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Abstract

Dyslipidemia is correlated with diverse cardiovascular problems, such as obesity, hypertension, and atherosclerosis, which are summa-
rized as metabolic syndrome. Bicuspid aortic valve (BAV), as one of the congenital heart defects, is shown to influence approximately
2.2% of the general population worldwide, inducing the severe pathological development of aortic valve stenosis (AVS) or aortic valve
regurgitation (AVR), and also to aortic dilatation. Notably, emerging evidence showed that BAV was correlated with not only the aortic
valve and wall diseases but also the dyslipidemic related cardiovascular disorders. Recent results also proposed that multiple potential
molecular mechanisms inducing the progression of dyslipidemia played important roles in BAV and the progression of AVS. Several al-
tered serum biomarkers under dyslipidemic condition, including higher low-density lipoprotein cholesterol (LDL-C), higher lipoprotein
(a) [Lp(a)], lower high-density lipoprotein cholesterol (HDL-C), and different pro-inflammatory signaling pathways, have proposed to
embrace a vital function in the development of BAV correlated cardiovascular diseases. In this review, different molecular mechanisms
which embrace an important role in personalized prognosis in the subjects with BAV was summarized. The illustration of those mecha-
nisms might facilitate an accurate follow-up for patients with BAV and give new pharmacological strategies to improve development of
dyslipidemia and BAV.
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1. Introduction

Dyslipidemia, characterized by high levels of to-
tal cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), and low levels of high-density lipoprotein choles-
terol (HDL-C), is closely correlated with diverse cardio-
vascular problems, such as obesity, hypertension, and
atherosclerosis, which are summarized as cardio-metabolic
disorder diseases [1,2]. Notably, for some different in-
stances, several diverse cardio-metabolic disorder diseases
might be sequentially or simultaneously correlated within
the same individual, resultantly proposing the potential
physiological inter-relationships of different cardiovascular
diseases [3,4].

Bicuspid aortic valve (BAV), as one of the most com-
mon congenital heart defect diseases, is shown to affect
approximately 2.2% of the general population worldwide,
playing an important role in inducing the pathological de-
velopment of aortic valve stenosis (AVS) or aortic valve
regurgitation (AVR) [5,6]. Importantly, the subjects with
BAV are inclined to suffer from the AVS which occurs at a
relatively younger age compared to those individuals with a
tricuspid aortic valve who might suffer from AVS after the
age of 65 years [7,8]. On the other hand, such pathological
alterations in the individuals with BAV could be identified
as the results of disrupts circulating hemodynamics which is
peculiar compared with the individuals with tricuspid aortic
valve [9]. Concerning on this notion, recent evidence has
proposed that in the subjects with BAV, the pathological

development of AVS is correlated with aortic dilatation or
aortic dissection which could be pathologically correlated
to the risk of dyslipidemia, indicating a potential relation-
ship between the risk of dyslipidemia and the pathological
development of AVS in patient with BAV [10,11]. Nev-
ertheless, the prevalence of dyslipidemia in subjects with
BAV, the potential mechanism, and the prognostic signifi-
cance of BAV-related dyslipidemia are still not elucidated
[12,13].

In this review, emerging evidence on the potential
relationship between BAV with the atherosclerotic related
disease is well summarized. Furthermore, different molec-
ular mechanismswhich promote the personalized prognosis
in patients with BAV are also elucidated. The illustration of
thosemechanismsmight facilitate an accurate follow-up for
patients with BAV and give new pharmacological strategies
to improve development of dyslipidemia and BAV.

2. Epidemiological Relationship between
BAV and Dyslipidemia

The epidemiological relationship between BAV and
the prevalence of dyslipidemia is given attention during the
past several decades by several cohorts in diverse countries.
As demonstrated by USA national statistics, the prevalence
of dyslipidemic related cardiovascular disease which needs
percutaneous transluminal coronary intervention (PCI) or
coronary artery bypass grafting (CABG) in subjects with
BAV is significantly increased compared to those in the
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healthy control individuals with consistent age [10]. Other-
wise, in the patients undergoing the primary cardiovascular
prevention, the risk of dyslipidemia and subclinical vascu-
lar disorder are evaluated by detecting the serum lipid pro-
files and assessing the vascular status by angiography, re-
spectively [14,15]. Importantly, aberrant serum lipid pro-
files of disrupt metabolism of lipids, especially those in-
volving in serum LDL and triglyceride (TG) metabolism,
are undisputed essential promoters for the development of
dyslipidemia and the formation of atherosclerotic plaques
which are causally correlated with several cardio-metabolic
diseases [16].

It is worth noting that emerging results indicated the
pathological relationship between BAV with the develop-
ment of dyslipidemia. As a general observation, the indi-
viduals with BAV present relatively higher serum concen-
trations of TC, LDL-C, and high sensitive C-reactive pro-
tein (hs-CRP), all of which could be reversely correlated
with valvar calcification by diverse severity [17]. Consis-
tently, the patients undergoing aortic valve replacement,
with or without BAV, is shown to exhibit higher circulat-
ing levels of TC and LDL-C compared with those indi-
viduals underwent isolated valve replacement [18]. Nev-
ertheless, in the younger individuals with BAV, especially
5 to 15 years-old, no serum atherosclerotic lipid markers
altered compared with the control individuals [19]. Via de-
tecting the relationship between dyslipidemia with the risk
of aortopathies in Japanese individuals with either BAV,
the authors confirmed that those patients presented a rela-
tively largermaximal diameter of ascending aorta in a larger
proportion compared to the individuals with normal aor-
tic valve. Notably, the patients with BAV exhibited higher
serum contents of TC, LDL-C, TG, and reduced serum con-
tents of HDL-C. In these patients, the increased LDL-C
and TC concentrations were found in patients with AVS,
whereas TG were found to be elevated in patients with AVS
and AVR [20,21]. Similar with these results, a recent epi-
demiological case-control study conducted by Gracia et al.
[22] which included 102 patients and 221 healthy control
individuals, found that the certain cardiovascular risk fac-
tors associated with severe symptomatic AVS were hyper-
cholesterolemia, hypertension, and lower serum concentra-
tions of HDL-C, indicating that dyslipidemia was one of
the certain cardiovascular risk factors with a greater risk of
AVS. Mundal et al. [23] also explored the relationship be-
tween serum LDL-C with the risk of AVS in familial hy-
percholesterolemia (FH) in the total Norwegian population
of about 5 million individuals. After analysis, the authors
demonstrated a remarkable increased prevalence of AVS in
the patients with FH.

Another clinical study enrolling 95 individuals with
BAV and severe AVS undergoing the surgery for aortic
valve replacement, approximately 26% presented CABG
owing to a relevant greater than 75% of at least one coro-
nary artery [24]. In this cohort, 26 patients with BAV

underwent CABG with concomitant surgery for thoracic
aorta aneurysm, suggesting a significantly pathological cor-
relation between AVS, dyslipidemia, and thoracic aortic
aneurysm. Concerning on these results, it is speculated that
several risk factors involved in progression of dyslipidemia
might also facilitate the severity of AVS in the individuals
with BAV. Interestingly, the authors also demonstrated that
dyslipidemia was frequent in the individuals with tricuspid
aortic valve, proposing that in patients with BAV and AVS,
the initially pathological factor might be the anatomic al-
teration [24]. Nevertheless, due to the lack of literatures,
the relationship between serum factors involving in lipid
metabolism and severity of aortopathy in the individuals
with BAV is not elucidated. Recently, a research demon-
strated no significantly relationship between TC, LDL-C,
and TGwith the cross-sectional aortic diameters in the indi-
viduals who underwent aortic valve replacement with BAV
[13]. A potential explanation for these discordances resided
in the fact which a simple detection of serum lipids might
not reflect the pro-dyslipidemia of diverse exposure time to
increased serum LDL-C levels. Additionally, several lim-
itations are also reported, since other research which con-
tained relatively small cohorts or showed a relatively weak
significance [13].

The individuals with BAV is also shown to be in-
clined to suffer from the genetic disorder syndromes, such
as Turner syndrome, with increased prevalence of early-
onset ascending aortic dissection. Importantly, ascending
aortic dissection is promoted by arterial hypertension and
by the development of dyslipidemia and atherosclerotic re-
lated cardiovascular diseases [25]. Taken together, these
findings induced the clinicians conducting a comprehen-
sive assessment of the risk of dyslipidemia in daily clini-
cal practice. Nonetheless, it should be noticed that all the
clinical trials mentioned above are cross-sectional design
study. Thereby, it is necessary to conduct other longitu-
dinal measurements of dyslipidemia to further confirm the
contribution of serum LDL-C contents to the pathological
development of abdominal aortic aneurysm in the subjects
with BAV.

3. Mechanic Linkage between the Risk of
Dyslipidemia with BAV

According to the previous reports, in the patients with
BAV, the severity of AVS is correlated with the develop-
ment of ascending aortic dissection, which is confirmed
to be associated with the increased serum levels of pro-
atherogenic lipid profile [26–29]. Recent results showed
the potential mechanism of aortic dissection contains a
complex biological pathogenesis. Among several mech-
anisms, remodeling and degeneration of extracellular ma-
trix (ECM) is confirmed as the leading mechanism in facil-
itating the ascending aorta dissection in patients with BAV
[30,31]. With in-depth investigation, it is shown that the
pathological development could be induced by the changed
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biosynthesis of collagen and by aberrant gene expression
levels of lysyl-hydroxylase (PLOD1) or reduced activity of
the corresponding enzyme [32]. Concerning on the abdom-
inal aorta, the altered metabolism of ECM is shown to be
more interlinked with inflammatory response and dyslipi-
demia condition [33]. Under both states, the excessive stim-
ulation of matrix metalloproteinases (MMPs) is involved
in inducing dyslipidemia and inflammatory response in pa-
tients with BAV [34–36].

The diameter of aortic root and ascending aorta were
associatedwith TC, LDL-C, and the atherosclerotic lipids in
the individuals with BAV, such as apolipoprotein B (ApoB)
and its lipoproteic components [37]. Notably, in these clin-
ical trials, the serum levels of LDL-C and ApoB were iden-
tified as novel biomarkers in predicting aortic root diame-
ter; whereas only the circulating concentrations of ApoB
could predict the ascending aorta diameter, suggesting a
relationship between serum lipid profiles with the risk of
valve disease. By analyzing the data from abdominal aortic
aneurysm mouse models induced by angiotensin-II (Ang-
II), multiple important dyslipidemic biomarkers, especially
LDL-C, TC, and proprotein convertase subtilisin/kexin type
9 (PCSK9), exhibited a vital effect in modulating the patho-
logical progression of abdominal aortic disease [27,38].
Additionally, the authors also demonstrated that increased
concentrations of TC and LDL-C could induce the stor-
age of macrophages, which promotes the cascading in-
flammatory response and results in aneurysm progression
under the intervention by Ang-II [39]. Consistently, the
early stage of macrophage-related innate immune response
is shown to excessively release multiple pro-inflammatory
cytokines during aneurysm progression and is partly trig-
gered by oxidized LDL. As a consequence, these findings
were recognized as the mechanisms correlated with vascu-
lar endothelium impairment [40–42]. Recent reports also
demonstrated that elevated LDL-C concentration could be
considered as a potent inflammatory factor which facili-
tated the recruitment of macrophages and the stimulation
of multiple proteins, including serine proteases, MMPs,
and cysteine [43,44]. Aside from the classical circulating
pro-inflammatory biomarkers, the dysfunction of several
other pro-inflammatory cytokines, such as smooth muscle
cells (SMCs), are shown to activate the Toll-like receptor-3
(TLR-3) signaling pathway and subsequently facilitates the
inflammatory response [45]. These results proposed that
BAV and its related aortopathies are associated with mul-
tiple molecular events involving in the progression of dys-
lipidemia.

The association between serum PCSK9 concentra-
tions and the progression of abdominal aortic aneurysm
also presented a clinical translation since the increased
PCSK9 concentrations could reduce the hepatic LDL re-
ceptor (LDLR), resultantly causing the higher LDL-C and
further promoted the progression of hyperlipidemia [46,47].
Furthermore, the inflammatory response and dyslipidemia

were correlated due to the risk of dyslipidemic related
cardio-metabolic diseases could be also induced by low-
grade inflammatory response via the stimulation of the
NLRP3 inflammasome and other pro-inflammatory sig-
naling pathways [48,49]. The early involvement of the
macrophage-induced innate immune response promotes the
production of various pro-inflammatory cytokines during
the pathological development of aneurysm which is partly
triggered by excessive storage of LDL-C, especially ox-
LDL. Therefore, the process is currently identified as a po-
tential mechanism involved in the injury of vascular en-
dothelium [43,50]. Conclusively, since the macrophage-
induced cholesterol reverse transportation plays a vital
function in modulating dyslipidemia, the results also indi-
cates the relationship between dyslipidemia and aortic dis-
ease.

4. Relationship between Lipoprotein (a) and
BAV

The important role of Lipoprotein (a) [Lp(a)] in mod-
ulating the progression of BAV to AVS has begun to gain
appreciation since the Lp(a) plays a vital role in dyslipi-
demia and its related cardiovascular diseases. As shown
in several previous studies, a correlation between increased
Lp(a) contents and aortic valve disease has been demon-
strated [51,52]. For instance, Glader et al. [51] enrolled
41 women and 60 men with significant AVS who under-
went aortic valve replacement and demonstrated that the
increased serum Lp(a) concentration, as greater than 480
mg/L, could be identified as a risk marker for AVS. Fur-
thermore, a strong synergism between Lp(a) and C. pneu-
moniae IgG anti-bodies in circulating immune complexes
was found, indicating that higher serum Lp(a) concentra-
tions could influence and aggravate AVS via the forma-
tion of circulating immune complexes. Similar relationship
could also be found in the reports provided by another two
independent clinical trials conducted by Gotoh et al. [53]
and Stewart et al. [54]. More recently, Nordestgaard et
al. [55] conducted a comprehensive systemic review and
meta-analysis to elucidate the relationship between serum
Lp(a) concentrations with the incidence of calcified valvar
disease. As shown, the serum Lp(a) levels greater than 50
mg/dL were significantly associated with an approximately
2.0-fold increased risk of calcified valvar disease, indicat-
ing that increased serum Lp(a) concentrations are signifi-
cantly associated with elevated prevalence of calcified val-
var disease.

With in-depth investigation, it has been shown that
Lp(a) is a cholesterol-abundant particle containing a
molecule of ApoB-100 covalently linkedwith amolecule of
Apo(a) [55]. As a consequence, the serum levels of Lp(a)
is currently recognized as a risk factor for atherosclerotic
related disease [56] and pro-thrombotic status [57]. Due to
BAV induced-AVS could be promoted by oxidized devel-
opment, consequently elevated serum Lp(a) concentrations
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might be found in aortic valve disease, predominantly by
high mechanical stress, where Lp(a) is retained [58]. Actu-
ally, serum Lp(a) has been demonstrated to be storage dur-
ing the pathological development of AVS and to co-localize
with calcium deposition [59,60]. It is also worthy to notice
that the serum Lp(a) levels are determined by variation in
the quantity of kringle IV type 2 (KIV-2) repeats at its gene
locus, encoding the Apo(a) which plays a vital function in
promoting calcified related diseases [61]. Notably, one sin-
gle nucleotide polymorphism (SNP) in the lipoprotein (a)
gene locus, as identified as rs-10455872, was confirmed to
be strongly correlated with both serum Lp(a) levels and the
prevalence of atherosclerotic related diseases [62]. Impor-
tantly, this SNP was firmly reported to reach genome-wide
significance for the risk and the development of aortic valve
calcification especially in populations from diverse coun-
tries, such as Hispanic-American and African-American
[63]. In the individuals with BAV, the relationship between
serum Lp(a) levels with the presence of aortic valve steno-
sis has been assessed by Sticchi et al. [64] via enrolling
the Italian population. Though the authors found no signif-
icant relationship between serum levels of Lp(a) with the
KIV-2 repeat quantity and BAV, it was shown significantly
increased serum Lp(a) concentrations according to the cal-
cification degree. By contrast, it has also been found that
lower KIV-2 repeat quantity in the individuals with more
severe calcification degree were found. Moreover, higher
levels of Lp(a) were observed in the individuals with BAV
who suffered from AVS [64]. Consequently, these findings
revealed that serum Lp(a) concentrations might be identi-
fied as a risk factor useful to stratify the severity of valvar
calcifications and AVS among the individuals with BAV.

Taken together, the results mentioned above supported
that in the subjects with BAV, the existence of a causal asso-
ciation between Lp(a) and the progression of calcific aortic
valve disease, especially AVS, which revealed genetic vari-
ation at the Lp(a) gene locus in the pathological develop-
ment. Concerning on this notion, the elevated circulating
Lp(a) could also be identified as a potential therapeutic tar-
get to AVS or AVR in individuals with BAV.

5. Potential Linkage between Valve
Calcification, Dyslipidemia, and
Inflammatory Response

Due to the technological advances, several novel
serum biomarkers were shown to potentially be involved in
linking dyslipidemia and inflammatory response in the pa-
tients with BAV. Emerging results have provided by multi-
variate analysis which indicated emanative protein expres-
sion finger prints in patients with tricuspid aortic valve com-
pared to those in patients with BAV [64,65]. Notably, these
findings also suggested that aortic aneurysm dilatation in
the individuals with BAV could be partly correlated with
tissue repair capacity induced by disrupted fibronectin and
enhanced vascular permeability.

Increasing results proposed that diverse risk fac-
tors, which modulate the pathological development for
atherosclerotic related diseases, are associated with the pro-
gression of aortic calcification and AVS [66]. For instance,
the elevated blood pressure detected on the left side of the
heart is involved in valve calcium formation, whereas this
phenomenon detected on the right side of the heart is rarely
observed by analyzing the results from two independent re-
search [7,67,68]. On the other hand, the features of aortic
flow and aortic wall in BAV could affect the predisposi-
tion of patients to dyslipidemia. In details, an important
and initial cardiovascular event in the progression of AVS is
endothelial dysfunction owing to the enhanced mechanical
stress, as also observed in patients with BAV by decreased
flow-mediated dilatation [69]. With in-depth investigation,
this process induced serum lipid profiles to enter into the
impaired endothelium, indicating a potential relationship
between dyslipidemia and AVS in patients with BAV [70].
Furthermore, via the progression of LDL oxidation, which
is identified as an important inflammatory progression in-
duced by excessive storage of T lymphocyte, monocytes,
and CD3(+) leukocytes, the authors found that disrupted
LDL-oxidation promoted the development of AVS [71,72].
The underlying mechanisms, which contained a mineraliz-
ing progression, were confirmed via several experimental
data and indicated that dyslipidemic-related AVS could be
facilitated by two important potential mechanisms, as one is
an endothelial-mesenchymal oxidative stress and the other
one is a signal abnormal forces in the dyslipidemic micro-
environment, which subsequently induced the enhanced ex-
pression of LDL-receptor (LDLR) to further facilitate the
myo-fibroblast cell to form the calcified tissue in humans
[73].

Recently, it was shown that inflammatory response
could importantly stimulate the process of angiogenesis
which subsequently induced the rupture of small fragile
vessels and released the intra-leaflet hemorrhage. Notably,
this process could promote the progression of valve stenosis
[74]. Via this inflammatory response, the fibroblast like-
cells, also be considered as the valve interstitial cells, is
shown to facilitate the formation process within the fibrous
tissue. It is worth noting that several valve interstitial cells
could further differentiate into the myo-fibroblasts which
reversely differentiate into the osteoblasts and induce the
progression of calcification. On the other hand, it is also
proposed a genetic predisposition to aortic calcification is
associated with diverse serum level of Lp(a) and the gene
expression levels of Lp(a). Furthermore, the Lp(a) is corre-
lated with varying degrees of valve calcification and AVS
[63]. Notably, the vital function of lipoprotein (a) has been
well described in previous paragraph of this review.
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6. Molecular Relationship between
Dyslipidemia and BAV-Induced Diseases

Multiple research has provided the resulted and sug-
gestions for the aortic valve replacement, no matter by tran-
scatheter active valve replacement (TAVR) or aortic valve
surgery, is necessary and effective in the treatment for BAV
and its related AVS. Nonetheless, the results of follow-up
observation trial in terms of dyslipidemia and its impact
on AVS could not fully elucidate the molecular relation-
ship between dyslipidemia and BAV-induced diseases [75].
Due to the apparent relationship between the hypercholes-
terolemia, characterized by increased serum levels of LDL-
C and TC, with the pathological development of the AVS
in patients with BAV, it is reasonable to make a speculation
about the potential advantage of specific medicine treat-
ment. Among several lipid-lowering medicines in daily
clinical practice, statins are one of the most widely used
medicines specifically suppressing the serum 3-hydroxy 3-
methylglutaryl coenzyme A reductase (HMG-CoA), which
resultantly lowers the serum LDL-C and TC concentra-
tions. Moreover, the prevalence of cardio-metabolic disor-
der diseases is also reduced significantly by using the lipid-
lowering therapy [76]. Interestingly, two independent re-
search suggested that statins could, at least partly, influence
the aorta through inhibiting the biological activity of serum
inflammatory factors, such as IL-6 and TNF-α, and mod-
ulate the expression of other factors such as angiotensin-II
[77,78]. Similar with these results, in a retrospective ob-
servational clinical trial, which enrolled 174 patients with
BAV andmoderate calcific AVS, demonstrated that approx-
imately 18% patients undergoing the statin-induced lipid
lowering therapy presented a significantly decreased patho-
logical development of AVS compared with those who
were not treated with statins [79]. In addition, another
in-depth observational clinical trial also showed that the
statin-treated individuals with BAV and AVS exhibited a
relatively smaller ascending aortic size compared to those
who were not treated with statins [80]. In a more recent
study, the statin-treated patients with BAV who underwent
the aortic valve surgery presented a relatively smaller prox-
imal aortic diameter (approximately 40.2 mm) only when
at target for serum HDL-C concentrations, compared with
the individuals who were not at target for serum HDL-C
concentration (approximately 46 mm); however, all the en-
rolled individuals whowere not treated with statin exhibited
a relatively larger diameter independently of serum HDL-C
concentrations [81]. Taken together, this clinical trial shed
light on that the common problems of lipid-lowering treat-
ment, especially by statins are widely observed in the indi-
viduals with BAV.

On the other hand, it has also been suggested that the
advantage of using lipid-lowering therapy, such as using
statins or ezetimibe, in the individuals with BAV is proba-
bly induced by significantly reduced serum levels of lipid
profiles, especially LDL-C and TC, in the early pathologi-

cal stages of AVS before the severe calcification could take
place by the lesions [82,83]. However, in a randomized
study which enrolled the individuals with BAV and without
BAV, the authors found that in the patients without clinical
indications for lipid lowering, using rosuvastatin could not
improve the pathological development of mild or moderate
AVS [84,85]. Concerning on this notion, it could not make
a conclusion to elucidate the most appropriate BAV-related
therapeutic strategy.

Interestingly, recent notion showed that the paradigm
of dyslipidemia plus stimulation of Ang-II-induced mech-
anisms as pathogenic triggers of the pathological devel-
opment of abdominal aortic aneurysm could propose that
the multi-medicine combinations, such as statin and agents
blocking angiotensin, could embrace an important modula-
tory function in the risk of aortic disease in the individuals
with BAV [86]. Otherwise, the clinical administration the
stimulation of diverse pro-inflammatory cytokines, includ-
ing the NLRP3 inflammasome, TNF-α, and IL-6, are still
needed to be deeply elucidate by further research whose re-
sults might be promising and eye-catching.

7. Conclusions and Future Perspectives
As summarized in our review, BAV has currently been

identified as a syndrome containing several aortic valve dis-
eases and important aortic wall disruption including rup-
ture, dissection, and dilatation with aortic lesion. Addi-
tionally, such diseases could be promoted to contain, aside
fromAVS and ascending aorta aneurysm, also dyslipidemia
and its related cardiovascular diseases. Emerging recent re-
search mentioned in the current article proposed that mul-
tiple diverse potential mechanisms could significantly fa-
cilitate the development of dyslipidemia in the individuals
with BAV which is also involved the promotion from AVS.
Concerning on this notion, the future basic experiment and
clinical trials should focus on a more accurate pathway to
elucidate the modulatory function of dyslipidemic related
serum biomarkers in the development of AVS in the indi-
viduals with BAV, for a relatively personalized diagnosis
and follow-up period. Notably, those research should also
take into consideration the diverse aspects which have been
neglected such as the influence of sex and race in regulat-
ing the risk of dyslipidemia in patients with BAV. Through
this effort, it could provide several potential and novel ther-
apeutic treatment for the diseases in daily clinical practice.
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