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Abstract
Chronic kidney disease (CKD) is associated with increased coronary artery disease (CAD) and
coronary artery calcification. We hypothesized that the osteogenic factor, bone morphogenetic
protein-4 (sBMP-4), is elevated in subjects with both CKD and CAD. Serum was collected from
79 subjects undergoing diagnostic angiography and stratified according to CAD and CKD status.
Subjects with both CAD and CKD had significantly elevated sBMP-4 compared to those with
only one or no disease. sBMP-4 continued to be associated with the presence of both diseases after
adjustment for other risk factors. To determine if sBMP-4 is associated with coronary artery
calcification, we compared coronary artery calcium scores (CAC) to sBMP-4 in 22 subjects. A
positive correlation between CAC and sBMP-4 was seen. In conclusion, sBMP-4 is elevated in
patients with both CAD and CKD and positively correlates with CAC, suggesting a role for
sBMP-4 in the increased CAD seen in CKD patients.

Keywords
Bone morphogenetic protein; chronic kidney disease; coronary artery disease; vascular
calcification

Introduction
Patients with chronic kidney disease (CKD) are more likely to die from cardiovascular
disease than progress to kidney failure [1]. The prevalence and incidence of CKD are rising
in the United States driving increased medical costs and diminishing patient outcomes [2].
CKD is associated both with increased risk of coronary artery disease (CAD) and also an
increased severity of CAD [3]. While this patient population exhibits higher levels of
traditional risk factors for CAD, these risk factors alone do not account for the increased risk
observed in these patients and tools such as the Framingham Risk Equation often under
predict the risk of CAD in the CKD population [4]. Thus, additional pro-atherosclerotic
factors, such as increased oxidative stress, inflammation, and vascular calcification, may
play a role in CAD in the presence of CKD.
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Coronary artery calcification is increased in patients in the early stages of CKD and
progresses as renal function declines [5–7]. Vascular calcification is an active cell mediated
process regulated by factors that stimulate and factors that inhibit osteogenesis. Among the
known inhibitory factors, osteoprotegrin (OPG) is elevated in the plasma of patients with
severe (Stage IV and V) CKD and was an independent predictor of coronary artery
calcification and mortality [8]. Thus, circulating osteogenic factors are associated with the
progression of CAD in the CKD population.

Bone morphogenetic proteins (BMPs) are osteoinductive growth factors that play a key role
in cell differentiation, proliferation, migration, development, and apoptosis [9, 10]. Vascular
endothelial cells and smooth muscle cells (VSMCs) both express BMP receptors and secrete
BMPs. BMP-2, −4, and −6 have been shown to be present in regions of vascular
calcification [11–14]. BMP-4 has been linked to the receptor-activator of nuclear factor-κB
ligand (RANKL) mediated calcification in VSMCs [15]. Additional reports suggest roles for
BMP-4 in endothelial cell dysfunction, inflammation, and hypertension [16–18].

Here we report that serum BMP-4 concentration (sBMP-4) is elevated uniquely in patients
with the combination of both CAD and CKD. We also report in a small study that sBMP-4
directly correlates with coronary calcium scores. These findings further support a role for
BMP-4 in the increased vascular calcification and increased CAD seen in CKD patients.

Methods
Subjects

This report includes data from two cross-sectional, observational studies performed at
Ochsner Clinic Foundation. Both protocols were approved by the Institutional Review
Board of Ochsner Clinic Foundation (Protocol # 2004.224.A and 2006.092.A), and each
participant signed the informed consent. Criteria for inclusion in the study were a planned
catheterization and ability to consent. sBMP-4 was measured in a total of 79 patients seen in
the Cardiac Catheterization Laboratory at Ochsner Clinic Foundation from 2005 to 2006.
Blood was drawn from the arterial access site prior to the procedure. Relevant medical
histories were obtained and compiled into a database. CKD was defined using the National
Kidney Foundation Disease Outcomes Quality Initiative guidelines as an eGFR < 60 ml/
min/1.73 m2 as calculated by the Modified Diet and Renal Disease equation for greater than
3 months [19]. CAD was defined as a >50% narrowing of one or more coronary arteries as
determined angiographically. For those subjects that underwent a catheterization procedure
that did not include a coronary angiogram, a prior angiogram was obtained from the medical
records.

In a separate study, sBMP-4 levels and coronary artery calcium score were measured in a
total of 22 volunteers identified from patients seen in the Vascular Medicine Program at
Ochsner Clinic Foundation. The blood sample was obtained via venipuncture prior to the
procedure. Serum coronary artery calcium score was obtained from 2 sequential cardiac
computed tomography (CT) -scans using a Philips Mx-8000 16 detector CT scanner coupled
with the Extended Brilliance coronary calcium scoring software (Philips Healthcare USA,
Andover, Massachusetts).

Serum BMP-4 and sCRP Measurement
Serum BMP-4 was measured using the BMP-4 Duoset enzyme linked immunoassay kit (R
& D Systems, Minneapolis, MN) according to manufacturer's instructions. Samples were
assayed in duplicate. The interassay coefficient of variance was < 14% and the detection
limit of the assay was 15.6 pg/mL. Specificity of the kit for the full length BMP-4 was
confirmed using western blotting (Supplementary Figure 1). sCRP was measured by the
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Ochsner Pathology and Laboratory Medicine Department using the high sensitivity CRP
Vario assay (Abbott Laboratories, Abbott Park, Illinois).

Statistical Analyses
Results are presented as mean ± standard error of the mean. Chi-squares analysis was used
to determine significant differences in categorical variables. One-way ANOVA coupled with
Tukey's HSD test was used to determine significant differences in continuous variables.
Student's t-test was used to make pairwise comparisons of continuous variables. For
calculation of the ROC curves, sensitivity was calculated as the percentage of correct
positive response and specificity as the percent of correct negative response for a given
threshold. Stepwise multivariate logisitic regression was performed using SAS statistical
software package (SAS Institute, Inc. Cary, NC).

Results
Subject Characteristics

A total of 79 subjects (Table 1), ranging from 23 to 84 years of age, were stratified into four
groups (No CAD or CKD, CAD only, CKD only, and CKD and CAD) according to their
medical histories. The indications for catheterization of these subjects were angina or
dyspnea (n = 52), peripheral artery disease assessment (n = 15), assessment prior to surgery
(transplant, n = 8; and valve, n = 2), patent foramen closure (n = 1), and alcohol septal
ablation (n = 1). No significant difference in sBMP-4 was observed across the indications (p
= 0.51). Increased hypertension was observed in the CKD groups and both CAD groups
exhibited increases in the number of subjects on statin therapy. The group with neither CAD
nor CKD had a significantly lower mean age than both CAD groups (Table 2). There was no
significance difference in the percentage of subjects in the individual stages of CKD across
the groups, with the majority being in stage III (n = 6 (66%) for CKD alone, n = 17 (92%)
for CKD with CAD).

Elevation of sBMP-4 in Patients with both CAD and CKD
Elevated levels of sBMP-4 were observed in patients with hypertension, CKD, CAD, or
those currently on statin therapy (Table 3). When stratified into the four groups, sBMP-4
concentrations were significantly elevated only in the samples from patients with both CAD
and CKD (Figure 1a). As figures 1b and 1c confirms, the increase in sBMP-4 was not
related to renal function or age. The increases in sBMP-4 seen in those patients on statin
therapy or with a history of hypertension were not seen when the analysis was limited to
those patients with either no disease, CKD only, or CAD only, suggesting the increase was
associated with the increased number of patients in the CKD and CAD group on statin
therapy or with hypertension (Supplementary Table 1).

Association of sBMP-4 with CAD and CKD is independent of additional risk factors
As sBMP-4 was elevated under multiple conditions, stepwise logistic regression was
performed to determine if the association of sBMP-4 with CAD and CKD remained when
other risk factors are included in our analysis. When adjusted for age, gender, body mass
index, low density lipoprotein, high density lipoprotein, total cholesterol, triglycerides, the
presence of Diabetes Mellitus, statin therapy, and hypertension, sBMP-4 did not correlate
with the presence of hypertension, or CAD alone. In contrast, sBMP-4 was significantly
associated with the presence of the combination of CAD and CKD when adjusted for these
factors (p < 0.001).
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Characterization of sBMP-4 levels associated with the presence of CAD and CKD
Using receiver operating characteristic (ROC) curves, we identified 91 pg/mL as the
threshold value associated with the presence of both CAD and CKD with a favorable c-
statistic of 0.83 (95% CI 0.727 to 0.932, p < 0.001; Figure 2A). Because renal function is
routinely assessed in the adult population, we also examined sBMP-4 thresholds in those
patients with known CKD. In this case the threshold value was determined to be 81 pg/mL
with a c-statistic of 0.89 (95% CI 0.775 to 0.999, p < 0.001; Figure 2B). The sensitivity,
specificity, likelihood ratios, and accuracy of these two thresholds are given in Table 4. We
also compared the association of CAD with serum levels of C-reactive protein (sCRP), a
commonly used clinical test for the prediction of CAD, in a subset of our subjects with CKD
(n=17) and found a decreased c-statistic for sCRP (0.60 95% CI 0.285 to 0.908, p = 0.57)
suggesting a stronger association of sBMP-4 with CAD in CKD patients.

Correlation of sBMP-4 with coronary artery calcification
sBMP-4 has both pro-osteogenic or pro-atherosclerotic effects on the vasculature. As a first
step in determining if the association of sBMP-4 with CAD in CKD patients was due to its
osteogenic effects, we compared coronary artery calcium scores and sBMP-4 concentrations
in a set of 22 patients. As shown in figure 3, there was a positive correlation between
coronary artery calcium score and sBMP-4 measurements (R2 = 0.48, p < 0.001). These
data, while not ruling out additional pro-atherosclerotic effects, support a role for the
osteogenic effects of sBMP-4 in the increased CAD seen in CKD patients.

Discussion
The increased risk of CAD in patients with CKD coupled with the fact that traditional risk
factors are insufficient in predicting disease in this population suggest that additional unique
factors play a role in the progression of CAD in CKD patients [4]. Calcification is common
in the coronary arteries of dialysis patients, including adolescents and young adults [20, 21].
In patients with known coronary artery disease, those with CKD have been shown to have 2-
to 5- fold greater coronary artery calcification, as measured by electron-beam CT scan [22].
Similarly, comparisons of coronary atherosclerotic lesions from age/gender-matched
autopsy specimens showed a similar lesion size, but with greater calcification in those
patients with end-stage renal disease [23]. These data suggest that the atherosclerosis in
CKD patients may progress at a similar rate as normal patients, but with greater calcification
[24].

RANKL and its decoy receptor, osteoprotegrin (OPG), form a signaling axis that regulates
osteogenesis and vascular calcification. Serum levels of both OPG and RANKL are elevated
in hemodialysis patients and have been investigated as potential biomarkers of CAD in
patients with stage 4 and 5 CKD [25–27]. Elevated serum OPG levels correlate with
increased coronary artery calcification and mortality [8, 25, 26]. In stage 4 CKD and
hemodialysis patients, elevated plasma OPG is an independent risk factor for mortality and a
indicator of coronary artery calcification [8]. Low serum levels of RANKL correlate with
survival in these patient groups [8, 26].

Given recent findings that link BMP-4 to RANKL mediated vascular calcification [15], we
measured sBMP-4 in subjects being seen in the catheterization laboratory to determine if it
is elevated in patients with both CAD and CKD. Our data demonstrate that sBMP-4 is
elevated uniquely in those patients with CKD and CAD. After adjustment for additional risk
factors, elevated sBMP-4 continues to be significantly associated with the combination of
diseases. Importantly, the majority of CKD patients in our study are in stage 3, suggesting
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sBMP-4 may be part of the progression of atherosclerosis that occurs in earlier stages of
CKD.

We characterized the sBMP-4 levels associated with the presence of CAD and CKD under
conditions where renal function is not known and then if stage 3 or higher CKD has been
confirmed using ROC curves. In both cases favorable c-statistics were obtained. We also
examined whether the association of sBMP-4 with CAD in CKD patients was stronger than
that of sCRP. The more favorable c-statistic for sBMP-4 suggests sBMP-4 may be more
closely linked to CAD progression in CKD patients than general markers of inflammation
associated with CAD. Finally, we found, in a small study, that sBMP-4 correlated with
coronary artery calcium scores suggesting a role for sBMP-4 in the increased vascular
calcification seen in CKD patients. Future studies combining measurement of sBMP-4 with
serum concentrations of other mediators of vascular calcification, including RANKL,
osteoprotegrin, and vitamin D, are required to obtain a comprehensive understanding of the
pathogenesis of CAD in the CKD population.

This is a small pilot cross-sectional, observational study with limitations that should be
noted. First, the subjects were selected from patients referred for diagnostic angiography.
Thus, the subjects are not representative of the general population, but instead representative
of those undergoing cardiac and vascular assessment. It is possible that if performed in the
general population additional factors not represented in this population may produce false
positives. Despite these limitations, these data do form a basis for future studies examining
the relationship between sBMP-4 and CAD in CKD patients.

In summary, sBMP-4 is elevated in patients with both CKD and CAD and correlates with an
increase in coronary artery calcium scores. Stepwise logistic regression suggests that the
association of elevated sBMP-4 levels with the combination of these two diseases is
independent of additional risk factors. Further studies are therefore warranted examining the
role of sBMP-4 in the progression of CAD in CKD patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
a sBMP-4 is increased uniquely in subjects with the combination of CAD and CKD. Mean
sBMP-4 concentration in subjects without CAD or CKD, CAD alone, CKD alone or CAD
and CKD are shown. Brackets indicate p < 0.05. b sBMP-4 does not correlate with eGFR.
An X–Y scatter plot of sBMP-4 versus eGFR is shown. Line indicates linear regression fit to
the data (R2 = 0.015, p = 0.276). c sBMP-4 does not correlate with age. An X–Y scatter plot
of sBMP-4 versus age is shown. Line indicates linear regression fit to the data (R2 = 0.001, p
= 0.807)

Stahls et al. Page 8

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
a Receiver Operating Characteristic curves for sBMP-4 predicting the presence of CAD and
CKD in all subjects. b Receiver Operating Characteristic curve for sBMP-4 predicting the
presence of CAD in subjects with CKD. Dashed lines indicate ROC curve for sCRP in
predicting CAD in CKD patients. AUC, Area under the Curve (c-statistic).
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Fig. 3.
sBMP-4 positively correlates with coronary artery calcium score. An X–Y scatter plot of
sBMP-4 versus coronary artery calcium score is shown. The 95% confidence interval is
presented by the dashed lines.
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Table 3

sBMP-4 concentration according to demographics

Group Mean N p-value

Gender

 Male 81.66 ± 11.95 30 0.79

 Female 85.53 ± 7.87 49

African American

 Yes 85.59 ± 7.84 59 0.68

 No 79.53 ± 12.49 20

Smoker

 Yes 80.49 ± 12.19 28 0.70

 No 86.02 ± 7.86 51

Diabetes Mellitus

 No 84.56 ± 9.17 53 0.90

 Yes 83.04 ± 7.67 26

Hypertension

 No 62.79 ± 7.46 18 0.02

 Yes 90.34 ± 8.14 61

Chronic Kidney Disease

 No 64.88 ± 5.37 46 <0.01

 Yes 110.80 ± 12.69 33

Coronary Artery Disease

 No 69.46 ± 6.79 23 0.07

 Yes 90.06 ± 8.83 56

Osteoporosis

 No 82.95 ± 7.52 66 0.71

 Yes 89.72 ± 13.13 13

Statin Use

 No 65.92 ± 5.61 35 0.01

 Yes 98.49 ± 10.59 44
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