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Abstract

Objective: Fibroblast growth factor 23 (FGF23) is a circulating regulator of phosphate and vitamin D metabolism and is
associated with coronary artery calcification, and has been implicated in the pathogenesis of cardiovascular disease. The aim
of this study was to determine whether circulating FGF23 concentration is independently associated with the severity and
extent of coronary artery disease in patients undergoing coronary angiography.

Method: A cross-sectional design was used to examine the relationship between serum FGF23 and the severity and extent
of coronary artery stenosis in 2076 patients undergoing coronary angiography (1263 male and 813 female, mean aged 62.5
years). Subgroup analyses were performed to assess the associations between FGF23 and coronary arterial plaque
characteristics evaluated by intravascular ultrasound and 12-month incidence of target vessel revascularization (TVR) and
target lesion revascularization (TLR).

Findings: We found a stepwise increase of serum FGF23 concentrations in patients with mild, moderate, severe stenosis or
with increased number of stenotic vessels compared with those without stenosis (P,0.001). Serum FGF23 concentration
was positively correlated with stenosis scores as the global index of the severity and extent of coronary artery stenosis in
both male and female (r = 0.315 and r = 0.291, P,0.001). In multiple regression analyses, serum FGF23 concentration was a
significant determinant of the stenosis scores independent of other traditional risk factors (standardized b = 0.326, P,0.001).
Furthermore, subgroup analyses found FGF23 was significantly associated with plaque and dense calcium volumes. Multiple
logistic regression analyses showed that serum FGF23 levels were significantly independent predictors of TVR and TLR.

Conclusions: We report an independent association between circulating FGF23 concentration and the severity and extent
of coronary artery stenosis in the coronary angiographic patients. Future studies are needed to elucidate the potential
biological mechanisms and whether FGF23 is a modifiable cardiovascular risk factor.

Citation: Xiao Y, Peng C, Huang W, Zhang J, Xia M, et al. (2013) Circulating Fibroblast Growth Factor 23 Is Associated with Angiographic Severity and Extent of
Coronary Artery Disease. PLoS ONE 8(8): e72545. doi:10.1371/journal.pone.0072545

Editor: Elena Aikawa, Brigham and Women’s Hospital, Harvard Medical School, United States of America

Received January 8, 2013; Accepted July 10, 2013; Published August 28, 2013

Copyright: � 2013 Xiao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by grant from the Key Project of National Natural Science Foundation of China (81130052). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: xyjszcdc@163.com (YX); lingwenhua2012@163.com (WL)

Introduction

Fibroblast growth factor 23 (FGF23) is a recently discovered

30 kDa bone-derived circulating hormone that plays an important

role in the complex and tightly regulated mechanism of mineral

metabolism, including hyperphosphatemia, vitamin D insufficien-

cy, and elevated parathyroid hormone (PTH) levels [1]. FGF23

acts through one of the FGF receptors, with klotho as a co-

receptor, to inhibit renal phosphate reabsorption and decrease

circulating levels of 1,25(OH)2D and inhibit PTH secretion by the

parathyroid glands [2,3]. Alterations in mineral metabolism are

frequently present in chronic kidney disease (CKD) and have been

implicated as risk factors for cardiovascular morbidity and

mortality in these patients [4]. Because of the important role of

FGF23 in mineral metabolism it may also affect cardiovascular

risk.

Increased serum FGF23 concentrations were associated with

adverse outcomes such as increased mortality in patients

undergoing hemodialysis and mortality and cardiovascular events

in patients with coronary artery disease (CAD) [5,6,7]. Elevated

FGF23 levels have been associated with left ventricular hypertro-

phy in CKD patients [8]. Recently, higher FGF23 levels have

been found to be associated with vascular dysfunction [9], total

body atherosclerosis [10], and prevalent cardiovascular disease in

elderly individuals with normal renal function in community [11].

However, other two studies reported that circulating FGF23 did

not correlate with the development of incident coronary heart
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disease or with coronary artery calcification in patients without

CKD or with normal renal function [12,13].

Clinical studies have demonstrated conflicting evidence as to

whether FGF23 imparts a protective or a harmful role on

vasculature under stress. The relationship between FGF23 and the

severity and extent of CAD based on coronary angiogram has not

been characterized. Herein, we examined the relationship between

circulating FGF23 concentration and the severity and extent of

CAD in individuals who had undergone coronary angiography.

Methods

Ethics Statement
The study was approved by the Ethical Committee of

Guangzhou General Hospital of Guangzhou Military Direct and

the Ethical Committee of Zhujiang Hospital and the Ethical

Committee of Sun Yat-Sen Memorial Hospital of Sun Yat-sen

University. Written informed consent was obtained from all

patients.

Study Population
A total of 2,076 consecutive adult patients of both sexes (1263

male and 813 female, mean aged 62.5 years) who had undergone a

diagnostic coronary angiography were enrolled from the Cardi-

ology Department of Guangzhou General Hospital of Guangzhou

Military Direct, Sun Yat-Sen Memorial Hospital and Zhujiang

Hospital in Guangzhou, China, between December 2008 and

September 2010. Inclusion criteria were: stable clinical condition

except for acute coronary syndromes, and the availability of a

coronary angiogram. The indications for angiography in individ-

uals in clinically stable condition were chest pain and/or

noninvasive test results consistent with myocardial ischemia. The

Table 1. Basic characteristics of the study population.

FGF23 quartiles (pg/mL)

Whole sample Q1 (,40.4) Q2 (40.4–44.5) Q3 (44.6–51.3) Q4 (.51.3)

Characteristic n = 2076 n = 518 n = 520 n = 519 n = 519 P

Age, yrs 62.5612.3 60.4612.9 61.8612.6 63.3611.9 64.5611.4 ,0.001

Male sex 1263 (60.8) 301 (58.1) 301 (57.9) 314 (60.5) 347 (66.9) 0.003

BMI, kg/m2 24.464.76 23.965.04 24.163.91 24.064.57 25.765.20 ,0.001

Diabetes 477 (23.0) 91 (17.6) 96 (18.5) 134 (25.8) 156 (30.1) 0.018

Hypertension 1268 (61.1) 305 (58.9) 316 (60.8) 314 (60.5) 333 (64.2) 0.104

Current smoker 460 (22.2) 118 (22.8) 110 (21.2) 101 (19.5) 131 (25.2) 0.485

Medication use

Use of cholesterol-lowering agents 1238 (59.6) 254 (49.0) 288 (55.4) 349 (67.2) 347 (66.9) ,0.001

Use of anti-diabetic drugs 418 (20.1) 63 (12.2) 83 (16.0) 131 (25.2) 141 (27.2) ,0.001

Use of antihypertensive drugs 1248 (60.1) 256 (49.4) 288 (55.4) 350 (67.4) 354 (68.2) ,0.001

Laboratory results

Triglycerides, mmol/L 1.55 (1.08–2.14) 1.56 (1.07–2.09) 1.50 (1.02–2.09) 1.54 (1.09–2.14) 1.64 (1.15–2.22) 0.227

Total cholesterol, mmol/L 4.7461.06 4.7061.08 4.7361.03 4.7461.02 4.7861.11 0.628

LDL cholesterol, mmol/L 2.9960.94 2.9460.90 2.9460.91 3.0360.93 3.0561.00 0.129

HDL cholesterol, mmol/L 1.0860.32 1.0960.30 1.1360.31 1.0760.29 1.0160.36 ,0.001

FGF23, pg/mL 44.5 (40.4–51.3) 37.9 (36.0–39.1) 42.4 (41.5–43.4) 46.9 (45.6–48.6) 73.8 (62.4–83.5) –

Phosphate, mmol/L 1.1460.24 1.1260.22 1.1360.23 1.1160.21 1.2160.30 ,0.001

Calcium, mmol/L 2.3860.18 2.3960.16 2.3860.17 2.3660.18 2.4060.21 0.018

eGFR, mL/min/1.73 m2 75.9 (65.1–91.1) 98.1 (93.4–107.8) 78.5 (73.0–85.4) 68.8 (63.4–75.3) 61.3 (53.9–73.9) ,0.001

Values are means 6 SD, n (%), or median (interquartile range). BMI = body mass index, eGFR = estimated glomerular filtration rate, FGF23 = Fibroblast growth factor 23,
HDL = high density lipoprotein, LDL = low density lipoprotein.
doi:10.1371/journal.pone.0072545.t001

Table 2. Correlation coefficients between FGF23 and other
characteristics.

Male Female

r P r P

Age, yrs 0.115 ,0.001 0.139 ,0.001

BMI, kg/m2 0.199 ,0.001 0.176 ,0.001

Smokers 0.028 0.312 0.011 0.746

Hypertension 0.030 0.286 0.070 0.047

Diabetes 0.096 0.001 0.126 ,0.001

Total cholesterol, mmol/L 0.040 0.158 0.026 0.464

Triglycerides, mmol/L 0.015 0.607 0.034 0.336

LDL cholesterol, mmol/L 0.058 0.040 0.026 0.452

HDL cholesterol, mmol/L 20.146 ,0.001 20.145 ,0.001

Phosphate, mmol/L 0.252 ,0.001 0.258 ,0.001

Calcium, mmol/L 0.161 ,0.001 0.123 ,0.001

eGFR, mL/min/1.73 m2 20.421 ,0.001 20.432 ,0.001

Stenosis scores 0.315 ,0.001 0.291 ,0.001

Bold P values are statistically significant. Abbreviations as in Table 1.
doi:10.1371/journal.pone.0072545.t002

FGF23 and Extent of Coronary Stenosis
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exclusion criteria were critical illness or hemodynamic instability

other than acute coronary syndromes, surgery or trauma within

the previous month, known cancer, hepatic failure or hepatitis.

Coronary Angiography
Coronary angiography was performed in all patients with a

standard Judkins technique through the femoral artery or brachial

artery. The angiograms were interpreted by two or more

independent cardiologists who were unaware of the patients’

risk-factor profiles. All evaluations were performed based on the

American Heart Association protocol [14]. The severity of CAD

was evaluated either by determining the extent of coronary artery

stenosis or measuring the number of stenotic vessels [15]. All

patients were classified into four groups by coronary angiogram as

follows: no stenosis, mild (,50%), moderate (50%–75%), and

severe (.75%) stenosis in the major coronary arteries or their

branches. Based on the number of stenotic main vessels, all

patients were also divided into four additional groups: no stenosis,

single-vessel disease (1-VD), two-vessel disease (2-VD) and three-

vessel disease (3-VD). Furthermore, the coronary artery system

was first divided into eight segments and a stenosis score was

calculated by interventional cardiologists who were blinded to the

study protocol as follows: left main stem, left anterior descending

artery, diagonal branch, first septal perforator, left circumflex

artery, main marginal branches, right coronary artery, and right

posterior descending branch. The most severe stenosis in each of

these segments was then scored, with 0 points for no stenosis, 1

point for 1% to 49% reduction in vessel diameter, 2 points for

50% to 74% reduction, 3 points for 75% to 99% stenosis, and 4

points for total occlusion of the segment. Scores for each segment

were added and therefore the total scores could range from 0 to 32

points [16,17]. This conventional scoring system was demonstrat-

ed to be significantly correlated with several other angiographic

scoring systems and with atherosclerotic plaque burden [18].

Intravascular Ultrasound (IVUS) Procedure and
Examination

Coronary arterial plaque volumes and characteristics were

analyzed by Gray-scale and virtual histology IVUS. Among 2076

patients undergoing coronary angiography, 372 patients received

IVUS examination prior to percutaneous coronary artery

intervention (PCI) for left anterior descending coronary artery,

left circumflex coronary artery, or right coronary artery lesions

with significant stenosis (defined as percent stenosis $50%

diameter) as determined by quantitative coronary angiogram.

For the IVUS procedure, a 30-MHz, 3.2-F, phased-array IVUS

catheter (Volcano Corporation) was used. After placing the IVUS

catheter at a point that was distant at least 30 mm from the

coronary ostium, the catheter was pulled back to the coronary

ostium with a motorized pull-back system at 1 mm/s. During

pullback, gray-scale IVUS was recorded and raw radiofrequency

data was captured at the top of the R-wave for reconstruction of

the color-coded map by a virtual histology IVUS data recorded.

IVUS core laboratory analyses were performed by an independent

and experienced investigator in a blinded manner. Manual

contour detection of both the lumen and the external elastic

membrane (EEM) was performed for each frame. Quantitative

IVUS gray-scale analysis was performed according to the

guidelines of the American College of Cardiology and European

Society of Cardiology [19]. The EEM volume and lumen volume

were calculated, and the difference between the two values was

defined as plaque volume. Virtual histology IVUS data analysis

was carried out on the basis of a gray-scale border contour

calculation, and the absolute value of each plaque component was

measured automatically by the IVUSLab software (Volcano

Corporation).

End Points and Definitions
1045 of the 2076 patients (50.3%) had received coronary

revascularization therapy including 914 patients undergoing PCI

and 131 patients undergoing coronary artery bypass grafting

(CABG). Clinical follow-up was performed at one year after

coronary revascularization therapy by trained quality assurance

Figure 1. Box plots showing circulating FGF23 concentrations by angiographic extent of coronary artery disease. A. Severity of
coronary artery stenosis. B. Number of stenosis vessels. Horizontal lines show median, 25th to 75th percentiles (boxes), and 10th to 90th percentiles
(whiskers). FGF23 = Fibroblast growth factor 23, VD = vessel disease.
doi:10.1371/journal.pone.0072545.g001

FGF23 and Extent of Coronary Stenosis
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nurses, who worked exclusively to determine clinical events via

telephone contact or office visit. Clinical follow-up was available

on all patients with revascularization therapy. The primary end

points of the present study were the 12-month incidence of target

vessel revascularization (TVR) and target lesion revascularization

(TLR), as adjudicated by the independent clinical events

committee. TLR was defined as either repeat percutaneous or

surgical revascularization for a lesion anywhere within the stent or

the 5-mm borders proximal or distal to the stent. TVR was

considered to be driven by ischemia if the stenosis of the target

vessel was at least 50% of the luminal diameter on the basis of a

quantitative analysis, with either electrocardiographic changes

while the patients was at rest or a functional study indicating

ischemia in the distribution of the target vessel, or if there was

stenosis of at least 70% in conjunction with recurrent symptoms

alone [20].

Figure 2. Frequency distribution of patients across FGF23 quartiles. A. Severity of coronary artery stenosis. B. Number of stenosis vessels.
Abbreviations as in Figure 1.
doi:10.1371/journal.pone.0072545.g002

FGF23 and Extent of Coronary Stenosis
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Baseline Investigation
Information on age, current smoking status, history of

hypertension and diabetes, and use of medications was collected

by questionnaire. The questionnaires were checked by a trained

interviewer during a clinical visit. At the same visit, body weight,

height, and blood pressure were measured by standard techniques

in triplicate. Body mass index was calculated by dividing weight in

kilograms by the height in square meters. Hypertension was

defined as a systolic blood pressure .140 mm Hg and/or diastolic

blood pressure .90 mm Hg, or patients who were receiving

antihypertensive medication. Diabetes was considered to be

present if there was a history of diabetes, a fasting blood glucose

level .126 mg/dL, or if the patient was taking anti-diabetic

medication.

Biochemical Measurements
After the patients had fasted overnight, samples of venous blood

were drawn into tubes before coronary angiography. Plasma and

serum were separated from blood cells by immediate centrifuga-

tion and were divided into aliquots and stored at 280uC until

analysis. Serum lipid levels (total cholesterol, triglycerides, and

high-density lipoprotein (HDL) cholesterol), calcium, phosphate,

and creatinine were measured by standard laboratory methods at

our hospitals; low-density lipoprotein (LDL) cholesterol was

calculated by the Friedewald formula [21]. We calculated

estimated glomerular filtration rate (eGFR) with the Chronic

Kidney Disease Epidemiology Collaboration equation

(eGFR = 175 6 standardized Screatinine
21.154 6 age20.203 6

1.212 [if black] 60.742 [if female]), in which GFR is expressed as

mL/min per 1.73 m2 of body surface area and Screatinine is

expressed in mg/dL [22]. Serum active intact full-length FGF23

was measured using a commercial sandwich ELISA according to

the manufacturer’s protocol (Kainos Laboratories, Inc., Tokyo,

Japan). This ELISA utilizes two murine MABs for two separate

sites [23]. In this study, the intra- and inter-assay coefficients of

variation were 3.7% and 4.5% respectively.

Statistical Analyses
Data are presented as medians and interquartile ranges (IQR)

for skewed variables. Unless otherwise indicated, values are

expressed as mean 6 SD or as percentages for categorical

variables. Comparisons between groups were performed using

Figure 3. Box plots showing stenosis scores as the global index
of severity and extent of coronary artery stenosis across FGF23
quartiles. Horizontal lines show median, 25th to 75th percentiles
(boxes), and 10th to 90th percentiles (whiskers). Abbreviations as in
Figure 1.
doi:10.1371/journal.pone.0072545.g003

Table 3. Multivariate regression analysis of predictors affecting the stenosis scores.

Model 1 Model 2 Model 3

Independent Variables b t P b t P b t P

FGF23, pg/mL* 0.342 16.459 ,0.001 0.337 16.046 ,0.001 0.326 13.322 ,0.001

Age, yrs 0.157 7.643 ,0.001 0.153 7.194 ,0.001 0.154 7.238 ,0.001

Sex 0.081 3.952 ,0.001 0.072 3.193 0.001 0.070 3.077 0.002

BMI, kg/m2 0.041 1.975 0.048 0.042 2.074 0.038 0.042 2.068 0.039

Smokers 0.019 0.864 0.388 0.023 1.028 0.304

Hypertension 0.006 0.293 0.770 0.006 0.286 0.775

Diabetes 0.064 3.112 0.002 0.064 3.094 0.002

Triglycerides, mmol/L 0.074 2.984 0.003 0.073 2.950 0.003

LDL cholesterol, mmol/L 0.038 0.861 0.389 0.035 0.796 0.426

HDL cholesterol, mmol/L 0.026 1.062 0.288 0.024 0.974 0.330

Total cholesterol, mmol/L 20.073 21.528 0.127 20.070 21.473 0.141

Phosphate, mmol/L 20.029 21.397 0.163

Calcium, mmol/L 20.013 20.616 0.538

eGFR, mL/min/1.73 m2 20.037 21.609 0.108

R 0.396 0.408 0.404

R2 0.157 0.167 0.163

*Log-transformed variable; Bold P values are statistically significant. Abbreviations as in Table 1.
doi:10.1371/journal.pone.0072545.t003

FGF23 and Extent of Coronary Stenosis
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Kruskal-Wallis test followed where relevant by Mann-Whitney U

test or one-way analysis of variance with adjustment for multiple

comparisons using Bonferroni correction method (continuous

variables) or the chi-square test (categorical variables). Correla-

tions between selected pairs of variables were evaluated with the

spearman correlation. We performed a Kruskal-Wallis test to

compute levels of FGF23 for different severity and extent of CAD.

For this endeavor, values of circulating FGF23 were categorized

into quartiles (cutoff values for FGF23 were 40.4, 44.5, and

51.3 pg/mL). Chi-square trend test was used to explore the

frequency distribution of severity and extent of CAD across

FGF23 quartiles. Furthermore, multivariate linear regression

analysis was performed with the stenosis scores as dependent

variable and log-transformed FGF23 as independent variable with

adjusting for other covariates. Multiple logistic regression models

were used to analyze the relationship between FGF23 and the

incidence of TLR and TVR. Odds ratio (OR) and 95%

confidence interval (CI) were presented. Two-side P values below

0.05 were considered to indicate statistical significance. All

Table 4. Gray-scale and virtual histology intravascular ultrasound results according to FGF23 quartiles.

FGF23 quartiles (pg/mL)

All (n = 372) Q1 (n = 111) Q2 (n = 80) Q3 (n = 94) Q4 (n = 87) P

Gray-Scale IVUS

Average length, mm 46.1622.9 41.6620.5 48.6623.7 46.2625.6 49.5621.4 0.067

External elastic membrane
volume, mm3

869.96412.4 832.36375.2 817.36448.4 902.26480.7 931.36331.3 0.523

Lumen volume, mm3 493.36233.0 479.26212.0 470.66253.5 518.66271.7 504.66190.5 0.480

Plaque volume, mm3 376.76190.1 353.16163.1 346.76194.9 383.66209.0 426.76188.5* 0.019

Virtual Histology IVUS

Fibro-fatty volume, mm3 64.3639.3 59.8634.2 60.2639.1 66.4644.9 71.5638.4 0.135

Fibrous tissue volume,
mm3

159.7698.6 152.5687.2 157.3698.6 171.26121.4 158.7684.5 0.590

Necrotic core volume,
mm3

25.7619.6 21.5616.7 28.0620.4 26.7621.8 27.9619.3 0.060

Dense calcium volume,
mm3

18.2614.6 15.8611.5 17.4612.7 18.6617.3 21.4616.2* 0.063

Values are means 6 SD, *P,0.05 compared with quartile 1.
IVUS = intravascular ultrasound, other abbreviations as in Table 1.
doi:10.1371/journal.pone.0072545.t004

Figure 4. Incidence of TLR and TVR within one-year follow-up in patients undergoing coronary revascularization therapy according
to FGF23 quartiles. *P,0.05 compared with quartile 1. TLR = target lesion revascularization, TVR = target vessel revascularization, other
abbreviations as in Figure 1.
doi:10.1371/journal.pone.0072545.g004

FGF23 and Extent of Coronary Stenosis
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statistical analyses were performed using SPSS 13.0 software

(SPSS Inc., Chicago, Illinois).

Results

Serum FGF23 concentrations were skewed in distribution. The

median serum FGF23 level in the whole sample was 44.5 pg/mL

and IQR was from 40.4 to 51.3 pg/mL. Demographic and clinical

characteristics of the study population across the quartiles of

FGF23 concentrations are presented in Table 1. Serum FGF23

concentrations in male were higher than those in female (median

45.0 vs. 43.7 pg/mL, P,0.001). Higher serum FGF23 concen-

trations were associated with older age, higher body mass index,

and diabetes in both male and female. There were no significant

differences across the quartiles of serum FGF23 concentration by

current smoking and hypertension. The proportions of partici-

pants who had used cholesterol-lowering agents, anti-diabetes

drugs, and antihypertensive drugs were highest in the highest

quartile and lowest in the lowest quartile of serum FGF23 (all

P,0.001).

In univariate correlation analyses, serum FGF23 concentration

was negatively correlated with HDL cholesterol (r = 20.146 and

r = 20.145, P,0.001) and eGFR (r = 20.421 and r = 20.432,

P,0.001) in both male and female. Furthermore, serum FGF23

concentration was positively correlated with serum calcium

(r = 0.161 and r = 0.123, P,0.001) and phosphate (r = 0.252 and

r = 0.258, P,0.001) in both male and female. However, weak

correlation between serum FGF23 concentration and LDL

cholesterol was only found in male. And there was no significant

association of serum FGF23 concentration with total cholesterol

and triglycerides (Table 2).

To explore the relationship between serum FGF23 concentra-

tion and the severity and extent of CAD, we found a stepwise

increase of serum FGF23 concentrations in patients with mild

(median, 42.3 pg/mL; IQR, 38.9 to 46.9 pg/mL), moderate

(median, 44.5 pg/mL; IQR, 41.1 to 53.7 pg/mL), severe stenosis

(median, 50.6 pg/mL, IQR, 46.4 to 74.1 pg/mL) compared with

those without stenosis (median, 40.9 pg/mL, IQR, 38.1 to

43.6 pg/mL), as shown in Figure 1A. Similarly, serum FGF23

concentrations were progressively increased across the number of

stenotic vessels (Figure 1B). Furthermore, the proportions of

patients who had no stenosis were highest in the lowest quartile

and lowest in the highest quartile of serum FGF23 values (45.8%

and 9.2%). By contrast, the proportions of patients who had severe

stenosis or 3-VD were lowest in the lowest quartile and highest in

the highest quartile of serum FGF23 values (4.2% and 55.7% or

9.3% and 59.5%, P,0.001) (Figure 2).

In addition, we combined the extent of stenosis and number of

stenotic vessels into stenosis scores as the global index of the

severity and extent of CAD, and found serum FGF23 concentra-

tion was positively correlated with stenosis scores in both male and

female (r = 0.315 and r = 0.291, P,0.001) (Table 2). Furthermore,

a total of 368 patients had an age-adjusted diminished renal

function (eGFR,60 mL/min/1.73 m2), FGF23 was also signifi-

cantly correlated with stenosis scores in both diminished and

normal renal function (r = 0.355 and r = 0.288, P,0.001). More-

over, the stenosis scores were also gradually increased across the

quartiles of serum FGF23 concentration (P,0.001) (Figure 3). To

establish independent determinants of the stenosis scores, we

performed linear regression analyses controlling for age, sex, body

mass index, smokers, hypertension, diabetes, triglycerides, LDL

cholesterol, HDL cholesterol, phosphate, calcium, eGFR, and

serum FGF23 concentration in different models. In the final

regression model that explained 16.3% (adjusted R2 = 0.163,

P,0.001) of the total variation of stenosis scores of the study

population, serum FGF23 concentration was an independent

strong predictor of the stenosis scores (standardized b = 0.326,

P,0.001), as well as age, sex, body mass index, diabetes, and

triglycerides (Table 3).

Next, we further analyzed the relationship between serum

FGF23 level and coronary arterial plaque volumes and charac-

teristics evaluated by IVUS. As shown in Table 4, plaque and

dense calcium volumes were higher in patients with FGF23 in the

highest quartile compared with the lowest quartile (mean 6SD,

426.76188.5 vs. 353.16163.1 mm3, and 21.4616.2

vs.15.8611.5 mm3, respectively). Correlation analyses showed

serum FGF23 concentration was significantly correlated with

plaque volume (r = 0.114, P = 0.028), average length (r = 0.112,

P = 0.031), necrotic core volume (r = 0.121, P = 0.020), and dense

calcium volumes (r = 0.107, P = 0.039).

Analyses of 1-year follow-up data revealed that the patients with

FGF23 in the highest quartile had significantly higher rates of

Table 5. Odds ratios for TLR and TVR according to quartiles of and log-transformed FGF23 level.

FGF23 quartiles (pg/mL)

Per SD Increase Q1 (n = 253) Q2 (n = 266) Q3 (n = 261) Q4 (n = 265) P

TLR

Model 1 2.98 (1.60–5.56){ 1.00 1.01 (0.51–1.96) 1.44 (0.77–2.71) 2.12 (1.17–3.83)* 0.026

Model 2 2.99 (1.57–5.69){ 1.00 1.08 (0.55–2.13) 1.51 (0.79–2.85) 2.19 (1.18–4.09)* 0.038

Model 3 3.15 (1.55–6.42)* 1.00 1.07 (0.54–2.11) 1.48 (0.78–2.81) 2.14 (1.13–4.05)* 0.060

TVR

Model 1 3.40 (1.89–6.11){ 1.00 1.04 (0.56–1.94) 1.48 (0.83–2.66) 1.96 (1.12–3.43)* 0.047

Model 2 3.52 (1.92–6.43){ 1.00 1.12 (0.59–2.09) 1.56 (0.86–2.81) 2.04 (1.14–3.64)* 0.057

Model 3 3.32 (1.70–6.47)* 1.00 1.12 (0.60–2.11) 1.53 (0.85–2.78) 1.86 (1.02–3.41)* 0.148

Values are OR (95%CI).
*P,0.05,
{P,0.001.
Model 1 adjusted for age, sex, and BMI. Model 2 adjusted for variables in model 1 plus smoking, hypertension, diabetes, triglycerides, total cholesterol, LDL cholesterol,
and HDL cholesterol. Model 3 adjusted for variables in model 2 plus phosphate, calcium, eGFR, reference vessel diameter, lesion length, degree of lesion calcification,
and stent types. SD = standard deviation, TLR = target lesion revascularization, TVR = target vessel revascularization, other abbreviations as in Table 1.
doi:10.1371/journal.pone.0072545.t005
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TVR and TLR than those with FGF23 in the lowest quartile

(15.1% vs.8.3%, and 14.0% vs.7.1%, respectively, both P,0.05)

(Figure 4). Characteristics of target lesions and stents according to

FGF23 quartiles were showed in Table S1. Only the degree of

lesion calcification was found to be significantly different among

the quartiles of FGF23. Multivariate analyses disclosed that the

participants with FGF23 in the fourth quartile still had signifi-

cantly higher rates of TVR and TLR than those in the first

quartile after adjustment for all potential confounders (OR: 1.86,

95%CI: 1.02 to 3.41; and OR: 2.14, 95%CI: 1.13 to 4.05)

(Table 5).

Discussion

In the current study, we report an association between

circulating FGF23 and the severity and extent of CAD in

coronary angiographic patients. The association of FGF23 with

severity and extent of CAD was existed significantly in both male

and female and was particularly strong among the patients with

eGFR,60 mL/min/1.73 m2. This significant association was

independent of established risk factors of cardiovascular disease

including age, body mass index, hypertension, diabetes, smoking,

serum lipid levels, kidney function, and other abnormalities of

mineral metabolism, such as serum phosphate level. Moreover, the

association of severity of CAD with FGF23 was much stronger

than those with the traditional cardiovascular risk factors.

Furthermore, subgroup analyses showed FGF23 was significantly

associated with plaque and dense calcium volumes evaluated by

IVUS. Analyses of 1-year follow-up data showed that serum

FGF23 levels were significantly independent predictors of TVR

and TLR.

To our knowledge, only one previous study in a subsample of

the Prospective Investigation of Vasculature in Uppsala Seniors

(PIVUS study) has explored the relationship between FGF23 and

total body atherosclerosis in the community population [10]. The

results in our present study are consistent with the previous study.

But there are some different places between our study and the

PIVUS study. Firstly, the study subjects were 306 community

elderly men and women, whereas the subjects of our study were

the outpatients and inpatients with or without suspected CAD.

Secondly, the PIVUS study used whole body magnetic resonance

angiography to assess the total body atherosclerosis defined as the

sum of vascular abnormalities for each of the five different vascular

territories (neck, aorta, kidney, upper leg and lower leg). In

contrast, we employed coronary angiography to estimate the

severity and extent of coronary artery stenosis. Despite of the

differences, both studies found a graded relationship between

FGF23 and severity of atherosclerosis. Furthermore, endothelium

dysfunction has been shown to precede atherosclerosis develop-

ment and also predicts future cardiovascular risk [24]. Another

study found that higher FGF23 levels were independently

associated with impaired vasoreactivity and increased arterial

stiffness in a recent community-based cohort with normal renal

function and without derangements in mineral metabolism and

was consistent with our current findings [9].

The potential role of FGF23 in the pathogenesis of atheroscle-

rosis may be partly explained through its involvement in the

complex process of vascular calcification. Vascular calcification is

a common finding in coronary arteries and has long been known

to occur as a part of the atherosclerotic process [25]. A large

number of studies have shown that coronary luminal diameter

stenosis assessed by coronary angiography was not associated with

the subsequent occurrence of cardiovascular events in a linear

relationship, but might be associated with coronary artery wall

lesions, namely the stability of coronary atherosclerotic plaque

[26]. The rupture of unstable plaques leads to coronary stenosis

and acute coronary syndrome. Although calcified plaque has been

considered as the established, stable, and quiescent atheroma [27],

recent studies reported that spotty distribution of calcium in

calcified plaque was an important characteristic of vulnerable

plaque leading to plaque rupture, which was more frequently

observed in the culprit lesions of patients with acute coronary

syndrome [28,29]. Higher levels of FGF23 were associated with

the development of coronary artery calcification, particularly in

the presence of chronic kidney disease [8,30,31]. In addition, a

recent study found serum FGF23 levels were also associated with

coronary calcification independent of classical cardiovascular risk

factors in patients with suspected CAD and with preserved renal

function [32]. Thus it is plausible to infer that FGF23 could be

involved in the process of vascular calcification, since vascular

calcification is associated with coronary artery stenosis, which may

help explain the association between elevated FGF23 and the

severity of coronary artery stenosis.

Circulating FGF23 concentrations are increased 2 to 5-fold

above the normal range early in the course of kidney disease, but

can reach 100-fold above normal levels in the end-stage renal

disease [33]. Our results showed the association between FGF23

and the stenosis scores as the global index of the severity and

extent of coronary artery stenosis was much stronger in the

patients with eGFR,60 mL/min/1.73 m2 than those with

normal renal function, which was consistent with the previous

finding that the subgroup of individuals with eGFR,60 mL/min/

1.73 m2 suffered from nearly a 6-fold increased odds of having a

high atherosclerosis score when in the highest FGF23 tertile

compared to the lowest [10]. However, a recent nested case-

control study found that in the Health Professional Follow-Up

cohort with normal kidney function and without cardiovascular

disease at baseline, plasma FGF23 was not associated with the

incident coronary heart disease [12]. It may be possible that

FGF23 is associated with severity but not the incidence of

cardiovascular disease or that increased FGF23 is primarily a risk

factor for cardiovascular disease with impaired renal function.

In our patient population, FGF23 was significantly increased

and associated with coronary stenosis independent of serum

phosphorus level,which still remained within the normal range in

majority of the population. Indeed, the increase in FGF23

concentration appears to be a compensatory mechanism to

maintain serum phosphorus level in the normal range [33]. This

adaptive compensatory mechanism inevitably linked to a reduc-

tion, not an increase in cardiovascular risk in hemodialysis patients

[34]. Therefore, it is possible that elevated FGF23 level may be a

response to, rather than a cause of, atherosclerosis. Further studies

are needed to investigate the role of FGF23 in the process of

atherosclerotic plaque formation.

There are some limitations in our study. First, as a cross-

sectional study, the causal relationship between FGF23 concen-

tration and the severity of coronary artery stenosis cannot be

established. Second, we cannot rule out the possibility of residual

confounding by other factors such as bone status, 1,25(OH)2D or

PTH levels. Finally, prescribed or self-administered calcium and

vitamin D supplements and dietary phosphate intake have not

been considered in our calculations.

In conclusion, we report an independent association between

circulating FGF23 concentration and the severity and extent of

coronary artery stenosis in the coronary angiographic patients.

Furthermore, FGF23 was also significantly associated with

coronary arterial plaque volumes and characteristics and was an

independent predictor of TLR and TVR at 1-year follow-up. Our

FGF23 and Extent of Coronary Stenosis
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observations provide an additional evidence of the role of FGF23

in cardiovascular disease. Future studies are needed to elucidate

the potential biological mechanisms of FGF23 in the pathogenesis

of cardiovascular disease and to evaluate whether FGF23 is a

modifiable cardiovascular risk factor.
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