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Abstract C57BL/6J (B6) mice were demonstrated to be

the most susceptible and C3H/HeJ (C3H) mice the most

resistant to development of atherosclerosis. We hypothe-

sized, whether pro-atherogenic (P-selectin, VCAM-1, and

ICAM-1) and anti-atherogenic (endoglin and eNOS) pro-

teins are expressed differently in aorta before the onset of

atherosclerosis in these two mouse strains. B6 mice

(n = 16) and C3H mice (n = 16) sustained on either chow

or cholesterol (1 %) diet for 8 weeks. Biochemical analysis

of lipoprotein profile and Western blot analysis of

P-selectin, VCAM-1, ICAM-1, eNOS, endoglin, peNOS

and TGF-bRII in aorta were performed. Western blot

analysis revealed a lower expression of P-selectin by 7 %,

VCAM-1 by 51 %, ICAM-1 by 6 %, and a higher

expression of eNOS (by 18 %) in C3H mice in comparison

with B6 mice after cholesterol diet. Further analysis

revealed that cholesterol diet significantly increased the

expression of endoglin (by 97 %), TGF-bRII (by 50 %),

eNOS (by 21 %) and peNOS (by 122 %) in C3H mice, but

not in B6 mice. We propose that lower expression of

P-selectin, VCAM-1 and ICAM-1 and higher expression of

eNOS in vivo in aorta of C3H mice might represent another

potential mechanism for C3H mice being less susceptible

to atherosclerosis when compared to B6 mice. In addition,

endoglin seems to be involved in an upregulation of eNOS

only in C3H mice. Thus, we propose that aorta of C3H

mice is less prone to the expression of pro-inflammatory

and endothelial dysfunction markers when compared to B6

mice, regardless of lipoprotein profile and before any signs

of atherosclerotic process.
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Introduction

Mice are generally resistant to atherosclerosis; however,

significant inter-strain differences in atherosclerosis sus-

ceptibility have been demonstrated in various studies. The

most studied mouse strains with different predispositions to

atherosclerosis are C57BL/6J (B6) and C3H/HeJ (C3H)

mice. C57BL/6J mouse strain was shown to be the most

susceptible and C3H/HeJ mouse strain the most resistant

[1–3]. Several hypotheses for different susceptibility have

been proposed, including variances in lipoprotein particle

sizes and apolipoprotein composition between both strains

[4]. However, it was also suggested that the most important

factors determining different susceptibility to atheroscle-

rosis seem to be endothelial cells, smooth muscle cells and

macrophages [5–7]. It was demonstrated that oxidized LDL

affects differently cultured mouse aortic endothelial cells

and smooth muscle cells from B6 or C3H mice [5, 7].

Inflammatory molecules such as monocyte chemoattractant

protein-1 (MCP-1), macrophage colony-stimulating factor

(M-CSF), and vascular cell adhesion molecule-1 (VCAM-

1) were activated in these cultured cells from hypercho-

lesterolemic B6/apoE-/-, but not from C3H/apoE-/- mice

[7].

Cell adhesion molecules play a crucial role in the whole

process of atherogenesis. The expression of P-selectin,

VCAM-1 and ICAM-1 (intercellular adhesion molecule-1)

is a hallmark of endothelial inflammation and/or
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endothelial dysfunction [8]. In general, these adhesion

molecules were demonstrated to be crucial for activation of

endothelium and plaque formation [9–11].

Endoglin is an accessory TGF-b receptor (CD 105,

TGF-b receptor III), with ability to regulate TGF-b sig-

naling [12]. It has been demonstrated that it plays a role in

various physiological and pathological processes, including

cardiovascular system development, angiogenesis, vascular

homeostasis [13], coronary artery disease [14] and ath-

erosclerosis [15]. Endoglin interacts with TGF-b1 and

TGF-b3 cytokines, but only when it is associated with

TGF-b receptor II (TGF-bRII) [16]. Endoglin is able to

regulate NO-dependent vasodilatation, as well as the

expression of endothelial NO synthase (eNOS) and its

activity. This suggests its important role in the function of

endothelium and possibly in the protection against devel-

opment of endothelial dysfunction [17, 18]. In addition,

TGF-bRII has an anti-inflammatory activity and improves

endothelial dysfunction via eNOS [19]. Our previous

studies showed that atorvastatin increases endoglin and

eNOS expression in apoE/LDLR deficient mice in athero-

sclerotic aorta together with reduced atherosclerosis [20,

21], suggesting a possible beneficial (atheroprotective) role

of endoglin in atherosclerosis [15].

As mentioned above, ex vivo studies with endothelial

cells and smooth muscle cells from C57BL/6J and C3H/

HeJ aorta showed that these cells might be responsible for

the different predispositions to atherosclerosis in these

mice. On the other hand, to the best of our knowledge, a

study showing that expression of P-selectin, VCAM-1,

ICAM-1, endoglin and eNOS in mouse aorta (in vivo) of

B6 and C3H mice might be involved in different suscep-

tibility to atherosclerosis in these mice has never been

done. Therefore, we wanted to quantify possible differ-

ences in the expression of P-selectin, VCAM-1, ICAM-1,

endoglin and eNOS in aortic endothelium of B6 and C3H

mice on both chow and cholesterol diets. We hypothesized,

whether pro-atherogenic (P-selectin, VCAM-1, ICAM-1)

and anti-atherogenic (endoglin, eNOS) proteins are

expressed differently in aorta before the onset of athero-

sclerosis in these two mouse strains.

Materials and methods

Animals

Animal studies met the accepted criteria for human care

and experimental use of laboratory animals. All protocols

were approved by the Ethical Committee for the protection

of animals against cruelty at Faculty of Pharmacy, Charles

University in Prague and all experiments were carried out

in accordance with Czech law No. 246/1992.

Three-month-old female C57BL/6J (B6) mice (n = 16)

(Velaz s.r.o., Czech Republic) and C3H/HeJ (C3H) mice

(n = 16) (Jackson Laboratories, USA) were both randomly

subdivided into two groups and sustained on either chow or

cholesterol diet with water (both ad libitum throughout the

study) for 8 weeks. AIN-93 purified diet [22] for laboratory

rodents was used as chow diet, while cholesterol diet was

AIN-93 enriched with 1 % of cholesterol. Food consump-

tion was monitored every day. No differences in the food

consumption were visible, either between animals of one

experimental group or between experimental groups.

Finally, four groups of animals were created, according to

mouse strain and diet used—B6 chow/cholesterol diet (B6

chow/chol) and C3H chow/cholesterol diet (C3H chow/

chol).

At the end of the treatment period, all animals were

fasted overnight and euthanized.

Blood samples were taken from vena cava inferior into

heparin-coated tubes and centrifuged at 9000 rpm for

15 min. Collected plasma samples were subsequently

stored at -80 �C before biochemical analysis. Descending

aortas from the mice were taken for Western blot analysis.

The aortas were snap frozen in liquid nitrogen and stored at

-80 �C before homogenization.

Biochemistry

Total cholesterol concentrations were measured enzymat-

ically by conventional enzymatic diagnostic kits (Lachema,

Czech Republic) and spectrophotometric analysis (choles-

terol at 510 nm, triglycerides at 540 nm, ULTROSPECT

III, Pharmacia LKB Biotechnology, Sweden).

Western blot analysis

Samples of mouse aorta (7 animals for each group due to

space limitation of sample application) were homogenized

in RIPA lysis buffer (Sigma-Aldrich, USA) as described

previously [23]. Homogenates (30 lg of aorta proteins)

were used for membranes preparation as described previ-

ously [23]. The membranes were blocked for 1 h with 5 %

nonfat dry milk in Tris buffered saline containing 0.1 %

Tween-20 (TBST), and then incubated with primary anti-

bodies at the following concentrations: rabbit polyclonal

antibody anti-CD62P (P-selectin, 84 kDa) at 1:200 (Abcam

plc, UK), goat polyclonal anti-VCAM-1 (110 kDa) at

1:500 (R&D System, USA), rabbit polyclonal anti-ICAM-1

(85–110 kDa) at 1:500, anti-eNOS (140 kDa) at 1:200,

anti-phospho-eNOS (peNOS Ser 1177, 140 kDa) at 1:500,

anti-TGF-bRII (70 kDa) at 1:500, goat polyclonal antibody

anti-endoglin (90–95 kDa) at 1:500, obtained from Santa

Cruz Biotechnology, Inc. (USA). Equal loading of proteins

onto the gel was confirmed by immunodetection of
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GAPDH antibody at 1:10000 (Sigma-Aldrich, USA). As

secondary antibodies, HRP-conjugated rabbit anti-goat IgG

at 1:5000 (Pierce Biotechnology, USA) for endoglin and

VCAM-1, HRP-linked F(ab0)2 fragment donkey anti-rabbit

antibody (GE Healthcare, Czech Republic) at dilution

1:2000 (for P-selectin, eNOS, TGF-bRII and peNOS) and

1:1000 (for ICAM-1), and HRP-conjugated goat anti-

mouse IgG at 1:20000 (Sigma-Aldrich, USA) for GAPDH

were used. Chemiluminescent process and quantification of

immunoreactive bands on the exposed films were carried

out as described previously [23].

Statistical analysis

All values in the graphs are presented as mean ± SEM.

Statistical significance in the differences between groups

was assessed by t test using GraphPad Prism 6.03 software

(GraphPad Software, Inc., USA). P values of 0.05 or less

were considered statistically significant.

Results

Biochemical analysis of cholesterol levels in mice

Biochemical analysis of total cholesterol levels and tri-

glyceride (TAG) levels in blood on chow or cholesterol

diet was performed (Fig. 1). On chow diet, significantly

higher levels of total cholesterol (2.76 ± 0.04 vs.

1.8 ± 0.07 mmol/l, P \ 0.001) were demonstrated in C3H

mice when compared to B6 mice. Similarly, after choles-

terol diet, there were significantly higher levels of

total cholesterol (2.40 ± 0.09 mmol/l vs. 2.10 ± 0.06,

P \ 0.05) in C3H mice when compared to B6 mice.

Cholesterol levels were significantly lower after cholesterol

diet in C3H mice when compared to C3H mice on chow

diet (2.40 ± 0.09 vs. 2.76 ± 0.04 mmol/l, P \ 0.01). On

the contrary, cholesterol levels were significantly higher

after cholesterol diet in B6 mice when compared to B6

mice on chow diet (2.11 ± 0.06 vs. 1.82 ± 0.07 mmol/l,

P \ 0.01). Performing the comparison of TAG levels

revealed no significant changes either between both strains

on a relevant diet or between diets in a relevant strain.

Lower expression of cell adhesion molecules

and higher eNOS in C3H mice when compared

to B6 mice

Western blot analysis was performed to evaluate the dif-

ferences in the expression of P-selectin, VCAM-1, ICAM-

1, endoglin and eNOS at either baseline (chow diet) and

after cholesterol diet between C3H and B6 mouse strains.

On chow diet, P-selectin, VCAM-1 and ICAM-1 protein

levels were significantly lower in C3H mice, by 37, 60 and

27 % (Fig. 2a, c, e, respectively). Western blot analysis in

mice on cholesterol diet revealed a lower expression of

P-selectin by 7 %, VCAM-1 by 51 % and ICAM-1 by 6 %

(Fig. 2b, d, f, respectively). Analysis of eNOS and en-

doglin showed that baseline eNOS expression was lower by

39 % and baseline endoglin expression was lower by 53 %

in C3H mice when compared to B6 mice (Fig. 2g, i,

respectively). On the other hand, the expression of eNOS

was higher in C3H mice (by 18 %) in comparison with B6

mice on cholesterol diet (Fig. 2h). There was no significant

difference between both mouse strains in endoglin

expression on cholesterol diet (Fig. 2j).

Endoglin/TGF-bRII and eNOS are upregulated

after cholesterol diet in C3H but not in B6 mouse aorta

To evaluate the changes of eNOS and endoglin expression

and related proteins in each strain after cholesterol diet, we

analyzed expression of endoglin, TGF-bRII, eNOS and

peNOS in aorta, by comparison of diets within the relevant

strain. This analysis demonstrated that cholesterol diet

significantly increased the expression of endoglin (by

97 %), TGF-bRII (by 50 %), eNOS (by 21 %) and peNOS

(by 122 %) in C3H mice when compared to chow diet

(Fig. 3a, c, e, g, respectively). On the other hand, in

B6 mice, cholesterol diet did not cause any significant

changes in expression of these proteins (Fig. 3b, d, f, h,

respectively).

Discussion

Rodents, including mice, are resistant to development of

atherosclerosis. In the two most studied strains, it was

demonstrated that C57BL/6J mice are the most susceptible

Fig. 1 Comparison of total cholesterol levels and triglyceride levels

in B6 and C3H mice on chow diet and on cholesterol diet. Inter-strain

differences are marked with full line. Dotted line shows differences in

cholesterol levels within each strain. Values are mean ± SEM,

n = 8. ***P \ 0.001, **P \ 0.01, *P \ 0.05
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Fig. 2 Differences in

expression of P-selectin (a, b),

VCAM-1 (c, d), ICAM-1 (e, f),
eNOS (g, h) and endoglin (i, j)
between C3H and B6 mice at

baseline (chow diet) and on

cholesterol diet, respectively.

Values are expressed as

mean ± SEM of seven values.

***P \ 0.001, **P \ 0.01,

*P \ 0.05 vs. control. Top

densitometric analysis

(control = 100 %); bottom

representative immunoblots

(three representatives out of

seven samples for each group).

Equal loading of protein was

confirmed by GAPDH
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and C3H/HeJ mice the most resistant to the development of

atherosclerosis [1–3]. In response to an atherogenic diet, B6

mice develop fatty streaks in the proximal aorta, whereas

C3H mice are totally resistant to fatty streak formation [24].

Moreover, atherogenic diet causes an induction of inflam-

matory and oxidative stress genes in the liver of B6 mice,

but not in C3H mice [25]. However, and more importantly,

different behaviors of endothelium to various stimuli were

suggested to play a significant role in different predisposi-

tions to atherosclerosis [7, 26] in B6 and C3H mice. Shi

et al. [7, 26] demonstrated that minimally modified LDL

induced marked production of MCP-1, M-CSF, VCAM-1

Fig. 3 Effects of cholesterol

diet on expressions of endoglin

(a, b), TGF-bRII (c, d), eNOS

(e, f) and peNOS (g, h) in C3H

and B6 mice. Values are

expressed as mean ± SEM of

seven values. ***P \ 0.001,

**P \ 0.01, *P \ 0.05 vs.

control. Top densitometric

analysis (control = 100 %);

bottom representative

immunoblots (three

representatives out of seven

samples for each group). Equal

loading of protein was

confirmed by GAPDH
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and HMOX1 in endothelial cells isolated from thoracic

aorta of B6 and B6 apoE-/- mice, but not from C3H and

C3H apoE-/- mice. In addition, they also demonstrated that

not only endothelial cells are crucial for the different pre-

dispositions to atherosclerosis in these mice, but also other

vessel wall cells, including macrophages (foam cells for-

mation) [6] and smooth muscle cells [5].

Cell adhesion molecules are pro-inflammatory and pro-

atherogenic proteins that represent a hallmark of endothe-

lial dysfunction and atherosclerosis. P-selectin, VCAM-1

and ICAM-1 were demonstrated to be involved in the

initiation and progression of atherosclerosis [8, 27, 28].

Previous studies showed that endoglin is able to regulate

and affect eNOS expression and activity [17, 18, 29], sug-

gesting its important role in the protection of endothelium

against development and/or manifestation of endothelial

dysfunction. Moreover, our latest results showed that en-

doglin expression was increased together with eNOS

simultaneously with reduced size of atherosclerotic plaques

after atorvastatin treatment in hypercholesterolemic mice

[15, 20, 21]. Therefore, it was proposed that endoglin might

represent an anti-atherogenic protein that is able to improve

function of endothelium via expression of eNOS [15].

Thus, in this study, we wanted to evaluate the aortic

expression of pro-atherogenic P-selectin, VCAM-1, ICAM-

1 and anti-atherogenic endoglin and eNOS in the basal

conditions and after cholesterol diet in B6 and C3H mice.

Western blot analysis revealed that basal levels of

P-selectin, VCAM-1 and ICAM-1, were lower in C3H

mice when compared to B6 mice. Moreover, even after

cholesterol diet, the expression of P-selectin, VCAM-1 and

ICAM-1 was lower in aorta of C3H mice in comparison

with B6 mice. On the contrary, total cholesterol levels in

blood were higher in C3H mice when compared to B6 on

both chow diet and after cholesterol diet. We might pro-

pose, that it is unlikely that small changes in levels of

cholesterol (cholesterol levels in range 2–3 mmol/l) can

affect vascular wall in mice in this study. Indeed, high

levels of total cholesterol about 30–40 mmol/l are at least

partially responsible for changes in protein expression in

the vessels and development of atherosclerotic plaques as

was shown in mouse models of experimental atheroscle-

rosis [30, 31]. In addition, previous paper demonstrated

that cholesterol levels are not responsible for the different

predispositions to atherosclerosis in B6 and C3H mice even

on an apoE-deficient background [31]. Thus, the lower

expression of crucial pro-inflammatory cell adhesion mol-

ecules in C3H mice suggests that aorta in these mice is not

prone to the development of inflammation and endothelial

dysfunction as it seems to be in B6 mice. This is also in line

with previously mentioned work by Shi et al. [5–7].

However, it is of interest to point out that Shi et al. per-

formed studies with cultured endothelial cells and smooth

muscle cells treated with minimally modified LDL ex vivo.

On the contrary, our results show different expression of

P-selectin, VCAM-1 and ICAM-1 in aorta in vivo.

Further analysis showed a lower expression of eNOS in

C3H mice in basal conditions, but a significantly higher

expression after cholesterol diet when compared to B6

mice. Thus, C3H mice presented a lower expression of pro-

atherogenic adhesion molecules and a higher expression of

anti-atherogenic eNOS in aorta, suggesting that blood

vessel characteristics are responsible for different predis-

positions to atherosclerosis in these mice.

Since eNOS expression was lower in basal conditions

and higher after cholesterol diet in C3H mice when com-

pared to B6 mice, it was of interest to evaluate a possible

background for this eNOS increase. Therefore, we decided

to study the expression of markers that potentially regulate

eNOS expression in each strain after cholesterol diet.

As mentioned above, levels of eNOS are strongly related

to the amount of endoglin, both in vivo and in vitro [17,

18]. Toporsian et al. [17] found that partial or total loss of

endoglin in murine endothelial cells is associated with

50 % decrease in eNOS levels. It was also shown that

endoglin interacts with TGF-b1 only when it is associated

with TGF-bRII [16]. Therefore, it seems that the interac-

tion between endoglin and TGF-bRII is likely important

for TGF-b1 signaling in vivo [13]. Endoglin expression did

not significantly differ between strains on cholesterol diet.

On the other hand, Western blot analysis of aorta from each

strain revealed that the expressions of endoglin, eNOS,

phosphorylated eNOS (Ser1177, active form) and TGF-

bRII were strongly upregulated in C3H mice after cho-

lesterol diet, but not in B6 mice. Indeed, phosphorylation

of eNOS in Ser1177 was shown to increase the enzyme

activity and production of NO thus providing endothelial

protection [32]. Therefore, we might suggest that the

upregulation of endoglin/TGF-bRII results in an increased

eNOS expression/activity and endothelial protection only

in C3H mice, but not in B6 mice. Therefore, we propose

that this might also contribute to the weaker susceptibility

of C3H mice to development of inflammation, endothelial

dysfunction and possibly atherosclerosis. As mentioned

above, it is unlikely that mild (but significant) changes of

total cholesterol could be involved in the specific reaction

of endothelium in these mice. Indeed, significantly higher

levels of cholesterol in B6 mice did not result in any

changes in the expression of studied proteins. However, it

is of interest to mention that an upregulation of endoglin/

TGF-bRII/eNOS in cholesterol fed C3H mice was detected

and cholesterol fed C3H mice had lower levels of choles-

terol when compared to C3H mice on chow diet. In

any case, the exact cause for the increased expression of

anti-atherogenic proteins in C3H mice remains to be

elucidated.
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It must be emphasized that our study was not performed

to determine whether these mice are differentially predis-

posed to the development of atherosclerosis, which was

clearly demonstrated previously [4, 7, 26]. We aimed to

show some other possible mechanisms that may contribute

to this susceptibility in in vivo context for the first time.

Conclusion

We propose that lower expressions of P-selectin, VCAM-1

and ICAM-1 and a higher expression of eNOS in vivo in

aorta of C3H mice might represent another potential

mechanism how C3H mice are less susceptible to athero-

sclerosis when compared to B6 mice. In addition, endoglin-

related signaling also seems to be involved in an upregu-

lation of eNOS only in C3H mice, which however requires

further investigation. Thus, we propose that aorta of C3H

mice is less susceptible to the expression of pro-inflam-

matory and endothelial dysfunction markers when com-

pared to B6 mice, regardless of cholesterol levels in blood

and before any signs of atherosclerotic process.
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