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Abstract: Opinions on the effects of osteoprotegerin (OPG) have evolved over the years from a 
protein protecting the vasculature from calcification to a cardiovascular risk factor contributing to 
inflammation within the vascular wall. Nowadays, the link between OPG and angiotensin II (Ang II) 
appears to be particularly important. In this study, the endothelial function was investigated in 
OPG-knockout mice (B6.129.S4-OPG, OPG- ) and wild-type (C57BL/6J, OPG+) mice under basic 
conditions and after Ang II exposure by assessing the endothelium-dependent diastolic response of 
aortic rings to acetylcholine in vitro. A further aim of the study was to compare the effect of Ang 
II on the expression of cytokines in the aortic wall of both groups of mice. Our study shows that 
rings from OPG-  mice had their normal endothelial function preserved after incubation with Ang 
II, whereas those from OPG+ mice showed significant endothelial dysfunction. We conclude that 
the absence of OPG, although associated with a pro-inflammatory cytokine profile in the vascular 
wall, simultaneously protects against Ang II-induced increases in pro-inflammatory cytokines in the 
murine vascular wall. Our study also demonstrates that the absence of OPG can result in a decrease 
in the concentration of pro-inflammatory cytokines in the vascular wall after Ang II exposure. The 
presence of OPG is therefore crucial for the development of Ang II-induced inflammation in the 
vascular wall and for the development of Ang II-induced endothelial dysfunction.

Keywords: osteoprotegerin; endothelium; endothelial dysfunction; angiotensin II; cytokines; 
inflammation

1. Introduction

O steoprotegerin  (OPG) is a g lycoprotein  that belongs to the tum our necrosis factor 
superfam ily (TNFSF). This superfam ily currently com prises more than 20 different ligands
and more than 30 related receptors [1]. O PG belongs to the group of soluble receptors and 
exists m ainly  in a free form , not bound to the cell m em brane [1- 3]. O PG  is best know n 
as a regulator of bone rem odelling under physiological conditions and in various clinical
situations. The effect of O PG  on bone m etabolism  is m ediated by  its function as a decoy 
receptor, w hich blocks the interaction between the receptor activator of nuclear factor kappa 
B (RANK) and its ligand (RANKL) [3- 6]. Sites of OPG production include various organs 
such as kidneys, intestines, stom ach and bones, as w ell as m atrix cells, m egakaryocytes, 
im m une cells such as B lym phocytes or dendritic cells, vascular endothelial cells (ECs) and 
vascular sm ooth m uscle cells (VSMCs) [5,7].
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A growing body of research confirm s that OPG may also be involved in cardiovascular 
disease processes or m ay be a prognostic indicator of cardiovascular diseases [6,8]. Initial 
observations in mice w ith a knockout of the OPG gene showed that, in addition to increased 
osteoporosis, there w as also increased calcification of the aortic w all and renal arteries in 
these O PG -deficient anim als [7,9- 11].

These first observations form ed the basis for view ing O PG  as a factor protecting the 
vasculature from calcification. The similarities between the regulation of osteoclastogenesis 
in  bone and this calcification of the vascular w all and the involvem ent of the RA N K - 
RA N KL-O PG  signalling axis in this regulation seem ed to support such a hypothesis.

However, subsequent clinical observations have yielded opposite results. High OPG 
concentrations have been  found to be associated w ith  increased cardiovascular risk in 
patients w ith  coronary artery disease (CA D ) [3,5,7,12- 14]. These h igh O PG  concentra­
tions have also been  confirm ed as a predictor o f a higher incidence of hospitalisation 
for exacerbation of heart failure (H F) w ith  reduced ejection fraction of ischaem ic aeti­
ology [5] . Significant changes in  p lasm a O PG  concentrations have also been  observed 
in  patients w ith  unstable angina (UA) and in  patients w ith  acute m yocardial infarction 
(AM I) [13,15- 18]. Studies have also confirm ed that h igh plasm a O PG  levels are a strong 
predictor of cardiovascular death in  patients w ith  m yocardial infarction, both  STEM I 
(ST-segm ent elevation m yocardial infarction) and N STEM I (non-ST-segm ent elevation 
m yocardial infarction) [15,19].

H igher concentrations of O PG  have also been  found in patients w ith  retinopathy 
and d iabetic neuropathy and in patients w ith  arterial hypertension [5,8 ]. Therefore, an 
increased concentration of OPG is regarded as a m arker of vascular pathologies associated 
w ith diabetes and arterial hypertension, as w ell as an indicator of endothelial dysfunction 
and high cardiovascular risk [5,8,12,20]. This has also been  confirm ed in hypertensive 
paediatric patients [21]. H igh plasm a O PG  concentrations are an indicator of the risk of 
developm ent of chronic kidney disease (CKD) in patients w ith  arterial hypertension [22]. 
The detailed m echanism s linking OPG w ith the regulation of blood pressure are unknown. 
However, some polym orphism s of the OPG gene, such as rs2073618, have been reported to 
be associated w ith the developm ent of hypertension and w ith a higher cardiovascular risk 
in patients w ith type-2 diabetes [23].

The mechanism s of action of O PG  that may explain its pathogenic role in arterial wall 
dam age and atherosclerotic plaque developm ent rem ain unclear. A m ong other things, 
O PG  is thought to contribute to in flam m ation w ithin  the vascular w all and to enhance 
leukocyte adhesion to the vascular endothelium  [6, 24,25]. The im portance of angiotensin 
II (A ng II), p latelet-derived  grow th factor (PD G F), and basic fibroblast grow th factor 
(bFGF) in  stim ulating O PG  expression in VSM Cs and contributing to the developm ent of 
atherosclerotic lesions has been raised [8].

The link betw een OPG and A ng II, w hich plays an im portant role in the developm ent 
of age-related adverse changes in the phenotype of VSM Cs and ECs and in the pathogenesis 
of atherosclerosis, is of particular relevance [4]. Ang II acts directly on the vascular endothe­
lium , leading to its dysfunction, the developm ent of inflam m ation, and the progression 
of atherosclerosis [26]. Reciprocal stim ulatory interactions betw een O PG and A ng II have 
been demonstrated [3,27- 29]. Ang II has been shown to increase OPG expression in hum an 
and murine vascular walls. OPG has also been shown to increase the expression of the AT1 
receptor for Ang II in these cells [3,30] . This is one of the postulated m echanism s by w hich 
OPG may promote endothelial dysfunction and the developm ent of atherosclerotic lesions.

Taking into account the links betw een O PG  and A ng II described above and the 
discrepancies betw een the results of studies in OPG-knockout mice (suggesting a vascular- 
protective effect of OPG) and of later preclinical and clinical studies (suggesting an adverse 
cardiovascular effect of OPG), the aims of our study w ere established. The first aim of our 
study w as to assess the endothelial function in O PG-knockout mice (OPG- ) and mice w ith 
norm al O PG  production (O PG +). This w as achieved by  m easuring and com paring the 
acetylocholine-induced endothelium -dependent relaxation response of aortas from O PG -



mice and those from OPG+ mice, both under basic conditions and after Ang II exposure. A 
further aim  of the study w as to assess tire effect of A ng II on the expression of individual 
cytokines in the aortic w all of both  these groups erf mice. The cytokine profile; in the aortic 
w all of O P G -  and OPG+ m ice w as com pared. It should be em phasised that the studied 
m ice differed only in the knockout of the O PG gene and in the ability to produce O PG, as 
the O PG -  m ice w ere derived from  C57BL/6J w ild-type m ice (OPG+).

2. R esu lts
2.1. Nitric OdiOe-DepenNent Endotheln t  Function fn the Isolated M uetne Aorta

The endothelial N O -dependent reloxation induced lay acetylcholine (Ach) and the 
endothelium -m dependent resp on st to sodium  nitroprusside (SNP) w ere tested . In w ild ­
type m ice, a significar^ im pairm ent ;n  then N O -dependent responae to A Ch w as found in 
the aortic rings incubated for 24 h  w ith  A ng II (1 pM) w hen com pared to the control rings 
(Figure 1A) . In  contrast, the u se of this A ng I I-induced endothelial dysfuncrion m odel in 
O P G -  m ice show ed an effect: w hich  has not been  previously  described in the literature. 
These rings, deapite 24 h  of incubation w ith  C pM  of A ng II, renamed norm al endothelial 
func-i on a id  had a norm al relaxation response to ate tyfcholine. As expected, the aortic rings 
from  OPG+ m ice, incubated for 24 h  w ith A ng II (1 pM i, show id  a significant im pairm ent 
in N O -dependent response to A C h w hen com pared to O PG -  m ice. A com parison of the 
control rin g t (not exposed to any agent) from  the O P G -  and the OPG+ m ice show ed no 
staaisticolly significant difference in the undothelium -dependent relaxation response to 
aeetylcholine (F igu rel  A ). There were no differences founU in the responses to SNP betw een 
all experim ental groups (Figure IB ).

Figure 1. Acetylcholine-induced endothelium-dependent relaxation of aortic rings from wild-type 
mice (OPG+) and OPG-knockout mice (OPG- ) under basic conditions (control) and after incuba­
tion with angiotensin II (Ang II) (A). For comparison, sodium nitroprusside-induced endothelium- 
independent relaxation of aortic rings from OPG+ and OPG-  mice under basic conditions (control) 
and after incubation with Ang II is presented (B). Mean values ±  SEM are shown. n = 9 per group. 
* p < 0.05. Unpaired Student t-test.



2.2. Analysis of Cytokine Panel

M urine aortic rings isolated from  w ild-type and O PG -knockout m ice w ere evaluated. 
Protein levels of BC A -1/C XC L 13, I-309/C C L1, Eotaxin-2/C C L24, Fractalkine/C X3C L1, 
IL-1B, I-TAC/CXCL11, M IP -1/ tCCL0, and IL-10 \ti<E?rei analysed vuicj. m ultiplex bead-based 
(Lum inex) assays. The average results from  eight m urine rings; arte presented in Figure 0 . 
An increase in pro-inflam m rtory cytokines; was observed in O PG -  mice when compared to 
the OPG + mtce. The concentrations of the foli/wing pro-inflam m atory cytokines in/reasad: 
Eotaxin-2/C C L24 by  52.0% , BC A -a/C XC L 13 by  21.7% , Fractarkine/C X3C L1 by  26.6% , 
I-309/CC L1 /y 51 .0%, IL-1B by  34.4%,, I-TA C /CXCL11 by  39.4r%, and M hP-1 /ClCl̂ nS lb̂ y 
18.7%. The anti-inflam m atory IL-10 concentration in O PG - -knockout m ice increased by 
48.4% (Figure 2).

Figure 2. Cytokine concentrations in aortic rings isolated from wild-type mice (OPG+) and OPG- 
knockout mice (OPG- ). Protein levels of BCA-1/ CXCL 13 (A), I-309/CCL1 (B), Eotaxin-2/CCL24 
((5), Fractalkine/CX3CL1 (Id), IL-1B (E), I-TAC/CXCL1. (F), M IPflb/CO X ((G) and IL-10 (H) were 
analysed by multiplex. Mean values ±  SEM are shown. n = 8 per group. * p < 0 .(05, ** p < 0.01. 
OPG-  vs. OPG+ under basic conditipns (control group). Unpaired Student t-test (A,B,D-H) and 
Mann-Whitney test (C).

W hen aortic rings from  OPG+ and O PG -  m ice w ere incubated w ith  1 pM of A ng 
II for 24 h  and com pared w ith  aortic rings incubated in culture m edium  alone (control), 
it w as found that IL -6 levels in the aortic w all hom ogenates from  O PG + m ice increased 
significantly (77%) after incubation w ith A ng II. This effect w as not observed in the aortic 
w all of O PG -  m ice w here IL-6 levels rem ained unchanged despite incubation w ith Ang II 
(Figure 3 ) .



Figure 3. Cytokine concentrations in aortic rings isolated from wild-type mice (OPG+) (A) and OPG- 
knockout mice (OPG- ) (B) under basic conditions (control) and after incubation with angiotensin II 
(Ang II). Protein levels of IL-6 were analysed using multiplex assay. Mean -values it SEM are shown. 
n = 8 pier group. * p <  0.05. Mann-Whitney test.

Furthermore, OPG-  mice showed significantly lower levels of the tested cytokines in 
aortic ring homogenates incubated with Ang II compared to the control group. No such 
effect was ebserved in OPG+ mice. In the aortic -wall oO OPG-  mice, the concent-adions of 
the following cytokines decreased upon incubation -with Ang II: BCA-1/CXCL 13 by 21.7%, 
I-309/CCL1 Sy 29.4%, IL-4 by 17.6%, I-TAC/CXCLÌ1 by 22.8%, and IP-10/CXCL 10 by 
21.7% (Figure 4).



Figure 4. Cytokine concentrations in aortic rings isolated from OPG-knockout mice (OPG ) under 
basic conditions (control) and after incubation with angiotensin II (Ang II). Protein levels of BCA- 
1/CXCL 13 (A), I-309/CC L1 (B), IP - )0/CXCL 1 0 (C), I-TAC/CXCL1 1 (D), and IL -4 (IE) were analdsed 
uding multiplex assay. Mean values ±  SEM are shown. n = 8 per group. * p < 0.05. Unpaired Student; 
t-test.

3. D iscu ssion
3.1. Endothelial Function

G iven the data indicating the involvem ent of O PG  in endothelial dysfunction and 
the developm ent of atherosclerotic cardiovascular diseases, the endothelial function w as 
investigated by  assessing the endothelium -dependent relaxation response of aortic rings 
from  O P G + and O PG -  m ice. D ue to the reported aseociation betw een O PG  and A ng II, 
this assessm ent w as perform ed both  under basic conditions and after exposure to A ng II 
(Figure 1). A com parison of control rings (not exposed to any agen3) from O PG -  and OPG+ 
miee show ed no statistically significant difference in term s of the endotheHum-dependent 
relaxatio n response to ac/tylcho line. However, w hen exposed to A ng II, aortic rings from 
O PG -  m ice differed from those from  OPG+ m ice in  that they retained nerm al endotoeHal 
function and norm al relaxation response to acetylcholine despite 24 h of incubation w ith 
Ang II.



In contrast, aortic rings from  OPG+ m ice show ed a significant im pairm ent of the 
endothelium -dependent relaxation response to acetylcholine after 24 h of incubation w ith 
A ng II com pared to control rings incubated in the culture m edium  alone. Such a response 
is typically  observed in a m odel of A ng II-induced endothelial dysfunction [31]. To our 
know ledge, this study is the first to show  that knockout of the O PG  gene protects against 
A ng II-induced endothelial dysfunction. This suggests a link  betw een the endothelial 
dysfunction-inducing effects of A ng II and OPG. The O PG -  m ice used in this experim ent 
are from the sam e strain as the w ild-type (OPG+) m ice studied. The only difference is that 
they are unable to produce O PG  because the gene for O PG  has been  knocked out. The 
presence of O PG  is therefore a key  factor in  the ability of A ng II to induce endothelial 
dysfunction.

3.2. Cytokine Profile

In view of the results obtained in this functional study indicating that OPG is involved 
in the induction of endothelial dysfunction by Ang II and the w ell-known link between Ang 
II action on the vascular w all and inflam m ation [26], the cytokine profile in  the vascular 
w all of the O PG + and O P G -  m ice w as also assessed. A nalysis of cytokines show ed that 
the aortic w all of O PG -knockout m ice exhibited a pro-inflam m atory profile. The levels 
of various proteins, including BC A -1/C XC L13, Eotaxin-2/C C L24, Fractalkine/C X3C L1, 
I-309/C C L1, IL-1B, I-TA C /CXCL11, and M C P-1/C C L2, w ere significantly increased in 
the aortic w all of O PG -knockout m ice w hen com pared to w ild-type m ice. These proteins 
play critical roles in  the com plex landscape of cardiovascular diseases (CVDs). Each of 
these proteins contributes to different aspects of the inflam m atory and im m une responses 
associated w ith cardiovascular pathophysiology [32- 34].

The pro-inflam m atory cytokine profile in the aortic w all of O PG -  m ice found in this 
study could explain the first observations m ade by  Bucay et al. and M izuno et al. in m ice 
w ith  a knockout gene for O PG  [9,10]. A t the tim e, it w as noted that these m ice not only 
had increased osteoporosis and a higher incidence of bone fractures but also had increased 
calcification of the aortic wall and renal arteries [7,9- 11]. These early observations provided 
the basis for considering O PG as a vascular protective factor against calcification, and the 
sim ilarities betw een the regulation of osteoclastogenesis in  bones and this calcification 
of the vascular w all and the involvem ent o f the R A N K -R A N K L-O PG  signalling axis in 
this regulation seem ed to support such a hypothesis. H ow ever, this w as not confirm ed 
by  subsequent studies in hum ans. These studies show ed, am ong other things, that older 
w om en w ith severe osteoporosis have high OPG levels and that these levels are higher the 
m ore advanced the osteoporosis [7,35,36]. In addition, high O PG  levels in these w om en 
correlated strongly and positively  w ith  cardiovascular m ortality  [7,37,38]. O ther studies 
have show n that high O PG  concentrations in  patients w ith  C A D  correlate strongly and 
positively  w ith  the severity of C A D  and cardiovascular m ortality  [3,7,39- 41]. It has also 
been  confirm ed that an  increase in  O PG  levels during acute coronary syndrom es is an 
indicator of the risk of adverse cardiovascular events and poor prognosis [16,17]. This was 
initially thought to be a protective m echanism , w ith the belief that O PG  levels increase in 
response to harmful agents and that high OPG levels m ay have a protective effect or at least 
be a m arker of the potency of the dam aging effects of other factors. However, subsequent 
studies have provided am ple evidence of the d irect adverse effects of O PG  on the blood 
vessel w all, including increased leukocyte adhesion to the endothelial surface, activation 
of the ren in -an gioten sin -sy stem  (RA S), pro-inflam m atory and pro-fibrotic effects, and 
the induction of endothelial dysfunction at early stages of atherogenesis [42] . The know n 
m echanism s of OPG action on vascular w all cells now allow a better understanding of the 
clinical observations, indicating a strong association between high OPG concentrations, the 
presence and course of C VD s, and the developm ent of H F  and cardiovascular m ortality. 
It is now  believed that, although, at the in itial stage, the increase in  O PG  concentrations 
m ay be a response of the vascular w all to various dam aging agents, at a later stage, the



persistence of high OPG concentrations results in the activation of m echanism s of adverse 
OPG action that ultim ately contribute to vascular dam age and atherogenesis [42].

In our study, w e also found that incubation  of the aortic w all of O PG + m ice w ith  
A ng II resulted in  a significant increase in  IL -6 levels (a 77%  increase) in  the aortic w all 
under the influence of A ng II. In  O P G -  m ice, this increase in  IL -6 w as absent in response 
to A ng II (Figure 3 ). This indicates a differential response of the vascular w all to A ng II 
depending on the availability  of O PG. This differential response w as also observed for 
other cytokines. Indeed, it w as found that in O P G -  m ice, incubation of aortic rings w ith 
A ng II w as associated w ith  low er concentrations of the cytokines tested com pared to the 
control group. This w as not observed in  O PG + m ice. The decrease in  cytokine levels 
after incubation w ith A ng II involved proteins such as BCA -1/CXCL13, I-309/CCL1, IL-4, 
I-TA C /C X C L11, and IP -10/C X C L10 (Figure 4 ). Thus, w hen there w as a lack of O PG , 
there w as no A ng II-m ediated increase in  IL -6 levels, and there w as an  A ng II-m ediated 
decrease in levels of the aforementioned cytokines. This indicates the im portance of the link 
between OPG and Ang II, w hich plays a major role in the pathogenesis of atherosclerosis [4 ]. 
Previous studies have confirm ed that A ng II acts d irectly  on  the vascular endothelium , 
leading to endothelial dysfunction, the developm ent of inflam m ation, and the progression 
of atherosclerosis [26]. Reciprocal stim ulatory interactions betw een O PG and A ng II have 
been demonstrated [3,27- 29]. Ang II has been shown to increase OPG expression in hum an 
and m urine vascular cells. O PG has also been show n to increase the expression of the AT1 
receptor for Ang II in these cells [3,30]. This is one of the postulated m echanism s by w hich 
O PG may promote endothelial dysfunction and the developm ent of atherosclerotic lesions. 
This m ay explain  the results of our functional m yograph studies in  w hich, despite the 
incubation of the aortic rings w ith  A ng II, a norm al endothelium -dependent response to 
acetylcholine w as observed in the absence of OPG in the O PG -  mice. The results obtained 
in both parts of the experim ents suggest that the presence of OPG in the model of induction 
of endothelial dysfunction is crucial for eliciting the inflam m atory effect of A ng II.

3.3. M echanisms of Action of OPG in Vascular Wall

There are three w ays in  w hich  O PG  exerts its biological effect on the cells of the 
vascular w alls. Firstly, by  attaching itself through a specific dom ain to its ligand RAN KL, 
O PG prevents RAN KL from joining its receptor, RANK. Secondly, OPG triggers cell-surface 
signalling by direct action on the cells. It achieves this through a heparin-binding domain, 
which is able to bind to heparan sulphate proteoglycans, which can be found on the surface 
of cells. Such action has been confirmed in bones as w ell as in cells of the vascular wall and 
im m une system  [3,6,25,43] . Thirdly, OPG dim inishes or elim inates the effects of TRAIL. It 
does this by  attaching itself to its ligand TRA IL, thereby preventing TRA IL binding to its 
receptors [6].

R A S is crucial in  the developm ent of adverse changes, w hich occur w ith  age, in  the 
VSM Cs and ECs phenotype, as w ell as the pathogenesis of atherosclerosis [4 ]. D irect 
action on the vascular endothelium  by the m ain m ediator of RA S, w hich is A ng II, causes 
dysfunction, further inflam m ation, and the developm ent of atherosclerosis. H eightened 
expression of vascular endothelial growth factors (VEGFs), VEGF-A  and V EGF-B, caused 
by  the activation of the angiotensin  II type 1 (AT1) receptor, enhance inflam m ation and 
remodelling in blood vessels by triggering pro-inflammatory mechanisms and pathological 
angiogenesis. These VEGF actions are intensified by OPG [26]. Both atheroma-derived cells 
harvested during endarterectom y and ECs from  hum an derm al m icrovasculature w ere 
tested under cell culture conditions and cultivated w ith  and w ithout irbesartan, w hich  is 
the blocker of the AT1 receptor [44].  In  these cells, a reduction in the concentration levels 
of IL-6, interleukin-8 (IL-8), and O PG  has been confirm ed w ith  the use of irbesartan. Fur­
therm ore, the blockade of the AT1 receptor in these cells caused a decrease in extracellular 
signal-regulated kinase-1 and -2 (ERK1 and ERK 2) expression as w ell as a reduction in 
their phosphorylation, w hich  is usually activated by R A N K L w hen it is bound to RAN K. 
Similarly, there w as also a reduction in RANKL-induced ERK1 and ERK2 phosphorylation



in a study with m ice using losartan— another blocker of AT1 [45]. This would suggest that, 
at the level of ERK1/2 phosphorylation regulation, there is a convergent action of RANKL 
and A ng II. O PG  can also d irectly  activate ERK 1/2 phosphorylation, w hich  is linked to 
pathological angiogenesis [4,44,45].

Furthermore, it has been confirmed that mutual stimulating interactions exist between 
O PG  and R A S [3,27- 29]. A ng II increases O PG  expression in  vascular w all cells in  both 
hum ans and m ice, w hile irbesartan reduces the OPG expression in these cells by blocking 
the AT1 receptor. In the sam e w ay that A ng II has a dose-dependent effect in  enhancing 
O PG expression in vascular w all cells, O PG has a dose-dependent effect in enhancing the 
expression of the AT1 receptor [3,30].

Ang II causes an increase in the expression of VEGF, w hich results in an over-expression 
of RAN K in ECs and intensifies the angiogenic response of these cells to RANKL. A possible 
additional RA N KL action, w hich  occurs via the PI3-kinase/A kt signalling pathway, is to 
m aintain EC  integrity and induce a pro-survival effect on ECs [4 ]. This effect is inhibited 
w hen O PG  binds w ith  R A N K L, thereby im peding its link w ith  R A N K  and the activation 
of the PI3-kinase/A kt signalling pathway. W hen PI3-kinase is inhibited, the pro-survival 
effect of RANKL in relation to ECs is blocked [46]. Ang II enhances the expression of VEGF, 
w hich suppresses the PI3-kinase/A kt signalling pathw ay [47].

3.4. Conclusions, Potential Clinical Implications, and Future Perspectives

Based on our results, w e m ay conclude that the OPG gene knockout protects against 
Ang II-induced endothelial dysfunction in m ice. The absence of O PG, although associated 
w ith  a pro-inflam m atory cytokine profile in  the vascular w all, sim ultaneously  protects 
against Ang II-induced increases in pro-inflammatory cytokine concentrations in the murine 
vascular wall. As shown in our study, the absence of OPG can even lead to a decrease in the 
concentration of pro-inflam m atory cytokines in  the vascular w all exposed to A ng II. The 
presence of OPG is therefore crucial for the developm ent of A ng II-induced inflam m ation 
in  the vascular w all and for the developm ent of A ng II-induced endothelial dysfunction. 
O PG  m ay therefore be a potential therapeutic target in  cardiovascular diseases w ith  sig­
nificant activation of the R A S and consequently  h igh concentrations of A ng II inducing 
inflam m ation in the vascular w all and endothelial dysfunction.

There are several areas of particular interest, one of w hich is the interaction betw een 
O PG  and TRA IL, w hich suppresses the m esenchym al stem  cell (M SC) m igratory activity 
caused by  TRA IL. This suppressive activ ity  o f O PG  on M SC  m igration has been  dem on­
strated in vitro. This is of particular interest because there is, am ong other things, an 
increase in M SCs migrating from the bone marrow to the infarcted area of the myocardium 
during the A M I. It is currently  believed that these cells help to regenerate the heart m us­
cle and protect the left ventricle from  unfavourable post-infarction rem odelling [19] . This 
TRAIL activity related to M SC, together w ith the anti-inflammatory and anti-atherosclerotic 
effects of TRAIL, m eans that the regulation of its activity by tum our necrosis factor -alpha 
(T N F -a) and O PG  continues to arouse interest. It is possible that the increase in O PG  
concentrations, w hich  reduces the positive effects of TR A IL on M SCs and on the vascu ­
lar system , m ay have im portant pathogenic im plications for A M I [19]. The prospect of 
disabling this OPG action is an exciting concept in treating CVD s in the future.

R esearch is also underw ay to determ ine the possibility  of d im inishing the effects of 
O PG  on TR A IL, w here it acts on the vascular cell w alls. O f particular in terest are the 
studies which demonstrate that TRAIL stim ulates endothelial nitric oxide synthase (eNOS) 
and increases the production of n itric oxide (N O ) in ECs [48]. The results, to date, have 
been  encouraging, as the search continues to elim inate the unw anted effects of O PG  and 
enhance the effect of TRAIL in the vascular system. W hether this can be achieved or, indeed, 
whether it will prove to be beneficial is still unknown, but bearing in mind the mechanisms 
of action of O PG  and TR A IL in the cardiovascular system , it does appear to be a potential 
therapeutic target in CVDs.



Furtherm ore, it  is thought that O PG  is a chem otactic factor in  the infiltration of
inflam m atory cells into the vascular w all, w hich occurs in the initial stages of atherosclerotic 
lesions [4 ,25,49- 53]. Pro-inflam m atory cytokines, such as IL -6 and interleukin-1ß (IL-1ß), 
are sourced from activated inflam m atory cells. The ability of O PG, firstly, to interact w ith 
these cytokines and, secondly, to enhance adhesion molecule expression in ECs now forms 
the rationale for the search for new strategies in the treatm ent of CVDs, w ith the cytokines 
and their receptors as potential therapeutic targets.

This know ledge concerning the m echanism s of action of O PG  on the vascular w all 
has led to a better understanding of the clinical observations, w hich dem onstrate a strong 
relationship betw een C VD s and high O PG  concentrations. These m echanism s of action 
are also now considered extrem ely im portant for the pathogenesis of CVD s and for future 
C V D  therapies. Researchers are currently investigating w hat the best m ethods m ay be for 
neutralising the effects of O PG  on the cells in  the C V  system  and w hether these m ethods 
will provide clinical benefits. There is no doubt, however, that, due to these mechanism s of 
action on the CV system, the signal axis w ith a central role of OPG is a potential therapeutic 
target in CVDs.

For the next step in  our study, w e plan to carry  out in vivo research to assess the 
differences in responses to A ng II in OPG+ and O P G -  m ice. This w ill be perform ed 
based on a m urine model of endothelial dysfunction induced by long-term  intraperitoneal 
adm inistration of A ng II w ith an osm otic pum p. This experim ental m odel [54] w ill allow  
us not only to assess the endothelial function bu t also to com pare vascular rem odelling, 
hypertension, oxidative stress and dam age to various organs, as w ell as cytokine and 
adhesion m olecule expression in O PG + and O PG -  m ice exposed to A ng II.

3.5. Limitation of the Study

The m ain lim itation of this study is the use of the m ouse m odel. D ue to the com plex 
regulation of O PG  in  the hum an body, a m ouse m odel w ith  the knockout of the O PG  
gene m ay not fully correlate to hum an physiology. M oreover, although A ng II is w idely  
used in experim ents as an inductor of endothelial dysfunction, it does not fully reflect the 
com plexity of such dysfunction.

4. M aterials and M ethods

Thoracic aortic segments from male wild-type mice (C57BL/6J, OPG+) and from OPG- 
knockout mice (B6.129.S4-OPG, O PG - ), which w ere directly derived from C57BL/6J mice, 
w ere used for the experim ent. The anim als w ere purchased from The Jackson Laboratory, 
Farm ington, CT, U SA . A ll m ice w ere kept u nder specific pathogen-free conditions (SPF) 
and fed a standard laboratory diet and water ad libitum. All experimental procedures used 
in this study were carried out in accordance w ith the Guidelines for the Care and Treatment 
of Animals of the European Communities and the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH publication num ber 85-23, 
revised 1996). The m ice w ere anaesthetised w ith ketam ine/xylazine (100/10 m g/kg body 
w eight). Each thoracic aorta w as quickly  rem oved and placed in  K rebs-H einseleit (KH) 
buffer w ith the following com position (mM): NaCl 118.0, CaCl2 2.52, M gSO4 1.16, NaH CO3 
24.88, KH2PO4 1.18, KCl 4.7, glucose 10.0, pyruvic acid 2.0, EDTA 0.5. Aortas were carefully 
dissected from  the surrounding tissues and cut into rings (2  m m  long). A ortic rings w ere 
random ly divided into experim ental groups (control, A ng II) and incubated  for 24 h in  
m edium  (M EM , 0.1%  FBS) only (control group) or w ith  A ng II (1 pM) (A ng II group), at 
37 °C  (C ellC ulture C O 2 incubator, ESC O ), as previously  described by  other authors [31]. 
A fter 24 h of incubation, the aortic rings w ere d irectly  transferred to the organ bath  for 
functional studies u sing a set of m yographs. In another part of the experim ent, after the 
same 24 h of incubation, the aortic rings w ere frozen in PathScan Lysis Buffer (Cell Signaling 
Technology, Danvers, M A, USA) at - 8 0  °C for subsequent biochem ical analyses (Figure 5 ).



Figure 5. Research diagram.

4.2. Evaluation of Nitric Oxide-Dependent Endothelial Function in the Isolated M urine Aorta

After the 24 h of incubation described above, the aortic rings were mounted on 
two pins in the organ chambers of the wire myograph (620 M, Danish Myo Technology, 
Hinnerup, Denmark), filled with 5 mL of KH buffer, and gassed with carbogen (95% O2, 
5% CO2) at 37 °C. After assembly, the aortic rings were equilibrated for 30 min without 
stretching. The resting tension of the rings was then gradually increased to 10 mN. After 
the equilibr ation period, aortic viability was assessed by contractile responses to potassium 
chloride (30 and 60 mM os KCl), and maximal contraction to phenylephrine (Phe; 3 pM) 
was evoked. NO-dependent endothelial function was assessed by the relaxation response 
to cumulative concentrations of ocetylcholine (ACh; 0.01-10 pM) in 'vessels p re-contraoted 
with phenylephrine (Phe; 0.1-1 pM). Endothelium-independent relaxation was determined 
using; cumulative consentrations of sodium nitroprusside (nNP; 0.0a°-1 0  pM). Ah tissue 
reeponses were? recorded using a data-acquisition system and recordin° software (Power 
Lab, LabChart 3.01, AD Instruments, Bella Vista NSW, Australia). The relaxation responoe 
was expre ssed as a percentage of the p re-contraction induced by phenylep hrine;

4.2. Fluoroscent Bead-Based Lum inex Cytokine Assay

The murine aortic rings, which had been previously frozen at - 8 0  ° C, were thawed 
and homogenised on ice in PathScan Lytis Buffer (Cell Signaling Technology, Danvers, MA, 
USA) using TissueRuptor (Qiagen, Germantown, MD, USA). The soluOion was then cen­
trifuged (10 mirr. at 10,0t0x g  4 °C). and the total protein in the supernatant was evaluated 
using the BCA method (MERCK KGaA, Darmstadi, Germany). The protein, concentration 
was normalised, and an equal amount of tohal protein was used in the Luminex aesay. 
CytoOine caneentrations were measured using multiplex bean-based (Luminex) assays 
on a Bio-Plex 2(30 Susponsion Array System according to the manufacturer's insiructions. 
Bio-Plex Pro Mouso Assays (Bio-Rad Laboratories, Watfordt UK) were used. Data were 
acquired on a validated and ealibrated Bio-Plex 200 system (Bio-Rad Laboratories, Warford, 
UK) and analysed using Bio-Plex Manager 6.0 sottware (Bio-Rad Laboratories, Watford, 
UKt with a detection target ol 50 beads per region, high RP1 rarnet for CAL2 calibration, 
and recommended doublet discriminator (DD) gates of 5000-25,000 for Bio-Plex. The 
median fluorescence intentlty (MFI) was measured. The concentration of each cytokine 
was calculated Orom the standard curve using Bio-Plex software 6.0 (Elio-Rad Laboratories, 
Watford, UK).
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4.3. Statistical Analysis

D ata w ere analysed by  Prism  9.5.0 softw are (G raphPad, C A , U SA ). Results are pre­
sented as the m ean ±  SEM . The norm ality  of the results w as analysed using the Sh ap iro - 
Wilk test. To calculate statistical significance, an Unpaired Student's t-test or M ann-W hitney 
test w as used.
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