dissolved in DNA suspension buffer. The DNA ladder was visualized
under UV light with ethidium bromide staining.

2.7. Measurement of caspase-3 activity
Cells pretreated with 1 µM telmisartan for 2 h, and then were exposed to 100 µM glutamate
for 24 h. The activity of caspase-3 was measured by Caspase-3/CPP32 Colorimetric
Protease Assay (Invitrogen). Cells were lysed in 50 µl chilled lysis buffer on ice for 10 min.
Cell lysates containing 100 µg of proteins were diluted in 50 µl lysis buffer and 50 µl
reaction buffer containing 10 mM dithiothreitol (DTT). Caspase-3 DEVD-pNA substrate
(200 µM final concentration) was added to react for 2 h at 37°C in the dark. The results were
recorded in a microplate reader at 405 nm.

2.8. Angiotensin II receptor binding
Cells were exposed to 100 µM glutamate for indicated times and used for the isolation of
cell membrane proteins. Attached CGCs (15 million) were harvested and homogenized in
ice-cold buffer containing 10 mM Tris-HCl pH 7.5. Crude membrane fractions were pelleted
by centrifugation at 1,000× g for 20 min at 4°C. Supernatants were then centrifugated at
20,000× g for 20 min at 4°C and the pellets were resuspended in ice cold buffer containing
50 mM Tris-HCl and 1 mM EDTA following by centrifugation at 20,000× g for 20 min at
4°C. After next washing step (50 mM Tris-HCl and 1 mM EDTA) and centrifugation (at
20,000× g for 20 min at 4°C), pellets were resuspended in a small volume of binding
incubation buffer containing 1 mM KH2PO4, 5 mM Na2HPO4, 120 mM NaCl and 5 mM
EDTA. Protein content was assessed by the Bradford reagent.

The binding assay was performed as previously described (Heemskerk et al., 1999). Binding
to Angiotensin II receptors was carried out in Eppendorf tubes at 22°C for 120 min in a
volume of 0.3 ml with 0.075 nM [125I]Sar1Ile8-Angiotensin II (ARC, St Louis, MO) in
incubation buffer (same as described above) supplemented by 50 mg/L bacitracin (Sigma
Aldrich) and 2 g/L albumin (protease free) (Sigma Aldrich) with 70–100 µg of membrane
protein. Non-specific binding of [125I]Sar1Ile8-Angiotensin II was determined in the
presence of 10 µM unlabeled Angiotensin II (Sigma Aldrich). Binding to AT1 receptors was
the binding displaced in membrane aliquots incubated as above in the presence of the AT1
receptor blocker losartan (10 µM). The binding was terminated by rapid chilling to 4°C,
centrifugation for 10 min at 16,000× g and immediate aspiration of the supernatant.
Subsequently the bottom part of the tube was cut and counted in a γ-counter (Clinigamma,
LKB, Piscataway, NJ).

2.9. Quantitative real-time PCR
To determine gene expression, total RNA was isolated at indicated using 1 ml TRIzol
(Invitrogen), followed by purification using an RNeasy Mini kit (Qiagen, Valencia, CA)
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according to the manufacturer instructions. Synthesis of complementary DNA (cDNA) was
performed by using 0.6 µg of total RNA and Super-Script III first-Strand Synthesis kit
(Invitrogen). Quantitative real-time polymerase chain reaction (qPCR) was performed on
DNA Engine Opticon™ (MJ Research, Waltham, MA) with SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA). qPCR was performed in a 20 µl reaction mixture
containing 10 µl SYBR Green PCR Master Mix, 4 µl cDNA and 0.3 µM of each primer for a
specific target. Primers for qPCR were synthesized by BioServe (Beltsville, MD). The
specific primers are listed in Table 1. The remaining reagents for RNA isolation and reverse
transcription were from Invitrogen. The amplification conditions consisted of one
denaturation/activation cycle at 95°C for 10 min, followed by 45 cycles at 95°C for 15 sec
and 60°C for 60 sec. Serial dilutions of cDNA from the same source as samples were used to
obtain a standard curve. The individual targets for each sample were quantified by
determining the cycle threshold (Ct) and by comparison with the standard curve. The
relative amount of the target mRNA was normalized with the housekeeping gene GAPDH.

2.10. Electrophoretic mobility shift assay
Rat cerebellar granule cells were incubated for 4 h with DMSO (Sigma-Aldrich), 1 µM
telmisartan and 10 µM pioglitazone. Nuclear protein extracts were prepared using Nuclear
Extraction kit (Pierce, Rockford, IL), according to the manufacturer’s instructions.
Electrophoretic mobility shift assay (EMSA) was carried out using Light-Shift
Chemiluminescent EMSA kit (Pierce) with double-stranded DNA probe 5′-
GGTAAAGGTCA AAGGTCAATCGGC-3′ labeled with biotin at the 5′-end. Nuclear
proteins (4 µg) were incubated for 30 min at room temperature in binding buffer containing
2.5 mM MgCl2, 5% glycerol, 0.05% NP-40, 0.25 µg poly dI:dC and 0.2 µg acetylated
bovine serum albumin with 1 nM biotin-labeled probe. For competition assays, 100-fold
excess of non-labeled probe was added 10 min prior to biotin-labeled probe. To determine
the DNA-binding specificity, 2 µg of rabbit polyclonal antibody against PPARγ or PPARα
(ABR-Affinity BioReagents, Golden, CO) was added to binding reaction 30 min before the
probe addition. Protein-DNA complexes were separated by electrophoresis on 6% DNA
Retardation gels (Invitrogen), transferred onto Hybond-N+ nylon membrane (GE healthcare,
Piscataway, NJ) and cross-linked with UV light. The bands were visualized by
chemiluminescence.

2.11. Western blotting
Cells were pre-incubated with the PPARγ antagonist or/and telmisartan for 2 h, followed by
addition of 100 µM glutamate or saline for another 24 h. To determine phospho-proteins
blots, cells were lysed in Tris-Glycine SDS lysis buffer (Invitrogen) in 1 h after glutamate
addition, and the lysate was boiled for 10 min. The extracted proteins were separated by
electrophoresis on 10% SDS-PAGE gels and transferred onto PVDF membranes. The
membranes were blocked for 1 h in blocking buffer containing 5% BSA (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. The membranes were
exposed to SuperSignal West Dura Substrate (Thermo Scientific) for chemiluminescent
detection. After detection of phospho-proteins, the membranes were stripped for 15 min at
room temperature in Restore Western Blot Stripping Buffer (Thermo Scientific), blocked for
1 h in casein-based blocking buffer (Sigma-Aldrich), exposed to total proteins or β-actin
antibody and chemiluminescence was detected as above. Primary antibodies used for
Western blotting analysis were: mouse monoclonal antibody to β-Actin (1:10,000) (Sigma-
Aldrich,St. Louis, MO); phospho-Akt (Ser473, 1:2000), Akt (1:1000), phospho-GSK-3β
(Ser9, 1:1000), GSK-3β (1:1000), phospho-ERK1/2 (1:1000), ERK1/2 (1:1000) (Cell
Signaling Technology, Danvers, MA); rabbit antibody to microtubule-associated protein 2
(MAP-2) (1:200) (EMD Millipore, Billerica, MA); donkey anti-rabbit IgG (1:5000)
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(Amersham BioSciences Piscataway, NJ); goat anti-mouse IgG (1:5000) (Jackson
ImmunoResearch, West Grove, PA); and Texas Red goat anti-rabbit IgG (1:500) (Vector
Laboratories, Burlingame, CA). Protease inhibitor cocktail and SuperSignal West Dura
Substrate for chemiluminescent detection were purchased from Thermo Fisher Scientific
(Pittsburg, PA). All other reagents were obtained from Sigma-Aldrich unless indicated
otherwise.

2.12. Statistics
Statistical significance was determined using GraphPad Prism 5 Software (GraphPad
Software, San Diego, CA). Multiple group comparisons were performed by one-way
ANOVA followed by Newman-Keuls posttest. Comparison data of sartan effects on rat
CGCs and telmisartan effects on CGCs from AT1A knock-out mice were analyzed by two-
way ANOVA, followed by Bonferroni’s post hoc test. Significance between approximate
IC50s was assessed using one-way ANOVA followed by Bonferroni’s multiple comparisons
test after log transformation. Differences were considered statistically significant at P <
0.05.

3. Results
3.1. Sartans attenuate glutamate-induced neurotoxicity in primary cultures of rat CGCs

Exposure of primary rat CGC cultures to glutamate concentrations from 10 to 200 µM for 24
h, dose-dependently increased LDH activity in the culture media, indicative of neuronal
injury (Fig. 1A). The NMDA receptor antagonist MK801 (10 µM) abolished the glutamate-
induced LDH release (Fig. 1B).

Telmisartan, when added 2 to 48 hours before glutamate incubation, significantly decreased
glutamate-induced neuronal injury (Fig. 1C). Reduced, but significant neuroprotection was
achieved when telmisartan (1 µM) was added together with glutamate (Fig. 1C). Conversely,
there was no neuroprotection when telmisartan was added after glutamate exposure (Fig.
1C).

Pretreatment with telmisartan, candesartan, losartan or valsartan (0.1 to 20 µM) for 2 hours
prior to glutamate exposure, dose-dependently decreased LDH release, with order of
potency: telmisartan > candesartan > losartan > valsartan (Fig. 1D and 1E). Corresponding
approximate IC50s were: telmisartan: 2.25, candesartan 9.37, losartan 81.83 and valsartan
1263 µM, respectively”

3.2. Telmisartan reduces glutamate-induced apoptosis in rat CGCs
Telmisartan was chosen to determine its effects on glutamate-induced neuronal apoptosis in
rat CGC primary cultures. Exposure of CGCs to 100 µM glutamate markedly increased the
number of TUNEL stained cells (Fig. 2A). Preincubation with 1 µM telmisartan reduced
glutamate-induced increase in TUNEL staining by 75% (Fig. 2A).

Pretreatment with telmisartan (1 µM) for 2 hours significantly reduced glutamate-induced
DNA fragmentation (Fig. 2B).

Exposure of CGCs to 100 µM glutamate induced caspase-3 activity (Fig. 2C). Pretreatment
with telmisartan (1 µM) for two hours reduced the glutamate-induced increase in caspase-3
activation (Fig. 2C).
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3.3. Telmisartan reduces glutamate-induced inflammation in rat CGCs
Pretreatment with telmisartan (1 µM), two hours before exposure to 100 µM glutamate,
completely prevented the glutamate-induced upregulation of IL-1β (Fig. 3A) and
significantly reduced glutamate-induced cyclooxygenase-2 (COX-2) (Fig. 3B) mRNA
expression.

3.4. The anti-apoptotic effect of telmisartan is mediated through the PI3K/Akt/GSK-3β and
the ERK1/2 pathways

Exposure of CGCs to glutamate produced a time-dependent decrease in Akt and GSK-3β
phosphorylation, and a time-dependent increase in ERK1/2 phosphorylation (Fig. 4),
indicative of a reduction of Akt activation, and enhanced GSK-3β and ERK1/2 activity. Co-
incubation of telmisartan prevented the glutamate-induced alterations in Akt/GSK-3β and
ERK1/2 activation (Fig. 4).

3.5. Angiotensin II AT1A receptors, but not AT1B or AT2 receptors, participate in the
glutamate-induced neuronal injury and apoptosis

Gene expression of Angiotensin II AT1A, AT1B and AT2 receptors was determined in
primary rat CGC cultures exposed to 100 µM glutamate or vehicle for 24 hours. While there
was substantial AT1A gene expression, the gene expression of AT1B and AT2 receptors was
below the detection limit of our method (Fig. 5A). Exposure to glutamate significantly
increased AT1A receptor gene expression (Fig. 5A, 5B, 5C), and the protein expression of
AT1 receptors as determined by receptor binding (Fig. 5D) in a time-dependent fashion. The
glutamate-induced increase in AT1A receptor gene expression was completely abolished by
simultaneous addition of the NMDA receptor antagonist MK801 (10 µM) (Fig. 5C).
Conversely, glutamate did not modify either AT1B or AT2 gene expression (Fig. 5A).
Furthermore, preincubation with the AT2 receptor antagonist PD123319 or the AT2 receptor
agonist CGP42112 did not change glutamate-induced LDH release or the effect of
telmisartan on glutamate-induced LDH release (Fig. 5E).

3.6. The neuroprotective effect of telmisartan is partially dependent on PPARγ activation
The PPARγ agonist pioglitazone (10 µM) significantly decreased glutamate-induced
neuronal injury, as determined by the LDH activity assay (Fig. 6A). The effect of
pioglitazone was partially blocked by concomitant incubation with the PPARγ antagonist
GW9662 (20 µM) (Fig. 6A).

Telmisartan (1 µM) and pioglitazone (10 µM) significantly enhanced PPARγ activation in
CGCs (Fig. 6B). Incubation in the presence of a selective PPARγ antibody (2 µg) prevented
PPARγ-DNA binding activity, while a PPARα antibody (2 µg) did not (Fig. 6B).

Telmisartan (1 µM) and pioglitazone (10 µM) significantly increased gene expression of
PPARγ and the PPARγ target gene, ATP-binding cassette sub-family G member 1 (ABCG1)
(Fig. 6C).

The PPARγ antagonist GW9662 (20 µM) partially reversed the reduction of the glutamate-
induced LDH release by telmisartan (Fig. 6D).

In rat CGCs, the telmisartan (1 µM) preventive effects on glutamate-induced Akt
dephosphorylation (Fig. 7A, 7B), GSK-3β (Ser9) dephosphorylation (Fig. 7A, 7C) and
ERK1/2 phosphorylation (Fig. 7A, 7D) were significantly reduced by the PPARγ antagonist
GW9662 (20 µM) (Fig. 7).
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3.7. Glutamate-induced neuronal injury is only partially dependent on AT1A receptor
expression

Exposure of primary CGCs obtained from wild-type or AT1A knock-out mice to glutamate
(6.25 to 500 µM) induced a dose-dependent neuronal injury as determined by LDH release
into the incubation media, with a threshold of 100 µM (Fig. 8). The maximum glutamate-
induced LDH release was significantly lower in CGCs obtained from AT1A knock-out mice
when compared to wild type mice (Fig. 8).

3.8. Telmisartan neuroprotection against glutamate-induced neurotoxicity is reduced but
not eliminated in CGCs isolated from AT1A knock-out mice

Pretreatment with telmisartan (1 µM) significantly reduced glutamate-induced LDH release
from CGCs obtained from wild-type (Fig. 9A) or AT1A knock-out mice (Fig. 9B).

3.9. Telmisartan neuroprotection in CGCs isolated from AT1A knock-out mice is partially
dependent on PPARγ activation

In CGCs isolated from AT1A knock-out mice, pretreatment with telmisartan (1 µM) partially
reversed glutamate-induced decrease in the phosphorylation of Akt (Fig. 10A, 10B) and
GSK-3β (Fig. 10A, 10C). Incubation with the PPARγ antagonist GW9662 partially reversed
telmisartan effects.

4. Discussion
This study was designed to test the hypothesis that sartans, and in particular telmisartan, are
directly neuroprotective in primary neuronal cultures. We tested sartan neuroprotection
against glutamate-induced excitotoxicity, a major factor leading to neuronal injury in
inflammatory and neurodegenerative diseases of the brain (Chamoun et al., 2010; Coyle and
Puttfarcken, 1993; Lau and Tymianski, 2010; Tian et al., 2008). The present study
demonstrated that telmisartan, the most potent sartan tested, was directly and significantly
neuroprotective in our preparations.

The principal observations in this study are: a) in primary neuronal cultures, telmisartan very
effectively ameliorates glutamate-induced neuronal injury, apoptosis and inflammation; b)
AT1A, but not AT1B or AT2 receptors, are involved in telmisartan effects; c) the beneficial
effects of telmisartan are partly the result of PPARγ activation in addition to AT1 receptor
blockade; d) telmisartan neuroprotection is associated with prevention of glutamate-induced
inhibition of Akt/GSK-3β phosphorylation and stimulation of the ERK1/2 pathway.

We proposed that the neuroprotective effects of telmisartan were associated with its direct
AT1R blockade effects. Angiotensin II stimulates two receptor types, the AT1 and AT2
receptors (De Gasparo et al., 2000). Rodents, but not humans, express two AT1 receptor
subtypes, the AT1A and AT1B receptors (Chiu et al., 1993; Sasamura et al., 1992), and most
of the central effects of AT1 receptor stimulation correspond to AT1A receptor activation
(Saavedra, 2012). While excessive AT1 receptor stimulation was associated with brain
inflammation and cell injury (Saavedra, 2012), stimulation of AT2 receptors has been
proposed to exert balancing neuroprotective effects, particularly when AT1 receptors are
blocked by ARB administration (Mogi et al., 2006; Zhao et al., 2005). We found that
primary CGCs expressed AT1A receptor mRNA, while AT1B and AT2 mRNAs were
undetectable in these cells. Furthermore, exposure of CGCs to PD123319 (an AT2 receptor
antagonist) or CGP42112 (an AT2 receptor agonist) did not change the effects of glutamate
or modified the neuroprotective effect of telmisartan. These results indicated that the
neuroprotective effect of telmisartan in primary CGCs was associated with AT1A receptor
blockade, without AT1B or AT2 receptor participation. Further indications of AT1A receptor
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participation in the neurotoxic effect of glutamate include the NMDA-dependent
upregulation of AT1A receptor transcription and expression, and the reduction of glutamate
neurotoxicity in CGC preparations from AT1A receptor knock-out mice not expressing AT1
receptors. A similar neuroprotective role for AT1, but not AT2 receptors, has been earlier
reported in SK-N-SH human neuroblasts (Pang et al., 2012b). These cells expressed AT1
receptors, but not AT2 receptors, (Pang et al., 2012b). In SK-N-SH human neuroblasts,
while telmisartan decreased IL-1β toxicity, PD123319 or CGP42112 were not effective
(Pang et al., 2012b).

The neurotoxic effects of glutamate concentration, confirmed in this study, have been well
characterized (Leng and Chuang, 2006; Leng et al., 2008). In our preparations, NMDA
receptor stimulation by exposure of primary neuronal cultures to glutamate induced
apoptosis, as demonstrated by increased DNA fragmentation, caspase-3 activation and
characteristic morphological changes, and a significant inflammatory response, with large
increases in COX-2 and IL-1β gene expressions. In the brain, COX-2 is an important
component of cytotoxicity associated with inflammation (O’Banion et al., 1999). Neuronal
COX-2 expression is upregulated following brain insults via glutamatergic and
inflammatory mechanisms, and implicated in several neurological diseases including stroke
and Alzheimer’s disease (Kaufmann et al., 1997). COX-2 inhibition is neuroprotective
(Strauss and Marini, 2002), and COX-2 overexpression accelerates glutamate-mediated
apoptotic damage (Mirjany et al., 2002). In turn, IL-1β enhances NMDA receptor-mediated
neurotoxicity (Viviani et al., 2003).

Our results demonstrate that telmisartan significantly prevented glutamate-induced apoptosis
and inflammation in CGCs, with a potency superior to that of other sartans studied.
Individual sartans have very diverse pharmacological profiles, leading to marked differences
in neuroprotective potency (Benson et al., 2004; Erbe et al., 2006; Miura et al., 2011). There
is evidence that some sartans, in addition to AT1 receptor blockade, activate the anti-
inflammatory nuclear receptor PPARγ, an important neuroprotective system (Kapadia et al.,
2008; Min et al., 2012; Qi et al., 2010; Sauerbeck et al., 2011; Tsukuda et al., 2009; Yi et al.,
2008). Prolonged candesartan administration upregulates PPARγ gene expression in adipose
tissue (Zorad et al., 2006), and the beneficial effect of candesartan in a mouse model of
traumatic brain injury (TBI) is in part the result of PPARγ activation (Villapol et al., 2012).
Another sartan, losartan, has been reported to activate PPARγ in vivo (Koh et al., 2013) and
in vitro (An et al., 2010). However, the PPARγ activating effect of telmisartan has been
reported to be higher than that of candesartan and losartan (Benson et al., 2004; Erbe et al.,
2006; Min et al., 2012; Tsukuda et al., 2009). When tested in primary cultures of CGCs, we
found that telmisartan was a far more potent neuroprotective agent, than other sartans tested,
with reduced (candesartan, losartan) PPARγ activating properties (Benson et al., 2004; Erbe
et al., 2006), and even more potent than valsartan, a sartan without significant PPARγ
activation properties (Fujino et al., 2010; Wang et al., 2007). This suggests that the PPARγ
activating effect of telmisartan is a determinant of its higher neuroprotective efficacy.

The present results provide supportive evidence for this hypothesis. Telmisartan, at
concentrations in the range of steady-state levels reported in clinical trials (Stangier et al,
2000), increases PPARγ activation, stimulating the gene expression of PPARγ and its target
gene ABCG1 (Hodgkinson and Ye, 2003). The neuroprotective effect of telmisartan was
partially decreased by exposure to a PPARγ antagonist. Telmisartan neuroprotection
compared well with that of the classical PPARγ agonist pioglitazone. Furthermore,
incubation with a PPARγ antagonist partially reduced telmisartan neuroprotection in CGCs
from AT1A knock-out mice, devoid of AT1 receptors. The present observations support a
previous report demonstrating that telmisartan amelioration of inflammatory injury to
human monocytes is partially the result of PPARγ activation (Pang et al., 2012a). The higher
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PPARγ activation of telmisartan is explained by its unique structural characteristics and high
lipophilicity, favoring its incorporation into the cell, and by its strong hydrophobic
interactions at unique sites within PPARγ ligand domain (Benson et al., 2004; Erbe et al.,
2006).

Although we demonstrate that PPARγ activation is important for sartan neuroprotection, our
results do not totally exclude an association of PPARγ agonist effects with AT1 receptor
blockade. There is cross-talk between AT1 and PPARγ activation; PPARγ agonists reduce
AT1-mediated inflammation and hypertension in vivo (Ji et al., 2009), and downregulate
AT1 expression (Zhao et al., 2008), whereas Angiotensin II downregulates PPARγ mRNA
expression (Tham et al., 2002).

Classical PPARγ agonists are neuroprotective (Kapadia et al., 2008; Qi et al., 2010;
Sauerbeck et al., 2011). However, the use of classical PPARγ agonists such as the
thioglitazones is limited by their clinical toxicity (Kung and Henry, 2012). Telmisartan is a
FDA-approved drug for the treatment of cardiovascular and metabolic disease (Suksomboon
et al., 2012), which maybe also have the potential as a neuroprotective agent.

Our results demonstrate that telmisartan amelioration of glutamate-induced cell injury is
associated with inhibition of glutamate-induced ERK1/2 phosphorylation and with the
reversal of glutamate-induced suppression of phosphorylated Akt and GSK-3β (Hu et al.,
2013). This is in agreement with previous reports of a major participation of PI3K/Akt/
GSK-3β and the ERK1/2 pathways in glutamate excitotoxicity (Dasari et al., 2008; Liu et
al., 2012; Nishimoto et al., 2008) and in inflammation (Pang et al., 2012b). Incubation in the
presence of glutamate reduced the Akt phosphorylation, and this is associated with
decreased GSK-3β (Ser9) phosphorylation, indicative of GSK-3β activation. We report that
telmisartan prevented the glutamate-induced decrease in Akt phosphorylation and the
associated GSK-3β phosphorylation. Our results are consistent with the hypothesis that
activation of PI3K/Akt is followed by subsequent GSK-3β inhibition and that inactivated
GSK-3β attenuates glutamate-induced caspase-3 activation and neurotoxicity (Nishimoto et
al., 2008).

In conclusion, the present study showed that sartans potently and directly ameliorated
glutamate-induced neuronal injury and apoptosis in a model of primary neuronal culture. Of
the sartans studied, telmisartan was more potent than candesartan, losartan or valsartan.
Telmisartan neuroprotection was in part the consequence of AT1 receptor blockade, since
both glutamate neurotoxicity and telmisartan neuroprotection were decreased, but not
eliminated, in CGCs obtained from mice devoid of AT1A receptor. In turn, part of the
glutamate-induced neuronal injury may be the consequence of AT1A receptor upregulation
by glutamate NMDA receptor stimulation. In addition to AT1 receptor blockade, telmisartan
neuroprotection was partially dependent on PPARγ activation. As illustrated in Figure 11,
mechanisms of sartan neuroprotection include suppression of glutamate-induced apoptotic
pathways, PI3K/Akt/GSK-3β pathway and ERK1/2 activation.

The present results substantiate the use of sartans with dual AT1-blocking and PPARγ-
activating properties as potential therapeutic agents in neurodegenerative and traumatic
brain disorders, where glutamate-induced neuronal injury plays a significant role.

Significance of our results
Our results contribute to clarify the neuroprotective effects of ARBs, as demonstrated in pre-
clinical rodent models of stroke, traumatic brain injury and neurodegenerative diseases such
as Alzheimer’s disease, and further suggested by clinical reports (Ando et al., 2004; Benicky
et al., 2011; Davies et al., 2011; Ito et al., 2002; Li et al., 2010; Nishimura et al., 2000;
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Saavedra et al., 2011; Timaru-Kast et al., 2012; Tsukuda et al., 2009; Yamakawa et al.,
2003; Zhou et al., 2005). Excessive glutamate production is not only a significant factor in
neuronal injury associated with neurodegenerative and traumatic disorders, but also
participates in the mechanism of LPS and HIV-induced toxicity (Takaki et al., 2012;
Cisneros and Ghorpade, 2012). For this reason, the use of sartans may be beneficial for the
treatment of many brain disorders (Saavedra, 2012). Selecting telmisartan, the most potent
sartan tested, will allow us, for the first time, to recruit a major but understudied
neuroprotective mechanism, the activation of PPARγ. This, combined with the beneficial
effects of Angiotensin II receptor blockade, makes telmisartan a very promising
neuroprotective compound and substantiates the therapeutic use of this drug in
neurodegenerative diseases and traumatic brain disorders where glutamate neurotoxicity
plays a significant role.
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Sartans (ARBs) protect against glutamate toxicity in cultured primary neurons.

Telmisartan is the most potent neuroprotective sartan.

Telmisartan neuroprotection involves the PI3K/Akt/GSK-3β and ERK1/2 pathways.

Glutamate neurotoxicity partially depends on Angiotensin AT1A receptor activation.

Telmisartan neuroprotection results from AT1 receptor blockade and PPARγ activation.
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Fig. 1.
Angiotensin II AT1 receptor blockers prevent glutamate-induced lactate dehydrogenase
(LDH) release in rat CGCs. (A) CGCs were treated for 24 h with different doses of
glutamate to determine LDH release. (B) CGCs were treated with 10 µM MK-801 (N-
methyl-d-aspartate (NMDA) receptor antagonist) and 100 µM glutamate for 24 h. (C) CGCs
were treated with 1 µM telmisartan (Telm) for different times before or after 24 h of
glutamate exposure (100 µM). (D and E) CGCs were pretreated with different
concentrations of telmisartan (Telm), candesartan (Cand), losartan (Los) or Valsartan for 2
h, followed by treatment with 100 µM glutamate for another 24 h. (D) Comparison of
individual doses for each sartan studied. (E) Comparison of approximate IC50s. In all cases,
neuronal injury was studied by measurement of LDH release, detected by the LDH Activity
Assay kit as described in Material and Methods. Results are means ± SEM of at least three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ###P
< 0.001 vs. Glut; $P < 0.05, $$P < 0.01, $$$P < 0.001 vs. the corresponding concentration of
Telm. All approximate IC50s are different from each other at the P < 0.01 level, except for
Losartan vs. Valsartan that were different at P < 0.05.
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Fig. 2.
Telmisartan protects CGCs against glutamate-induced apoptosis. CGCs were pretreated with
1 µM telmisartan (Telm) for 2 h, followed by treatment with 100 µM glutamate for another
24 h. (A) Telmisartan significantly reduced the number of apoptotic cells as determined
using the In Situ Cell Death Detection kit. (B) DNA laddering determined by the DNA
fragmentation assay. The Figure represents a typical experiment repeated three times. (C)
Caspase-3 activity was determined by the Caspase-3/CPP32 Colorimetric Protease Assay
and is presented as means ± SEM from three independent experiments. All results are
presented as means ± SEM from three independent experiments. **P < 0.01, ***P < 0.001
vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Glutamate.
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Fig. 3.
Telmisartan prevents glutamate-induced inflammation in rat CGCs. CGCs were treated with
1 µM telmisartan (Telm) or vehicle, and two hours later were exposed for different time
points to 100 µM glutamate (Glut). The gene expressions of IL-1β (A) and COX-2 (B) were
determined by qPCR as described in Materials and Methods. Results are means ± SEM of at
least three independent experiments. **P < 0.01, ***P < 0.001 Glut vs. Glut+Telm.
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Fig. 4.
Telmisartan attenuates the glutamate-induced alterations of Akt, GSK-3β and ERK1/2
phosphorylation. CGCs were pre-treated with 1 µM telmisartan (Telm) for 2 h followed by
exposure to 100 µM glutamate (Glut) for the indicated time intervals. Total and
phosphorylated Akt, GSK-3β and ERK1/2 were determined by Western blotting (A). Results
for Akt (B), GSK-3β (C) and ERK1/2 (D) are shown as a percentage of the control group.
All results are presented as means ± SEM from three independent experiments. **P < 0.01,
***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the corresponding time of
glutamate treatment.
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Fig. 5.
AT1A receptors, but not AT1B or AT2 receptors, are involved in telmisartan neuroprotection.
(A) Angiotensin II receptor gene expression after exposure to glutamate. AT1A, AT1B and
AT2 gene expression were determined in rat CGCs after 24 hour exposure to glutamate. (B)
CGCs were pre-treated with 1 µM telmisartan (Telm) for 2 h followed by exposure to 100
µM glutamate (Glut) for the indicated time intervals. (C) CGCs were simultaneously
exposed to the NMDA receptor antagonist MK-801 (10 µM) and glutamate, and AT1A gene
expression was determined 24 hours later. (D) CGCs were exposed to glutamate and AT1
receptor expression was determined by the Angiotensin II receptor binding assay, 24 and 48
hours later. (E) CGCs were treated with the AT2 receptor antagonist PD123319 (PD, 10 µM)
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or the AT2 receptor agonist CGP42112A (CGP, 10 µM) for one hour, followed by treatment
with vehicle or telmisartan (1 µM) for two hours, followed by exposure to glutamate for 24
hours, followed by determination of LDH activity in the culture supernatant. Data are
presented as means ±SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P <
0.001 vs. Control; ##P < 0.01, ###P < 0.001 vs. Glutamate.
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Fig. 6.
PPARγ activation is partially involved in the neuroprotective effect of telmisartan in rat
CGCs. (A) CGCs were pre-treated with the PPARγ agonist pioglitazone (PGZ) (10 µM) for
2 hours followed by exposure to glutamate (Glut) for 24 hours. The PPARγ antagonist
GW9662 (GW, 20 µM) was added 2 hours before PGZ treatment. (B) CGCs were treated
with 1 µM telmisartan (Telm) or 10 µM pioglitazone (PGZ) for 4 hours to determine nuclear
PPARγ activity using the Electrophoretic Mobility Shift Assay. Figure is a representative
picture showing PPARγ-DNA binding. Intensity was measured by densitometry for
quantitative analysis. Anti-PPARγ and anti-PPARα antibodies (2 µg) were used to
determine the specificity of the shift. (C) CGCs were treated with 1 µM telmisartan or 10
µM pioglitazone for 24 hours to determine expression of the PPARγ target gene ABCG1.
(D) CGCs were pre-treated with 20 µM GW9662 for 2 hours, followed by 2 hours exposure
to telmisartan, followed by exposure to glutamate for 24 hours. Data are presented as means
±SEM of three independent experiments. *P < 0.05, ***P < 0.001 vs. Control; #P <
0.05, ##P < 0.01, ###P < 0.001 vs. Glutamate; $P < 0.05 vs. Glut+PGZ; $$P < 0.01 vs. Glut
+Telm.
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Fig. 7.
Telmisartan prevents the glutamate-induced alterations in Akt/GSK-3β and ERK1/2 in rat
CGCs, and the telmisartan effect is reduced by exposure to a PPARγ antagonist. CGCs were
pre-treated with 1 µM telmisartan (Telm) followed by 1 hour exposure to glutamate (Glut).
GW9662 (GW, 20 µM) was added 2 hours before telmisartan treatment. (A) Shown are
representative Western blots for each protein level. Ratios of total and phospho-Akt (B),
phospho-GSK-3β (C) and phospho–ERK1/2 (D) are presented as means ± SEM from three
independent experiments. All results are shown as a percentage of the control group. *P <
0.05, **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Glut; $P
< 0.05, $$$P < 0.001 vs. Glut+Telm.
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Fig. 8.
Glutamate-induced neuronal injury is reduced in CGCs isolated from AT1A receptor knock-
out mice (KO) when compared with wild-type controls (WT). Primary CGCs from wild-type
or AT1A knock-out mice were exposed to different doses of glutamate (6.25 to 500 µM).
The maximum glutamate-induced LDH release was significantly lower in CGCs obtained
from AT1A knock-out mice when compared to those from wild-type mice. Results are
Means ± SEM for groups of three independent experiments. ***P < 0.001 vs. WT untreated
controls ; #P < 0.05, ###P < 0.001 vs. AT1A KO untreated controls; $P < 0.05, $$$P < 0.001
WT vs. AT1A KO.
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Fig. 9.
Glutamate-induced neuronal injury is only partially dependent on AT1A receptors in mouse
CGCs. Primary CGCs from wild-type (A) or AT1A knock-out (B) mice were exposed to
glutamate (Glut) (100 µM) with or without telmisartan (Telm) (1 µM). Treatment with
telmisartan significantly reduced glutamate-induced LDH release from CGCs obtained from
wild-type (A) or AT1A knock-out (B) mice. Results are Means ± SEM for groups of three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated controls; #P <
0.05, ##P < 0.01, ###P < 0.001 Glut vs. Glut+Telm.
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Fig. 10.
Telmisartan prevents the glutamate-induced alterations in Akt and GSK-3β phosphorylation
in AT1A-deficient CGCs isolated from AT1A knock-out mice. The telmisartan effect is
reduced by PPARγ inhibition. CGCs were pretreated with 1 µM telmisartan (Telm) followed
by 1 hour exposure to glutamate (Glut) (100 µM). GW9662 (GW, 20 µM) was added 2
hours before telmisartan treatment. (A) Shown are representative Western blots for each
protein level. Ratios of total and phospho-Akt (B) and phospho-GSK-3β (C) are presented as
means ± SEM from three independent experiments. All results are shown as a percentage of
the control group. **P < 0.01, ***P < 0.001 vs. control; ##P < 0.01 vs. Glut; $P < 0.05, $$$P
< 0.001 vs. Glut+Telm.
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Fig. 11.
Proposed mechanisms of telmisartan neuroprotection. Glutamate stimulates NMDA
receptors and induces neuronal injury by increasing apoptosis and inflammation.
Mechanisms include increased AT1 receptor expression, inhibition of the anti-apoptotic Akt
pathway, and ERK1/2 stimulation. Telmisartan reduces glutamate-induced apoptosis and
inflammation in CGCs. Telmisartan neuroprotection is the result of dual AT1 receptor
blockade and PPARγ activation, decreasing apoptosis and inflammation by mechanisms
involving a reduction of glutamate-induced alterations in the Akt/GSK-3β and ERK1/2
pathways.
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Table 1

List of primers used for qPCR

Gene Forward (5′–3′) Reverse (5′–3′)

AT1A
a AGCCTGCGTCTTGTTTTGAG GCTGCCCTGGCTTCTGTC

AT1B
b CACCTCGCCAAGGGAGAC CACTTGCAGGCTTTGAACC

AT2
c AACCGGCAGATAAGCATTTG CAGCCACAGCCAGATTGAAG

PPARγd ACCACGGTTGATTTCTCCAG CAACCATTGGGTCAGCTCTT

ABCG1e GAAGGTTGCCACAGCTTCTC CATGGTCTTGGCCAGGTAGT

COX-2f CGGAGGAGAAGTGGGGTTTAGGAT TGGGAGGCACTTGCGTTGATGG

IL-1βg CCTCTGCCAAGTCAGGTCTC GAATGTGCCACGGTTTTCTT

GAPDHh ATGACTCTACCCACGGCAAG TGGAAGATGGTGATGGGTTT

a
Angiotensin II receptor type 1A;

b
Angiotensin II receptor type 1B;

c
Angiotensin II receptor type 2;

d
Peroxisome proliferator-activated receptor gamma;

e
ATP-binding cassette sub-family G member 1;

f
Cyclooxygenase isoform 2;

g
Interleukin 1 beta;

h
Glyceraldehyde-3-phosphate dehydrogenase
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