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Abstract
Introduction—Toll-like receptors play an important role in the innate immune system and are found
to be crucial in severe diseases like sepsis, atherosclerosis, and arthritis. TLR2 and TLR4 expression
is upregulated in the inflammatory diseases. Angiotensin II in addition to stimulating vasoconstriction
also induces an increase in ROS and a proinflammatory phenotype via AT1R. Angiotensin II type-1
receptor blocker (ARB), widely used as an antihypertensive drug, has been reported to also have
anti-inflammatory effects. Thus, we investigated whether an ARB exerts anti-inflammatory effects
via inhibiting TLR2 and TLR4 expression.

Methods and results—Monocytes were isolated from healthy human volunteers and treated with
the synthetic lipoprotein Pam3CSK4 or LPS in the absence or presence of candesartan. Pretreatment
of human monocytes with candesartan significantly decreased Pam3CSK4 or LPS induced TLR2
and TLR4 expression of both mRNA and protein levels (P < 0.05 vs. control) along with decrease
in the activity of NF-κB and the expression of IL-1β, IL-6, TNF-α, and MCP-1. Furthermore,
candesartan treated mice show decreased TLR2 and TLR4 expression compared to vehicle control
mice.

Conclusion—Pam3CSK4 and LPS induced TLR2 and TLR4 expression at mRNA and protein
levels are inhibited by candesartan both in vitro and in vivo. Thus, we define a novel pathway by
which candesartan could induce anti-inflammatory effects.
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1. Introduction
Toll-like receptors (TLRs), a family of conserved pattern recognition receptors are important
because of their diverse functions in the regulation and linking of immune and inflammatory
processes [1]. TLRs are widely distributed on immune cells such as monocytes, macrophages,
dendritic cells, neutrophils, B cells, as well as mucosal epithelial and endothelial cells [2].
TLRs are expressed in a plethora of inflammatory diseases such as sepsis syndrome, asthma,
rheumatoid arthritis, atherosclerosis, systemic lupus erythematosus (SLE), and inflammatory
bowel disease [3]. Engagement of TLRs on the cells by specific ligands leads to the increase
in the expression of inflammatory mediators such as interleukin-1β, IL-6, TNF-α, MCP-1, etc.

© 2008 Elsevier Ireland Ltd. All rights reserved.
*Corresponding author at: Laboratory for Atherosclerosis and Metabolic Research, University of California Davis Medical Center, 4635,
2nd Avenue, Research Building 1, Sacramento, CA 95817, United States Tel.: +1 916 734 6592; fax: +1 916 734 6593. E-mail
address: ishwarlal.jialal@ucdmc.ucdavis.edu (I. Jialal).

NIH Public Access
Author Manuscript
Atherosclerosis. Author manuscript; available in PMC 2010 January 1.

Published in final edited form as:
Atherosclerosis. 2009 January ; 202(1): 76–83. doi:10.1016/j.atherosclerosis.2008.04.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



via NF-κB [4]. Both TLR2 and TLR4 are present in human atheroma, diabetes, and also have
been shown in animal models to promote atherosclerosis [5–10].

Angiotensin II following engagement of the AT1 receptor promotes vasoconstriction, oxidative
stress, inflammation and atherosclerosis [11–14]. Angiotensin II type 1 (AT1) receptor blockers
(ARBs) like candesartan prevent cerebrovascular events and also help reduce progression of
coronary heart diseases [15–17]. Candesartan (ARBs) is widely used for the treatment of high
blood pressure [18], management of chronic heart failure [19], diabetic nephropathy [20],
reverse endothelial dysfunction [21], and attenuate oxidative stress [22]. Candesartan has been
reported to have antiatherosclerotic effects such as reducing neointimal formation in rats [23]
and diminishing vascular inflammation [24–26].

Given the importance of TLR2 and TLR4 in atherosclerosis, we tested the effects of
candesartan on the activity and downstream biomediators of TLR2 and TLR4 in human
monocytes.

2. Materials and methods
2.1. Monocyte isolation

Mononuclear cells were isolated from fasting heparinized blood (60 ml) obtained from healthy
human volunteers (>18 years of age) by Ficoll-Hypaque gradient [27]. Informed consent was
obtained from the participants and the study was approved by the Institutional Review Board
of UC Davis Medical Center. Monocytes were isolated by magnetic cell sorting using the
depletion technique (Miltenyi Biotech, Auburn, CA). Using this technique in our laboratory,
we have shown that at least 88% of cells are positive for CD14 by flow cytometry [27].
Monocytes isolated from three healthy volunteers were pooled for each experiment to minimize
the variations in the response.

We monitored the endotoxin levels in the culture media, reagents (RPMI, PBS, BSA, etc.)
using Limulus Amoebocyte Lysate Assay (Cambrex, Milwaukee, MI) and the average
endotoxin level was less than 100 EU/ml consistently in all the experiments, as any endotoxin
contamination interferes with accurate TLR measurements. Candesartan (CV-11974) was a
gift from AstraZeneca (AstraZeneca R&D, Molndal, Sweden).

2.2. Animal model
To determine the in vivo pleiotropic effects of candesartan, we treated normal male C57BLJ/
6 mice (8–10 weeks of age, Jackson Labs, Bar Harbor, Maine) for 10 days with candesartan
dissolved in 0.9% NaCl + 50 mM Na2CO3 (2 mg/kg body wt, i.p.) for 10 days with suitable
vehicle control mice (n = 4 mice/group). After 10 days peritoneal macrophages were isolated,
and challenged ex vivo with Pam3CSK4 and LPS. Macrophages were analyzed for anti-mouse
TLR2 (Cat#51-9021) and anti-mouse TLR4 (Cat#12-9041, eBioscience, San Diego, CA)
expression using flow cytometry. 80–90% of the cells isolated were CD68 positive. All the
procedures described here were approved by the Animal Care and Use Committee of UC Davis,
CA.

2.3. siRNA transfection assays
A pool of small interfering RNAs (siRNA) for human AT1 receptor (Cat# sc-29750) was
obtained from Santa Cruz Biotechnology (Santa cruz, CA). THP-1 cells in 12 well plates were
transiently transfected with 20 µmole/l siRNAs and siPORT Amine reagent following
manufacturer’s instructions, with suitable vehicle and scrambled siRNA controls (Cat#
sc37007), and subsequently treated with Pam3CSK4 (170 ng/ml) and LPS (160 ng/ml) for 24
h as described previously. Cells were collected for flow cytometry and RT-PCR. Transfection
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rates of 70–80% of cells were accepted for all the experiments. Knock-down efficiency of the
siRNAs is indicated via (i) flow cytometric analysis of TLR2 and TLR4, and (ii) real time RT-
PCR of the target gene.

2.4. Fluorescence activated cell sorter analysis of TLR2 and TLR4
Monocytes were treated with the synthetic lipoprotein Pam3Cys-Ser-(Lys)4 (Pam3CSK4; 170
ng/ml; a selective TLR2 agonist; Invivogen, San Diego, CA) or LPS (160 ng/ml; TLR4 agonist;
E. coli 026:B6, Sigma St. Louis, MO) in the presence or absence of candesartan (0.1 µM, 1
µM, or 5 µM) with suitable controls. Following treatment, cells were washed twice with cold
PBS–BSA (0.1%), incubated with anti-human TLR2 (Cat#17-922, eBioscience) and TLR4
antibodies (Cat#12-9917; eBioscience) or isotype matched IgG controls (mouse IgG2a, K
cat#14-4724; eBioscience) in accordance with manufacturer’s instructions and 5000–10,000
events were analyzed with BD FACS Array Bioanalyzer (BD Biosciences, San Jose, CA). The
viability (>92%) and integrity of monocytes after stimulation with LPS/Pam3CSK4
stimulation or candesartan pretreatment was confirmed by trypan blue exclusion method and
microscopic morphological examination. Results were expressed as mean fluorescence
intensity (MFI)/105 cells. The intra-and inter-assay CV were determined to be <10%.

2.5. Reverse transcriptase-polymerase chain reaction (RT-PCR)
RNAwas extracted from the monocytes using TRI reagent (Invitrogen, Carlsbad, CA) reagent.
The first strand of cDNA was synthesized using total RNA (1 µg/reaction). cDNA (50–100
ng) was amplified using primers (Invivogen, San Diego, CA) specific for TLR2 and TLR4 and
β-actin (R&D, Minneapolis, MN) following manufacturer’s cycling parameters. TLRs and β-
actin were amplified for 30 cycles. TLR2 and TLR4 yield a band between 450–700 bp and β-
actin at 528 bp on 2% agarose gels and band intensities were determined using Image Quant
Software (GE Healthcare Biosciences, Piscataway, NJ) as described previously [28].

2.6. Enzyme linked immuno sorbent assay (ELISA)
The release of IL-1β, IL-6, MCP-1 and TNF-α were measured in the supernatants of monocytes
treated with LPS or Pam3CSK4 in the absence or presence of candesartan using high sensitive
ELISA assays (R&D Systems, Minneapolis, MN), as reported previously [29]. IL-1β, IL-6,
MCP-1 and TNF-α concentrations were expressed as picograms/mg cell protein. The intra-
and inter-assay CV were determined to be <10%.

2.7. NF-κB transcription factor assays
The activation of NF-κB binding to the nucleus of monocytes treated with LPS or Pam3CSK4
in the absence or presence of candesartan was determined using the non-radioactive Trans AM-
NF-κB p65 transcription factor assay® (Active Motif, Carlsbad, CA) as described else where
in detail [30] following manufacturer’s instructions. Nuclear extracts were prepared according
to the protocol of the manufacturer. The intra- and inter-assay CV for these assays was <7%.

For examining the NF-κB DNA binding activity, electrophoretic mobility shift assay was
performed using a non-radioactive method (Pierce, Rockford, IL) using the consensus and
mutated oligos from Santa cruz. NF-κB oligonucleotides were labeled with biotin following
manufacturer’s instructions. The labeled oligonucleotides were purified using spin columns,
and the binding reactions consisted of labeled oligonucleotides and the nuclear protein. The
bound DNA-protein complex was separated by PAGE electrophoresis and NF-κB bands were
detected as described previously [29].
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2.8. Statistical analysis
All experiments were performed on at least four occasions in duplicate or triplicate. Results of
the experimental studies are reported as the means ± S.D. Differences were analyzed by
ANOVA with appropriate post hoc analyses. A probability value of <0.05 was considered
significant. All statistical analyses were performed using GraphPad Prizm Software (San
Diego, CA).

3. Results
3.1. Candesartan reduces the expression of TLR2 and TLR4 protein and mRNA expression
in human monocytes

Because Pam3CSK4 and LPS are known to increase TLR2 and TLR4 protein expression,
respectively, we first examined the effect of candesartan treatment on Pam3CSK4 and LPS
induced TLR2 and TLR4 expression by flow cytometric analysis. Half-maximum doses of
Pam3CSK4 and LPS used in the present study were determined in pilot dose response
experiments (data not shown). Stimulation of human monocytes with Pam3CSK4 (170 ng/ml)
or LPS (160 ng/ml) for 24 h led to a 5.2 ± 1 fold and 4.5 ± 1.04 fold increase in TLR2 and
TLR4 surface expression compared with control (P < 0.05, n = 4) and, pretreatment with
candesartan significantly reduced the expression of TLR2 and TLR4 protein in a concentration
dependent manner with a maximal reduction at 1 µM candesartan (Fig. 1A and B). Furthermore,
to determine if the decrease in monocytes TLR2 and TLR4 expression by candesartan resulted
from reduced mRNA expression, we investigated the TLR2 and TLR4 mRNA levels by semi-
quantitative RT-PCR followed by densitometry. Treatment with candesartan (1 µM)
significantly reduced the Pam3CSK4 or LPS induced TLR2 and TLR4 mRNA expression (Fig.
2A–C). Because 1 µM candesartan showed maximal TLR2 and TLR4 inhibition, this dose was
used in all subsequent experiments.

3.2. Candesartan treatment protects against Pam3CSK4 and LPS challenge in mice using
TLR2 and TLR4

We treated male C57BLJ/6 mice for 10 days with candesartan and challenged the peritoneal
macrophages with TLR2 (Pam3CSK4) and TLR4 (LPS) agonists. Candesartan treatment
significantly decreased Pam induced TLR2 expression in mice by 74% (39 ± 5 to 10 ± 3 MFI/
105 cells, P < 0.001) and LPS induced TLR4 expression by 70% (51 ± 6 to 15 ± 5 MFI/105

cells, P < 0.002) compared to vehicle control (Fig. 3).

3.3. Inhibition of AT1 receptor ameliorates Pam3CSK4 and LPS induced TLR2 and TLR4
expression in THP-1 cells

THP-1 cells were transiently transfected with AT1 receptor and scrambled control siRNAs.
Transfected cells were pretreated with candesartan (1 µM) and challenged with Pam and LPS.
TLR2 and TLR4 expression were measured using flow cytometry. Lack of AT1 receptor
ameliorated agonist induced TLR2 expression by 55% and TLR4 by 80% compared to
scrambled controls (Fig. 4). Knock down efficiency of AT1 receptor was between 70 and 80%
as determined by real time RT-PCR (data not shown).

3.4. Candesartan inhibits the activation of NF-κB p65 in human monocytes
Pam3CSK4 or LPS induced TLR2 and TLR4 activity leads to increased NF-κB activation via
p65. To examine, if candesartan (1 µM) may effect this activation, we measured nuclear NF-
κB p65 dependent DNA binding activity using a non-radioactive transcriptional factor assay.
As shown in Fig. 5a, candesartan significantly inhibited the LPS or Pam3CSK4 induced
activation of NF-κB p65 activity compared to control (P < 0.05, n = 4). Gel shift analysis further
confirms the inhibitory effects of candesartan (Fig. 5b).
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3.5. Candesartan mediated reduction of TLR2 and TLR4 expression decreases
proinflammatory effects in human monocytes

In human cell culture studies, activation of TLR2 and TLR4 by their agonists has previously
been shown to upregulate expression of proinflammatory mediators such as IL-1β, IL-6, TNF-
α, and MCP-1 [4,31,32]. To assess the functional relevance of reduced monocyte TLR2 and
TLR4 expression, human monocytes were challenged with Pam3CSK4 (170 ng/ml) or LPS
(160 ng/ml) in the presence or absence of candesartan (1 µM) for 24 h before measuring
IL-1β, IL-6, TNF-α, and MCP-1 protein concentrations in the cell supernatants. Pretreatment
of cells with candesartan significantly reduced Pam3CSK4 induced IL-1 β (32%), IL-6 (47%),
TNF-α (86%), and MCP-1 (92%) compared to control (P < 0.05, n = 4). Also, candesartan
significantly decreased LPS induced IL-1β (48%), IL-6 (41%), TNF-α (87%), and MCP-1
(73%) compared to control (P < 0.05, n = 4, Fig. 6A–D).

Since it has previously been shown that HMG-CoA reductase inhibitors (statins) decrease
TLR2 and TLR4 expression [33,34] we determined whether the combination of ARB and statin
will have a greater effect. Whilst, we confirm that atorvastatin decreases TLR2 and TLR4
expression, there was no additive effect of the combination treatment (Table 1).

4. Discussion
The Toll-like receptors (TLRs) recognize self versus non-self molecular patterns and control
several aspects of immunity and inflammation, including innate immune responses, antigen
presentation, acquired immune responses, and most importantly cytokine gene expression
[35]. More than 10 TLRs have been discovered and all possess an ectodomain of leucine-rich
repeats involved in ligand binding and cytoplasmic Toll/IL-1 receptor domain (TIR) that
interacts with TIR domain containing adaptor molecules. The activation of these receptors on
cells of the innate immune system leads to the production of cytokines, chemokines, and the
up-regulation of cell surface molecules. After recognizing specific ligands, TLRs use two
distinctive pathways: the myeloid differentiation factor (MyD88)-dependent and independent
pathways. In the MyD88 dependent pathway the signal from TLR is transduced via MyD88
and IRAK, finally activating NF-κB [36,37]. The activated NF-κB translocates to the nucleus
and induces the expression of inflammatory cytokines such as IL-1, IL-6, TNF-α and MCP-1
[4,37,38]. MyD88-independent pathway is executed in TLR3 activation leading to IRF3
instead of NF-κB and induces interferon inducible genes [38]. TLR2 and TLR4 expression is
upregulated in the atherosclerotic plaque and animals models of atherosclerosis [5–9,39].
Interestingly, total loss of TLR4 gene is associated with reduction in lesion size, lipid content,
and macrophage infiltration in hypercholesterolemic apoE−/− mice [40]. In addition, double
knock out mice models of TLR2/LDLR−/−, and TLR2/apoE−/− showed reduced development
of atherosclerosis [41,42]. Accordingly, in this study we focused on the TLR2 and TLR4
interaction and their role in inflammatory processes and we showed here that Pam3CSK4 and
LPS increased the TLR2 and TLR4 expression in protein and mRNA levels in human
monocytes, along with activation of NF-κB and the subsequent increase in inflammation.

Angiotensin II type 1 (AT1) receptor blockers (ARBs) were reported to reduce inflammation
in diabetic rat cardiac myocytes, reduce neointimal formation, decrease smooth cell
proliferation via a variety of mechanisms including reduced oxidative stress, improving
endothelial dysfunction, etc. [20–23]. Clinical studies have suggested that treatment with
candesartan lead to decreased plasma levels of Creactive protein (CRP), TNF-α, IL-6, MCP-1,
sICAM-1, and sVAM-1 in patients with mild to moderate chronic heart failure and
hypertension [19,22,24–26]. There is a paucity of data examining the effects of ARBs on TLR
expression and activity. In the present report we show that candesartan decreases TLR2 and
TLR4 protein level and mRNA expression, reduces NF-κB p65 dependent activation with
concomitant reduction in key inflammatory mediator production in vitro. Furthermore,
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administration of candesartan to mice resulted in significant reduction in TLR2 and TLR4
expression compared to vehicle control mice. Thus, we confirm our in vitro findings in human
monocytes in C57BLJ/6 mice. Also, we did not find additive effect of statin and ARB
combination treatment on TLR2 and TLR4 expression. Thus, we suggest that the novel
mechanisms of candesartan are attributable to decreasing inflammation by inhibiting TLR2
and TLR4 expression and also indicate that the reduction in TLR2 and TLR4 expression by
candesartan may represent a novel strategy to limit TLR mediated inflammatory processes.
These novel findings need to be confirmed in patients.

4.1. Clinical implications
Our findings may have pathophysiological and clinical implications for patients with chronic
inflammatory diseases such as diabetes [43] and atherosclerosis [5,44] because these patients
have enhanced TLR2 and TLR4 expression leading to increased inflammation via expression
of inflammatory mediators such as IL-1, IL-6,TNF, and MCP-1. Although further investigation
is needed to clarify the precise mechanisms by which candesartan inhibit TLR2 and TLR4
expression, we submit that the documented pleiotropic anti-inflammatory effects of ARBs such
as candesartan is mediated, in part, via the TLR pathway.
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Fig. 1.
(A) TLR2 protein expression was measured in human monocytes following Pam3CSK4
challenge in the presence or absence of candesartan (0.1 µM to 5 µM) by flow cytometry as
described in Section 2. Values are expressed as mean fluorescence intensity units (MFI)/105

cells. *P < 0.05 vs. control; **P < 0.05 vs. PAM3CSK4; n = 4 experiments; Cande indicates
candesartan. (B) TLR4 protein expression was measured in human monocytes following LPS
challenge in the presence or absence of candesartan (0.1 µM to 5 µM) by flow cytometry as
described in Section 2. Values are expressed as mean fluorescence intensity units (MFI)/105

cells. *P < 0.05 vs. control; **P < 0.05 vs. LPS; n = 4 experiments; Cande indicates candesartan.

Dasu et al. Page 9

Atherosclerosis. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(A) Representative RT-PCR gel of TLR2 mRNA in human monocytes following Pam3CSK4
exposure with or without candesartan as described in Section 2. (B) Representative RT-PCR
gel of TLR4 mRNA in human monocytes following LPS exposure with or without candesartan
as described in Section 2. (C) Quantitative analysis of TLR2 and TLR4 mRNA by
densitometry. Values are normalized to β-actin mRNA. *P < 0.05 vs. control; **P < 0.05 vs.
LPS/PAM3CSK4; n = 4 experiments in duplicate.
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Fig. 3.
Candesartan pretreatment (2 mg/kg body weight, 10 days) inhibits Pam3CSK4 or LPS induced
TLR2 and TLR4 expression in peritoneal macrophages of C57BLJ/6 mice (n = 4/group)
compared to controls (P < 0.05). Values are expressed as mean fluorescence intensity units
(MFI)/105 cells. *P < 0.001 vs. CD.
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Fig. 4.
Inhibition of AT1 receptor using siRNA ameliorates Pam3CSK4 and LPS induced TLR2 and
TLR4 expression in THP-1 cells. Values are expressed as mean fluorescence intensity units
(MFI)/105 cells. *P < 0.001 vs. Sc + Pam and LPS; Scsi = scramble control siRNA; AT1si =
AT1 receptor siRNA.
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Fig. 5.
(a) The DNA binding activity of nuclear NF-κB p65 in human monocytes following
Pam3CSK4 or LPS exposure with or without candesartan was assessed by ELISA method as
detailed in Section 2. Values are normalized to mg nuclear protein and expressed as mean ±
S.D. *P < 0.05 vs. control; **P < 0.05 vs. LPS/PAM3CSK4; n = 4 experiments in duplicate.
(b) Electrophoretic mobility gel shift assay of nuclear NF-κB in human monocytic cells
following Pam3CSK4 or LPS exposure with or without candesartan as detailed in Section 2.
Blot shown here is a representative of n = 4 experiments.
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Fig. 6.
(A) IL-1β concentration in supernatants of human monocytes following Pam3CSK4 or LPS
treatment in the presence or absence of candesartan was measured using ELISA assay. Values
are normalized to mg cell protein. *P < 0.05 vs. control; **P < 0.05 vs. LPS/PAM3CSK4; n
= 4 experiments in duplicate. (B) IL-6 concentration in supernatants of human monocytes
following Pam3CSK4 or LPS treatment in the presence or absence of candesartan was
measured using ELISA assay. Values are normalized to mg cell protein. *P < 0.05 vs. control;
**P < 0.05 vs. LPS/PAM3CSK4; n = 4 experiments in duplicate. (C) TNF-α concentration in
supernatants of human monocytes following Pam3CSK4 or LPS treatment with or without
candesartan was measured using ELISA assay. Values are normalized to mg cell protein. *P
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< 0.05 vs. control; **P < 0.05 vs. LPS/PAM3CSK4; n = 4 experiments in duplicate. (D) MCP-1
concentration in supernatants of human monocytes following Pam3CSK4 or LPS treatment
with or without candesartan was measured using ELISA assay. Values are normalized to mg
cell protein. *P < 0.05 vs. control; **P < 0.05 vs. LPS/PAM3CSK4; n = 4 experiments in
duplicate.
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Table 1
Flow cytometric analysis of TLR2 and TLR4 expression following LPS or Pam3CSK4 challenge in the presence or
absence of atorvastatin, candesartan and their combination in human monocytes

Treatment TLR2 (MFI/105 cells) Treatment TLR4 (MFI/105 cells)

Control 6 ± 0.9 Control 5.6 ± 1

Pam (170 ng/ml) 31 ± 5* LPS (160 ng/ml) 25 ± 3*

Pam + AT (1 µM) 16 ± 3** LPS + AT (1 µM) 12 ± 2**

Pam + CD (1 µM) 20 ± 4** LPS + CD (1 µM) 13 ± 2**

Pam + AT (0.5 µM) + CD (0.5
µM)

14 ± 4** LPS + AT (0.5 µM) + CD (0.5
µM)

10 ± 1**

*
P < 0.05 vs. control

**
P < 0.05 vs. Pam/LPS

Pam = Pam3CSK4; AT = atorvastatin; CD = candesartan; n = 4 experiments.
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