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Abstract
Objective—Inhibition of angiotensin II receptor type 1 (AT1) reduces chronic inflammation
associated with hypertension. We asked whether AT1 receptor inhibition would reduce the innate
inflammatory response induced by bacterial lipopolysaccharide (LPS).

Methods—We used unstimulated human circulating monocytes obtained from healthy donors by
counterflow centrifugal elutriation. Monocytes were studied in vitro after incubation with LPS (50
ng/ml) with and without 1 μmol/l candesartan, an AT1 receptor blocker. Angiotensin II receptor
mRNA expression was determined by reverse transcriptase-PCR and receptor binding by
autoradiography; inflammatory factor mRNA expression was studied by reverse transcriptase-PCR
and cytokine release by ELISA.

Results—Human monocytes did not express detectable AT1 receptors, and angiotensin II did not
induce inflammatory factor mRNA expression or cytokine release. However, candesartan
substantially reduced the LPS-induced expression of the mRNAs for the LPS recognition protein
cluster of differentiation 14, the proinflammatory cytokines tumor necrosis factor alpha, interleukin-1
beta and interleukin-6 and the lectin-like oxidized low-density lipoprotein receptor. In addition,
candesartan reduced the activation of the nuclear factor kappa B pathway, the tumor necrosis factor
alpha and interleukin-6 secretion, and the ROS formation induced by LPS, without affecting the
secretion of interleukin-10.

Conclusion—We hypothesize that the anti-inflammatory effects of candesartan in these cells are
likely mediated by mechanisms unrelated to AT1 receptor blockade. Our results demonstrate that
candesartan significantly reduces the innate immune response to LPS in human circulating
monocytes. The anti-inflammatory effects of candesartan may be of importance not only in
hypertension but also in other inflammatory disorders.
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Introduction
In addition to its role in the regulation of blood pressure (BP), angiotensin II (Ang II), the active
principle of the renin–angiotensin system (RAS), is a key proinflammatory factor in blood
vessels through stimulation of its angiotensin II receptor type 1 (AT1) [1–3]. Enhanced RAS
activity, frequently associated with hypertension and diabetes, is an important determinant of
endothelial dysfunction contributing to the development of atherosclerosis and peripheral
vascular complications [3–7]. Ang II AT1 receptor blockers (ARBs) reverse the chronic
peripheral and brain vascular inflammatory reaction associated with hypertension [8–10]. The
anti-inflammatory effects of ARBs include decrease in oxidative stress and reversal of
endothelial dysfunction by mechanisms unrelated to BP decrease [11–14]. This indicates that
anti-inflammatory effects of ARBs are therapeutically important but not dependent on their
effect on BP.

The role of Ang II in the regulation of inflammatory responses was established early during
evolution and precedes its participation in cardiovascular control [15]. In invertebrates, Ang
II regulates the innate immune response through mechanisms controlled by the nervous system
[15]. The innate immune response is the initial inflammatory response to infection. This
requires, as a first step, the recognition of specific microbial antigens including the endotoxin
lipopolysaccharide (LPS), a major component of the outer membranes of Gram-negative
bacteria. Recognition of LPS by the innate immune system leads to immediate cell activation
and the release of proinflammatory cytokines. LPS recognition is facilitated by a cluster of
differentiation 14 (CD14), which exists in both soluble and membrane-anchored forms [16].
The bound LPS then associates with Toll-like receptor 4 (TLR4), a signaling receptor of the
Toll receptor family [17]. As a consequence, the transcription factor nuclear factor kappa B
(NFκB) is activated, leading to transcriptional stimulation of proinflammatory genes and
promotion of monocyte and macrophage attachment to the vascular endothelium, thus initiating
the inflammatory chain of events in the vasculature that is a characteristic of hypertension,
arteriosclerosis and diabetes [18,19].

Circulating monocytes are prime targets for LPS [20]. These cells play a major role in the
development of both atherosclerosis and inflammation [18,21]. Monocytes differentiated into
macrophages express a complete RAS, including AT1 receptors [22]. These observations
indicate that the inhibition of AT1 receptor stimulation in the crucial macrophage/endothelial
cell link of the innate immune response may contribute to explain the anti-inflammatory effects
of ARBs.

We asked whether AT1 receptors participate in the innate immune response produced by
bacterial endotoxin, and we attempted to clarify the mechanisms underlying such effect. To
answer this question, we studied the effect of the ARB candesartan in circulating human
monocytes incubated with LPS. We examined the effects of LPS and candesartan on LPS
receptors, gene expression and secretion of proinflammatory cytokines and the NFκB pathway.

Materials and methods
Human monocytes

Human peripheral blood mononuclear cells were obtained by density gradient centrifugation
of heparinized blood, collected by leukaphoresis of healthy volunteers [Department of
Transfusion Medicine, National Institutes of Health (NIH)].

Purified populations of nonactivated monocytes were prepared by counterflow centrifugal
elutriation on a Beckman elutriation system [23]. Monocyte preparations were enriched to
above 90% as determined by flow cytometry. Monocytes were subsequently allowed to attach
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to the cell culture plates for 2 h at 37°C in humidified 5% CO2–95% air, and nonadherent cells
were removed.

Cell culture conditions
Human monocytes were seeded at 2 × l06 cells/ml in serum-free high-glucose Dulbecco's-
modified Eagle's medium (DMEM), (Invitrogen, Carlsbad, California, USA) containing 50
μg/ml gentamicin, and cultured in 100-mm culture dishes or six-well plates at 37°C in
humidified 5% CO2–95% air. Monocytes were preincubated with vehicle; the ARBs,
candesartan (1 μmol/l), losartan (10 μmol/l) (Sigma, St. Louis, Missouri, USA) or telmisartan
(10 μmol/l) (Sigma); the antioxidant, N-acetyl–cysteine (NAC) (10 mmol/l) (Sigma); or
peroxisome proliferator-activated receptor gamma (PPARγ) agonist, troglitazone (10 μmol/l)
(Sigma) for 2 h. After preincubation, the monocytes were incubated in the presence of LPS
(50 ng/ml) (Escherichia coli serotype 055:B5; Sigma). LPS was added for 2 h for PCR analysis,
for 4 h for tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6) determinations and for
24 h for interleukin-10 (IL-10) determination in cell culture supernatants. Separated monocyte
preparations preincubated with vehicle were incubated with Ang II (100 nmol/l; Bachem,
Torrance, California, USA), 50 ng/ml LPS or physiological saline for 2 or 24 h to determine
the effects of Ang II or LPS stimulation on Ang IIAT1 and angiotensin II receptor type 2
(AT2) receptor and inflammatory marker mRNA expression. The data presented were collected
from blood samples of 21 different donors studied individually. All the experiments were
approved by the NIH's Office of Human Subjects Research (OHSR).

Angiotensin II receptor binding
Monocyte pellets were prepared by centrifuging monocytes in Dulbecco's PBS in 1.5 ml
polypropylene tubes at 1000g for 5 min at 4°C followed by freezing in isopentane on dry ice
[23]. Frozen monocyte pellets from four donors were cut individually into 16-μm thick
consecutive sections in a cryostat at −20°C. The sections were thaw-mounted onto gelatin-
coated glass slides and dried under vacuum at 4°C overnight.

Quantification of Ang II bound to AT1 and AT2 receptor types was performed as previously
described [23], by incubating the sections with 0.5 nmol/l [125I]Sarcosine1–Ang II ([125I]
Sar1–Ang II) (Peninsula Laboratories, Belmont, California, USA), which was iodinated by the
Peptide Radioiodination Service Center (School of Pharmacy, University of Mississippi,
Mississippi, USA). The labeled ligand was selectively displaced in consecutive sections, with
10 μmol/l losartan, a selective AT1 receptor antagonist, or 10 μmol/l PD123319 (Sigma), a
selective AT2 receptor antagonist. The nonspecific binding was determined by displacement
with 5 μmol/l Ang II. Optical densities of autoradiograms generated by incubation with
the 125I ligand were normalized after comparison with 14C standards as described [24] and
were quantified by computerized densitometry using the Scion Image 4.0.2 for Windows
(Scion Corporation, Frederick, Maryland, USA) based on the NIH Image Program of the
National Institutes of Health. The binding to AT1 and AT2 receptors was defined as the binding
displaced by losartan and PD123319, respectively [24].

Measurement of mRNA expression levels by real-time PCR
Total RNA was isolated individually from lysed human monocytes using 1 ml TRIzol
(Invitrogen), followed by purification using an RNeasy Mini kit (Qiagen, Valencia, California,
USA) in accordance with our previous studies [25]. cDNA was prepared by reverse
transcription of 2 μg of total RNA using Super-Script III first-Strand Synthesis kit (Invitrogen).
Quantitative real-time PCR was performed on DNA Engine Opticon (MJ Research, Waltham,
Massachusetts, USA). PCR reaction was performed in a 20 μl volume containing 10 μl SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, California, USA), 2 μl of diluted
cDNA and 0.3 μmol/l of each primer for a specific target. The primers are listed in Table 1.
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The amplification conditions consisted of one denaturation/activation cycle at 95°C for 10 min,
followed by 40–45 cycles at 95°C for 15 s and 56 or 60°C for 60 s followed by final extension
step for 10 min at 72°C. Serial dilutions of cDNA from the same source as samples were used
to obtain a calibration curve. The individual targets for each sample were quantified by
determining the cycle threshold (Ct) and by using calibration curves. The relative amount of
the target was normalized with the housekeeping gene 18S rRNA.

For determination of AT1 and AT2 receptor expression, the products of PCR amplification
were separated on 4% agarose gel and visualized by staining with ethidium bromide to verify
the size of amplicon.

ELISA
Human TNFα, IL-6 and IL-10 concentrations in culture medium were measured by human
TNFα and IL-6 ELISA kits (Biosource, Camarillo, California, USA) and human IL-10
Quantikine kits (R&D, Minneapolis, Minnesota, USA) according to the manufacturer's
protocol.

Detection of intracellular reactive oxygen species
The level of intracellular ROS was determined by the change in fluorescence resulting from
the oxidation of the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA)
(Invitrogen) [26]. Monocytes (2 × 105 cells per well) were exposed to 1 μmol/l candesartan or
10 mmol/l NAC for 2 h. After incubation, the cells were exposed to 50 ng/ml LPS for 2 h. Cells
were washed three times by PBS (140 mmol/l Na2HPO4, 1.8 mmol/l KH2PO4, pH 7.2, 138
mmol/l NaCl and 2.7 mmol/l KCl) and incubated with 10 μmol/l of H2DCFDA for 20 min at
37°C. After two washes in PBS, the cells were lysed in a mixture of 90% dimethyl sulfoxide
(Sigma) and 10% PBS. The degree of fluorescence, corresponding to intracellular ROS, was
determined using VICTOR3 plate reader (Perkin-Elmer, Torrance, California, USA) with 485-
nm excitation and 535-nm emission filters.

Statistical analysis
Statistical significance was determined with the Wilcoxon matched paired test. Multiple group
comparisons were performed by one-way analysis of variance followed by Newman–Keuls
posttest. Differences were considered statistically significant at a P value of less than 0.05.

Results
Expression of angiotensin II receptor types in human circulating monocytes

Analysis of human circulating monocytes did not reveal significant presence of AT1 or AT2
receptors. Reverse transcriptase-PCR analysis showed very low, barely detectable, AT1 or
AT2 mRNA levels in only about half of the samples, thus making quantification unreliable
(Fig. 1). Receptor binding analysis, as determined by incubating sections from monocyte
pellets with radiolabeled Sar1–Ang II and selective AT1 and AT2 ligands, did not produce
signals significantly higher than background (Fig. 2).

Incubation of human circulating monocytes for 24 h in the presence of 100 nmol/l Ang II or
50 ng/ml LPS did not induce the expression of Ang II AT1 or AT2 receptor mRNA, as
determined by reverse transcriptase-PCR (results not shown).

Effects of incubation with lipopolysaccharide on human monocytes
Incubation of monocytes with LPS alone did not change the expression of mRNA for the TLR4
and CD14 receptors (Fig. 3a), but induced the mRNA expression of TNFα, interleukin-1 beta
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(IL-1β), IL-6, inhibitor of kappa B alpha (IκBα) and the lectin-like oxidized low-density
lipoprotein receptor 1 (LOX-1) (Fig. 3b), and the secretion of TNFα, IL-6 and IL-10 (Fig. 3c).
In addition, LPS strongly enhanced ROS production (Fig. 4).

Effects of angiotensin II on human monocytes
Incubation of monocytes with Ang II did not influence either TNFα secretion (not shown) or
the expression of TNFα, IκBα or LOX-1 mRNA, whether the monocytes were incubated with
Ang II for 2 or for 24 h (Fig. 5).

Effects of candesartan on the lipopolysaccharide-induced innate immune response in
human monocytes

Preliminary results indicated that a maximal decrease in LPS-induced effects was observed
when monocytes were preincubated with candesartan for at least 1 h. We next determined, by
analysis of the effect of candesartan on LPS-induced IL-6 release, the most effective inhibitory
concentration. We found that a concentration of 1 μmol/l candesartan had maximum inhibitory
effects on LPS-induced IL-6 release (Fig. 6). For this reason, 1 μmol/l concentration of the
ARB and an incubation time of 2 h were used for subsequent experiments.

Preincubation of monocytes with candesartan alone did not produce any significant changes
to the observed parameters. In monocytes exposed to LPS, candesartan significantly reduced
the expression of CD14 mRNA but did not alter the expression of TLR4 (Fig. 7a). LPS-induced
expression of TNFα, IL-1β, IL-6, LOX-1 and IκBα mRNA was significantly attenuated by
preincubation with candesartan (Fig. 7b). Incubation with candesartan also significantly
reduced the LPS-induced secretion of the proinflammatory cytokines TNFα and IL-6 without
affecting the LPS-induced secretion of the anti-inflammatory cytokine IL-10 (Fig. 7c).

In addition, preincubation with candesartan partially reduced the LPS-induced ROS formation
in human monocytes (Fig. 4). Although pronounced, the effect of the ARB did not achieve
complete inhibition of the LPS-induced ROS formation as produced by preincubation with the
antioxidant NAC (Fig. 4).

We studied the effect of comparable concentrations of the ARBs, candesartan, telmisartan and
losartan, on LPS-induced IL-6 release, and compared these effects with those of the PPARγ
agonist, troglitazone, and the antioxidant, NAC. We found pronounced decreases in LPS-
induced IL-6 release after incubation with telmisartan and candesartan, a smaller effect after
incubation with losartan (Fig. 8). The effects of telmisartan and candesartan were comparable
to those obtained after troglitazone incubation, but did not reach the complete inhibition of the
LPS effect produced by NAC (Fig. 8).

Discussion
The principal observation of our study is that in circulating human monocytes, devoid of
significant Ang II AT1 receptor expression and unresponsive to Ang II, incubation in the
presence of the ARB candesartan effectively attenuates the innate immune response produced
by LPS. These results suggest that candesartan decreases LPS effects by mechanisms
independent of AT1 receptor blockade.

We found that LPS induced a strong inflammatory response in circulating human monocytes,
in agreement with previous studies [18,20,21,27]. The purpose of our study was to determine
the responses to LPS and the ARB in circulating monocytes obtained from a randomly selected
human population. We found large differences in individual responses to LPS in our volunteer
sample population, but very consistent responses to candesartan. It is possible that some of the
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observed differences in the individual responses to LPS may be attributable to sex, age,
inflammatory status, medications or to genetic differences, factors not considered in our study.

LPS enhanced transcription and release of proinflammatory cytokines such as TNFα, IL-1β
and IL-6, substantially increased IκBα mRNA expression and enhanced ROS formation. We
interpret the increase in IκBα mRNA as a consequence of LPS-induced NF-κB activation,
resulting in enhanced transcription of proinflammatory genes and subsequent stimulation of
IκBα transcription to balance NF-κB effects [8,28]. This indicates, in agreement with previous
observations [18,20,29–31], that the effects of LPS in human monocytes are, at least partially,
induced by activation of NF-κB.

Human circulating monocytes from normal individuals express LOX-1 [32], a protein
responsible for binding and uptake of the oxidized form of low-density lipoprotein in
endothelial cells and macrophages and an important factor in the early stages of atherosclerosis
[33]. LOX-1 has been reported as a target for LPS, and endotoxin administration upregulates
LOX-1 in rats [34]. Our finding that LPS upregulates LOX-1 mRNA in human monocytes
further supports the hypothesis that inflammatory mechanisms participate in the initiation and
development of atherosclerosis [33].

Activation of signal transduction pathways requires LPS recognition by CD14 and association
with TLR4. Earlier studies [35–37] demonstrated that LPS upregulated transcription of its
recognition molecule CD14 and its receptor TLR4 in a number of target cells, including human
monocytes. Under the conditions of our experiments and at the time selected for analysis,
however, LPS did not alter CD14 or TLR4 transcription in circulating human monocytes. This
indicated that LPS regulates its recognition molecules and receptors in a time-dependent,
complex and cell-specific manner. When analyzing cultured cells, the results may be dependent
on culture conditions. It has been reported that high glucose concentrations such as those
present in the incubation medium used here enhance TLR4 expression in human monocytes
[38]. However, expression of TLR4 mRNA is significantly decreased in diabetic rats [39], and
the influence of variable glucose concentrations in the response to LPS was not studied here.

Ang II promotes the innate immune response, inflammation and oxidative stress by
mechanisms similar to those involved in the LPS effects [1,2,18,40]. A complete RAS system
is activated during monocyte differentiation into macrophages, and in differentiated
macrophages Ang II, through AT1 receptor stimulation, promotes inflammation and oxidative
stress [41]. In addition, expression of AT1 receptor mRNA has been described in circulating
human monocytes [42] and there is substantial evidence for proinflammatory effects of Ang
II in preactivated circulating monocytes in hypertensive patients [43]. However, we failed to
demonstrate significant numbers of AT1 receptors in our preparations of human circulating
monocytes, in agreement with previous observations [23,44]. Nondifferentiated human
monocytes do not produce Ang II [22], and we have found that incubation of circulating
monocytes with Ang II does not increase TNFα release or the expression of TNFα, IκBα or
LOX-1 mRNA. We conclude that in circulating human monocytes, prior to differentiation,
Ang II AT1 receptor-mediated effects are of no functional significance.

Nonetheless, we found that the ARB candesartan substantially reduced the LPS-induced
proinflammatory response to LPS in our monocyte preparations. We incubated the monocytes
with 1 μmol/l candesartan, a concentration producing maximum effects and similar to plasma
concentrations in candesartan-treated human patients [45,46] and to those necessary to reduce
Ang II effects in cell cultures [47,48].

The ARB significantly decreased LPS-induced IκBα, TNFα, IL-1β, IL-6 and LOX-1
transcription, and reduced TNFα and IL-6 secretion without affecting secretion of the anti-
inflammatory cytokine IL-10.
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Taken together, our findings reveal that the ARB candesartan significantly limits the monocyte
response to LPS even in the absence of significant Ang II AT1 receptor expression. Thus, the
anti-inflammatory effects of candesartan appear to be independent of its AT1 receptor blocking
properties.

The mechanisms by which the ARB candesartan decreases LPS inflammatory effects are not
clear. Several possible mechanisms are worth mentioning. LPS increases ROS formation, an
effect mediated through a TLR4-dependent pathway and leading to NFκB activation [49,50].
The expression of CD14 mRNA was reduced when monocytes were incubated with LPS in
the presence of candesartan, when compared with LPS alone. This indicates that the ARB may
interfere with the initial steps for the recognition of LPS and its association with its TLR4
receptor. Interference with LPS recognition may explain the decrease in LPS-induced ROS
formation produced by candesartan in our experiments [49].

Some ARBs are agonists of PPARγ, a negative regulator of inflammation [51–54], and the
ARB telmisartan was reported as a more effective PPARγ agonist than candesartan [54]. In
addition, administration of a PPARγ antagonist partially inhibits the anti-inflammatory effects
of the ARB telmisartan [55]. Although candesartan was reported as a poor PPARγ agonist in
vitro, when administered to rats in vivo, candesartan upregulates PPARγ transcription [56]. In
our experiments, we demonstrate that the inhibitory effect on LPS-induced IL-6 release
produced by telmisartan is comparable to that produced by PPARγ agonist, troglitazone, but
less effective than that produced by the antioxidant NAC. In turn, candesartan is more effective
than an equivalent concentration of losartan, but less effective than telmisartan or troglitazone.
Our results compare well with the reported effects of ARBs on adipogenesis promotion, a
PPARγ-dependent process [54]. Although our experiments do not clarify the mechanism of
action of candesartan, the possibility remains that at least some of its effects may be the result
of PPARγ agonist activity. The non-Ang II effects of ARBs may also be the result of agonist
activity on 1,25-dihydroxyvitamin-D and C–C motif chemokine receptor type 2b, as recently
suggested on the basis of theoretical modeling [53], and perhaps as a consequence of reduced
LPS recognition by TLR4 [57]. Additionally, candesartan has been recently reported to exert
powerful direct antioxidant actions, independent of its AT1 receptor blocking capacity [58].

ARBs have been considered selective, high-affinity ligands for Ang II AT1 receptors. Clear
indications that ARBs exert pharmacological actions unrelated to AT1 receptor blockade raise
the possibility that these compounds may bind to additional non-Ang II sites. Indeed, it has
been demonstrated that the ARB losartan binds to a still uncharacterized site, expressed in large
numbers in the kidney, liver and adrenal gland that is not recognized by Ang II [59,60]. The
possible expression of such a site in human monocytes has not been explored.

Perspectives and significance
Our results demonstrate that the ARB candesartan, a well tolerated compound widely used for
the treatment of hypertension, has significant anti-inflammatory effects unrelated to BP control
and to the RAS. Our results support the hypothesis that some metabolic and anti-inflammatory
effects of ARBs are independent of the effects of these compounds on Ang II AT1 receptors
[51,52,61].

Candesartan is able to substantially reduce, but not eliminate, the LPS-induced innate immune
response in human monocytes, indicative of general anti-inflammatory effects. Although the
innate immune response is essential for eliminating pathogens, preparing the transfer to the
more specific, acquired immune response and regaining homeostasis, an overstimulated innate
immune response can have deleterious effects for the organism leading to chronic inflammation
and degenerative disorders. For this reason, limiting and controlling the innate immune
response may be therapeutically beneficial, and we interpret our present data as a demonstration
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that the magnitude of the inflammatory response to LPS can be controlled by candesartan in
humans.

Candesartan and other ARBs have been reported to exert actions unrelated to AT1 receptor
blockade. Because of the lack of significant AT1 receptor expression in human circulating
monocytes, the anti-inflammatory effects of candesartan can be best explained by alternative
mechanisms, such as influence on PPARγ, direct antioxidant effects or stimulation of still
uncharacterized additional receptors. We suggest that candesartan and other ARBs may have
a role beyond hypertension, in the treatment of a number of inflammatory disorders.
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Abbreviations

Ang II angiotensin II

ARB angiotensin II receptor blocker

AT1 angiotensin II receptor type 1

AT2 angiotensin II receptor type 2

CD14 cluster of differentiation 14

H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate

IκBα inhibitor of kappa B alpha

IL-1β interleukin-1 beta

IL-10 interleukin-10

IL-6 interleukin-6

LOX-1 lectin-like oxidized low-density lipoprotein receptor 1

LPS lipopolysaccharide

NAC N-acetyl–cysteine

NFκB nuclear factor kappa B

PPARγ peroxisome proliferator-activated receptor gamma

RAS renin–angiotensin system

ROS reactive oxygen species

TLR4 toll-like receptor 4
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TNFα tumor-necrosis factor alpha
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Fig. 1.
Expression of angiotensin II receptor type mRNAs in human monocytes. Total RNA from
human monocytes was reversely transcribed into cDNA and expression of AT1 and AT2
receptors was analyzed by reverse transcriptase-PCR. Products of PCR amplification were
resolved by electrophoresis on 4% agarose gel and stained with ethidium bromide as described
in Materials and Methods. Each lane, 1 through 8, was generated from a monocyte sample
from a different individual donor, and AT1 and AT2 receptors were studied in sample aliquots
from each of the individual donors. AT1 mRNA, of expected size 137 bp, was detected only
in lanes 2, 6, 7 and 8. AT2 mRNA, expected size 115 bp, was detected only in lanes 5, 6 and
7.
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Fig. 2.
Expression of angiotensin II receptor type binding in human monocytes. Human monocytes
were incubated for 24 h with physiological saline, 1 μmol/l candesartan (ARB), 50 ng/ml LPS
or both LPS and candesartan (ARB–LPS). At the end of incubation, monocytes were pelleted
and frozen pellets were cut to 16-μm consecutive sections for receptor binding analysis as
described in Materials and Methods. Total pictures show binding obtained after incubation
with [125I]Sar1–Ang II only and represent binding to both AT1 and AT2 receptors. Losartan
pictures were obtained from consecutive sections incubated as in total with the addition of
losartan, a selective AT1 receptor antagonist, to displace binding to AT1 receptors. Figures
represent binding to AT2 receptors. PD123319 pictures were obtained from consecutive
sections incubated as in total with the addition of PD123319, a selective AT2 receptor
antagonist, to displace binding to AT2 receptors. Figures represent binding to AT1 receptors.
NSB was obtained from consecutive sections incubated as in total with addition of unlabeled
Ang II as described in Materials and Methods. Note that there is no difference in density in
any of the sections studied, indicating absence of AT1 and AT2 receptors, and that incubation
in the presence of LPS or candesartan did not induce expression of AT1 or AT2 receptor
binding. Figures are representative of three determinations in section pellets obtained from
three different donors and run in three different experiments. Ang II, angiotensin II; ARB,
angiotensin II receptor blocker; LPS, lipopolysaccharide; NSB, nonspecific binding.
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Fig. 3.
(a) Effects of lipopolysaccharide on lipopolysaccharide receptor mRNAs in human monocytes.
Human monocytes were incubated with physiological saline or 50 ng/ml LPS and CD14, and
TLR4 mRNAs were quantified by reverse transcriptase-PCR as described in Materials and
Methods (n = 8–13, assayed individually). Statistical significance was determined with the
Wilcoxon matched paired test. (b) Effects of LPS on inflammatory marker mRNAs in human
monocytes. Human monocytes were incubated with physiological saline or 50 ng/ml LPS, and
mRNAs for inflammatory markers were quantified by reverse transcriptase-PCR as described
in Materials and Methods. Statistical significance was determined with the Wilcoxon matched
paired test. *P < 0.05, **P < 0.01, ***P < 0.001, LPS vs. Saline (n = 8–13, assayed
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individually). (c) Effects of LPS on cytokine secretion in human monocytes. Human monocytes
were incubated with physiological saline or 50 ng/ml LPS and cytokine release was determined
in culture medium by specific ELISAs as described in Materials and Methods (n = 8–13,
assayed individually). IκBα, inhibitor of kappa B alpha; IL, interleukin; LOX-1, lectin-like
oxidized low-density lipoprotein receptor 1; LPS, lipopolysaccharide; ND, nondetectable;
rRNA, ribosomal RNA; TLR4, Toll-like receptor 4; TNF, tumor necrosis factor.
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Fig. 4.
Candesartan inhibits lipopolysaccharide-induced reactive oxygen species generation in human
monocytes. Human monocytes were incubated with 50 ng/ml LPS alone or in the presence of
1 μmol/l candesartan or 10 mmol/l NAC for 2 h, and then incubated with 10 μmol/l H2DCFDA
for ROS detection as described in Material and Methods. Data are expressed as a percentage
of the response to LPS (basal subtracted) and are presented as means ± SEM of three monocyte
preparations assayed individually. Individual groups were compared by one-way ANOVA
followed by Newman–Keuls posttest. *P < 0.05 compared with LPS, #P < 0.05 compared with
LPS + candesartan. ANOVA, analysis of variance; H2DCFDA, 2′,7′-
dichlorodihydrofluorescein diacetate; LPS, lipopolysaccharide; NAC, N-acetyl–cysteine;
ROS, reactive oxygen species.
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Fig. 5.
Effect of angiotensin II on inflammatory marker mRNAs in human monocytes. Human
monocytes were incubated with physiological saline, 100 nmol/l Ang II, 1 μmol/l candesartan
(ARB), Ang II and candesartan (ARB–Ang II) or 50 ng/ml LPS, and mRNAs were quantified
by reverse transcriptase-PCR as described in Materials and Methods. Results are means ± SEM
of three different monocyte preparations assayed individually. Ang II, angiotensin II; ARB,
angiotensin II receptor blocker; IκBα, inhibitor of kappa B alpha; LOX-1, lectin-like oxidized
low-density lipoprotein receptor 1; LPS, lipopolysaccharide; rRNA, ribosomal RNA; TNF,
tumor necrosis factor.
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Fig. 6.
Dose-dependent inhibition of lipopolysaccharide-induced interleukin 6 release by candesartan.
Human monocytes were incubated with LPS alone or in the presence of various candesartan
concentrations (0.1–10 μmol/l). After 4 h of incubation, IL-6 release was quantified in culture
medium by specific ELISA as described in Material and Methods. Results are means ± SEM
of three different monocyte preparations assayed individually. Individual groups were
compared by one-way ANOVA followed by Newman–Keuls posttest. *P < 0.05 compared
with LPS. ANOVA, analysis of variance; IL, interleukin; LPS, lipopolysaccharide.
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Fig. 7.
(a) Effect of candesartan and lipopolysaccharide on lipopolysaccharide receptor mRNA
expression in human monocytes. Human monocytes were incubated with LPS alone or in the
presence of candesartan (ARB–LPS), and the expression of CD14 and TLR4 mRNAs was
quantified by reverse transcriptase-PCR as described in Materials and Methods. Monocytes
from eight to 12 individual donors were studied individually. Statistical significance was
determined with the Wilcoxon matched paired test. **P < 0.01 vs. LPS-treated group. (b).
Effect of candesartan and LPS on inflammatory marker mRNA expression in human
monocytes. Human monocytes were incubated with LPS alone or in the presence of candesartan
(ARB–LPS), and mRNAs for inflammatory markers were quantified by reverse transcriptase-
PCR as described in Materials and Methods. Monocytes from eight to 12 individual donors
were studied individually. Statistical significance was determined with the Wilcoxon matched
paired test. *P < 0.05 vs. LPS-treated group. **P < 0.01 vs. LPS-treated group. (c) Effect of
candesartan on LPS-induced secretion of cytokines from human monocytes. Human
monocytes were incubated with LPS alone or in the presence of candesartan (ARB–LPS) and
cytokine release was quantified in culture medium by specific ELISAs as described in Material
and Methods. Monocytes from six to 12 individual donors were studied individually. Statistical
significance was determined with the Wilcoxon matched paired test. *P < 0.05. vs. LPS-treated
group. ARB, angiotensin II receptor blocker; IκBα, inhibitor of kappa B alpha; IL, interleukin;
LOX-1, lectin-like oxidized low-density lipoprotein receptor 1; LPS, lipopolysaccharide;
rRNA, ribosomal RNA; TLR4 Toll-like receptor 4; TNF tumor necrosis factor.
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Fig. 8.
Comparison of angiotensin II receptor blockers, troglitazone and N-acetyl–cysteine on
lipopolysaccharide-induced interleukin-6 release. Human monocytes were incubated with LPS
alone or in the presence of 1 μmol/l candesartan, 10 μmol/l losartan, 10 μmol/l telmisartan, 10
μmol/l troglitazone or 10 mmol/l NAC. IL-6 release was quantified in culture medium by
specific ELISA as described in Material and Methods. Results are presented as means ± SEM
of three different monocyte preparations assayed individually. Individual groups were
compared by one-way ANOVA followed by Newman–Keuls posttest. *P < 0.05 compared
with LPS, #P < 0.05 compared with LPS + candesartan. ANOVA, analysis of variance; IL,
interleukin; LPS, lipopolysaccharide; NAC, N-acetyl–cysteine.
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Table 1
List of PCR primers used in this study

Product Accession # Forward primer (5′–3′) Reverse primer (5′–3′)

18S rRNA X03205 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

AT1 S77410 ACCGCCCCTCAGATAATGTAAG TGAAGTGCTGCAGAGGAATGTT

AT2 NM_000686 CATTGACCTGGCACTTCCTT AAACACACTGCGGAGCTTCT

CD14 AB446505 TGCGCAACACAGGAATGG CTCGGAGCGCTAGGGTTTAC

IκBα NM_020529 CGGACTGCCCTTCACCTC ACATCAGCCCCACACTTCAA

IL-1β NM_000576 GTCATTCGCTCCCACATTCT CTACTTCTTGCCCCCTTTGA

IL-6 NM_000600 CCAGTACCCCCAGGAGAAGAT GAGGATGTACCGAATTTGTTTGTC

LOX-1 NM_002543 CTTTGATGCCCCACTTATTTAG GGTTTGCCTTCTTCTGACAT

TLR4 AB445638 TTTCAGCTCTGCCTTCACTACA ATCACCTTTCGGCTTTTATGG

TNFα NM_000594 CCAGCTGGAGAAGGGTGAC AGGCGTTTGGGAAGGTTG

AT1, angiotensin II receptor type 1; AT2, angiotensin II receptor type 2; CD14, cluster of differentiation 14; IκBα, inhibitor of kappa B alpha; IL,
interleukin; LOX-1, lectin-like oxidized low-density lipoprotein receptor 1; rRNA, ribosomal RNA; TLR4, Toll-like receptor 4; TNFα, tumor necrosis
factor alpha.
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