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Abstract:

Aldosterone and oxidized low-density lipoprotein (oxLDL) are recognized risk factors for cardiovascular disease and atherosclero-

sis. LOX-1 is a multi-ligand receptor originally identified as the endothelial oxLDL receptor, which mediates the uptake of oxLDL

and plays a role in early atherosclerosis. The present study aimed to investigate the pathophysiological relevance of LOX-1 in

aldosterone-induced atherosclerosis. The effect of aldosterone on LOX-1 expression and LDL uptake in primary cultures of human

umbilical artery endothelial cells (HUAECs) was investigated in the absence and presence of the mineralocorticoid receptor (MR)

antagonist spironolactone (Spiro). Aldosterone increased both mRNA and protein expression of LOX-1 in a dose-dependent manner

with a maximum effect reached 24 h after treatment. Increased LOX-1 expression was associated with an augmented uptake of 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)-labeled LDL (5 µM/ml, 3h). However, pretreatment with Spiro

(1 µM) almost reduced these effects. Additionally, an increase in MR expression was detected in response to aldosterone in

HUAECs. Collectively, our study demonstrates that aldosterone promotes LOX-1-mediated LDL uptake in human endothelial cells,

and Spiro effectively inhibited these effects, suggesting that MR inhibition may be considered as a new anti-atherosclerotic therapy.
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Introduction

Aldosterone plays an important role in the regulation

of electrolyte balance and blood pressure [1]. In addi-

tion, aldosterone is believed to have other physiologi-

cal effects, such as increasing oxidative stress, endo-

thelial dysfunction, thrombosis and atherosclerosis [4,

7, 8, 13]. During the previous decade, it has been well

established that the lectin-like oxidized low-density

lipoprotein receptor-1 (LOX-1) mediates the uptake

of oxidized low-density lipoprotein (oxLDL) and

plays a role in early atherosclerosis [22]. It has also

been reported that glucose increases the expression of

LOX-1 both in macrophages and endothelial cells

[21]. Although LOX-1 is expressed at a low level in
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healthy endothelium, several lines of evidence sup-

port a role of LOX-1 in the pathogenesis of athero-

sclerosis [20]. LOX-1 may be regulated by its own

ligand, oxLDL, or by pro-inflammatory cytokines from

endothelial cells [16].

Abnormalities of endothelial function are impli-

cated in the pathophysiology of several cardiovascu-

lar conditions including diabetic vasculopathy, hyper-

cholesterolemia and atherosclerosis [6]. Several

reports highlight the crucial role of the mineralocorti-

coid receptor (MR) in the development of atheroscle-

rosis. Rajagopalan et al. [26] was the first group to

demonstrate that local vascular expression of MR

might play a role in atherosclerosis. In this study, die-

tary hypercholesterolemia in rabbits was associated

with increased aorta superoxide anion generation.

Eplerenone (a MR antagonist) administration to hy-

percholesterolemic rabbits reduced superoxide anion

generation, reduced NADH and NADPH oxidase ac-

tivity to basal levels, and nearly normalized

endothelium-dependent vasorelaxation [26]. A study

by Keidar et al. [9] showed a similar inhibition of

atherosclerosis when eplerenone was administered to

apolipoprotein E (apoE)-deficient mice. As in rabbits,

eplerenone reduced markers of oxidative stress, the

ability of macrophages to oxidize LDL, macrophage

superoxide anion release, and the susceptibility of

LDL to oxidation. It is worth noting that in each of

these models plasma aldosterone levels were unal-

tered by hypercholesterolemia. This observation indi-

cates that aldosterone has pro-atherogenic properties

because its infusion exacerbated the development of

naturally occurring atherosclerosis in apoE-deficient

mice [10]. On the other hand, oxLDL has been shown

to impair endothelial relaxation [33] via a decrease in

endothelial NO synthase expression and induction of

vascular reactive oxygen species [18]. Another pro-

atherosclerotic effect of oxLDL in endothelial cells is

the increased expression of adhesion molecules [19].

LOX-1 has been suggested to provide a link between

hypertension and atherosclerosis [12]. Thus, despite

the potentially important atherosclerotic and pro-

coagulant properties of aldosterone [26, 37], its mo-

lecular and cellular mechanisms of action have not

been well defined. The purpose of the present study

was to investigate influence of aldosterone on LOX-1

expression and the putative role of the MR antagonist

Spiro. Therefore, we examined the effect of aldoster-

one on LOX-1 mRNA and protein expression as well

as oxLDL uptake in human endothelial cells.

Materials and Methods

Cell culture

All cell culture reagents and chemicals were pur-

chased from Sigma Chemical Co. unless indicated

otherwise. Primary cultures of HUAECs were isolated

with collagenase IV and cultured in M199 medium

(Life Technologies) supplemented with 20% (v/v)

calf serum, as described previously [24]. Confluent

cell cultures were incubated in endothelium medium

(EM; containing 0.5% (v/v) calf serum) during the

time course (1, 3, 7 and 24 h). HUAECs were then in-

cubated with various concentrations of aldosterone (1,

10 and 100 nM) in the absence and presence of the

MR antagonist Spiro (1 µM) [5].

Estimation of mRNA expression by reverse

transcription-polymerase chain reaction

(RT-PCR)

Following incubation with aldosterone (100 nM) in

the absence and presence of Spiro (1 µM), RNA was

isolated using PEQGOLD TriFast™ (PEQLAB Bio-

technologie GmbH, Erlangen, Germany). In the re-

verse transcriptase (RT) reactions, an equal amount of

total RNA (500 ng) from HUAEC samples were incu-

bated for 3 min at 70°C and subsequently reverse

transcribed into cDNA using random hexamer prim-

ers and SuperScript™ III Reverse Transcriptase (Invi-

trogen, Karlsruhe, Germany) for 1 h at 42°C. Five

percent of the reaction was subjected to PCR using

a primer pair specific to rat LOX-1 cDNA (forward

primer: 5’-ACTCTCCATGGTGGTGCCTGG-3’, reverse

primer: 5’-CATTCAGCTTCCGAGCAAGG-3’). The

PCR profile was: 35 thermal cycles of 94°C for 40 s,

59°C for 1 min, and 74°C for 1 min to amplify a 251-

bp product. The 18S cDNA was amplified as an inter-

nal control using a sense primer: 5’-GTTGGT

GGAGCGATTTGTCTGG-3’, and an antisense primer:

5’-AGGGCAGGGACTTAATCAACGC-3’. The PCR

profile was: 12 thermal cycles of 94°C for 40 s, 60°C

for 1 min, and 74°C for 1 min, to amplify a 346-bp

product. The RT-PCR products were separated on

a 1% agarose gel and visualized by ethidium bromide

staining. The relative intensity of the bands was quan-

tified using Scion Image software [20].
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Western blot analysis

Cells were lysed in ice-cold lysis buffer (20 mM

Tris-HCl, 140 mM NaCl, 1 mM EDTA, complete

miniprotease inhibitor cocktail, 1% Triton X-100,

0.1% SDS, 1% sodium deoxycholate, 1 mM NaF, and

1 mM orthovanadate, pH 7.8). The protein concentra-

tion was determined using the BCA protein assay rea-

gent (Perbio Science, Bonn, Germany). An equal

amount of membrane protein (20 µg/lane) was loaded

and run on a sodium dodecyl sulfate-polyacrylamide

gel (SDS-PAGE). The protein was then transferred to

polyvinylidene fluoride membranes (Roth, Karlsruhe,

Germany). Following incubation in the blocking solu-

tion (4% non-fat milk, Sigma), membranes were incu-

bated with a 1:750 dilution of a monoclonal antibody

against LOX-1 (Antimouse, Sawamura T, Japan) and

a rabbit polyclonal antibody against MR (1:300) (Santa

Cruz) for 2 h at room temperature. Membranes were

first washed and then incubated with a 1:3000 dilution

of a secondary antibody (Amersham Life Science) for

1 h. Following this incubation, the membranes were

developed using the enhanced chemiluminescence

system (Amersham Life Science). To correct for dif-

ferences in protein loading, the membranes were

washed and re-probed with a 1:1000 dilution of

a monoclonal antibody against human �-actin (Ab-

cam). The relative intensities of the protein bands

were analyzed by a scanner (model Scanmaker 8700,

Microtek Laboratory) [23].

Uptake of Dil-LDL to detect LOX-1 ligand

activity

Uptake of LDL labeled with 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate (Dil) (Har-

bor Bio-products) was used to measure LOX-1 activ-

ity. Confluent primary HUAEC cultures were incu-

bated in a medium containing 0.5% (v/v) serum for

24 h and were subsequently stimulated with aldoster-

one at the indicated dose and duration in the presence

of Spiro (1 µM). Cells were then incubated with DiI-

labeled LDL (5 µg/ml) for 3 h, washed 5-times with

Hank’s BSS buffer, and extracted using isopropanol.

The uptake of Dil-LDL was determined by measuring

the fluorescence intensity (520/564 nm). These data

were normalized to the protein concentration of each

sample, as described previously [23]. Dil-LDL uptake

was further assessed by fluorescence microscopy after

washing the cells with ice-cold phosphate-buffered
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Fig. 1. Dose-dependent effects of aldosterone on LOX-1 expression
in HUAECs. (A) Aldosterone (1 to 100 nM, 24 h) increased LOX-1
mRNA levels in a dose-dependent manner in HUAECs. The mRNA
expression was quantified by the competitive RT-PCR. Values for
each bar are the mean ± SEM from 5 separate experiments. Data are
normalized to 18S rRNA expression and are expressed as % of con-
trol (p < 0.05 and p < 0.01 of aldosterone vs. control at 10 nM and
100 nM, respectively). (B) Aldosterone (1 to 100 nM, 24 h) increased
LOX-1 protein expression in a dose-dependent fashion in HUAECs.
Protein expression was measured by western blot analysis. Values
for each bar are the mean ± SEM from 4 separate experiments. Data
are normalized to �-actin expression and are expressed as % of con-
trol (p < 0.01 of aldosterone vs. control at 10 nM and 100 nM)



saline (PBS, pH 7.4) and fixing in 4% paraformalde-

hyde for 30 min.

Statistical analysis

Data are presented as the mean ± standard error

(SEM). An analysis of variance (ANOVA) statistical

test was performed followed by Bonferroni’s test

(Graphpad prism 5, USA). A value of p < 0.05 was

used as the level of statistical significance.

Results

Effect of aldosterone on LOX-1 mRNA

expression in HUAECs

Aldosterone treatment (24 h) dose-dependently (1 to

100 nM) increased LOX-1 mRNA expression in

HUAECs. A maximal effect was observed using

a concentration of 100 nM aldosterone (p < 0.01, n = 5).

LOX-1 mRNA levels were normalized to the expres-

sion of 18 S rRNA (Fig. 1A).

Effect of aldosterone on LOX-1 protein

expression in HUAECs

Similarly, aldosterone treatment dose-dependently

(1 to 100 nM) increased LOX-1 protein expression in

HUAECs. A maximal effect was observed using

a concentration of 100 nM aldosterone (p < 0.01, n = 4).

LOX-1 protein levels were normalized to the expres-

sion of �-actin (Fig. 1B).

Effect of the MR antagonist Spiro on

aldosterone-induced LOX-1 expression

The induction of LOX-1 mRNA and protein expres-

sion in response to aldosterone treatment was signifi-

cantly inhibited by pretreatment with 1 µM Spiro

(Fig. 2A; p < 0.05, Fig. 2B; p < 0.01 for mRNA and

protein levels, respectively). However, incubation of

HUAECs for 1–7 h with aldosterone (1–100 nM) did

not affect LOX-1 mRNA expression (Fig. 3).
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Fig. 2. Effect of the MR antagonist Spiro on aldosterone-induced
LOX-1 expression. (A) HUAECs were incubated with aldosterone
(100 nM, 24 h) in absence and presence of Spiro (1 µM). Spiro signifi-
cantly inhibited aldosterone-induced LOX-1 mRNA expression. Val-
ues for each bar are the mean ± SEM from 5 separate experiments.
The mRNA expression was normalized to 18S rRNA expression and
is expressed as % of control (p < 0.01 and p < 0.05 of aldosterone vs.

control and pretreated with Spiro, respectively). (B) Aldosterone
(100 nM, 24 h) induces LOX-1 protein expression in HUAECs. Spiro
treatment markedly suppressed aldosterone-induced LOX-1 protein
expression. Values for each bar are the mean ± SEM from 4 separate
experiments. Protein expression was normalized to �-actin and is ex-
pressed as % of control (p < 0.001 and p < 0.01 of aldosterone vs.

control and pretreated with Spiro, respectively)



Effect of aldosterone on LOX-1-mediated LDL

uptake in HUAECs

To understand the functional effects of increased

LOX-1 expression, HUAECs were incubated with al-

dosterone (10 and 100 nM), and the effect of drug

treatment on the uptake of DiI-labeled LDL was

measured. Aldosterone stimulated Dil-LDL uptake in

HUAECs (maximally at 100 nM after 24 h: n = 5,

p < 0.001) (Fig. 4A).

We then used a pharmacological technique to ex-

amine the role of the MR in aldosterone-induced en-

dothelial LOX-1 activation. We observed that the

maximal Dil-LDL uptake induced by aldosterone was

significantly (p < 0.01, n = 5) inhibited by pretreat-

ment with Spiro (1 µM). These findings were con-

firmed by fluorescence microscopy analysis. Treat-

ment with aldosterone (100 nM, 24 h) increased the

fluorescence intensity, and this effect was inhibited by

Spiro (1 µM) treatment (Fig. 4B). Additionally, we

measured the ability of MR to mediate the aldosterone

stimulation of LOX-1 uptake in HUAECs. Incubation

of HUAECs with aldosterone resulted in an up-

regulation of MR protein expression, as detected by

immunoblotting. Pretreatment with Spiro suppressed

this effect (Fig. 4C).

Discussion

Accumulating evidence indicates that aldosterone ex-

erts important physiologically and/or pathophysio-

logically relevant effects on the cardiovascular sys-

tem, in contrast to its classical role in electrolyte and

water homeostasis [15]. In this regard, several in vitro

and in vivo rodent studies indicate that aldosterone

and MR activation plays an important role in oxida-

tive stress and inflammation, which leads to endothe-

lial dysfunction and atherosclerosis [7, 30]. LOX-1

was originally identified as a novel vascular endothe-

lial receptor that binds, internalizes and degrades

oxLDL [31]. Increased oxLDL uptake is thought to

play a key role in the initiation and progression of

atherosclerosis [29, 34]. A major risk factor for the de-

velopment of atherosclerosis and coronary heart dis-

ease is hypertension. It is associated with a hyperac-

tive renin-angiotensin-aldosterone system. The pres-

ent study demonstrates that aldosterone can increase

LOX-1 mRNA and protein expression in human en-

dothelial cells. This increase in expression was ac-

companied by enhanced LOX-1 ligand activity, evi-

dent by an increased rate of uptake of labeled Dil-

LDL in HUAECs. The aldosterone-mediated increase

in LOX-1 expression was observed after 24 h, and

this effect was dose-dependent. The aldosterone effect

was observed at dose of a 100 nM, which is a close

approximation to the in vivo situation, particularly un-

der hyper-aldosteronism conditions. It has been re-

ported, however, that aldosterone concentrations are

higher in cardiac tissues than in the peripheral circula-

tion [32]. These findings suggest a new mechanism

that explains how aldosterone might promote the ini-

tiation and progression of atherosclerosis. Increased

aldosterone levels may stimulate the uptake of pro-

atherogenic oxLDL in endothelial cells. This uptake

could result in endothelial dysfunction by impairing

endothelium-dependent arterial relaxation [14]. Thus,

this scenario would cause an increase in the expres-

sion of endothelial adhesion molecules and lead to an

infiltration of the vessel wall with monocytes and

macrophages [11].

Interestingly, the increase in LOX-1 expression

was markedly inhibited by Spiro treatment. This re-

sult raises the possibility that aldosterone may regu-

late LOX-1 expression in a MR-dependent fashion.

Our results lend credence to the possibility that the

blockade of the aldosterone receptor with Spiro might

provide a novel mechanism for the vasculoprotective

effect of MR antagonists. In this context, eplerenone

may reduce oxidative stress [2] and atherosclerosis

progression in apolipoprotein E–/– mice [9]. Aldoster-

one treatment of apolipoprotein E–/– mice increased

macrophage oxidative stress and atherosclerosis,

whereas MR blockade or treatment with an AT1 re-

ceptor blocker reduced the atherogenic effects of al-

dosterone [10]. Keidar et al. [10] showed that al-

dosterone increased the macrophage-oxidized LDL

cholesterol concentration and atherosclerotic plaques

in the apolipoprotein E–/– mouse.

Accumulating evidence indicates that MR is ex-

pressed in several vascular cell types and these cells

are considered the primary targets of aldosterone in

the cardiovascular system [3, 5, 25]. In our study, two

lines of evidence suggest that the MR might mediate

the effects on LOX-1 expression: 1) we detected MR

expression by immunoblotting, and its up-regulation

was inhibited by pretreatment with Spiro; and 2) spi-

ronolactone inhibits aldosterone-dependent LOX-1
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Fig. 4. Effect of aldosterone (10, 100 nM, for 24 h) on Dil-LDL uptake by HUAECs in the absence and presence of Spiro (1 µM). (A) Activation of
the LOX-1 receptor by aldosterone (10, 100 nM, 24 h) stimulates the uptake of DiI-labeled LDL in HUAECs after 3 h via a MR-dependent path-
way. The maximal effect was observed after 24 h, and the effect was inhibited by pretreatment with Spiro (1 µM). (B) Visualization of DiI-labeled
LDL uptake in HUAECs that were stimulated with aldosterone (100 nM, 24 h) in the absence and presence of Spiro (1 µM). Red staining de-
notes Dil-LDL fluorescence, and the blue staining denotes nuclear staining by DAPI (magnification is 20�). Data analysis was performed using
Universal Imaging software. (C) As illustrated, the MR mediates the aldosterone effect in HUAECs. Incubation of HUAECs with aldosterone re-
sulted in increased MR protein expression, as detected by immunoblotting. Values for each bar are the mean ± SEM from 5 separate experi-
ments and are expressed as % of control (p < 0.05, p < 0.01 p < 0.001 vs. control or indicated bar)

Fig. 3. Dose-response curve and the time-course of the effects of aldosterone treatment on LOX-1 mRNA expression in HUAECs. Incubation of
HUAECs with aldosterone (1–100 nM, for 1, 3 and 7 h) did not affect LOX-1 mRNA expression. Values for each bar are the mean ± SEM from 5
separate experiments. The mRNA expression was normalized to 18S rRNA expression and is expressed as % of control



uptake. Our findings are in agreement with other stud-

ies, demonstrating that MR can mediate vasculopathy.

For example, MR antagonists decrease oxidative

stress and vascular inflammation in animal models

[17, 35, 38]. However, experimental data obtained

from endothelial cells that originate from a certain or-

gan should not be automatically extrapolated to other

systems, due to the heterogeneity of that cell line.

Therefore, care is required when interpreting the re-

sults. The endothelium of the umbilical cord is sub-

jected to extremely high concentrations of the steroid

hormones and a low-pressure environment. These

conditions are different from the endothelial bed that

participates in the coronary atherosclerotic process

[27]. Nevertheless, arterial endothelial cells are an

ideal in vitro model for the study of the morphological

and ultrastructural changes during the development of

atherosclerosis because they usually originate in the

arteries. A limitation of the present study is that the ef-

fect of aldosterone on LOX-1 expression was not in-

vestigated in knockdown MR cells.

In conclusion, our study demonstrates that al-

dosterone treatment enhances the expression and acti-

vation of LOX-1 in HUAECs, and this effect may be

partially mediated by the MR. Thus, suppression of

LOX-1 activity via blockade of MR may be a useful

therapy for the prevention of aldosterone-induced

atherosclerosis.
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