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ABSTRACT

Romosozumab is a newly available treatment for osteoporosis acting by sclerostin inhibition. Its cardiovascular safety has been
questioned after finding excess cardiovascular disease (CVD)-related events in a pivotal phase 3 trial. Previous studies of relationships
between circulating sclerostin levels and CVD and associated risk factors have yielded conflicting findings, likely reflecting small num-
bers and selected patient groups. We aimed to characterize relationships between sclerostin and CVD and related risk factors in more
detail by examining these in two large cohorts, Ludwigshafen Risk and Cardiovascular Health study (LURIC; 34% female, mean age
63.0 years) and Avon Longitudinal Study of Parents and Children study (ALSPAC) mothers (mean age 48.1 years). Together these pro-
vided 5069 participants with complete data. Relationships between sclerostin and CVD risk factors were meta-analyzed, adjusted for
age, sex (LURIC), body mass index, smoking, social deprivation, and ethnicity (ALSPAC). Higher sclerostin levels were associated with
higher risk of diabetes mellitus (DM) (odds ratio [OR] = 1.25; 95% confidence interval [CI] 1.12, 1.37), risk of elevated fasting glucose
(OR 1.15; Cl 1.04, 1.26), and triglyceride levels (p 0.03; Cl 0.00, 0.06). Conversely, higher sclerostin was associated with lower estimated
glomerular filtration rate (eGFR) (B —0.20; CI —0.38, —0.02), HDL cholesterol (f —0.05; CI —0.10, —0.01), and apolipoprotein A-l (8
—0.05; Cl —0.08, —0.02) (difference in mean SD per SD increase in sclerostin, with 95% Cl). In LURIC, higher sclerostin was associated
with an increased risk of death from cardiac disease during follow-up (hazard ratio [HR] = 1.13; 1.03, 1.23) and with severity of cor-
onary artery disease on angiogram as reflected by Friesinger score (0.05; 0.01, 0.09). Associations with cardiac mortality and coronary
artery severity were partially attenuated after adjustment for risk factors potentially related to sclerostin, namely LDL and HDL cho-
lesterol, log triglycerides, DM, hypertension, eGFR, and apolipoprotein A-l. Contrary to trial evidence suggesting sclerostin inhibition
leads to an increased risk of CVD, sclerostin levels appear to be positively associated with coronary artery disease severity and mor-
tality, partly explained by a relationship between higher sclerostin levels and major CVD risk factors. © 2021 The Authors. Journal of
Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

clerostin is a WNT inhibitor secreted by osteocytes, which

S acts to inhibit osteoblast activity as part of bone’s adaptive
response to mechanical loading.”” Sclerostin was originally iden-
tified from studies of the high bone mass disorder sclerosteosis,
caused by loss-of-function mutations in the SOST gene encoding
sclerostin.? Anti-sclerostin antibody treatment has since been
developed as a new treatment for osteoporosis acting by stimu-
lating bone formation.®> Marketing authorization has recently
been granted for the sclerostin antibody, romosozumab, to treat
osteoporosis, after phase 3 trials indicating this is effective at
reducing fracture risk.>) However, use has been restricted
because of concerns over cardiovascular safety, after an excess
of cardiovascular events reported in the ARCH study® as well
as a phase 3 randomized trial in men with osteoporosis.”’
Whether sclerostin inhibition impacts on cardiovascular disease
(CVD) risk remains contentious. Whereas excess cardiovascular
events were found in the romosozumab treatment arm com-
pared with those treated with alendronic acid in the ARCH
study® and in men treated with romosozumab versus
placebo,® no excess was observed in the FRAME study, where
the comparator group also consisted of placebo.”’ These diver-
gent findings may reflect a protective influence of bisphospho-
nates on CVD risk, as opposed to an adverse effect of
romosozumab. Another bisphosphonate, zoledronate, has been
found to decrease all-cause mortality, to which reduced cardio-
vascular mortality may contribute.”” However, a beneficial effect
on mortality was not born out in a meta-analysis of drug trials of
zoledronate and other bisphosphonates.®

Contrary to the suggestion that sclerostin inhibition may
increase the risk of CVD, several studies have found lower scler-
ostin levels may protect against CVD. For example, higher scler-
ostin levels were found to be associated with higher risk of
cardiovascular mortality in 98 chronic kidney disease (CKD)
patients on peritoneal dialysis,” 173 non-dialysed CKD
patients,"? and 130 participants with type 2 diabetes mellitus
(T2DM)/prevalent CVD."" On the other hand, higher sclerostin
levels were found to be associated with reduced cardiovascular
mortality in 673 renal dialysis patients."'? These findings are in
line with previous studies indicating relationships between bone
and cardiovascular disease.’® In terms of how sclerostin might
influence CVD risk, sclerostin levels are related to a number of
CVD risk factors. For example, sclerostin levels were reported to
be higher in 40 T2DM patients compared with age-matched
controls," consistent with the recognized relationship between
T2DM and fracture risk .15-17 Sclerostin levels have also been
found to be increased in CKD patients, reflecting an inverse rela-
tionship between glomerular filtration rate (GFR) and sclerostin
levels, which is not explained by reduced renal elimination.'®

Though primarily produced by osteocytes, sclerostin has been
detected in vascular tissue, including at sites of vascular calcifica-
tion, suggesting sclerostin might also affect CVD risk as a conse-
quence of a role in atherosclerotic plaque formation.'2%
Consistent with this possibility, serum sclerostin levels have been
found to be positively related to coronary artery calcification
assessed by CTin 191 Afro-Caribbean men®®" and to predict arte-
rial calcification from CT in 51 CKD patients undergoing dialy-
sis.?? In contrast, sclerostin levels were found to be inversely
related to carotid intima-thickness (cIMT) in a combined group
of 40 T2DM patients and 40 healthy controls®® and to (X-ray-
based) aortic calcification in 207 hemodialysis patients.*?

Therefore, observational studies suggest that sclerostin levels
may be associated with a higher risk of vascular calcification and
CVD and of associated risk factors such as T2DM and renal dis-
ease. However, much of the evidence is conflicting, likely reflect-
ing small sample sizes and selected patient groups used in
previous studies. To overcome these limitations, in the present
study, we examined relationships between serum sclerostin
and CVD and related risk factors, in the Ludwigshafen Risk and
Cardiovascular Health (LURIC) and Avon Longitudinal Study of
Parents and Children (ALSPAC) studies, together providing more
than 5000 participants.

Materials and Methods

The Ludwigshafen Risk and Cardiovascular Health (LURIC)

The LURIC study is a prospective cohort study of individuals with
and without cardiovascular disease and was designed to investi-
gate environmental and genetic risk factors for the development
of cardiovascular diseases. Between July 1997 and January 2000,
3316 participants of German ancestry were enrolled in the cardi-
ology unit of a tertiary care medical center in southwestern
Germany. The inclusion criteria comprised clinically stable condi-
tions except for acute coronary syndromes (ACS), German ances-
try, and availability of a coronary angiogram (indicated after
standard clinical test diagnoses like chest pain and a positive,
noninvasive stress test). Exclusion criteria were prespecified as
any acute illness other than ACS, any chronic disease where non-
cardiac disease predominated, and a history of malignancy
within the past 5 years. The detailed study protocol has been
published.®® Of the originally recruited sample, 2054 partici-
pants (62%) had complete outcome and covariate data and pro-
vided the sample for our study. Written informed consent was
obtained from each participant before inclusion. The study was
in accordance with the Declaration of Helsinki and approved
by the ethics committee at the Medical Association of
Rhineland-Palatinate (Arztekammer Rheinland-Pfalz).

CVD risk factors, namely T2DM, body mass index (BMI), hyper-
tension, and smoking, were recorded at study entry. Socioeco-
nomic status was defined using a proxy measure based on the
regional purchasing index, collected at study entry as previously
described.?® All patients were screened for T2DM at baseline,
diagnosis being based on the 2014 criteria of the American Dia-
betes Association,®” history of T2DM, and/or use of oral anti-
diabetics or insulin. Cardiac-related death was subsequently
ascertained. Information on vital status was obtained from local
registries. Two experienced physicians adjudicated indepen-
dently the causes of death. In case of disagreement, one of the
principal investigators of LURIC (WM) made the final assignment.
Coronary artery stenosis (defined as >50% narrowing in one or
more artery) and Friesinger score were evaluated on coronary
angiograms as previously described.?® Fasting blood samples
collected at baseline were used for measurement of glucose
(converted to binary variable to indicate high/low measurement
based on whole blood =6.1 mmol/L), triglycerides, low-density
lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)
cholesterol, apolipoprotein Al, apolipoprotein B, lipoprotein (a).
The estimated glomerular filtration rate (eGFR) was calculated
using the Chronic Kidney Disease Epidemiologic Collaboration
(CKD-EPI) formula. Hypertension was defined as a systolic blood
pressure (BP systolic) >140 mmHg and a diastolic blood pressure
(BP diastolic) =90 mmHg according to the European Society of
Cardiology (ESC) guideline.”® Sclerostin was subsequently
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measured on baseline serum samples stored at minus 70°C using
a chemiluminescent immunoassay (CLIA; DiaSorin LIAISON, Dia-
Sorin, Stillwater, MN, USA).?® The assay was performed on a LIAI-
SON XL Analyzer. The interassay coefficients of variation (CVs)
were 4.3% and 5.2% at concentrations of 457 and 2460 pg/mL,
respectively.

Avon Longitudinal Study of Parents and Children

ALSPAC is a prospective birth cohort that recruited pregnant
women with expected delivery dates between April 1991 and
December 1992 from Bristol, UK. The initial number of pregnan-
cies enrolled was 14,541. Of these initial pregnancies, there was a
total of 14,676 fetuses, resulting in 14,062 live births and 13,988
children who were alive at 1 year of age. When the oldest chil-
dren were approximately 7 years of age, an attempt was made
to bolster the initial sample with eligible cases who had failed
to join the study originally. The total sample size for analyses
using any data collected after the age of 7 years is 15,454 preg-
nancies, resulting in 15,589 fetuses. Of these, 14,901 were alive
at 1 year of age. Detailed information on the health and develop-
ment of children and their parents were collected from regular
clinic visits and completion of questionnaires.?>3" Ethical
approval was obtained from the ALSPAC Law and Ethics Com-
mittee and the Local Ethics Committees. The study website con-
tains details of all the data that are available through a fully
searchable data dictionary (http://www.bristol.ac.uk/alspac/
researchers/our-data/).

The present study uses data from a research clinic undertaken
between 2008 and 2011. All eligible mothers (ie, still engaged
with the study; alive with known contact details and who had
not withdrawn their consent) were invited to these assessments.
Of 11,264 (77.5%) women invited, 4832 (43%) attended, of whom
3015 (62%) had complete outcome and covariate data and pro-
vided the sample for our study. cIMT (mm) of the left and right
common carotid arteries were obtained via high-resolution B
ultrasound as previously described.®? Arterial distensibility was
calculated as the difference between systolic and diastolic arte-
rial diameters; the mean of left and right readings was used.
Images were analyzed by a single trained reader.*?

Height and weight were recorded at clinic attendance, and
DM and hypertension ascertained from a questionnaire com-
pleted at the same time (whether responded as taking anti-
diabetic and/or high blood pressure medication) and comple-
mented by questionnaire data completed between 2010 and
2012 (ever told they had DM/high blood pressure by a doctor).
Smoking was ascertained from the same questionnaire collected
between 2010 and 2012. For the purposes of this study, to opti-
mize concordance with LURIC data, socioeconomic status was
determined from postcodes available on file for enrolled
mothers to derive Townsend score (1 = least deprived to 5 =
most deprived). We used data linked between 2008 and 2011.

Fasting (minimum 6 hours) blood samples were collected at
the time of clinic attendance and subsequently stored at-70°C.
Fasting glucose was converted to binary variable to indicate
high/low measurement (high glucose based on fasting plasma
glucose concentration =7.0 mmol/L). Sclerostin was measured
on heparin plasma blood samples using the Biomedica Human
Sclerostin ELISA (BI-20492, Biomedica Medizinprodukte, Vienna,
Austria) kit. According to the manufacturer’'s protocol, the stan-
dard range for the array kit was 0 to 240 pmol/L and the lower
detection limit was 3.2 pmol/L. Each kit was run with an internal
quality control. All samples were run in duplicate and if the

sclerostin measurement differed more than 20% between the
duplicates, we removed the individual from further analysis. Out-
liers four standard deviations (SDs) away from the mean value
were excluded. In our hands, intra-assay CV% was 4.9%, and
interassay CV% 11.3%. Standard clinical chemistry assays were
performed for glucose, total and HDL cholesterol, and triglycer-
ides, with LDL cholesterol estimated indirectly from these using
Friedwalde’s equation. A high-throughput proton (1H) nuclear
magnetic resonance platform was used to measure creatinine
(from which eGFR was calculated®®) and apolipoprotein A-l
and B measurements.

Statistical methods

The distributions of continuously measured variables were
explored using descriptive statistics and histograms.
Lipoprotein(a) and triglycerides (TGs) were positively skewed
and were log transformed for analysis so that residuals from
the regression models were approximately normally distributed.
Descriptive statistics are shown as means with standard devia-
tions (SD) and medians with interquartile ranges (IQR) for contin-
uous variables and counts with percentages (%) for categorical
variables. All associations were analyzed using linear regression
(for continuous outcomes), logistic regression (for binary out-
comes), and Cox proportional hazards regression (for mortality
data/death from cardiac cause). Association results are shown
as differences in mean concentrations in SD units (continuous
outcomes, including those that were log transformed), or odds
ratios (OR)/hazard ratio (HR) (binary outcomes) per 1 SD higher
sclerostin level, with 95% confidence intervals (Cls).

We divided adjustment variables into confounders (age,
sex [LURIC], BMI, smoking, social deprivation, and ethnicity
[ALSPAC] [model 2]) and potential mediators of sclerostin-CVD
relationships (LDL and HDL cholesterol, log triglycerides,
diabetes, hypertension, eGFR, apolipoprotein A-1). Associations
between sclerostin and CVD risk factors were meta-analyzed by
combining summary statistics from model 2 in the two cohorts,
employing random-effects models due to the distinct character-
istics of the two study populations, followed by tests for hetero-
geneity. All statistical analyses were performed in Stata 16.0.

Results

Results were available from 2054 participants (34% female) from
LURIC and 3015 from ALSPAC mothers (Supplemental Fig. S1;
Tables 1 and 2). {TBL 1HTBL 2} LURIC participants had a mean age
of 63.0 years, of whom 76% had a clinical diagnosis of coronary
artery disease (CAD), and 16% subsequently died as a result of car-
diac disease over a mean follow-up of 9.9 years. ALSPAC partici-
pants were considerably younger (mean 48.1 years). The majority
of ALSPAC samples were of White ethnic group (95%), whereas
all LURIC participants were White Europeans. LURIC participants
had a higher prevalence of CVD risk factors compared with those
from ALSPAC, with a greater proportion of those with DM (40.3%
versus 1.8%), hypertension (72.8% versus 5.4%), and ever-smokers
(42.5% versus 40%), higher TG levels (167.5 versus 90.4 mg/dL), and
lower HDL levels (39.2 versus 57.3 mg/dL). Differences in sclerostin
levels between LURIC and ALSPAC participants are explained by
the distinct assays used in the two cohorts.?®)

We performed cross-sectional analyses in LURIC and ALSPAC
to examine associations between sclerostin levels and available
CVD risk factors. Unadjusted and confounder-adjusted (model
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Table 2. Descriptives (Categorical Traits)

LURIC (combined) LURIC (males) LURIC (females) ALSPAC
Ethnic group White 2054 (100) 1350 (100) 704 (100) 2948 (97.8)
Non-White 0 0 0 7(2.2)
Townsend score 1 1 184 (39.3)
2 527 (17.5)
3 558 (18.5)
4 556 (18.4)
5 190 (6.3)
Diabetes No 1227 (59.7) 803 (59.5) 424 (60.2) 2962 (98.2)
Yes 827 (40.3) 547 (40.5) 280 (39.8) 3(1.8)
High glucose No 1600 (77.9) 1053 (78.0) 547 (77.7) 2948 (97.8)
Yes 454 (22.1) 297 (22.0) 157 (22.3) 7 (2.2)
Hypertension No 558 (27.2) 394 (29.2) 164 (23.3) 2851 (94.6)
Yes 1496 (72.8) 956 (70.8) 540 (76.7) 164 (5.4)
Smoking class No 793 (38.6) 328 (24.3) 465 (66.1) 1820 (60.4)
Ex 872 (42.5) 732 (54.2) 140 (19.9) 1195 (39.6)°
Active 389 (18.9) 290 (21.5) 99 (14.1)
Death from cardiac cause No 1728 (84.1) 1122 (83.1) 606 (86.1)
Yes 326 (15.9) 228 (16.9) 98 (13.9)
Death from any cause No 1601 (78.0) 1035 (76.7) 566 (80.4)
Yes 453 (22.0) 315 (23.3) 138 (19.6)
Coronary artery stenosis (N = 2023) No 668 (33.0) 327 (24.5) 341 (49.4)
Yes 1355 (67.0) 1006 (75.5) 349 (50.6)

LURIC = Ludwigshafen Risk and Cardiovascular Health; ALSPAC = Avon Longitudinal Study of Parents and Children.

Table shows frequency of characteristics (%).
%Ex or active smoker.

Table 3. Sclerostin Versus Clinical Risk Factors (ALSPAC/LURIC)

LURIC (N = 2054)

ALSPAC (N = 3015)

Exposure Outcome Model B (95% Cl) p B (95% Cl) p
Sclerostin eGFR 1 —0.36 (—0.40, -0.31) <0.001 ~0.17 (~0.21,-0.14) <0.001
Sclerostin eGFR 2 —0.29 (~0.33,-0.25) <0.001 ~0.11 (—0.15, -0.08) <0.001
OR (95% Cl) p OR (95% Cl) p
Sclerostin Diabetes 1 1.39 (1.24, 1.55) <0.001 1.31 (1.03, 1.68) 0.030
Sclerostin Diabetes 2 1.23 (1.10, 1.36) <0.001 1.37 (1.06, 1.78) 0.018
Sclerostin High glucose 1 1.20 (1.08, 1.33) <0.001 1.14 (0.90, 1.44) 0.272
Sclerostin High glucose 2 1.15(1.04, 1.27) 0.009 1.14 (0.89, 1.46) 0.286
Sclerostin Hypertension 1 1.23 (1.09, 1.40) 0.001 1.24 (1.07, 1.43) 0.005
Sclerostin Hypertension 2 1.04 (0.93, 1.17) 0.459 1.19 (1.02, 1.39) 0.030

LURIC = Ludwigshafen Risk and Cardiovascular Health; ALSPAC = Avon Longitudinal Study of Parents and Children; CI = confidence interval;

eGFR = estimated glomerular filtration rate; OR = odds ratio.

Table shows results of linear/logistic regression analysis. Results are SD change in outcome/odds of outcome per SD increase in sclerostin, 95% Cl, and p
value. High glucose based on fasting plasma glucose concentration =7.0 mmol/L (whole blood =6.1 mmol/L). Model 1: unadjusted; model 2: adjusted for
age and ethnic group (ALSPAC) and sex (LURIC), body mass index, smoking, and social deprivation.

2) analyses revealed associations between sclerostin and eGFR,
DM, and elevated fasting glucose, the strength of these associa-
tions varying in the individual cohorts (Table 3). {TBL 3} The rela-
tionship between sclerostin and eGFR appeared to be
independent of DM, given this was unaffected by further adjust-
ment for fasting glucose (Supplemental Table S2). In meta-
analyses combining confounder-adjusted summary results from
both cohorts, sclerostin was associated with a higher risk of DM
(1.25; 1.12, 1.37) and elevated fasting glucose levels (1.15; 1.04,
1.26) (odds ratio per one SD change in exposure with 95% Cl)
and lower eGFR (—0.20; —0.38, —0.02) (change in standardized

beta per one SD change in exposure with 95% Cl) (Fig. 1A-C).
{FIG1} Whereas unadjusted analyses showed a positive associa-
tion between sclerostin and hypertension, this was largely atten-
uated after adjustment for confounders, and Cls overlapped the
null in the meta-analysis (Fig. 1D).

We also analyzed associations between sclerostin and lipid
fractions. In confounder-adjusted analyses, sclerostin levels were
positively related to TGs in LURIC, though little evidence of asso-
ciation was found in ALSPAC (Table 4). {TBL 4} However, meta-
analyses combining results from both cohorts revealed a weak
positive association between sclerostin and TGs (0.03; 0.00,
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(a) Odds of Outcome per SD increase in sclerostin (Model 2)
%
study Outcome ES (95% Cl) Weight
Diabetes
ALSPAC  Diabetes —+— 137(1.06,1.78) 11.54
LURIC Diabetes B 1.23 (1.10, 1.36) 88.46
Subtotal (I-squared = 0.0%, p = 0.473) O 1.25(1.12,1.37)  100.00
High glucose
LURIC High glucose - 1.15 (1.04, 1.27) 86.00
ALSPAC  High glucose -— 1.14 (0.89, 1.46) 14.00
Subtotal (I-squared = 0.0%, p = 0.949) O 1.15(1.04,1.26)  100.00
Hypertension
LURIC Hypertension -~ 1.04 (0.93,1.17) 6147
ALSPAC  Hypertension —— 1.19 (1.02, 1.39) 38.53
Subtotal (I-squared = 43.7%, p = 0.182) <> 1.10 (0.95, 1.24) 100.00
NOTE: Weights are from random effects analysis
T T
5 1 2

(b) Change in eGFR per SD increase in sclerostin (model 2)
Study %
D ES (95% Cl) Weight
ALSPAC — -0.11 (-0.15, -0.08) 50.15
LURIC —— -0.29 (-0.33,-0.25) 49.85

Overall (I-squared = 97.7%, p = 0.000) -0.20 (-0.38, -0.02) 100.00

NOTE: Weights are from random effects analysis

T f
-3 -2

-1

T
0 2

Fig. 1. Meta-analysis of associations between sclerostin and cardiovascular disease risk factors, adjusted for age and ethnic group (ALSPAC) and sex (LURIC),
body mass index, smoking, and social deprivation. (A) Sclerostin and risk of diabetes (figure shows odds ratio per SD increase in sclerostin with 95% confidence
intervals [Cl]); high fasting glucose; risk of hypertension; (B) sclerostin and eGFR (SD change in eGFR per SD increase in sclerostin, with 95% Cl).

0.06) (Fig. 2A). {FIG2} Sclerostin was inversely related to HDL cho-
lesterol, in both LURIC and ALSPAC alone, and in meta-analyses
combining both cohorts (—0.05; —0.10, —0.01) (Fig. 2B). Scleros-
tin was also inversely related to apolipoprotein A-1, in both
cohorts and the meta-analysis (Fig. 2C). No consistent associa-
tions were found with LDL cholesterol, apolipoprotein B, or

lipoprotein(a) (Table 4). We also analyzed associations between
categorical levels of sclerostin (split into quartiles) and outcomes,
findings generally suggesting dose-response relationships
(Supplemental Figs. S2-S5). In addition, results are included
stratified by smoking and BMI (ALSPAC; Supplemental Figs. S6—-
S9) and sex (LURIC; Supplemental Figs. S10 and S11).
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Table 4. Sclerostin Versus Lipids (ALSPAC/LURIC)

LURIC (N = 2054) ALSPAC (N = 3015)

Exposure Outcome Model B (95% ClI) p B (95% ClI) p
Sclerostin Triglycerides (log) 1 0.03 (—0.01, 0.07) 0.173 0.04 (0.01, 0.08) 0.024
Sclerostin Triglycerides (log) 2 0.05 (0.00, 0.09) 0.038 0.02 (—0.02, 0.05) 0.330
Sclerostin LDL 1 —0.05 (—0.09, -0.01) 0.021 0.05 (0.01, 0.09) 0.007
Sclerostin LDL 2 —0.02 (-0.07, 0.02) 0.337 0.00 (—0.03, 0.04) 0.877
Sclerostin HDL 1 —0.11 (-0.15, -0.07) <0.001 —0.01 (—0.05, 0.02) 0.513
Sclerostin HDL 2 —0.08 (—0.12, -0.04) <0.001 —0.03 (—0.07, 0.00) 0.057
Sclerostin Apolipoprotein A-l 1 —0.11 (-0.15, —0.07) <0.001 0.00 (—0.04, 0.03) 0.935
Sclerostin Apolipoprotein A-l 2 -0.07 (—0.11, -0.02) 0.002 —0.04 (—0.07, 0.00) 0.026
Sclerostin Apolipoprotein B 1 —0.01 (—0.05, 0.03) 0.665 0.06 (0.02, 0.09) 0.002
Sclerostin Apolipoprotein B 2 0.01 (—0.03, 0.06) 0.525 0.01 (—0.02, 0.05) 0.464
Sclerostin Lipoprotein(a) (log) 1 —0.03 (—0.07, 0.02)° 0.233

Sclerostin Lipoprotein(a) (log) 2 —0.02 (—0.06, 0.03)? 0.432

LURIC = Ludwigshafen Risk and Cardiovascular Health; ALSPAC = Avon Longitudinal Study of Parents and Children; Cl = confidence interval.

Table shows results of linear regression analysis. Results are SD change in outcome per SD increase in sclerostin, 95% Cl, and p value. Model 1: unad-
justed; model 2: adjusted for age and ethnic group (ALSPAC) and sex (LURIC), body mass index, smoking, and social deprivation.

“Based on n = 1927.

Change in Outcome per SD increase in sclerostin (Model 2)

%

study Outcome ES (95% CI) Weight
Apolipoprotein A-I
ALSPAC  Apolipoprotein A-l —— -0.04 (-0.07, 0.00) 61.57
LURIC Apolipoprotein A-l —— -0.07 (-0.11, -0.02) 38.43
Subtotal (I-squared = 6.0%, p = 0.302) <> -0.05 (-0.08, -0.02) 100.00
HDL
LURIC HDL —_— -0.08 (-0.12, -0.04) 48.05
ALSPAC  HDL ——] -0.03 (-0.07, 0.00) 51.95
Subtotal (I-squared = 70.6%, p = 0.065) & -0.05 (-0.10,-0.01)  100.00
TG(log)
LURIC TG(log) - 0.05 (0.00, 0.09) 38.43
ALSPAC  TG(log) —— 0.02 (-0.02, 0.05) 61.57
Subtotal (l-squared = 6.0%, p = 0.302) <> 0.03 (0.00, 0.06) 100.00
NOTE: Weights are from random effects analysis

T T

-2 0 2

Fig. 2. Meta-analysis of associations between sclerostin and cardiovascular disease risk factors, adjusted for age and ethnic group (ALSPAC) and sex
(LURIC), body mass index, smoking, and social deprivation. Figure shows sclerostin vs. apolipoprotein A-l, HDL and triglyceride levels (TG)(log) (SD change
in outcome per SD increase in sclerostin, with 95% confidence intervals).

Subsequently, we examined associations between sclerostin
and CVD outcomes. In LURIC, unadjusted analyses showed
strong associations between sclerostin and CVD-related out-
comes; however, these were partially attenuated after adjust-
ment for confounders, reflecting associations between
sclerostin and sex, age, and smoking (Supplemental Table S1).

In confounder-adjusted analyses, sclerostin was associated with
an increased risk of death from cardiac disease during follow-
up (1.13; 1.03, 1.23) (Table 5). {TBL 5} In addition, sclerostin was
positively associated with severity of coronary artery disease on
angiogram at study entry, as reflected by Friesinger score (0.05;
0.01,0.09); there was also evidence that sclerostin was associated
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Table 5. Sclerostin Versus CVD Disease Outcomes (LURIC/ALSPAC)

LURIC (N = 2054)

Exposure Outcome Model B (95% ClI) p
Sclerostin Friesinger score 1 0.14 (0.09, 0.18) <0.001
Sclerostin Friesinger score 2 0.05 (0.01, 0.09) 0.018
Sclerostin Friesinger score 3 0.03 (—0.02, 0.07) 0.252

HR (95% Cl) p
Sclerostin Death from cardiac cause 1 1.21 (1.14, 1.28) <0.001
Sclerostin Death from cardiac cause 2 1.13 (1.03, 1.23) 0.007
Sclerostin Death from cardiac cause 3 1.03 (0.93, 1.15) 0.557

OR (95% Cl) p
Sclerostin Coronary artery stenosis® 1 1.47 (1.29, 1.67) <0.001
Sclerostin Coronary artery stenosis® 2 1.16 (1.02, 1.32) 0.026
Sclerostin Coronary artery stenosis® 3 1.09 (0.96, 1.24) 0.189

ALSPAC (N = 3015)
Outcome B (95% ClI)

Sclerostin cIMT 1 0.06 (0.03, 0.10) 0.001
Sclerostin cIMT 2 0.02 (—0.02, 0.05) 0.409
Sclerostin cIMT 3 0.01 (—0.02, 0.05) 0.550
Sclerostin Av. distensibility 1 —0.02 (—0.05, 0.02) 0.328
Sclerostin Av. distensibility 2 0.02 (—0.01, 0.06) 0.183
Sclerostin Av. distensibility 3 0.03 (—0.01, 0.07) 0.106

CVD = cardiovascular disease; LURIC = Ludwigshafen Risk and Cardiovascular Health; ALSPAC = Avon Longitudinal Study of Parents and Children;
Cl = confidence interval; HR = hazard ratio; OR = odds ratio; cIMT = carotid intima media thickness.

Table shows results of linear/logistic/Cox proportional hazards regression analysis. Results are SD change in outcome/odds/HR of outcome per SD
increase in sclerostin, 95% Cl, and p value. Model 1: unadjusted; model 2: adjusted for age and ethic group (ALSPAC) and sex (LURIC), body mass index,
smoking, and social deprivation; model 3: model 2 plus LDL and HDL cholesterol, log triglycerides, diabetes, hypertension, estimated glomerular filtration

rate, and apolipoprotein A-l. ®Based on n = 2023.

with an increased risk of coronary artery stenosis (1.16; 1.02,
1.32). In ALSPAC, there were too few events to examine associa-
tions between sclerostin and clinical endpoints related to CVD. In
confounder-adjusted analyses, weak positive associations were
observed between sclerostin and carotid intimal thickness and
carotid artery distensibility, with wide 95% Cls that included
the null.

Finally, we explored whether associations between sclerostin
and CVD risk factors contribute to the relationship between
sclerostin and CAD observed in LURIC. Additional adjustment
for available possible mediators (ie, DM, hypertension, eGFR,
TGs, and LDL and HDL cholesterol; model 3) led to partial atten-
uation of the associations between sclerostin and Friesinger
score, death from cardiac cause, and coronary artery stenosis,
as reflected by 40%, 77%, and 44% decreases in effect estimates
respectively (Table 5).

Discussion

We examined associations between sclerostin levels and CVD
outcomes and related risk factors in 5069 participants from the
LURIC and ALSPAC cohorts. In confounder-adjusted analyses in
LURIC, sclerostin was positively related to CAD severity at study
entry, as reflected by Friesinger score and coronary artery steno-
sis, and with cardiac mortality after follow-up for a mean of
9.9 years. In meta-analyses in both cohorts of summary data for
possible mediators, sclerostin was positively related to the risk

of DM and high fasting glucose level, and inversely related to
eGFR, HDL cholesterol, and apolipoprotein A-l. Associations
between sclerostin and CVD in LURIC were partially attenuated
by further adjustment for possible mediators, suggesting the lat-
ter may contribute to the relationship between sclerostin and
CVD but do not explain these entirely.

We are not aware of any previous studies of relationships
between sclerostin levels and either cardiac death or coronary
angiogram findings. That said, our findings are broadly consis-
tent with a positive relationship between sclerostin and CVD
mortality observed in 130 participants with T2DM/prevalent
CVD over a median follow-up duration of 9.9 years."" Previous
studies have also examined associations between sclerostin
levels and CVD mortality in CKD patients, with conflicting find-
ings.”'%1? The positive relationship observed between scleros-
tin and CAD severity in LURIC is consistent with previous
observations that sclerostin is associated with an increased risk
of coronary artery calcification on CT in Afro-Caribbean men®"
and in CKD patients undergoing dialysis.?? In contrast, in the for-
mer study, sclerostin was unrelated to aortic artery calcification,
suggesting sclerostin may vary in its association with atheroscle-
rosis at distinct vascular beds.®"

The lack of association between sclerostin and cIMT in ALSPAC
mothers likely reflects the fact that little variation in cIMT was
observed, presumably because this comprises a relatively low-
risk group for CVD, as supported by the lower prevalence of
CVD risk factors compared with LURIC. Differences in risk factor
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distributions between the two studies are also potentially influ-
enced by differences in the populations, with LURIC participants
selected on the basis of having high risk for CAD, and risk factor
assessment. For example, DM classification in ALSPAC was based
on a questionnaire asking about medication and previous diabe-
tes diagnosis, whereas in LURIC, this was based on screening par-
ticipants for elevated glycosylated hemoglobin and/or fasting
blood sugar.

Our finding that sclerostin was inversely related to eGFR is
consistent with previous reports that sclerostin levels are ele-
vated in end-stage renal disease, where they have been sug-
gested to contribute to the development of chronic kidney
disease mineral and bone disease (CKD-MBD).®# Equivalent
inverse relationships between sclerostin and eGFR were previ-
ously reported across the full range of CKD classes'® and in an
unselected group of 352 Japanese postmenopausal women.®®
Whereas renal retention of sclerostin as GFR declines may partly
explain this relationship, increasing osteoblast production with
reducing GFR has also been suggested to contribute.®®

Our finding that DM was associated with higher sclerostin
levels likely reflected an association with T2DM, which com-
prised DM cases in LURIC, and presumably explains the great
majority of ALSPAC cases (although ascertainment of DM in
ALSPAC was based on use of anti-diabetic medication, which
would have included those with TIDM, 90% of UK adults with
DM have T2DM®”). Therefore, our results are consistent with
those from previous case-control studies reporting higher scler-
ostin levels in T2DM patients."**® Whereas Gennari and col-
leagues found that sclerostin was elevated in adults with
T2DM, but not those with TIDM,"® higher sclerostin levels have
been reported in adolescent girls with TIDM.®? As well as con-
tributing to relationships with CVD, elevated sclerostin in T2DM
may play a role in osteoporosis, leading to increased fracture
risk. 4% Although the mechanisms linking sclerostin to T2DM
are currently unclear, the WNT pathway is also known to have a
role in regulating adipogenesis,“” which is likely to impact on
insulin sensitivity and hence risk of T2DM. Additionally, sclerostin
is thought to stimulate bone resorption via a RANKL-dependent
pathway,*? which is predicted to release undercarboxylated
osteocalcin from the bone matrix. Undercarboxylated osteocal-
cin has been shown to stimulate pancreatic insulin secretion,
resulting in improved glucose homeostasis and DM risk.“34>

In terms of a possible role of altered lipid metabolism in medi-
ating relationships between sclerostin and CVD, we found an
inverse association between sclerotin and HDL cholesterol but
not other forms of cholesterol. Consistent with this observation,
there was also evidence that sclerostin was inversely related to
apolipoprotein A1, the main lipoprotein associated with HDL
cholesterol. Given the established inverse relationship between
HDL and risk of CVD and CAD in particular,*® this finding could
certainly contribute to the association we observed between
sclerostin and CAD severity. A similar inverse relationship
between sclerostin and HDL cholesterol was observed in
Japanese postmenopausal women, although in contrast to the
present findings, this study also reported a positive relationship
between sclerostin and LDL cholesterol.®*

The finding that adjustment for these risk factors partially atten-
uated the association between sclerostin and CAD severity sug-
gests that they contributed to this relationship but did not
explain it entirely. This raises the possibility that sclerostin might
also exert direct actions on vascular calcification and atherosclero-
sis, consistent with previous observations that sclerostin is present
in vascular tissue, including at sites of vascular calcification. 2%

Alternatively, since higher sclerostin expression is associated with
accumulation of glycation end-products (AGEs) in bone tissue of
diabetic patients,*” and given the ubiquitous nature of AGE accu-
mulation in diabetes including in cardiovascular tissue,*® this
might represent a further mechanism by which sclerostin influ-
ences risk of CVD. However, as discussed below, mediation ana-
lyses in observational studies need to be treated with caution. As
for the biological mechanisms involved in possible direct effect
of sclerostin on atherosclerosis, WNT signaling has previously been
suggested to contribute to the development of atherosclerosis.**)
However, as a WNT inhibitor, sclerostin would be predicted to pro-
tect against atherosclerosis, as opposed to increasing its risk.
Although sclerostin acts to inhibit skeletal mineralization, this is
secondary to its effect on bone formation and osteoblast function
and represents an entirely distinct process to vascular calcification.

It is not possible to attribute causality given the largely cross-
sectional nature of our study, and it is equally plausible that our
findings represent a causal effect of CAD severity on sclerostin
levels, perhaps representing a physiological adaptation to vascular
calcification.®) Another possibility is that certain medications asso-
ciated with CAD severity and/or risk factors have been found to be
associated with BMD and might also be related to sclerostin levels
and hence contribute to a possible causal effect of CAD on scleros-
tin levels. These include anti-diabetic drugs such as thiazolidine-
diones, which have previously been reported to accelerate bone
loss and increase the risk of fractures.®® Unfortunately, we were
unable to examine this question further because we did not have
access to information about use of specific anti-diabetic agents.

Mendelian randomization can be used to examine causality;
however, although we used this approach to examine causal effects
of circulating sclerostin on bone mineral density (BMD) and fracture
risk, we had insufficient power to examine relationships with CVD
risk.®" Two recent studies used a genetics approach to examine
causal relationships between sclerostin inhibition and CVD, follow-
ing the selection of SOST genetic variants without reference to cir-
culating sclerostin levels. Bovijn and colleagues selected two SOST
single-nucleotide polymorphisms (SNPs) on the basis of associa-
tions with BMD and sclerostin expression in human osteoblast cul-
tures, which were found to be associated with an increased risk of
CVD and related risk factors such as T2DM and hypertension.®?
Conversely, Holdsworth and colleagues selected variants in the
SOST region based on associations with reduced SOST expression
in arterial or heart tissue and increased BMD, which showed no
association with CVD-related outcomes in UK Biobank.*?

This study represents by far the largest study of the relation-
ship between sclerostin levels and CVD outcomes and related
risk factors. We were able to replicate findings with respect to
CVD risk factors across two separate cohorts, providing strong
evidence of association between sclerostin and CVD risk factors
for which only weak evidence existed previously, namely DM
and HDL cholesterol. In addition, use of the LURIC cohort, which
was recruited on the basis of high CAD risk and included out-
comes from coronary angiograms, enabled well-powered analy-
sis of the relationship between sclerostin and detailed measures
of CAD. As well as resulting in new insights into the relationship
between sclerostin and CAD, availability of data for CVD risk fac-
tors in the same cohort enabled us to examine their contribution
to the influence of sclerostin on CAD risk.

In terms of limitations, as stated above, given this was a cross-
sectional study, it is difficult to infer causality. That said, out-
comes such as cardiac death were recorded prospectively after
collection of baseline venesection samples used for sclerostin,
providing some support for a causal relationship between
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sclerostin levels and CAD risk found in LURIC. LURIC represents a
selected population, since participants were recruited on the
basis of relatively high risk of CAD and so there may be some lim-
itations in applying findings based on this cohort alone, such as
relationships with CAD risk, to the wider population. ALSPAC
mothers are more representative of the general population of
women of reproductive age in the South West of England in
the early 1990s. However, participating mothers with cIMT mea-
sures have some differences compared with the overall cohort
recruited initially, such as being older, less likely to smoke, and
a lower pre-pregnancy BMI.5?

A complete case analysis approach was used, which can lead
to bias if data are not missing at random. However, sclerostin
measures and outcome data were collected contemporaneously
in both cohorts, minimizing the risk of bias due to loss to follow-
up. In LURIC, sclerostin and outcomes were collected at baseline
at the point of recruitment, and although sclerostin measures
were unavailable in approximately 30%, this was due to insuffi-
cient sample volume, which we assume occurred at random
(the DiaSorin method for measuring sclerostin requires a rela-
tively high sample volume of at least 220 pL). ALSPAC data was
collected many years after inception of the cohort. However,
although those attending the ALSPAC research clinic on which
the present study was based had differences in age, smoking,
and BMI compared with the original cohort, this is unlikely to
have introduced bias given results were unchanged after we
adjusted for these factors .

In terms of further limitations, the lack of detailed information
about use of medications prevented us from examining their
contribution to observed associations between sclerostin and
risk factors such as diabetes mellitus. Furthermore, no censoring
was performed in LURIC for all-cause mortality; however, this is
unlikely to have affected findings for CVD-related mortality,
given the lack of any known relationship between sclerostin
levels and mortality from other causes. Finally, LURIC employed
a novel automated DiaSorin chemiluminescent assay to measure
sclerostin, which produced considerably lower values compared
with the long-established Biomedica ELISA used in ALSPAC, pre-
sumably due to the lack of detection of sclerostin fragments.?®)
However, despite these differences, meta-analyses revealed sim-
ilar associations between sclerostin and CVD risk factors in the
two cohorts, with only associations between sclerostin and eGFR
showing evidence of heterogeneity.

In conclusion, having examined associations between sclerostin
and CVD and associated risk factors, we found that sclerostin is asso-
ciated with increased CAD severity and mortality in LURIC. The for-
mer was partly explained by a relationship between higher
sclerostin levels and CVD risk factors, namely DM, reduced eGFR,
higher TGs, and lower HDL cholesterol, which were found to be
related to sclerostin in meta-analyses combining summary data
from LURIC and ALSPAC. These findings are consistent with the sug-
gestion that inhibition of osteoblast function as a result of higher
sclerostin levels contributes to bone loss found in chronic kidney
disease-mineral and bone disorder (CKD-MBD),** and point to a
similar role in the development of osteoporosis associated with
DM. Although our results are difficult to reconcile with trial evidence
that sclerostin inhibition with romosozumab increases, rather than
reduces, the risk of CVD events,” care should be taken in extrapolat-
ing our findings given the mean age of the two cohorts is somewhat
younger than the study populations of previous romosozumab tri-
als. Given the importance of understanding the relationship
between sclerostin and CVD risk for evaluating the safety of emerg-
ing osteoporosis therapy, our results highlight the need to explore

these relationships in more detail, such as the use of Mendelian ran-
domization, where further studies are required given the conflicting
findings from investigations performed to date.*>>

Disclosures

MF receives salary funding from Wellcome Trust (project grant
ref 209233). GDS, JZ, DAL, and JHT work in or are affiliated with
a unit that receives funding from the UK Medical Research Coun-
cil (MC_UU_00011/1, MC_UU_00011/4, MC_UU_00011/16). DAL
is a National Institute of Health Research Senior Investigator
(NF-0616-10102) and BHF Chair of Cardiovascular Science and
Clinical Epidemiology (CH/F/20/90003). IG reports employment
with Boehringer Ingelheim International GmbH, outside the sub-
mitted work. WM reports employment with Synlab Holding
Deutschland GmbH, received grants from Abbott Diagnostics,
grants and personal fees from Aegerion Pharmaceuticals, grants
and personal fees from AMGEN, grants and personal fees from
AstraZeneca, grants and personal fees from BASF, grants and
personal fees from Danone Research, personal fees from MSD,
grants and personal fees from Sanofi, grants and personal fees
from Siemens Diagnostics, and personal fees from Synageva, all
outside the submitted work.

Acknowledgments

LURIC: We extend our appreciation to the participants of the
LURIC study. We thank the LURIC study team, which was either
temporarily or permanently involved in patient recruitment
and sample and data handling. We also thank the laboratory staff
at the Ludwigshafen General Hospital, Universities of Freiburg,
Heidelberg, Ulm (Germany), and Graz (Austria). ALSPAC: We are
extremely grateful to all the families who took part in this study,
the midwives for their help in recruiting them, and the whole
ALSPAC team, which includes interviewers, computer and labo-
ratory technicians, clerical workers, research scientists, volun-
teers, managers, receptionists, and nurses.

The UK Medical Research Council and Wellcome (grant ref
217065/Z/19/Z) and the University of Bristol provide core sup-
port for ALSPAC. A comprehensive list of grant funding is
available on the ALSPAC website (http://www.bristol.ac.uk/
alspac/external/documents/grant-acknowledgements.pdf). This
research was specifically funded by the British Heart Foundation
(grant ref SP/07/008/24066).

This publication is the work of the authors and does not nec-
essarily reflect the views of any funders. None of the funders had
any influence on data collection, analysis, interpretation of the
results, or writing of the article.

Authors’ roles: Monika Frysz: data curation; formal analysis;
investigation; methodology; writing-original draft; writing-
review & editing Ingrid Gergei: conceptualization, investigation;
writing-original draft; writing-review & editing Hubert Scharnagl:
conceptualization; data curation; writing-original draft; writing-
review & editing George Davey Smith: conceptualization; fund-
ing acquisition; writing-original draft; writing-review & editing
Jie Zheng: data curation; writing-original draft; writing-review &
editing Deborah A Lawlor: conceptualization; data curation;
funding acquisition; writing-original draft; writing-review &
editing Markus Herrmann: conceptualization; data curation;
writing-original draft; writing-review & editing Winfried Maerz:
data curation; writing-original draft; writing-review & editing
Jon H Tobias: conceptualization; funding acquisition; investigation;

B 282 FRYSZETAL

Journal of Bone and Mineral Research


http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf

supervision; writing-original draft; writing-review & editing.
MF serves as the guarantor of this study.

Author Contributions

George Davey Smith: conceptualization, funding Acquisition,
writing original draft, writing review editing.

Peer Review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbmr.4467.

Data Availability Statement

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

References

. Galea GL, Lanyon LE, Price JS. Sclerostin’s role in bone’s adaptive

response to mechanical loading. Bone. 2017;96:38-44.

. Brunkow ME, Gardner JC, Van Ness J, et al. Bone dysplasia sclerosteo-

sis results from loss of the SOST gene product, a novel cystine knot-
containing protein. Am J Hum Genet. 2001;68:577-589.

. Baron R, Hesse E. Update on bone anabolics in osteoporosis treat-

ment: rationale, current status, and perspectives. J Clin Endocrinol
Metab. 2012;97(2):311-325.

. Cosman F, Crittenden DB, Adachi JD, et al. Romosozumab treatment

in postmenopausal women with osteoporosis. N Engl J Med. 2016;
375(16):1532-1543.

. Saag KG, Petersen J, Grauer A. Romosozumab versus alendronate

and fracture risk in women with osteoporosis. N Engl J Med. 2018;
378(2):195-196.

. Lewiecki EM, Blicharski T, Goemaere S, et al. A phase Ill randomized

placebo-controlled trial to evaluate efficacy and safety of romosozu-
mab in men with osteoporosis. J Clin Endocrinol Metab. 2018;103(9):
3183-3193.

. Reid IR, Horne AM, Mihov B, et al. Effects of zoledronate on cancer,

cardiac events, and mortality in osteopenic older women. J Bone
Miner Res. 2020;35(1):20-27.

. Cummings SR, Lui LY, Eastell R, Allen IE. Association between drug

treatments for patients with osteoporosis and overall mortality rates:
a meta-analysis. JAMA Intern Med. 2019;179(11):1491-1500.

. GongL, Zheng D, Yuan J, Cao L, Ni Z, Fang W. Elevated levels of serum

sclerostin are linked to adverse cardiovascular outcomes in perito-
neal dialysis patients. Int Urol Nephrol. 2018;50(5):955-961.

. Kanbay M, Siriopol D, Saglam M, et al. Serum sclerostin and adverse

outcomes in nondialyzed chronic kidney disease patients. J Clin
Endocrinol Metab. 2014;99(10):E1854-E1861.

. Novo-Rodriguez C, Garcia-Fontana B, Luna-Del Castillo JD, et al. Cir-

culating levels of sclerostin are associated with cardiovascular mor-
tality. PLoS One. 2018;13(6):e0199504.

. Drechsler C, Evenepoel P, Vervloet MG, et al. High levels of circulating

sclerostin are associated with better cardiovascular survival in inci-
dent dialysis patients: results from the NECOSAD study. Nephrol Dial
Transplant. 2015;30(2):288-293.

. Sprini D, Rini GB, Di Stefano L, Cianferotti L, Napoli N. Correlation

between osteoporosis and cardiovascular disease. Clin Cases Miner
Bone Metab. 2014;11(2):117-119.

. Gennari L, Merlotti D, Valenti R, et al. Circulating sclerostin levels and

bone turnover in type 1 and type 2 diabetes. J Clin Endocrinol Metab.
2012;97(5):1737-1744.

. Napoli N, Chandran M, Pierroz DD, et al. Mechanisms of diabetes

mellitus-induced bone fragility. Nat Rev Endocrinol. 2017;13(4):208-219.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Shanbhogue VV, Mitchell DM, Rosen CJ, Bouxsein ML. Type 2 diabetes

and the skeleton: new insights into sweet bones. Lancet Diabetes
Endocrinol. 2016;4(2):159-173.

. Starup-Linde J, Hygum K, Harslof T, Langdahl B. Type 1 diabetes and

bone fragility: links and risks. Diabetes Metab Syndr Obes. 2019;12:
2539-2547.

. Cejka D, Marculescu R, Kozakowski N, et al. Renal elimination of scler-

ostin increases with declining kidney function. J Clin Endocrinol
Metab. 2014;99(1):248-255.

. Koos R, Brandenburg V, Mahnken AH, et al. Sclerostin as a potential

novel biomarker for aortic valve calcification: an in-vivo and ex-vivo
study. J Heart Valve Dis. 2013;22(3):317-325.

Zhu D, Mackenzie NC, Millan JL, Farquharson C, MacRae VE. The appear-
ance and modulation of osteocyte marker expression during calcifica-
tion of vascular smooth muscle cells. PLoS One. 2011;6(5):e19595.

Kuipers AL, Miljkovic I, Carr JJ, et al. Association of circulating scleros-
tin with vascular calcification in Afro-Caribbean men. Atherosclerosis.
2015;239(1):218-223.

Li M, Zhou H, Yang M, Xing C. Relationship between serum sclerostin,
vascular sclerostin expression and vascular calcification assessed by
different methods in ESRD patients eligible for renal transplantation:
a cross-sectional study. Int Urol Nephrol. 2019;51(2):311-323.

Gaudio A, Privitera F, Pulvirenti |, Canzonieri E, Rapisarda R, Fiore CE.
The relationship between inhibitors of the Wnt signalling pathway
(sclerostin and Dickkopf-1) and carotid intima-media thickness in
postmenopausal women with type 2 diabetes mellitus. Diab Vasc
Dis Res. 2014;11(1):48-52.

Jean G, Chazot C, Bresson E, Zaoui E, Cavalier E. High serum sclerostin
levels are associated with a better outcome in haemodialysis
patients. Nephron. 2016;132(3):181-190.

Winkelmann BR, Marz W, Boehm BO, et al. Rationale and design of
the LURIC study—a resource for functional genomics, pharmacoge-
nomics and long-term prognosis of cardiovascular disease. Pharma-
cogenomics. 2001;2(1 Suppl 1):51-S72.

Moissl AP, Delgado GE, Kramer BK, Marz W, Kleber ME, Grammer TB.
Area-based socioeconomic status and mortality: the Ludwigshafen Risk
and Cardiovascular Health Study. Clin Res Cardiol. 2020;109(1):103-114.

Chamberlain JJ, Rhinehart AS, Shaefer CF Jr, Neuman A. Diagnosis
and management of diabetes: synopsis of the 2016 American Diabe-
tes Association Standards of Medical Care in Diabetes. Ann Intern
Med. 2016;164(8):542-552.

Mancia G, Fagard R, Narkiewicz K, et al. 2013 ESH/ESC guidelines for
the management of arterial hypertension: the task force for the man-
agement of arterial hypertension of the European Society of Hyper-
tension (ESH) and of the European Society of Cardiology (ESC).
J Hypertens. 2013;31(7):1281-1357.

Drake MT, Fenske JS, Blocki FA, et al. Validation of a novel, rapid, high
precision sclerostin assay not confounded by sclerostin fragments.
Bone. 2018;111:36-43.

Boyd A, Golding J, Macleod J, et al. Cohort profile: the ‘children of the
90s’—the index offspring of the Avon Longitudinal Study of Parents
and Children. Int J Epidemiol. 2013;42(1):111-127.

Fraser A, Macdonald-Wallis C, Tilling K, et al. Cohort profile: the Avon
Longitudinal Study of Parents and Children: ALSPAC mothers cohort.
Int J Epidemiol. 2013;42(1):97-110.

Frysz M, Deere K, Lawlor DA, Benfield L, Tobias JH, Gregson CL. Bone
mineral density is positively related to carotid intima-media thick-
ness: findings from a population-based study in adolescents and pre-
menopausal women. J Bone Miner Res. 2016;31(12):2139-2148.

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150(9):604-612.

Brandenburg VM, D'Haese P, Deck A, et al. From skeletal to cardiovas-
cular disease in 12 steps—the evolution of sclerostin as a major
player in CKD-MBD. Pediatr Nephrol. 2016;31(2):195-206.

Urano T, Shiraki M, Ouchi Y, Inoue S. Association of circulating scler-
ostin levels with fat mass and metabolic disease-related markers in
Japanese postmenopausal women. J Clin Endocrinol Metab. 2012;
97(8):E1473-E1477.

Journal of Bone and Mineral Research

RELATIONSHIP BETWEEN SCLEROSTIN AND CARDIOVASCULAR DISEASE 283 M


https://publons.com/publon/10.1002/jbmr.4467
https://publons.com/publon/10.1002/jbmr.4467

36.

37.

38.

39.

40.

41.

42.

43.

44,

Sabbagh Y, Graciolli FG, O'Brien S, et al. Repression of osteocyte
Whnt/beta-catenin signaling is an early event in the progression of
renal osteodystrophy. J Bone Miner Res. 2012;27(8):1757-1772.

Whicher CA, O'Neill S, Holt RIG. Diabetes in the UK: 2019. Diabet Med.
2020;37(2):242-247.

Gaudio A, Privitera F, Battaglia K, et al. Sclerostin levels associated
with inhibition of the Wnt/beta-catenin signaling and reduced bone
turnover in type 2 diabetes mellitus. J Clin Endocrinol Metab. 2012;
97(10):3744-3750.

Wedrychowicz A, Sztefko K, Starzyk JB. Sclerostin and its significance
for children and adolescents with type 1 diabetes mellitus (T1D).
Bone. 2019;120:387-392.

Vilaca T, Schini M, Harnan S, et al. The risk of hip and non-vertebral
fractures in type 1 and type 2 diabetes: a systematic review and
meta-analysis update. Bone. 2020;137:115457.

Loh NY, Neville MJ, Marinou K, et al. LRP5 regulates human body fat
distribution by modulating adipose progenitor biology in a dose-
and depot-specific fashion. Cell Metab. 2015;21(2):262-272.

Wijenayaka AR, Kogawa M, Lim HP, Bonewald LF, Findlay DM,
Atkins GJ. Sclerostin stimulates osteocyte support of osteoclast
activity by a RANKL-dependent pathway. PLoS One. 2011;6(10):
€25900.

Kanazawa |. Osteocalcin as a hormone regulating glucose metabo-
lism. World J Diabetes. 2015;6(18):1345-1354.

Lee NK, Sowa H, Hinoi E, et al. Endocrine regulation of energy metab-
olism by the skeleton. Cell. 2007;130(3):456-469.

45,

46.

47.

48.

49.

50.

51.

52.

53.

Wei J, Hanna T, Suda N, Karsenty G, Ducy P. Osteocalcin promotes
beta-cell proliferation during development and adulthood through
Gprc6a. Diabetes. 2014;63(3):1021-1031.

Davey Smith G, Phillips AN. Correlation without a cause: an epidemi-
ological odyssey. Int J Epidemiol. 2020;49(1):4-14.

Piccoli A, Cannata F, Strollo R, et al. Sclerostin regulation, micro-
architecture, and advanced glycation end-products in the bone
of elderly women with type 2 diabetes. J Bone Miner Res. 2020;
35(12):2415-2422.

Jandeleit-Dahm K, Watson A, Soro-Paavonen A. The AGE/RAGE axis in
diabetes-accelerated atherosclerosis. Clin Exp Pharmacol Physiol.
2008;35(3):329-334.

Catalano A, Bellone F, Morabito N, Corica F. Sclerostin and vascular
pathophysiology. Int J Mol Sci. 2020;21(13):4779.

Gilbert MP, Pratley RE. The impact of diabetes and diabetes medica-
tions on bone health. Endocr Rev. 2015;36(2):194-213.

Zheng J, Frysz M, Kemp JP, Evans DM, Davey Smith G, Tobias JH. Use
of Mendelian randomization to examine causal inference in osteopo-
rosis. Front Endocrinol. 2019;10:807.

Bovijn J, Krebs K, Chen CY, et al. Evaluating the cardiovascular safety
of sclerostin inhibition using evidence from meta-analysis of clinical
trials and human genetics. Sci Transl Med. 2020;12(549):eaay6570.

Holdsworth G, Staley JR, Hall P, et al. Sclerostin downregulation glob-
ally by naturally occurring genetic variants, or locally in atheroscle-
rotic plaques, does not associate with cardiovascular events in
humans. J Bone Miner Res. 2021;36(7):1326-1339.

M 2384

FRYSZ ET AL.

Journal of Bone and Mineral Research



	Circulating Sclerostin Levels Are Positively Related to Coronary Artery Disease Severity and Related Risk Factors
	Introduction
	Materials and Methods
	The Ludwigshafen Risk and Cardiovascular Health (LURIC)
	Avon Longitudinal Study of Parents and Children
	Statistical methods

	Results
	Discussion
	Disclosures
	Acknowledgments
	Author Contributions
	Peer Review
	Data Availability Statement

	References


