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abstract

Background and aims:Increased plasma levels of soluble endoglin (sEng) were detected in patients with

endothelial dysfunction-related disorders and hypercholesterolemia. In this study, we hypothesized that

high levels of sEng accompanied by mild hypercholesterolemia could aggravate endothelial and vessel

wall dysfunction and affect endoglin/eNOS signaling in mouse aorta.

Methods: Three-month-old female transgenic mice on CBAxC57BL/6J background, with high levels of

sEng (Sol-Engþhigh HFD), and their littermates with low levels of sEng (Sol-Engþlow HFD), were fed a

high fat diet for six months. Plasma samples were used for biochemical, ELISA and Luminex analyses of

total cholesterol, sEng and inflammatory markers. Functional parameters of aorta were assessed with

wire myograph 620M. Western blot analyses of membrane endoglin/eNOS signaling and endothelial

dysfunction/inflammation markers in aorta were performed.

Results:Functional analysis of aorta showed impaired KCl induced vasoconstriction, endothelial-

dependent relaxation after the administration of acetylcholine as well as endothelial-independent

relaxation induced by sodium nitroprusside in theSol-Engþhigh HFDgroup compared to theSol-Engþ

low HFDgroup. Ach-induced vasodilation after administration ofL-NAME was significantly higher in the

Sol-Engþhigh HFDgroup compared to theSol-Engþlow HFDgroup. The expression of endoglin,p-eNOS/

eNOS, pSmad2/3/Smad2/3 signaling pathway was significantly lower in theSol-Engþhigh HFDgroup

compared to theSol-Engþlow HFDgroup.

Conclusions:The results indicate that long-term hypercholesterolemia combined with high levels of sEng

leads to the aggravation of endothelial and vessel wall dysfunction in aorta, with possible alterations of

the membrane endoglin/eNOS signaling, suggesting that high levels of soluble endoglin might be

considered as a risk factor of cardiovascular diseases.

©2018 Elsevier B.V. All rights reserved.

1. Introduction

Endoglin (Eng) is a 180-kDa homodimeric transmembrane

glycoprotein, predominantly expressed in endothelial cells and

playing a key role in cardiovascular development, angiogenesis,

vascular remodeling and homeostasis [1,2]. Eng is a co-receptor of

the TGF-breceptor complex that interacts with TGF-bsignaling
receptors types I and II, and modulates cellular responses to TGF-b
[3,4].

A soluble form of endoglin (sEng) is released from membrane

bound Eng by proteolytic cleavage of its extracellular domain*Corresponding author.
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during endothelial injury or inflammation and subsequently sEng
enters the blood circulation [5,6]. Increased levels of sEng in plasma
have been detected in patients with cardiovascular-related disor-
ders like atherosclerosis [7,8], hypercholesterolemia [9], hyper-
tension, type II diabetes mellitus [10] and preeclampsia, where
sEng levels correlate with disease severity [11]. Because all these
pathological conditions are associated with endothelial dysfunc-
tion, it was suggested that high levels of sEng could be considered
as a biomarker of endothelial dysfunction and cardiovascular-
related pathologies [12].

Endothelial dysfunction is considered as the first and key step in
the development of atherosclerosis. It is mostly associated with an
impairment of endothelial-dependent vasodilation mediated by
nitric oxide (NO). The endothelium has a constitutive expression of
NO catalyzed by endothelial nitric oxide synthase (eNOS) that is
one of the most important factors leading to normal vascular
relaxation [13,14]. Decreased expression of membrane Eng was
demonstrated to be associated with lower NO-dependent vasodi-
lation and reduced expression of eNOS [15e17]. In addition, it has
been reported that Eng affects eNOS expression in endothelial cells
via Smad2/3 transcription factors without involvement of TGF-b
[18]. In addition, vascular endothelium controls vasodilation
respectively vasoconstriction via myosin light chain kinase
signaling in smooth muscles [19]. The phosphorylation of myosin
light chain (MLC) is the main regulatory mechanism of smooth
muscle contraction [20].

It is of interest to mention, that sEng was demonstrated to have
potentially opposite effects on vascular endothelium as compared
to membrane endoglin, resulting in inhibition of eNOS-dependent
vasodilation [11] or higher expression of cell adhesion molecules
[21]. Our previous studies in mice were focused on possible effects
of sEng in the atherosclerosis prone aorta under the conditions of
chow and high fat diet [22,23]. sEng alone did not induce any signs
of endothelial dysfunction [23] but combination with hypercho-
lesterolemia resulted in development of pro-inflammatory
phenotype. However, this pathological condition was not accom-
panied by the induction of endothelial dysfunction [22].

Thus, in this study, we used the same transgenic mouse model
expressing human sEng (Sol-Engþ) [24] to reveal whether longer
exposure to sEng and hypercholesterolemiawill result in functional
alteration of aorta. We hypothesized that sEng aggravates endo-
thelial and vessel wall dysfunctions in aorta that are primarily
triggered by high fat diet.

2. Materials and methods

2.1. Animals and experimental design

Transgenic mice overexpressing human sEng (Sol-Engþ) on the
CBAxC57BL/6J background were generated at the Genetically
Modified Organisms Generation Unit (University of Salamanca,
Spain), as previously described [24]. Six-month-old female mice
with low levels of sEng fed a chow rodent diet (Sol-Engþ low chow)
were used as control mice for biochemical analysis only. All other
experiments were performed with three-month-old female mice
with high plasma levels of sEng (Sol-Engþ high HFD) (mice with
sEng levels higher than 100 ng/mL were considered as Sol-Engþ

high HFD) and their agematched female transgenic littermates with
low levels of sEng (Sol-Engþ low HFD) fed a high fat rodent diet
containing 1.25% of cholesterol and 40% of fat (Research Diets, Inc.,
USA) for the following 6 months. The animals were kept in
controlled ambient conditions in a temperature-controlled room
with a 12h-12h light-dark cycle with constant humidity and had
access to tap water ad libitum. Noweight differences were observed
among experimental groups.

All experiments were carried out in accordance with the stan-
dards established in the directive of the EU (2010/63/EU) and all
procedures were approved by the Ethical Committee for the pro-
tection of animals against cruelty at Faculty of Pharmacy, Charles
University (Permit Number: 21558/2013e2), and the Bioethics
Committee of the University of Salamanca (Permit Number:
006e201400038812). Mice were anesthetized with ketamine/
xylazine, and all efforts were made to minimize the suffering of the
animals.

2.2. ELISA and luminex assay

Blood samples were obtained from vena cava inferior and
plasma levels of human sEng were determined by means of Human
Endoglin/CD105 Quantikine ELISA Kit (R&D Systems, MN, USA)
according to the manufacturer's instructions. Due to the specificity
of the transgenic mouse model, the methodology of human sEng
evaluation in plasma had to be adjusted for our studies (300-fold
dilution of murine samples compared to typical 4-fold dilution in
standard human studies). Plasma levels of intercellular adhesion
molecule 1 (ICAM-1), monocyte chemoattractant protein 1 (MCP-
1), P-selectin and tumor necrosis factor a (TNFa) were determined
by means of Mouse Premixed Multi-Analyte Magnetic Luminex Kit
(R&D Systems, MN, USA), according to the manufacturer's protocol.
Concentrations were reported as nanograms per milliliter (ng/mL)
for human sEng and picograms per milliliter (pg/mL) for ICAM-1,
MCP-1, P-selectin and TNFa.

2.3. Biochemical analysis

Total concentration of plasma cholesterol was measured enzy-
matically by conventional enzymatic diagnostic kits (Lachema,
Brno, Czech Republic) and spectrophotometric analysis (cholesterol
at 510 nm, ULTROSPECT III, Pharmacia LKB Biotechnology, Uppsala,
Sweden). Concentrations were reported as millimolar (mmol/L).

2.4. Immunohistochemistry

Serial sections of heart were cut until the aortic root containing
semilunar valves together with aorta appeared. From this point on,
serial cross-sections (7 mm) were cut on a cryostat and placed on
gelatin-coated slides. For fluorescence staining of macrophages/
monocytes, slides were incubated with rat anti-mouse monoclonal
primary antibody macrophages/monocytes (MOMA-2) (Bio-Rad
Laboratories, CA, USA) at a dilution of 1:100 in 1% BSA for 1 h in
room temperature. Goat anti-rat secondary antibody marked with
green fluorochrome DyLight488 (Jackson ImmunoResearch, USA)
was used at a dilution of 1:100 in 1% BSA for 30min at room
temperature to detect macrophages. For nuclear counterstaining,
blue-fluorescent DAPI nucleic acid staining was used (Invitrogen,
Czech Republic).

Photo documentation and image digitizing were performed by
using a digital firewire camera Pixelink PL-A642 (Vitana Corpora-
tion, Ottawa, Canada) and a VDS Vosskuehler CD-1300QB mono-
chromatic camera (VDS Vosskühler GmbH, Germany) for
fluorescencewith image analysis software NIS (Laboratory Imaging,
Czech Republic).

2.5. Functional analysis of vascular reactivity

On the day of the experiment, micewere anesthetized i.p. with a
mixture of ketamine (100mg/kg) and xylazine (16mg/kg) and
thoracic aortas were quickly removed, carefully dissected from
surrounding tissue and immediately placed in Krebs-Henseleit
solution. Connective and adipose tissue in the adventitia was
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carefully removed, and the descending aorta was cut into 4 rings

each approximately 3 mm long. The aortic rings were transferred to

organ-bath chambers of the wire myograph (620M, Danish Myo

Technology, Denmark)filled with 5 mL of Krebs-Henseleit solution.

The rings were mounted between 2 pins, attached to an isometric

force transducer with continuous recording of tension (PowerLab,

LabChart, ADI Instruments, Australia) and gassed with 95% O2and

5% CO2. The resting tension was stepwise increased to reachfinal

10 mN and then rings were incubated to equilibrate for 30 min at

37C. The vascular viability was verified by a contractile response

to potassium chloride (KCl, 60 mM). After washing, the aortic rings

were pre-contracted with increasing concentrations of prosta-

glandin F2 alpha (PGF2a, 0.001e1mM) to reach approximately 80%
of KCl-induced contraction. After reaching a stable plateau phase,

the endothelium-dependent relaxation was induced by a cumula-

tive concentration of acetylcholine (Ach, 0.001e1mM). For the
endothelium-independent relaxation, a cumulative concentration-

dependent response for sodium nitroprusside (SNP, 0.001e1mM)
was induced. Effect of NO production on vascular reactivity was

measured by analyzing the Ach effect in the presence of the nitric

oxide synthase inhibitor N (u)-nitro-L-arginine methyl ester (L-
NAME, 300mM). Between each concentration-response curve, the
rings were washed three times with Krebs-Henseleit solution and

left to stabilize.

2.6. Western blot analysis

Samples of aortas were homogenized in RIPA lysis buffer

(Sigma-Aldrich, St. Louis, USA) supplemented with protease (SERVA

Electrophoresis, Germany) and phosphatase (Thermo Fisher Sci-

entific Inc., IL, USA) inhibitors, as described previously [23]. Ho-

mogenates (20mg of total protein) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred

onto PVDF membrane (Millipore, NY, USA), and incubated with

appropriate antibodies (Supplemental Table 1). Horseradish

peroxidase-conjugated secondary antibodies were from Sigma-

Aldrich Co. (St. Louis, USA) as described previously [23]. Mem-

branes were developed using enhanced chemiluminescent re-

agents (Thermo Fisher Scientific Inc., IL, USA) and exposed to X-Ray

films (Foma, Czech Republic). Densitometric quantification of

immunoreactive bands was performed by image analysis software

NIS (Laboratory Imaging, Prague, Czech Republic). Protein specific

signals in each lane were normalized to GAPDH signal.

2.7. Statistical analysis

The statistical analysis was performed by GraphPad Prism 7.0

software (GraphPad Software, Inc., CA, USA). All data are presented

as mean±S.E.M. All multiple comparison data were analyzed using

ANOVA with Tukey's multiple comparisons test. Direct group-

group comparisons were carried out using non-parametric Mann-

Whitney test because D'Agostino&Pearson omnibus normality test

failed.pvalues of 0.05 or less were considered statistically

significant.

3. Results

3.1. Plasma concentrations of human sEng, inflammatory markers

and total cholesterol in Sol-Engþmice

Mice were fed a high fat diet (HFD) for 6 months and subse-

quently plasma samples were collected. Six-month-old female

mice fed a chow rodent diet were used as control group with

reference values of the lipid profile parameters. Biochemical anal-

ysis of plasma samples demonstrated significant differences in total

cholesterol concentration (1.84±0.24vs.2.94±0.10 mmol/L) be-

tweenSol-Engþlow CHOWandSol-Engþlow HFDmice and between

Sol-Engþhigh CHOW and Sol-Engþhigh HFDmice (1.83±0.15vs.

2.93±0.10 mmol/L), respectively. Significantly higher concentra-

tion of total cholesterol was also observed inSol-Engþhigh HFD

mice (3.37±0.23 mmol/L) compared toSol-Engþlow CHOWmice

(1.84±0.24 mmol/L) and in Sol-Engþ high CHOW mice

(1.83±0.15 mmol/L) compared to Sol-Engþ low HFDmice

(2.93±0.10 mmol/L). On the contrary, no differences were

observed betweenSol-Engþlow HFDmice (2.93±0.10 mmol/L) and

Sol-Engþhigh HFDmice (2.93±0.10 mmol/L) or betweenSol-Engþ

low CHOWmice (1.84±0.24 mmol/L) andSol-Engþhigh CHOWmice

(1.83±0.15 mmol/L) (Fig. 1A). As shown inFig. 1B, ELISA measure-

ments showed that human sEng plasma concentrations were

significantly higher in Sol-Engþ high HFD mice

(2796.00±264.00 ng/mL) compared toSol-Engþ low HFDmice

(7.40±3.35 ng/mL).

Furthermore, Luminex assay showed no significant differences

in levels of inflammatory markers ICAM-1 (4574.00±276.00vs.

4482.00±664.00 pg/mL) and P-selectin (4434.00±659.00 vs.

3935.00±523.00 pg/mL) between studied groups. On the other

hand, MCP-1 levels (88.70±23.40vs.45.30±7.67 pg/mL), and

TNFa(0.62±0.14vs.0.33±0.08 pg/mL) were higher (borderline of
statistical significance for MCP [p¼0.08] and for TNF-a[p¼0.06])
inSol-Engþhigh HFDwhen compared toSol-Engþlow HFDfemale

mice, respectively (Fig. 1CeF).

3.2. Impaired vascular reactivity in aortas from Sol-Engþhigh HFD

mice

KCl, a calcium-sensitizing stimulus leading to increased cyto-

solic free Ca2þconcentration, was used in concentration 60 mM to

assess the contractile maximal response. As shown inFig. 2A, the

maximal contraction achieved in response to KCl was significantly

lower inSol-Engþhigh HFDcompared toSol-Engþlow HFDmice

(2.83±0.20 vs. 3.41±0.20, respectively). PGF2a, a receptor-
dependent vasoconstrictor, was used for pre-constriction of aortic

rings prior to subsequent measurements. The maximal induced

contraction after administration of PGF2a(1mM) was not signifi-
cantly different betweenSol-Engþhigh HFDandSol-Engþlow HFD

mice (64.70±9.26%vs.85.99±14.18%, respectively) (Fig. 2B).

For endothelium-dependent relaxation, the vasodilator

response in PGF2apre-contracted aortic rings were induced by
acetylcholine, a substance that mediates releasing of NO by binding

to muscarinic receptors in endothelial cells. Significantly impaired

relaxation was measured at 1mM acetylcholine (8.71±2.68%vs.
21.00±5.11%, respectively) inSol-Engþhigh HFDcompared toSol-

Engþlow HFDmice (Fig. 2C). Endothelium-independent relaxation

induced by SNP, a donor of NO with capability to activate soluble

guanylate cyclase in vascular smooth muscle, in PGF2apre-
contracted aortic rings was significantly impaired at 1mM SNP
(12.90±1.96%vs.23.50±1.42%, respectively) inSol-Engþhigh HFD

compared toSol-Engþlow HFDmice (Fig. 2D) as well. To evaluate

whether vasodilation induced by acetylcholine was entirely eNOS-

dependent,L-NAME as a direct inhibitor of eNOS was used. The

effect of L-NAME on Ach-induced relaxation in PGF2a pre-
constricted vessels reached significantly higher values of vasodi-

lation at 1mM Ach (40.90±15.10%vs.3.14±1.30%, respectively) in
Sol-Engþhigh HFDcompared toSol-Engþlow HFDmice (Fig. 2E),

suggesting that Ach-induced vasodilation response was accompa-

nied by additional compensatory NO releasing mechanisms. It is of

interest to mention that endothelium-dependent relaxation and

endothelium-independent relaxation induced by SNP were signif-

icantly lower compared to our previous study in mice fed by high

fat diet for three months [22] suggesting alteration of endothelial
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function by high fat diet in both studied groups in the paper.

3.3. Sol-Engþhigh HFD mice do not develop pro-inflammatory

phenotype in aorta

Western blot analysis of inflammatory markers related to

endothelial dysfunction was performed. No significant differences

betweenSol-Engþ high HFDandSol-Engþ low HFDmice in the

expression of VCAM-1 (Fig. 3A), ICAM-1 (Fig. 3B) and P-selectin

(Fig. 3C) were observed.

The activation of nuclear factor kappa B (NF-kB) is reported as a
ratio of phosphorylated (active) form expression to the non-

phosphorylated form expression. The activation of NF-kB was not
significantly different betweenSol-Engþhigh HFDandSol-Engþlow

Fig. 1.Total cholesterol, soluble endoglin and inflammatory markers in plasma.

(A) Plasma concentration of total cholesterol inSol-Engþhigh CHOWandSol-Engþlow CHOWmice fed a chow rodent diet and inSol-Engþhigh HFDandSol-Engþlow HFDmice fed a

high fat diet for 6 months. Human (B) sEng, (C) ICAM-1, (D) MCP-1, (E) P-selectin and (F) TNFainSol-Engþhigh HFDandSol-Engþlow HFDmice fed a high fat diet for 6 months. Data
are shown as mean±S.E.M. Results in Fig. 1A are analyzed by ANOVA, followed by Tukey's multiple comparisons test, **p 0.01, ***p 0.001. The following data are analyzed by

Mann-Whitney test, ***p 0.001. n¼8 mice per group.

B. Vitverova et al. / Atherosclerosis 271 (2018) 15e2518



Fig. 2.Functional analysis of vascular reactivity by wire myograph inSol-Engþhigh HFDandSol-Engþlow HFDmice.

(A) Maximal contraction to KCl (60 mM). (B) Maximal contraction to PGF2a(1mM). (C) Acetylcholine-induced relaxation (1mM) in PGF2apre-constricted aortic rings. (D) SNP-
induced relaxation (1mM) in PGF2apre-constricted aortic rings. (E) Inhibitory effect ofL-NAME (at 1mM Ach) on eNOS-dependent Ach-induced relaxation in PGF2apre-
constricted aortic rings. Data are shown as mean±S.E.M. We used Mann-Whitney U-tests (one-tailed, lower KCl, Ach and SNP means, resp. higherL-NAME means inSol-Engþ

low HFDthan inSol-Engþhigh HFDare considered physically highly improbable), *p 0.05, **p 0.01, ***p 0.001. n¼8 mice per group.

B. Vitverova et al. / Atherosclerosis 271 (2018) 15e25 19



HFD mice as well (Fig. 3D).

3.4. Endoglin/eNOS signaling is altered in Sol-Engþ high HFD mice

Regarding the fact that membrane endoglin signaling via
Smad2/3 transcription factor was previously shown to be impor-
tant in endothelial function, we analyzed the expression of mem-
brane Eng, eNOS and its phosphorylated form p-eNOS Ser1177, as
well as Smad2/3 and its phosphorylated form.

The expressions of eNOS and p-eNOS (Ser1177), Smad2/3 and
pSmad2/3 are reported as a ratio of the phosphorylated form
expression to its non-phosphorylated form expression. Signifi-
cantly reduced expressions of membrane Eng (to 73%; Fig. 4A), p-
eNOS Ser1177/e-NOS (to 55%; Fig. 4B) and pSmad2/3/Smad2/3 (to
63%; Fig. 4C) were observed in aortas of Sol-Engþ high HFD mice
compared to Sol-Engþ low HFD mice.

3.5. Sol-Engþ high HFD mice have impaired vasoconstriction in
aorta but no prostacyclin synthase/cyclooxygenase type 2
compensation of altered eNOS-dependent vasodilation

Myosin light chain (MLC) is a major regulatory component in
vascular smooth muscle contraction. To determine the phosphor-
ylation (activation) of MLC, expression of phosphorylated MLC on
residues threonine 18 and serine 19 (pMLC Thr18/Ser19) was
assessed, as shown in Fig. 5A. Significantly lower expression of
pMLC Thr18/19 (by 76%) was demonstrated in aortas of Sol-Engþ

high HFD mice compared to Sol-Engþ low HFD mice.
Expression of prostaglandin I2 synthase (PTGIS) also known as

prostacyclin synthase (Fig. 5B) and cyclooxygenase type 2 (COX-2)
(Fig. 5C) was measured to reveal potential compensation mecha-
nisms leading to release of NO under pathological conditions.
However, no statistical significant changes were observed in the
expressions of either PTGIS or COX-2.

Fig. 3. Expression of inflammatory markers in aorta of Sol-Engþ high HFD and Sol-Engþ low HFD mice.
Expression of (A) VCAM-1, (B) ICAM-1, (C) P-selectin and (D) pNF-kB/NF-kB in total protein extracts from mice aortas. Top panel: densitometric analysis (control¼ 100%).
Densitometric quantification of immunoreactive bands was recalculated to the GAPDH signal. Bottom panel: representative immunoblots. Data are shown as mean ± S.E.M., Mann-
Whitney test. n¼ 5 mice per group.
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3.6. Immunohistochemical analysis of macrophages in aortic

sections

Sixty aortic sections in thirty slides were evaluated per each

experimental group. The aortic sections did not develop alteration

in histological structure with respect to possible fat accumulation

(fatty streaks) or other visible changes in the vessel wall (data not

shown). In addition, no infiltration of macrophages in the vessel

wall was observed either inSol-Engþhigh HFDmice orSol-Engþlow

HFDmice.ApoE/LDLRdouble knockout mice aortic section was used

as a positive control for macrophage staining in aorta

(Supplemental Fig. 1).

4. Discussion

Hypercholesterolemia, atherosclerosis, type II diabetes mellitus

and hypertension are pathological disorders that were demon-

strated to be related to increased levels of sEng, suggesting that

sEng could be a potential biomarker of endothelial alteration,

which is typical for above mentioned diseases [12]. However, the

question is whether sEng might also modulate the function of

membrane-bound endothelial endoglin and endothelial function in

these pathological conditions, which are usually accompanied by

the hypercholesterolemia. Of note, hypercholesterolemia is asso-

ciated with increased levels of oxysterols, which via LXR nuclear

Fig. 4.Expression of membrane endoglin, eNOS and Smads in aortas fromSol-Engþhigh HFDandSol-Engþlow HFDmice.

Expression of membrane (A) Eng, (B)p-eNOS (Ser1177)/eNOS and (C) pSmad2/3/Smad2/3 in total protein extracts from mouse aortas. Top panel: densitometric analysis

(control¼100%). Densitometric quantification of immunoreactive bands was recalculated to the GAPDH signal. Bottom panel: representative immunoblots. Data are shown as

mean±S.E.M., Mann-Whitney test, *p 0.05, **p 0.01. n¼5 mice per group.
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receptors can upregulate the expression of both membrane-bound

and soluble endoglin [24,25]. Here we demonstrate for thefirst

time that long exposure to high sEng levels and mild hypercho-

lesterolemia (induced by high fat diet) result in endothelial and

vessel wall dysfunction in aorta and altered membrane endoglin/

eNOS signaling.

sEng is chipped from the extracellular domain of the

membrane-bound endoglin, which is expressed by endothelial cells

and smooth muscle cells in blood vessels [6]. In addition, several

papers demonstrated that sEng can directly affect the function of

blood vessels. Thus, it has been shown that administration of re-

combinant sEng led to impaired binding of TGF-b1 to its receptor
and subsequently to an inhibition of eNOS-dependent vasodilation

in rat renal microvessels and mesenteric vessels, suggesting

possible hypertensive effects of sEng [11]. It is of interest to point

out that mice treated with adenovirus expressing sEng had in-

duction of endothelial dysfunction profile in endothelium of

mesenteric venules, which was characterized by higher expression

of cell adhesion molecules and impaired vasodilation [21]. As these

studies were not actually related to atherosclerosis prone blood

vessels, we performed thefirst study that was targeted to elucidate

potential effect of high levels of sEng on aorta [23]. By using

transgenic mouse model expressing human sEng (Sol-Engþ) that

shows many symptoms of preeclampsia, such as hypertension,

small pup size, proteinuria and renal damage [24], we failed to

detect any harmful effect of sEng on aortic function or expression of

endothelial dysfunction related markers [23]. These results are in

line with a recent paper showing that sEng does not affect TGF-b

Fig. 5.Expression of markers related to vascular smooth muscle function in aorta ofSol-Engþhigh HFDandSol-Engþlow HFDmice.

Expression of (A) pMLC Thr18/Ser19, (B) PTGIS and (C) COX-2 in total protein extracts from mouse aortas. Top apnel: densitometric analysis (control¼100%). Densitometric

quantification of immunoreactive bands was recalculated to the GAPDH signal. Bottom panel: representative immunoblots. Data are shown as mean±S.E.M., Mann-Whitney test,

*p 0.05. n¼5 mice per group.
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signaling alone, but rather together with other TGF-b receptors
[26]. To further pursue this line of research, we decided to combine
high fat diet with high levels of sEng in order to mimic situation in
patients with atherosclerosis, type II diabetes mellitus and hyper-
tensionwhere hypercholesterolemia is very common. The results of
Jezkova et al. paper showed that combination with high fat diet
induces a pro-inflammatory phenotype in aorta with increased
expression of NF-kB and cell adhesion molecules. Surprisingly, we
also found a preservation of aortic function in mice having high
sEng plasma levels [22]. Despite these controversial results, we
demonstrated that hypercholesterolemia in combination with high
plasma levels of sEng deserves further study.

Thus, we hypothesized that long-term exposure to high fat diet
in combination with high plasma levels of sEng will result in
alteration of aortic function. Indeed, six months feeding with high
fat diet resulted in a) impaired endothelium-dependent relaxation
induced by acetylcholine (that mediates releasing of NO by binding
to muscarinic receptors in endothelial cells), b) impaired
endothelium-independent relaxation induced by SNP (a donor of
NO with capability to activate soluble guanylate cyclase in vascular
smooth muscle cells), c) activated compensatory reaction
(measured by L-NAME as direct inhibitor of eNOS), d) reduced
contraction induced by KCl and e) reduced phosphorylation of
myosin light chain in Sol-Engþ high HFD mice. All these functional
changes suggest the alteration of both endothelial and vessel wall
(smooth muscle cells) function. It is of interest to point out that Sol-
Engþ low HFDmice showed lower levels of all measured parameters
when compared to our previous experiment with mice on chow
diet [23] or in mice fed three months with high fat diet [22], sug-
gesting that administration of high fat diet for six months impairs
the function of endothelium and vessel wall itself. Thus, we propose
that high sEng plasma levels in combination with hypercholester-
olemia aggravate already present endothelial and vessel wall
dysfunction in aorta.

Indeed, we must emphasize that cholesterol levels were not
significantly different between Sol-Engþ high HFD and Sol-Engþ low
HFDmice but significant hypercholesterolemia was present in mice
fed high fat diet when compared to mice on chow diet. Moreover,
histological and immunohistochemical analysis showed no signs of
ongoing atherogenesis on morphological level, therefore all effects
and results of this study are related to atherosclerosis-intact aorta.
So, the only difference between these groups was in the levels of
human sEng. In general, there is a high level of homology between
mouse and human sEng (99% sequence overlap, 69% identity)
[27,28] and mouse models used by our group showed several times
that human sEng can affect mouse endoglin signaling [22,24]. As
mentioned above, there are controversial findings onwhether sEng
interferes with TGF-b signaling [26,29]. However, it was demon-
strated that sEng antagonizes the effects of membrane endoglin
that is highly expressed by endothelial and smooth muscle cells
[30]. In addition, we found that protein levels of mouse membrane
endoglin are decreased in Sol-Engþ high HFDmice compared to Sol-
Engþ low HFD mice (Fig. 4A), suggesting a complex and regulatory
interplay between the two forms of endoglin. Interestingly, mem-
brane endoglin was shown to be related to a proper function of
eNOS and NO-dependent vasodilation [15,18], whereas its reduced
expression resulted in an impaired endothelium-dependent vaso-
dilation [15]. In addition, membrane endoglin increases eNOS
expression via Smad2/3 transcription factor directly without
cooperation with TGF-b1 [18]. Indeed, Western blot analysis
revealed reduced expression of membrane endoglin, phosphory-
lated Smad2/3 and phosphorylated eNOS Ser1177 in Sol-Engþ high
HFD mice in this study. Thus, we might propose that sEng aggra-
vates endothelial and vessel wall dysfunction in aorta via interfer-
ence with membrane endoglin/Smad2/3/eNOS dependent

pathway.
Functional analysis of aorta showed activation of some

compensatory reaction in aorta of Sol-Engþ high HFD mice
(measured by L-NAME as direct inhibitor of eNOS). Indeed, there are
several ways that could explain this compensatory reaction
including activation of COX-2, PGs, or EDHF [31e33]. However,
COX-2 and PTGIS protein expression in aorta did not differ between
studied groups in this study. On the other hand, we cannot rule out
the involvement of COX-2 and PTGIS activity in the compensation
based on the protein expression analysis, therefore no clear
conclusion can be drawn from these results. In addition, we must
point out that we have not deepened more into this compensatory
mechanism as this was not the primary goal of this study. In our
view, this is a complex issue and further and independent studies
are necessary to address this point, which is out of the scope of the
manuscript.

We also focused on potential molecular mechanism related to
altered vasoconstriction response in Sol-Engþ high HFD mice.
Vasodilation and vasoconstriction is regulated via myosin light
chain kinase signaling in smooth muscle cells [19]. KCl acts as a
calcium sensitizer and membrane depolarization occurs after its
administration. KCl activates voltage-dependent calcium channel
and this leads to an increased intracellular calcium concentration
and subsequently to activation of myosin light chain kinase (MLCK)
[34]. MLCK is a Ca2þ/calmodulin-dependent protein kinase
responsible for myosin phosphorylation and the phosphorylation
of myosin light chain (MLC) is the main regulatory mechanism of
smooth muscle contraction [20]. So, there is a direct relation be-
tween activity of MLCK, degree of MLC phosphorylation and
therefore ability of smooth muscle contraction [35]. In agreement
with this, we showed significantly reduced expression of pMLC
Thr18/19 and reduced vasoconstriction in aortas of Sol-Engþ high
HFD mice compared to Sol-Engþ low HFD mice. Thus, we might
propose that 6 months HFD feeding and exposure to high levels of
soluble endoglin leads to impaired calcium sensitivity/release and
subsequently to decreased capability of smooth muscle contraction
in Sol-Engþ high HFD.

A key aspect of endothelial dysfunction development is the
activation of vascular inflammation with increased expression of
cell adhesion molecules [36]. Surprisingly, we did not detect any
significant differences in the expression of VCAM-1, ICAM-1, P-
selectin and pNF-kB/NF-kB in both aorta and blood between both
studied groups as we showed in our previous paper [22]. One
possible explanationwhy we do not see the differences in VCAM-1,
ICAM-1, P-selectin and pNF-kB/NF-kB expressions might be in the
fact that mice are under long term high fat diet (6 months) in this
study and the expression levels of these proteins might be high
enough in both groups (especially considering the fact that both
groups of mice have aggravated function of endothelium when
compared with Jezkova et al. paper). Thus, different age of mice (9
months), different exposure to high fat diet (6 months) and soluble
endoglin (9 months) in this study when compared to Jezkova et al.
paper (age of mice 6 months, high fat diet 3 months and soluble
endoglin 6 months) could be responsible for the different results
that we obtained [22]. On the other hand, we measured other pro-
inflammatory biomarkers in plasma. We demonstrated increased
level of MCP-1 and TNF-a (borderline of statistical significance for
MCP-1 [p¼ 0.08] and for TNF-a [p¼ 0.06]) in Sol-Engþ high HFD
mice suggesting at least partial induced pro-inflammatory reaction
in these mice.

It is of interest to mention potential limitation of the study. At
this point we cannot answer important question, whether high
soluble endoglin levels affect atherogenesis/atherosclerosis in
aorta. The group of Lopez-Novoa tried to generate mice with high
soluble endoglin on ApoE background, however they failed to
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generate viable mice who would have high levels of soluble

endoglin (unpublished results).In vivoexperiments investigating

atherogenesis in the mice with high levels of soluble endoglin do

not appear yet to be feasible. Moreover, we would like to also point

out that we measured blood pressure in the Nemeckova et al. paper

[37]. The measurements of arterial pressure by tail-cuff method

showed that systolic pressure in male and female Sol-Engþmice is

higher than that of control mice. Higher blood pressure in mice

with high soluble endoglin is the key feature of this mouse model

established before.

In conclusion, we demonstrated that long-term hypercholes-

terolemia (induced by high fat diet) combined with high plasma

levels of sEng results in the aggravation of endothelial and vessel

wall dysfunction in aorta with possible alteration of membrane

endoglin/eNOS signaling. Thus, it is necessary to consider sEng as

not only a biomarker of cardiovascular diseases, but also as a po-

tential co-inducer of vascular alterations especially in combination

with other risk factors of cardiovascular diseases, including

hypercholesterolemia.
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signaling (membrane endoglin, TGFβRII, ALK-5, ALK-1, 
Id-1, PAI-1 and activated Smad proteins-pSmad 1,5 and 
pSmad 2,3), inflammation, heart remodeling (PDGFb, 
Col1A1) and endothelial dysfunction (VCAM-1, ICAM-1) 
in the hearts of Sol-Eng+ mice compared to control mice 
on both chow and high-fat diet. High levels of soluble 
endoglin did not affect microscopic structure (profibrotic 
and degenerative cardiomyocyte changes), and specific 
parts of TGF-β signaling, endothelial function and inflam-
mation in the heart of Sol-Eng+ mice fed both chow diet 
or HFD. However, we cannot rule out a possibility that a 
long-term chronic exposure (9 months and more) to soluble 
endoglin alone or combined with other cardiovascular risk 
factors may contribute to alterations of heart function and 
structure in Sol-Eng+ mice, which is the topic in our lab in 
ongoing experiments.

Keywords Soluble endoglin · Mice · Heart · 
Inflammation · TGF-β signaling

Introduction

Soluble form of endoglin (sEng) can be released upon a 
proteolytic cleavage of the extracellular domain of the 
membrane-bound endoglin during endothelial injury and 
inflammation [1, 2]. Increased levels of sEng in blood were 
reported in patients with hypercholesterolemia [3], type 
II diabetes mellitus, hypertension [4], preeclampsia [2] 
and myocardial infarction [5], suggesting that sEng may 
be considered as a biomarker of cardiovascular-related 
pathologies.

On the other hand, several authors demonstrated sEng 
as a direct inducer of endothelial dysfunction in ves-
sels, a subject that has been reviewed in detail recently 

Abstract A soluble form of endoglin (sEng) released 
into the circulation was suggested to be a direct inducer 
of endothelial dysfunction, inflammation and contributed 
to the development of hypertension by interfering with 
TGF-β signaling in cardiovascular pathologies. In the 
present study, we assessed the hypothesis that high sEng 
level-induced hypertension via a possible sEng interference 
with TGF-β signaling pathways may result in inflamma-
tory, structural or fibrotic changes in hearts of Sol-Eng+ 
mice (mice with high levels of soluble endoglin) fed either 
chow or high-fat diet. Female Sol-Eng+ mice and their age 
matched littermates with low plasma levels of sEng were 
fed either chow or high-fat diet (HFD). Heart samples were 
subsequently analyzed by histology, qRT-PCR and West-
ern blot analysis. In this study, no differences in myocar-
dial morphology/hypertrophy and possible fibrotic changes 
between Sol-Eng+ mice and control mice were detected on 
both chow and HFD. The presence of sEng did not signifi-
cantly affect the expression of selected members of TGF-β 

 * Petr Nachtigal 
 Petr.Nachtigal@faf.cuni.cz

1 Department of Biological and Medical Sciences, Faculty 
of Pharmacy in Hradec Kralove, Charles University, 
Heyrovskeho 1203, 500 05 Hradec Kralove, Czech Republic

2 Department of Medical Biochemistry, Faculty of Medicine 
in Hradec Kralove, Charles University, Simkova 870, 500 
38 Hradec Kralove, Czech Republic

3 Center for Biological Research, Spanish National Research 
Council (CSIC), and Biomedical Research Networking 
Center on Rare Diseases (CIBERER), 28040 Madrid, Spain

4 Department of Physiology and Pharmacology, Renal 
and Cardiovascular Physiopathology Unit, University 
of Salamanca, 37007 Salamanca, Spain



1014 Heart Vessels (2017) 32:1013–1024

1 3

[6]. Soluble endoglin was shown to affect eNOS and/
or TGF-β signaling (Smad 2,3) in renal and mesenteric 
arteries [2] and increased expression of inflammatory 
cell adhesion molecules in venules [7]. However, no 
data about endothelial dysfunction or inflammation in 
the heart in the presence of high sEng levels alone and/
or in a combination with hypercholesterolemia are avail-
able. Therefore, we aimed to evaluate the expression of 
VCAM-1, ICAM-1 as markers of endothelial dysfunc-
tion and vessel inflammation [8] and eNOS as the main 
enzyme responsible for NO production and maintenance 
of proper endothelial function [9]. Inflammation and 
atherosclerosis development in blood vessels are indeed 
closely related to acute coronary syndromes [10].

Furthermore, high plasmatic levels of sEng also 
resulted in development of a mild arterial hypertension 
in mice [11]. Indeed, arterial hypertension represents 
a possible risk factor for the development of myocar-
dial hypertrophy with the risk of heart remodeling and 
potential development of fibrotic changes [12]. PDGFβ 
is a member of platelet-derived growth factors affecting 
cell growth and division and regulating development of 
various tissues and organs. Apart from its physiological 
role, PDGFβ expression was also connected with ves-
sel inflammation and tissue fibrosis [13], including car-
diac fibrosis, where PDGF pathway stimulates fibroblasts 
to proliferate and transform into myofibroblasts [14]. 
Moreover, an excess of cardiac collagen type I synthesis 
and deposition may be involved in the enhancement of 
myocardial fibrosis that accompanies the development of 
heart failure in hypertensive heart [15].

In addition, sEng was demonstrated to interfere 
with TGF-β signaling and membrane endoglin. Mem-
brane endoglin affects two specific signaling pathways 
TGFβRII/ALK-1/Smad 1,5,8/Id-1 and TGFβRII/ALK-5/
Smad 2,3/PAI-1 regulating cell proliferation, migra-
tion and angiogenesis [16]. Moreover, sEng was shown 
to affect BMP-9/ALK-1/Smad 1,5,8 signaling directly, 
antagonizing tissue endoglin effects, which limits TGF-
β1 signaling and type I collagen synthesis in cardiac 
fibroblasts [2, 17, 18]. More recently, conditional knock-
out of ALK-1 was associated with the development of 
high-output heart failure [19]. However, sEng effects on 
TGF-β signaling in healthy hearts have not been studied 
so far.

Transgenic mice with high levels of human sEng (Sol-
Eng+) suffer from symptoms of preeclampsia, such as 
hypertension, renal damage and proteinuria, and may 
serve as an appropriate animal model to study possible 
effects of high sEng levels on cardiovascular system [11, 
20, 21]. Our previous paper showed that combination of 
high-fat diet and high levels of soluble endoglin resulted 
in pro-inflammatory and oxidative stress changes in mouse 

aorta [22] suggesting that combination of these two fac-
tors might induce pathological changes in cardiovascular 
system.

In this study, we used these mice and assessed the 
hypothesis that high sEng levels modulate TGF-β signaling 
pathways resulting in inflammatory, structural or fibrotic 
changes in the heart of Sol-Eng+ mice when either sEng 
operating as a single factor or in a combination with a mild 
hypercholesterolemia.

Materials and methods

Animals and study design

Female mice with the overexpression of human sEng (Sol-
Eng+) on the CBAxC57BL/6J background were generated 
at the Genetically Modified Organisms Generation Unit 
(University of Salamanca, Spain), as described previously 
[11]. In a chow diet study, 4- to 6-month-old Sol-Eng+ 
mice with high plasma levels of sEng (Sol-Eng+ chow 
group, 6 animals) and their age matched transgenic litter-
mates with low plasma levels of sEng (control chow group, 
7 animals) were used for the experiment. In a high-fat diet 
study, 6-month-old Sol-Eng+ mice with high plasma lev-
els of sEng (Sol-Eng+ HFD group, 5 animals) and their 
age matched transgenic littermates with low plasma lev-
els of sEng (control HFD group, 6 animals) fed a high-fat 
rodent diet containing 1.25% of cholesterol and 40% of fat 
(D12108C Research Diets, New Brunswick, NJ, USA) for 
the following 3 months were used for the experiment. The 
animals were housed under a 12-h light cycle at constant 
temperature and humidity and had free access to tap water 
and a standard laboratory pellet diet.

All experiments were performed in accordance with 
the directive of the EEC (86/609/EEC), and the use of ani-
mals was approved by the Ethical Committee for the pro-
tection of animals against cruelty of the Faculty of Phar-
macy in Hradec Kralove, Charles University in Prague 
(Permit Number: 21558/2013-2), and the Bioethics Com-
mittee of the University of Salamanca (Permit Number: 
006-201400038812).

All surgery procedures were carried out under ketamine/
xylazine or fluorane anesthesia, and all efforts were made 
to minimize the suffering of the animals.

Quantitative real-time RT-PCR

Total RNA was isolated from all heart tissue samples 
(myocardium of heart ventricles) using TRI reagent 
(Sigma-Aldrich, St. Louis, USA) according to the man-
ufacturer’s protocol and directly converted into cDNA 
via a High-Capacity cDNA reverse transcription kit 
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(Life Technologies, Foster City, USA). 20 ng cDNA 
were loaded into one reaction and experiments were 
performed in triplicate.  TaqMan® Gene Expression 
Master Mix and pre-designed  TaqMan® Gene Expres-
sion Assay kits for the following genes: endoglin 
(Mm00468256_m1), NOS3 (Mm-00435217_m1), TGFb1 
(Mm01178820_m1), PDGFb (Mm00440677_m1), 
Col1A1 (Mm00801666_g1), NQO1 (Mm01253561_m1), 
VCAM-1 (Mm01320970_m1), ICAM-1 (Mm00516023_
m1), ALK-1/Acvrl1 (Mm00437432_m1), ALK-5/TGF-
bRI (Mm00436964_m1), TGFbRII (Mm03024091_
m1), PAI-1/serpine1 (Mm00435858_m1), Id-1 
(Mm00775963_g1), Myh7 (Mm00600555_m1) and 
Gapdh mouse endogenous control/housekeeping gene 
(Mm99999915_g1) were provided by Life Technolo-
gies (Foster City, USA). Analysis was performed using 
QuantStudio™ 6. Glyceraldehyde 3-phosphate dehydro-
genase (Gapdh) was used as reference for normalizing 
the data. The time–temperature profile used was: 95 °C 
for 10 min; 40 cycles: 95 °C for 15 s, 60 °C for 1 min. 
The relative normalized quantity was calculated using 
delta–delta Ct method as described [23].

Western blot analysis

Samples of hearts (myocardium of heart ventricles) from 
all female mice were homogenized in RIPA lysis buffer 
(Sigma-Aldrich, St. Louis, USA) containing proteases 
and phosphatases inhibitors, as described previously 
[20]. Proteins (20 µg of total protein) were separated by 
SDS-PAGE, transferred to a PVDF membrane (Millipore, 
NY, USA) and incubated with appropriate antibodies 
(Table 1). Horseradish peroxidase-conjugated second-
ary antibodies were from Sigma-Aldrich Co. (St. Louis, 
USA) as described [20]. Membranes were developed 
using enhanced chemiluminescent reagents (Thermo 
Fisher Scientific Inc., IL, USA) and exposed to X-ray 
films (Foma, Czech Republic). Quantification of immu-
noreactive bands on the exposed films was performed 
by NIS imaging software (Laboratory Imaging, Prague, 
Czech Republic). The equal loading of proteins onto the 
gel was confirmed by immunodetection of GAPDH.

Histology of heart tissue sections

Specimens of the heart (myocardium of heart ventricles) 
from all female mice were fixed in 4% paraformaldehyde 
(pH 7.35) and paraffin embedded for histological evalua-
tion. 40 sections (thickness 7 µm) from each animal and 
each experimental group were taken for each histologi-
cal analysis. Hematoxylin–eosin staining and Goldner’s 
green trichrome staining (for the detection of collagen) 

were performed to reveal possible microscopic changes 
in the heart.

Statistical analysis

The statistical analysis was performed by GraphPad Prism 
6.0 software (GraphPad Software, Inc., CA, USA). All data 
are presented as mean ± SEM. Direct group–group com-
parisons in heart rate and heart weight evaluations were 
carried out using unpaired t test. Direct group–group com-
parisons in quantitative real-time RT-PCR and Western blot 
analysis were carried out using Mann–Whitney test. P val-
ues of 0.05 or less were considered statistically significant.

Results

Plasma human-soluble endoglin levels in Sol-Eng+ 
and control mice fed either chow or high fat diet

The values of plasma sEng levels in Sol-Eng+ and 
control female mice fed chow diet (2477 ± 110.3 vs. 
54.68 ± 16.64 ng/ml, respectively) [20], as well as in 
female mice fed a high-fat diet (3480 ± 501 ng/ml vs. 
undetectable levels, respectively) [22], have been reported 
in our previous papers.

Effect of high-soluble endoglin levels on TGF-β 
signaling components in mouse heart at the level 
of mRNA in mice fed either chow diet or high-fat diet

Quantitative real-time RT-PCR provided an overview 
of sEng effects on the mRNA levels of some compo-
nents of TGF-β signaling pathways (TGFβRII/ALK-1/

Table 1  Primary and secondary antibodies used in Western blot

Protein Source Dilution Secondary antibody 
dilution

ALK-5 Sigma 1:500 1:4000

COX-2 Proteintech 1:500 1:5000

Endoglin Santa Cruz 1:200 1:4000

eNOS Santa Cruz 1:200 1:2000

GAPDH Sigma 1:10000 1:20000

ICAM-1 Santa Cruz 1:500 1:2000

Id-1 Abcam 1:1000 1:2000

p-eNOS Ser1177 Santa Cruz 1:500 1:2000

pSmad 1,5 Cell Signaling 1:1000 1:2000

pSmad 2,3 Cell Signaling 1:1000 1:2000

VCAM-1 R&D systems 1:500 1:5000

VEGF Abcam 1:1000 1:2000
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Id-1 and TGFβRII/ALK-5/PAI-1) in the heart. A signifi-
cant upregulation of endoglin (Fig. 1a), ALK-5 (Fig. 1i) 
and Id-1 (Fig. 1k) mRNA expression in Sol-Eng+ chow 
mice compared to control chow mice was observed. On 
the other hand, no significant differences in TGFβRII 
(Fig. 1c), TGF-β1 (Fig. 1e), ALK-1 (Fig. 1g) and PAI-1 
(marked as serpine1, Fig. 1m) mRNA levels were found 
between control chow and Sol-Eng+ chow mice. In the 
groups of mice fed high-fat diet, only a significant upreg-
ulation of Id-1 (Fig. 1l) mRNA expression in control HFD 
mice compared to Sol-Eng+ HFD mice was observed. No 
significant differences in endoglin (Fig. 1b), (TGFβRII 
(Fig. 1d), TGF-β1 (Fig. 1f), ALK-1 (Fig. 1h), ALK-5 
(Fig. 1j) and PAI-1 (marked as serpine1, Fig. 1n) mRNA 

levels were found between control HFD and Sol-Eng+ 
HFD mice.

Effect of high-soluble endoglin levels on markers 
of inflammation, oxidative stress and heart remodeling 
at the level of mRNA in mice fed either chow diet or 
high-fat diet

Quantitative real-time RT-PCR also provided data related 
to inflammation (VCAM-1 Fig. 2a, b and ICAM-1 
Fig. 2c, d), oxidative stress (NOS3 Fig. 2e, f and NQO1 
Fig. 2g, h) and heart remodeling (PDGFβ Fig. 2i, j, 
Col1A1 Fig. 2k, l and Myh7 Fig. 2m, n) in groups of 
mice fed chow diet or high-fat diet, respectively. Both 

Fig. 1  Gene expression of some components of TGF-β signal-
ing pathways in the hearts of Sol-Eng+ and control mice fed either 
chow diet or high-fat diet. Relative gene expression of endoglin (a), 
TGFβRII (c), TGF-β1 (e), ALK-1 (g), ALK-5 (i), Id-1 (k) and ser-
pine1 (m) between control chow and Sol-Eng+ chow mice and 

relative gene expression of endoglin (b), TGFβRII (d), TGF-β1 
(f), ALK-1 (h), ALK-5 (j), Id-1 (l) and serpine1 (n) between con-
trol HFD and Sol-Eng+ HFD mice. Error line segment indicating 
mean ± SEM, Mann–Whitney test. *p ≤ 0.05, **p ≤ 0.01
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adhesion molecules, VCAM-1 (Fig. 2a) and ICAM-1 
(Fig. 2c), were significantly upregulated in Sol-Eng+ 
chow mice compared to control chow mice at the level 
of mRNA. However, the rest of the markers did not differ 
significantly between control chow and Sol-Eng+ chow 
mice. No differences in mRNA expressions of any of the 
marker were also found between control HFD and Sol-
Eng+ HFD mice.

Soluble endoglin does not affect the morphological 
structure of the heart in mice fed either chow diet or 
high-fat diet

Hematoxylin–eosin and green trichrome staining were used 
to evaluate possible alterations or microscopic changes in 
the hearts of control and Sol-Eng+ mice fed either chow or 
high-fat diet. 40 sections (thickness 7 µm) from each mouse 
were used for the evaluation of histological changes in the 
left ventricle. Hematoxylin–eosin staining showed no differ-
ences in the heart (myocardium) structure between control 
and Sol-Eng+ mice on both diets. No changes in the nuclei 
staining, cardiomyocytes structure or inflammatory infiltrate 
were detected in all groups (Fig. 3). Green trichrome staining 
did not reveal fibrotic changes in any of the studied hearts 
from all groups (data not shown). In general, there were no 
signs of pathological changes in the hearts of all mice.

Effect of high-soluble endoglin levels on markers 
of endothelial dysfunction in the hearts of mice fed 
either chow diet or high-fat diet

Western blot analysis of endothelial dysfunction-related 
markers did not reveal any significant differences in the 
expression of eNOS (Fig. 4a, b), its active phosphoryl-
ated form peNOS (Ser 1177) (Fig. 4c, d) and VEGF 
(Fig. 4e, f) between control and Sol-Eng+ mice on either 
chow diet or high-fat diet, respectively.

High-soluble endoglin levels do not upregulate 
pro-inflammatory proteins in the hearts of mice fed 
either chow diet or high-fat diet

Western blot analysis did not confirm the qRT-PCR sig-
nificant results with respect to the differential expression of 
VCAM-1 and ICAM-1 between control chow and Sol-Eng+ 
chow mice. The protein expression of VCAM-1 (Fig. 5a) and 
ICAM-1 (Fig. 5c) did not significantly differ between con-
trol chow and Sol-Eng+ chow mice. COX-2 protein expres-
sion (Fig. 5e) was not significantly different between control 
chow and Sol-Eng+ chow mice as well. Similarly, none 
of the protein expression of VCAM-1 (Fig. 5b), ICAM-1 
(Fig. 5d) and COX-2 (Fig. 5f) was significantly different 
between control HFD and Sol-Eng+ HFD mice.

Fig. 1  continued
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High-soluble endoglin levels do not induce upregulation 
of Id-1, ALK-5, pSmad 1,5 and pSmad 2,3 at the 
protein level in mice fed either chow diet or high-fat 
diet

Western blot analysis was also performed to confirm the 
significant upregulation of Id-1, ALK-5 and endoglin in 
Sol-Eng+ chow mice compared to control chow mice and 
the significant downregulation of Id-1 in Sol-Eng+ HFD 
mice compared to control HFD mice at the mRNA level. 
Subsequently, the evaluation of activated transcription fac-
tors pSmad 1,5 and pSmad 2,3 was done. Protein evalua-
tion of Id-1 (Fig. 6a), ALK-5 (Fig. 6b) did not show any 

significant differences between Sol-Eng+ chow and control 
chow mice. Protein expression of the membrane-bound 
mouse endoglin turned out below detection limit in both 
groups of mice (data not shown). Similarly, protein evalu-
ation of Id-1 (Fig. 6c) did not show any significant differ-
ence between Sol-Eng+ HFD and control HFD mice. Pro-
tein expression of pSmad 1,5 did not show any significant 
difference between Sol-Eng+ chow and control chow mice 
(Fig. 6d), as well as between Sol-Eng+ HFD and con-
trol HFD mice (Fig. 6e). Similarly, protein expression of 
pSmad 2,3 did not show any significant difference between 
Sol-Eng+ chow and control chow mice (Fig. 6f), as well as 
between Sol-Eng+ HFD and control HFD mice (Fig. 6g).

Fig. 2  Gene expression of inflammatory, oxidative stress and heart 
remodeling markers in the hearts of Sol-Eng+ and control mice 
fed either chow diet or high-fat diet. Relative gene expression of 
VCAM-1 (a), ICAM-1 (c), NOS3 (e), NQO1 (g), PDGFβ (i), Col1A1 
(k) and Myh7 (m) between control chow and Sol-Eng+ chow mice 

and relative gene expression of VCAM-1 (b), ICAM-1 (d), NOS3 
(f), NQO1 (h), PDGFβ (j), Col1A1 (l) and Myh7 (n) between con-
trol HFD and Sol-Eng+ HFD mice. Error line segment indicating 
mean ± SEM, Mann–Whitney test. *p ≤ 0.05, **p ≤ 0.01
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Discussion

Recently published data suggest that sEng may actively 
promote cardiovascular pathologies. In this line, adminis-
tration of recombinant sEng to rats interfered with TGF-β1 
binding to TGF-β receptor II and reduced Smad2/3 sign-
aling, which resulted in an inhibition of eNOS-dependent 
vasodilatation in isolated rat renal microvessels and mes-
enteric vessels [2]. In another study, Walshe et al. dem-
onstrated that sEng neutralizes TGF-β and VEGF effects, 
which results in a subsequent increase of P-selectin expres-
sion and leukocyte rolling to endothelium, elevated levels 
of soluble E-selectin and soluble VCAM-1 and impaired 
vasodilatation [7]. It was also proposed that sEng antago-
nizes the function of membrane endoglin. Thus, Rossi et al. 
showed that sEng modulates leukocyte and smooth muscle 
cell adhesion to endothelium by interfering with membrane 
endoglin [24, 25].

Taken together, sEng seems to induce signs of endothe-
lial dysfunction and inflammation in different parts of the 
vascular bed, suggesting that it might be considered as a 
risk factor of cardiovascular diseases. Indeed, mice overex-
pressing human sEng have higher systolic blood pressure 
when compared to wild-type littermates, although the pre-
cise mechanism of hypertension development is unknown 
[11]. Endothelial dysfunction and arterial hypertension 
represent risk factors alteration of heart (e.g. hypertrophy, 
fibrosis and heart failure) [26]. Therefore, we hypothesized 
that high levels of sEng may induce pathological changes 

in the heart due to induced hypertension, endothelial dys-
function in heart vessels and/or by interfering with TGF-β1 
signaling in mice on chow and high-fat diet.

A transgenic mouse expressing high levels of human 
sEng is a well-defined animal model used in previous stud-
ies [11, 20]. In our previous studies in transgenic mice fed 
either chow [20] or high-fat diet [22], neither high levels of 
sEng alone, nor a combination of hyperlipidemia (caused 
by a high-fat diet) together with high sEng levels affected 
any morphological or structural parameters in vessel (aorta) 
in male mice. The changes were detected only in female 
aortas. Therefore, we performed this study of mouse myo-
cardium only in females. Thus, in this study, we used the 
same groups of female mice (not male mice) as described 
previously [20, 22], this time focusing on heart samples.

In the first part of this study, we focused on mice fed 
by chow diet. The results of our study showed no differ-
ence in myocardial morphology/hypertrophy and possible 
fibrotic changes between Sol-Eng+ mice and control mice 
was detected. Furthermore, we assessed possible molecular 
changes in the heart. Soluble endoglin was reported to inter-
fere with TGF-β signaling (Smad 2/3) [2]. In addition, sEng 
was shown to scavenge the ligand BMP-9 and thus affect 
ALK-1/Smad 1,5,8 signaling [17]. At the level of heart 
pathology, sEng was demonstrated to interfere with TGF-
β1/collagen signaling leading in suppression of collagen 
I formation [18] and even reduction of fibrosis in the area 
of myocardial infarction scar [27]. Therefore, we expected 
that the proposed sEng interaction with TGF-β signaling 

Fig. 2  continued
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might be also detected in the heart in this study. However, 
no significant effects of high sEng levels on any member 
of TGF-β signaling was shown for membrane endoglin, 
TGFβRII, ALK-5, ALK-1, Id-1, PAI-1 and activated Smad 
proteins (pSmad 1,5 and pSmad 2,3), suggesting that high 
levels of sEng do not affect TGF-β signaling, at least with 
respect to studied markers in the heart of these mice.

As mentioned above, sEng was shown to induce inflam-
mation and signs of endothelial dysfunction in various parts 
of the vascular bed [2, 7]. We aimed to evaluate whether 
any similar effects were also evident in the heart. In this 
study, we did not reveal any inflammatory changes (the 
mild ICAM-1 and VCAM-1 mRNA upregulation in Sol-
Eng+ chow mice were not confirmed at the protein level) 
in Sol-Eng+ mice fed chow diet compared to their relevant 
control group. Even any endothelial function-related mark-
ers, possibly represented by changes of eNOS, peNOS, 
VEGF and oxidative stress markers were not detected in 
Sol-Eng+ mice fed chow diet when compared to the rel-
evant control group.

Taken together, the results of a “chow diet part” of this 
study show that high levels of sEng do not induce any func-
tional or morphological changes in the heart. These data are 
in agreement with results of Nemeckova et al. showing that 
high plasma sEng levels did not cause any alterations in 
aortic vascular function, inflammation status or endothelial 
dysfunction markers in aortas from Sol-Eng+ mice [20].

High levels of sEng were associated with hypercholes-
terolemia in both humans and mice [6]. Thus, we aimed 
to simulate this condition, in a “high-fat diet part” of this 
study. We hypothesized that high levels of sEng combined 
with hypercholesterolemia might act as a double risk factor 
on cardiovascular system. It should be noted that the term 
high-fat diet is commonly used for various types of diets 
that are used in mice experiments. We used high-fat rodent 
diet with 1.25% cholesterol and 40% of fat. Administra-
tion of this high-fat diet in a combination with high levels 
of sEng induced a mild hypercholesterolemia (3 mmol/l) 
in these animals, which was accompanied by induction of 
inflammation and oxidative stress in aortas of Sol-Eng+ 
female mice in our recent paper [22].

Thus, we used the same mice to evaluate whether the 
combination of sEng levels and hypercholesterolemia 
affects the expressions of the same markers in the heart 
we studied in mice on chow diet. Surprisingly, the admin-
istration of high-fat diet (combined with high-soluble 
endoglin levels) did not result in significant differences 
in either myocardial morphology, profibrotic changes or 
inflammatory infiltration in both control and Sol-Eng+ 
mice. In addition, no significant changes in the expression 
of the same proteins studied in mice on chow diet (TGF-β 
signaling, endothelial dysfunction, inflammation, oxi-
dative stress) between control and Sol-Eng+ mice were 
detected. These data suggest that even the presence of 

Fig. 3  Representative micro-
photographs of hematoxylin–
eosin staining of the hearts from 
control and Sol-Eng+ mice fed 
either chow diet or high-fat diet. 
No differences between hearts 
(myocardium) from control 
chow mice (a), Sol-Eng+ chow 
mice (b), control HFD mice 
(c) and Sol-Eng+ HFD mice 
(d) were visible in nuclei and 
cardiomyocytes structure. No 
inflammatory infiltration was 
visible as well. Bar 50 µm
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high-fat diet (mild hypercholesterolemia) does not poten-
tiate the effects of sEng levels on the heart despite signifi-
cant pro-inflammatory and oxidative effects demonstrated 
in aorta [22].

In conclusion, high levels of soluble endoglin do not 
affect microscopic structure (profibrotic and degenerative 
cardiomyocyte changes), and specific parts of TGF-β sign-
aling, endothelial function and inflammation in the heart 

of Sol-Eng+ mice fed chow diet. Despite the fact that an 
increase in soluble endoglin was often related to another 
cardiovascular risk factor (hypercholesterolemia), no 
changes in studied markers were also found in the hearts 
of mice fed high-fat diet. However, we cannot rule out a 
possibility that a long-term chronic exposure (9 months and 
more) to soluble endoglin alone or combined with other 
cardiovascular risk factors may contribute to alterations of 

Fig. 4   Expression of endothe-
lial function-related markers 
in the hearts of mice fed either 
chow diet or high-fat diet. 
Expression of eNOS (a, b), 
active phosphorylated form 
peNOS (c, d) and VEGF (e, f) 
in total protein extracts from 
mice hearts. Top densitometric 
analysis (control = 100%). 
Bottom representative immu-
noblots. Data are shown as 
mean ± SEM, Mann–Whitney 
test
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Fig. 5  Expression of pro-
inflammatory proteins in the 
hearts of mice fed either chow 
diet or high-fat diet. Expression 
of VCAM-1 (a, b), ICAM-1 (c, 
d) and COX-2 (e, f) in total pro-
tein extracts from mice hearts. 
Top densitometric analysis 
(control = 100%). Bottom rep-
resentative immunoblots. Data 
are shown as mean ± SEM, 
Mann–Whitney test
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heart function and structure in Sol-Eng+ mice, which is the 
topic in our lab in ongoing experiments.
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ABSTRACT: Our objective was to investigate the effect of cholesterol [hypercholesterolemia and 7-ketocholesterol
(7K)] on endoglin (Eng) expression and regulationwith respect to endothelial or vascular dysfunction in vivo and in
vitro . In vivo experiments were performed in 2-mo-old atherosclerosis-prone apolipoprotein E–deficient/LDL
receptor–deficient (ApoE2/2/LDLR2/2) female mice and their wild-type C57BL/6J littermates. In in vitro experi-
ments, human aortic endothelial cells (HAECs) were treated with 7K. ApoE2/2/LDLR2/2 mice developed hyper-
cholesterolemia accompanied by increased circulating levels of P-selectin and Eng and a disruption of NO
metabolism. Functional analysis of the aorta demonstrated impaired vascular reactivity, andWestern blot analysis
revealed down-regulation of membrane Eng/Smad2/3/eNOS signaling in ApoE2/2/LDLR2/2 mice. 7K increased
Eng expression viaKrüppel-like factor 6 (KLF6), liver X nuclear receptor, and NF-kB in HAECs. 7K-induced Eng
expressionwas prevented by the treatmentwith 2-hydroxypropyl-b-cyclodextrin; 8-{[5-chloro-2-(4-methylpiperazin-
1-yl) pyridine-4-carbonyl] amino}-1-(4-fluorophenyl)-4, 5-dihydrobenzo[g]indazole-3-carboxamide; or by KLF6
silencing. 7Kinduced increasedadhesionand transmigrationofmonocytichumanleukemiapromonocytic cell line
cells and was prevented by Eng silencing. We concluded that hypercholesterolemia altered Eng expression and
signaling, followed by endothelial or vascular dysfunction before formation of atherosclerotic lesions
in ApoE2/2/LDLR2/2 mice. By contrast, 7K increased Eng expression and induced inflammation in HAECs,
which was followed by an increased adhesion and transmigration of monocytes viaendothelium, which was
prevented by Eng inhibition. Thus,we propose a relevant role for Eng in endothelial or vascular dysfunction or
inflammation when exposed to cholesterol.—Vicen, M., Vitverova, B., Havelek, R., Blazickova, K., Machacek,
M., Rathouska, J., Najmanová, I., Dolezelova, E., Prasnicka, A., Sternak, M., Bernabeu, C., Nachtigal, P. Reg-
ulation and role of endoglin in cholesterol-induced endothelial and vascular dysfunction in vivo and in vitro .
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Endoglin (Eng), also knownasCD105 andTGF-b receptor
III, is a homodimeric transmembrane glycoprotein that is
predominantly expressed in arterial endothelial cells (1). It

is an important regulator of TGF-b signaling in different
physiologic and pathologic conditions. Moreover, a solu-
ble Eng (sEng) is released into the blood circulation after

ABBREVIATIONS: 7K, 7-ketocholesterol; Ach, acetylcholine; ApoE2/2/LDLR2/2, apolipoprotein E–deficient/LDL receptor–deficient; EGM-2, endo-
thelial growth medium 2; Eng, endoglin; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HAEC, human aortic endo-
thelial cell; HIF-1a, hypoxia-inducible factor 1a; HO-1, heme oxygenase–1; ICAM-1, intercellular cell adhesion molecule 1; KCl, potassium chloride;
KLF6, Krüppel-like factor 6; L-NAME, Nv-nitro-L-arginine methyl ester; LXR, liver X nuclear receptor; MLC, myosin light chain; MMP-14, matrix
metalloproteinase-14; NO3

2, nitrate; NR1H3, LXRa variant 1 member 3 gene; oxLDL, oxidized LDL; PE, phenylephrine; p-eNOS, phosphorylated
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pMLC Thr18/Ser19, phosphorylated MLC on residues threonine 18 and serine 19; pSmad2/3, phosphorylated Smad2/3; RELA, NF-kB phosphorylated
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proteolytic cleavage of the juxtamembrane region of
membrane-boundEng (2) in various pathologic conditions
with potential involvement ofmatrixmetalloproteinase-14
(MMP-14) as the major Eng shedding protease (3).

Membrane Eng expression is regulated by various
transcription factors including Krüppel-like factor 6
(KLF6) (member of the zinc finger Krüppel-like factor
familyubiquitouslyexpressed inhumantissues) (4),NF-kB
phosphorylated on carbon 65 (RELA) hypoxia-inducible
factor 1a (HIF-1a) (inflammatory and oxidative stress
pathway factors) (5–7), and liver X nuclear receptor (LXR;
cholesterol metabolism related factor and oxysterol re-
ceptor) (8). In addition, it has been shown that Eng is in-
volved in Smad2/3 phosphorylation (signaling), which
results in regulation of expression and proper function of
eNOS in endothelial cells and demonstrates a relationship
between Eng and NO-dependent vasodilation (9, 10).
Thus, Eng might be considered as a vasoprotective or en-
dotheliumprotective agent. On the other hand,membrane
Eng and sEng were proposed to be ligands for leukocyte
integrins. It was suggested that Eng might participate in
integrin-mediated inflammatory infiltration of leukocytes
(11) and platelet adhesion to endothelium (12).

Hypercholesterolemia and/or increased levels of oxi-
dizedLDL (oxLDL) are crucial inducers of developmentof
endothelial dysfunction, which is followed by atherogen-
esis as shown in experimental animal models as well as in
humans (13). Cholesterol in blood especially the one ac-
cumulated in arterial intima can be modified by different
mechanisms resulting in formation of oxysterols. LDL
particles contain predominantly oxysterols of non-
enzymatic origins. Among these, 7-ketocholesterol (7K) is
a typical representative (14), and it is one of the most
commonoxysterols present inhealthyhumanplasma (15).
In addition, it was demonstrated that 7K promotes in-
flammation (16) and foam cell formation (17).

We previously demonstrated that Eng expression is
detected only in endothelial cells in the aorta in a mouse
model of atherosclerosis (1). Moreover, membrane Eng
expression was reduced in advanced atherosclerotic pla-
ques, whereas sEng levels were increased (18, 19). In ad-
dition,membraneEngexpressionwasdecreasedandsEng
levels were increased when HUVECs were exposed to
inflammatory stimulation by TNF-a for 24 h (20). In-
terestingly, membrane Eng and sEng were shown to par-
ticipate in inflammatory infiltration of leukocytes both in
vivo and in vitro (11, 21). These data suggest a complex
regulated expression and function of Eng during endo-
thelial dysfunction and inflammation, which are key early
steps of atherogenesis.

The above-mentioned data clearly show discrepancies
in the potential role Eng plays in in vivo studies simulating
atherogenenesis (macrocirculation) and in vitro studies
focusing on different blood vessels (microcirculation).

Thus, in this paper, we aimed to combine the in vivo
and in vitro approaches and focus on regulation of Eng
expression and Eng-related signaling in aortic endo-
thelial cells [mouse aorta and human aortic endothelial
cells (HAECs)] under the “cholesterol attack” in order
to elucidate the role of Eng in endothelial function or
dysfunction.

Therefore, in the first part of this study, we hypothe-
sized that hypercholesterolemia alters Eng expression and
signaling with respect to endothelial function in aorta be-
fore formation of any atherosclerotic changes in wild-type
(WT)C57BL/6Jandhypercholesterolemic atherosclerosis-
proneapolipoproteinE–deficient/LDLreceptor–deficient
(ApoE2/2/LDLR2/2) mice. In the second part, using
HAECs, we hypothesized that 7K (mimicking hypercho-
lesterolemia) affects membrane Eng expression and its
involvement in monocyte adhesion and transmigration
in vitro.

The resultsof thismanuscript showed for the first time3
main outcomes: 1) Hypercholesterolemia altered Eng ex-
pressionandsignaling followedbyendothelial or vascular
dysfunction before the formation of atherosclerotic changes
in aorta (previous papers showed alteration of Eng expres-
sionandsignalingbutwithout functional consequences and
in aorta with advanced atherosclerotic lesions); 2) 7K (sim-
ulating ox-LDL effects in in vivo experiments)-induced in-
crease in Eng expression was regulated by simultaneous
activation of 3 transcription factors, including KLF6, RELA
(NF-kB), andLXRa variant 1member 3gene (NR1H3); and
3) Eng might be involved in cholesterol-induced adhesion
and transmigration of monocytes via endothelium.

MATERIALS AND METHODS

Animals and experimental design

ApoE2/2/LDLR2/2 female mice (n = 7 in each group), the
model initially described by Ishibashi et al. (22) and extensively
characterized in previous studies (23, 24), were used in the cur-
rent studyat theageof 2mo.C57BL/6J (WT) femalemice (n=7 in
each group) were used for comparison and were obtained from
the Jackson Laboratory (Bar Harbor,ME, USA). It is of interest to
mention that in our hands female mice are easier to breed than
male mice. All our previous studies with ApoE2/2/LDLR2/2

mice were performed with female mice for consistency and
comparative purposes. The animals were kept in controlled
ambient conditions in a temperature-controlled roomwith a 12-h
light/dark cycle with constant humidity and had access to tap
water and standard chow diet ad libitum. WT and ApoE2/2/
LDLR2/2mice were not cohoused in the same cages. At the age
of 8wk,micewere euthanized under general anesthesia induced
by a combination of xylazine (10 mg/kg, i.p.) and ketamine
(100 mg/kg, i.p.), and blood, urine, and aorta samples were
harvested for further analysis.

All experiments were carried out in accordance with the
standards established in the directive of the European Union
(2010/63/EU), and all procedures were approved by the Ethical
Committee for the Protection of Animals Against Cruelty at
Faculty of Pharmacy, CharlesUniversity (Permit: 21558/2013-2).

Cell culture

HAECs are primary cells from pooled donors purchased from
Lonza (Basel, Switzerland).HAECswere culturedonPetridishes
(TPP, Trasadingen, Switzerland) coated with gelatin (Milli-
poreSigma, Burlington, MA, USA) in endothelial growth me-
dium (EGM-2; Lonza) with adequate supplements (Lonza) and
10% fetal bovine serum (FBS; MilliporeSigma) at 37°C and 5%
CO2. Gelatin acts as an extracellular matrix and helps HAECs to
attach to the bottom of Petri dishes. All experiments were per-
formedwithHAECspassage 5 (cumulativepopulationdoubling
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9–10). To avoid cell-cell contact inhibition, HAECs were pas-
saged or premedicated after reaching of 80–90% confluence.

The human acute monocytic leukemia cell line (THP-1), with
features of monocytes derived from blood plasma, was kindly
provided by Soňa Čejková (Institute for Clinical and Experi-
mentalMedicine, Prague, Czech Republic) and used to study the
effects of 7K. THP-1 cells were cultured in Rosewell Park Me-
morial Institute (RPMI) 1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA) and supplemented with penicillin-
streptomycin (MilliporeSigma), glutamine (Glutamax; Thermo
Fisher Scientific) and 10% FBS in nonadhesive flasks (SPL Life
Sciences, Gyeonggi-do, South Korea). Cell density was main-
tained at a concentration of 0.1–0.9 million cells per milliliter of
medium. For amplification, cells were split 1:3 after reaching a
density of 0.8–0.9 million cells per milliliter.

Chemicals

7K, 2-hydroxypropyl b-cyclodextrin, 8-{[5-chloro-2-(4-methyl-
piperazin-1-yl) pyridine-4-carbonyl] amino}-1-(4-fluorophenyl)-
4,5-dihydrobenzo[g]indazole-3-carboxamide (PHA-408), and
N,N9-bis-[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,39-p-phenylene-
bis-acrylamide dihydrochloride were purchased from Millipore-
Sigma.Solutionsof7Kwereprepared justbefore cellpremedication
at 10mg/ml using 100ml ethanol (Penta, Prague, CzechRepublic)
as cosolvent to dissolve 1mg of oxysterol in culturemedium. The
same amount of ethanol was added to control samples. Stock
solutionofPHA-408waspreparedusingDMSO(MilliporeSigma)
25 ml/125 mg. Treatments were done with a medium containing
10% FBS. To analyze acute effects of oxysterols, we used doses of
5 and 10 mg/ml. Dosage was selected according to preliminary
dose and time-dependent experiments (unpublished results) and
a previously published paper by Yamagata et al. (25). We used
2-hydroxypropyl b-cyclodextrin (for the inhibition of NR1H3/
LXR) and PHA-408 (for the inhibition of NF-kB) at a final con-
centration of 10 mM and 10 mM, respectively.

Biochemical analysis

Total concentration of plasma cholesterol was measured enzy-
matically by conventional enzymatic diagnostic kits (Lachema,
Brno, Czech Republic) and spectrophotometric analysis (choles-
terol at 510 nm, Ultrospec III; Pfizer, New York City, NY, USA).

Luminex assay

Blood samples frommice were obtained from vena cava inferior
and plasma levels of mouse sEng, and soluble P-selectin were
determined by means of a Mouse Premixed Multi-Analyte
Magnetic Luminex Kit (R&D Systems, Minneapolis, MN, USA),
according to the manufacturer’s protocol.

Measurement of plasma and urinary concentration
of nitrate

The concentration of nitrate (NO3
2) in plasma and urine was

measured by an ENO-20 NOx Analyzer (Eicom, Kyoto, Japan).
The analysis is based on a liquid chromatography method with
post-column derivatization using Griess reagent. NO3

2 was
separated from other substances in matrices on a NO-PAK col-
umn (4.63 50 mm; Eicom). Then, NO3

2 was reduced to nitrite
using a cadmium-copper column (NO-RED; Eicom). Sub-
sequently, nitritewasmixedwithGriess reagent to formapurple
azo dye in reaction coil placed in a column oven at 35°C. The
absorbance ofderivativeswasmeasuredat 540nm.The flow rate
of themobile phase (carrier solution)was 330ml/min. TheGriess

reagent (Reactor A and B Solution 1:1, v/v) was delivered by a
pump at a flow rate of 110 ml/min. Plasma samples were pre-
cipitated with methanol at a ratio of 1:1 (v/v), centrifuged at
10,000 g for 10min, and the resulting supernatant was analyzed.
To measure urinary NO3

2 concentration, urine samples were
diluted 5-fold and analyzed directly (26, 27).

Functional analysis of vascular reactivity ex vivo

Aortic rings underwent cleaning, mounting, and measuring
processes as previously described by Vitverova et al. (28). The
change of contractile substance is the only difference from the
previous protocol. Aortic rings were precontracted with in-
creasing concentrations of phenylephrine (PE; 0.01–10 mM).

Western blot analysis

The procedure was performed as previously reported by
Nemeckova et al. (29). For the list of antibodies please seeTable 1.

Elisa

HAECs were treated with 5 or 10 mg/ml of 7K for 12 h and
culture supernatants were collected and analyzed by ELISA as-
say (DNG00 Human Eng/CD105 Quantitative ELISA Kit; R&D
Systems). Concentration of sEng was determined according to
the manufacturer’s protocol.

Real-time quantitative PCR

HAECs were treated with 5 or 10 mg/ml of 7K for 12 h. The
mRNA expression of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; Hs02758991_g1), membrane Eng (Hs00923996_
m1), NR1H3 (Hs00172885_m1), KLF6 (Hs00810569_m1), RELA
(Hs00153294_m1), eNOS (Hs00167166_m1), and intercellular cell
adhesion molecule 1 (ICAM-1; Hs00164932_m1) (all provided
by Thermo Fisher Scientific) was evaluated using real-time quan-
titative PCR. KLF6 and Eng silencing and treatment with either
2-hydroxypropyl-b-cyclodextrin or PHA-408 were followed by
evaluation by means of the same set of genes. Tri reagent (Milli-
poreSigma)wasused for isolationofRNAfromHAECs.RNAwas
directly converted to cDNA using a cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). TaqMan Gene Expression Master
Mix (Thermo Fisher Scientific) and predesigned TaqMan primers
were used for amplification reaction 20 ng of cDNA. The relative
expression ratio was calculated as previously described by
Zemankova et al. (20). GAPDH was used as a reference for nor-
malizing the data.

Immunofluorescence flow cytometry

After reaching 80–90% confluence, cells [WT, transfected or not
with scrambled RNA (scRNA), KLF6 or Eng small interfering
RNA (siRNA)] were exposed to 7K (5 or 10mg/ml) for 12 hwith
or without 2-hydroxypropyl-b-cyclodextrin (11 h before experi-
ment) or PHA-408 (12 h 10 min before experiment). Protein ex-
pression was evaluated by immunofluorescence flow cytometry
analysis.

Direct flow cytometry was used for the detection of ICAM-1
and P/E-selectins on the cell surface. Cells were rinsed with PBS
(prepared from tablets; MilliporeSigma) after 12 h of premed-
ication, detached with trypsin (Biosera, Nuaille, France) and in-
cubated with primary fluorescent-labeled mouse monoclonal
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antibody against human ICAM-1 (R&D Systems) or P/E-
selectins (R&D Systems).

Indirect flow cytometry was used for the detection of mem-
brane Eng. Cells were rinsed with PBS after 12 h of premed-
ication, detached with trypsin, and incubated with primary
mouse monoclonal antibody against human Eng (P4A4; De-
velopmental Studies Hybridoma Bank, The University of Iowa,
Iowa, IA, USA). After 1 h incubation, cells were rinsed with PBS
and incubated with secondary goat anti-mouse fluorescent-
labeled antibody (Alexa 488; Thermo Fisher Scientific).

Intracellular flow cytometry was used for detection of phos-
phorylated Smad2/3 (pSmad2/3). Cells were rinsed with PBS
and detached with trypsin. Subsequently, cells were fixed with
2% paraformaldehyde and permeabilized with 90% methanol
before experiment. After the fixation and permeabilization pe-
riod, the primary rabbit anti-human pAb (Cell Signaling Tech-
nology, Danvers, MA, USA) and fluorescent-labeled secondary
chickenanti-rabbit antibody (ThermoFisher Scientific)wereused.

Determination of protein expression was performed on Cell
Lab Quanta SC Flow Cytometer (Beckman Coulter, Brea, CA,
USA). Results are presented as relative expression index, calcu-
lated as percentage of positive cells multiplied by the mean
fluorescence intensity (30).

Cell transfections

HAECs were cultured on 6-well plates (KLF6 silencing; Milli-
poreSigma) or Petri dishes (Eng silencing; 60 cm2, VWR) using
EGM-2 with supplements until 80% confluence. Cells were
rinsed with PBS and transfected in serum and antibiotic-free
mediumwith silencingKrüppel-like factor 6 (siKLF6) (SC-38021;
Santa Cruz Biotechnology, Dallas, TX, USA), silencing endoglin
(siENG) (s4679 and s4677; Thermo Fisher Scientific), or scram-
bled RNA (SIC001-1; MilliporeSigma) mixed in Opti-MEM
(Thermo Fisher Scientific) with Lipofectamin 3000 (siKLF6;
Thermo Fisher Scientific) or RNAiMax (siENG; Thermo Fisher
Scientific). The final siRNA concentration used for transfections
was16.34nM/ml.After 5hof incubation inamediumcontaining
transfection reagents, it was replaced with complete EGM-2
containing10%FBS.Thirty-sixhoursafter transfection, cellswere
used for experiments according to themanufacturer’s guidelines.

Immunofluorescence microscopy in chamber slides

HAECswere cultured on chamber slides (Eppendorf, Hamburg,
Germany). After reaching 80–90% confluence, cells were treated
with10mg/ml7K, aloneor in combinationwith10mMPHA-408,
for 4 h. Cells were fixed and permeabilizedwith ice-cold acetone
for 10 min. After blockage with 5% bovine serum albumin and
0.1% glycine in PBS, cells were incubated with primary rabbit
anti-human antibody against RELA (NF-kB p65; Santa Cruz
Biotechnology) overnight at 4°C. The next morning, cells were
rinsedwith PBS (MilliporeSigma) and incubatedwith secondary
chicken anti-rabbit antibody (Thermo Fisher Scientific).

eNOS,phosphorylatedeNOS(p-eNOS),andhemeoxygenase–1
(HO-1) expressionwasquantifiedafter2.5 (p-eNOS), 6 (HO-1), or12
(eNOS) h treatment with 5 or 10 mg/ml of 7K. After fixation, per-
meabilization, and blocking, cells were incubated with primary
rabbit anti-human antibody against eNOS or p-eNOS (both from
Santa Cruz Biotechnology) or with primary mouse anti-human
antibody against HO-1 (Abcam, Cambridge, MA, USA) overnight
at 4°C. The next morning, cells were rinsed with PBS (Milli-
poreSigma) and incubated with secondary chicken anti-rabbit an-
tibody (Thermo Fisher Scientific) (eNOS, p-eNOS) or secondary
goat anti-mouse antibody (Thermo Fisher Scientific) (HO-1). After
rinsing with PBS, cells were incubated with DAPI (Thermo Fisher
Scientific) for nuclear staining for 5 min. Chamber slides were

mounted using a solution of 1,4-diazabicyclo[2.2.2]octane (Dabco;
MilliporeSigma) preparedwithpolyvinyl alcohol (MilliporeSigma),
Tris-HCl (Serva, Heidelberg, Germany), and distilled water. Pho-
tomicrographs were obtained using confocal laser scanning micro-
scope system (NikonA1+;Nikon, Tokyo, Japan) andNIS Elements
AR 4.02 software (Laboratory Imaging, Prague, Czech Republic).
Six focal planes were imaged to cover the whole volume of the
specimen in the field of view using320 objective lens and 405 and
488 nm lasers together with DAPI and FITC emission filters, re-
spectively. Pinhole was set at 14 mm and laser power was kept as
low as possible to prevent any photodamage to the specimen.

Cell adhesion assays

HAECs were cultured in EGM-2 on Petri dishes until 80–90%
confluency and exposed, or not, to 10 mg/ml 7K for 12 h. THP-1
cells were added to HAECs; after 1 h coincubation, dishes were
rinsed using PBS and nonadherent cells were removed. HAECs
with adherent THP-1 cells were dissociated using acutase
(Thermo Fisher Scientific). The cell mixture was stained on
membrane Eng as previously mentioned and analyzed using a
flowcytometer andKaluza software. Themethodof negative cell
sorting was used for detection and counting of the cells. For ad-
hesion experiments on transfected cells, positive sortingofTHP-1
monocytes labeled with Vybrant-Dio (3 ml/ml 30 min before
addition to HAECs) in combination with the inhibitor of exo-
cytosis N,N9-bis-[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,39-
p-phenylene-bis-acrylamide dihydrochloride (15 mM 1 h before
addition to HAECs) was used.

Cell transmigration assays

Monolayers of HAECs created from normal or transfected cells
on the membrane of a transwell insert were used to mimic the
endotheliumof anaorta.HAECswere culturedonmembranesof
polycarbonate cell culture inserts in multidishes with 3-mmpore
size (Nunc, Thermo Fisher Scientific) until 100% confluency.
Then, complete EGM-2 (control, siENG group) or EGM-2 with
10 mg/ml 7K (siENG + 7K group) was added into the lower
compartment. Approximately 100,000 of actively proliferating
THP-1 cells were added into the upper compartment; after 12 h
of incubation, transmigrated cells were counted in 100 ml of
medium from the lower compartment using a flow cytometer
(Beckman Coulter) and Kaluza analysis software.

Statistical analysis

The statistical analysis was performed by Prism 7.0 software and
Outlier calculator (both from GraphPad Software, La Jolla, CA,
USA). All data are presented as means6 SEM. All multiple com-
parisonswere analyzedusingANOVAwithaKruskal-Wallis test
and Dunnett’s multiple comparisons test. Direct group–group
comparisons were carried out usingMann-Whitney test. A value
of P# 0.05 was the minimum requirement for a statistically sig-
nificant difference.

RESULTS

ApoE2/2/LDLR2/2 mice have elevated
cholesterol levels, sEng levels, and
inflammatory biomarkers in plasma

Biochemical and immunologic analyses of cholesterol,
sEng, and inflammatory biomarkers were performed.
We found significantly increased total cholesterol levels
(1.53 6 0.10 vs. 19.0 6 1.57 mM) between WT and
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ApoE2/2/LDLR2/2 mice (Fig. 1A). In parallel with in-
creased total cholesterol concentration, plasma levels of
sEng were significantly higher in ApoE2/2/LDLR2/2

(4817 6 341 pg/ml) compared to WT mice (3010 6
309 pg/ml) (Fig. 1B). Luminex analysis also showed ele-
vated plasma concentration of P-selectin in the blood of
ApoE2/2/LDLR2/2 (60,013 6 1747 pg/ml) compared to
WTmice (38,5486 3321 pg/ml) (Fig. 1C).

We examined plasma and urinary levels of NO3
2 as a

marker of NO metabolism. Determination of NO3
2

plasma concentration showed significant differences be-
tween ApoE2/2/LDLR2/2 andWTmice (34.36 3.10 vs.
65.3 6 5.25 mM), respectively (Fig. 1D). Urinary NO3

2

excretion was also significantly decreased in ApoE2/2/
LDLR2/2 (5246 80.0 mM) compared to WT mice (22886
206 mM) (Fig. 1E). As expected, ApoE2/2/LDLR2/2 mice
demonstrated a significant decrease in urine creatinine–
normalized concentration of NO3

2 compared to WT
mice (1.636 0.30 vs. 3.746 0.27 mM/mmol), respectively
(Fig. 1F).

Figure 1. Biochemical and Luminex analyses of plasma. Plasma concentration of total cholesterol (A), mouse sEng (B), P-selectin
(C), NO3

2 in plasma (D), NO3
2 in urine (E), and urine creatinine–normalized concentration of NO3

2 (F) in ApoE2/2/LDLR2/2

and WT mice. Data are shown as means 6 SEM, Mann-Whitney test (n = 7 mice/group). *P # 0.05, **P # 0.01, ***P # 0.001.
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Impaired vascular and endothelial function
ex vivo in ApoE2/2/LDLR2/2 mice

Vascular reactivity is primarily evaluatedbyadministration
of potassium chloride (KCl) that is able to evoke receptor-
independent contraction based on membrane depolariza-
tion with subsequent increased cytosolic concentration of
Ca2+ ions (31). We used KCl in concentration 60 mM to
assess the maximal contractile response. As shown in Fig.
2A, the maximal contraction achieved in response to KCl
wasnot significantlydifferentbetweenApoE2/2/LDLR2/2

and WT mice (3.56 6 0.21 vs. 3.78 6 0.35 mN). Next, in-
creasing concentrations of PE (0.01–10mM), ana-adrenergic
vasoconstrictor, was used for precontraction of aortic rings
prior to the next measurements. The maximal induced con-
traction after administration of PE (10 mM) showed no sig-
nificant differences between ApoE2/2/LDLR2/2 and WT
mice (35.16 5.70 vs. 27.46 4.48%) (Fig. 2B).

Endothelium-dependent relaxation induced by cu-
mulative concentrations of acetylcholine (Ach; 0.001–
0.1 mM) was measured in PE precontracted aortic rings.
Ach mediates relaxation via activation of muscarinic re-
ceptors type III that are responsible for synthesis of NO.
We found that the maximal induced relaxation was not
significantly different between ApoE2/2/LDLR2/2

and WT mice (98.7 6 13.6 vs. 97.1 6 11.0% at 0.1 mM
Ach) (Fig. 2C). For endothelium-independent relaxa-
tion, the vasodilator response in PEprecontracted aortic
rings was induced by cumulative concentrations of
sodium nitroprusside (SNP; 0.001–0.1 mM), a direct NO
donor. The maximal relaxation induced by SNP was
significantly impaired in ApoE2/2/LDLR2/2 com-
pared toWTmice (31.16 9.02 vs. 72.86 8.43% at 0.1mM
SNP) (Fig. 2D). To determine the contribution of other
sources of NO, different from the NO generated from
L-arginine/eNOS cascade, N (v)-nitro-L-arginine methyl
ester (L-NAME; 300mM)asadirect inhibitor of eNOSwas
used (23, 28). The effect of L-NAME on the maximal Ach-
induced relaxation in PE precontracted aortic rings
reached significantly increased values in ApoE2/2/
LDLR2/2 (10.5 6 4.82%) compared to WT mice (2.44 6
0.86%) (Fig. 2E).

Eng/Smad2/3/eNOS signaling is impaired in
aortas of ApoE2/2/LDLR2/2 mice

Because Eng regulates protein expression and function of
eNOS (9, 10) and is involved in eNOS expression via
Smad2/3 transcription factors (32), we examined the
protein levels of membrane Eng, eNOS, and its active
phosphorylated form p-eNOS Ser1177, as well as
pSmad2/3 in mice aortas. Significantly reduced expres-
sion of membrane Eng (to 12%; Fig. 3A), eNOS (to 59%;
Fig. 3B), p-eNOSSer1177 (to 38%; Fig. 3C), andpSmad2/3
(to 71%; Fig. 3D) were observed in aortas of ApoE2/2/
LDLR2/2 mice when compared to WT mice. Next, we
determined the protein level of MMP-14 previously re-
ported to be involved in sEng shedding in preeclampsia
(33). Interestingly, ApoE2/2/LDLR2/2mice displayed a
significantly reduced expression of MMP-14 (to 20%; Fig.
3E) compared to WTmice.

Expression of HO-1, a carbon monoxide–releasing
molecule, was measured to evaluate a possible in-
volvement of this protein in the vasodilatory mechanism
leading to an interaction with soluble guanylate cyclase
and subsequently to higher NO release (34). In line with
this,we observed a significantly lower expression ofHO-1
(to 42%; Fig. 3F) in aortas of ApoE2/2/LDLR2/2 mice
compared to WT mice.

Myosin light chain (MLC) is a major regulatory com-
ponent invascular smoothmuscle reactivity.Todetermine
the activation status of MLC, expression of phosphory-
lated MLC on residues threonine 18 and serine 19 (pMLC
Thr18/Ser19) was assessed. As shown in Fig. 3G, signifi-
cantly lower expression of pMLC Thr18/Ser19 (to 67%)
was demonstrated in aortas of ApoE2/2/LDLR2/2 mice
compared to WT mice.

7K increases Eng expression and induces
endothelial dysfunction in HAECs

To assess whether the oxidized cholesterol contributes to
the decrease in Eng expression of hypercholesterolemic
mice, HAECs were incubated with 5 or 10 mg/ml of 7K.
Significant increase in both Eng mRNA (131 6 8.73 and
1386 5.77% of control, respectively; Fig. 4A) and protein
(14,1236 1424 and 16,1276 1240, respectively, compared
to control 6853 6 465) levels was found after 12 h incu-
bation (Fig. 4B). In addition, a significant dose-dependent
increase in Eng protein levels was demonstrated by im-
munofluorescence flow cytometry as illustrated by means
of representative histograms (Fig. 4C). It is of interest
to mention that increase in membrane Eng protein levels
after treatmentwith 7Kwas not followed by an increase in
sEng levels (2436 37.7 and2796 54.0pg/ml, respectively,
compared to control 334 6 11.4 pg/ml) (Fig. 4D). Never-
theless, pSmad2/3 was significantly increased after 7K
premedication (95.8 6 18 and 77.5 6 16.5 respectively
compared to control 296 2.8) (Fig. 4E).

Endothelial dysfunction in vascular endothelium
is characterized by increased expression of proin-
flammatory cell adhesion molecules, including ICAM-1
and P/E-selectins. Therefore, we analyzed whether
oxysterol treatment affects the expression of these
proinflammatory markers. Treatment with 7K for 12 h
significantly increased ICAM-1 mRNA expression
(148 6 5.70 and 262 6 20.5% at 5 and 10 mg/ml of 7K,
respectively; Fig. 4F). To confirm the hypothesis that
7K treatment can induce an endothelial dysfunction–
like phenotype in HAECs, flow cytometry analysis of
ICAM-1, and P/E-selectins protein levels was carried
out. Protein levels of ICAM-1 were significantly in-
creasedat 2differentdoses (5 and10mg/ml) of 7K (4386
23.3 and 715 6 98.6, respectively, compared to control
78.76 11.3; Fig. 4G, H). Similarly, protein levels of P/E-
selectins were increased after treatment with 10 mg/ml
7K (97.7 6 9.2 vs. 45.2 6 4.22) but not at 5 mg/ml of 7K
(Fig. 4I, J). Expression of HO-1 was significantly de-
creased after 7K treatment (19236 22.8 and 18106 18.1,
respectively), compared to control values (2957 6 29.6)
(Fig. 4K).
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Activation of eNOS signaling was detected at the
mRNA level of eNOS (121.7 6 4.9 and 176.8 6 7.3% of
control, respectively; Fig. 4L), and protein levels of eNOS
(2412 6 38 and 2195 6 38.6, respectively, compared to
control 11206 38; Fig. 4M) and p-eNOS (25486 11.4 and
25656 20, respectively, compared to control 20756 14.4;
Fig. 4N). Representative confocal microscopy photomi-
crographs are displayed in Fig. 4O.

7K induces the expression of transcription
factors involved in Eng regulation

It has been demonstrated that Eng expression is regulated
by the activity of different transcription factors, including
KLF6 (4, 35), RELA (p65 NF-kB)-HIF-1 (6, 7), and LXR
(NR1H3) (8, 36). In agreement with these findings, we
found that the expression of the genes encoding these

Figure 2. Vasomotor function evaluation of aorta. Maximal contraction to KCl (60 mM) (A), PE-induced contraction (B), Ach-
induced relaxation in PE-precontracted aortic rings (C), SNP-induced relaxation in PE precontracted aortic rings (D), and
inhibitory effect of L-NAME on eNOS-dependent, Ach-induced relaxation in PE-precontracted aortic rings (E) in ApoE2/2/
LDLR2/2 and WT mice. Data are shown as means 6 SEM, Mann-Whitney test (n = 7 mice/group). *P # 0.05.
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proteins was significantly increased after premedication
with 10mg/ml 7K (1276 6.40% for KLF6; 1436 4.64% for
RELA; and 1336 6.44% for NR1H3) (Fig. 5A–C).

KLF6 silencing, cyclodextrins, or RELA (NF-kB)
inhibition prevent 7K -induced up-regulation
of Eng expression

Because of the increased expression of KLF6 after 12 h
premedication with 7K in HAECs (Fig. 5A), we in-
vestigated further the role of KLF6 in 7K-induced Eng

expression. For this purpose, we used HAECs where the
7K-induced KLF6 mRNA increase was inhibited upon
transfection with KLF6-specific siRNA (98.9 6 2.99 vs.
128 6 6.43%, Fig. 6A). Parallel transfection experiments
showed that siKLF6 mRNA was able to prevent
7K-mediated increase in both Eng mRNA (115 6 2.96 vs.
1396 5.80%, Fig. 6B) andEngprotein (1076 24.8 vs. 2356
18.1%) levels (Fig. 6C, D).

In order to elucidate the role of LXR (NR1H3) in
7K-induced Eng expression, we used 2-hydroxypropyl-
b-cyclodextrin, whichwas able to significantly abolish the

Figure 3. Western blot analysis of aortas from ApoE2/2/LDLR2/2 and WT mice. The expression of membrane Eng (A), eNOS
(B), p-eNOS-Ser1177 (C), pSmad2/3 (D), MMP-14 (E), HO-1 (F), and pMLC Thr18/Ser19 (G) in total protein extracts from
mice aortas. Top: densitometric analysis (control = 100%). Equal loading of samples was confirmed by immunodetection of
GAPDH. Bottom: representative immunoblots. Data are shown as means 6 SEM, Mann-Whitney test (n = 7 mice/group). *P #
0.05, **P # 0.01.
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7K-induced gene expression of NR1H3 (LXR) (71.36 2.07
vs.12966.22%,Fig. 6E). In the samesetof experiments,we
found that 2-hydroxypropyl-b-cyclodextrin significantly
decreased Eng gene expression (116 6 6.10 vs. 138 6
5.78%,Fig. 6F) andEngprotein levels (87.06 4.80 vs.2356
18.1%, Fig. 6G, H) compared to the group premedicated

with 7K alone. Our results suggest that this cyclodextrin
prevents 7K-induced increase in Eng expression.

RELA (NF-kB p65) is important for canonical path-
way of inflammation (37) and production of HIF-1a (6,
7), which, in turn, regulates Eng expression (6). We in-
terferedwithRELA (NF-kB) expression byusing the IkB

Figure 4. Effect of oxysterol on the expression of Eng, pSmad2/3, ICAM-1, P/E-selectins, HO-1, eNOS, and p-eNOS in HAECs. A)
Untreated HAECs (control) and premedicated HAECs for 12 h with 5 or 10 mg/ml 7K were analyzed for mRNA and protein
expression, as indicated. Eng mRNA expression. B, C) Eng protein levels. D) sENG protein levels. E–H) pSmad2/3 protein levels
(E), ICAM-1 mRNA expression (F), protein levels (G, H). I, J ) P/E-selectins protein levels. K–M) HO-1 protein levels (K), eNOS
mRNA expression (L), and protein levels (M). N) p-eNOS protein levels. O) HO-1, eNOS, and p-eNOS protein levels were
calculated from confocal microscopy photomicrographs as described in Materials and Methods. DAPI (blue): nuclei; Alexa Fluor
488 (green): HO-1/eNOS/p-eNOS, respectively. Scale bar, 100 mm. Data are shown as means 6 SEM, ANOVA with Kruskal-Wallis
test followed Dunn’s multiple comparisons test (n = 5–208 measurements from 3 independent cell stocks). *P # 0.05, **P# 0.01,
***P # 0.001.
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kinase-2 inhibitor PHA-408, which decreases transloca-
tion of NF-kB to nucleus (38). We found that PHA-408
decreases 7K-induced mRNA expression of RELA (NF-
kB) (88.96 3.65 vs. 1456 4.68%, Fig. 6I), aswell as the 7K-
induced increase inEngmRNAexpression (1096 6.12vs.
1386 5.79%, Fig. 6J) and protein levels (1216 9.02 vs. 235
6 18.1%) (Fig. 6K, L).

Eng is involved in 7K -induced adhesion and
transmigration of THP-1 monocytes through
HAECs monolayers

THP-1 was used to study the effect of 7K combined with
Eng silencing on the cell permeability across themonolayer
formed by HAECs in transwell inserts. Flow cytometry
analysiswasused todetermine thenumberof adherent and
transmigrated THP-1 cells through the endothelial mono-
layer, whereas inhibition of Eng expression in HAECs
served to elucidate its role in adhesion and transmigration.
Eng silencing with siRNA resulted in significant reduction
ofbothmRNA(6.6360.14and6.1260.37%in thepresence
of 7K, compared to control;Fig. 7A) andprotein (1776 7.76
and 1686 9.29 in the presence of 7K, compared to control
17056 117 Fig. 7B, C) levels of Eng, and this reductionwas
not affected upon treatment with 7K. Adhesion studies
showed that incubation with 7K increased the number of
adherent THP-1 cells on endothelial monolayers (136 6
6.79% compared to control group), whereas silencing of
Eng inHAECs led to a decreased number of adherent cells,
both in the absence (47.96 2.23%) or in the presence of 7K
(53.4 6 0.31%) (Fig. 7D). Similarly, incubation with 7K
showedamarkedly increased transmigrationofTHP-1cells
across HAECs (242 6 15.0%), whereas Eng silencing sig-
nificantly reducedthenumberof transmigratedcellsboth in
the absence (27.46 2.78%) or in the presence of 7K (40.96
4.14%), suggesting an important role for membrane endo-
thelial Eng in monocyte transmigration (Fig. 7E).

DISCUSSION

Changes of Eng expression in endothelium reflect poten-
tial pathologic conditions in the cardiovascular system.

Our previous papers suggest that hypercholesterolemia
and progression of atherosclerosis are related to the
reduced expression of Eng in mice aorta (19, 39).
Moreover, it was demonstrated that membrane Eng/
Smad2/3 signaling affects eNOS expression and sta-
bility (32), and reduced Eng expression results in
impaired eNOS-dependent vasodilatation (9, 10). Re-
cently, we showed that a combination of high soluble
Eng levels and mild hypercholesterolemia results in
aggravation of the vascular function in the aorta, with
alterations of the Eng/Smad2/3/eNOS signaling (28).
Taken together, we might propose that alteration in Eng
expression is related to potential development or pro-
gression of endothelial dysfunction, suggesting that Eng
acts as a protective agent in endothelium.

At variance with the vasoprotective role of Eng, Rossi
et al. (11) showed a regulatory role for Eng in trans-
endothelial leukocyte trafficking. These proinflammatory
effects of Eng suggest that Eng could also have a proa-
therogenic role. However, it is of interest to mention that
the in vivo experiments in the above-mentioned study
were focused on Eng effects in the microcirculation. In
addition, these experiments were performed in a short
time frame (hours),whichpoints out to acute experimental
conditions. This is a completely different experimental
setting when compared to those studies where the long-
term effect of Eng is analyzed in themacrocirculation (e.g.,
aorta and/or renal artery). In this study, we set 2 different
biologic experiments to assess changes of Eng expression,
regulation, and signaling with respect to endothelial and
vascular dysfunction, both in vivo and in vitro under the
cholesterol-hypercholesterolemia condition.

Nowadays, little is known about the possible relation-
ship between Eng expression/signaling and endothelial/
vascular dysfunction in vivo under hypercholesterolemia.
Thus, we used young (2 mo old) ApoE2/2/LDLR2/2

mice (23) without detectable atherogenic changes in the
aorta in order to evaluate membrane Eng/Smad2/3/
eNOS signalingwith respect to the functional condition of
the aorta. Our results showed that spontaneous hyper-
cholesterolemia in ApoE2/2/LDLR2/2 mice is accompa-
nied by increased levels of the proinflammatory biomarker
P-selectin, reduced urine and plasma concentration of

Figure 5. Effect of 7K on mRNA levels of transcription factors that regulate Eng expression. mRNA expression of KLF6 (A),
NR1H3 (LXR) (B), and RELA (NF-kB) (C) in control group and groups premedicated for 12 h with 5 or 10 mg/ml 7K, as
indicated. Data are shown as means6 SEM, ANOVA with Kruskal-Wallis test followed Dunn’s multiple comparisons test (n = 18–24
measurements from 3 independent cell stocks). **P # 0.01, ***P # 0.001.
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Figure 6. Effect of KLF6 silencing, cyclodextrins, or RELA (NF-kB) inhibition on 7K -induced Eng expression in HAECs. Cells
were untreated (control) or premedicated with 10 mg/ml 7K for 12 h, as indicated. A–D) HAECs were transfected with siKLF6
mRNA prior to treatment with 7K, and expression of KLF6 mRNA (A), Eng mRNA (B), and Eng protein (C, D) was determined.
E–H) HAECs were incubated with 10 mM 2-hydroxypropyl-b-cyclodextrin for 11 h prior to treatment with 7K, and expression of
NR1H3 (LXR) mRNA (E), Eng mRNA (F), and Eng protein (G, H) was determined. I–L) HAECs were premedicated with 10 mM
PHA-408 for 10 min before addition of 7K, and expression of RELA (NF-kB) mRNA (I), Eng mRNA (J ), and Eng protein (K, L).
M, N) RELA (NF-kB) protein levels (M) were calculated from confocal microscopy photomicrographs (N) as described in
Materials and Methods. DAPI (blue): nuclei; Alexa Fluor 488 (green): RELA (NF-kB). Scale bar, 100 mm. Data are shown as
means 6 SEM, ANOVA followed by Bonferroni’s multiple comparisons test (n = 5–224 measurements from 3 independent cell
stocks). *P # 0.05, **P # 0.01, ***P # 0.001.
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NO3
2, and increased levels of sEng, suggesting the early

development of endothelial dysfunction in these mice
without detectable atherosclerosis.

High levels of sEngmight be considered as a biomarker
of early endothelial/vascular dysfunction/alteration and
vascular damage in many cardiovascular disorders in
clinical conditions. Itwas shown that sEng is generated by
the cleavage from membrane-bound Eng by MMP-14,
which was proposed to be the major Eng-shedding pro-
tease (3). Surprisingly, we found significantly reduced
expression of MMP-14 in aortas of ApoE2/2/LDLR2/2

mice, suggesting that MMP-14 is unlikely to be responsi-
ble for the cleavage of membrane Eng in the aortas in

these mice. Indeed, similar results were also shown by
Brownfoot et al. (40), suggesting that other matrix metal-
loproteinases could be involved in the cleavage of mem-
brane Eng. Moreover, it is unlikely that changes of sEng
levels reflect changes ofmembrane Eng expression in only
1 vessel type (e.g., the aorta). Instead, we propose that
sEng is released from the whole vasculature in cardio-
vascular diseases. Indeed, we have demonstrated that
hypercholesteremia reduces membrane (aortic) Eng but
increases the levels of circulating Eng (19). In addition,
membrane Eng/Smad2/3/eNOS signaling was related
to vascular reactivity and NO-dependent vasodilation
(9, 10). We showed that membrane Eng/Smad2/3/eNOS

Figure 7. Effect of Eng silencing on adhesion and transmigration of THP-1 cells through HAECs monolayers. HAECs were
transfected with Eng siRNAs or scRNA (control group) for 48 h and then premedicated with 10 mg/ml of 7K for 12 h, as
indicated. A–C) The expression of Eng mRNA (A) and Eng protein levels (B) was measured using flow cytometry (C). D, E) The
number of adherent cells (D) was quantified using Kaluza software, and the number of transmigrated cells (E) was determined in
100 ml of culture media from the lower compartment of the transwell using flow cytometry. Data are shown as means 6 SEM,
ANOVA with Kruskal-Wallis test followed Dunn’s multiple comparisons test (n = 6–12 measurements from 3 independent cell
stocks). *P # 0.05, **P # 0.01, ***P # 0.001.

TABLE 1. Primary and secondary antibodies used for Western blot analysis

Mouse protein Source Catalog no. Dilution
Secondary antibody

dilution

Eng Santa Cruz Biotechnology sc-19793 1:200 1:5000
eNOS Santa Cruz Biotechnology sc-654 1:200 1:2000
GAPDH MilliporeSigma G8795 1:10,000 1:20,000
HO-1 Abcam ab13243 1:2000 1:1000
MMP-14 Abcam ab51074 1:2000 1:1000
p-eNOS Ser1177 Santa Cruz Biotechnology sc-21871-R 1:500 1:2000
pMLC Thr18/Ser19 Cell Signaling Technology 3674 1:1000 1:2000
pSmad2/3 Cell Signaling Technology 88280 1:1000 1:2000
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is altered and related to aggravation of endothelial dys-
function in mice exposed to high levels of sEng and mild
hypercholesterolemia (28). Indeed, expression of mem-
brane Eng, pSmad2/3, eNOS, and p-eNOS Ser1177 was
reduced in hypercholesterolemic ApoE2/2/LDLR2/2

mice when compared with normocholesterolemic mice in
this paper. Noteworthy, reduced NO3

2 levels, as a stable
end product of NO metabolism, is a hallmark of endo-
thelial dysfunction (41, 42). In linewith this,we observed a
reduced expression of HO-1 in ApoE2/2/LDLR2/2mice
aorta, which is involved in a vasodilatory mechanism
basedonan interactionwith soluble guanylate cyclase and
a subsequent releaseofNO(34). Taken together, thesedata
suggest a lower production ofNO inApoE2/2/LDLR2/2

mice when compared to control normocholesterolemic
mice when Eng signaling is compromised.

In order to elucidate functional consequences of these
changes,weevaluatedvascular reactivityofaortic ringsby
wire myograph. The results showed no changes in Ach-
induced relaxation but demonstrated reduced relaxation
induced by SNP and increased relaxation response in
ApoE2/2/LDLR2/2 mice after L-NAME, suggesting an
altered vascular function in these hypercholesterolemic
mice. The response to L-NAME probably reflects an on-
going compensatory mechanism (generating NO) to
maintain the physiologic relaxation in the aortas of
ApoE2/2/LDLR2/2 mice. We also observed a reduced
expression of pMLC Thr18/Ser19 that is considered a
major regulatory component in smooth muscle reactivity
(43). Taken together, hypercholesterolemic mice have al-
tered Eng expression and signaling in the aorta and re-
duced NO levels accompanied by alteration of vascular
function in the aorta. Thus, we postulate that the reduced
Eng levels are related to vascular dysfunction in the aorta
prior to the formationofatherosclerotic lesion, suggestingan
important role for Eng in cholesterol-induced endothelial/
vascular dysfunction.

In the second part of the study, we aimed to elucidate
Eng regulation/expression in endothelial cells in vitro
when simulating hypercholesterolemia by 7K treatment.
We were curious to know whether Eng is similarly regu-
lated as in vivo in “atherogenesis/endothelial dysfunc-
tion” experiments.

Increased concentrations of oxLDL represent a major
risk factor for the development of atherosclerosis (44, 45).
Among the different oxysterols present in oxLDL, 7K has
been shown to be more abundant in the circulation of
patients with hypercholesterolemia (14) and in athero-
sclerotic lesions than any other oxysterol species (46). In
addition, 7K potentiates inflammation (16) and foam cell
formation (17), decreases eNOS activity, and impairs NO
bioavailability in endothelium (47). Therefore, 7K was
used to mimic hypercholesterolemic and proatherogenic
condition of oxLDL in our in vitro experimental settings.
Our results showed that 7K increased the expression of
Eng (opposite to hypercholesterolemia in in vivo experi-
ments), as well as biomarkers of endothelial dysfunction
and inflammation ICAM-1 and P/E selectins in HAECs.
These findings are in agreement with the active role of
oxysterols in inflammatory diseases (48) and with the
upregulated expression of Eng upon treatment with

22(R)-hydroxycholesterol and LXR agonists (36, 49). In
addition, we demonstrated that the Eng/pSmad2/3/
eNOS/p-eNOS–signaling cascade is activated in HAECs
by 7K. These above results on Eng signaling suggest a
completely opposite effect of cholesterol exposure in vivo
and in vitro.

Moreover, 7K was able to increase the expression of
transcription factors regulating Eng expression in our
study, including KLF6 (4, 35), LXR (NR1H3) (49), and
RELA (NFkB) (6, 7). Because 7K was able to up-regulate
these 3 pathways responsible for regulating Eng expres-
sion, we aimed to evaluate whether they were also in-
volved in the regulation of Eng expression under 7K
exposure.

KLF6 is well known for its role in regulating Eng ex-
pression (4, 35), and we have shown that the silencing of
KLF6 prevents 7K-mediated increase in both Eng mRNA
and protein levels. Interestingly, cotransfection of
RAW264.7 cells with KLF6 and NF-kB p65 showed an
enhanced inflammatory reaction of cells after LPS treat-
ment, suggesting an interplay between KLF6 and NF-kB
p65 in inflammatory settings (50, 51). Of note, RELA (NF-
kB p65) is key for the canonical pathway of inflammation
(37) and production of HIF-1a (6, 7). In turn, HIF-1a, in
combination with Sp1 and Smad3, is able to induce Eng
expression (6), suggesting that an activation of RELA
mRNA expression is indirectly responsible for the 7K-
mediated increase in Eng mRNA expression and Eng
protein levels observed in this study.Supporting thisview,
we interfered with RELA expression using the IkB
kinase–2 inhibitor PHA-408 (38), leading to a decreased
translocation of NF-kB to the nucleus and preventing the
7K-induced increase in Eng mRNA expression and Eng
protein levels as well.

The oxysterol receptor LXR is able to bind LXR re-
sponse elements in the Eng promoter and mediate the
activation of Eng gene expression (36). To affect LXR
mRNA expression, we used 2-hydroxypropyl-b-cyclo-
dextrin. Cyclodextrins are known to extract cholesterol
from cells (52) and increase activity of LXR in a time-
dependent fashion; thus, they are able to increase LXR
mRNA expression a few minutes or hours after adminis-
tration (53). In our study, treatment with 2-hydrox-
ypropyl-b-cyclodextrin for 11 h decreased LXR activity
(52) andprevented7K-induced increase inEngexpression.
It is of interest to mention that cyclodextrin also disrupts
caveolae on the cell surface of endothelial cells, and it is
well known that Eng is present in caveolae (9), so the in-
hibitory effect on Eng expression could also be due to
depletion of Eng-containing caveolae. Taken together, our
results showthatEngexpression inHAECs is regulatedby
3 transcription factors (KLF6, NF-kB, and LXR) and that
inhibition of each of these factors results in the prevention
of 7K-induced Eng expression.

What are the functional consequences of changes in
Eng expression with respect to potential atherogenesis?
Transmigration ofmonocytes is one of the first steps in the
developmentof endothelial dysfunction.Monocytes show
hypercholesterolemia-associated trafficking through the
endothelialmonolayer, subendothelial accumulation, and
differentiation, which results in formation of foam cells
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(54–56); later, they participate in the progression of ath-
erosclerosis. Therefore, we tried to evaluate a possible link
between 7K-induced Eng expression and the adhesion/
transmigration of monocytes across the HAECs mono-
layer. We showed that 7K-induced expression of Eng was
accompaniedby increasedadhesionandtransmigrationof
monocytes, whereas inhibition of Eng expression pre-
vented the 7K-induced adhesion and transmigration.
These data suggest that Eng plays a relevant role in
oxysterol-induced trafficking of monocytes through the
endothelial monolayer in vitro. This interpretation agrees
with the reported role for Eng in integrin-mediated
leukocyte adhesion and extravasation induced by in-
flammation (11).

Our current study shows differences in Eng expression
after cholesterol exposure in vivo in aorta and in vitro in
aortic endothelial cells. Several explanations may account
for these apparent discrepancies. First, Eng is a part of
TGF-b–signaling pathway, and it has been demonstrated
that the role of TGF-b varies during atherogenesis. Thus,
TGF-b is proatherogenic in the early phase (57) but anti-
atherogenic at later stages (58). In other words, Eng
expression may vary during the different stages of ath-
erogenic process and endothelial dysfunction as well.
Second, in vitro experiments analyze changes of Eng ex-
pression and its consequences within hours, whereas in
vivo experiments are carried out in 2-mo-old animals. This
discrepancy deserves further investigation, especially fo-
cusing on timeline changes of Eng expression and func-
tionalconsequencesduring theatherogenicprocess.Third,
the animal model used in this study is deficient in LDL
receptors; therefore, the uptake of cholesterols and oxy-
sterolsmight be inhibited, and so it is the LXR intracellular
pathway that triggers Eng expression. This point deserves
further investigation as well. Moreover, not all the oxy-
sterol types behave the same, and it is difficult to compare
this in vitro result with the in vivo result with hypercho-
lesterolemicmice. In vivo, a variety of oxysterol species are
present, and they may act in concert or even in synergy,
leading to a different outcome than the one induced by a
single oxysterol species. Finally, the other significant dif-
ference between our in vitro and in vivo experiments is that
LDL cholesterol in mice contains not only cholesterol but
also apolipoprotein B 100–containing particles. Interest-
ingly, several studies indicated that apolipoprotein B 100
seems to be at least a cofactor in endothelial dysfunction
development besides cholesterol (59, 60), suggesting
that the presence of complex lipoproteins in in vivo ex-
periments might be responsible as well for different
findings when compared to in vitro results. Thus, we
will also focus on apoB effects on HAECs in our pro-
spective experiments.

There are possible limitations in this study. First, we
cannot confirm our in vivo results about the role of Eng in
thedevelopment of endothelial or vasculardysfunctionby
using Eng knockout mice because these mice die in utero
(61), and, to the best of our knowledge, no hypercholes-
terolemic Eng knockout animal model is available. The
second potential limitation is related to our in vitro ex-
periments. It is not feasible to use general oxLDL (that
would mimic hypercholesterolemic conditions from our

mice experiments) in our in vitro experiments. Particles of
oxLDL include different amounts of phospholipids,
sphingolipids, free fatty acids, oxysterols, cholesteryl es-
ters, apolipoproteins, and other biologically active com-
pounds affecting the vascular cell wall. However, it is not
possible to carryout in vitro experimentswith these oxLDL
particles due to their instability, autooxidation, aggrega-
tion, and fusion, among others (14). Thus, 7K, the most
abundant oxysterol of oxLDL (62), was used in our in vitro
experiments.

CONCLUSIONS

We showed for the first time that hypercholesterolemia
altered Eng expression and signaling, followed by endo-
thelial or vascular dysfunction before the formation of
atherosclerotic lesions in ApoE2/2/LDLR2/2 mice. By
contrast, 7K increased Eng expression and induced in-
flammation in culturedHAECs,whichwas followedbyan
increase in adhesion and transmigration of monocytes via
endothelium, that was prevented by Eng inhibition. Thus,
wepropose a relevant role for Eng in endothelial/vascular
dysfunction/inflammation when exposed to cholesterol.
Nevertheless, due to discrepancies between in vivo and in
vitro results, we propose to be cautious when interpreting
data about the role of Eng in endothelial/vascular
dysfunction/inflammation from “acute” in vitro experi-
ments ormicrocirculation studieswhen compared to long-
term experiments in large atherosclerosis-prone blood
vessels.
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Dolezelova, E., Nemeckova, I., Tebbens, J. D., Bernabeu, C.,
Pericacho, M., and Nachtigal, P. (2018) Soluble endoglin and
hypercholesterolemia aggravate endothelial and vessel wall
dysfunction in mouse aorta. Atherosclerosis 271, 15–25

29. Nemeckova, I., Serwadczak, A., Oujo, B., Jezkova, K., Rathouska, J.,
Fikrova, P., Varejckova, M., Bernabeu, C., Lopez-Novoa, J. M.,
Chlopicki, S., and Nachtigal, P. (2015) High soluble endoglin levels
do not induce endothelial dysfunction in mouse aorta. PLoS One 10,
e0119665
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