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A B S T R A C T

Telmisartan, widely prescribed for the treatment of hypertension, has an anti-inflammatory property in addition
to being an angiotensin II type 1 receptor antagonist. This study was carried out to explore the influence of
telmisartan upon the elaboration of inflammatory mediators in murine macrophages stimulated with lipopo-
lysaccharide (LPS) prepared from Prevotella intermedia, a periodontal pathogen, as well as its molecular me-
chanisms. Telmisartan significantly inhibited LPS-induced generation of inducible nitric oxide (NO) synthase-
derived NO and interleukin-1β (IL-1β) as well as their gene expressions in RAW264.7 cells. Telmisartan treat-
ment of LPS-activated cells significantly up-regulated arginase 1 (Arg-1) and chitinase-like 3 (Ym-1), which are
specific markers of M2 macrophages. Telmisartan caused a significant increase in heme oxygenase-1 (HO-1)
expression in cells stimulated with LPS, and its inhibitory action against NO production was reversed by
treatment with SnPP, an HO-1 inhibitor. Phosphorylation of STAT1 and STAT3 induced by LPS was attenuated
by telmisartan. Telmisartan inhibited LPS-induced generation of NO and IL-1β independently of PPAR-γ acti-
vation. In addition, activation of NF-κB as well as JNK and p38 signaling induced by LPS was not modulated by
telmisartan. In summary, telmisartan is a potent inhibitor of P. intermedia LPS-induced generation of NO and IL-
1β in RAW264.7 cells and promotes macrophage phenotype switching toward the M2 phenotype. Telmisartan
may have potential to be developed into host modulatory agent for inflammatory periodontal disease, although
additional studies are needed to confirm the therapeutic effect.

1. Introduction

Periodontal disease, which is a highly prevalent inflammatory
condition caused by certain groups of bacterial species that present in
subgingival bacterial biofilm, leads to breakdown of tissues supporting
the tooth and is a major cause of tooth loss in adults [1]. Accumulating
scientific evidence strongly suggests that the periodontal disease may
predispose individuals to a number of other diseases such as heart
diseases, diabetes, stroke and adverse pregnancy outcomes [2].

Prevotella intermedia is a pathogenic bacterium associated with
various forms of periodontal disease [3–5]. Besides, this organism is
also known to be implicated in endodontic infections [6] and systemic
conditions such as cystic fibrosis [7], chronic bronchitis [8] and

atherosclerosis [9]. P. intermedia has been reported to possess a number
of virulence components that may be significant in the pathogenicity of
this bacterium [10–12].

Bacterial lipopolysaccharide (LPS) is a major virulence factor found
in the outer membrane of gram-negative microbes. LPS activates mac-
rophages and mononuclear cells, leading to liberation of various
proinflammatory mediators [13]. We have reported that P. intermedia
LPS induces a significantly higher generation of nitric oxide (NO) and
specific proinflammatory cytokines in macrophages [14–17]. P. inter-
media LPS inhibited osteogenesis and caused the liberation of osteolytic
mediators from murine osteoblasts as well [18].

Excess generation of proinflammatory mediators occurs in period-
ontal disease [19–21], and evidence from studies suggests that these
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soluble mediators are central in driving the tissue breakdown processes
seen in periodontal disease [18,22–25]. Thus, modulation of these de-
structive mediators is considered as one of therapeutic strategies
against periodontal disease [26,27].

Telmisartan is an angiotensin II receptor blocker (ARB) widely
prescribed for the treatment of hypertension [28]. It was reported that
telmisartan has an anti-inflammatory property in addition to being an
angiotensin II type 1 receptor (AT1R) antagonist [29–33]. In addition,
recent studies in animal models showed that this ARB significantly at-
tenuated the inflammatory response and bone loss associated with
periodontitis [34,35]. However, informations are very limited with
respect to possible mechanistic basis of telmisartan upon the progress of
periodontal disease.

Macrophages can be polarized either to classically activated M1
phenotype or to an alternatively activated M2 phenotype depending on
the local tissue microenvironment [36,37]. M1 macrophages are mainly
induced by proinflammatory stimuli including LPS and secret high le-
vels of various proinflammatory mediators like iNOS-derived NO and
IL-1β, thereby promoting inflammation and tissue damage, whereas M2
phenotypes secrete anti-inflammatory cytokines and facilitate tissue
repair [38,39]. The well-characterized RAW264.7 murine macrophage
cell line has frequently been used to study the compounds for potential
anti-inflammatory effects [40–42]. This study was carried out to ex-
plore the influence of telmisartan upon the elaboration of inflammatory
mediators in RAW264.7 macrophage cells activated with LPS prepared
from P. intermedia, a periodontal pathogen, as well as its molecular
mechanisms.

2. Materials and methods

2.1. Reagents and antibodies

We purchased telmisartan from Tokyo Chemical Industry Co.
(Tokyo, Japan). Such antibodies against iNOS, HO-1 and β-actin were
the products of Santa Cruz Biotechnology (Santa Cruz, CA, USA), while
other antibodies utilized were all purchased from Cell Signaling
Technology (Beverly, MA, USA). Ciglitazone, pioglitazone and GW9662
were the products of Cayman Chemical (Ann Arbor, MI, USA). Tin
protoporphyrin IX (SnPP) (Frontier Scientific, Logan, UT, USA) and
T0070907 (Selleckchem, Houston, TX, USA) were also utilized. Unless
otherwise mentioned specifically, other reagents used in this work were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Isolation of LPS

P. intermedia ATCC strain 25611 was anaerobically grown at 37 °C in
general anaerobic medium (GAM) broth (Nissui, Tokyo, Japan) sup-
plemented with hemin (5 μg/ml) and menadione (1 μg/ml). LPS was
prepared from harvested bacterial cells by hot phenol-water extraction
procedure according to a previously published protocol [16].

2.3. Cell culture and viability analysis

RAW264.7 murine macrophages (ATCC TIB-71) were obtained from
the American Type Culture Collection (Manassas, VA, USA) and culti-
vated with Dulbecco's modified Eagle's medium (DMEM) as supple-
mented with penicillin (100 U/ml), streptomycin (100 μg/ml) and 10%
heat-inactivated fetal bovine serum at 37 °C in an atmosphere con-
taining 5% CO2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was carried out to assess the influence of telmi-
sartan upon cell viability.

2.4. Determination of NO level

Nitrite (NO2
−) level in culture supernatants was assessed as an in-

dicator of NO generation using Griess reagent assay [43]. To put it

briefly, cells were cultured with increasing doses of telmisartan (20, 40,
60 and 80 μM) for 24 h in the presence or absence of P. intermedia LPS,
and a same volume (100 μl) of culture supernatant and Griess reagent
were mixed. After 10min, the absorbance readings at the wavelength of
540 nm were determined with a Spectra Max 250 ELISA Reader (Mo-
lecular Devices, Sunnyvale, CA, USA). Nitrite level was calculated using
the calibration curve generated from standard solutions of sodium ni-
trite.

2.5. Determination of IL-1β level

Cells were cultured with indicated doses of telmisartan in the pre-
sence or absence of P. intermedia LPS for 48 h, and the IL-1β level in
culture medium was measured by using an ELISA kit (Thermo Fisher
Scientific, Waltham, MA, USA).

2.6. RNA preparation and real-time polymerase chain reaction analysis

Cells were challenged with indicated doses of telmisartan in the
presence or absence of P. intermedia LPS for the time periods indicated
in figure legends. Then, real-time PCR analysis was carried out for the
measurement of the target gene induction according to a previously
published protocol [16]. In brief, we used an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) to isolate total RNA from cell cultures. Isolated RNA
was reverse transcribed into cDNA with the iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA), and cDNA was amplified utilizing an
SsoFast EvaGreen Supermix (Bio-Rad) and CFX96 real-time PCR de-
tection system (Bio-Rad). The PCR conditions were as follows: Fol-
lowing denaturing at 98 °C for 30 s, PCR was conducted for 45 cycles,
each consisted of denaturing at 95 °C for 1 s, annealing/extending at
60 °C for 5 s. The primer sequences used are shown in Table 1. The
induction level of each gene was normalized to that of β-actin.

2.7. Immunoblot analysis

Cells were challenged with indicated doses of telmisartan in the
presence or absence of P. intermedia LPS for the time periods indicated
in figure legends. After which, immunoblotting was carried out ac-
cording to our previously published protocol [16]. In brief, whole-cell
proteins were extracted from cells collected following incubation using
lysis buffer. Thirty micrograms of the total proteins were loaded and
electrophoresed on a 10% SDS-polyacrylamide gel and subsequently
transferred electrophoretically onto a nitrocellulose sheet. The mem-
branes were then probed with the appropriate first antibodies for 1 h at
room temperature, followed by incubation with the corresponding
secondary antibodies. After which, reactive proteins were visualized
with enhanced chemiluminescence detection kit (Cell Signaling Tech-
nology).

Table 1
The sequences for the specific oligonucleotide primers utilized in this study.

Genes Sequences

iNOS Forward 5′-GCACCACCCTCCTCGTTCAG-3′
Reverse 5′-TCCACAACTCGCTCCAAGATTCC-3′

IL-1β Forward 5′-TTCAGGCAGGCAGTATCA-3′
Reverse 5′-AGGATGGGCTCTTCTTCAA-3′

HO-1 Forward 5′-CAATGTGGCCTTCTCTCTGT-3′
Reverse 5′-TTTTGGTGAGGGAACTGTGT-3′

PPAR-γ Forward 5′-GCTGACCCAATGGTTGCTGATTAC-3′
Reverse 5′-ACAGACTCGGCACTCAATGGC-3′

Arg-1 Forward 5′-GAACACGGCAGTGGCTTTAAC-3′
Reverse 5′-TGCTTAGTTCTGTCTGCTTTGC-3′

Ym-1 Forward 5′-CATGAGCAAGACTTGCGTGAC-3′
Reverse 5′-GGTCCAAACTTCCATCCTCCA-3′

β-Actin Forward 5′-TGAGAGGGAAATCGTGCGTGAC-3′
Reverse 5′-GCTCGTTGCCAATAGTGATGACC-3′
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2.8. Secretory alkaline phosphatase assay

RAW-Blue cells (Invivogen, San Diego, CA, USA), stably expressing
a secreted embryonic alkaline phosphatase (SEAP) gene inducible by
NF-κB, were cultivated in DMEM under the selection of Zeocin
(Invivogen). Cells were challenged with indicated doses of telmisartan
for 24 h in the presence or absence of P. intermedia LPS. Then, SEAP
reporter assay was conducted following the manufacturer's instructions.
In brief, aliquots of 50 μl of culture supernatant were incubated with
150 μl of SEAP detection medium (Quanti-Blue; Invivogen) in a 96-well
culture plate for 30min at 37 °C. Then, the SEAP levels were de-
termined by assessing the absorbance readings at 630 nm with the
microplate reader (Molecular Devices).

2.9. Statistical analysis

Results are reported as means ± S.D. One-way analysis of variance
(ANOVA) was carried out to appraise the significant differences within

the groups. The comparison between two groups was assessed by
Tukey's post-hoc comparisons. A P value of< 0.05 was regarded as
statistically significant.

3. Results

3.1. Telmisartan suppresses generation of NO and IL-1β evoked by P.
intermedia LPS

LPS prepared from P. intermedia induced a significantly higher re-
lease of NO and IL-1β in comparison with vehicle-treated cells (Fig. 1A,
B). Exposure of cells to telmisartan significantly decreased the accu-
mulation of these LPS-induced inflammatory mediators, and the in-
hibitory effect was enhanced with the increase of dose (Fig. 1A, B). It
was found that telmisartan decreased the amount of NO and IL-1β
production by about 68% and 94%, respectively, at the highest dose of
80 μM. The cell viability was not inhibited by telmisartan at the doses
utilized in the present work as assessed by MTT test (Fig. S1). Thus,

Fig. 1. Effect of telmisartan on iNOS-derived NO and IL-1β induction by Prevotella intermedia LPS in RAW264.7 cells. (A) Cells were treated with different doses of
telmisartan in the absence or presence of P. intermedia LPS (10 μg/ml) for 24 h, after which the culture supernatant were assayed for NO. The results are
means ± S.D. of three independent experiments. *P < 0.05 versus P. intermedia LPS alone. **P < 0.01 versus P. intermedia LPS alone. iNOS protein synthesis was
measured by immunoblot analysis of cell lysates. A representative immunoblot from three separate experiments with similar results is shown. (B) Cells were treated
with different doses of telmisartan in the absence or presence of P. intermedia LPS (10 μg/ml) for 48 h, after which the culture supernatant were assayed for IL-1β. The
results are means ± S.D. of three independent experiments. **P < 0.01 versus P. intermedia LPS alone. (C, D) Cells were treated with telmisartan in the absence or
presence of P. intermedia LPS for 6 h, after which real-time PCR was carried out for the measurement of iNOS and IL-1β mRNA expression. The results are
means ± S.D. of three independent experiments. **P < 0.01 versus P. intermedia LPS alone.
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inhibitory activity of telmisartan on NO and IL-1β was not due to its
direct toxicity.

Telmisartan suppressed the protein level of iNOS induced by P. in-
termedia LPS in the similar fashion as it inhibited NO production
(Figs. 1A, S2). We also analyzed whether the suppressive influence of
telmisartan upon NO and IL-1β was due to the reduction of mRNA
encoding iNOS and IL-1β. As was expected, telmisartan also distinctly
decreased the gene expression of iNOS and IL-1β which were notably
elevated by P. intermedia LPS (Fig. 1C, D).

3.2. Telmisartan increases the expression of M2 macrophage polarization
markers in P. intermedia LPS-stimulated cells

We examined the effects of telmisartan on the properties that define
M2 (alternative) macrophage polarization in P. intermedia LPS-stimu-
lated RAW264.7 cells. The expression of M2 markers was determined
by real-time PCR assay. Telmisartan treatment of LPS-activated cells
significantly up-regulated arginase 1 (Arg-1) and chitinase-like 3 (Ym-
1), which are specific markers of M2 macrophages (Fig. 2).

3.3. Telmisartan-induced expression of HO-1 mediates the inhibition of P.
intermedia LPS-evoked generation of NO

Next, we investigated the possible function of HO-1 in the sup-
pression by telmisartan of P. intermedia LPS-induced generation of NO
and IL-1β. Here we show that administration of telmisartan caused a
significant increase in HO-1 expression at both protein and mRNA le-
vels in murine macrophages stimulated with LPS (Fig. 3A, B).

Because telmisartan triggered HO-1 expression in cells stimulated
with P. intermedia LPS, we next tested whether HO-1 expression induced
by telmisartan is related to the modulation of NO and IL-1β production.
Cells were exposed to LPS (10 μg/ml) and telmisartan (80 μM) together
with increasing dosages of SnPP, a potent HO-1 inhibitor, and the
generation of NO and IL-1β was analyzed. Although the inhibitory ac-
tion of telmisartan against NO production was notably attenuated in a
dosage-dependent manner by treatment with SnPP (Fig. 3C), similar
result was not observed for IL-1β synthesis (data not shown).

3.4. PPAR-γ is not involved in the inhibitory activity of telmisartan on P.
intermedia LPS-evoked generation of NO and IL-1β

Telmisartan, in addition to being an AT1R antagonist, activates
peroxisome proliferator-activated receptor (PPAR)-γ, thereby acting as
a partial agonist of PPAR-γ [44–46]. In the light of the partial PPAR-γ
agonist activity of telmisartan, we tested whether telmisartan mediates

its inhibitory influence on P. intermedia LPS-induced synthesis of NO
and IL-1β via PPAR-γ activation. It was found that treatment of cells
with 80 μM of telmisartan increased the expression of PPAR-γ mRNA by
about 95% as compared to that of vehicle-treated cells (Fig. 4A).
However, we observed significant decrease of PPAR-γ mRNA following
treatment with P. intermedia LPS, and telmisartan did not reversed the
LPS-induced decrease of PPAR-γ (Fig. 4A). As shown in Fig. 4B, whereas
treatment of cells with telmisartan resulted in a notable inhibition of P.
intermedia LPS-induced generation of NO and IL-1β, neither ciglitazone
nor pioglitazone, two PPAR-γ agonists, was active in this respect. In
addition, PPAR-γ antagonism by GW9662 and T0070907 did not re-
verse the suppressive effect of telmisartan against LPS-induced pro-
duction of NO and IL-1β (Fig. 4C).

3.5. Telmisartan does not suppress phosphorylation of JNK and p38 evoked
by P. intermedia LPS

Our previous works have shown that the JNK and p38 as well as NF-
κB and JAK2/STAT1 mediate the synthesis of NO in RAW264.7 cells
stimulated with P. intermedia LPS [16]. These signaling molecules, ex-
cept JNK, are known to mediate LPS-induced generation of IL-1β as
well [47]. Additionally, the STAT3 signaling is involved in the pro-
duction of NO and IL-1β induced by this LPS [47]. First, we investigated
the possibility that the inhibitory influence of telmisartan on P. inter-
media LPS-induced generation of NO and IL-1β might be due to in-
hibition of JNK and p38 signaling. As the results showed in Fig. 5A, the
phosphorylation levels of JNK and p38 markedly enhanced in response
to LPS were not affected by telmisartan treatment.

3.6. Telmisartan does not suppress transcriptional activity of NF-κB evoked
by P. intermedia LPS

In subsequent experiments, we determined the possible influences
of telmisartan upon NF-κB signaling, which plays a role in the gen-
eration of NO and IL-1β from P. intermedia LPS-stimulated murine
macrophages. To ascertain whether telmisartan is able to suppress
transcriptional activity of NF-κB, we conducted SEAP assay using RAW-
Blue cells. As shown in Fig. 5B, NF-κB-dependent SEAP release was
markedly enhanced after 24 h exposure of RAW-Blue cells to P. inter-
media LPS compared with vehicle-treated cells, whereas treatment with
telmisartan did not reduced SEAP release evoked by LPS.

Fig. 2. Effect of telmisartan on the expression of macrophage M2 biomarkers in RAW264.7 cells activated by Prevotella intermedia LPS. Cells were treated with
telmisartan (80 μM) in the absence or presence of P. intermedia LPS (10 μg/ml) for 24 h, after which real-time PCR was carried out for the measurement of Arg-1 (A)
and Ym-1 (B) mRNA expression. The results are means ± S.D. of three independent experiments. **P < 0.01 versus P. intermedia LPS alone.
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3.7. Telmisartan attenuates phosphorylation of STAT1 and STAT3 evoked
by P. intermedia LPS

To further elucidate the mechanism by which telmisartan inhibits P.
intermedia LPS-induced increase of NO and IL-1β, we investigated the
possibility that telmisartan inhibits the phosphorylation of STAT1 and

STAT3. As shown in Fig. 5C, activation of STAT1 and STAT3 induced by
LPS were dosage-dependently reduced by telmisartan.

4. Discussion

In this work, we assessed the influences of telmisartan, an ARB, on
the production of proinflammatory mediators in murine macrophages
stimulated with P. intermedia LPS. The structure and function of P. in-
termedia LPS are shown to be distinct from those of classical en-
terobacterial LPS [48]. In addition, unlike Salmonella LPS, LPS isolated
from P. intermedia activated macrophages isolated from C3H/HeJ mice,
which are LPS-resistant [49]. Further, in contrast to LPS from En-
terobacteriaceae, the activities of P. intermedia LPS were not suppressed
by polymyxin B, a cationic polypeptide antibiotic primarily used for
resistant gram-negative infections [49].

In the present study, we found that production of NO and IL-1β as
well as their gene expressions was notably down-regulated when
murine macrophages activated with P. intermedia LPS were challenged
with telmisartan (Fig. 1). The results obtained here indicate that the
suppression of these inflammatory mediators by telmisartan occurred
mainly at the transcription level.

It is well-known that NO has dual behavior depending on its con-
centration, which is dictated by NOS isoforms. Very low concentrations
of NO induced by constitutive eNOS and nNOS have been shown to be
protective [50,51]. In contrast, massive amounts of NO produced by
iNOS play an important role in the development of pathological con-
ditions like inflammation, sepsis and atherosclerosis [52,53].

In the present study, we found that telmisartan treatment of P. in-
termedia LPS-activated cells significantly up-regulated Arg-1 and Ym-1,
which are specific markers of M2 macrophages (Fig. 2). These results
indicate that telmisartan prevents the induction of the M1 macrophage
phenotype by LPS and promotes the switch to the M2 phenotype.

HO-1 is the inducible isoform of heme oxygenase involved in heme
catabolism and has been reported to convert proinflammatory free
heme to carbon monoxide (CO), biliverdin and ferrous iron [54]. This
cytoprotective enzyme exerts beneficial effects like anti-inflammatory
and antioxidant properties [54–56]. Studies have shown that mice
lacking in HO-1 demonstrated serious inflammation, while over-
expression of this cytoprotective enzyme contributed to the reduction of
inflammatory response [55,57]. In this study, our data revealed that
HO-1 induction is achieved by telmisartan in cells activated with LPS
from P. intermedia, and the suppressive influence of telmisartan upon
LPS-induced NO generation was apparently reversed by SnPP treatment
(Fig. 3), indicating that NO inhibition by telmisartan is partially as-
cribed to the induction of HO-1. However, similar effect was not no-
ticed for IL-1β synthesis. Evidence from studies suggests that the bio-
logical effects of HO-1 are attributable to CO and bilirubin, the products
of heme catabolism [58–60]. Thus, we suppose that the inhibitory effect
of telmisartan on P. intermedia LPS-elicited elaboration of NO is as-
cribed to CO and bilirubin generated as a consequence of HO-1 in-
duction. We believe that the present study is the first report about the
function of telmisartan in HO-1 modulation.

PPARs are the nuclear receptor family of ligand-activated tran-
scription factors and have 3 isotypes encoded by different genes, PPAR-
α, PPAR-β/δ and PPAR-γ [61,62]. It was recognized that activation of
PPAR signaling can ameliorate the inflammatory responses [63]. In
particular, PPAR-γ exerts anti-inflammatory activity by blocking the
transcription of a diverse group of genes involved in inflammation and
is a negative regulator of macrophage activation [64–67]. Therefore,
targeted induction of PPAR-γ may be beneficial for treatment of in-
flammatory disease. Reports have shown that telmisartan, an ARB, also
functions as a partial agonist of the PPAR-γ [44–46]. In the present
study, whereas treatment of cells with telmisartan significantly in-
creased the PPAR-γ expression as compared to vehicle-treated cells,
diminished expression of PPAR-γ induced by P. intermedia LPS was not
reversed in the presence of telmisartan (Fig. 4A). In addition, inhibition

Fig. 3. Effect of telmisartan-mediated HO-1 induction upon suppression of
Prevotella intermedia LPS-induced generation of NO in RAW264.7 cells. (A, B)
Cells were treated with different concentrations of telmisartan in the absence or
presence of P. intermedia LPS (10 μg/ml) for 24 h. (A) HO-1 protein synthesis
was measured by immunoblot analysis of cell lysates using HO-1-specific an-
tibody. A representative immunoblot from three separate experiments with si-
milar results is shown. (B) Real-time PCR was performed with EvaGreen
Supermix. Data are presented as percentage of P. intermedia LPS alone. The
results are means ± S.D. of three independent experiments. **P < 0.01 versus
P. intermedia LPS alone. (C) Cells were treated with telmisartan (80 μM) and P.
intermedia LPS (10 μg/ml) for 24 h in the presence of different doses of SnPP,
after which, supernatants were removed and assayed for NO. Data are pre-
sented as percentage of P. intermedia LPS alone. The results are means ± S.D.
of three independent experiments. **P < 0.01 versus P. intermedia LPS alone;
†P < 0.05 versus P. intermedia LPS plus telmisartan; ††P < 0.01 versus P. in-
termedia LPS plus telmisartan.
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of LPS-induced generation of NO and IL-1β by telmisartan was not
mimicked by PPAR-γ agonists (Fig. 4B). Further, the telmisartan-
mediated suppression of NO and IL-1β was not abrogated by PPAR-γ
antagonists (Fig. 4C). Hence, it can be concluded from these

observations that telmisartan inhibits P. intermedia LPS-induced gen-
eration of NO and IL-1β independently of PPAR-γ activation in
RAW264.7 cells.

We also investigated whether the inhibitory activity of telmisartan

Fig. 4. Role of PPAR-γ in telmisartan-mediated inhibition of NO and IL-1β production in Prevotella intermedia LPS-activated RAW264.7 cells. (A) Cells were treated
with telmisartan (80 μM) in the absence or presence of P. intermedia LPS (10 μg/ml) for 3 h, after which real-time PCR was carried out for the measurement of PPAR-γ
mRNA expression. The results are means ± S.D. of three independent experiments. **P < 0.01 versus control. (B) Cells were exposed to P. intermedia LPS (10 μg/
ml) together with telmisartan (TEL; 80 μM) and PPAR-γ agonists (each at a concentration of 10 μM), ciglitazone (CIG) and pioglitazone (PIO), for 24 h (for NO) or
48 h (for IL-1β), after which the supernatants were removed and assayed. Data are presented as percentage of P. intermedia LPS alone. The results are means ± S.D.
of three independent experiments. **P < 0.01 versus P. intermedia LPS alone. (C) Cells were exposed to telmisartan (TEL; 80 μM) and P. intermedia LPS (10 μg/ml)
together with PPAR-γ antagonists (each at a concentration of 10 μM), GW9662 and T0070907, for 24 h (for NO) or 48 h (for IL-1β), after which the supernatants were
removed and assayed. Data are presented as percentage of P. intermedia LPS alone. The results are means ± S.D. of three independent experiments. **P < 0.01
versus P. intermedia LPS alone.
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on P. intermedia LPS-elicited generation of NO and IL-1β might be as-
cribed to blocking of JNK and p38 signaling. Our findings have shown
that phosphorylation of JNK and p38 caused by LPS was not modulated
by telmisartan (Fig. 5A), which indicates that these signaling molecules
do not play a role in the suppression of NO and IL-1β by telmisartan in
RAW264.7 cells stimulated by P. intermedia LPS.

The NF-κB is an important transcriptional factor involved in the
induction of various genes associated with the inflammatory responses

[68–70]. In this work, it was observed that NF-κB activation evoked by
P. intermedia LPS was not influenced by telmisartan treatment (Fig. 5B).
Therefore, the modulating influence of telmisartan on LPS-induced
generation of NO and IL-1β was unlikely to be mediated at the NF-κB
level.

The signal transducer and activator of transcription (STAT) plays a
vital role in LPS-evoked inflammatory reactions [71]. STAT1 and
STAT3, in particular, are key modulators actively involved in regulation
of LPS-elicited expression of genes encoding a variety of inflammatory
mediators in macrophages [72,73]. Telmisartan diminished the phos-
phorylation of STAT1 and STAT3 in cells exposed to P. intermedia LPS
(Fig. 5C), indicating that the suppression of NO and IL-1β production by
telmisartan seems to involve these signaling molecules.

In summary, we can infer from the results reported in this study that
telmisartan is a potent inhibitor of P. intermedia LPS-induced generation
of NO and IL-1β in RAW264.7 cells used here and promotes macro-
phage phenotype switching toward the M2 phenotype. Telmisartan acts
by inducing anti-inflammatory HO-1 expression and blocking STAT1/3
activation independently of both PPAR-γ and NF-κB as well as JNK and
p38 signaling.

It is clear that the pathogenesis of periodontal disease involves the
host immune-inflammatory responses to periodontopathic bacteria
leading to tissue breakdown. Thus, various therapeutic strategies have
been evolved to modulate or block the host component of periodontal
disease [26,27]. Telmisartan may have potential to be developed into
host modulatory agent for plaque-induced periodontal disease, al-
though additional studies are needed to confirm the therapeutic effect.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105750.
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