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Context: There is great interest in the biology of vascular calcification. Wnt/b-catenin signaling is an
important mediator of mineralization and may play a role in vascular calcification.

Objective: We assessed the association between circulating Wnt antagonists and abdominal aortic
calcification (AAC) severity in elderly women.

Design: This was a cross-sectional analysis of the Calcium Intake Fracture Outcome Study.

Setting: The participants were recruited from the community-dwelling elderly population.

Participants: We examined 768 women aged over 70 years.

Interventions: We collected blood samples, and lateral spine images captured during bone density
assessment were used to score AAC with a validated 24-point scale.

Main Outcome Measures: We tested the hypothesis that low Wnt antagonist levels of Dickkopf-1
(DKK1), secreted frizzled related protein 3 (sFRP3), and Wnt inhibitory factor 1 (WIF1) are associated
with severe AAC (AAC24 score . 5).

Results: Severe AACwas present in 146women (19%). Lower levels of DKK1, but notWIF1 and sFRP3,
were associated with higher odds of severe AAC. Per standard deviation decrease in DKK1 was as-
sociated with increasedmultivariable-adjusted odds ratio (OR) of severe AAC [OR, 1.26; 95% confidence
interval (CI), 1.04 to 1.52; P = 0.017]. In quartile analyses, the lowest and second-lowest quartiles of
DKK1 had increased multivariable-adjusted odds of severe AAC vs the highest quartile (OR, 2.05; 95%
CI, 1.18 to 3.56; P = 0.011 and OR, 1.83; 95% CI, 1.05 to 3.19; P = 0.035).

*These authors contributed equally to this work.
†These authors contributed equally to this work.
Abbreviations: AAC, abdominal aortic calcification; ASVD, atherosclerotic vascular disease; CAIFOS, Calcium Intake Fracture
Outcome Study; CI, confidence interval; DKK1, Dickkopf-1; eGFR, estimated glomerular filtration rate; IQR, interquartile range; OR,
odds ratio; SD, standard deviation; sFRP3, secreted frizzled related protein 3; WIF1, Wnt inhibitory factor 1.
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Conclusions: In elderly women, DKK1, but not sFRP3 or WIF1, is associated with severe AAC. This
study supports the concept that Wnt/b-catenin signaling is an important regulator of vascular mineral
metabolism and is independent of other risk factors.

Copyright © 2017 by the Endocrine Society
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License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Unlike coronary artery calcification, which is thought to be predominantly subintimal due to
atherosclerosis (1), abdominal aortic calcification (AAC) can be medial or intimal calcification
or amix of both.Medial calcification ismore commonly seen in peoplewith diabetes and chronic
kidney diseasemineral-bone disorder, whereas focal intimal calcification is thought to be due to
the healing process after plaque rupture [1, 2]. We and others have shown that severe AAC is
associated with the presence and severity of carotid atherosclerosis [3], coronary artery cal-
cification [4] and future cardiovascular events [5]. Emerging evidence suggests that AAC is
an actively regulated process with important clinical implications [6]. Although several
conditions (e.g., diabetes, chronic kidney disease, and dyslipidaemia) predispose in-
dividuals to AAC, the mechanisms remain poorly understood [7].

The Wnt/b-catenin signaling pathway consisting of the canonical b-catenin–dependent
and noncanonical b-catenin–independent pathway plays a critical role in the regulation of
osteoblast differentiation, proliferation, and survival to maintain bone in a homeostatic
state [8] and is also an important modulator of angiogenesis [9]. The Wnt pathways are
regulated by multiple families of secreted antagonists or modulators, including secreted
frizzled related proteins (sFRP) and dickkopfs (DKK) as well as Wnt inhibitory factor-1
(WIF1). In bone, sFRP3 and WIF1 have been shown to influence both canonical and
noncanonical activation by preventing Wnt from binding to its receptors [10–13] whereas
DKK1 antagonizes the canonical Wnt pathway by inhibiting Wnt co-receptors, including
low-density lipoprotein receptor–related proteins 5 and 6, which are intrinsically involved
in regulation of bone remodeling and angiogenesis [9, 14, 15]. However, the role of theWnt
antagonists on vascular calcification remains less clear.

A large observational study by Szulc et al. [16] reported that lower circulating DKK1
concentrationswas associatedwith an increased odds of having severe AAC in elderlymen. To
date, this relationship has not been examined in large studies of elderly women, and the
relationship between other Wnt antagonists and severe AAC has not been examined.
Therefore, the aim of this study was to assess the cross-sectional association between
3 circulating Wnt antagonists putatively targeting both the canonical and noncanonical
pathways with severe AAC in a large cohort of elderly women.

1. Subjects and Methods

A. Ethics Statement

At baseline, written informed consent was obtained from all participants for the study and
follow-up of electronic health records. The Human Ethics Committee of the University of
Western Australia approved the study protocol and consent form (approval number 05/06/004/
H50). The Human Research Ethics Committee of the Western Australian Department of
Health also approved the data linkage study (approval number #2009/24).

B. Study Population

The participants for this studywere a subset of the postmenopausalwomen recruited from the
Calcium IntakeFractureOutcomeStudy (CAIFOS). TheCAIFOS recruited 1460 participants
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in 1998 for a 5-year prospective, randomized, controlled trial of oral calcium supplements to
prevent osteoporotic fractures [17]. An additional 39 participants received oral calcium
supplements plus 1000 IU vitamin D2 in a substudy nested within the CAIFOS cohort
[18]. Because this was completed prior to the advent of the clinical trials registry, the trial
was retrospectively registered in the Australian New Zealand Clinical Trials Registry
ACTRN12615000750583. All participants were similar in terms of disease burden and
pharmaceutical consumption to the general populations of this age, but they were more likely
to be from higher socio-economic groups. Participants had no medical conditions that were
likely to influence 5-year survival, and exclusion criteria at baseline (1998) included current
use of bone active agents as hormone replacement therapy. In the 5 years of the randomized
controlled trial, participants were given 1.2 g of elements of calcium as calcium carbonate on
daily basis or a similar placebo. Participants for this study were excluded due to missing data
for DKK1, WIF1, and sFRP3 due to serum unavailability (n = 391) or missing or unreadable
lateral spine images (n = 341). This resulted in 768 (51%) women from the overall cohort
included for this study.

C. Baseline Risk Factors and Disease History

Participants’ medical histories and medications were verified by their general practitioners
when possible. Weight was obtained using digital scales with participants wearing light
clothes and without shoes. Height was measured using a stadiometer. Body mass index was
calculated in kg/m2. Prevalent atherosclerotic vascular disease was determined from the
primary discharge diagnosis codes from 1980 to 1998 as described previously and included
coronary heart disease, heart failure, cerebrovascular disease, and peripheral arterial dis-
ease [19].

D. Biochemistry

Fasting blood samples were collected at baseline in 1998. Serum Wnt-antagonists DKK1,
sFRP3, and WIF1 levels were determined using enzyme immunoassay provided by R&D
Systems (Minneapolis, MN). Intra- and interassay coefficients of variation were,10% for all
assays. Blood samples were analyzed for phosphate using routine methods (BM/Hitachi 747
Analyzer; Boehringer Mannheim GmbH, Mannheim, Germany). Baseline creatinine was
measured using an isotope dilution mass spectrometry–traceable Jaffe kinetic assay on a
Hitachi 917 analyzer (RocheDiagnostics GmbH,MannheimGermany). Serum cystatin Cwas
measured on the Siemens Dade Behring Nephelometer (Erlangen, Germany), traceable to
the International Federation of Clinical Chemistry Working Group for Standardization of
Serum Cystatin C and the Institute for Reference Materials and Measurements certified
reference materials. The estimated glomerular filtration rate (eGFR) using creatinine and
cystatin C was calculated using the Chronic Kidney Disease Epidemiology Collaboration
equation derived by Inker et al. [20]. Plasma 25OHD2 and 25OHD3 concentrations were
determined using a validated liquid chromatography tandemmass spectrometry method at
the RDDT Laboratories (Bundoora, VIC, Australia). Between-run coefficients of variation
were 10.1% at a 25(OH)D2 mean concentration of 12 nmol/L and 11.3% at a 25(OH)D3 mean
concentration of 60 nmol/L.

E. Lateral Spine Imaging

Digitally enhanced lateral spine images were captured for vertebral fracture assessment
from a Hologic 4500A DXA machine (Hologic, Boston, MA) in 1998 (18%) or in 1999 (82%) as
described previously [3]. Abdominal aortic calcification imaging was obtained using digitally
enhanced lateral spine and aorta image. A single experienced investigator blinded to the

28 | Journal of the Endocrine Society | doi: 10.1210/js.2016-1040

http://dx.doi.org/10.1210/js.2016-1040


outcomes of this study (J.T.S.) assessed all images using the validated 24-point Framingham
scale based on the Kauppila scoring system [21–24].

F. Statistical Analysis

The objective of the study was to determine the relationship between 3 circulating Wnt
antagonists with prevalent severe AAC (AAC24 score .5) as reported by Szulc et al. [16] in
elderly men. The primary outcome of the study was prevalent severe AAC. Data were
expressed as mean and standard deviation (SD), median. and interquartile range (IQR) for
continuous variables or as number and percentage for categorical variables. Levels of all Wnt
antagonists were not normally distributed (Supplemental Fig. 1) and were transformed using
the natural logarithm for logistic regression analyses in models meeting goodness-of-fit
assumptions. Nonlogarithmically transformed data are presented for a more clear in-
terpretation of results. Spearman’s rho correlation between circulating Wnt antagonists and
continuous baseline confounders (age, body mass index, eGFR, and other Wnt antagonists)
was undertaken, and Mann-Whitney U tests were used to compare between women with
or without atherosclerotic vascular disease (ASVD), diabetes, calcium supplementation,
smoking history, statin use, antihypertensive use, or low-dose aspirin use. We used logistic
regression to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for the association
between prevalent severe AAC and DKK1, WIF1, and sFRP3 levels as either continuous or
quartiles analyses. The highest quartile of circulatingWnt antagonist was the referent group
for all analyses. Multivariable-adjusted analysis included age, body mass index, history of
smoking, prevalent ASVD, treatment code (calcium or placebo), diabetes, estimated glo-
merular filtration rate, prescription for antihypertensive, statins, and low-dose aspirin. All
statistical analysis were performed using IBM SPSS Statistics Version 22 (IBM Corp.,
Armonk, NY) or STATA (version 13; StataCorp LP, College Station, TX). A 2-tailed
P value ,0.05 was considered to be significant.

2. Results

Participants with either no measured AAC or no serum to perform assays for the Wnt an-
tagonists (n = 732) (Fig. 1) were on average 0.4 years older and had slightly higher eGFR (both
P, 0.05) than those included in the study (n = 768) but were similar for other cardiovascular
risk factors (Table 1). The mean age of the study population was 75.0 6 2.7 years, and mean
bodymass indexwas 27.16 4.4 kg/m2.Of the 768women included in the study, therewere 146
(19%) with severe AAC (AAC24 score . 5).

A. Wnt Antagonists

Themedian values of the untransformed circulatingDKK1, sFRP3, andWIF1were 0.45 (IQR,
0.27 to 0.71), 2.16 (IQR, 1.65 to 3.01), and 0.17 (IQR, 0.10 to 0.34) ng/mL, respectively. Using
Spearman’s rank correlation with all continuous variables in Table 1, serum DKK1 con-
centrations were weakly positively correlated with age (rs = 0.092; P = 0.011), phosphate
(rs = 0.109;P = 0.003), and sFRP3 (rs = 0.140;P, 0.001) but notWIF1 (rs =20.047;P = 0.193).
sFRP3 was positively correlated with WIF1 concentrations (rs = 0.655; P , 0.001). Women
who had been prescribed statins had significantly lower concentrations of WIF1 (P = 0.001)
and sFRP3 (P = 0.005), and women with diabetes or ASVD had significantly lower con-
centrations of WIF1 (P = 0.001 and P = 0.026, respectively).

B. Association Between Wnt Antagonists and Severe AAC

In continuous analyses, the per SD decrease of ln-DKK1 was associated with an increased
odds of severe AAC in unadjusted (OR, 1.20; 95%CI, 1.00 to 1.44;P= 0.042), age-adjusted (OR,
1.23; 95%CI, 1.03 to 1.48;P = 0.024), andmultivariable-adjusted logistic regression (OR, 1.26;
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95%CI, 1.04 to 1.52;P= 0.017).Whenwomenwere categorized by quartiles ofDKK1 (Table 2),
women in the lowest quartile had the highest prevalence of severe AAC compared with low
and moderate AAC (Fig. 2), with twice the odds of having severe AAC compared with the
highest quartile in age-adjusted and multivariable-adjusted models (Table 3). WIF1 was not
associated with severe AAC in unadjusted, age-adjusted, or multivariable-adjusted logistic
regression as either continuous (per SDdecrease: OR, 1.05; 95%CI, 0.87 to 1.26;P= 0.598; OR,
1.04; 95%CI, 0.87 to 1.25;P = 0.640; andOR, 1.01; 95%CI, 0.84 to 1.23;P = 0.903, respectively)
or quartile analyses (Table 3). Similarly, sFRP3 was not associated with severe AAC in
unadjusted, age-adjusted, or multivariable-adjusted logistic regression as either continuous
(per SD decrease: OR, 1.13; 95% CI, 0.94 to 1.36; P = 0.199; OR, 1.13; 95% CI, 0.94 to 1.36;
P = 0.190; and OR, 1.11; 95% CI, 0.92 to 1.35; P = 0.275, respectively) or quartile analyses
(Table 2).

C. Further Analyses

To assess whether these results were independent of other Wnt antagonists, all 3 an-
tagonists were added to fully adjusted models, which did not attenuate the association
between DKK1 and severe AAC (Supplemental Table 1). We performed 2 further adjusted
models, including the potential confounding factors serum phosphate and 25OHD, with
similar findings observed in the continuous models multivariable-adjusted logistic
regression (OR, 1.27; 95% CI, 1.05 to 1.53; P = 0.016 and OR, 1.25; 95% CI, 1.03 to 1.51;
P = 0.022, respectively) and quartiles analyses (Supplemental Table 2). Because 82% of the
lateral spine images were taken at year 1 of a randomized controlled trial of calcium
supplements, we tested whether there was an interaction between DKK1 and treatment

Figure 1. Overview of the 768 women included in the study. *Thirty-nine participants
received calcium supplements with vitamin D. LSI, lateral spine imaging using a bone
densitometer.
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group (P = 0.681) and performed sensitivity analyses in the placebo group and calcium-
supplemented group separately. Similar results were seen for both groups (multivariable-
adjusted OR, 1.29; 95% CI, 1.00 to 1.67; P = 0.052 and OR, 1.21; 95% CI, 0.91 to 1.60;
P = 0.183, respectively).

3. Discussion

Abdominal aortic calcification is an actively regulated process [6] that is related to the
presence and severity atherosclerosis and calcification at other vascular beds [3, 4] and
predicts risk of future cardiovascular events [5]. In this study we found that DKK1, but not
WIF1 or sFRP3, was robustly associated with the severity of AAC in elderly white women.We
sought to investigate the association between Wnt antagonists putatively targeting both the
canonical and the noncanonical signaling pathways with AAC severity identified on lateral
spine images captured during bone density assessment. These findings provide important
new information on the likely role of Wnt signaling with age-related severe AAC and extend
upon on previous studies investigating DKK1 in elderly men and younger women. Because
elderly women in the lowest and second-lowest quartiles of DKK1 had nearly twice the odds of
having severe AAC than women in the highest quartile, assessing DKK1 may be a useful
strategy to identify individuals with severe AAC, which is an established risk factor for long-
term cardiovascular disease risk [5]. However, further studies are needed to determine
whether DKK1 improves identification of individuals with severe AAC and predicts future
cardiovascular disease events and prognosis.

No association betweenWIF1 and sFRP3 levels with AAC severity was observed. In bone,
WIF1 is known to influence both canonical and noncanonicalWnt signaling, whereas sFRP3
is thought to act primarily on the noncanonical pathways [25]. The lack of an association
with these antagonists for severe AAC may suggest that in vascular tissues the non-
canonical b-catenin-independent pathway plays less of a role in the progression of AAC
severity than the canonical b-catenin signaling that is inhibited by DKK1. Supporting this
concept are the findings from a warfarin-induced rat model of medial vascular calcification
that observed DKK1, but not WIF1, inhibiting b-catenin induced vascular smooth muscle
cell transdifferentiation and vascular calcification [26]. However, the null findings may also
be due to a lack of power to identify weaker associations between these antagonists and

Table 1. Characteristics of Subjects Included in the Study andThoseWithMissingDataNot Included in
the Study

Variable Included in the Study Missing Data

Number 768 732
Age, ya 75.00 6 2.65 75.39 6 2.76a

Body mass index, kg/m2 27.06 6 4.43 27.40 6 5.06
History of smoking, yes (%) 273 (35.7) 281 (38.7)
Diabetes, yes (%) 43 (5.6) 52 (7.1)
Prevalent ASVD, yes (%) 91 (11.8) 91 (12.4)
eGFR, mL/min/1.73 m2 66 6 13 65 6 13a

25OHD, nmol/L 67 6 28 66 6 30
Phosphate, mg/L 3.63 6 0.42 3.64 6 0.43
Medications
Low-dose aspirin, yes (%) 159 (20.7) 154 (21.0)
Antihypertensive, yes (%) 321 (41.9) 331 (45.2)
Statin therapy, yes (%) 141 (18.4) 141 (19.3)

Treatment code
Calcium, yes (%) 393 (51.2) 376 (51.4)

Data expressed as mean 6 SD or as number and percentage.
aP , 0.05 by Student t test and x2 test where appropriate.
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severe AAC. If these null findings for WIF1 and sFRP3 with vascular calcification are
confirmed in further studies, this highlights important differences between skeletal and
nonskeletal regulation of calcification, potentially leading to tissue-specific therapeutic
interventions.

Regarding themechanism in animal studies,Wnt signaling and DKK1 have been shown to
enhance endothelial-mesenchymal transition in bovine aortic endothelial cells [27] whereas
animal and cell studies have demonstrated that Wnt signaling and DKK1 are regulators of
vascular calcification. Awan et al. [28] reported increased Wnt and low-density lipoprotein
receptor–related proteins 5 expression in the aortic wall and severe AAC in LDLR2/2mice on
high fat chow, whereasMartinez-Moreno et al. [29] found that the addition of DKK1 to human
vascular smooth muscle cells, stimulated with calcifying media, attenuated the calcification.
Similarly Beazley et al. [26] demonstrated that in rats, DKK1, but not WIF1, prevented
warfarin-induced activation canonical Wnt signaling and osteogenic transdifferentiation in
vascular smooth muscle cells, leading to vascular calcification. Conversely, a recent study of
diabetic mice subjected to renal injury to induce CKD displayed higher DKK1 and increased
vascular calcification compared with non-CKD diabetic control mice, and this calcification
was reversed by a monoclonal antibody neutralizing DKK1 and phosphate control [30]. As
such, there is still uncertainty over the exact role ofDKK1 in the development and progression
of AAC.

There is now great interest in neutralizing antibodies targeting the Wnt signaling
pathways to improve bone health and treat somemalignant conditions. Themost advanced of
these is romosozumab, which is an antisclerostin antibody that, in a phase 2 randomized
control trial in 419 women over 12 months, was shown to increase bone density and to reduce
bone resorption in womenwith low bone turnover [31]. In this trial there was not an increased
risk of adverse clinical cardiovascular side effect. Although these findings are reassuring, the
nature of vascular calcification means that increases in cardiovascular events would be
unlikely to be seen over such a short period of time. More recently, a bispecific antibody that
inhibits both sclerostin and DKK1 has been developed and tested in nonprimate and primate
animal models [32]. Given our findings, it would be prudent to evaluate and monitor long-
term changes in AAC in patients randomized to neutralizing antibodies to sclerostin and/or
DKK1 to rule out any off-target effects, similar to what has been done previously in the large
3-year randomized controlled trial of anti-RANKL antibody (denosumab) that demonstrated
no effect on AAC [33].

In a recent study that used a similar cross-sectional study design, Szulc et al. [16] re-
ported that in 803men over 60 years of age, but not in 336 youngermen (20–59 years of age),
lower serum DKK1 was associated with the severe AAC. Similar to our study, Szulc et al.
[16] used lateral spine images obtained by a Hologic DXA machine to detect the presence of
AAC, the same Kauppila 24-point scoring system [24] and the same definition of severe
AAC. In both the current study in elderly women and in the study of Szulc et al. [16] in

Figure 2. Quartile of circulating DKK1 and severe AAC in the elderly women. P , 0.05 by
Mantel-Haenszel trend test.
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elderly men, the association between DKK1 remained significant after adjusting for con-
ventional cardiovascular disease risk factors and in the current study remained significant
after adjusting for renal function, circulating 25-hydroxyvitamin D, and phosphate. A
previous smaller study [34] of 113 younger postmenopausal women (mean age, 62 years)
with lateral spine images obtained on a Hologic DXA machine using the Kauppila scoring
system also reported an inverse association between DKK1 and less severe AAC (AAC24
score .1); however, few women in this study had detectable AAC, and no results were
presented for severe AAC. Taken together, our findings confirm previous studies demon-
strating an inverse association between circulating DKK1 and AAC severity that is in-
dependent of vascular risk factors, estimated renal function, circulating 25-hydroxyvitamin
D, and phosphate.

In 2 of 3 published studies, data from patients with advanced CKD also support an inverse
relationship between DKK1 and severe AAC. In a younger cohort consisting of 77 patients
with stage 3B and stage 4 CKD, DKK1 levels were inversely associated with arterial stiffness
index [35] which is strongly related to AAC [36]. In a study of 177 stable patients undergoing
hemodialysis [37], DKK1 was inversely associated with the severity of AAC using the same
scoring methodology (AAC24 scores) from standard radiographs. In contrast, a study of 125
patients on hemodialysis that assessed aortic arch calcification from standard radiographs
found that sclerostin, but not DKK1 concentrations, were associated with aortic calcification
assessed using a different scoring methodology [38].

Studies investigating the association between DKK1 and calcification in other vascular
beds, such as coronary artery, have been conflicting. A study of African American patients
with type II diabetes [39] found that DKK1 was inversely associated with atherosclerotic
calcified plaque at the coronary and aortoiliac arterial segments in fully adjusted models.
However, in a study of patients presenting with chest pain not due to myocardial infarction,
Kim et al. [40] found that DKK1 levels were positively associated with coronary artery
calcification. As such, the relationship between DKK1 and coronary artery calcification re-
mains unclear. A potential explanation for these findings is that in addition to being im-
plicated in vascular calcification development and progression, DKK1 has also been shown to

Table 2. Characteristics of Study Population Means Stratified by Quartiles of DKK1

Variable
Quartile 1
(<0.27)

Quartile 2
(0.27 to 0.45)

Quartile 3
(0.45 to 0.71)

Quartile 4
(‡0.71) PValuea

Number 192 192 192 192
Age, y 74.8 6 2.6 75.0 6 2.5 74.8 6 2.6 75.4 6 2.8 0.076
Randomized to calcium,

yes (%)
96 (50.0) 101 (52.6) 101 (52.6) 95 (49.5) 0.923

Body mass index, kg/m2 27.3 6 4.5 27.4 6 4.2 26.5 6 4.4 27. 1 6 4.6 0.207
sFRP-3, ng/mL 1.96 (1.36 to 3.00) 2.17 (1.70 to 2.86) 2.19 (1.79 to 3.16) 2.25 (1.76 to 3.13) ,0.001
WIF1, ng/mL 0.19 (0.11 to 0.41) 0.16 (0.09 to 0.30) 0.16 (0.10 to 0.31) 0.16 (0.09 to 0.34) 0.353
eGFR, mL/min/1.73 m2b 66 6 13 67 6 14 67 6 12 65 6 13 0.540
25OHD, nmol/L 66 6 27 68 6 28 70 6 30 65 6 27 0.314
Phosphate, mg/L 3.57 6 0.41 3.64 6 0.43 3.63 6 0.42 3.70 6 0.39 0.027
History of smoking, yes (%) 70 (36.6) 69 (35.9) 61 (32.1) 73 (38.0) 0.983
Diabetes, yes (%) 10 (5.2) 11 (5.7) 9 (4.7) 13 (6.8) 0.623
Prevalent ASVD, yes (%) 23 (12.0) 23 (12.0) 17 (8.9) 28 (14.6) 0.653
Medications
Low-dose aspirin, yes (%) 42 (21.9) 43 (22.4) 20 (10.4) 58 (28.1) 0.605
Antihypertensive
therapy, yes (%)

89 (46.4) 75 (39.1) 72 (37.5) 85 (44.3) 0.624

Statin therapy, yes (%) 40 (20.8) 37 (19.3) 26 (13.5) 38 (19.8) 0.479

Data expressed as mean 6SD, median (interquartile range), or number and percentage.
aSignificant at P , 0.05 by ANOVA or the Mantel-Haenszel test for trend test where appropriate.
bEstimated glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration equation based
on serum creatinine and cystatin C.
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be expressed at high levels by macrophages and endothelial cells in atherosclerotic plaques,
promoting enhanced release of inflammatory cytokines [41]. Therefore, reported differences
are likely to be due to differences in the cohort characteristics reflecting different expression
site and disease pathologies. However, further study on the role of DKK1 on the development
and progression of atherosclerosis and/or vascular calcification is needed.

There are a number of limitations that must be considered in the interpretation of the
findings from this study. First, because this was a cross-sectional observational study,
causality cannot be determined, and we cannot exclude the possibility of bias. This is es-
pecially true because we did not have complete data on all participants in this cohort and
cannot exclude the possibility of selection bias affecting our results, even though women
without measures of Wnt antagonists or AAC were similar to those with measures. Second,
because we only had 1 measurement of the Wnt antagonists and severe AAC, we cannot
determine the true nature of the relationship between these antagonists and progression of
AAC. Third, AAC is actively regulated by many proteins with numerous inducers and in-
hibitors of calcification [6]. Other Wnt antagonists and modulators, such as sclerostin, were
not measured in our study and could also be associated with severe AAC. This is important
because several cross-sectional studies have shown that, in patients with impaired renal
function, sclerostin levels are positivity related to vascular calcification [42, 43]. However,
other studies have found no association [44] or inverse associations [37], and 1 study in
transplant recipients even demonstrated a positive association in unadjusted analyses and an
inverse association in multivariable-adjusted analyses [45]. These conflicting findings are
likely due to increased circulating levels of sclerostin in patients with CKD [37] despite
increased urinary excretion [46]. This suggests that sclerostinmay also be produced at the site
of vascular calcification as a compensatory mechanism [37, 43]. Finally, because this was a
cohort of elderlywhitewomen, these findingsmay not extend to other ethnicities or to younger
women. As such, further large prospective cohort studies with repeated measures of DKK1

Table 3. Odds of Having Severe AAC (n = 146) According to Wnt Antagonist Concentrations in Elderly
Women Aged Over 70 y (n = 768)

Age-Adjusted OR
(95% CI)

Multivariable-Adjusteda OR
(95% CI)

Circulating DKK1 levels, ng/mL
Quartile 1 (,0.27) 1.83 (1.08–3.09)b 2.05 (1.18– 3.56)b

Quartile 2 (0.27–0.45) 1.59 (0.93–2.71) 1.83 (1.05–3.19)b

Quartile 3 (0.45–0.71) 1.32 (0.76– 2.29) 1.64 (0.91–2.94)
Quartile 4 ($0.71) Referent Referent
P value for trendc 0.020 0.008

Circulating sFRP3 levels, ng/mL
Quartile 1 (,1.64) 1.35 (0.80–2.27) 1.33 (0.78–2.29)
Quartile 2 (1.64–2.18) 1.32 (0.78–2.22) 1.19 (0.68–2.06)
Quartile 3 (2.18–3.01) 1.17 (0.69–1.98) 1.16 (0.67–2.00)
Quartile 4 ($3.01) Referent Referent
P value for trendc 0.219 0.310

Circulating WIF1 levels, ng/mL
Quartile 1 (,0.10) 1.06 (0.45–1.80) 0.96 (0.54–1.71)
Quartile 2 (0.10–0.17) 1.51 (0.90–2.54) 1.33 (0.78–2.28)
Quartile 3 (0.17–0.34) 1.50 (0.89–2.52) 1.48 (0.87–2.54)
Quartile 4 ($ 0.34) Referent Referent
P value for trendc 0.310 0.538

aMultivariate adjustments include: age, body mass index, treatment code, prevalent diabetes, smoking history,
prescription of statins, prescription of antihypertensive medication, estimated glomerular filtration rate, low-dose
aspirin use, and prevalent AVSD.
bSignificantly different from the highest quartile of DKK1: P , 0.05.
cTest for trend conducted using the median value for each quartile of Wnt antagonists.
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and AAC are needed to determine the true nature of the relationship and to confirm these
findings.

Strengths of our study include measurement of 3 circulating Wnt antagonists, which are
likely to affect both canonical Wnt signaling (DKK1), noncanonical Wnt signaling (sFRP3),
and both Wnt signaling pathways (WIF1). Second, a single highly experienced investigator
(J.T.S.) blinded to clinical study data assessed the AAC phenotypes. Third, we had detailed
information on vascular risk factors, medications, and disease history as well as glomerular
filtration rate estimated using both creatinine and cystatin C, which is a closer measure
of true glomerular filtration rate than creatinine alone [20]. Finally, we had detailed
biochemical measures in this study allowing adjustment for phosphate and 25-hydroxvitamin
D measures using liquid chromatography tandem mass spectrometry.

In conclusion, we did not find an association between the Wnt antagonists WIF-1 and
sFRP3with severe AAC in elderly women. In addition, our findings add further support to the
concept that canonical Wnt signaling regulates vascular calcification and that DKK1 may
inhibit severe AAC in elderly women, extending previous findings in elderlymen and patients
with advanced chronic kidney disease.
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5. Bastos Gonçalves F, Voûte MT, Hoeks SE, Chonchol MB, Boersma EE, Stolker RJ, Verhagen HJ.
Calcification of the abdominal aorta as an independent predictor of cardiovascular events: a meta-
analysis. Heart. 2012;98(13):988–994.

6. Szulc P. Abdominal aortic calcification: A reappraisal of epidemiological and pathophysiological data.
Bone. 2016;84:25–37.

7. Jayalath RW, Mangan SH, Golledge J. Aortic calcification. Eur J Vasc Endovasc Surg. 2005;30(5):
476–488.

8. JohnsonML, Harnish K, Nusse R, Van HulW. LRP5 andWnt signaling: a union made for bone. J Bone

Miner Res. 2004;19:1749–1757.
9. Dejana E. The role of wnt signaling in physiological and pathological angiogenesis. Circ Res. 2010;

107(8):943–952.
10. Surmann-Schmitt C, Widmann N, Dietz U, Saeger B, Eitzinger N, Nakamura Y, Rattel M, Latham R,

Hartmann C, von der Mark H, Schett G, von der Mark K, Stock M. Wif-1 is expressed at cartilage-
mesenchyme interfaces and impedes Wnt3a-mediated inhibition of chondrogenesis. J Cell Sci. 2009;
122(Pt 20):3627–3637.

11. Leyns L, Bouwmeester T, Kim SH, Piccolo S, De Robertis EM. Frzb-1 is a secreted antagonist of Wnt
signaling expressed in the Spemann organizer. Cell. 1997;88(6):747–756.

12. Lin K, Wang S, Julius MA, Kitajewski J, Moos M, Jr, Luyten FP. The cysteine-rich frizzled domain of
Frzb-1 is required and sufficient for modulation ofWnt signaling.ProcNatl Acad Sci USA. 1997;94(21):
11196–11200.

13. Wang S, Krinks M, Lin K, Luyten FP, Moos M, Jr. Frzb, a secreted protein expressed in the Spemann
organizer, binds and inhibits Wnt-8. Cell. 1997;88(6):757–766.
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