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Abstract

Recent antihypertensive trials show conflicting results on blood pressure (BP) targets in patient
populations with different metabolic profiles, with lowest benefit from tight BP control observed
in patients with type 2 diabetes mellitus. This paradox could arise from the heterogeneity of study
populations and underscores the importance of precision medicine initiatives towards
understanding and treating hypertension. Wnt signaling pathways and genetic variations in its
signaling peptides have been recently associated with metabolic syndrome, hypertension and
diabetes, generating a breakthrough for advancement of precision medicine in the field of
hypertension.

We performed a review of PubMed for publications addressing the contributions of Wnt to BP
regulation and hypertension. In addition, we performed a manual search of the reference lists for
relevant articles, and included unpublished observations from our laboratory.

There is emerging evidence for Wnt’s role in BP regulation and its involvement in the
pathogenesis of hypertension. Wnt signaling has pleiotropic effects on distinct pathways that
involve vascular smooth muscle plasticity, and cardiac, renal, and neural physiology.

Hypertension is a heterogeneous disease with unique molecular pathways regulating its response
to therapy. Recognition of these pathways is a prerequisite to identify novel targets for drug
development and personalizing medicine. A review of Wnt signaling reveals its emerging role in
BP regulation and as a target for novel drug development that has the potential to transform the
therapy of hypertension in specific populations.
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[. Introduction

Canonical Wnt signaling is a highly conserved pathway named after the first gene
discovered in the cascade; the “W”ingless gene in drosophila and its mouse homologue
“INT” (1). The Wnt cascade is ubiquitous in metazoans and is active in most tissue types
throughout the life cycle. During embryogenesis it has been implicated in controlling the
mechanics of cell proliferation, migration, differentiation, apoptosis, establishment of cell
polarity, and body axis determinations (2). Derangements in Wnt signaling have been
associated with developmental disorders, cancers, fibrotic disorders and cardiovascular
disease. The involvement of Wnt in this wide spectrum of biologic processes and human
diseases has fueled research efforts into its components. The cascade is complex, involving
an array of ligands, receptors, and multiple downstream effectors defining the canonical and
non-canonical pathways. The newly uncovered molecular connections offer many challenges
and new opportunities for novel classes of pharmacotherapies. Of special interest to this
review is the link between Wnt and hypertension.

Hypertension affects approximately 30% of adults in the United States (3, 4) and is
associated with serious complications that can be fatal. Worldwide, there are over 1 billion
individuals suffering from the disease, and by 2025 this number is estimated to increase by
50% (5). Hypertension is a component of metabolic syndrome (MetS), which also
encompasses truncal obesity, glucose intolerance, atherogenic dyslipidemias, a pro-
thrombotic state, and a pro-inflammatory state. These heritable cardio-metabolic traits tend
to cluster more than predicted by random chance, and significantly increase the risk for
cardiovascular mortality (6). Hypertension has a high rate of heritability estimated at 30—
68% (7, 8) and in rare cases is inherited as a single gene disorder (9-11). However, this
disease is heterogeneous and is affected by the interplay of genetic and environmental
factors that regulate or modify its determinants such as vascular tone, volume status, cardiac
function, neural function, and endocrine function. This heterogeneity is also reflected in the
distinct responses to pharmacotherapies and blood pressure targets observed in populations
with different ethnicities (12) or metabolic profiles. The Action to Control Cardiovascular
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Risk in Diabetes Blood Pressure (ACCORD-BP) trial (13) and the Systolic Blood Pressure
Intervention Trial (SPRINT) trial (14) showed that strict blood pressure control reduces
cardiovascular events in non-diabetic patients, however, there was no benefit in diabetics
with MetS. This suggests different pathogenesis of hypertension in subjects with and
without type 2 diabetes mellitus. Therefore, precision medicine initiatives might help
provide optimum outcomes. The links between Wnt, hypertension and MetS are recent,
exciting discoveries that may open a new front in cardiovascular risk stratification or risk
modulation. Does targeting Wnt signaling satisfy the demands placed by precision medicine
for the treatment of hypertension? What are the challenges and concerns associated with
such intervention? In this review, we will summarize the current evidence and the potential
for novel therapeutics targeting this pathway.

[l. Methods

We used a comprehensive search of MEDLINE with PubMed interface for original studies
in English that reported on hypertension and Wnt from January 1, 1900 to March 1, 2016.
Search terms included keywords that referred to Wnt, and Hypertension. The search strategy
was (“Wnt signaling”[MAJR] OR (WNT[TIAB] OR * p-catenin” OR *beta catenin”)) AND
(“Hypertension”[MAJR] OR (high blood pressure) OR “Blood pressure”[MAJR]). Overall,
we screened 176 articles retrieved through this systematic search. Moreover, the reference
lists were hand-searched for pertinent articles. We also discuss unpublished observations
from our laboratory. Studies addressing pulmonary hypertension and Wnt were excluded.

lll. What are the mechanisms of Wnt signaling?

Whnt ligands are a family of nineteen lipidated-glycoproteins. Different ligands preferentially
activate the canonical or non-canonical Wnt pathways, which reciprocally inhibit each
others (15). The Wnt receptors belong to the Frizzled (Fz) receptor family, which includes
10 different trans-membrane proteins in humans (16). In addition, there are several co-
receptors such as LDL receptor-related proteins (LRP) 5 and 6, the Derailed/receptor
tyrosine kinase (RYK) (17), and ROR trans-membrane tyrosine kinases. (18, 19) The LRP
5/6 co-receptors activate the canonical cascade whereas the RYK and ROR-transmembrane
tyrosine kinase co-receptors activate the non-canonical pathways.

[B-catenin is a key molecule in the canonical Wnt pathway. It functions as an adherens
junction protein, but more importantly as a transcriptional activator. At baseline, cytoplasmic
B-catenin is in constant turnover being synthesized and destroyed intracellularly. The B-
catenin destruction complex is composed of APC (adenomatous polyposis coli), Axin, CK-1
(casein kinase 1), and GSK3 (glycogen synthase kinase 3) proteins. The destruction complex
phosphorylates B-catenin and targets it for ubiquitination to keep the cytoplasmic levels
within tight regulation and thus prevents p-catenin from translocating into the nucleus (20).
Canonical Wnt signaling in essence overrides this inhibitory state, causes p-catenin
cytoplasmic buildup, translocation into the nucleus, and activation of gene transcription.

The cascade is initiated when the Wnt ligand binds to the Fz receptor and LRP5/6 co-
receptors (20). This binding activates Dishevelled, which inhibits the destruction complex
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and thus rescues B-catenin. Once B-catenin translocates to the nucleus it binds to a variety of
transcription factors such as the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family
of transcription factors, and many other co-activators (21, 22) as shown in Fig. 1A.

In contrast, non-canonical Wnt signaling involves at least two distinct pathways; the planar
cell polarity pathway and the calcium-signaling pathway, both of which are independent
from B-catenin (20). The cell polarity pathway regulates the actin cytoskeleton, determines
cell polarity and migration. Binding of Wnt4, Wnt5a or Wnt11 to Fz and non-canonical Fz
co-receptors such as RYK, and ROR2, activates the Rho and Rac GTPases, leading to
cytoskeletal modifications (20). Activation of the calcium pathway causes the release of
Ca*2 from the endoplasmic reticulum via G-protein signaling (23). Moreover, activation of
the non-canonical Wnt pathway wields an antagonistic effect on the canonical pathway
through the Nemo-like kinase (NLK)-mediated phosphorylation and ubiquitination of
TCF7L2 (24) (Fig. 1B).

IV. What diseases are associated with Wnt signaling defects?

V. Is there

Mutations in the Wnt pathway have been associated with multiple developmental disorders
such as Fuhrman syndrome (25), Tetra-amelia syndrome (26), caudal duplication syndrome
(27), sclerosteosis (28), and familial exudative vitreo-retinopathy (29) among others.
Moreover, mutations in pathway components such as APC and pB-catenin are causally linked
to the development of many forms of cancer (30, 31), including familial adenomatous
polyposis (32) and Wilms’ tumor (33). Additionally, aberrant Wnt signaling has been
detected in fibrotic diseases such as idiopathic pulmonary fibrosis (34), renal fibrosis (35),
and systemic sclerosis (36). Contributions to vascular disease such as pulmonary arterial
hypertension and atherosclerosis have also been noted.

Interestingly, genetic investigations of families with extreme forms of MetS, severe
hypertension and type 2 diabetes have led to the discovery of several mutations in the Wnt
signaling cascade. These included p.R611C, p.R473Q, p.R360H, and p.N433S variants in
the LRP6 gene that are associated with autosomal dominant MetS with early onset coronary
artery disease and atherosclerosis (37, 38). Common variants in the LRP6 gene have also
been associated with arterial calcification in a genome wide association study (GWAS) of
African Americans (39). A common (p.1062V) variant of LRP6 has been strongly associated
with carotid artery atherosclerosis (CAA) in hypertensive patients (40). In addition, common
genetic variants in the 7CF7L2 gene have been associated with the risk for type 2 diabetes,
hyperlipidemia and coronary artery disease (41), indicating the broader role of this
downstream Whnt effector in common diseases. Single nucleotide polymorphisms (SNPs) of
TCF7L2such as rs7903146 and rs17685538 have been associated with elevated blood
pressure (42).

a relationship between Wnt signaling and hypertension?

Multiple lines of evidence suggest the existence of such a relationship. These include data
from genome wide association studies, genetic kindred studies, /7 vivo mammalian
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experiments, in vitro experiments, in addition to collateral links to cardiac, renal and neural
physiology.

1. Evidence from genome wide association studies

GWAS scans the genome for common single nucleotide polymorphisms (SNPSs) in
association with a disease and takes advantage of linkage disequilibrium between the SNPs
and nearby polymorphisms. This means that identified SNPs can be the disease-causing
mutations or more likely be linked to other disease causing polymorphisms in relevant
genes, a phenomenon known as disequilibrium. Several GWAS studies have been performed
in relation to blood pressure and hypertension.

Among the over 50 identified genes, there are two that fall in the Wnt signaling pathways. In
a study of 76,064 Europeans, the W73 gene that encodes a canonical Wnt ligand was
directly associated with pulse pressure and mean arterial pressure (43). There is ample
experimental evidence implicating W73 in vascular disease such as arterial calcification,
transforming growth factor (TGF) and vascular endothelial growth factor (VEGF) regulation
(44).

The SOX-6 gene was associated with hypertension and blood pressure in a study of 1,017
African Americans (45). The SOX family of transcription factors has emerged as modulators
of canonical Wnt/p-catenin signaling both in development and disease states. Recent
evidence suggests that SOX proteins physically interact with B-catenin and modulate the
transcription of Whnt-target genes. SOX-6 can directly bind to B-catenin in a region of the
armadillo repeats, which overlaps with the site where TCF, another modulator of -catenin,
binds (46-49). Wnt signaling also regulates SOX expression in feedback regulatory loops
that further calibrate cellular B-catenin/TCF activity. Interestingly, the Renin promoter is
downregulated by SOX3, another member of the SOX family. This suggests that a direct
effect of SOX on the renin angiotensin system could also underlie its contribution to BP
regulation (50).

2. Evidence from outlier kindreds

Our group has identified an autosomal dominant form of metabolic syndrome and premature
coronary artery disease caused by the Arg611Cys substitution in LRP6. Mutation carriers
compared to non-mutation carriers had an average systolic BP of 168 + 21 mmHg versus
116 + 5 mmHg (p-value =8x107°), and an average diastolic BP of 100 +14 mmHg versus 81
+ 7 mmHg (p-value =0.0025), respectively. While obesity is a major component of
metabolic syndrome and is strongly associated with hypertension, hypertension in most
patients with LRP6 Arg611Cys variant preceded the obesity. In fact, the mean BMI of the
patients at the onset of disease was 24.6, and none had a BMI greater than 26 (38).
Functional characterization of these mutations has shown that they impair canonical (37) and
activate non-canonical Wnt (21, 51).

3. Experimental evidence

In a series of experiments, Sumida et al. (52) created a physiological model of hypertension
by infusing mice with angiotensin Il. This resulted in about 70 mmHg elevation in BP. It was
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demonstrated that blood pressure elevation in response to angiotensin Il infusions activates
B-catenin and induces VSMC proliferation. VSMC proliferation was observed within 1
week of angiotensin 11 infusion into mice, and arterial remodeling within 6 weeks post
transfusion (52, 53). Similarly, p-catenin signaling was activated early in the hypertensive
state, at 1-week post infusion, and was preferentially activated in aortic VSMCs rather than
endothelial cells. Furthermore, p-catenin signaling and VSMC proliferation were blunted
when lowering BP using hydralazine during the same time period (52).

4. Wnt and BP regulation in the central nervous system

The nucleus tractus solitarius (NTS) located in the dorsal medulla of the brainstem is the
main modulatory site of blood pressure (BP) and sympathetic nerve activity. Insulin has
been implicated in the regulation of the baroreceptor reflex in the NTS as it easily crosses
the blood brain barrier (54, 55). It has been shown to be involved in NTS mediated BP
control via the PI3K-Akt-NO synthase cascade (56-58). Interestingly, Wnt signaling in the
NTS is defective in hypertension, as evidenced by decreased phosphorylation of LRP6
(activation) and GSK-3B (deactivation) in genetic (spontaneously hypertensive rats or SHR)
and dietary (fructose fed mice) models of hypertension. It has been shown that
intraventricular infusion of Wnt3a into the brains of SHR rats lowers BP, decreases heart
rate, and increases nitric oxide release (59). This effect was reversed with the administration
of Wnt antagonist Dickkopf-1 (DKKZ1) (59, 60). Similar results were obtained in the
fructose-fed—induced hypertension model. Therefore, increased Wnt3a and p-catenin
signaling in the NTS of the brain might mitigate hypertension. In another set of experiments,
rats exhibit reduced BP and heart rate in response to insulin injection into the NTS (56).
Whnt3a administration significantly increased downstream insulin signaling in the NTS of
SHR rats and fructose-fed hypertensive rats (59). Further studies showed that the interaction
between GSK3-f and IRS1 plays a central role in Wnt3a-mediated hypotensive effects in the
NTS (59). Overall, current evidence suggests that the neuronal regulation of blood pressure
is dependent on coordinated interaction of insulin and Wnt signaling.

5. Wnt and cardiac function

Cardiac output is a determinant of systemic blood pressure. Wnt/B-catenin has been linked
to adult cardiac function and remodeling. Wnt/p-catenin signaling plays a pivotal role during
cardiac development via a biphasic signal. Initially, a strong Wnt signal activates
mesenchymal to cardiomyocyte transition followed by a downregulated signal that leads to
cardiomyocyte differentiation (61). In adult life, reduced Wnt signaling activation is
associated with decreased cardiac hypertrophy (62). Activation of canonical Wnt leads to
inhibition of the glycogen synthase GSK3-B, a potent inhibitor of cardiomyocyte
hypertrophy, while simultaneously increasing the p-catenin mediated transcription of
hypertrophy genes (62). B-catenin has been shown to redistribute and accumulate at higher
levels in the nuclei of cardiomyocytes in hypertensive rats (63). In a recent study of
pressure-induced left ventricular hypertrophy and heart failure elicited by transverse aortic
constriction (TAC), activation of GSK3 was associated with decreased hypertrophy, fibrosis
and left ventricular dysfunction (64). Interestingly, GSK3 was activated by 2,5-
Dimethylcelecoxib, a derivative of celecoxib that inhibits Akt (a negative regulator of
GSK3), but is unable to inhibit the cyclooxygnenase-2 (COX-2) (64). Suppression of
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prostacyclin production via inhibition of COX-2 has been previously associated with adverse
thromboembolic cardiovascular outcomes (65, 66). On the other hand, decreased GSK3p
activity in GSK3p hetero-deficient mice led to more hypertrophy, and interstitial fibrosis.
Interestingly, the levels of miR29-a, which is positively linked to Wnt regulation (67, 68),
has been found to be significantly higher in the serum of hypertensive patients with left
ventricular hypertrophy compared to those with hypertension and without hypertrophy (69,
70). Accordingly, inhibition of miR29-a in a mouse model led to suppression of
cardiomyocyte hypertrophy and the associated hypertrophy markers (69). Blocking Wnt
signaling in hypertensive rats leads to inhibition of myofibroblast migration into the
myocardium and its secretion of collagen 1 with reduction of the myocardial fibrosis (71—
73)

6. Wnt and renal function

Whnt regulates formation of the renal medulla. The urine concentrating ability of the renal
medulla is related to its length, and blunting of the medulla is a common cause of renal
diseases. The medulla, composed of loop-of-henle, collecting ducts, interstitium, and vasa
recta plays an important role in water and electrolyte homeostasis and BP control. Nephron
quantity is related to susceptibility to hypertension and chronic kidney disease. Specific Wnt
proteins such as Wnt 7b are highly expressed in the collecting ducts. Defective Wnt 7b
signaling leads to change in the cell orientation along the collecting ducts, leading to duct
dilation instead of elongation (74). Wnt 9b and Wnt 4 are also involved in nephron
development (75).

The Pro-renin receptor, a receptor for renin and pro-renin molecules, acts as an accessory
protein in the intracellular proton pump (H* ATPase) (76) implicated in autophagy (77) and
is a recent addition to the Renin-Angiotensin-Aldosterone system implicated in BP
regulation (78). The pro-renin receptor (PRR) interacts with and activates the Wnt co-
receptors LRP5 and 6 (79).

Notably, Wnt signaling and autophagy have been shown to be inter-related (80).
Interestingly, PRR is involved in the planar-cell-polarity pathway of Wnt signaling in
Drosophila (81). Mutations in the pro-renin receptor in human subjects are associated with
hypertension (82, 83). Moreover, ablation of the pro-renin receptor in mice resulted in
significantly decreased number of nephrons during development that was attributed to
impaired response to the Wnt/B-catenin signaling (84). The Wnt/B-catenin canonical
signaling seems to act downstream of PRR in initiating the mesenchyme to epithelial
transition and is thought to regulate nephron progenitor cell self-renewal and differentiation
in part via Six2 (85, 86).

Another line of investigation implicated Wnt signaling in regulation of aldosterone, volume
status and blood pressure in mice. This effect seems to be mediated via the APC protein, a
major component of the -catenin destruction complex, and its downstream effector SGK-1
that increases adrenal release of aldosterone, and absolute renal Na* absorption (87, 88).
Moreover, there is strong evidence that Whnt signaling is activated in response to kidney
injury and along with the Notch and Hedgehog pathways drive renal fibrosis (35).
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VI. The potential role of Wnt signaling in hypertensive vasculopathy

Vascular smooth muscle cell (VSMC) loss of plasticity or de-differentiation has been
associated with hypertension (89) and plays a critical role in arterial remodeling observed in
hypertension (90). Wnt/p-catenin signaling is implicated in proliferation and differentiation
of smooth muscle cells during embryonic and postnatal angiogenesis (91, 92). Moreover,
Whnt signaling is involved in vascular smooth muscle plasticity in adults in response to injury
such as acute arterial ligation or mechanical injury to the arterial lumen (93-95). Recent
findings suggest three distinct mechanisms by which Wnt signaling components contribute
to VSMC remodeling. These can be broken down into macrovascular effects, microvascular
effects and immune mediated mechanisms.

1. Macrovascular

In a series of experiments, our group determined that altered LRP6 function contributes to
pathological VSMC proliferation that is observed in coronary artery disease (96). We found
that LRP6 is overexpressed in sub-intima and muscularis layers of atherosclerotic lesions.
Overexpression of the LRP6R611C variant, which is associated with autosomal dominant
MetS and hypertension, in aortic VSMCs resulted in reduced VSMC proliferation and cyclin
D1 expression in response to Wnt3a stimulation compared to wild type LRP6 vector and
uninfected cells (96). This is consistent with prior experiments showing reduced but not
complete inhibition of canonical Wnt signaling among the LRP6 R611C mutants (38). This
finding suggested that VSMC proliferation in the LRP6R611C mutants is independent of
canonical Wnt. Further investigations revealed that platelet-derived growth factor p (PDGF-
B) induced VSMC proliferation in cells expressing the R611C mutation compared to wild
type or un-transfected controls (96). PDGF-f is a known mitogen that activates ERK1/2 (97)
and STAT1 (98) pathways. Wildtype LRP6 forms complexes with the PDGF-p receptor and
targets it to degradation, unlike the R611C mutant (96). Moreover, LRP6 inhibits ERK1/2
and STAT1 phosphorylation, whereas the R611C mutant increased ERK and STAT1
phosphorylation in response to PDGF- (96).

Knock-in mice carrying the LRP6 R611C mutation in a homozygous state exhibited
thickened aorta on chow diet and neointima formation and occlusive coronary arteries on
high fat diet. There was increased expression of PDFG receptors, PDGF ligands, and insulin
growth factor 1 (IGF1) in the aortic media (51). In addition, these mice exhibited increased
expression of vascular progenitor cell markers vimentin and c-kit, and decreased expression
of contractile proteins in isolated VSMCs (51). In addition, the latter expression profile was
partially reversed with Wnt3a administration over a 3-week period, which correlated with
reductions in aortic medial thickness. The altered expression profile in the knock-in mice is
attributed to activation of the SP1 transcription factor (51), an established regulator of
VSMC plasticity that is normally inhibited by canonical Wnt signaling (99-101). Wnt3a
administration had little effect on p-catenin levels in the R611C mutant. However, there was
a significant increase in TCF7L2 expression in VSMC following Wnt3a administration to
LRP6R611C mice. This correlated with decreased SP1 expression and reversal of PDGF
activity. We later showed that TCF7L2 inhibits SP1 by direct binding to the T-C-A-A-A-G
motif downstream from its transcription initiation site (51).
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Therefore, impaired function of the LRP6/TCF7L2 axis could induce VSMCs plasticity and
initiate aberrant vascular wall remodeling. The importance of these findings is derived from
the characterization of a causal mutation associated with diabetes, hypertension and
premature coronary artery disease in human subjects. Interestingly, mice with VSMC-
specific LRP6 knockout develop arterial calcification (102), which is also seen in human
mutation carriers.

2. Microvascular

Whnt can directly stimulate VSMC proliferation via canonical pathway activation. This was
demonstrated in vitro by Wnt stimulation of cultured human aortic smooth muscle cells and
by addition of lithium chloride, which stabilizes p-catenin via inhibiting GSK3 (52).
Interestingly, the VSMC proliferation was also independent of mitogen-activated protein
kinases such as ERK (52). Inhibition of p-catenin by PKF115-584 or by genetic knock out
in the same mouse model didn’t lower BP but inhibited remodeling (52). Therefore, it can be
concluded that the B-catenin meditated VSMC remodeling is a consequence and not a
mediator of hypertension in this model. These observations reflect early events in
angiotensin Il induced hypertension and hypertensive arterial remodeling.

3. Immune mediated

Another mechanism is a Wnt-independent, C1g-mediated arterial remodeling via activation
of B-catenin signaling. The C1q complement protein exerts its effects without complement
cascade activation. At the cellular level, the M2 macrophages, which exhibit an anti-
inflammatory phenotype, move into the aortic adventitia in response to high BP and secrete
Cl1q that activates B-catenin by enzymatic cleavage of LRP6 by C1s. The truncated LRP6 is
constitutively activated and phosphorylates uncleaved LRP6 receptors and activates f3-
catenin (103). Recruitment of macrophages to the aortic adventitia has been shown to be
critical for B-catenin signaling, as depletion of the monocyte lineage from these mice
abolished the signal and VSMC proliferation (52). Study of macrophage humoral factors
implicated interlukin 4 (IL-4) in promoting complement C1q production from M2 type
macrophages, independent of the complement cascade (52). C1q then stimulates the 8-
catenin pathway in a dose-dependent manner, triggering VSMC proliferation and arterial
remodeling in the early phase of hypertension. These effects were relatively suppressed but
not completely inhibited with C1 inhibitors (52), which suggests the presence of other
pathways regulating VSMC proliferation in hypertension.

VIIl. Pharmacology

The Wnt pathway is complex, delicately balanced, and might not lend itself to safe
pharmacologic tinkering. There are over 27 compounds at different stages of clinical trials
that are known to modulate Wnt signaling (104). Some of them are FDA approved such as;
the anti-helmithic agent Pyrvinium targeting CK1a, Lithium targeting GSK3, Celecoxib
targeting COX2, and Sulindac and aspirin targeting COX1 and 2. Others in phase | or |1
trials include; OMAP-18R5 (mAD) an antibody targeting Frizzled, and OMP-54F28 (FZD8-Fc
fusion) a decoy receptor targeting Wnt ligands and Romosozumab, a humanized anti-
sclerostin monoclonal antibody used for osteoporosis. Inhibitors of B-catenin, TCF,
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Dishevelled, Transkyrase and other Wnt components are also under investigation (104).
However, many of these agents are being developed as chemotherapeutic agents and are
likely teratogenic as they target the crucial components in the Wnt pathway. Vitamins A
retinoid derivatives and vitamin D interact with nuclear receptors that inhibit Wnt signaling
by competing for nuclear p-catenin (Shah JBC 2003, Palmer JBC 2001) or activating the
transcription of inhibitory genes. There are no current studies on Wnt pharmacotherapies for
hypertension management. It remains to be seen whether current or newer agents that target
downstream effectors of Wnt can safely be used to specifically treat hypertension or mitigate
the deleterious cardiovascular remodeling.

VIIl. Future directions and conclusions

Although blood pressure (BP) follows a normal distribution in the population, the cutoff
value for hypertension is defined arbitrarily at a pressure above 140/85 mmHg, on the higher
end of BP distribution at which point the benefits of medical intervention may exceed those
of inaction (105). This one-size-fits-all stratification scheme has proven to be problematic.
Although its simplicity lends it for easy use by clinicians, it falls short of capturing major
variations in individuals or subgroups within the population. While the cardiovascular risk is
present and incrementally increases at a systolic blood pressure as low as 115 mmHg (106),
high quality trials have failed to show reduction of risk across the entire population by
merely targeting a strict blood pressure numeral (13, 14, 107). Most recently, the Heart
Outcomes Prevention Trial (HOPE-3) showed lack of overall benefit from blood pressure
lowering in subjects with intermediate risk for cardiovascular events. The study population
was demographically heterogeneous, and the metabolic profiles also varied significantly
among the study participants (108). This invites a personalized medicine approach based on
genetic and metabolic profiling for effective study and treatment of hypertension.
Additionally, blood pressure is a complex emergent phenotype that is not controlled by any
single cell line, tissue, or organ. Instead it is regulated by multiple organ systems.
Nonetheless, complex phenotypes have oftentimes been successfully reduced to defects in
single molecular pathways. The strong evidence from human studies associating Wnt defects
with severe forms of MetS and hypertension; in addition to the cumulating data on Wnt’s
entanglement in cardiovascular physiology offer bright prospects for therapeutics in an
untapped pathway.

Extensive review of the current literature suggests a bidirectional relationship between Wnt
and blood pressure regulation though more investigation is necessary to tease-out this
“chicken versusegg” association. Some evidence of causation comes from animal models
where changes of Wnt signaling in the brainstem caused alterations in systemic blood
pressure. However, these findings still need to be meaningfully extrapolated to humans.
Indirect evidence of causation comes from GWAS and genetic kindred studies of autosomal
dominant MetS; where mutations in Wnt components segregated with severe hypertension in
the members of the same family. Evidence of lesser weight emerges from indirect
correlations of Wnt defects linked to organ dysfunction such as renal fibrosis and kidney
disease, which in turn contribute to hypertension. On the other hand, animal models of
induced hypertension showed that hypertension causes dynamic changes in Wnt signaling,
which in turn drive pathologic vascular remodeling. This is also corroborated by human and
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animal studies on cardiac hypertrophic remodeling which seems to be worse in hypertensive
subjects with aberrant Wnt signaling.

Therefore, focusing research efforts on decoding the Wnt pathway will lead to better
understanding of hypertension and factors that underlie association of diverse MetS traits.
The concept of a unifying molecular pathophysiology for hypertension and other traits
observed in MetS is promising and may lead to more effective and novel classes of treatment
for these prevalent burdensome disorders.

Nascent therapeutics in this domain will have to account for the complexity of Wnt
signaling, and the multi-dimensional cross talk between Wnt and other pathways and
between the different arms of the Wnt pathways.
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1. Mutations in Wnt signaling components have been implicated in metabolic

2. Whnt signaling influences peripheral and central regulation of blood pressure.

3. Derangements in Wnt signaling cause vascular smooth muscle remodeling
that may underlie arterial calcification, high blood pressure and vascular
diseases.

4, Further dissection of Wnt signaling pathway in blood vessels may help with

Highlights

traits such as hypertension and hyperlipidemia.

development of novel therapeutics against hypertension.
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(c) Non-canonical Wnt: Calcium
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(A) The canonical pathway is activated once Wnt binds to the frizzled (FZD) receptor and
LRP-5/6 co-receptor, thus recruiting disheveled (DVL) protein that inhibits the p-catenin
destruction complex. Consequently, B-catenin accumulates in the cytoplasm and diffuses
into the nucleus, binds to other transcription factors and activates gene expression. The non-
canonical pathways (A and B) do not involve B-catenin. The planar cell polarity pathway (B)
is activated once Wnt binds to FZD and the RYK/ROR co-receptor recruiting DVL and
resulting in activation of the Rho and Rac signaling cascades. This causes cytoskeletal
modifications and alteration in gene expression via the JNK pathway. The calcium signaling
non-canonical pathway (C) involves Wnt binding to a G-protein coupled FZD that results in
activation of phopholipase C (PLC) and phosphodiesterase 6, this leads to inositol
triphosphate (IP3) production and stimulation of intracellular calcium release. The calcium
cascade involves activation of CAMKII, PKC and alteration in gene transcription via the

calcineurin-NFAT mechanism.
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