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Olmesartan protects endothelial cells against oxidative
stress-mediated cellular injury
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Abstract

Background The primary cause of death of hemodialysis

(HD) patients is cardiovascular disease, and increased ox-

idative stress has been proposed to be involved in the

disease pathogenesis. In this study, we examined the effect

of olmesartan on oxidative stress induced by angiotensin II,

lipopolysaccharide, indoxyl sulfate, advanced oxidation

protein products (AOPP) or hydrogen peroxide (H2O2),

which are known to be present at higher concentrations in

the blood of HD patients, using human umbilical vein

endothelial cells (HUVECs).

Methods Oxidative stress was evaluated by measuring the

mean fluorescence intensity of CM-H2DCFCA, an ROS-

sensitive fluorescent dye, in HUVECs. HUVECs were in-

cubated with each of the above compounds in the presence

or absence of olmesartan. Moreover, these oxidant-

stimulated cells were also treated with the reactive oxygen

species (ROS) inhibitor N-acetyl-cysteine (NAC), NADPH

oxidase inhibitor diphenylene iodonium (DPI) or PKC in-

hibitor calphostin C. In addition, we investigated the ef-

fects of olmesartan on cytotoxicity and vascular endothelial

growth factor (VEGF) secretion, which is involved in

vascular inflammation in HUVECs induced by AOPP or

H2O2.

Results The treatment of these oxidant-stimulated cells

with olmesartan resulted in a significant reduction in in-

tracellular ROS production to an extent that was nearly

equivalent to that of NAC, DPI or calphostin C. Further-

more, olmesartan reduced the cytotoxicity and VEGF se-

cretion induced by AOPP or H2O2.

Conclusions These results demonstrated that the an-

tioxidant activity of olmesartan might contribute to both its

vasculoprotective and anti-hypertensive effects.

Keywords Olmesartan � Oxidative stress � Antioxidant �
Endothelial cell � Hemodialysis

Introduction

Angiotensin II (AII) type 1 receptor blockers (ARBs) in-

hibit the renin–angiotensin system (RAS) and have been

shown to be effective for the treatment of hypertension.

Independent of their ability to reduce blood pressure (BP),

these compounds have also been reported to reduce the

progression of nephropathy in patients suffering from

diabetes mellitus (DM) and chronic renal failure (CRF) [1,

2]. In addition, these compounds have been shown to play a

promising role in reducing the risk of cardiovascular dis-

ease (CVD) in these high-risk patients [3]. Although much

of the tissue-specific protective effects of ARBs are due to

BP reduction, some protection might be due to their
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antioxidant potential, resulting in reduced oxidative stress.

Indeed, Miyata et al. reported that olmesartan, a recently

developed ARB, displayed stronger antioxidant effects

compared to any other ARB examined in an in vitro study

[4, 5]. Moreover, in an in vivo study, olmesartan decreased

serum total free radical levels in hemodialysis (HD) pa-

tients [6]. We also revealed that the clinical concentration

of olmesartan exerts antioxidant properties not only in a

clinical trial of HD patients but also in an in vitro study [7].

Furthermore, we demonstrated that the antioxidant prop-

erty of olmesartan might be related to a renoprotective

rather than an antihypertensive effect [8]. Recently, this

accumulated evidence has indicated that the management

of oxidative stress using olmesartan, which alleviates the

production of excessive levels of reactive oxygen species

(ROS), results in protective effects of the heart or kidney in

CRF patients, particularly HD patients.

AII is the primary effector peptide of the RAS via AII

type-1 (AT1) receptor-mediated stimulation of NADPH

oxidase and enhancement of ROS production, which in

turn contribute to endothelial dysfunction and vascular

inflammation [9]. The combination of hypertension and

oxidative stress, which are induced by the stimulation of

RAS, results in the accelerated progression of atheroscle-

rosis in HD patients [10]. Moreover, blockade of the AT1

receptor in hypertensive patients has been shown to reduce

oxidative stress, inflammation and endothelial dysfunction

[11]. Thus, olmesartan also appears to exert antioxidant

effects and endothelial cell protection via blockade of the

AT1 receptor. In addition to AII, there are several risk

factors that promote oxidative stress in HD patients, such

as the interaction between the dialysis membrane and

blood, the infiltration of lipopolysaccharide (LPS) in the

dialysate [12], and the accumulation of uremic toxins, such

as indoxyl sulfate (IS) and advanced oxidation protein

products (AOPP). However, thus far, there has been little

examination of the effects of olmesartan on oxidative stress

induced by ROS production in endothelial cells under CRF

conditions.

Thus, the aim of this study is to examine whether

olmesartan inhibits oxidative stress and consequently pro-

tects against cell injury in endothelial cells induced by five

typical ROS inducers using HUVECs as a model of HD.

Materials and methods

Reagents

Olmesartan was obtained from Daiichi-Sankyo Pharma-

ceutical (Tokyo, Japan). N-acetylcysteine (NAC) was ob-

tained from Sigma Chemical, Inc. (St. Louis, MO, USA).

5-(and-6)-chloromethyl-20, 70-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA) was purchased from Molecular

Probes (Leiden, Netherlands). HUVECs were purchased

from Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Ja-

pan). All chemicals were of analytical grade.

Cell culture and treatment conditions

Among endothelial cells, HUVECs are frequently used to

study the mechanisms of oxidative stress-induced alter-

ations in endothelial cell function. Thus, we used HUVECs

in the present study as a model of human endothelial cells.

HUVECs were cultured as previously described [13] and

used for experimentation at passages between 3 and 5.

Measurements of ROS in HUVECs

To investigate the effect of several concentrations of ROS

inducers, such as AII, LPS, IS, AOPP and hydrogen per-

oxide (H2O2), on the generation of ROS in HUVECs, we

measured the fluorescence intensities of CM-H2DCFDA,

which was used as an ROS probe. HUVECs (104 cells/

well) were pre-incubated in 96-well plates for 24 h at

37 �C in culture medium. Confluent HUVECs were then

incubated in 10 lM CM-H2DCFDA in serum-free medium

for 30 min at 37 �C. After the removal of the media from

the wells, one of the several compounds in serum-free

medium at 37 �C with or without olmesartan or an ROS

inhibitor, such as diphenylene iodonium (DPI) or cal-

phostin C, was added to the cells. The degree of fluores-

cence, which corresponded to intracellular ROS, was

determined using a fluorescence microplate reader (COR-

ONA Multi Microplate Reader) equipped with 490 nm

excitation and 530 nm emission filters. The mean fluores-

cence intensity (MFI) ratio is presented as the percentage

of the control value after subtraction of the background

fluorescence.

Cytotoxicity assays

The time course of cytotoxicity induced by AOPP or H2O2

with or without olmesartan in HUVECs was determined

after 0, 6 and 24 h post-treatment in 60-mm culture plates

using the Trypan blue dye exclusion assay and Cell

Counting Kit-8 assay.

VEGF secretion measurements

VEGF secretion induced by H2O2 or AOPP in HUVECs

with or without olmesartan was determined using com-

mercially available enzyme-linked immunosorbent assay

kits (Biosource International, Camarillo, CA, USA).
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Statistics

Statistical significance was evaluated using two-tailed,

unpaired Student’s t tests for comparisons between two

means or ANOVA analysis followed by the Tukey–Kramer

method for multiple comparisons. These results are ex-

pressed as the mean ± SD.

Results

Effect of olmesartan pre-treatment on several

oxidants in HUVECs

First, we examined the effect of olmesartan on the oxida-

tive stress induced by angiotensin II (AII), lipopolysac-

charide (LPS), indoxyl sulfate (IS), advanced oxidation

protein products (AOPP) or hydrogen peroxide (H2O2),

which are known to be present at higher concentrations in

blood from HD patients. Incubation of HUVECs in each of

the above compounds resulted in a significant increase in

ROS production (Fig. 1a). In particular, AOPP exerted the

highest level of ROS production. Moreover, treatment of

these oxidant-stimulated cells with olmesartan resulted in a

significant reduction in intracellular ROS production to an

extent that was nearly equivalent to that of treatment with

the ROS inhibitor NAC (Fig. 1b). The AOPP induced ROS

production plateaued by 3 h in HUVECs treated with

olmesartan (Fig. 2a). We found that olmesartan exhibited

antioxidant effects against IS-induced ROS production in a

dose-dependent manner at concentrations of 1–50 lmol/L,

including its clinical concentration (Fig. 2b). Similar phe-

nomena were also observed using other stimulants.

Mechanism of olmesartan protection via the protein

kinase C (PKC) pathway and NADPH oxidase

Recent studies have demonstrated that endothelial cells,

such as HUVECs, can produce ROS via PKC and NADPH

oxidase [14]. To clarify the ROS production pathway in-

duced by these five stimulants, the effects of inhibitors of

PKC and NADPH oxidase, as well as olmesartan, on ox-

idative stress were examined. These results revealed that

incubation of diphenylene iodonium (DPI) or calphostin C

in these oxidant-stimulated cells resulted in a significant

reduction in intracellular ROS production. Interestingly,

the extent of ROS reduction by these inhibitors was nearly

equivalent to that of treatment with olmesartan (Fig. 3).

These results suggest that all the substances examined in

this study may produce ROS via PKC pathway-mediated

NADPH oxidase activation and that the antioxidant effect

of olmesartan may involve inhibition of NADPH oxidase

and the PKC pathway.

Effect of olmesartan pre-treatment on AOPP-

and H2O2-induced cytotoxicity in HUVECs

We found that various stimulants increase ROS production

in HUVECs and that this effect was alleviated by olme-

sartan. Thus, we next investigated whether the high levels

of ROS stimulated by AOPP or H2O2 could induce cyto-

toxicity and whether olmesartan could exert a protective

effect on this cytotoxicity in HUVECs. These results re-

vealed that both AOPP and H2O2 induced cytotoxicity in

HUVECs and that olmesartan displayed a protective effect

against this cytotoxicity in a time-dependent manner

(Fig. 4). The finding that ROS production in HUVECs

incubated in AOPP plateaued by 3 h suggests that ROS

production may be accelerated preceding cellular injury

(Fig. 2a). These results suggest that AOPP-induced cellular

damage to HUVECs may be due to ROS production via

PKC pathway-mediated activation of NADPH oxidase and

that the antioxidant effect of olmesartan may involve in-

hibition of NADPH oxidase and the PKC pathway, re-

sulting in the suppression of cellular damage.

Effect of olmesartan pre-treatment on VEGF

secretion in HUVECs

Because VEGF is a proinflammatory factor [15–17], we

next examined the effect of olmesartan on VEGF secretion

induced by AOPP or H2O2. These results revealed that both

AOPP and H2O2 induced VEGF secretion in HUVECs,

while treatment with olmesartan for 3 h decreased this

stimulant-induced VEGF secretion (Fig. 5).

Discussion

Previously, we demonstrated for the first time that olme-

sartan at its clinical dose displayed antioxidant activity in

HD patients [7]. Because oxidative stress is significantly

associated with the progression of renal failure and the

development of complications, such as CVD, an an-

tioxidant effect of olmesartan beyond its reduction of BP

could be involved in its ability to protect organ function in

CRF patients. However, the effects of olmesartan on ROS-

induced oxidative stress in endothelial cells have not been

extensively examined with respect to organ protection. In

this study, we used HUVECs to examine the effect of

olmesartan on oxidative stress induced by several stimu-

lants that are known to be present at higher concentrations

in blood from HD patients.

In our previous studies, we showed the antioxidant ac-

tivity of olmesartan in vivo, but this activity had a direct

and indirect antioxidant activity, such as modulation via

NADPH oxidase activity [7, 8]. Various factors, except for
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these effects, may be concerned with the complicated an-

tioxidant activity of olmesartan. Since it has been reported

that blockade of AT1 receptor leads to the enhancement of

the activity of AT2 receptor or ACE2 [18, 19], similar

beneficial effects would be also expected by olmesartan

under uremic conditions. Further study will be necessary to

clarify whether these stimulations are involved in the an-

tioxidant and cytoprotective effects of olmesartan as ob-

served in this study. We recently also demonstrated that

other angiotensin II type 1 receptor blockers, including

telmisartan, effectively reduced the extent of blood pres-

sure and reduced oxidative stress and were safe and well

tolerated by HD patients [20]. Interestingly, the reduction

of oxidative stress of olmesartan was slightly higher

compared to telmisartan. This effect might be due to its

structure and strong binding to AT1 receptor. Finally, this

observation also supports the antioxidant potential of

olmesartan via the AT1 receptor.

Typically, AII stimulates NADPH oxidase via the AT1

receptor and enhances ROS production in HD patients.

Moreover, ROS production induced by AT1 receptor

stimulation promotes not only blood vessel contraction,

multiplication, hypertrophy and migration of vascular

smooth muscle but also inflammation in the blood vessel

wall, such as promotion of the expression of pro-inflam-

matory factors in vascular smooth muscle cells [21, 22].

However, because various factors, except for AII, are as-

sociated with an increase in oxidative stress in HD patients,

it was necessary to examine the effect of olmesartan on

oxidative stress induced by various stimulants. As shown in

Fig. 1a, incubation of HUVECs in each stimulant resulted

in a significant increase in ROS production in a dose-de-

pendent manner. Under these conditions, olmesartan sig-

nificantly suppressed ROS production induced by each

stimulant (Fig. 1b). Stimulants such as LPS, IS, AOPP and

H2O2 might activate the AT1 receptor in several cells. For

example, upregulation of the AT1 receptor promotes in-

flammation and LOX-1 expression-related ROS induction

by LPS in cultured cardiomyocytes [23]. High pressure,

likely via the induction of H2O2 production, increases the

functional availability of AT1 receptors and thus enhances

Ang II-induced arteriolar constrictions in skeletal muscle

arteries [24]. AOPPs also resulted in a significant increase

in the expression of AT1 receptors in PTCs [25]. Further-

more, IS significantly increased AT1 receptor protein ex-

pression in mouse proximal renal tubular cells in culture

[26]. Thus, the induction of the AT1 receptor by these

stimulants might be very important in the elucidation of the

mechanism of ROS inhibition by olmesartan.

A component of the signaling pathway of the AT1 re-

ceptor to NADPH oxidase has been suggested to involve

the PKC pathway [27]. Next, we examined the effect of the

NADPH oxidase inhibitor and PKC inhibitor on ROS

production induced by various stimulants. The production

of ROS was blocked by these inhibitors (Fig. 3). Currently,

it is unknown whether the stimulants used in this study,

except for Ag II, act on the AT1 receptor. Thus, the effects

of the inhibitors examined in this study appear to involve

NADPH oxidase via the PKC pathway in the absence of

binding to the AT1 receptor. Moreover, the effects of these

inhibitors were nearly equivalent to those of olmesartan.

These results suggest that all the stimulants examined in

this study may induce ROS production via PKC pathway-

mediated NADPH oxidase activation. Thus, the antioxidant

effect of olmesartan against these stimulants might involve

direct or indirect inhibition of NADPH oxidase and the

PKC pathway via the AT1 receptor. Currently, the an-

tioxidant activity of ARBs is based on the former pathway,

while the latter pathway appears to account for the an-

tioxidant activity of olmesartan. Recently, the expression

of RAGE, a scavenger receptor, was enhanced by
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stimulation of the AT1 receptor and was decreased by the

binding of telmesartan, another ARB, to the AT1 receptor

[28]. Because CD36 has been suggested to be involved in

the endocytosis of AOPP in endothelial cells [29, 30],

olmesartan appears to indirectly block the endocytosis of

AOPP via activation of NADPH oxidase and the PKC

pathway via the AT1 receptor [31, 32]. However, deter-

mining the mechanism by which these compounds alter

ROS production will require further in vitro and in vivo

studies. Moreover, to determine the precise mechanism of

the anti-oxidative property of olmesartan, further in vitro or

in vivo experiments using knockdown or knockout tech-

niques against NADPH oxidase or PKC are needed.

As previously mentioned above, ROS production in-

creased in HUVECs treated with various stimulants, and

these activities were inhibited by olmesartan. It is impor-

tant to clearly demonstrate the manner in which increased

ROS production affected endothelial cells injury to clarify
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the olmesartan-induced activities of organ protection and

CVD pathogenesis prevention in HD patients. Thus, we

investigated whether high levels of ROS induced by AOPP

or H2O2 could induce cytotoxicity and whether olmesartan

could protect against this cytotoxicity in HUVECs. These

results revealed that both AOPP and H2O2 induced cyto-

toxicity in HUVECs and that olmesartan displayed a pro-

tective effect against this cytotoxicity (Fig. 4). Although

several investigators reported that olmesartan-induced or-

gan protection alleviates the production of inflammatory

cytokines by renal proximal tubule epithelial cells and

vascular smooth muscle cells [33, 34], no studies have

examined the injury effects to endothelial cells, such as

HUVECs. Moreover, because activation of NADPH oxi-

dase via the PKC pathway was also related to AOPP-in-

duced ROS production in HUVECs, AOPP-induced

endothelial cell injury appears to involve the same pathway

via activation of NADPH oxidase. Furthermore, the in-

crease in ROS production reached a plateau by 3 h, and

because this plateau occurred at an early time point rather

than upon the appearance of cellular injury (Fig. 2a), it is

possible that ROS production served as the trigger to in-

duce cell damage. Thus, olmesartan is proposed to protect

the vascular endothelium via the regulation of ROS pro-

duction. Furthermore, olmesartan reduced VEGF secretion-

induced vascular inflammation within 3 h (Fig. 5). VEGF

generally acts as a proinflammatory cytokine by increasing

endothelial permeability and inducing adhesion molecules

that bind leukocytes to endothelial cells [21]. These results

also suggested that olmesartan-induced inhibition of VEGF

secretion from HUVECs might result in decreased vascular

inflammation via oxidative stress.

In conclusion, the present findings demonstrated that the

antioxidant effect of olmesartan was markedly related to its

vascular protective effect rather than its antihypertensive

effect. Currently, the number of HD patients exceeds

250,000 individuals, and for half of these patients, the

cause of death is CVD. These results suggest a mechanism

underlying the prevention of CVD and the foundation of a

new treatment strategy for HD patients using olmesartan,

which displayed antioxidant activity beyond its reduction

in BP.
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