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HIGHLIGHTS

e LDLR regulates oxidized LDL level, which is increased in lung and blood from PAH patients.
e LRP1 preserving vascular homeostasis is decreased in PAH patients.

e LRP5/6 regulating Wnt signaling is upregulated in PH.

e The LRP8 (aka ApoER2) ligand ApoE protects from PAH.

SUMMARY

The low-density lipoprotein receptor (LDLR) gene family includes LDLR, very LDLR, and LDL receptor-related proteins
(LRPs) such as LRP1, LRP1b (aka LRP-DIT), LRP2 (aka megalin), LRP4, and LRP5/6, and LRP8 (aka ApoER2). LDLR family
members constitute a class of closely related multifunctional, transmembrane receptors, with diverse functions, from
embryonic development to cancer, lipid metabolism, and cardiovascular homeostasis. While LDLR family members have
been studied extensively in the systemic circulation in the context of atherosclerosis, their roles in pulmonary arterial
hypertension (PAH) are understudied and largely unknown. Endothelial dysfunction, tissue infiltration of monocytes, and
proliferation of pulmonary artery smooth muscle cells are hallmarks of PAH, leading to vascular remodeling, obliteration,
increased pulmonary vascular resistance, heart failure, and death. LDLR family members are entangled with the afore-
mentioned detrimental processes by controlling many pathways that are dysregulated in PAH; these include lipid
metabolism and oxidation, but also platelet-derived growth factor, transforming growth factor p1, Wnt, apolipoprotein
E, bone morpohogenetic proteins, and peroxisome proliferator-activated receptor gamma. In this paper, we discuss the
current knowledge on LDLR family members in PAH. We also review mechanisms and drugs discovered in biological
contexts and diseases other than PAH that are likely very relevant in the hypertensive pulmonary vasculature and the
future care of patients with PAH or other chronic, progressive, debilitating cardiovascular diseases.
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nitially thought to control only lipid metabolism,

the low-density lipoprotein receptor (LDLR) gene

family is an ancient class of cell surface receptors
for which new functions in many diseases have been
continuously reported. Emerging research has out-
lined important roles for LDLR family members and
oxidized LDL in the pathobiology of pulmonary arte-
rial hypertension (PAH). Here, we review how the
aforementioned important players interact with ma-
jor pathways that are dysregulated in pulmonary
vascular disease. We also discuss innovative drugs
modulating LDLR family signaling and potential
future preclinical investigations in PAH research
based on LDLR family’s mechanisms already delin-
eated in other diseases.

The LDLR gene family consists of multifunctional,
transmembrane receptors that reside on the cell
surface. These receptors share structural and func-
tional properties, interact with a diverse group of
ligands, and are engaged in numerous biological
functions. LDLR core family members share 7 char-
acteristic features (Figure 1): cell-surface expression;
an extracellular ligand binding domain consisting of
complement-type repeats; requirement of Ca®' for
ligand binding; recognition of receptor-associated
protein and apolipoprotein E (ApoE); epidermal
growth factor precursor homology domain contain-
ing YWTD repeats; single membrane-spanning re-
gion; and receptor-mediated endocytosis of various
ligands (1,2). The complement-type repeats consti-
tute a ligand binding domain rich in cysteines. The
epidermal growth factor precursor homology domain
is necessary for the dissociation of ligands from the
receptor in endosomes. The O-linked glycosylation
domains, rich in serine and threonine residues, are
not involved in ligand binding but serve to keep the
ligand binding domains away from the cell surface
and as a shield against shedding proteases (3).
Finally, as opposed to signaling receptors that
contain large intracellular domains, LDLR family
members have relatively short cytoplasmic tails. On
this tail, the NPxY [Asn-Pro-any amino acid (x)-Tyr]
sequence controls both endocytosis and signaling by
interacting with a range of cytoplasmic adaptor
and scaffolding proteins such as phosphotyrosine
binding domain-containing proteins (for example,
disabled-1) (1,2). Differences in position and number
of each domain create the diversity in LDLR family
members.

Throughout evolution from nematodes to mam-
mals, the extracellular domains of LDLR family
members have been conserved, but their cytoplasmic
domains share little sequence similarity, with the
exception of the NPxY motif (4). About 50 years ago,

the pioneering work of Brown and Goldstein
led to the identification and characterization
of the first member, the LDLR, during their
search for the molecular basis of familial hy-
percholesterolemia (5-7). The LDLR has been
extensively studied for its prominent role in
cholesterol homeostasis and the removal of
LDLs from the circulation. For this historical
reason, the biological function initially
attributed to all members of this evolution-
arily ancient gene family was a role in lipid
metabolism. However, since the initial dis-
covery, many other functions have been
unraveled for this family, including transport
and activation of steroid hormones, regula-
tion of Ca®?* homeostasis, and pivotal roles in
intercellular signaling during embryonic
development and adult life (2,8).

Owing to their roles in lipid metabolism,
many LDLR gene family members have been
investigated in the context of atherosclerosis,
unraveling further functions in the related
vascular pathobiology. Atherosclerosis is a
chronic vascular inflammatory disease asso-
ciated with endothelial dysfunction, leuko-
cytes or monocytes adhesion and infiltration,
aberrant smooth muscle cells
(VSMCs) switch from contractile to synthetic
phenotype promoting proliferation, extracel-
lular matrix synthesis, and eventually neo-
intimal hyperplasia (9). Interestingly, these
mechanisms are also observed in PAH, a
fatal heart-lung (10) and even systemic (11)
disease that is characterized by obliterative
remodeling of pulmonary arterioles (10,12)

vascular

and increasing pulmonary vascular resis-
tance, resulting in heart failure (13,14).
Perivascular hypoxia, inflammation and
remodeling (10,15,16), endothelial dysfunc-
tion, endothelial-mesenchymal transition
(17), hypoxia-triggered microRNA dysregula-
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ABBREVIATIONS
AND ACRONYMS

ApoE = apolipoprotein E

BMPR = bone morphogenetic
protein receptor

COPD = chronic obstructive
pulmonary disease

CTGF = connective tissue
growth factor

HDL = high-density lipoprotein
KO = knockout
LDL = low-density lipoprotein

LDLR = low-density
lipoprotein receptor

LRP = low-density lipoprotein
receptor-related protein

Mesd = mesoderm
development

mRNA = messenger RNA
PH = pulmonary hypertension

PAH = pulmonary arterial
hypertension

PASMC = pulmonary artery
smooth muscle cell

PDGFR-J} = platelet-derived
growth factor receptor-f

PPARY = peroxisome
proliferator-activated receptor
gamma

RV =right ventricle/ventricular

RVSP = right ventricular
systolic pressure

TGF-f1 = transforming growth
factor 1

TGFBR = transforming growth
factor B1 receptor

TNF = tumor necrosis factor
receptor

VLDLR = very low density
lipoprotein receptor

VSMC = vascular smooth
muscle cell

tion (18,19), aberrant glucose and lipid metabolism
(20-22), and pulmonary artery smooth muscle cell
(PASMC) proliferation (20) are hallmarks of PAH. PAH
has an underestimated occurrence, especially in at-
risk groups. It is rather highly prevalent on a global
scale (23), and despite advances toward effective
therapies, it remains an aggressive condition with a
mortality of 25% to 50% within 5 years of diagnosis
(13,24-26). Therefore, understanding novel mecha-
nisms of PAH pathobiology, including beneficial and

detrimental regulators, will open the path to new

reverse-remodeling therapies, which is a top priority

for the global PAH research community.



166

Calvier et al JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 2, 2022
LDLR Family in PAH FEBRUARY 2022:164-180

FIGURE 1 The LDLR Family
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Illustration showing the domain structure of the low-density lipoprotein receptor (LDLR) family members for vertebrates organized as core, distant and far distant.
The N-terminal part is on the top side (extracellular domain) and the C-terminal part is on the bottom side (intracellular domain). Members of the core are char-
acterized by the presence of NPxY-motif, N-terminal ligand binding domain, and epidermal growth factor (EGF) precursor homology domain composed of EGF repeats
and YWTD/b-propeller domain. LDLR, very LDLR (VLDLR), and ApoER2 express an additional extracellular O-linked sugar domain adjacent to the transmembrane
segment. Distant members are the LDLR-related protein 5 (LRP5) and LRP6 lacking NPxY-motif as well as SorLA (or SORL1, SORLAT, LR11) with additional fibronectin
repeats and VPS 10 motif. The 4 far distant members only harbor ligand binding-type repeats with the CUB domain (binding complement C1r/Cls, Uegf, and Bmp1) for
LRP3, LRP12, and LRP10. Adapted with permission from Herz (8) and Pohlkamp et al (125).

In 2007 to 2009, the first 2 studies reported a link atherosclerosis, very few are focused on the pulmo-
between abnormal glucose metabolism (insulin nary vasculature. In 2007, a study reported the
resistance) and PAH in mice (27) and humans (28). presence of advanced atherosclerotic lesions in the
Since then, abnormalities of many intersecting pulmonary artery of ApoE~”/Ldlr”~ double knockout
metabolic pathways (glucose, lipid, glutamine, and (KO) mice under Western diet feeding (32), while only
others) in the right ventricle (RV), pulmonary vessels, rarely such lesions were found in 3-month-old ApoE™"
and skeletal muscle have been discovered to be mice on a high-fat diet (27). The first extensive and
crucial in preclinical and clinical PAH (20-22,29-31). In  dedicated study on LDLR protection against experi-
pulmonary hypertensive vascular disease, a growing mental pulmonary hypertension (PH) was published
body of evidence points toward a crucial role for in 2013 by Douglas et al (33), which was confirmed
LDLR family members (Table 1, Central Illustration). and extended in a recent paper from Umar et al in

2020 (34).
LDLR REGULATES OXIDIZED LDL LEVEL

LDLR KO MICE HAVE INCREASED OXIDIZED LDL
LDLR is the oldest known member of the LDLR family AND DEVELOP PAH. In Ldlr”" mice fed a high-fat diet
identified because its defect causes familial hyper- for 16 weeks, atherosclerosis in the aorta was similar
cholesterolemia and atherosclerosis (6). While mul- in mice under intermittent hypoxia and hypercapnia
tiple studies have investigated the role of LDLR in versus normoxia control mice (33). This was
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TABLE 1 Preclinical PAH Studies on LDLR Family Members

PAEC cultures

Receptor Reference (#) Models Main Conclusions Treatment
LDLR Langheinrich et al, ApoE-/-/Ldlr-/- double KO mice under Presence of advanced atherosclerotic
Atherosclerosis. 2007 (32) Western diet lesions in the pulmonary artery
Douglas et al, J Appl Physiol. Ldlr-/- mice exposed to intermittent Exposure of Western diet-fed Ldlr-/- mice Apolipoprotein A-1 mimetic
2013 (33) hypoxia/hypercapnia with a to intermittent hypoxia/hypercapnia led (HDL mimetic) peptide 4F
high-fat diet to PAH and exaggerated development
of atherosclerotic lesions in the
pulmonary artery with elevated
oxidized lipids
Umar et al, J Am Heart Ldlr-/- mice with a high-fat diet Western diet in Ldlr-/- mice induces PAH
Assoc. 2020 (34) preceding the development of LV
dysfunction, elevated oxidized lipids,
Monocrotaline-induced PAH in rats and Increased oxidized lipids associated with
Sugen-hypoxia-induced PAH in rats PAH
HPASMC culture Knockdown of Ldlr or oxidized LDL
treatment resulted in cell proliferation
LRP1 Calvier et al, Circ Res. SM22-Cre*’~; LRP1foX/flox, Mice spontaneously develop moderate PAH Pioglitazone (a PPARY
2019 (55) LDLR™" mice (increased RVSP, RV hypertrophy, and agonist)
muscularization of distal pulmonary
arteries)
HPASMC culture and PAH patients LRP1 expression is decreased in pulmonary
arteries and explanted PASMC of PAH
patients.
Zucker et al, Biochim Biophys HPASMC culture Controversial in vitro study reporting that
Acta Mol Basis Dis. LRP1 is detrimental and promotes
2019 (70) synthetic phenotype in PASMC
LRP5/6 Alapati et al, Pediatr Res. Neonatal rats exposed to hyperoxia LRP5/6 inhibition by Mesd blocked Mesd (LRP5/6 chaperone)
2013 (88) (bronchopulmonary dysplasia hyperoxia-induced Wnt/f-catenin,
model with PAH) attenuated chronic hyperoxia-induced
RVSP, RV hypertrophy, pulmonary
vascular thickening, and PASMC
proliferation.
LRP8 Bertero et al, Cell Rep. Pulmonary artery adventitial In primary human pulmonary cells, a miR-
2015 (117) fibroblasts, PASMCs, and 130/301-PPARY-ApoE-LRP8 axis

regulating extracellular matrix
deposition has been identified

HDL = high-density lipoprotein; HPASMC = human pulmonary artery smooth muscle cell; KO = knockout; LDL = low-density lipoprotein; LDLR = low-density lipoprotein receptor; LRP = low-density
lipoprotein receptor-related protein; PAEC = pulmonary artery endothelial cell; PAH = pulmonary arterial hypertension; PASMC = pulmonary artery smooth muscle cell; PPARy = peroxisome
proliferator-activated receptor gamma; RV = right ventricular; RVSP = right ventricular systolic pressure

remarkable because mice exposed to intermittent
hypoxia and hypercapnia had lower weight gain,
lower plasma cholesterol, and lower triglyceride
levels than normoxic control mice. However, in
intermittent hypoxia and hypercapnia mice, athero-
sclerosis was markedly increased in the trunk and
proximal branches of the pulmonary artery. Hemo-
dynamic analysis revealed that the RV systolic pres-
sure (RVSP) and isovolumic relaxation constant were
significantly increased in mice exposed to intermit-
tent hypoxia and hypercapnia, and left ventricular
percentage fractional shortening was reduced.
Increased atherosclerotic lesions were marked by
increased lipid accumulation, intimal lesions,
collagen deposition, media thickness, foam cells, and
necrotic areas, all typical hallmarks of advanced
atherosclerotic lesions. This study suggested that
exposure of Western diet-fed Ldlr”/~ mice to inter-
mittent hypoxia and hypercapnia led to PH and

exaggerated development of atherosclerotic lesions
in the pulmonary artery trunk and proximal branches,
compared with normoxia (33). All these adverse ef-
fects were prevented by treatment with apolipopro-
tein A-1 mimetic (high-density lipoprotein [HDL]
mimetic) peptide 4F, which inhibited the formation
and accumulation of inflammatory LDL-derived
oxidized phospholipids.

The conclusions of this first study were later
confirmed by a second study using Ldir”~ mice fed
with Western diet for 12 weeks or regular chow under
normoxia (34). Only the Western diet group devel-
oped PH, characterized by RV hypertrophy and
dysfunction (increased RVSP), followed by left ven-
tricular dysfunction. In the group of mice developing
PH, histology showed accumulation of oxidized
lipids, especially in the pulmonary vasculature, peri-
vascular regions, and infiltrated macrophages.
Increased oxidized lipids in the lungs were also
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CENTRAL ILLUSTRATION Main LDLR Family Members Involved in PAH
Potential ApoE PPARy LRP1 agonist
drugs mimetic agonist (A2MG, AAt,
peptide 4F (Pioglitazone) ATIII, SP16) Mesd
Fam'lg LDLR ApOER2 LRP1 LRP5
members (=LRP8) {M% LRP6
*
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Consequences \
on PAH vas
| ress
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pulmonary artery pulmonary artery
Calvier, L. et al. J Am Coll Cardiol Basic Trans Science. 2022;7(2):164-180.
The low-density lipoprotein receptor (LDLR) family constitutes a class of closely related multifunctional receptors, with diverse functions,
especially in cardiovascular homeostasis. However, their roles in pulmonary hypertension are understudied; here, we review emerging
pulmonary hypertension publications on LDLR family members. PAH = pulmonary arterial hypertension.

associated with PH in 2 well-established experimental
models of PH in rats (monocrotaline-induced PH and
Sugen-hypoxia-induced PH) (34). Therefore, it has
been suggested that elevated oxidized lipid levels in
the lungs, owing to the combination of Ldlr KO and
Western diet, led to lung inflammation (with infil-
tration of macrophages) and PASMC proliferation.
Indeed, oxidized lipids are known to induce vascular
inflammation, and in vitro using human PASMCs,
they demonstrated that knockdown of Ldir by siRNA

or oxidized LDL treatment resulted in cell prolifera-
tion, which is a hallmark of the pulmonary vascular
disease (34).

LIPOTOXICITY OWING TO INCREASED OXIDIZED
LDL IN LUNG AND PLASMA CONCENTRATION IN
HUMAN PAH. Atherosclerosis has a high prevalence
in many cardiovascular diseases and is an important
cause of morbidity and mortality. However, it is un-
clear why pulmonary arterial atherosclerosis is not a
common feature in PAH, as far as we know. Humans
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FIGURE 2 LDLR Regulates Oxidized LDL Level and LRP1 Preserves Vascular Homeostasis
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(A) Illustration outlining the publications to date on LDLR functions in pulmonary arterial hypertension (PAH). In PAH, LDLR expression is reduced, affecting the LDL
homeostasis and leading to accumulation of oxidized LDL (oxLDL) in the circulation and lungs. The impaired LDLR pathway and oxLDL induce the release of proin-
flammatory markers by endothelial cells (ECs) and smooth muscle cells (SMCs) followed by monocyte infiltration and differentiation into macrophages as well as SMC
proliferation. Altogether, this creates an inflammatory environment and vascular remodeling. (B) Illustration outlining the publications to date on LRP1 function in
pulmonary artery SMCs during PAH and pathways suspected to occur in pulmonary vasculature. Under normal conditions, LRPT dampens the transforming growth
factor (TGF)-p1 pathway by direct interaction with TGF-f receptor 1 (TGFBRI) in pulmonary artery SMCs and inhibits the differentiation of lung fibroblasts to a
contractile phenotype. In PAH, LRP1 expression is reduced, disturbing the TGF-f1 balance and thus promoting proinflammatory and profibrotic genes such as connective
tissue growth factor (CTGF). In fibroblasts, loss of LRP1 results in acquisition of a contractile phenotype and integrin- and protease-dependent release of active
transforming growth factor TGF-p1 from the extracellular matrix (ECM) stores. Pioglitazone treatment (a peroxisome proliferator-activated receptor gamma [PPARY]
agonist) in smLRPT7~ mice reverses PAH caused by LRP1 deficiency, restoring an inhibition on TGF-f1 signaling. Other pathways known in non-PAH context remain to
be investigated in the pulmonary vasculature, such as LRP1 interaction with platelet-derived growth factor receptor (PDGFR), tumor necrosis factor receptor (TNFR), or
bone morphogenetic protein receptor (BMPR). Abbreviations as in Figure 1.
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with LDLR loss-of-function mutations (ie, familial
hypercholesterolemia) do not typically develop PAH.
Nonetheless, pulmonary arterial atherosclerosis has
been observed in adult patients with chronic
obstructive pulmonary disease (COPD) or chronic
thromboembolic PH (35-38). Both LDL and HDL were
reported to be dysfunctional in PAH (39). HDL
cholesterol levels are significantly depressed in pa-
tients with PAH, which is associated with worse
clinical outcomes (28,40). In addition, expression of
LDLR and fatty acid transporter CD36 are reduced in
human lungs, while oxidized LDL is increased in both
whole lung and plasma (34). CD36 is highly relevant
in PAH as it is also a bone morphogenetic protein
receptor 2 (BMPR2) and peroxisome proliferator
activated receptor gamma (PPARY) target (41), 2 vas-
oprotective partners dysregulated in PAH. Increased
lipid deposition and lipotoxicity have also been re-
ported in the RV of PAH patients (22,29,42,43).

Lung histology has shown increased lipid deposi-
tion, inflammation (monocyte/macrophage infiltra-
tion), and oxidized LDL in PAH patients compared
with healthy donors (34). These clinical observations
highlight the critical importance of lipids, particularly
oxidized lipids (39,44-47), in the pathogenesis of
PAH. Based on the previous literature we can postu-
late that, in the pulmonary arteries, the decrease in
LDL-metabolizing machinery alters the cholesterol
transport, resulting in elevated oxidized LDL levels in
plasma and lungs. This lipotoxicity promotes oxida-
tive stress and inflammation, resulting in pulmonary
vascular remodeling. Undoubtedly, oxidized lipids
mediate the development of atherosclerosis, directly
contributing to pulmonary vascular inflammation and
PASMC proliferation (Figure 2A). Importantly in the
heart, RV dysfunction in PAH is strongly associated
with insulin resistance, maladaptive fatty acid meta-
bolism (decreased or blocked fatty acid oxidation),
and intraventricular lipid accumulation, resulting in
RV lipotoxicity and RV dysfunction (18,22,28,29). This
hypothesis is corroborated in different PAH animal
models, not only in Ldlr KO mice, but also in the
dominant negative BMPR2 mice harboring RV lipid
deposition, which was exacerbated in the presence of
Western diet (43).

Together, those studies would suggest that lipid-
lowering therapies might be beneficial in PAH. How-
ever, the effect of statins in PAH is controversial,
especially in humans: results of a meta-analysis of
earlier small clinical studies did not show any statis-
tically significant effect of statin therapy in the
improvement of the distance walked in 6 minutes,
pulmonary arterial pressure, right atrial pressure,
cardiac index, and pulmonary vascular resistance
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(48). This lack of benefits might appear counterintu-
itive because statins have pleiotropic effects, such
as lipid-lowering, antiproliferative, antioxidant,
anti-inflammatory, and endothelial cell function-
maintaining properties (49), which may be helpful
in attenuating the progression of PAH. More recently,
in 2019, another meta-analysis focused on clinical
subgroup analysis: PAH and PH due to COPD (50). It
suggests that statins can efficiently and safely reduce
pulmonary arterial pressure in PH, especially in PH
associated with COPD (50). Therefore, the effect of
lipid-lowering therapies remains controversial, but it
appears that their effect varies between PH subtypes
and further randomized controlled trials are needed
to focus on the efficacy and safety of statin therapy in
different subtypes.

LRP1 PRESERVES VASCULAR HOMEOSTASIS

LRP1 was the first LRP discovered by Herz et al, in
1988 (51). It is ubiquitously expressed, with high
protein levels found in the liver (hepatocytes), brain
(neurons), and lung (SMCs) (52). LRP1 is a multi-
functional receptor involved in various biological
processes including lipoprotein metabolism, degra-
dation of proteases, activation of lysosomal enzymes,
cellular entry of bacterial toxins and viruses, integrin
maturation and recycling, regulation of vascular tone
and permeability, inflammation, cell adhesion (via
integrins), growth, migration and apoptosis (52-54).
Deletion of the LRP1 gene is lethal in mice, owing to
vascular formation defects and extensive hemor-
rhage, indicating a critical role in development. Three
important properties of LRP1 dictate its diverse role in
systemic physiology: 1) its ability to recognize more
than 100 ligands such as lipoproteins, extracellular
matrix glycoproteins (fibronectin, heparan sulfate
proteoglycans, amyloid f), cytokines (tissue plas-
minogen activator, leptin), and growth factors
(including transforming growth factor [TGF] f1,
plasminogen activator inhibitor-1, and connective
tissue growth factor [CTGF]); 2) its ability to bind a
large number of cytoplasmic adaptor proteins; and 3)
its ability to associate with and modulate the activity
of other transmembrane receptors such as integrins,
receptor tyrosine kinases, BMPR, and TGF-f1 re-
ceptors (TGFBRs) (52-55).

LRP1 has important functions in metabolic regu-
lation, especially in hepatocytes, adipocytes, and
muscle cells, with implications for circulating
glucose and lipids (56). For example, LRP1 regulates
the insulin receptor and GLUT4 to protect against
insulin resistance (56), which is a risk factor or
disease modifier for human PAH (28). Moreover,
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single nucleotide polymorphisms are associated
with carbohydrate metabolism, and LRP1 mediates
ApoE uptake and recycling, and can bind some
modified LDLs (56). In endothelial cells, hypoxia
promotes LRP1 activation by PARP-1 and LRP1 pro-
tein complex dissociation, allowing PARP-1-depen-
dent activation of cyclin-dependent kinase 2, cell
cycle progression, and angiogenesis (57). Hypoxia
stimulates LRP1 expression via hypoxia-inducible
factor-1o in SMCs (58,59). The latter has implica-
tion for SMC metabolism because hypoxia-inducible
factor-1 can promote the endocytosis of lipopro-
teins, by up-regulating the expression of LRP1, the
receptor that internalizes LDL in VSMCs. Interest-
ingly, uptake of extracellular fatty acid and tri-
acylglycerol synthesis are also promoted under
hypoxia by the transcription factor PPARy, the gene
expression of which is directly activated by
hypoxia-inducible factor-1 (59,60). The presence of
the peroxisome proliferator response element on
the LRP1 promoter suggests that it is regulated by
PPARy as well. This interaction is particularly rele-
vant for PAH because PPARY is antimitogenic, anti-
inflammatory, and a major cardioprotective regu-
lator of glucose and lipid metabolism. Targeted
deletion of PPARy in SMCs (61) or endothelial cells
(62) leads to PAH in mice, and targeted deletion of
PPARy in cardiomyocytes results in biventricular
dysfunction in the absence of PAH (22).

Thus, PPARy agonist pioglitazone underwent a
recent revival for clinical use in cardiovascular dis-
eases (63), including PAH (64). In the pulmonary ar-
tery, PPARy activation protects from vascular
remodeling, stiffening, and elevation of pulmonary
arterial pressure (20,55,65). In the RV, PPARY activa-
tion in cardiomyocytes can normalize lipid meta-
bolism and mitochondrial morphology or function in
the failing RV, restoring physiologic fatty acid
oxidation instead of a pathologic glycolytic switch
(14,22).

LRP1 IS PROTECTIVE IN THE SYSTEMIC VASCULATURE. In
the vasculature, most studies have been focused on
the protective LRP1 role in atherosclerosis. Despite
early in vitro studies suggested that direct binding of
ligands to LRP1 may promote VSMC proliferation, the
targeted deletion of LRP1 in mouse VSMCs enhanced
atherogenesis, demonstrating the dominant activity
of LRP1 in VSMCs in vivo is antiatherogenic, by
limiting proinflammatory and profibrotic activation of
platelet-derived growth factor receptor (PDGFR)-B
and TGF-P1 signaling (54,66,67). In macrophages,
LRP1 also inhibits atherogenesis, mainly but not
exclusively by modulating inflammatory mediators
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such as monocyte chemoattractant
ligand-2,

metalloproteinase-9 activity, moderation of TGF-f1,

protein-1/
chemokine reduction of local matrix
tumor necrosis factor receptor-1 as well as nuclear
factor kappa B pathways, and downregulation of
extracellular matrix deposition (54).

LRP1 SMC KO MICE SPONTANEOUSLY DEVELOP
PAH. In PAH, the first 2 studies focused on LRP1 have
been recently published in 2019. Calvier et al unrav-
eled spontaneous PAH and pulmonary arterial
remodeling in the mouse with targeted deletion of
LRP1 in SMC, highlighting the vasoprotective role of
LRP1 in the pulmonary vasculature (Figure 2B) (55).
Comparison of LRP17°%/flox; LR/~ (or LRP1 WT) with
SM22-Cre*/"; LRP1f1o%/floX; L DL R/~ (or smLRP17/") mice
showed that smLRP1”/~ mice spontaneously develop
PAH characterized by increased RVSP, RV hypertro-
phy, and hypermuscularization of distal pulmonary
arteries, in the absence of systolic or diastolic LV
dysfunction. Mechanistically, LRP1 is known to
interact with the TGF-B1 pathway in VSMCs (66). In
PASMCs, LRP1 binds to TGFBR1, dampening both
TGF-f1 signaling and expression of downstream tar-
gets as CTGF or NOX4 in vitro and in vivo (55).
Interestingly, PPARy inhibits overactivation of the
TGF-f1 pathway in PAH by binding to Smad3
(20,64,65,68), and pioglitazone treatment (a PPARY
agonist) in smLRP1”/~ mice reverses PAH caused
by LRP1 deficiency, restoring inhibition of TGF-f1
signaling. The authors could translate their findings
in human disease by demonstrating decreased
expression of LRP1 in pulmonary arteries and
cultured PASMCs from PAH patients (55). In addition
to this mechanism, loss of LRP1 overactivates the
JNK1/2-c-Jun-Fra-2 signaling pathway, leading to the
induction of a-smooth muscle actin and periostin
expression in human lung fibroblasts (69). These
changes are important because they are accompanied
by increased cell contractility, leading to integrin-
and protease-dependent release of active TGF-f1
from the extracellular matrix stores (69). Paracrine
liberation of active TGF-P1 from the extracellular
matrix by fibroblasts may also further stimulate its
own pathway in PASMCs and exacerbate vascular
remodeling. Controversially, an in vitro study reports
that LRP1 is detrimental and promotes the synthetic
phenotype in PASMCs (70). As described previously
for atherosclerosis, it is not surprising to face now in
PAH research also contradictory results in cultured
SMCs versus in vivo. One can argue that the use of
smLRP1”/~ mice might be more representative than
LRP1 deletion in PASMC culture, but further in-
vestigations are clearly needed to unravel other
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FIGURE 3 LRP5/6-Wnt and LRP8-ApoE Roles in PAH
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potential pathways regulated by LRP1in PAH, such as
PDGFR, tumor necrosis factor receptor, or BMPs
(BMP-2, -4, -9, -10).

LRP1 AS A NOVEL THERAPEUTIC TARGET FOR
HUMAN PAH. Fifteen percent of PAH patients have a

familial form of the disease, and among those, 70%
carry an autosomal dominant mutation causing hap-
loinsufficiency or loss of function of BMPR2, and this
mutation is also present in 20% of sporadic cases of
idiopathic PAH (71). BMP2 and TGFp1 are functional

FIGURE 3 Continued

(A) Illustration outlining the publications to date on LRP5/6 function in pulmonary artery SMCs (PASMCs) during PAH. Under normal con-
ditions, Both Wnt/B-catenin (left) and Wnt/planar cell polarity (right) signaling pathways are suspected to be necessary for preservation of
pulmonary vascular homeostasis and vascular regeneration in response to injury. However, loss of this balance and overactivation of the Wnt/
B-catenin axis may lead to excessive PASMC growth, vessel obstruction, and PAH. (B) Illustration outlining the publications to date on LRP8
and apolipoprotein E (ApoE) functions in pulmonary artery endothelial cells and PASMCs during PAH. The PDGFR-f and YAP/TAZ pathways
are profibrotic, while LRP8, LRP1, and BMPR2 preserve vascular homeostasis. Under BMP-2 or PPARY activation, ApoE is expressed and binds
on the one hand to PDGFR-B, blocking its signaling, and on the second hand to LRP8. miR-130/301 binds directly to LRP8 and PPARY
messenger RNA, blocking their expression. Abbreviations as in Figures 1 and 2.
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antagonists of pathological remodeling in the arteries,
and Calvier et al. recently demonstrated PPARY as the
major link between BMP2 and TGF-f1 pathways in
human PASMCs (20,64,65,72). Furthermore, it is sus-
pected that LRP1 regulates BMPR2, recycling the BMP
ligand-receptor complex back to the cell sur-
face (73,74).

Finally, LRP1 expression is decreased in human
pulmonary arteries and cultured PASMCs from PAH
patients (55). With its numerous ligands, LRP1 rep-
resents an obvious therapeutic target to sustain
vascular homeostasis and quench inflammatory sig-
nals in several complex diseases. Different LRP1
agonists have been identified, such as the natural o.2-
macroglobulin, al-antitrypsin, antithrombin III, and
the synthetic SP16. Moreover, several LRP1 agonists
have already been successfully evaluated in preclin-
ical models of ischemia-reperfusion, and 2 of them
(o1-antitrypsin and SP16) are being tested in clinical
trials for acute myocardial infraction (75). Therefore,
translating the use of these LRP1 agonists to PAH in
order to restore its vasoprotective function could
open groundbreaking therapeutic avenues for this
fatal disease.

LRP5 AND LRP6 MEDIATE WnT SIGNALING

Discovered in 1981, the Wnt pathway is involved in
many mechanisms, and therefore mutations leading
to abnormal Wnt signaling have been linked to many
clinical diseases, including developmental anomalies
(eg, spina bifida) (76), degenerative conditions (eg,
Alzheimer’s disease) (77), malignancies (eg, colon
cancer) (78) and chronic diseases (eg, atherosclerosis)
(79). Both LRP6 and its close homolog LRP5 (80) are
essential Wnt co-receptors, bind to Wnt ligands, and
activate downstream Wnt signaling (81-84). The main
Wnt signaling goes through the co-receptors LRP5/6
and a member of the frizzled family; together, they
recruit and inactivate a protein complex including the
glycogen synthase kinase 3b that would otherwise
target B-catenin for subsequent ubiquitination and
proteasomal degradation (Figure 3A) (83). Upon Wnt
activation, p-catenin is released from the degradation
complex and translocates to the nucleus, where it
binds to lymphoid-enhancing factor and T cell factor
to form a transcriptional complex regulating genes
involved in cell fate, proliferation, survival, and dif-
ferentiation (83). Besides B-catenin, Wnt can also
activate the planar cell polarity signaling pathway.
Both Wnt/B-catenin and Wnt/planar cell polarity
signaling pathways are suspected to be necessary for
preservation of pulmonary vascular homeostasis and
vascular regeneration in response to injury. However,
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loss of this balance and overactivation of the Wnt/f-
catenin axis may lead to excessive PASMC growth,
vessel obstruction, and PAH (85).

LRP5/6 AND WNT SIGNALING ARE UPREGULATED
IN PH. Wnt signaling is upregulated in the lungs of
adult patients with PAH (86). In human PAH, LRP6
and its target Wnt-induced signaling protein-1
messenger RNA (mRNA) are also induced in pulmo-
nary mesenchymal progenitor cells that are known to
mediate vascular homeostasis, vessel loss, or mus-
cularization (87). The role and inhibition of LRP5/6
was studied in neonatal rat model of bronchopulmo-
nary dysplasia with PH: rats were exposed to nor-
moxia or hyperoxia (90% O,) for 2 weeks and treated
with recombinant mesoderm development (Mesd)
protein (88), which functions as a specific chaperone
for LRP5/6 and is essential for specification of em-
bryonic polarity and mesoderm induction (89,90).
LRP5/6 inhibition by Mesd blocked hyperoxia-
induced Wnt/B-catenin signaling and expression of
the downstream targets cyclin D1 and Wnt-induced
signaling protein-1 in the rat lung (88). Mesd treat-
ment also attenuated chronic hyperoxia-induced
RVSP, RV hypertrophy, pulmonary vascular remod-
eling (media wall thickness), and PASMC proliferation
(88). Therefore, this study suggested a role for LRP5/6
in PH and proposed it as a therapeutic target to alle-
viate PH in neonates with severe bronchopulmonary
dysplasia (88). More studies on LRP5/6 in several
adult models of PH are needed to reliably conclude on
the positive or negative role of this receptor on the
pulmonary vasculature.

LRP8 RELAYS APOE SIGNAL

LRP8 (syn.: ApoE receptor 2, ApoER2) has several li-
gands but mainly ApoE and reelin. Unlike its synon-
ymous name (ApoER2) suggests, LRP8 is hardly
known to play a role in lipid regulation. Expressed in
neurons, LRP8 is essential for neuronal migration and
positioning in the developing brain (91-93). In the
adult brain this receptor modulates synaptic plasticity
(94,95), migration of neuroblasts (96), as well as
dendrite (97) and dendritic spine (98) formation.
Outside of the central nervous system, global deletion
of the LRP8 in mice has no effect on the plasma lipo-
protein profile, suggesting a minimal or redundant
contribution in plasma lipid regulation (99). It is
expressed on endothelial cells, VSMC, monocytes and
macrophages (99-101). In humans, genome-wide
association studies have linked polymorphisms of
the LRP8 gene to premature coronary artery disease
and myocardial infarction (102-105). In particular,
homozygous carriers of the ApoER2-R952Q variant
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have a 2-fold increased risk of these conditions
(102,104,105). In macrophages, studies suggest that
LRP8 is antiatherogenic, likely through the promotion
of cholesterol efflux (via ABCA1) (106), preventing
lipotoxicity and favoring an anti-inflammatory
phenotype (9). In endothelial cells, ApoE-LRPS8 inter-
action has been studied in atherosclerosis. In humans,
cardiovascular disease risk is modified by genetic
variants of ApoE: the risk of developing atheroscle-
rosis and coronary heart disease is increased with the
presence of the ApoE4 allele compared with ApoE3
(most prevalent with 75% of the population) (107).
ApoE3-LRP8 signaling promotes nitric oxide produc-
tion, repair and anti-inflammatory events in the
endothelium, and prevents neointima formation,
suggesting a vasoprotective role for this tandem (9).
These aforementioned effects of ApoE3 are antago-
nized by ApoE4 (99).

THE LRP8 LIGAND ApoE PROTECTS FROM PAH.
LRP8 has not been investigated in PAH yet. However,
deficiency of ApoE, the major ligand of LRP8
(ApoER2), has been associated with PAH (Figure 3B)
and validated by several research groups. In 2007,
Hansmann et al (27) reported that ApoE~~ mice on a
high-fat diet develop PAH as judged by elevated
RVSP, RV hypertrophy, and peripheral pulmonary
artery muscularization. These conclusions were
confirmed later by other groups (108,109). Male (but
not female) ApoE~~ mice on a high-fat diet become
insulin resistant, and PPARy agonist treatment
improves insulin sensitivity and reverses PAH.
Interestingly, ApoE is a target gene for the tran-
scription factor PPARY (PPRE in the ApoE promotor),
downstream of BMP-2/BMPRII in human PASMCs
(61). Both BMP-2 or PPARY agonists induce ApoE
secretion in human PASMCs. Such PPARYy activation
prevents PDGF-induced proliferation of PASMCs
(61), as ApoE binds to LRP1 initiating the endocytosis
and degradation of the LRP1/PDGFR-B/PDGF com-
plex (67,110).

Importantly, subsequent papers report on and are
consistent with a similar role for LRP8 in other cell
types or disease context. In primary human pulmo-
nary vascular cells (pulmonary artery adventitial fi-
broblasts, PASMCs, pulmonary artery endothelial
cells), Bertero et al (111,112) identified an miR-130/301-
PPARY-ApoE-LRPS8 axis regulating extracellular ma-
trix deposition. The profibrotic miR-130/301 blocked
PPARy and LRP8 expression by binding to their
mRNA, and consequently, diminished their mRNA
and protein expression and increased collagen
expression and lysyl oxidase activity, an enzyme that
crosslinks extracellular matrix proteins. Therefore,
the authors proposed a negative feedback loop, in
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which extracellular matrix remodeling stimulates
miR-130/301 expression (via YAP/TAZ activation),
thus reducing PPARy-ApoE-LRP8 signaling, and
consequently promoting collagen deposition, so that
matrix remodeling and arterial stiffening worsen. An
impaired PPARY-ApoE-LRP8 axis has been confirmed
in preclinical PH models in vivo: mouse hypoxia; mice
treated with SU5416 (SUGEN), a vascular endothelial
growth factor receptor 2 kinase inhibitor; and rats
treated with monocrotaline (111).

REELIN, ANOTHER LRP8 LIGAND, AND VASO-
PROTECTIVE ApoE MAY HAVE OPPOSITE EFFECTS.
Although not yet investigated in PAH, reelin besides
ApOE, is the other major LRP8 ligand. In the systemic
circulation, reelin-LRP8 is known to regulate
leukocyte-endothelial cell adhesion, including E-
selectin, vascular cell adhesion molecule-1 and inter-
cellular adhesion molecule-1 (113-117). Importantly,
Lrp8 deletion in mice reduces leukocyte-endothelial
cell adhesion in response to antiphospholipid anti-
bodies (115,118). In the endothelium, reelin-LRP8
signaling activates the nuclear factor kappa B
pathway to promote adhesion molecule expression on
the endothelium such as E-selectin, intercellular
adhesion molecule-1, and vascular cell adhesion
molecule-1. Consequently, it increases monocyte
rolling, adhesion, and diapedesis, allowing monocytes
to infiltrate the subendothelial space and propagate
inflammation (113,114,116,117). Therefore, reelin-LRP8
appears to promote leukocyte adhesion to the endo-
thelium, the first step toward leukocyte infiltration,
which would confer a deleterious role, unlike the
protective antiproliferative and anti-inflammatory
ApoE-LRP8 mechanisms in PAH. We can postulate
that LRP8 function depends on its ligand, either pro-
tective with ApoE or deleterious with reelin. There-
fore, important LRP8 functions in the pulmonary
vasculature remain yet to be determined.

OTHER LDLR FAMILY MEMBERS NOT YET
LINKED TO PAH

Only 5 of 12 receptors in the LDLR family have been
linked to PH. For LRP2 and LRP4, human monogenic
disorders are not associated with PAH, suggesting a
limited role in PAH for those 2 receptors. For
instance, LRP2 gene mutations causes Donnai-Barrow
syndrome characterized by multiple congenital mal-
formation, including defective renal reabsorption
(119). A LRP4 mutation is responsible for Cenani-Lenz
syndrome, a congenital skeletal malformation syn-
drome involving both upper and lower extremities
(120-122).
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Although never studied in the pulmonary vascu-
lature yet, very LDLR (VLDLR) and LRP1B roles have
been investigated in VSMCs. The structure of VLDLR
is similar to that of LRP8 (50% homology) and thus
they have similar functions (123). Like LRP8, VLDLR is
expressed in endothelial cells, VSMCs, and macro-
phages (9). VLDLR binds many ligands such as VLDL,
ApoE, receptor-associated protein, reelin (although
not in endothelial cells) (114), or plasminogen acti-
vator inhibitor-1 and interacts with amyloid precursor
protein and urokinase receptor (124,125). Global
deletion of the VLDLR in mice has no effect on plasma
lipoprotein profile, suggesting a minimal or redun-
dant contribution in plasma lipid regulation (126).
In the cardiovascular system, VLDLR KO mice
displayed increased intimal thickening induced by
vascular injury, indicating a protective role in VSMC
against neointima hyperplasia (127). Controversial
studies have observed both proatherogenic and anti-
atherogenic effects for this receptor. One interpreta-
tion of these data is that the proatherogenic effect of
VLDLR arising from the lipid uptake function may be
counterbalanced by its antiatherogenic effects, such
as elevation of ABCA1 transporter and conversion into
an anti-inflammatory cellular phenotype (9). Inter-
estingly, one human VLDLR variant appears to be
associated with coronary artery disease, body mass
index, and LDL-associated ApoB (128).

LRP1B, originally named LRP-DIT (deleted in tu-
mors), was first described in 2000 as a gene that is
frequently inactivated in non-small cell lung cancer
(129). LRP1B was subsequently shown to be mutated
in tumors affecting different tissues (130-135), and
LRP1B deletion suggests a role as a tumor suppressor,
but the exact mechanism remains elusive. LRP1 and
LRP1B share 86% mRNA and 52% amino acid identity,
and therefore not surprisingly some functions are
shared by both receptors, for example, the regulation
of urokinase receptor and PDGFR-J trafficking at the
membrane level (136,137). Although not yet studied in
PAH, in VSMC LRP1B interacts with PDGFR-f, result-
ing in a decrease in ERK1/2 signaling and dampened
cell migration (138,139). Decreased cell migration and
proliferation by LRP1B was further explored and
confirmed in cancer cells (non-small cell lung cancer,
renal cancer, and prostate cancer) (140-142).

Although none of these last LDLR family members
have been linked to PAH as of yet, they are linked to
pathways that have key roles in pulmonary vascular
remodeling (Figure 4) and may incite dedicated
studies in the pulmonary vasculature. Last, little is
known on other distant members like the sortilin-
related receptor (SorLA or LR11), LRP3/12, LRPio,
and LRAD3. More dedicated studies are needed
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to explore their functions and potential implications
in PAH.

LRPs AND LDLRs IN PH:
AREAS OF UNCERTAINTY

PH animal models do not completely recapitulate all
the histological and hemodynamic features observed
in human PH (143), and consequently, divergent
results have been observed in PH patients while
translating treatments from animal models to clinic
care, as it was demonstrated for statins or beta
blockers for example (48,50,144,145). Statins, also
known as HMG-CoA reductase inhibitors, are a class
of lipid-lowering medications commonly used as
hyperlipidemia treatment to lower cholesterol level.
Furthermore, they have additional properties like
antiproliferative and anti-inflammatory effects,
beneficial in cardiovascular diseases (48,50,146-1438).
Interestingly, several studies with statins in vitro and
in experimental models have demonstrated both
attenuation in the development and regression of
experimental PH by restoring endothelial function
and inhibiting SMC proliferation (146,148). However,
recent published clinical trials and systematic re-
views assessing the potential of statins in PH patients
are controversial (48,50,144,149) and statins as an
effective treatment in PH is still under debate.
Nevertheless, additional studies like randomized
control trials in different PH subcategories are needed
to test the safety and efficacy of these drugs.

The contribution of the pulmonary vascular
remodeling and rarefication, along with evolving both
systolic and diastolic RV dysfunction, to the clinical
progression of PH is complex. It is commonly believed
that PH and associated shear stress and inflammation
can trigger a series of events, including elevated
vasomotor tone and a proproliferative state, ulti-
mately leading to peripheral pulmonary arterial
obliteration, increased pulmonary vascular resis-
tance, RV dysfunction, and heart failure (150,151). We
and others have identified metabolic aberrations as
crucial components of the disease process in both
pulmonary arteries and RV (20,22,151), and many
LDLR family members are involved in these mecha-
nisms as detailed in this review. The aforementioned
processes render the RV adaptive to PH by developing
RV hypertrophy without dilation and sustained sys-
tolic RV function. However, if PH persists, then RV
systolic dysfunction and failure evolves, accompa-
nied or caused by RV ischemia, alterations in
substrate and mitochondrial energy metabolism,
increased free oxygen radicals, inflammation, and
fibrosis (150,151). Most PH therapies do not address
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RV contractility or RV dilation directly, but may
improve both by lowering pulmonary vascular resis-
tance. Consequently, targeting RV dysfunction sepa-
rately from dysregulation of pulmonary vascular
remodeling, if used in combination with classical
therapeutic approaches, can become a successful
strategy to manage PH, especially as we learn more
about the transition from adaptive RV remodeling to
maladaptive RV failure in the future (150,151). The
role of LRP1 and its downstream targets in PAH-
associated RV dysfunction is still unknown.

CONCLUSIONS

LDLR family members are involved at different levels
in PAH mechanisms, not only by regulating lipid
metabolism, but also by interacting with other li-
gands or receptors. Most of them are vasoprotective,
and a better understanding of their functions opens
new treatment options for PAH. Indeed, many drugs
have been described to modulate the activity of those
receptors, especially LDLR, LRP1, LRP5/6, and LRPS,
with some drugs being tested in clinical trials for
cardiovascular diseases but not yet for PAH. In
addition, this review reports how these LDLR family
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members interact with pathways in different diseases
and tissues but relevant for PAH, paving future
research especially on VLDLR, LRP2, LRP4 and
LRP1B.
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