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Over the past few decades, there has been a growing interest
in understanding the multifunctional characteristics and
clinical importance of vitamin D binding protein (DBP).
Multiple studies have shed light on DBP, giving rise to hopes
of identifying novel mechanisms as well as utilizing DBP as
a potential therapeutic agent. The current issue is comprised
of 6 manuscripts, two of which are review articles. The areas
covered in this special issue mostly highlight the potential
role of DBP in several conditions including periodontitis
and frailty, implying that measurement of DBP may provide
useful information in addition to total 25-hydroxy vitamin D
concentration.

In this issue, the review by P. Yousefzadeh et al. titled
“Vitamin D binding protein impact on 25-hydroxyvitamin D
levels under different physiologic and pathologic conditions”
calls for the implementation of DBP testing during the
interpretation of 25-hydroxyvitamin D [25(OH)D] results
under different clinical situations. I. Bhan reviews the recent
findings regarding the association between the differences
in vitamin D binding protein levels and bone density in his
paper titled “Vitamin D binding protein and bone health.”
The author has compiled studies concerned with DBP,
including DBP polymorphisms in relation to bone health
and its association with vitamin D bioavailability. These
findings may impact not only strategies for designing novel
therapeutic agents that influence DBP or its binding, but
also our understanding of the mechanism of vitamin D in

the context of bone health. Evidence is emerging that the
DBP polymorphisms are associated with race and ethnicity,
resulting in differences in DBP levels and binding affinity
that affect the transport and metabolism of vitamin D and its
metabolites.

Using serum samples from various populations with
varying DBP levels, J. Freeman et al., in their paper titled
“Influence of vitamin D binding protein on accuracy of 25-
hydroxyvitamin D measurement using the ADVIA Centaur
vitamin D total assay,” assessed the agreement between
the ADVIA Centaur vitamin D total assay for 25(OH)D
testing and the liquid chromatography mass spectrometry
(LS-MS/MS) method and concluded that the ADVIA Cen-
taur vitamin D total assay demonstrated good performance
compared to the LS-MS/MSmethod across the normal range
of DBP concentrations. This is one example of methods
development in the field to ensure accurate and simpler
protocols for measuring circulating 25(OH)D in future study.

X. Zhang et al., in their paper titled “Vitamin D-
binding protein levels in plasma and gingival crevicular fluid
(GCF) of patients with generalized aggressive periodontitis,”
examined the association of DBP with generalized aggres-
sive periodontitis (GAgP). The authors found that GAgP
patients had higher plasma DBP concentrations but lower
GCF DBP concentrations than healthy controls, suggesting
that decreased GCF-DBP level and increased plasma DBP
level are associated with periodontitis. This study adds to
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the growing evidence of the potential role of DBP in the
pathogenesis of periodontitis.

Existing evidence shows an association of high circulating
25(OH)D levels with low TSH levels in younger individuals,
but there is insufficient information on whether it is the same
in the elderly andmiddle-aged. Q. Zhang et al., in their paper
titled “Association of high vitaminD status with low circulating
thyroid-stimulating hormone independent of thyroid hormone
levels in middle-aged and elderly males,” report that such
an association does exist in middle-aged and elderly males,
independent of thyroid hormone levels. The authors also
demonstrated the link between vitamin D insufficiency and
serum thyroid antibody levels.

Y. Wang et al., in their paper entitled “Vitamin D binding
protein affects the correlation of 25(OH)D and frailty in the
older men,” assessed the frailty status in elderly men of
Changsha city, China, and concluded that serum DBP levels
should be measured when evaluating the 25(OH)D- frailty
relationship.

We hope that these articles convey new insights to readers
and researchers into the current renewed interest in vitamin
D and DBP research.

Zhongjian Xie
Arthur C. Santora

Sue A. Shapses
Xiangbing Wang
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Vitamin D status in different populations relies on accurate measurement of total serum 25-hydroxyvitamin D [25(OH)D]
concentrations [i.e., 25(OH)D

3
and 25(OH)D

2
]. This study evaluated agreement between the ADVIA Centaur Vitamin D Total

assay for 25(OH)D testing (traceable to the NIST-Ghent reference method procedure) and a liquid chromatography tandem mass
spectrometry (LC-MS/MS) method for various populations with different levels of vitamin D binding protein (DBP). Total serum
25(OH)D concentrations were measured for 36 pregnant women, 40 hemodialysis patients, and 30 samples (DBP-spiked or not)
from healthy subjects. ELISA measured DBP levels. The mean serum DBP concentrations were higher for pregnancy (415𝜇g/mL)
and lower for hemodialysis subjects (198𝜇g/mL) than for healthy subjects and were highest for spiked serum (545𝜇g/mL). The
average bias between the ADVIA Centaur assay and the LC-MS/MS method was −1.4% (healthy), −6.1% (pregnancy), and 4.4%
(hemodialysis).The slightly greater bias for samples from some pregnancy and hemodialysis subjects with serumDBP levels outside
of the normal healthy range fell within a clinically acceptable range—reflected by analysis of their low-range (≤136 𝜇g/mL),medium-
range (137–559 𝜇g/mL), and high-range (≥560𝜇g/mL) DBP groups.Thus, the ADVIACentaur Vitamin D Total assay demonstrates
acceptable performance compared with an LC-MS/MS method for populations containing different amounts of DBP.

1. Introduction

Increasing awareness of the important role of vitamin
D for bone and other diseases has led to increased 25-
hydroxyvitamin D [25(OH)D] testing (D represents D

3

and D
2
forms). However, variability within and between

methods and laboratories has often compromised correct
diagnosis and the ability to compare results from different
studies and national surveys [1–5]. Automated antibody-
based, radioimmunoassays, high performance liquid chro-
matography (HPLC), and mass spectrometry methods for
25(OH)D testing are subject to variability issues that can arise
from a variety of sources, such as differential detection of
the D

3
and D

2
forms, interference by detection polyclonal

antibodies, and nonspecific detection of other vitamin D
metabolites such as the 3-epimer form of 25(OH)D [3-
epi-25(OH)D] and 24,25(OH)

2
D
3
. In addition, incomplete

release of 25(OH)D from the vitamin D binding protein

(DBP) has been identified as a potential source of variability
for both manual and automated immunoassays [6].

Establishing an immunoassay for 25(OH)D is challenging
because the majority of the highly hydrophobic 25(OH)D
is tightly bound (dissociation constant, Kd, 5 × 10−8M) to
a vast excess of DBP from which it must be separated;
almost no 25(OH)D is found “free” (non-protein bound)
in the circulation, and less than 5% of the available DBP
binding sites are occupied by vitamin D compounds [7]. In
addition, DBP binds vitaminD

3
along with othermetabolites

and vitamin D
2
, whose similar structures may be easier to

release from DBP and difficult to differentiate; DBP has a
higher affinity for vitamin D

3
than other metabolites and

vitamin D
2
[8]; and generating specific antibodies against

small antigenic molecules, such as 25(OH)D, is difficult,
but it is mandatory because the Vitamin D Standardization
Program (VDSP) states that 25(OH)D assays shouldmeasure
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equimolar amounts of 25(OH)D
3
and 25(OH)D

2
(total vita-

min D) [9]. Measuring total vitamin D is required because
some supplements contain the D

2
form, and not measuring

D
2
would lead to lower 25(OH)D values. In methods such

as radioimmunoassay, HPLC, and mass spectrometry, an
initial extraction step with organic solvents releases all bound
25(OH)D from DBP [10–13]. However, organic solvents are
not compatible with most automated immunoassays, and
alternative releasing agents, which are proprietary, are used
instead. Recent studies performed in populations with differ-
ent levels of DBP have questioned the effectiveness of these
proprietary releasing agents to completely free 25(OH)D
from DBP [6].

The goal of this study was to examine the ability of the
ADVIA Centaur Vitamin D Total assay by comparison with
an LC-MS/MSmethod to accuratelymeasure 25(OH)D levels
in serum samples from healthy adults (endogenous) and
healthy adults with exogenous DBP (endogenous + spiked)
and from pregnant women and chronic kidney disease
(CKD) patients receiving dialysis, who have higher and lower
than normal serum levels of DBP, respectively [7, 14, 15].
The ADVIA Centaur Vitamin D Total assay is traceable to
the NIST-Ghent reference measurement procedure (RMP)
for vitamin D testing. (This version of the ADVIA Centaur
VitaminDTotal assay is not currently available commercially
in all regions, including the USA.)

2. Materials and Methods

In order to determine the influence of DBP on a vitamin
D immunoassay, a study examining DBP as an endogenous
interference, similar to how hemoglobin, cholesterol, or total
protein would be measured, following Clinical and Labora-
tory Standards Institute (CLSI) Document EP7-A2 [16] was
performed at the Siemens R&D facility in Tarrytown, NY,
USA. Human native DBP (>95% pure) was purchased from
Athens Research & Technology, Inc.

2.1. LC-MS/MS. The LC-MS/MS method used in this study
is traceable to the Esoterix ID-LC-MS/MS method, which
is traceable to NIST. The LC-MS/MS method performed at
Siemens used the Waters Acquity H-class ultrahigh perfor-
mance liquid chromatography (UPLC) and triple quadrupole
(TQD) tandem mass spectroscopy (MS) with MassLynx and
QuanLynx software (Waters Acquity TQD system, Waters
Corporation, Manchester, UK). This method is able to sep-
arate, identify, and separately quantify the concentrations of
25(OH)D

2
, 25(OH)D

3
, and 3-epi-25(OH)D

3
in a serum sam-

ple. As reported by themanufacturer, the LC-MS/MSmethod
demonstrated a dynamic assay range of 2.5–220 ng/mL (6.25–
550 nmol/L) (𝑟2 > 0.997). Three levels of 25(OH)D

2
and

25(OH)D
3
concentrations tested over five consecutive days

yielded intra-assay coefficients of variation (CVs) of ≤7.7%
and interassay precision CVs of <12% for 25(OH)D

2
and

25(OH)D
3
.

2.2. ADVIA Centaur Vitamin D Total Assay. The ADVIA
Centaur Vitamin D Total assay used in this study is traceable

to the Ghent University ID-LC-MS/MS 25(OH)DRMP. (This
version of the assay is not currently available commercially
in all regions, including the USA.) The Ghent University is a
reference laboratory for the Vitamin D Standardization Pro-
gram (VDSP).The sample reference material (SRM) used for
the Ghent University method is traceable to the NIST SRM
2972 [4, 9, 17]. Recently, Siemens received confirmation from
the Centers for Disease Control and Prevention (CDC) that
the ADVIA Centaur Vitamin D Total assay is now a certified
procedure of the Vitamin D Standardization-Certification
Program (VDSCP). Certification was achieved by demon-
strating that the total vitamin D [25(OH)D] results for the
40 VDSCP samples (10 quarterly challenges) agreed with the
results from the ID-LC-MS/MS RMP method. The ADVIA
Centaur Vitamin D Total assay achieved a mean bias of 0.3%
(acceptance criterion was ±5.0%) and a mean imprecision of
5.5% (acceptance criterionwas<10.0%).TheADVIACentaur
Vitamin D Total assay is a one-pass, 18-minute antibody
competitive chemiluminescent immunoassay. Release of the
25(OH)D metabolites from the DBP is accomplished by
denaturing and blocking agents. 25(OH)D in serum com-
petes with a 25(OH)D analog (labeled with fluorescein) for
an anti-25(OH)D monoclonal mouse antibody (labeled with
acridinium ester). Detection occurs after the remaining anti-
25(OH)D monoclonal antibody (labeled with acridinium
ester) complexes with vitamin D analog (labeled with fluo-
rescein) and anti-fluoresceinmonoclonal antibody covalently
bound to paramagnetic particles. Results are inversely related
to 25(OH)D serum concentrations. The standardized assay
demonstrates equimolar cross-reactivity with 25(OH)D

2

(104.5%) and 25(OH)D
3
(100.7%), minimal cross-reactivity

with 3-epimer-25(OH)D
3
(1.1%), and a broad dynamic assay

range of 4.2–150 ng/mL (10.5–375 nmol/L) [18]. Precision was
determined by assaying six samples twice a day in replicates
of 4, over 20 days (𝑛 = 160 replicates per sample) according
to the Clinical and Laboratory Standards Institute (CLSI)
protocol EP5-A2 [19]; the run-to-run CVs were in the range
of 4.2% and 11.9% [18]. All samples were run in singlicate
on both the LC-MS/MS and a single ADVIA Centaur
system.

2.3. Sample Population. Clinical serum samples from 18
healthy adults were purchased from a commercial vendor
(ProMedDx, Norton, MA, USA). Serum samples from 36
pregnant women in their third trimester and 40 CKD
hemodialysis patientswere purchased fromanother commer-
cial vendor (Research Sample Bank, Delray Beach, FL, USA).

2.4. Samples. Peripheral venous blood samples were col-
lected, placed at 4∘C, and centrifuged; serum aliquots were
prepared and stored for less than four months at –20∘C until
analysis. Generally, no difference was found in the serum
concentrations of DBP for men and women [11, 15].

2.5. Protocol. Serum samples were sent to Siemens Health-
care Diagnostics (Tarrytown, NY, USA) for DBP and
25(OH)D measurements. The serum samples from the 18
healthy adults were divided into five serum pools; each of



International Journal of Endocrinology 3

Table 1: Serum concentrations of vitaminD binding protein in healthy subjects, DBP-spiked samples fromhealthy subjects, pregnant women,
and dialysis patients.

Number of
samples

Average ± SD
(𝜇g/mL) Range (𝜇g/mL) Median

(𝜇g/mL)
Interquartile (IQ)
range (𝜇g/mL)

Healthy not spiked (endogenous) 5 348 ± 106 261–519 ND ND
Healthy (endogenous and endogenous + spiked) 30 512 ± 188a 261–981 ND ND
Healthy (endogenous + spiked) 25 545 ± 185a 261–981 ND ND
Pregnancy 36 415 ± 245a 82–875 515 150–599
Dialysis 40 198 ± 173 63–1116 142 100–262
aP < 0.0001 compared to the dialysis group.
ND: not determined.
DBP: vitamin D binding protein.

the four pools contained 4 individual serum samples and one
pool contained 2 individual serum samples. The 25(OH)D
concentrations in these five serum pools were measured by
using a LC-MS/MS method at Siemens Healthcare Diag-
nostics, (Tarrytown, NY, USA) according to a protocol that
allowed resolution of 25(OH)D

2
and 25(OH)D

3
from 3-epi-

25(OH)D
3
. The LC-MS/MS values for the five individual

pools (pools 1–5) resulted in mean 25(OH)D concentrations
of 24, 32, 51, 41, and 75 ng/mL, respectively. The endogenous
levels of DBP were measured in each of the five serum pools
using the Quantikine ELISA Vitamin D Binding Protein BP
kit, DVDBP0 (R&D Systems, Inc.). Subsequently, each of
the five serum pools was divided into six aliquots, and DBP
(ranging from 50 to 250 ug/mL in 50 ug/mL increments) was
spiked into 5 of the 6 aliquots from each pool (Table 3). The
DBP content in the resulting thirty samples was then reana-
lyzed to confirm higher DBP concentrations in spiked sam-
ples, and 25(OH)Dmeasurements were performed according
to routine procedures using the ADVIA Centaur Vitamin D
Total assay traceable to the Ghent University ID-LC-MS/MS
25(OH)D RMP. (This version of the assay is not currently
available commercially in all regions, including the USA.)
Bias of 25(OH)D values to the original LC-MS/MS values was
determined. In addition, the 36 clinical serum samples from
third-trimester pregnancy patients and the 40 clinical serum
samples from CKD patients were evaluated for endogenous
DBP and 25(OH)D using the ADVIA Centaur Vitamin D
Total assay; and bias of 25(OH)D values to the original LC-
MS/MS values was determined. Only four samples from
pregnancy subjects had detectable 25(OH)D

2
(3.2, 5.2, 8.0,

and 10.7 𝜇g/mL). Nineteen samples from dialysis patients had
detectable 25(OH)D

2
(range 1.6 to 35 𝜇g/mL), eight of which

had levels above 10 𝜇g/mL. The 3-epi-25(OH)D
3
was present

at levels greater than 1.5 ng/mL in samples from 23 dialysis
and 32 pregnancy subjects.

2.6. Statistics. Difference plots and bias values were obtained
using Microsoft Excel (2010); Analyze-It add-in program in
Excel was used to compare the different sets of data in order
to obtain the 95% confidence interval (CI) and standard
deviations (SD) for 95% limits of agreement. Correlation
plots and correlation and Deming regression analyses were
generated using GraphPad Prism, version 6.

3. Results

The mean serum concentrations of DBP in healthy subjects
(endogenous and endogenous + spiked), pregnant women,
and dialysis patients are presented in Table 1. For the five
serum pools, the average endogenous serum DBP con-
centration (±SD) was 348 ± 106 𝜇g/mL (range 260.7 to
519.0 𝜇g/mL), which is consistent with the results of other
studies [6, 20, 21]. For healthy serum samples spiked with
DBP, the average DBP concentration was higher (545 ±
185 𝜇g/mL, range 261.2 to 980.6 𝜇g/mL) than endogenous lev-
els. For pregnancy samples, the average DBP concentration
was also greater (415 ± 245𝜇g/mL, range 82.2 to 874.5𝜇g/mL)
than that for healthy serum samples. In contrast, for CKD
patients receiving dialysis, the average DBP concentration
was lower (198 ± 173 𝜇g/mL, range 63.4 to 1115.7 𝜇g/mL;
median 142.1 𝜇g/mL) than levels in healthy serum and preg-
nancy samples.

The mean total serum 25(OH)D concentrations and
range as measured by the LC-MS/MS method and the
ADVIA Centaur Vitamin D Total assay are presented in
Table 2.Themean 25(OH)D levels (±SD)were 44.6± 19.8 and
44.8 ± 20.1 ng/mL for healthy serum samples (endogenous),
44.6 ± 18.0 and 43.5 ± 16.7 ng/mL for healthy (endogenous +
spiked) serum samples, and 44.6 ± 18.0 and 43.7 ± 17.0 ng/mL
for both endogenous and endogenous + spiked healthy serum
samples, and they were lower for pregnancy serum samples,
27.3 ± 9.6 and 25.3 ± 8.7 ng/mL, and dialysis serum samples,
28.1 ± 14.8 and 29 ± 15.3 ng/mL. Consistent with previous
reports, no correlation was found between the DBP and
25(OH)D concentrations for serum from dialysis patients
(Pearson’s correlation coefficient 𝑟 = 0.1) [11, 14, 15].
Pregnancy samples demonstrated a positive correlation (𝑟 =
0.35; 𝑃 = 0.013) between serum concentrations of DBP and
25(OH)D for LC-MS/MS, but no correlation was found for
ADVIA Centaur (𝑟 = 0.15; 𝑃 = 0.37). There were too
few non-spiked healthy samples for valid 25(OH)D and DBP
correlation assessment.

The overall average bias of all samples from healthy
individuals (endogenous and endogenous + spiked) for the
ADVIA Centaur Vitamin Total assay to the LC-MS/MS
methodwas –1.4%; for all third-trimester pregnancy samples,
the average bias was –6.1%; and for all renal dialysis samples,
the average bias was 4.4%. The results for bias, percent
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Table 2: Serum concentrations of 25(OH)D in healthy subjects, DBP-spiked samples from healthy subjects, pregnant women, and dialysis
patients.

Number of
samples

ADVIA Centaur
Vitamin D Total assay

ADVIA Centaur
Vitamin D Total assay LC-MS/MS LC-MS/MS

Average ± SD
(ng/mL) Range (ng/mL) Average ± SD

(ng/mL)
Range
(ng/mL)

Healthy not spiked (endogenous) 5 44.8 ± 20.1a 24.0–75.0 44.6 ± 19.8 24.3–75.3
Healthy
(endogenous and endogenous + spiked) 30 43.7 ± 16.7c,d 22.9–75.3 44.6 ± 18.0e 24.0–75.0

Healthy (endogenous + spiked) 25 43.5 ± 16.7b,d 22.9–75.3 44.6 ± 18.0e 24.0–75.0
Pregnancy 36 25.3 ± 8.7 3.7–40.8 27.3 ± 9.6 4.0–44.9
Dialysis 40 29.0 ± 15.3 6.5–72.6 28.1 ± 14.8 6.0–67.0
To convert 25(OH)D concentrations to nanomoles per liter (nmol/L), multiply by 2.5.
aP < 0.05 compared to the pregnancy group; bP < 0.01 compared to the dialysis group; cP < 0.001 compared to the dialysis group; dP < 0.0001 compared to the
pregnancy group; eP < 0.001 compared to the pregnancy and dialysis groups.
DBP: vitamin D binding protein.

Table 3: Serum concentrations of DBP in healthy subjects and DBP-spiked samples from healthy subjects.

LC-MS/MS
(ng/mL)

Concentration of spiked
DBP in serum (𝜇g/mL)

DBP
(mg/mL)

ADVIA Centaur
(ng/mL)

ADVIA Centaur bias to
LC-MS/MS

24 276.9 24.3 1%
24 50 347.2 24.2 1%
24 100 385.5 23.5 −2%
24 150 334.9 24.3 1%
24 200 407.1 23.1 −4%
24 250 472.1 22.9 −5%
32 301.6 31.6 −1%
32 50 339.1 34.8 9%
32 100 629.7 33 3%
32 150 446.8 34.8 9%
32 200 489.5 34.5 8%
32 250 584.4 31.9 0%
51 260.7 53 4%
51 50 261.2 48.4 −5%
51 100 327.8 47.5 −7%
51 150 417.7 50.8 0%
51 200 593.3 49.1 −4%
51 250 486.2 45.7 −10%
41 380.1 39.7 −3%
41 50 420.5 40.6 −1%
41 100 590.2 41.2 0%
41 150 747.3 38.5 −6%
41 200 738 40.9 0%
41 250 980.6 37.7 −8%
75 519 75.3 0%
75 50 584.8 69.7 −7%
75 100 724.9 75.3 0%
75 150 788.4 73.4 −2%
75 200 731.3 67.7 −10%
75 250 789.7 73.1 −2%
DBP: vitamin D binding protein. To convert 25(OH)D concentrations to nanomoles per liter (nmol/L), multiply by 2.5.
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Figure 1: Continued.
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Figure 1: Bias and percent bias between the 25(OH)D results of the ADVIA Centaur Vitamin D Total assay and the LC-MS/MS method as
a function of DBP concentration in healthy human serum pooled samples (endogenous and endogenous + spiked) (a, b, c, d), pregnancy
(third trimester) samples (a, b, e, f), and renal dialysis samples (a, b, g, h). The bias ±1.96 standard deviation (SD) represents the 95% limits
of agreement. To convert 25(OH)D concentrations to nanomoles per liter (nmol/L), multiply by 2.5.

bias, 95% CI, and SD (95% limits of agreement = 1.96 SD)
as a function of DBP concentration for each population—
separate and combined—are presented in Figure 1. When
all populations were combined, positive bias (versus LC-
MS/MS)was observed at very low serumDBP concentrations
and negative bias was observed at very high serum DBP
concentrations (Figure 1).

With respect to dialysis sampleswith generally lowerDBP
concentrations, we do not know if uremic serum properties
contributed to bias, and we question the validity of analyzing
combined populations. Nevertheless, we examined how well
the methods in subjects with serum DBP concentrations
at extremes of the serum DBP concentration range (very
low and very high)—for combined and separate populations
(Figures 2, 3, and 4). Very low and very high serum DBP
concentrations were defined as two SD below and above
the mean for healthy subjects which is 348 ± 106 𝜇g/mL;
hence, the very low DBP group comprised samples having
concentrations of ≤136 𝜇g/mL, and high DBP group com-
prised samples having concentrations of ≥560𝜇g/mL. The
middle range group had samples with DBP concentrations
ranging from 137 to 559 𝜇g/mL. The following populations
were analyzed: (1) healthy, spiked, pregnancy, and dialysis
(Figure 2); (2) healthy (which had no low or high groups)
[Figure 3(a)]; (3) healthy and spiked (which had no low
group) [Figure 3(b)]; (4) spiked (which had no low group)
[Figure 3(c)]; (5) pregnancy [Figure 4(a)]; (6) dialysis (which
had no high group) [Figure 4(b)].

Analysis of 25(OH)D values for ADVIA Centaur and LC-
MS/MS as a function of low, medium, and high serum DBP
concentrations demonstrated that correlations between the
two methods were acceptable at low and high serum DBP
levels for all populations analyzed (combined and separate)
(Figures 2, 3, and 4), with pregnancy samples demonstrating

the lowest correlation at very high serumDBP concentrations
(𝑟 = 0.87, 𝑃 < 0.0002). Healthy samples (endogenous and
endogenous + spiked) showed very good correlations and
agreement between methods. The mean bias obtained for
combined populations and each population separately for
their low, medium, and high range DBP groups represented
acceptable assay performance (Table 4).

LC-MS/MS identified 25(OH)D
3
, 25(OH)D

2
, and 3-

epi-25(OH)D
3
in samples. Only four samples from preg-

nant subjects had detectable 25(OH)D
2
(3.2, 5.2, 8.0, and

10.7 𝜇g/mL). Nineteen samples from dialysis patients had
detectable 25(OH)D

2
(range 1.6 to 35 ng/mL), eight of which

had levels above 10 ng/mL.Themean percent bias of the eight
25(OH)D

2
samples which had greater than 10 ng/mL was

9.0 ± 0.12% (mean ± SD), whereas the mean percent bias of
the remaining samples was 3.0 ± 0.12%. Of the 40 dialysis
patients, 17 had less than 1.5 ng/mL 3-epi-25(OH)D

3
and 23

(58%) had 3-epi-25(OH)D
3
concentrations ranging from 1.7

to 3.6 (mean ± SD, 2.5 ± 0.57 ng/mL). Of the 36 pregnancy
subjects, four had less than 1.5 ng/mL 3-epi-25(OH)D

3
and

32 (89%) had 3-epi-25(OH)D
3
concentrations ranging from

1.6 to 6.3 ng/mL (mean ± SD, 3.3 ± 1.3).

4. Discussion

This study addressed the influence of DBP on the accuracy
of the ADVIA Centaur Vitamin D Total assay by comparison
with an LC-MS/MS method. The ADVIA Centaur Vitamin
D Total assay results in this study are traceable to ID-
LC-MS/MS 25(OH)D reference method procedure and the
standard reference materials established by NIST and the
University of Ghent [4, 9, 17, 22].

In healthy individuals, endogenous serum DBP concen-
tration (347.6 𝜇g/mL) was found to be within the range
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Figure 2: Correlation of 25(OH)D results obtained from theADVIACentaurVitaminDTotal assay and the LC-MS/MSmethod for combined
normal human serum pooled samples (endogenous and endogenous + spiked), pregnancy (third trimester samples), and renal dialysis
samples for (a) low, (b) medium, and (c) high DBP groups. Dotted line: line of identity. To convert 25(OH)D concentrations to nanomoles
per liter (nmol/L), multiply by 2.5.

reported by others (300–600𝜇g/mL) [20] and increased
after DBP spiking (545 𝜇g/mL). Despite the increase in DBP
concentrations after spiking, 25(OH)D measurements in
individual samples were equivalent between the two meth-
ods. There were no healthy (endogenous or endogenous +
spiked) samples in the low DBP range, as defined by two SD
values below the mean of healthy samples (i.e., ≤136 𝜇g/mL)
(Figure 3). The high DBP range, as defined by two SD
values above the mean of healthy samples (i.e., ≥560𝜇g/mL),
comprised twelve spiked samples (Figure 3), and 25(OH)D
agreement was good between the methods for 25(OH)D
values (𝑟 = 0.9927, 𝑃 < 0.0001; bias −3.0 ± 3.98%). Thus,
there was not a significant bias observed for the ADVIA
Centaur for healthy samples (endogenous + spiked). This
demonstrates that DBP concentrations as high as 980 𝜇g/mL
did not appear to interfere with the assay for this popula-
tion. By comparison, endogenous serumDBP concentrations
peaked at 519 𝜇g/mL in healthy subjects. Because the use of

DBP-spiked samples may be suspect, these results will be
confirmed in future studies which evaluate a greater number
of samples from healthy subjects containing endogenous
serum DBP concentrations in the higher range (although
it is unlikely that normal healthy subjects exist with DBP
concentrations that can be achieved at the high spiking
concentrations).

Depending on hormonal status or disease state serum
matrix components may be different, and the levels of DBP
may be higher or lower than those of healthy individuals [14,
15]. In women who are receiving estrogen therapy and those
who are pregnant, higher serum estrogen levels correlate with
increases in circulating DBP and total 1,25(OH)

2
D. During

pregnancy, increased 1,25(OH)
2
D
3
occurs in response to the

growing calcium demands of the fetus [14, 15]. Consistent
with these reports, the mean DBP concentration was greater
(415 𝜇g/mL) for samples frompregnantwomen than for those
from healthy subjects (347.6 𝜇g/mL) and dialysis patients
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Figure 3: Correlation of 25(OH)D results obtained from the ADVIA Centaur Vitamin D Total assay and the LC-MS/MSmethod for normal
human serum pooled samples: (a) endogenous, (b) endogenous and endogenous + spiked, and (c) endogenous + spiked. Dotted line: line of
identity. To convert 25(OH)D concentrations to nanomoles per liter (nmol/L), multiply by 2.5.
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Figure 4: Correlation of 25(OH)D results obtained from the ADVIA Centaur Vitamin D Total assay and the LC-MS/MS method for
(a) pregnancy (third trimester) samples and (b) renal dialysis samples. Dotted line: line of identity. To convert 25(OH)D concentrations
to nanomoles per liter (nmol/L), multiply by 2.5.

(198 𝜇g/mL). Despite the overall higher DBP concentrations
in pregnancy serum, 25(OH)D results for those samples with
low, medium, and high DBP concentrations demonstrated
acceptable agreement between the ADVIA Centaur Vitamin

D Total assay and the LC-MS/MS method (𝑟 = 0.96, 𝑃 <
0.0018, bias 2.0 ± 10.9%; 𝑟 = 0.96, 𝑃 < 0.0001, bias –3.0 ±
12.6%; 𝑟 = 0.87, 𝑃 < 0.0002, bias –14.0 ± 9.9%, resp.).
Although samples in the low andmediumDBP range showed
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Table 4: Mean bias (±SD) compared to LC-MS/MS for the low, medium, and high range DBP groups for combined populations and each
population separately: healthy and DBP-spiked, DBP-spiked, pregnant women, and dialysis patients.

DBP
≤136𝜇g/mL

DBP
137–559 𝜇g/mL

DBP
≥560 𝜇g/mL

Bias (ng/mL)

Combined populations 1.67 ± 3.33
(n = 24)

−0.45 ± 3.07
(n = 57)

−3.0 ± 3.98
(n = 25)

Healthy (endogenous and endogenous + spiked) −2.78 ± 2.12
(n = 18)

−1.88 ± 2.47
(n = 12)

Healthy (endogenous + spiked) −0.45 ± 2.40
(n = 13)

−1.88 ± 2.47
(n = 12)

Pregnancy 0.017 ± 2.76
n = 6

−0.72 ± 0.13
(n = 18)

−4.72 ± 3.67
(n = 12)

Dialysis 2.23 ± 3.38
(n = 18)

−0.38 ± 3.91
(n = 21)

2.30
(n = 1)

% bias

Combined populations 8.0 ± 10.99%
(n = 24)

−1.0 ± 10.66%
(n = 57)

−8.0 ± 10.09%
(n = 25)

Healthy (endogenous and endogenous + spiked) 0.0 ± 5.30%
(n = 18)

−3.0 ± 3.98%
(n = 12)

Healthy (endogenous + spiked) 0.0 ± 6.10%
(n = 13)

−3.0% ± 3.98%
(n = 12)

Pregnancy 2.0 ± 10.9%
(n = 6)

−3.0 ± 12.6%
(n = 18)

−14.0 ± 9.9%
(n = 12)

Dialysis 10.0 ± 10.6%
(n = 18)

0.0 ± 12.4%
(n = 21)

12.0%
(n = 1)

DBP: vitamin D binding protein. To convert 25(OH)D concentrations to nanomoles per liter (nmol/L), multiply by 2.5.

less bias than those with very high DBP concentrations,
the assay performance was acceptable for all groups. Four
samples out of 36 contained measureable 25(OH)D

2
; it is

unlikely that 25(OH)D
2
influenced the assay bias because

several samples lacking 25(OH)D
2
demonstrated similar

levels of bias. In contrast to a previous study that found
higher 25(OH)D levels in pregnant women compared to
nonpregnant healthy women, this study found overall lower
levels in pregnant women; this difference may relate to
differences in vitamin D supplementation [6].

Nephrotic syndrome and CKD predialysis and dialy-
sis patients demonstrate diminished serum levels of the
bioactive 1,25(OH)

2
D, likely due, in part, to impaired renal

synthesis, nutritional deficit, and lower 25(OH)D substrate
levels [23–26]. Although some studies report no change in
serum DBP levels in renal failure patients compared with
healthy individuals, other studies demonstrate lower serum
levels and increased DBP urinary excretion; lower serum
concentrations of DBP likely reflect increased urinary loss
due to proteinuria, which is a common finding in CKD
patients [15, 27, 28]. In this study, the overall mean 25(OH)D
level was equivalent between the ADVIA Centaur Vitamin
D Total assay and the LC-MS/MS method and for the low
and medium range DBP groups (𝑟 = 0.97 overall; 𝑟 =
0.98 low range DBP group; 𝑟 = 0.97 middle range DBP
group, 𝑃 < 0.0001; bias was 4.35 ± 12.4% overall, 10.0 ±
10.6% for the low range DBP group and 0.0 ± 12.4% for
the middle range DBP group, resp.), indicating acceptable

performance of the ADVIA Centaur Vitamin D Total assay
in the presence of DBP and uremic serum. It is not known
whether unique components of uremic serum contributed to
the bias observed. Nineteen samples from dialysis patients
had detectable 25(OH)D

2
(range 1.6 to 35 ng/mL), eight

of which had levels above 10 ng/mL. The 25(OH)D
2
con-

taining samples appeared to contribute to the positive bias
in this patient population. This result is consistent with
the performance of the ADVIA Centaur Vitamin D Total
assay which demonstrates a slight difference in recovery
for 25(OH)D

2
and 25(OH)D

3
(104.5% versus 100.7%) as

stated in the Instructions for Use Manual [18]. Only one
uremic sample was found in the higher range [1115.7 𝜇g/mL
DBP; 19.1 ng/mL 25(OH)D

3
by LC-MS/MS and 21.4 ng/mL

25(OH)D byADVIACentaur; 12% bias of ADVIACentaur to
LC-MS/MS].Whether an error in DBPmeasurement was the
cause for the unusually highDBP concentration is not known.
Although the serum 25(OH)D concentrations in dialysis
patients were lower than those found in healthy individuals,
the values were approximately normal (according to the
Endocrine Society Guidelines). This is likely due to patient
adherence to vitamin D supplementation which is indicated
for end-stage renal disease patients on dialysis. It is worth
noting that lower levels of serum 25(OH)D concentrations in
predialysis patients correlate with a greater risk of mortality
[29]. This underscores the need to accurately evaluate and
monitor serum 25(OH)D levels in the CKD patient popula-
tion.
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A recent study implicated ineffective 25(OH)D-DBP
extraction procedures as the cause of variability in an eval-
uation of five automated assays compared to an RMP LC-
MS/MSmethod [6].The study, which included samples from
healthy individuals, pregnant women, dialysis patients, and
intensive care patients, found that the bias was, at least in
part, dependent on DBP concentration.The ADVIA Centaur
Vitamin D Total assay in the present study differed from
the assay in the previous study in that it has a different
standardization; this version is standardized with internal
standards traceable to the NIST-Ghent VDSP RMP.This may
have had some impact on why the results of this study differ
from those previously reported.

5. Conclusions

The small positive bias found in renal dialysis patients with
DBP concentrations below those found in normal healthy
subjects and small negative bias found in pregnant subjects
withDBP levels above those found in normal healthy subjects
were within the acceptable range for the assay. Thus, for
populations with different levels of DBP, the 25(OH)D results
obtained by theADVIACentaurVitaminDTotal immunoas-
say were equivalent to the sum of 25(OH)D

2
and 25(OH)D

3

using the LC-MS/MS method—especially for individuals
with serum DBP concentrations within the range for the
healthy population (137 to 559𝜇g/mL).
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Vitamin D binding protein (DBP) is the major carrier protein of 25-hydroxyvitamin D (25(OH) D) in the circulation, where it
may serve roles in maintaining stable levels during times of decreased 25(OH) availability and in regulating delivery of 25(OH) D
to target tissues. Several genetic polymorphisms of DBP have been described that lead to phenotypic changes in the protein that
may affect affinity, activity, and concentration. These polymorphisms have been linked with alterations in bone density in several
populations. One of themechanisms bywhichDBPmay alter bone health involves regulating vitaminD bioavailability. DBP-bound
vitamin is thought to be relatively unavailable to target tissues, and thus alterations in DBP levels or affinity could lead to changes in
vitamin D bioactivity. As a result, functional vitamin D status may differ greatly between individuals with similar total 25(OH) D
levels. Additionally, DBP may have independent roles on macrophage and osteoclast activation.This review will summarize recent
findings about DBP with respect to measures of bone density and health.

1. Introduction

Vitamin D binding protein (DBP) is a 58 kDa circulating
alpha globulin produced primarily by the liver.While initially
known as Gc-globulin (group-specific component of serum),
it has been renamed for its ability to bind the vast majority
(>85%) of circulating 25-hydroxyvitamin D (25(OH) D).
DBP is a member of the same protein family as albumin and
is produced at relatively stable levels throughout life, though
high estrogen states like pregnancy can promote increased
production [1]. While it is best known for its vitamin D
binding properties, it may have roles in other biological
processes as well. Additional actions attributed to DBP
include binding of extracellular actin and transport of fatty
acids. DBP also appears to protect the complement factor
C5a from proteolytic degradation, effectively enhancing its
action as a chemotactic protein [2]. A deglycosylated form of
DBP, DBP-macrophage activating factor (DBP-MAF), is able
to promote activation of macrophages and osteoclasts, and
even native DBP may have effects on osteoclasts [3]. Given
both its vitamin D binding characteristics and its potential
direct actions on bone resorption, considerable interest has
been generated in the scientific community surrounding the
potential actions of DBP on bone metabolism and health.

Fueling this interest has been the discovery of significant
interindividual differences in DBP levels. Early data points
to associations between differences in DBP levels and bone
density [4]. While some differences in DBP can be explained
based on clinical characteristics, a moderate amount of
variation in both levels and action appears to be driven by
genetic polymorphisms.

2. Polymorphisms of DBP

Although over 120 variant forms of DBP have been recorded
[5], three main phenotypic alleles have been described in the
literature, initially identified based on their electrophoretic
migration pattern.The slowest migrating is GC2, followed by
GC1S (slow) and GC1F (fast) [6]. These phenotypic variants
differ in both the associated concentration of DBP in the
serum and their affinity for 25(OH) D and possibly other
characteristics (see Table 1) [7]. In addition, there is substan-
tial racial and geographic variationwith these different forms.
GC1F, which is associated with the lowest DBP concentration
when present in homozygotes (though controversy remains
about this topic), is more common in dark-skinned individu-
als, particularly those of African descent, while GC2 is more
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Table 1: Common phenotypic variants of DBP and associated characteristics.

Phenotype rs7041 (D432E) rs4588 (T436K) DBP levels in homozygotes 25(OH) D affinity
GC1F t (D: asp) c (T: thr) Lowest Highest
GC1S g (E: glu) c (T: thr) Highest Intermediate
GC2 t (D: asp) a (K: lys) Intermediate Lowest
The three most widely studied variants of DBP include GC1F, GC1S, and GC2, which are distinguished by their SNPs rs7041 and rs4588. The associated
nucleotide and amino acid changes are presented, along with known data on DBP levels in homozygotes and affinity for 25(OH) D (derived from Powe et al.
[9] and Arnaud and Constans [7]). Conflicting data regarding these relationships remain [10].

common inCaucasians [1].The structural differences in these
polymorphic forms are quite limited. Gc1S and GC2 differ
from Gc1F only by single amino acid differences, tracked to
single nucleotide polymorphisms. The rs7041 polymorphism
leads to a substitution of g for t and, thus, a glutamate for
an aspartate in G1S. The rs4588 polymorphism substitutes
a for c and, thus, lysine for threonine in GC2 [8]. As each
individual has two copies of theDBPgene, the combination of
these various alleles may influence the levels and behavior of
DBP on target tissues, including bone. Most studies of DBP’s
effects on bone in humans have focused on characterizing
these allelic variants and attempting to correlate them with
bone health.

3. DBP Polymorphisms and Bone Health

As women are at highest risk for the development of
osteoporosis later in life, studies of DBP and bone disease
have been concentrated in women. One of the first studies,
originating over 20 years ago, looked at DBP in 258 nonblack
elderly women, aged 65–90 [11]. The subjects were randomly
selected as part of a prospective study of falls and fractures
and underwent bone densitometry measurements at three
sites (calcaneus, proximal radius, and distal radius) as well
as height measurement. Phenotyping of DBP was performed
based on electrophoretic analysis. Over two-thirds of the
individuals in this study had either Gc1S/1S or Gc1S/2
diplotype, with less than three percent carrying the lowest-
DBP allelic combination, Gc1F/1F. This lack of heterogeneity
may have limited the ability of the authors to detect clinical
differences between these alleles and, indeed, no statistically
significant association with these allelic forms was found for
bone mineral density (BMD), with respect to height or with
respect to other bonymeasurements (os-calcis area and elbow
breadth), even after multivariable adjustment for age and
obesity.

Several more recent studies, however, are at odds with
these early findings. While most studies have focused on
the two major SNPs (rs7041 and rs4588) seen in Caucasians
and people of African descent, Ezura et al. examined 13DBP
polymorphisms in a cohort of 384 postmenopausal Japanese
women [12]. Five of these variants were significantly asso-
ciated with BMD; one of these SNPs (−39𝐶 > 𝑇) was
found in the promoter region, while the remainder were
intronic. The combination of the exonic D432E (rs7041,
which defines GC1S) with another SNP (IVS1 + 827𝐶 >
𝑇) was most strongly associated with BMD, suggesting that

examining multiple SNPs simultaneously may be optimal
for determining the effects of these polymorphisms on bone
health, at least in some populations. Neither D432E nor
T436K (rs4588) was significantly associated with DBP when
examined in isolation in this population.

Studies in Western populations have yielded slightly
different results. Lauridsen and colleagues used isoelectric
focusing to determine Gc phenotype in 595 postmenopausal
white Danish women as part of the Danish Osteoporosis
Prevention Study, a 20-year partly randomized multicenter
study of osteoporotic fracture prevention with hormone
replacement therapy [13]. They identified large populations
of GC1/GC1 and GC1/GC2 and a smaller population of
GC2/GC2. They examined associations of these phenotypes
with a historical evaluation of fracture number (prior to
enrollment in the cohort), baseline bone mineral content
(BMC), and baseline BMD at various sites (including fore-
arm, lumbar spine, and hip). Subjects with GC1/GC1 were the
most likely to have had a fracture, while GC2/GC2 subjects
had the least, with GC1/2 individuals falling into an inter-
mediate group. The effects were particularly pronounced for
low-energy fractures. Despite these historical clinical associ-
ations, there neither were differences in measured BMC or
BMD between the subgroups nor were there any differences
in circulating markers of bone turnover. The authors also
examined the effects of plasma DBP concentration; while no
effect was seen in the overall population, DBP concentrations
were negatively correlated with BMD at all sites in women
who had a history of fractures. These results suggest that
there may be subpopulations in which DBP phenotype is
particularly important. Notably, a separate analysis of this
cohort demonstrated unusually high DBP levels in subjects
with GC1F/GC1F, conflicting with more recent data [10].This
discrepancy may reflect changes in DBP assays over time or
other biological differences in the relatively small number of
individuals with this phenotype (𝑛 = 17).

While the mechanism underlying the observed associa-
tions was not clear, a subsequent analysis found that levels of
both 25(OH) D and 1,25-dihydroxyvitamin D (1,25(OH)

2
D)

were lower inGC2/GC2 individuals comparedwithGC1/GC1
(with GC1/GC2 again falling between the two) [14]. Another
study of 741 European white women similarly examined
the relationship between the two common DBP SNPs and
25(OH)D concentrations [15].This study similarly found that
the SNP variant associated with GC2 (rs4588) was associated
with lower plasma 25(OH) D and also found similar results
for the polymorphism at rs7041 associated with GC1F. How-
ever, DBP polymorphisms explained only 2% or less of the



International Journal of Endocrinology 3

variation in 25(OH)D levels, similar to the amount explained
by vitamin D intake. A third study extended these findings to
infants and toddlers. Carpenter et al. studied the relationship
between DBP polymorphisms and 25(OH) D levels in over
750 urbanUS children, 6–36months of age [8]. Childrenwere
genotyped based on the two most commonly studied SNPs
(rs7041 and rs4588). Only the rs4588 SNP appeared to be
associatedwith 25(OH)D levels.When assessed by diplotype,
genetic variation in DBP did appear to be associated overall
with variation in 25(OH) D level, though the effect was again
mild. As with prior studies, the polymorphism associated
with the GC2 phenotype was linked with lower 25(OH) D
levels. The authors also concluded based on multivariate
analysis that only some of the genotypic associations of DBP
with 25(OH) D could be attributed to differences in plasma
DBP concentrations. Additional factors may be differences
in affinity for 25(OH) D between the phenotypes or in other
aspects of DBP action.

A recent study examined associations of DBP genotype
with 25(OH) D levels, parathyroid hormone (PTH) levels,
and bone density in a group of 231 Finnish children aged 7–
19 [16]. Genotyping was done based only on rs4588, which
identifies the GC2 phenotype as distinct from the GC1 forms,
though only 6% of the study population was homozygous
for GC2. GC2 homozygosity was again associated with the
lowest 25(OH) D levels. DBP levels were not examined.
The authors found that the effect of DBP genotype differed
by gender. GC1 variants were associated with higher bone
density only in boys, though another measure of bone health
(strength and strain index)was significant in both genders. As
expected, 25(OH)D levels were generally inversely associated
with PTH levels, including within genotypes. Despite this,
though GC2 homozygotes had the lowest 25(OH) D levels,
they also had the lowest PTH levels. The authors hypothesize
that this may reflect differential amounts of bound versus
unbound 25(OH) D as a fraction of total 25(OH) D, thus
affecting the PTH-vitamin D relationship. How this affects
bone health itself is still unclear. Of note, rs4588 is located in
exon 11, which is thought to affect the non-vitamin D binding
activities of DBP, including potential effects on macrophage
and osteoclast activation as part of DBP-MAF activity, so the
effects on vitamin D biology may not be the only relevant
factor to changes in bone density.

The gender differences in the association of DBP with
BMD have also been seen in adult populations. Xu et
al. studied 1873 individuals from 405 Caucasian European
families, using the newer metric of compression strength
index (CSI), which accounts for weight and the periosteal
diameter of the femoral neck in the interpretation of femoral
BMD [17]. Unlike most studies of DBP polymorphisms, the
authors included 12 SNPs in the analysis, none of which
were the common rs7041 and rs4588. Two were found to
be significantly associated with CSI (rs222029 and rs222020;
both are intronic), but gender-specific analysis revealed that
these associations were driven entirely by men. The authors
hypothesize that this may be due to a greater association
between 25(OH) D and muscle strength in males, but the
exact reason for the observed gender differences in this and
other studies remains elusive.

Other studies have echoed the observations that DBP is
associated with bone density inmen. Rapado found that DBP
concentration was positively associated with lumbar spine
BMD in 140 elderlymen (aged 55–90) [18]. Non-SNP variants
of DBP may also be important in men. One polymorphism
is a variable number of (TAAA)

𝑛
-Alu sequences in intron 8,

which has been associated with an effect on plasma levels of
DBP [4]. Al-Oanzi and colleagues studied this polymorphism
in 170 male subjects that included 114 healthy males and 56
with idiopathic osteoporosis and low trauma fractures [19].
Specific alleles of the (TAAA)

𝑛
-Alu repeat expansion were

associated with bone mineral density as well as DBP concen-
trations. However, studies of DBP and bone health in men
have not universally been positive. A study of 211 men over 70
years of age found no association of either the conventional
DBP phenotypes or (TAAA)

𝑛
repeat expansion genotypes in

BMD or markers of bone turnover [20]. Replication of these
genetic associations is key for validating early findings.

4. DBP and Vitamin D Bioavailability

The majority of both 25(OH) D and 1,25(OH)
2
D circulate

in large part bound to DBP (85–90%). A lesser fraction is
bound weakly to albumin, while less than 1% circulates in
its free form [21]. Animal studies suggest that DBP serves
to protect 25(OH) D from degradation, prolonging its half-
life and protecting against vitamin D deficiency [22]. In
addition to stabilizing vitamin D concentrations, however,
DBP appears to slow the action of vitamin D in the intestine
and reduce uptake by the liver. Additionally, other studies
have demonstrated thatDBPdiminishes the action of vitamin
D on target tissues such as monocytes and keratinocytes
[23, 24]. These findings have supported the application of the
free hormone hypothesis to vitamin D.This model postulates
that only hormones that are not bound to the carrier proteins
are free to enter cells and induce biological actions [25].
Following the identification of binding coefficients of 25(OH)
D and 1,25(OH)

2
D with albumin and DBP [21, 26], relative

fractions of these hormones in bound and unbound states
could be calculated from their total concentrations and the
concentrations of albumin and DBP. Vitamin D behaves sim-
ilar to other hormones such as testosterone, where binding to
a specific binding protein is much stronger than to albumin.
Albumin-bound hormone can be considered similar to free
hormone as it is available to act on target tissues, while
binding-protein bound hormone cannot. Indeed, given this
weak binding, fluctuations in albumin level (e.g., in many
disease states) would not be expected to markedly affect
vitamin D bioactivity. Our group adapted the previously
validated formulae for bioavailable testosterone to vitamin D
to define bioavailable vitamin D concentrations [27, 28]. In a
study of 49 healthy young adults, we found that bioavailable
25(OH) D (not bound to DBP) was highly correlated with
bone density, while total 25(OH) D was not [28].

A follow-up study in a cohort of incident hemodialysis
patients similarly found that bioavailable 25(OH) D was
positively correlated with serum calcium and negatively
correlated with PTH levels, while 25(OH) D displayed no
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such relationship [29]. In a recent publication, we examined
the effects of race and DBP allelic variants in a large cohort
of black and white Americans, focusing on the commonly
studied SNPs rs7041 and rs4588 [9]. Blacks displayed lower
25(OH) D and DBP levels, but higher BMD. Genetic poly-
morphism explained the vastmajority of the variation inDBP
levels (79.4%). Though higher PTH levels were associated
with lower 25(OH) D levels as expected, blacks hadmarkedly
lower 25(OH) D levels compared with whites within each
quintile of PTH. This discrepancy appeared to be explained
by assessment of bioavailable 25(OH) D, which was similar
between the two races and displayed similar associations with
PTH when examined by quintile. Some notable race-specific
effects, however, were found. The T variant of rs7041 was
associated with lower DBP in both races but lower 25(OH)
D levels only in blacks, while the A variant at rs4588 was
associated with higher DBP in both races but lower 25D only
in whites. BMD was associated with total and bioavailable
25(OH)D levels only inwhites.TheDBPdiplotype associated
with the lowest DBP levels (Gc1F/1F) was common in blacks,
but rare in whites. These marked racial differences are likely
to be key for interpreting and assessing generalizability of
studies involving both vitamin D and DBP.

Ongoing controversies remain with the interpretation
of DBP levels. Assays are not standardized and can yield
different results from one another, either due to differential
binding to different DBP isoforms or due to assay nonspeci-
ficity [30–32]. While most studies of free or bioavailable
vitamin D have relied on calculated values based on binding
coefficients, more precisemethods for assessing DBP binding
are being developed. One recent study included a novel
immunoassay that aims to directly measure free 25(OH) D
and compared this with the conventional calculated approach
in 155 individuals, including some cirrhotic and some preg-
nant subjects [33]. This study found that, as expected, DBP
and albumin levels were the lowest in subjects with cirrhosis
but that measured free 25(OH) D was the highest. Despite
the higher DBP levels in pregnancy, however, measured
free 25(OH) D was not different in pregnant women than
in nonpregnant subjects. While calculated and measured
free 25(OH) D levels were correlated, this correlation was
relatively weak, explaining only 13% of the variability, and
was particularly weak in African Americans. The authors
also found that only measured and total 25(OH) D levels
correlated with PTH. Additional assays to directly assess
free and bioavailable vitamin D are under development, and
all will require additional validation and comparison with
clinical outcomes to determine the optimal assay.

5. Summary and Future Directions

A renewed interest in DBP has accompanied a general
upswing in vitamin D research in recent years and, indeed,
DBP may be key for understanding and interpreting vita-
min D’s action, particularly with respect to bone health.
Numerous studies have found thatDBP levels and phenotypic
variants correlate with both total 25(OH) D levels and
BMD and other measures of bone health. However, these

associations have not been consistent in the literature, and the
magnitude of these effects is still of unclear clinical signifi-
cance. Furthermore, many studies of DBP variants have been
performed in specific, homogenous populations andhowwell
these findings translatemore broadly is not well known at this
time. Additional large population studies are needed to better
define the role ofDBP and its variants on biological outcomes.
The concept of bioavailable vitaminD, the fraction of vitamin
D not bound to DBP, may explain some of DBPs effects on
bone health and will be explored further as dedicated assays
are developed. Additional actions, includingDBP’s actions on
monocyte and osteoclast activation, may also be important in
determining bone density. As yet unrealized is the potential
for drugs that influence DBP or its binding that might be
useful in novel approaches to the treatment or prevention
of bone disease. This remains in exciting avenue for future
investigation.
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Vitamin D-binding protein (DBP) is the main transport protein of vitamin D and plays an important role in the immune system
and host defenses. The purpose of this study was to measure DBP levels in plasma and gingival crevicular fluid (GCF) of patients
with generalized aggressive periodontitis (GAgP), in comparison to healthy controls, with the goal of elucidating the relationship
between DBP and GAgP. Fifty-nine GAgP patients and 58 healthy controls were recruited for the study; clinical parameters of
probing depths (PD), bleeding index, and attachment loss (AL) were recorded. DBP levels were measured by enzyme-linked
immunosorbent assay. From the results, GAgP patients had higher plasma DBP concentrations (𝑃 < 0.001) but lower GCF DBP
concentrations (𝑃 < 0.001) than healthy controls. In GAgP group, after controlling the potential confounders of age, gender,
smoking status, andBMI index,GCFDBP concentrations correlated negativelywith PD (𝑃 < 0.001) andAL (𝑃 = 0.009).Within the
limits of the study, we concluded that decreased GCF DBP level and increased plasma DBP level are associated with periodontitis.

1. Introduction

Periodontitis is primarily a bacterial infection caused by a
diverse group of microorganisms [1]. Generalized aggressive
periodontitis (GAgP) is a subtype of periodontitis thatmainly
affects younger patients and is characterized by episodic
and rapid loss of periodontal supporting tissues [2]. Though
microorganisms are considered to be the etiologic agent that
causes this inflammatory lesion, it is the chemical mediators
of inflammation that play a pivotal role in the loss of per-
iodontal connective tissue, aswell as supporting alveolar bone
[3].

Vitamin D has been shown to have immunomodulatory
effects in vitro and in animal studies. Previous research
from our group revealed a relationship between 25-hydroxy-
vitamin D (25[OH]D) and GAgP. Specifically, we reported
that plasma 25(OH)D levels were higher in patients with

GAgP, as compared to healthy controls, and were positively
correlated with an index of gingival bleeding [4]. It has
also been shown that initial periodontal therapy reduces
both local and systemic 25(OH)D levels [5]. Furthermore,
polymorphisms in the gene encoding the vitamin D receptor
have been reported in several studies to be associated with
periodontitis [6–10]. Taken together, these studies suggest
a potential role for the vitamin D pathway in maintaining
periodontal health.

Vitamin D-binding protein (DBP), also known as group-
specific component (Gc), is another important element in
vitamin D pathways. It is the main transport protein of
vitamin D in circulation and plays an important part in vita-
min D bioavailability. Besides, it also has anti-inflammatory
and immunomodulatory functions independent of vitamin
D carriage, such as coactivating macrophages, enhancing the
chemotactic activity of C5-derived peptides, and associating
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with many immune cell surfaces including neutrophils. In
addition it scavenges actins released fromnecrotic cells, binds
fatty acids, and plays a part in bone modulation [11, 12]. The
diverse roles of DBP, including its relationshipwith vitaminD
levels, indicate its potential importance in a range of diseases.
For example, DBP was found in the airways of patients with
chronic obstructive pulmonary disease and acute respiratory
distress syndrome and is believed to stimulate the monocyte
inflammatory response in the lung by enhancing monocyte
responses to C5-derived peptides [13]. In terms of cardiovas-
cular disease, high expression of DBP protein has been found
in fresh thrombotic plaques and in the serum of patients with
ST elevation myocardial infarction [14]. Other disease states
associated with altered DBP levels include tuberculosis, type
1 diabetes, sepsis, and cystic fibrosis [15–18].

With regard to periodontitis, there are few previous
studies which have studied DBP levels in relation to this
disease. A relatively small study (1987) reported elevatedDBP
concentrations in whole saliva of patients with periodontitis,
as compared to dentulous or edentulous control subjects, and
positively correlated DBP concentration with Gingival Index
scores [19]. More recently, Wu et al. compared the proteomic
profile of whole unstimulated saliva in GAgP patients with
those of healthy controls and confirmed the rise of saliva
DBP levels in periodontitis [20]. Our previous study firstly
determined higher plasma DBP levels in patients with GAgP
and found that the levels were associated with inflammatory
cell types and inflammatory markers [21]. The present study
was to assess DBP levels in GCF as well as plasma of patients
with GAgP in comparison to healthy controls and to find out
the link between DBP and GAgP.

2. Materials and Methods

2.1. Study Population. Fifty-nine GAgP patients were recruit-
ed from the clinic of the Department of Periodontology at
Peking University Hospital of Stomatology from July 2001
to October 2007. Diagnostic criteria for GAgP were defined
according to the classification proposed at the International
Workshop for the Classification of Periodontal Diseases
and Conditions in 1999. Specifically, (1) the onset of the
periodontal disease occurred under 35 years of age; (2) at
least eight teeth had a probing depth (PD) over 6mm and
at least three of them were not first molars or incisors; and
(3) radiographic evidence of alveolar bone loss was present.
Fifty-eight periodontal healthy controls were selected from
staff and students at the School of Stomatology; none of
them had any clinical evidence of periodontitis (PD ≤ 3mm;
the percentage of sites with bleeding on probing (BOP) was
<10%; no attachment loss (AL) and no bone loss visible
on radiographs). Subjects with systemic disease, who had
periodontal therapy within the previous year, who received
antibiotics within the previous 3 months, were pregnant
or were receiving vitamin D or calcium supplements (e.g.,
vitamin D, calcium carbonate, calcium lactate, or calcium
gluconate) were excluded from the study. Each subject in
the study completed a questionnaire at the beginning of the
study, and their age, height, weight, body mass index (BMI),

and smoking status were recorded. Smokers were defined
as subjects who were currently smoking (smoked routinely
and never stopped or tried to stop smoking in recent three
months) and nonsmokers were defined as subjects who had
never smoked or had ceased smokingmore than one year.The
study was conducted with informed consent of all subjects
and approved by the Ethics Committee of Peking University
Health Science Center.

2.2. Clinical Examination. A full-mouth periodontal exam-
ination of each subject was conducted using a William’s
periodontal probe. PD and AL were recorded for each tooth
at six sites (mesial, distal, and middle sites of facial and
lingual sides), except wisdom teeth. AL was measured as
the distance between the cementoenamel junction and the
bottom of the periodontal pocket. Bleeding index (BI) [22]
was also recorded for each tooth. Siteswith PDover 6mmand
AL over 5mm were defined as sites of severe periodontitis.
The mean PD, AL, and BI and the percentage of severe
sites were calculated for each subject. All examinations were
performed by two experienced practitioners. In addition
to the dental exam, each patient had a set of full-mouth
periapical radiographs taken.

2.3. Sample Collection and Processing. The blood samples
were obtained from each subject by standard venipuncture
using EDTA-containing collection tubes; all blood samples
were collected between 8:00 and 10:00 am. Plasma was sep-
arated by centrifugation and immediately stored at −70∘C
until the time of the DBP assay. GCF was collected at two
sites from 22 GAgP patients (seven males and 15 females)
and 23 healthy controls (nine males and 14 females). The
GCF collection sites included one around the right maxillary
incisor and the other in the region of leftmandibularmolar. In
GAgPpatients, all of these siteswere affected by periodontitis,
with PD over 4mm and AL over 1mm. The method of
GCF collection and volume determination were performed
as previously described [5]. Briefly, the test site was air-dried
and isolated with a roll of cotton, and supragingival plaque
was removed without touching themarginal gingiva. A paper
strip (Whatman, Maidstone, UK) was then inserted into the
respective periodontal pocket until mild resistance was felt
and was then left in place for 30 seconds. Strips with any visi-
ble contamination of blood were discarded. Before sampling,
each strip was placed into a sterile 0.5mLEppendorf tube and
weighed using an electronic scale (AE240S, Mettler, Zurich,
Switzerland). After GCF collection, the strip was placed into
the same tube and reweighed within 30minutes of collection.
The tube containing the strip was then stored at −70∘C until
the time of the DBP assay. The difference between the weight
of the tube and strip before and after collection was used to
calculate the volume of GCF collected.

GCF is considered to be a serum exudate, as such we
established a standard curve for GCF volume with GCF
weight using human serum. Specifically, 0.1, 0.3, 0.5, 1.0, 1.5,
and 2.5 𝜇L of human serum were dropped onto individual
paper strips. The difference in the weight of each strip before
and after addition of a defined drop of human serumwas used



International Journal of Endocrinology 3

to calculate the weight of serum added. A linear regression
model betweenweight and volumewas then established (𝑟2 =
0.993; 𝑃 < 0.001).

2.4. DBP Assay. At the time of the DBP assay, the 0.5mL
Eppendorf tubes containing GCF-saturated strips were
thawed out at room temperature and a 100 𝜇L of phosphate
buffered solution (pH 7.4) was added to each tube. The tubes
were gently shaken at 4∘C for 20minutes and then centrifuged
at 13,000 rpm (rotor radius = 5.5 cm) for 10minutes.TheDBP
levels in the GCF supernatant and plasma were measured
using a commercially available enzyme-linked immunosor-
bent assay kit (BioSource Systems, Invitrogen, Grand Island,
NY, USA). These assays were performed according to the
manufacturer’s protocol. The total GCF DBP level was
calculated according to the measured DBP concentration.
Calculation of DBP concentration in each GCF sample was
performed by dividing the amount of DBP by the volume of
GCF.

2.5. Statistical Analysis. Both clinical and biochemical
parameters were reported as mean ± standard deviation.
Variables were tested for normality using the Shapiro-Wilk
test. As they were not normally distributed, the data were
analyzed using nonparametric tests. The levels of DBP were
compared between GAgP group and control group using
the Mann-Whitney U-test. Partial correlations between DBP
levels and periodontal clinical parameters were analyzed
with adjustment for age, gender, smoking status, and BMI
index. Correlations between GCF DBP levels and clinical
parameters were analyzed on site-level data, and clinical
parameters of BI, PD, and AL of the sample site were used.
While analysis about correlations between plasma DBP
levels and clinical parameters was based on subject-level
data, the calculated clinical parameters of mean BI, PD, and
AL and percentage of severe sites for each subject were used.
Statistical analyses were carried out using SPSS software,
version 11.5 (SPSS Inc, Chicago, IL, USA), and 𝑃 values <0.05
were considered statistically significant.

3. Results

The basic clinical characteristics of the GAgP and healthy
control groups are summarized in Table 1. The two groups
were not different with respect to age, gender, smoking status,
and BMI index. As expected, generally more severe clinical
indices of periodontal disease were observed in the GAgP
group. The GCF data was presented on site level. The mean
PD of the 44 periodontitis sites selected for GCF sampling
was 6.70 ± 1.89mm, with a range from 4mm to 10mm. The
mean AL of these sites was 6.39 ± 2.52mm, with a range
from 1mm to 13mm. As presented in Table 2 and Figure 1,
theGAgP group had significantly lowerGCFDBP concentra-
tions (13.39± 10.20 𝜇g/𝜇L GCF versus 166.01± 298.12 𝜇g/𝜇L
GCF; 𝑃 < 0.001) and higher plasma DBP concentrations
(231.75 ± 47.86 𝜇g/mL versus 111.12 ± 20.97 𝜇g/mL; 𝑃 <
0.001) compared to the healthy control group. In GAgP
group, after controlling the potential confounders of age,

Table 1: Basic clinical characteristics of GAgP patients and healthy
controls.

GAgP group
(𝑛 = 59)

Control group
(𝑛 = 58)

Age (years) 26.7 ± 4.9 25.4 ± 3.6

Gender (𝑛; male/female) 20/39 25/33
BMI (kg/m2) 21.58 ± 3.43 21.22 ± 2.04

Smoking (𝑛;
smoker/nonsmoker) 5/54 1/57

Mean BI 3.69 ± 0.33
∗

1.13 ± 0.15

Mean PD (mm) 4.81 ± 0.99
∗

1.63 ± 0.35

Mean AL (mm) 4.75 ± 1.84
∗ 0

Severe site % (% of sites) 32.14 ± 21.09
∗ 0

Data are presented as mean ± SD or number of subjects as indicated; ∗𝑃 <
0.05, compared to healthy controls.

Table 2: Comparisons of GCF DBP levels and plasma DBP levels
between GAgP patients and healthy controls.

DBP levels GAgP group Control group
𝑃 value

Mean ± SD Mean ± SD

GCF DBP (𝜇g/𝜇LGCF) 13.39 ± 10.20 166.01 ± 298.12 <0.001
𝑛 = 44 𝑛 = 46

Plasma DBP (𝜇g/mL) 231.75 ± 47.86 111.12 ± 20.97 <0.001
𝑛 = 59 𝑛 = 58

Table 3: Partial correlations between GCF DBP concentrations and
clinical parameters after adjusting for age, gender, smoking status,
and BMI index.

GCF DBP
(𝜇g/𝜇LGCF)

GAgP group (𝑛 = 44) Control group (𝑛 = 46)
𝑟 𝑃 value 𝑟 𝑃 value

BI −0.481 0.768 None —
PD −0.504 0.001 None —
AL −0.410 0.009 None —

gender, BMI, and smoking status, GCF DBP concentration
correlated negatively with PD (𝑟 = −0.504, 𝑃 = 0.001) and
AL (𝑟 = −0.410, 𝑃 = 0.009) of the sample site (Table 3). No
correlations were found between plasma DBP concentration
and periodontal clinical parameters in neither GAgP group
nor control group as shown in Table 4.

4. Discussion

DBP is a plasma a2-globulin with a molecular weight of 52–
59 kDa and is recognized as a member of a multigene family
that includes albumin, 𝛼-fetoprotein, and 𝛼-albumin/afamin.
TheDBP gene is expressed in a wide variety of tissues, but the
vast majority of serum DBP is derived from gene expression
and secretion by the liver. It is abundant in plasma and exerts
multiple biological functions, which range from transporting
vitamin D metabolites, scavenging actins, to recently most
discussed roles in immune system and host defense [11].
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Figure 1: (a) DBP concentrations in GCF of GAgP group were
significantly lower than in control group (𝑃 < 0.001); (b) DBP
concentrations in plasma of GAgP group were significantly higher
than in control group (𝑃 < 0.001).

Table 4: Partial correlations between plasma DBP concentrations
and clinical parameters after adjusting for age, gender, smoking
status, and BMI index.

plasma DBP
(𝜇g/mL)

GAgP group (𝑛 = 59) Control group (𝑛 = 58)
r 𝑃 value r 𝑃 value

Mean BI 0.1588 0.251 0.048 0.768
Mean PD −0.1347 0.327 −0.190 0.216
Mean AL −0.164 0.230 None —
Severe sites % −0.167 0.233 None —

DBP was implied to be a normal constituent of parotid
saliva and its levels in parotid saliva did not vary according
to the presence or absence of periodontal disease and were
irrespective of the presence or absence of the teeth [19].

While DBP concentrations in whole saliva of patients with
periodontitis were increased compared to healthy controls
and correlated positively with periodontal inflammation, the
elevated DBP levels in whole saliva were reported less than
1 𝜇g/mL, which were far lower than those in GCF according
to our reports and were proposed to come from GCF. It is
reasonable considering the far differences between GCF and
saliva DBP levels, and the fact that, in cases of periodontitis,
both GCF volume and flow rate were increased significantly
[23]. It was much easier for the high GCF DBP to flow into
themouth and finally contributed to the increased salivaDBP
levels.

Onhealthy conditions,DBPpresences inGCFwere abun-
dant and its levels were even higher than those in plasma. It
is indicated that DBPmight exert a role in periodontal health
and that periodontal tissues might be another sources of
GCF DBP other than serum.The significant decrease of GCF
DBP levels in periodontitis patients might be a consequence
of a lack of effective production or an increase of local
consumption. For more information, it might be necessary to
investigate the distributions or expressions of DBP in healthy
and periodontitis tissues. Also, longitudinal study about how
periodontal therapy influences local and plasma DBP levels
is essential to confirm the relationship between DBP and
periodontal inflammation. Nevertheless our data indicate
that DBP is present in the GCF and available to participate
in the inflammatory response to periodontal challenge.

DBP is themain transport protein of vitaminD in the cir-
culation, and plasma 25(OH)D levels have been reported to
be increased in patients withGAgP, aswell as being associated
with periodontal inflammation [4, 5]. In concordance with
these previous studies, we observed that plasma DBP levels
of patients with GAgP were higher than controls; however,
no correlation between plasma DBP concentrations and the
previously measured plasma 25(OH)D levels in the same 44
GAgP patients (data not shown) was found.We interpret this
result to indicate that the increasedDBP concentrationmight
not be a direct response to a change in vitamin D status.
Mechanisms independent of vitamin D levels might explain
the rise in plasma DBP level seen in GAgP patients and also
in the potential role of DBP in periodontitis. This finding is
in agreement with a previous study in patients with type 1
diabetes, where altered DBP concentrations were not related
to 25(OH)D levels [15].

In the current study, the plasma concentrations of DBP
in healthy individual were assayed to be 77.51–175.10𝜇g/mL,
which were lower than those reported in the other race [11,
15]. It is worth noting that plasma 25(OH)D levels of Chinese
people also seemed a little lower than in other people [4].
So one reason might be the differences caused by the human
race. Besides the differences in the sensitivity of ELISA kits
might make the data provided not always comparable.

DBP is implied to be an acute phase reactant produced by
liver. Its hepatic synthesis could be upregulated by proinflam-
matory cytokines such as interleukin-6, and it is known that
plasma interleukin-6 levels are increased in cases of GAgP,
thus such a proinflammatory response may contribute to the
increasedDBP levels observed in patientswithGAgP [24, 25].
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In addition to the liver, several other tissues express DBP,
including the kidney, adipose tissue, and gonads; however, it
is not known whether DBP expression in these tissues can
be regulated by the immune system [26]. In direct relation
to cells of the immune system, it is known that DBP mRNA
is expressed in activated monocytes [27]; it can be secreted
by neutrophils and this level of secretion was enhanced after
C5a stimulation [28]; it binds to the surface of neutrophils
which is essential for DBP’s chemotactic activity [29]; and
neutrophils activated by LPS have an increased number
of DBP-binding sites [30]. Taken together, these studies
suggest that, in cases of periodontitis, increased numbers of
neutrophils with an enhanced ability to secrete and bindDBP
might also contribute to systemic increases in DBP levels.

From the results, GAgP patients have higher plasma DBP
levels but lower GCF DBP levels when compared to healthy
controls. But no significant correlations were found between
these two presences in neither GAgP patients nor healthy
controls, when taking the average of the two data as the
GCF DBP levels for those 22 GAgP patients and 23 healthy
controls (data not shown). According to the methods and
materials, two sites of the individuals were chosen to collect
GCF samples. These two sites were not always the most
severe site of the patients with GAgP; on the other hand, the
sampling sites were just two andmay not represent the whole
periodontal inflammation of the individual. Further research
is needed to gain more detailed information about the
potential roles of DBP in the pathogenesis of periodontitis.

5. Conclusions

In summary, DBP was measured in the GCF and plasma of
patients with GAgP. In comparison to healthy controls, we
found that patients with GAgP had higher plasma levels but
lower GCF DBP concentrations. The greater the periodontal
destruction is, the lesser the GCF DBP concentration is.
Further research is needed to investigate the expressions of
DBP in periodontium of periodontal health and disease and
to study how periodontal therapy influences systemic and
local DBP levels.

Conflict of Interests

The authors declare that there is no conflict of interests in this
study.

Acknowledgments

This research was supported by the National Natural Sci-
ence Foundations of China (30271411, 30471882, 30772420,
30973319, and 81271149); National Key Project of
Scientific and Technical Supporting Programs of China
(2002AA217091, 2007BAZ18B02); Clinical Research Fund,
Ministry of Health P.R.C.

References

[1] H. Loe, E. Theilade, and S. B. Jensen, “Experimental gingivitis
in man,” Journal of Periodontology, vol. 36, pp. 177–187, 1965.

[2] “Parameter on aggressive periodontitis. American Academy of
Periodontology,” Journal of Periodontology, vol. 71, pp. 867–869,
2000.

[3] R. J. Genco, “Host responses in periodontal diseases: current
concepts,” Journal of Periodontology, vol. 63, no. 4, pp. 338–355,
1992.

[4] K. Liu, H. Meng, X. Tang et al., “Elevated plasma calcifediol is
associated with aggressive periodontitis,” Journal of Periodon-
tology, vol. 80, no. 7, pp. 1114–1120, 2009.

[5] K. Liu, H. Meng, R. Lu et al., “Initial periodontal therapy
reduced systemic and local 25-hydroxy vitamin D3 and
Interleukin-1𝛽 in patients with aggressive periodontitis,” Jour-
nal of Periodontology, vol. 81, no. 2, pp. 260–266, 2010.

[6] B. J. W. Hennig, J. M. Parkhill, I. L. C. Chapple, P. A. Heasman,
and J. J. Taylor, “Association of a vitamin D receptor gene
polymorphismwith localized early-onset periodontal diseases,”
Journal of Periodontology, vol. 70, no. 9, pp. 1032–1038, 1999.

[7] S. Li, M. H. Yang, C. A. Zeng et al., “Association of vitamin
D receptor gene polymorphisms in Chinese patients with
generalized aggressive periodontitis,” Journal of Periodontal
Research, vol. 43, no. 3, pp. 360–363, 2008.

[8] L. Nibali, M. Parkar, F. D’Aiuto et al., “Vitamin D receptor
polymorphism (-1056 Taq-I) interacts with smoking for the
presence and progression of periodontitis,” Journal of Clinical
Periodontology, vol. 35, no. 7, pp. 561–567, 2008.

[9] K. S. Park, J. H. Nam, and J. Choi, “The short vitaminD receptor
is associated with increased risk for generalized aggressive
periodontitis,” Journal of Clinical Periodontology, vol. 33, no. 8,
pp. 524–528, 2006.

[10] J. L. Sun, H. X. Meng, C. F. Cao et al., “Relationship between
vitamin D receptor gene polymorphism and periodontitis,”
Journal of Periodontal Research, vol. 37, no. 4, pp. 263–267, 2002.

[11] M. Speeckaert, G. Huang, J. R. Delanghe, and Y. E. C. Taes,
“Biological and clinical aspects of the vitaminDbinding protein
(Gc-globulin) and its polymorphism,”ClinicaChimicaActa, vol.
372, no. 1-2, pp. 33–42, 2006.

[12] P. White and N. Cooke, “The multifunctional properties
and characteristics of vitamin D-binding protein,” Trends in
Endocrinology and Metabolism, vol. 11, no. 8, pp. 320–327, 2000.

[13] C. A. Piquette, R. Robinson-Hill, and R. O. Webster, “Human
monocyte chemotaxis to complement-derived chemotaxins is
enhanced by Gc-globulin,” Journal of Leukocyte Biology, vol. 55,
no. 3, pp. 349–354, 1994.

[14] C.Gasparri, A. Curcio,D. Torella et al., “Proteomics reveals high
levels of vitamin D binding protein in myocardial infarction,”
Frontiers in Bioscience (Elite Edition), vol. 2, pp. 796–804, 2010.

[15] D. Blanton, Z. Han, L. Bierschenk et al., “Reduced serum
vitamin D-binding protein levels are associated with type 1
diabetes,” Diabetes, vol. 60, no. 10, pp. 2566–2570, 2011.

[16] M. Emmett, J. L.Miller, andA. J. Crowle, “Protein abnormalities
in adult respiratory distress syndrome, tuberculosis, and cystic
fibrosis sera,” Proceedings of the Society for Experimental Biology
and Medicine, vol. 184, no. 1, pp. 74–82, 1987.

[17] L. Jeng, A. V. Yamshchikov, S. E. Judd et al., “Alterations in
vitamin D status and anti-microbial peptide levels in patients
in the intensive care unit with sepsis,” Journal of Translational
Medicine, vol. 7, article 28, 2009.



6 International Journal of Endocrinology

[18] M.M. Speeckaert, C.Wehlou, S. Vandewalle, Y. E. Taes, E. Rob-
berecht, and J. R. Delanghe, “Vitamin D binding protein, a new
nutritionalmarker in cystic fibrosis patients,”Clinical Chemistry
and Laboratory Medicine, vol. 46, no. 3, pp. 365–370, 2008.

[19] J. W. Krayer, D. L. Emerson, P. J. Goldschmidt-Clermont,
A. E. Nel, P. A. Werner, and R. M. Galbraith, “Qualitative
and quantitative studies of Gc (vitamin D-binding protein) in
normal subjects and patients with periodontal disease,” Journal
of Periodontal Research, vol. 22, no. 4, pp. 259–263, 1987.

[20] Y.Wu, R. Shu, L.-J. Luo, L.-H. Ge, and Y.-F. Xie, “Initial compar-
ison of proteomic profiles ofwhole unstimulated saliva obtained
from generalized aggressive periodontitis patients and healthy
control subjects,” Journal of Periodontal Research, vol. 44, no. 5,
pp. 636–644, 2009.

[21] X. Zhang, H.Meng, X. Sun et al., “Elevation of VitaminD-bind-
ing protein in plasma of patients with generalized aggressive
periodontitis,” Journal of Periodontal Research, vol. 48, pp. 74–
79, 2013.

[22] J. E. Mazza, M. G. Newman, and T. N. Sims, “Clinical and anti-
microbial effect of stannous fluoride on periodontitis,” Journal
of Clinical Periodontology, vol. 8, no. 3, pp. 203–212, 1981.

[23] K. Tsuchida and K. Hara, “Clinical significance of gingival fluid
measurement by ‘Periotron’,” Journal of Periodontology, vol. 52,
no. 11, pp. 697–700, 1981.

[24] C. Guha, M. Osawa, P. A. Werner, R. M. Galbraith, and G. V.
Paddock, “Regulation of human Gc (vitamin D-binding) pro-
tein levels: hormonal and cytokine control of gene expression
in vitro,” Hepatology, vol. 21, no. 6, pp. 1675–1681, 1995.

[25] X. J. Sun, H. X. Meng, D. Shi et al., “Elevation of C-reactive pro-
tein and interleukin-6 in plasma of patients with aggressive
periodontitis,” Journal of Periodontal Research, vol. 44, no. 3, pp.
311–316, 2009.

[26] J. F.McLeod andN. E. Cooke, “The vitaminD-binding pro-tein,
𝛼-fetoprotein, albumin multigene family: detection of tran-
scripts in multiple tissues,” Journal of Biological Chemistry, vol.
264, no. 36, pp. 21760–21769, 1989.

[27] A. Sabbatini, M. Petrini, L. Mattii, P. Arnaud, and R. M. Gal-
braith, “VitaminDbinding protein is produced by humanmon-
ocytes,” FEBS Letters, vol. 323, no. 1-2, pp. 89–92, 1993.

[28] R. R. Kew, M. A. Sibug, J. P. Liuzzo, and R. O. Webster, “Local-
ization and quantitation of the vitamin D binding protein (Gc-
globulin) in human neutrophils,” Blood, vol. 82, no. 1, pp. 274–
283, 1993.

[29] L. A.McVoy and R. R. Kew, “CD44 and annexin A2mediate the
C5a chemotactic cofactor function of the vitamin D binding
protein,” Journal of Immunology, vol. 175, no. 7, pp. 4754–4760,
2005.

[30] S. J. DiMartino, G. Trujillo, L. A. McVoy, J. Zhang, and R. R.
Kew, “Upregulation of vitaminD binding protein (Gc-globulin)
binding sites during neutrophil activation from a latent reser-
voir in azurophil granules,”Molecular Immunology, vol. 44, no.
9, pp. 2370–2377, 2007.



Review Article
Vitamin D Binding Protein Impact on 25-Hydroxyvitamin D
Levels under Different Physiologic and Pathologic Conditions

Pegah Yousefzadeh,1 Sue A. Shapses,2 and Xiangbing Wang1

1 Division of Endocrinology, Metabolism & Nutrition, Department of Medicine, Rutgers University-Robert Wood Johnson
Medical School, New Brunswick, NJ 08903, USA

2Department of Nutritional Sciences, Rutgers University, New Brunswick, NJ 08901, USA

Correspondence should be addressed to Xiangbing Wang; wangx9@rwjms.rutgers.edu

Received 18 January 2014; Revised 3 April 2014; Accepted 10 April 2014; Published 28 April 2014

Academic Editor: Zhongjian Xie

Copyright © 2014 Pegah Yousefzadeh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

There is a high prevalence of vitaminD deficiency worldwide, but how to define vitaminD deficiency is controversial. Currently, the
plasma concentration of total 25-hydroxyvitamin D [25(OH)D] is considered an indicator of vitamin D status. The free hormone
hypothesis states that protein-bound hormones are inactive while unbound hormones are free to exert biological activity. The
majority of circulating 25(OH)D and 1,25(OH)

2
D is tightly bound to vitaminDbinding protein (DBP), 10–15% is bound to albumin,

and less than 1% of circulating vitamin D exists in an unbound form. While DBP is relatively stable in most healthy populations, a
recent study showed that there are gene polymorphisms associated with race and ethnicity that could alter DBP levels and binding
affinity. Furthermore, in some clinical situations, total vitamin D levels are altered and knowing whether DBP is also altered may
have treatment implications.The aim of this review is to assess DBP concentration in different physiological and pathophysiological
conditions. We suggest that DBP should be considered in the interpretation of 25(OH)D levels.

1. Introduction

Reports of the worldwide prevalence of low vitamin D status
vary depending on the level of total 25-hydroxyvitamin D
[25(OH)D] that is used to define vitamin D sufficiency. The
plasma concentration of total 25(OH)D is considered an
indicator of vitamin D status due to its long half-life of 15–
35 days and lack of hormonal control of the hepatic 25-
hydroxylase [1]. The free hormone hypothesis states that
protein-bound hormones are relatively inactive while hor-
mones not bound to binding proteins are available to exert
biological activity [2]. The majority (85–90%) of circulating
25(OH)D and 1,25(OH)

2
D is tightly bound to DBP, with

a smaller amount (10–15%) bound to albumin. Less than
1% of circulating vitamin D exists in a free, unbound form
[3, 4]. It is difficult to define vitamin D deficiency because
circulating 25(OH)D levels vary in different physiologic and
disease states. It is unclear whether a change in levels of
DBP would have any effect on concentrations of vitamin
D metabolites, as DBP circulates at a higher level than its

ligands. In a recent study, it was reported that despite the
lower levels of total 25(OH)D andDBP in blacks compared to
whites, both groups had similar concentrations of estimated
bioavailable 25(OH)D and can be explained by a difference
in polymorphisms in the DBP gene [5]. Another recent
study used a novel immunoassay to directly measure free
25(OH)D, and they concluded that the current algorithms
to calculate free 25(OH)D may not be accurate and further
investigation is required [6]. A new assay that measures free
serum 25(OH)D directly is now available by the Future Diag-
nostics (Wijchen, The Netherlands), but it is labor intensive,
costly, and time-consuming. Alternatively, the bioavailable
and DBP-bound 25(OH)D can be calculated using equations
adapted from Vermeulen et al. [7] and is currently being
used in clinical practice [8]. Recent studies have found that
serum DBP and vitamin D levels are decreased in type 1
diabetes mellitus (T1DM) [9], chronic liver [10], and renal
diseases [11], while pregnancy and oral contraceptive pills
(OCP) increase DBP and vitamin D levels [12, 13]. On the
other hand, in a large cohort of healthy adults with sufficient
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vitamin D levels, the biological effects of vitamin D on
PTH levels are mainly independent of DBP concentration
[14]. This finding may provide useful information for studies
investigating the relationship between 25(OH)D and DBP
in different age groups, races, and disease states. Dynamic
changes of DBP levels should be integrated into interpreting
the serum levels of 25(OH)D in these conditions. Besides
binding to vitamin Dmetabolites, DBP has other physiologi-
cal functions, including interacting with target organ or cells.
In addition, megalin, possibly in conjunction with cubilin,
mediates uptake of DBP-bound 25(OH)D into the kidney
for the intracrine conversion of 25(OH)D to 1,25(OH)D [4].
Megalin may also play a role in extrarenal tissues [4]. The
aim of this review is to discuss the correlation between
serum levels of DBP and 25(OH)D in various physiologic and
pathologic conditions.

2. Physiological Factors Affecting
DBP and 25(OH)D Levels

2.1. Race and DBP Genotype. There is a higher prevalence of
vitaminDdeficiency amongAfricanAmericans, as their total
25(OH)D levels are lower than those in white individuals.
This could be due to their lower cutaneous synthesis of
vitaminD [15]. Levels of total 25(OH)D are in part genetically
determined. Variations in the DBP originally referred to as
GC1F, GC1S, and GC2 were first reported more than 50
years ago and may be associated with changes in binding
affinity or serum concentration of DBP. The protein variants
are now recognized as resulting from polymorphisms in the
DBP binding protein gene GC. The phenotypic variations in
the DBP amino acid sequence are distinguished by single
nucleotide polymorphisms (SNPs) rs7041 and rs4588. Blacks
and Asians are more likely to carry GC1F DBP, which has the
highest affinity for 25(OH)D and is associated with low DBP
levels.Whites aremore likely to carry GC1S DBP. GC2, which
has a lower affinity for 25(OH)D and is associatedwith higher
DBP levels, is frequently found in whites and rarely found in
blacks [4, 5]. The high prevalence of GC1F in blacks results
in concentrations of bioavailable 25(OH)D similar to those
in whites [5]. Engelman et al. [16] showed that homozygosity
for the CG1F allele (DDTT) occurred in 53% of African
Americans but only 6% of Caucasians and 13% of Hispanics.
The rs4588 and rs7041 SNPs were associated with 25(OH)D
levels in Hispanics and African Americans. Combinations of
these alleles appear to alter DBP concentration, the affinity
for 25(OH)D, and 25(OH) levels [17, 18]. In a cross-section
study, Santos et al. found that the AA genotype of rs4588 and
TTgenotypic of rs7044 andCT-AT/AT-AT (GC1f-2/2-2)were
associated with lower 25(OH)D levels in healthy girl [19].
The rs4588 and rs7041 SNPs were associated with 25(OH)D
levels and rs4588 was associated with 1,25(OH)

2
D levels in

Hispanics and African Americans [16]. Cheung et al. [20] in
a study of Southern Chinese women found that among four
SNPs (rs2282679, rs10741657, rs12785878, and rs6013897),
rs2282679 was associated with serum 25(OH)D levels and
vitamin D insufficiency while rs12785878 was associated with
vitamin D insufficiency only.

2.2. Age and Gender. Age appears to have an impact on
DBP concentration, as it does on other globulins such as sex
hormone binding protein (SHBG) and insulin-like growth
factor binding protein (IGFBP). Vitamin D insufficiency is
common among older adults. Our recent study showed that
DBP was negatively correlated with age in female subjects
indicating that age might be an independent factor affecting
DBP and 25(OH)D levels [21]. Carpenter et al. [22] suggested
that in young children genetic variance of the common rs4588
affects circulating levels of the DBP, which in turn affects
circulating 25(OH)D levels in infants and toddlers. The GC
genotypemay be related to the susceptibility to low 25(OH)D
levels in female children and adolescents. The GC genotype
also affects circulating 25(OH)D independent of its effect
on circulating DBP. Genome-wide association studies have
found an association between variants in the GC genotypes
and serum levels of 25(OH)D and PHT in older adults [23].
Winters et al. [24] found that DBP was not an important
determinant of circulating 25(OH)D in women, nor was
it affected by race or adiposity. In a study in which DBP
levels were assessed in 100 healthy, middle-aged, and older
participants, it was found that women had higher mean DBP
levels than men, but no associations were observed between
DBP levels and age, body weight, BMI, fat mass, or fat
percentage [25]. Blanton et al. [9] confirmed that DBP levels
were lower in males than in females, which could be due to
estrogen effects on DBP.

2.3. Pregnancy and Estrogen. The increase in DBP levels
associated with pregnancy results from the stimulation of
DBP synthesis by estrogen [12]. It has been shown that while
DBP is higher in pregnancy, free 25(OH)D is not lower, which
can be attributed to weaker binding to DBP [26]. The use
of OCP may also affect 25(OH)D concentrations and DBP
levels. The limited data available on the effects of OCP on
25(OH)D concentrations suggest no change or an increase in
total 25(OH)D [13], whereas most studies consistently report
an increase in levels of 1,25(OH)

2
D and DBP [27].

DBPmay be regulated by various hormone levels, as is the
case with other globulins such as sex hormone binding globu-
lin (SHBG) and thyroid binding globulin (TBG). Egawa et al.
[28] reported that the DBP production might be regulated
by insulin, estradiol, triamcinolone, dihydrotestosterone, or
epidermal growth factor. The use of OCP is associated
with 13%–25% higher concentrations of total 25(OH)D and
1,25(OH)

2
D and DBP. The estrogen component of OCP

may increase DBP synthesis or decrease its catabolism. The
authors suggest that use of OCP should be considered in
the interpretation of plasma concentrations of vitamin D
metabolites [13].Our recent preliminary findings showed that
DBP and 25(OH)D were lower in postmenopausal women
compared with premenopausal women [21]. Consistent with
this finding, the initiation of estrogen therapy in post-
menopausal women caused a significant 8% increase in DBP
levels [29] also suggesting that estrogen is a factor affecting
DBP and 25(OH)D levels.
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2.4. Obesity. Theassociation between reduced 25(OH)Dcon-
centrations and obesity is well established, although the
mechanisms for the lower 25(OH)D concentrations are not
fully described. In a recent report, it was shown that DBP was
lower in obese adolescents compared to those with normal
weight and there was a positive correlation between DBP and
25(OH)D levels. The authors also reported that there was an
inverse relationship between insulin levels and DBP levels in
obese adolescents even when corrected for adiposity. It was
suggested that insulin suppresses the production of DBP [30].
Obese women had higher DBP concentrations and lower
free 25(OH)D compared with normal-weight women and a
lower free 25(OH)D level.The obese womenweremore likely
to have 25(OH)D concentrations that could be considered
suboptimal [31].

3. Pathologic Factors Affecting
DBP and 25(OH)D Levels

3.1. Liver Disease. The liver is where 25-hydroxylation of
vitaminD occurs and themajority of DBP is synthesized.The
prevalence of vitamin D insufficiency is particularly high in
patients with chronic liver disease. Vitamin D deficiency or
low total vitamin D levels in chronic liver disease is likely to
result from a number of mechanisms including lower levels
of sun exposure and inadequate dietary intake of vitamin D.
Serum 25(OH)D levels are inversely related to the severity
of chronic liver disease [32]. Decreased production of DBP
and albumin, which also carries vitamin D, might be critical
in chronic liver disease [10, 33]. However, patients with
cirrhosis and low albumin concentrations have higher free
25(OH)D levels [26]. Patients with end-stage liver diseases
had a high prevalence of low total 25(OH) but maintained
normal serum corrected calcium levels and did not develop
secondary hyperparathyroidism [33]. Low total Vitamin D
and low DBP levels in liver failure can be corrected with a
liver transplant after which serumDBP and albumin increase
substantially. Low DBP levels likely have a role in low total
vitamin D levels in profound liver dysfunction [34].

3.2. Renal Disease. Low total vitaminD levels are common in
patients with chronic kidney disease (CKD) at all stages. An
alteration inmegalin-dependent uptake of DBP in the kidney
[4] in CKDwould be expected to decrease the intracrine con-
version of 25(OH)D to 1,25(OH)D leading to complications,
such as renal osteodystrophy. Increased urinary excretion of
DBP has been associated with tubular dysfunction, such as
in patients with nephrotic syndrome [35] and renal Fanconi
syndrome [36]. Increased urinary loss of DBP has been
postulated to contribute to the low total vitamin D levels
in patients with proteinuria. However, a recent study by
Doorenbos et al. [37] found that antiproteinuric treatment
reduced urinary loss of DBP, but did not affect 25(OH)D
levels in CKD. This is consistent with the hypothesis that
urinaryDBP is amarker of renal interstitial inflammation and
fibrosis [38].When compared towhite patients, black patients
receiving hemodialysis had lower levels of total 25(OH)D,
but similar levels of bioavailable 25(OH)D levels. Bioavailable

25(OH)D levels but not total 25(OH)D and 1,25(OH)
2
D

were significantly correlated with serum calcium [39]. It has
also been shown that children with CKD exhibit altered
concentration of DBP and bioavailable 25(OH), and there is
an important impact of their underlying disease [11]. These
findings suggest that bioavailable vitamin D levels are better
correlated with measures of mineral metabolism than total
vitamin D levels in patients receiving hemodialysis.

3.3. Diabetes. Blanton et al. [9] showed that serum DBP
levels are decreased in patients with T1DM compared to
healthy controls. They suggested that multiple components
in the metabolic pathway of vitamin D may be altered in
T1DMand, collectively, have the potential to influence disease
pathogenesis. Another study showed that urinary loss of
DBP in T1DM was higher compared to healthy individuals
suggesting that urinary loss of DBP might contribute to the
lower levels of serum 25(OH)D [40]. Tian et al. [41] found
that DBP was higher in diabetic patients with nephropathy
and microalbuminuria or macroalbuminuria compared to
healthy controls or diabetic patients with normoalbuminuria.
They suggested that urinary DBP is a potential biomarker for
early detection of diabetic nephropathy.

3.4. Primary Hyperparathyroidism (PHPT). Low total
25(OH)D levels are commonly encountered in patients with
PHPT. The causes are not totally understood, but proposed
mechanisms include stimulation by PTH of the conversion
of 25(OH)D to 1,25(OH)

2
D by 1𝛼-hydroxylase and the

increased catabolism of 25(OH)D by CYP24A1 induced by
the high levels of 1,25(OH)

2
D that prevail in PHPT [42].

We previously reported that both serum 25(OH)D and DBP
levels were significantly lower in female patients with PHPT
compared with control subjects. DBP levels were inversely
correlated with intact PTH, suggesting that PTH regulates
DBP production [43]. The findings suggest that a low DBP
level contributes to the low 25(OH)D level observed in
female PHPT patients.

3.5. Cancer. There are several reports that there is an asso-
ciation between vitamin D deficiency and risk of developing
cancer. A recent meta-analysis suggested an inverse associa-
tion of 25(OH)D with total cancer incidence and mortality
[44]. However, Weinstein et al. [45] reported that 25(OH)D
levels were positively correlated with pancreatic cancer risk
andDBPwas inversely associatedwith pancreatic cancer risk.
Higher DBP concentrations may result in increased bound
25(OH)D and reduced free 25(OH)D. These authors suggest
that simultaneous examination of DBP and 25(OH)D may
be important in determining the association of vitamin D
and cancer risk. In another study, the same authors found
that serum DBP was not associated with prostate cancer
risk overall; however, high serum DBP was associated with
significantly decreased risk of prostate cancer in men with
lower 25(OH)D concentrations and increased risk in men
with higher 25(OH)D. These data suggest that the primary
vitamin D carrier protein DBP modulates the impact of
vitamin D status on prostate cancer [46]. Together, these data
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suggest that the combination of both DBP and 25(OH)D is
needed to understand cancer risk [45, 46]. Mondul et al.
[47] reported that low serum 25(OH)D levels were associated
with a higher risk of bladder cancer and provided data to
support an etiologic role for vitamin D in bladder cancer.
They suggested that free circulating vitamin D might be
a more relevant factor when examining bladder and other
cancers. Overall, the data for cancer is still emerging and the
role of DBP requires further study.

3.6. HIV and Inflammation. Comparing over 200 HIV-
infected youth on stable treatment with regimens contain-
ing tenofovir disoproxil fumarate (TDF) to those whose
treatment lacked TDF, Havens et al. [48] found that the
higher plasma tenofovir concentrations were associated with
higher DBP and lower free 1, 25(OH)

2
D. This might imply

a functional vitamin D deficiency and can explain the TDF-
associated increase in parathyroid hormone.

It is also common to see vitamin D insufficiency in hospi-
talized patients with an acute illness. DBP level is decreased
in acute inflammatory conditions. One study showed that,
following surgery, the mean CRP increased but both serums
25(OH)D and DBP decreased [49]. Patients with sepsis have
a high mortality rate as well as a high prevalence of vitamin
D deficiency. In addition, septic patients have decreased DBP
levels, which further exacerbate the total low vitamin D
levels but might attenuate the risk of vitamin D deficiency
by maintaining normal free or bioavailable 25(OH)D [50].
Jeng et al. found that 25(OH)D and DBP levels were lower in
patients in the intensive care unit with sepsis compared with
healthy controls [51]. Serum 25(OH)D may be an unreliable
biomarker of vitamin D status after acute inflammatory
insult.

3.7. Procedures. Plasma exchange is a therapeutic procedure
that is used to remove pathogenic circulating proteins from
patients’ plasma, and it often results in the depletion of
physiologically important proteins including DBP. Plasma
exchange induced an acute reversible decrease in plasma 1,
25(OH)

2
D, DBP, and calcium and a sustained decrease in

plasma 25(OH)D [52]. Another study showed that, in CKD
stages 4-5 children on peritoneal dialysis (PD), urinary DBP
losses were >300-fold higher than seen in age-matched
healthy children and correlated with urinary albumin loss.
They concluded that peritoneal DBP losses mirror both
dialysate and urinary albumin losses and are associated with
a longer dialysis vintage but do not contribute to vitamin
D deficiency in children on PD [53]. These findings suggest
that serum 25(OH)D may be an unreliable biomarker of
vitamin D status after procedures such as plasma exchange
and PD.

4. Conclusion

Different physiologic and pathologic conditions can affect
DBP levels, which in turn affect circulating 25(OH)D levels.
Therefore, alterations in DBP levels should be considered
as potential confounders on the interpretation of plasma

total 25(OH)D concentrations. Further research is required
to assess whether the free 25(OH)D index as compared to
total 25(OH)D levels is a better marker of 25(OH)D tissue
availability and if it has a higher correlation with indices of
skeletal and nonskeletal outcomes.
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Vitamin D binding protein (DBP) may alter the biologic activity of 25-hydroxyvitamin D [25(OH)D].The objective of our present
study was to determine the joint effect of serum 25(OH)D and DBP on the risk of frailty. Five hundred sixteen male participants
aged 70 years or older were recruited in Changsha city and its surrounding area in Hunan province of China. Frailty was defined
as the presence of at least three of the five following criteria: weakness, low physical activity, slow walking speed, exhaustion, and
weight loss. Multivariate linear regression analysis was performed to assess the relationship between 25(OH)D and DBP levels.
Odds ratios (ORs) for frailty were evaluated across quartiles of 25(OH)D and DBP levels, adjusted age, education, and body mass
index. The results showed that participants in the lowest quartile of 25(OH)D and the highest quartile of DBP levels, the lowest
quartile of 25(OH)D and the lowest quartile of DBP levels, and those in the the lower quartile of 25(OH)D and lowest quartile of
DBP levels had significantly higher OR of being frail compared with those in the highest quartile of 25(OH)D and lowest quartile
of DBP, with OR of 3.18 (95% CI: 1.46–4.56, 𝑃 < 0.05), 2.63 (95% CI: 1.31–3.68, 𝑃 < 0.01), and 2.52 (95% CI: 1.22–3.52, 𝑃 < 0.05),
respectively. The results indicate that the joint effect of serum 25(OH)D and DBP levels is associated with the risk of frailty, and
serum DBP levels affects 25(OH)D-frailty relationship in the older men.

1. Introduction

In the elderly, frailty is an extremely common clinical state
and a serious health problem in which there is an increase
in an individual’s vulnerability for developing increased
dependency and/or mortality when exposed to a stressor
[1, 2]. Overall, it appears that low levels of vitamin D play
an important role in frailty. Vitamin D insufficiency may
exacerbate frailty by affecting mainly two aspects, bone
formation and neuromuscular function [3, 4]. Vitamin D is
expected to be a treatment for frailty in an aging society [5, 6].

Studies examining the relationship between total circulat-
ing 25-hydroxyvitamin D [25(OH)D] levels and frailty have
yielded mixed results. Many epidemiologic investigations
have suggested that lower levels of 25(OH)D have been
linked to muscle strength and increased risk of frailty [7–
15]. Additionally, vitamin D supplementation reduces falls
and improves muscle function in people with low 25(OH)D

levels [16–18]. However, not all observational studies have
confirmed the relationship between 25(OH)D and the risk of
frailty. In several randomized trials, no effect of vitamin D
supplementation on the risk of frailty was observed [19, 20]. It
is possible that, in these studies by using total 25(OH)D levels
as an only measure of vitamin D status, individuals may be
misclassified as sufficient or insufficient in vitamin D.

The free hormone hypothesis postulates that only hor-
mones liberated from binding proteins enter cells and pro-
duce biologic action [21]. 25(OH)D circulates bound to
vitamin D binding protein (DBP) (85% to 90%) and albumin
(10% to 15%), with less than 1% of circulating hormone in
its free form [22]. DBP may alter the biologic activity of
25(OH)D. However, the link between the biologic activity of
25(OH)D and frailty is not clear yet. We hypothesized that
the joint effect of serum 25(OH)D and DBP levels is tightly
linked to the risk of frailty and serumDBP levels might affect
the correlation of 25(OH)D and frailty.
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Table 1: Elected baseline characteristics across quartiles of vitamin D binding protein (medians or proportions).

Characteristic
Quartile of serum vitamin D binding protein (nmol/L)

𝑃 valueQ1
<4046

Q2
4046–<5269

Q3
5269–<6686

Q4
≥6686

Age (years) 76.5 75.1 76.8 77.3 Matched
Height (cm) 170 169 171 172 0.89
Weight (kg) 74.5 78.2 76.1 77.2 0.43
BMI (kg/m2) 24.6 25.1 24.2 25.5 0.61
Education (% > elementary) 16.0 14.6 14.1 13.8 0.49
Physically active during leisure time (% yes) 18.5 16.9 22.1 23.3 0.21
Season of blood draw (% Nov.–Mar.) 100 100 100 100 Matched
Supplemental vitamin D use (% yes) 28.1 26.7 15.3 14.6 0.16
Supplemental calcium use (% yes) 29.7 30.0 23.3 20.1 0.23
Serum biomarkers
25(OH)D (nmol/L) 46.1 42.5 41.2 45.6 0.27
DBP (nmol/L) 3642 4632 5861 7183 NA
Free 25(OH)D (pmol/L) 26.5 28.4 23.9 22.2 0.13
Albumin (g/L) (normal range: 40–55 g/L) 36.0 37.7 38.3 39.1 0.36
Serum calcium (mmol/L) (normal range: 2.03–2.54mmol/L) 2.1 2.2 2.1 2.3 0.46
Parathyroid hormone (ng/L) (normal range: 20.3–46.8 ng/L) 26.6 30.1 27.9 29.1 0.29
BMI: body mass index; 25(OH)D: 25-hydroxyvitamin D; DBP: vitamin D binding protein.

2. Material and Methods

2.1. Participants. From November 2012 to March 2013, 1048
agedmenwhowere≥70 years oldwere recruited inChangsha
city and its surrounding area in Hunan province of China.
Individuals were originally excluded if they were unable
to walk without the assistance of another person or their
renal function and liver function were being abnormal. Five
hundred sixteen subjects had sufficient blood samples for
analysis, and their characteristics are presented in Table 1.The
study protocol was approved by the Second Xiangya Hospital
of Central SouthUniversity Ethics Committees in accordance
with the Declaration of Helsinki and Good Clinical Practices
Guidelines.

2.2. Assessment Methods

2.2.1. Biochemical Analysis. Fasting morning blood was col-
lected and serum was divided into aliquots and they were
stored at −70∘C until they were shipped on dry ice to a central
laboratory, where they were stored at −70∘C until analysis.
Analysis was performed using the radioimmune assay kit
(DiaSorin, Stillwater, MN, USA) to measure 25(OH)D. Intra-
and interassay coefficients of variation (CVs) for 25(OH)D
were 6.3% and 9.1%, respectively. DBP was measured by
commercial enzyme-linked immunosorbent assay (ELISA;
R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The assay was conducted after
diluting serum with intra- and interassay CV 6.1% and
10.2%, respectively, for DBP. The manufacturer reports that
DBP has no significant cross-reactivity with human albumin,
vitamin D

3
, or a-fetoprotein. Intact PTH was measured

by electrochemiluminescence immunoassay on the Cobas
E160 automated analyzer (Roche Diagnostics, Indianapolis,
IN, USA). The intra- and interassay CVs for intact PTH
measurement were 4.7% and 9.6%, respectively. Calcium and
albumin levels were measured by dye-based photometric
assays on an automated analyzer.

2.2.2. Calculation of Free 25(OH)D. Free levels of 25(OH)D
were calculated using the following equation [23]:

Free 25(OH)D

=
total 25(OH)D

1 + (6 × 10
3
× albumin) + (7 × 108 × DBP)

.

(1)

The reported correlation coefficient between calculated free
25(OH)D using this equation and measured free 25(OH)D
by centrifugal ultrafiltration is 0.925 [23].

2.2.3. Other Measurements. Participants completed a ques-
tionnaire andwere interviewed at the examinations and asked
about health status, educational achievement, and smoking
status. A selected medical history including a history of
a physician diagnosis of stroke, cancer, dementia, hyper-
tension, Parkinsonism, diabetes mellitus, coronary heart
disease, and chronic obstructive lung disease was obtained.
Participants were asked to bring all medications including
nonprescription supplements to clinic for verification of use.
Body weight and height measurements were used to calculate
a standard body mass index (BMI).

2.2.4. Frailty Status. Participants were classified as frail,
prefrail, and nonfrail according to a validated screening



International Journal of Endocrinology 3

Table 2: Selected demographic and study variables of the study sample across frailty categories.

Characteristics Nonfrail (𝑁 = 160) Prefrail (𝑁 = 182) Frail (𝑁 = 174) 𝑃
∗

Age (y), mean (SD) 72.7 (4.1) 74.6 (5.2) 81.9 (4.4) <0.05
BMI (kg/m2), mean (SD) 26.5 (3.6) 24.3 (5.2) 27.8 (6.1) 0.68
%BMI† 0.27
<20.0 4.6 10.3 18.1
20.0–<25.0 40.2 25.8 26.0
25.0–<28.0 33.9 29.1 25.6
≥28.0 21.3 34.8 30.3

Education (y), mean (SD) 7.8 (2.1) 5.8 (1.6) 4.1 (1.7) <0.05
Smoking status (% current or previous smokers) 41.2 47.1 45.8 0.62
25(OH)D (nmol/L), mean (SD) 46.1 (11.2) 42.9 (8.3) 35.8 (10.1) <0.05
DBP (nmol/L), mean (SD) 4576 (1676) 4876 (1319) 5323 (1213) <0.05
Free 25(OH)D (pmol/L), mean (SD) 26.3 (7.2) 23.4 (5.2) 20.1 (4.3) 0.26
Albumin (g/L), mean (SD) 38.1 (2.1) 37.3 (2.3) 35.7 (2.6) 0.19
Serum calcium (mmol/L), mean (SD) 2.2 (0.2) 2.1 (0.3) 2.0 (0.3) 0.58
Parathyroid hormone (ng/L), mean (SD) 28.9 (7.8) 30.1 (11.6) 32.3 (9.1) 0.62
Notes: BMI: body mass index; 25(OH)D: 25-hydroxyvitamin D; DBP: vitamin D binding protein.
∗
𝑃 values were determined using Jonckheere-Terpstra trend test.
†BMI was considered a categorical variable as defined and was adjusted in all the regression models.

tool based on the presence or absence of five measurable
characteristics by Fried and Walston [2]: weakness, low
physical activity, slow walking speed, exhaustion, and weight
loss. “Weakness” was defined as grip strength in the lowest
quintile within groups defined by sex and BMI. Participants
reported their level of daily leisure physical activity in the past
year; “low physical activity” was defined as either complete
inactivity or performing low-intensity activities less than
1 h/wk. “Slow walking speed” was defined as usual walking
speed in the slowest quintile within groups defined by sex
and height. Walking speed was measured on a 4-m course
using photocell recordings at the course start and finish.
The final measure averaged two walks. “Exhaustion” was
indicated by a response of “occasionally” or “often/always” to
the statement, “I felt that everything was an effort.” “Weight
loss” was measured as self-reported unintentional weight loss
more than 4.5 kg within the past year. Individuals with a
criticalmass of 3 ormore of the five components were defined
as frail, those with one or two components were defined as
prefrail, and those with none were defined as nonfrail.

2.3. Statistical Analysis. Quartile cutpoints for DBP and
25(OH)D were determined based on the distribution among
participation. Summary statistics were constructed for com-
paring baseline characteristics of the participation. Dis-
tributions of sociodemographic and health characteristics,
total 25(OH)D, and free 25(OH)D and DBP levels were
summarized according to frailty status. The Spearman rank
correlation coefficient was used to describe the correlation
between 25(OH)D andDBP levels. Linear regression analysis
was used to study the relationship between total 25(OH)D
(as independent variable) and DBP levels (as dependent
variable), adjusting for age, education, BMI, and smoking
status. Logistic regression models were used to assess the
effects of 25(OH)D and DBP levels on the risk of being

frail versus nonfrail cross-sectionally at baseline. Because
exploratory analyses suggested potential nonlinear associ-
ations of 25(OH)D and DBP levels with frailty, 25(OH)D
and DBP levels were modeled as quartiles in association
with frailty for ease of interpretation. Interaction terms were
added to the main effects model to explore potential synergy
between 25(OH)D and DBP levels in their associations with
frailty.

3. Results

Characteristics of the subjects by quartiles of serum DBP are
shown in Table 1. There was no significant difference in age,
education, BMI, physical activity during leisure time, season
of blood draw, vitamin D, and calcium supplementation
among the four groups. 25(OH)D and DBP levels were
correlated (Spearman correlation coefficient = 0.16, 𝑃 <
0.05) adjusting for age, education, and BMI. Calculated
free 25(OH)D levels were positively correlated with total
25(OH)D levels (𝑟 = 0.24, 𝑃 < 0.05).

Table 2 reports baseline demographic and health-related
characteristics, 25(OH)D, and DBP and free 25(OH)D levels
of the study sample across frailty categories. There were
significant differences in mean 25(OH)D and DBP levels
across frailty categories (𝑃 < 0.05 for stepwise increase or
decrease trend). Compared with nonfrail participants, frail
participants were older (𝑃 < 0.05) and were less educated
(𝑃 < 0.05).

To investigate potential joint association of 25(OH)D and
DBP levels with frailty, odds ratios (ORs) of participants
being frail versus nonfrail were assessed across quartile of
25(OH)DandDBP levels. As shown inTable 3, participants in
the lowest quartile of 25(OH)D (Q1a) and the highest quartile
of DBP (Q4b) levels, those in the lowest quartile of 25(OH)D
(Q1a) and the lowest quartile of DBP (Q1b), and those in
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Table 3: Odds ratios of being frail versus nonfrail of participants across quarties of 25(OH)D and DBP levels.

Quarties of 25(OH)D (nmol/L)
Quarties of vitamin D binding protein (nmol/L)

Q1b
(<4046)

Q2b
(4046–<5269)

Q3b
(5269–<6686)

Q4b
(≥6686)

Q1a (<31.5) 2.63† 1.89 1.73 3.18∗

Q2a (31.5.3–<41.8) 2.52∗ 1.95 2.17 2.02
Q3a (41.8–<56.6) 1.36 1.76 1.71 1.82
Q4a (≥56.6) 1.0 (reference) 1.22 1.29 1.37
Notes: 25(OH)D: 25-hydroxyvitamin D; DBP: vitamin D binding protein.
∗
𝑃 < 0.05.
†
𝑃 < 0.01.

the lowest quartile of DBP (Q1b) and the lower quartile of
25(OH)D (Q2a) levels had significantly higher OR of being
frail compared with those in the highest quartile of 25(OH)D
(Q4a) and lowest quartile of DBP (Q1b) (reference group),
with OR of 3.18 (95% CI: 1.46–4.56, 𝑃 < 0.05), 2.63 (95% CI:
1.31–3.68, 𝑃 < 0.01), and 2.52 (95% CI: 1.22–3.52, 𝑃 < 0.05),
respectively, adjusting for age, BMI, and education. These
results showed that, in the setting of the lowest quartile of
25(OH)D levels, both the lowest and the highest DBP levels
confer increased risk for frailty, suggesting a “ U-” shaped
joint association of 25(OH)D and DBP levels with frailty, and
that, in the setting of the lowest quartile of DBP levels, both
the lowest and lower 25(OH)D levels confer increased risk for
frailty. The interaction terms between quartile of 25(OH)D
and DBP, however, were not statistically significant.

4. Discussion

This study has observed multiplicative interaction in the
associations of DBP and 25(OH)D levels with frailty. The
results suggest an association of increased levels of DBP and
decreased levels of 25(OH)Dwith frailty (Table 3).Therefore,
a high level of DBP or low level of 25(OH)D may increase
the risk of frailty, whereas a low level of DBP or high level of
25(OH)D may reduce the risk of frailty.

Vitamin D status is determined by vitamin D stores in
vivo and its biologic activity. Circulating 25(OH)D levels
generally are considered to better reflect overall vitamin D
stores [24].The free hormone hypothesis postulates that only
hormones liberated from binding proteins enter cells and
produce biologic action [21]. 25(OH)D circulates binds to
vitamin D binding protein (DBP) (85% to 90%) and albumin
(10% to 15%), with less than 1% of circulating hormone in
its free form [22]. In the present study, we have found that
calculated free 25(OH)D levels were positively correlated
with total 25(OH)D levels. Consistent with the free hormone
hypothesis, the results of our study suggest that circulating
DBP is an inhibitor of the biologic action of vitamin D in
frailty patients. Unlike binding to DBP, binding to albumin
does not inhibit the action of 25(OH)D. DBP behaves
similarly to other serum hormone carrier proteins and has
broad clinical applications. Like thyroid hormone-binding
globulin and sex hormone-binding globulin, DBP may act as

a serum carrier and reservoir, prolonging the circulating half-
life of vitamin D while at the same time regulating its imme-
diate bioavailability to target tissues [21]. Thus hormonal
activity and sufficiency may be reflected by the amounts of
bioavailable vitamin, not by total levels. So, a low DBP level
may be beneficial due to the higher level of bioavailable
25(OH)D but may also be a bad thing considering vitamin
D effects in tissues that express megalin. Indeed, as DBP is
internalized in some cells through a megalin cubilin uptake,
a higher DBP concentration may be a favourable point for
these effects [25]. The affinity of DBP for 25(OH)D depends
on the DBP genotype with important consequences on the
calculation of free or bioavailable 25(OH)D [25]. A recent
paper by Powe et al. [26] reports that community-dwelling
black Americans had low levels of total 25(OH)D and DBP,
resulting in similar concentrations of estimated bioavailable
25(OH)D as compared with whites. Racial differences in the
prevalence of common genetic polymorphisms provide a
likely explanation for this observation.

Currently, clinical testing for vitamin D deficiency is
based on measurement of total serum concentrations of
25(OH)D [24]. Our data suggest that concentrations of total
serum 25(OH)D may not be the best measure of assessing
vitaminD insufficiency or sufficiency status in frailty patients.
For example, aged men with high levels of DBP may appear
to be 25(OH)D-sufficient but actually there may be higher
risk of frailty due to deficient in bioavailable 25(OH)D. Joint
examination of serum 25(OH)D and DBP concentrations
could be better to reflect overall vitamin D stores and the
biologic action of vitamin D.

Clinical trials of vitamin D supplementation in older
frailty patients with low vitamin D status mostly report
improvements in muscle performance and reductions in
falls [16–18]. The underlying mechanisms are probably both
indirect via calcium and phosphate and direct via activation
of the vitamin D receptor (VDR) onmuscle cells and bone by
1,25-dihydroxyvitamin D [1,25(OH)

2
D
3
]. VDR activation at

the genomic level regulates transcription of genes involved in
calciumhandling andmuscle cell or osteoblast differentiation
and proliferation [3, 4, 27, 28].

This study has three limitations. First, sample size of
the subgroups in the analysis across quartiles of DBP and
25(OH)D levels is relatively small and provides limited
statistical power. Cautious interpretation of these results
is warranted, and further investigation of the joint effects
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of DBP and 25(OH)D levels on frailty is needed. Second,
genotyping of these subjects was not done. Third, other
endocrine factors including IGF-1 and testosterone have been
identified for their interactions with DBP and 25(OH)D as
well as their associations with frailty [29].Therefore, findings
from this study should be interpreted in the context of
the complexity of the nutrition and endocrine systems as
well as multifactorial nature of the frailty syndrome. Despite
these limitations, results from this study do support the free
hormone hypothesis and provide a basis for further investi-
gations into optimal vitamin D status in frailty individuals.

5. Conclusion

We conclude that the joint effect of serum 25(OH)D and
DBP levels may be tightly linked to frailty, or serum DBP
levels modify 25(OH)D-frailty relationship in the older men.
Our findings support the hypothesis that the biologic activity
of 25(OH)D may be altered by DBP in frailty patients and
suggest that joint examination of serum 25(OH)D and DBP
concentrations in future studies could shed additional light
on the role of vitamin D and its pathway cofactors in the
aetiology of frailty.
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Background. A recent study has reported that high circulating 25-hydroxyvitamin D [25(OH)D] is associated with low circulating
thyroid-stimulating hormone (TSH) levels, but only in younger individuals. The goal of the present study was to explore the
relationship between vitamin D status and circulating TSH levels with thyroid autoimmunity and thyroid hormone levels taken
into consideration in a population-based health survey of middle-aged and elderly individuals. Methods. A total of 1,424 Chinese
adults, aged 41–78 years, were enrolled in this cross-sectional study. Serum levels of 25(OH)D, TSH, thyroid hormones, and thyroid
autoantibodies were measured. Results. The prevalence of vitamin D insufficiency was 94.29% in males and 97.22% in females,
and the prevalence of vitamin D deficiency was 55.61% in males and 69.64% in females. Vitamin D status was not associated with
positive thyroid autoantibodies after controlling for age, gender, bodymass index, and smoking status. Higher 25(OH)D levels were
associatedwith lower TSH levels after controlling for age, FT4 and FT3 levels, thyroid volume, the presence of thyroid nodule(s), and
smoking status in males. Conclusion. High vitamin D status in middle-aged and elderly males was associated with low circulating
TSH levels independent of thyroid hormone levels.

1. Introduction

Vitamin D is recognized to be an essential element for bone
metabolism and skeletal health; however, its deficiency can
cause rickets in children as well as an increased propensity for
osteoporosis [1]. In addition, it may also affect extraskeletal
health. Indeed, vitamin D deficiency has been identified
as a risk factor for diabetes mellitus [2, 3], cancers [4],
multiple sclerosis [5] and other autoimmune diseases [6, 7],
atherosclerosis [8], and infectious diseases [9].

Few past studies have reported the impact of vitamin D
deficiency on autoimmune thyroid disease and demonstrated
inconclusive results [10, 11]. Besides affecting the thyroid
gland through immune-mediated processes, vitamin D has

been shown to influence rat thyroid follicular cells by directly
inhibiting thyrotropin-stimulated iodide uptake in a dose-
dependent manner [12]. Recently, a population-based study
has reported that high vitamin D status in younger individ-
uals is associated with low circulating thyroid-stimulating
hormone (TSH) [13]. However, it remains unknown as to
why no relationship between vitamin D status and serum
TSH levels in middle-aged and elderly individuals was found
in this study. Therefore, in the present study, we examined
the relationship between vitamin D status and circulating
TSH levels in middle-aged and elderly individuals with
thyroid autoimmunity, while taking thyroid function into
considerationin addition to the relationship between vitamin
D insufficiency and thyroid autoimmunity, the presence of
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thyroid nodule(s) and thyroid volume in a cross-sectional
study.

2. Materials and Methods

2.1. Study Subjects. From June to December 2011, we recruit-
ed a total of 9,982 Chinese living in Gulou, Nanjing. The
study was approved by the ethics committee of the First
AffiliatedHospital of NanjingMedical University. All patients
provided informed consent and completed a standardized
questionnaire. Blood samples were collected and stored at
−80∘C.

The present study used a subsample collected from
September to November 2011 to detect serum 25-hydroxyvi-
tamin D [25(OH)D] levels, thyroid function, and thyroid
autoantibodies. Subjects with a history of thyroid disease,
without complete informations or taking medications that
affected their thyroid function, such as oral contraceptives,
oestrogen, glucocorticoids and iodine, were excluded.

Further exclusion criteria included overt hypothyroidism
(TSH > 5.29𝜇IU/mL; free thyroxine (FT4) < 8.5 pmol/L)
and overt hyperthyroidism (TSH < 0.35 𝜇IU/mL; FT4 >
22.5 pmol/L). A total of 1,424 participants were included in
our study.

2.2. Laboratory Measurements. Serum samples were col-
lected from all 1,424 participants in the morning and all
venous blood samples after an overnight fast. The serum
samples were used to measure FT4, FT3, TSH, and 25(OH)D
levels. Only 1,279 and 1,357 serum samples were used to
measure thyroid peroxidase antibody (TPOAb) and thy-
roglobulin antibody (TgAb), respectively. Serum 25(OH)D
levels were assessed using an enzyme immunoassay (IDS,
UK). Serum TSH, TPOAb, and TgAb levels were measured
using a chemiluminescent immunoassay (AutoBio Co., Ltd.,
Zhengzhou, China). Euthyroidismwas defined as the absence
of hypo- or hyperthyroidism. Serum TPOAb of >40 IU/mL
and/or TgAb of >110 IU/mL were considered autoantibody
positivity. High TPOAb and TgAb titres were defined as
arbitrary values greater than 200 IU/mL and 550 IU/mL
(four times greater than the normal values), respectively. We
set vitamin D insufficiency and deficiency at levels below
75 nmol/L (30 ng/mL) and 50 nmol/L (20 ng/mL), respec-
tively. The presence of thyroid nodule(s) and size of the
thyroid gland were determined by thyroid ultrasonography.
The thyroid volume was estimated by multiplication of its
thickness, width, length, and a corrective factor (0.479) [14].

2.3. Statistical Analysis. Continuous variables are presented
as means ± standard deviation for continuous normally
distributed variables and median (interquartile range) for
nonnormally distributed variables. Categorical variables are
presented as percentage. The Kolmogorov-Smirnov method
was used to test for normality. Differences between two
groups for continuous and categorical variables were sepa-
rately assessed using the Student’s t-test and 𝜒2-test. The dis-
tribution of TSH levels deviated significantly from aGaussian
distribution (𝑃 < 0.000), while the logarithms of TSH levels

were found to follow an approximate Gaussian distribution
(𝑃 = 0.065). Linear regression analysis was used to examine
the relationship between vitaminD status and logTSH values.
Furthermore, bivariate correlation analysis was performed to
study the correlation between vitamin D status and logTSH
values. All calculations were performed using SPSS 13.0 for
Windows (Chicago, IL, USA). A probability (𝑃) value of
<0.05 was considered statistically significant for all tests.

3. Results

3.1. Clinical and Laboratory Characteristics. The clinical and
laboratory characteristics of the included 1,424 subjects (863
females and 561 males; age, 41–78 years) are shown in Table 1.
On an average, females had higher serum TSH levels and
TgAb titres, but lower serum 25(OH)D levels and proportion
of smokers than males (3.03 (range, 1.89–4.60) versus 2.06
(1.36–3.30) IU/mL, 𝑃 < 0.01; 13.19 (7.90–35.66) versus 10.08
(6.87–19.22) IU/mL,𝑃 < 0.01; 42.90 (35.15–53.11) versus 47.50
(38.00–59.00) IU/mL, 𝑃 < 0.01 and 1.85% versus 44.92%,
𝑃 < 0.01, resp.). There were no significant differences in
other laboratory characteristics between males and females.
The overall median (interquartile range) serum 25(OH)D
level was 44.68 (range, 36.2–55.3) nmol/L. The prevalence of
vitamin D insufficiency was 94.29% in males and 97.22% in
females, whereas the prevalence of vitamin D deficiency was
55.61% in males and 69.64% in females. In the present study,
138 (10.17%) subjects were positive for serum TgAb, of which
42 (30.43%) had high TgAb titres. A total of 152 (11.88%)
subjectswere positive for serumTPOAb, ofwhich 55 (36.18%)
had high TPOAb titres. The prevalence of thyroid nodule(s)
was 36.03%.

3.2. Comparison of Clinical and Laboratory Characteristics
between Vitamin D Insufficiency and Sufficiency Groups.
Based on a cutoff value of 75 nmol/L (30 ng/mL), the subjects
were grouped into vitamin D insufficiency and vitamin D
sufficiency. Differences between the clinical and laboratory
characteristics between the two groups are shown in Table 2.
There were significantly fewer males in the vitamin D
insufficiency group (38.67% versus 57.14%, 𝑃 = 0.006) than
in the vitamin D sufficiency group. The serum TSH level
and TPOAb and TgAb titres in the vitamin D insufficiency
group were significantly higher than those in the vitamin
D sufficiency group. However, there were no significant
differences in serum FT3 and FT4 levels, the presence
of thyroid nodule(s), thyroid volume, and smoking status
between the two groups. Multivariate logistic regression
analysis revealed that vitamin D status was not associated
with thyroid autoantibody positivity after controlling for age,
gender, bodymass index (BMI), and smoking status (Table 3).
Based on a cutoff value of 50 nmol/L (20 ng/mL), the subjects
were grouped into vitamin D deficiency and nonvitamin D
deficiency. High TgAb titres, High TPOAb titres, and high
TgAb and/or TPOAb titres were significantly more common
in the vitamin D deficiency group compared with those in
the nonvitamin D deficiency group (4.04% versus 1.43%, 𝑃 =
0.008; 5.48% versus 2.18%,𝑃 = 0.005; 7.70% versus 3.60%,𝑃 =
0.004, resp.). And vitamin D deficiency was independently
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Table 1: Clinical and laboratory characteristics of the participants.

Characteristics Male (𝑛 = 561) Female (𝑛 = 863) Total (𝑛 = 1424)
Age (years) 59.22 ± 9.03 59.04 ± 8.20 59.11 ± 8.53
BMI (kg/m2) 24.93 ± 3.38 24.66 ± 3.36 24.76 ± 3.37
Serum 25 (OH)D (nmol/L) 47.50 (38.00–59.00) 42.90 (35.15–53.11)∗ 44.68 (36.20–55.30)
Serum FT3 (pmol/L) 4.34 (3.99–4.69) 4.31 (3.98–4.72) 4.32 (3.98–4.69)
Serum FT4 (pmol/L) 15.87 (13.10–18.03) 15.81 (13.22–17.95) 15.83 (13.18–17.97)
Serum TSH (𝜇IU/mL) 2.06 (1.36–3.30) 3.03 (1.89–4.60)∗ 2.65 (1.62–4.10)
Serum TPOAb (IU/mL) 3.09 (1.07–11.08) 4.18 (1.24–16.28) 3.66 (1.15–14.34)
Serum TgAb (IU/mL) 10.08 (6.87–19.22) 13.19 (7.90–35.66)∗ 12.06 (7.31–27.00)
Thyroid volume (mL) 8.44 (6.82–10.06) 7.24 (5.83–8.82) 7.74 (6.16–9.40)
Presence of thyroid nodule(s) (n (%)) 174 (31.02%) 339 (39.28%)∗ 513 (36.03%)
Current smokers (n (%)) 252 (44.92%) 16 (1.85%)∗ 268 (18.82%)
∗Significantly different from males, P < 0.01.

Table 2: Comparison of clinical and laboratory characteristics based on vitamin D insufficiency.

Vitamin D insufficiency (1368) Nonvitamin D insufficiency (56) P value
Age (years) 59.07 ± 8.55 60.07 ± 8.11 0.371
Male sex (n (%)) 529 (38.67%) 32 (57.14%) 0.006
BMI (kg/m2) 24.79 ± 3.40 24.21 ± 2.50 0.106
Serum FT3 (pmol/L) 4.39 (3.97–4.69) 4.48 (4.18–4.75) 0.094
Serum FT4 (pmol/L) 15.51 (13.14–17.93) 16.29 (14.01–18.79) 0.092
Serum TSH (𝜇IU/mL) 3.42 (1.62–4.18) 2.47 (1.54–3.24) 0.000
Serum TgAb (IU/mL) 84.26 (7.26–27.77) 21.12 (8.38–22.40) 0.000
Serum TPOAb (IU/mL) 40.45 (1.17–14.33) 16.77 (0.99–14.99) 0.000
Thyroid volume (mL) 8.43 (6.12–9.35) 8.71 (6.53–10.62) 0.476
Presence of thyroid nodule(s) (n (%)) 495 (36.18%) 18 (32.14%) 0.537
Current smokers (n (%)) 814 (59.50%) 37 (66.07%) 0.326

associated with high thyroid autoantibody titres (see Sup-
plementary Table 1 in the Supplementary Material available
online at http://dx.doi.org/10.1155/2014/631819).

3.3. Relationship between Vitamin D Status and Serum TSH
Levels according to Gender. With regard to the relationship
between vitamin D status and serum TSH level, it was
found that higher 25(OH)D levels were associated with lower
TSH levels independent of age, FT3 and FT4 levels, TPOAb
and TgAb titres, thyroid volume, the presence of thyroid
nodule(s), and smoking status in males (Beta = −0.166,
𝑃 = 0.004; Table 4). In addition, the association was found
between thyroid volume and serum TSH levels in males
(Beta = −0.152, 𝑃 = 0.009) as well as the presence of thyroid
nodule(s) and serum TSH levels in females (Beta = −0.116,
𝑃 = 0.023). However, there were no significant relationship
between serum TSH, FT3 and FT4 levels, TgAb and TPOAb
titres, and smoking status between genders.

3.4. Relationship between Vitamin D Status and Serum TSH
Levels on the Basis of Negative Serum Thyroid Autoanti-
body Titres in Males. To determine the probable interaction
between vitaminD status and thyroid autoantibody positivity
on serum TSH levels, further analyses were performed based

on positive serum TPOAb, TgAb and TPOAb, and/or TgAb
titres. The concentration of 25(OH)D was negatively corre-
lated with serum TSH levels only in subjects with negative
serum TPOAb, TgAb and TPOAb and/or TgAb titres (𝑃 =
0.002, 0.005 and 0.002, resp.; Supplementary Table 2). Linear
regression analysis showed that higher 25(OH)D levels were
associated with lower TSH levels independent of age, serum
thyroid hormone levels, thyroid volume, the presence of
thyroid nodule(s), and smoking status in males with negative
serum TPOAb, TgAb, and TPOAb and/or TgAb titres (𝑃 =
0.004, 0.004, and 0.002, resp.; Table 5), but not in females or
subjects positive for serum thyroid autoantibodies (data not
shown).

4. Discussion

In the present study, we explored the probable interaction
between vitamin D status and thyroid autoantibodies on
serum TSH levels in middle-aged and elderly Chinese pop-
ulation with euthyroidism. This report is the first, to the best
of our knowledge, to show that a higher circulating 25(OH)D
level was associated with lower TSH levels only in males with
negative serum thyroid autoantibody titres independent of
thyroid hormone levels.
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Table 3: Determinants of positive serum thyroid antibodies.

Serum TgAb Serum TPOAb Serum TgAb and/or TPOAb
Adjusted OR (95% CI) P value Adjusted OR (95% CI) P value Adjusted OR (95% CI) P value

Age (years) 0.997 (0.974–1.022) 0.838 1.007 (0.983–1.032) 0.558 1.009 (0.987–1.030) 0.431
Male sex 2.738 (1.526–4.910) 0.001 2.200 (1.267–3.821) 0.005 2.524 (1.550–4.110) 0.000
BMI (kg/m2) 1.035 (0.974–1.099) 0.266 1.040 (0.979–1.106) 0.204 1.039 (0.984–1.097) 0.166
Smoking status 0.786 (0.368–1.676) 0.532 1.308 (0.685–2.499) 0.415 1.052 (0.578–1.916) 0.868
Serum 25(OH)D (nmol/L) 0.992 (0.979–1.004) 0.188 0.999 (0.987–1.010) 0.818 0.997 (0.986–1.009) 0.660

Table 4: Standardized regression coefficients of variables in relation to serum TSH according to gender.

Male (561) Female (863)
Beta P value Beta P value

Age (years) −0.012 0.836 −0.023 0.647
Serum FT3 (pmol/L) 0.069 0.244 −0.043 0.399
Serum FT4 (pmol/L) −0.040 0.501 −0.066 0.201
Presence of TgAb (%) 0.029 0.636 0.098 0.060
Presence of TPOAb (%) −0.002 0.971 0.056 0.284
Thyroid volume (mL) −0.152 0.009 −0.056 0.262
Presence of thyroid
nodule(s) (%) −0.025 0.669 −0.116 0.023

Current smokers (n (%)) −0.054 0.361 −0.001 0.985
Serum 25(OH)D (nmol/L) −0.166 0.004 −0.001 0.983

Table 5: Standardized regression coefficients of variables in relation to serum TSH in males with negative serum antibodies.

Serum TgAb Serum TPOAb Serum TgAb and/or TPOAb
Beta P value Beta P value Beta P value

Age (years) 0.024 0.686 0.019 0.749 0.006 0.921
Serum FT3 (pmol/L) 0.030 0.593 0.092 0.122 0.074 0.228
Serum FT4 (pmol/L) 0.020 0.726 −0.037 0.535 −0.028 0.648
Thyroid volume (mL) −0.165 0.003 −0.170 0.004 −0.154 0.011
Presence of thyroid nodule(s) (%) −0.035 0.532 −0.020 0.736 −0.024 0.696
Current smokers (n (%)) −0.064 0.264 −0.060 0.313 −0.067 0.277
Serum 25(OH)D (nmol/L) −0.157 0.004 −0.166 0.004 −0.184 0.002

The result that high vitamin D status was associated
with low circulating TSH levels remained unknown. We
hypothesized that vitamin D may influence the thyrotrophs
by acting on vitamin D receptors, which are widely dis-
tributed through distinct portions of the brain system [15].
A previous study has showed that vitamin D modulated
pituitary thyrotropin TSH secretion by binding to specific
binding sites [16]. Smith et al. [17] also found that exogenous
vitamin D administration significantly suppressed pituitary
thyrotropin TSH secretion in the basal state. This study also
found that serum TSH levels of middle-aged and elderly
women were higher than those of same-age men, and this
result was consistent with those of previous reports [18, 19].
This resultmay indicate that TSH secretion is regulated by sex
hormones, genetic susceptibility, or environmental factors,
which may also mediate the relationship between vitamin D

status and serum TSH levels. Another previous study [20]
has showed that circulating oestrogen could induce acute
serum TSH suppression in males by acting on the pituitary
gland, and vitamin D was shown to be an important factor in
oestrogen biosynthesis of both female and male gonads [21].
However, oestrogen administration has been reported to both
increase [22] and decrease [23] or have no effect on thyroid
activity in females [24]. Therefore, it may be safely inferred
that oestrogens have a complex relationship with serum TSH
secretion in females, which may explain the cause of this
relationship only in men. We did not find the relationship
between vitamin D status and serum TSH levels in subjects
with positive thyroid antibody titres, whichmay be due to the
limited number of participants, especially when divided into
two groups according to gender. Further clinical investigation
with a larger sample is required to elucidate the effects of
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vitamin D on the thyrotrophs to provide further insight into
this relationship.

Chailurkit et al. [13] reported that an increase in serum
25(OH)D concentration was independently associated with
lower TSH, but only in younger (age, 15–44 years) indi-
viduals. However, we found that higher 25(OH)D levels
were independently associated with lower TSH in males
with euthyroidism aged over 40 years. The results of the
present study and those of Chailurkit et al.’s study differed
for some reasons. First, subjects with overt hyperthyroidism
and hypothyroidism by measuring serum FT3, FT4 and
TSH levels were excluded in our study, and the results
of our study reflect the general population setting with
euthyroidism. Second, Chailurkit et al. did not separately
analyse the relationship between 25(OH)D and serum TSH
levels in males and females. Third, thyroid volume, the
presence of thyroid nodule(s), and smoking status were
considered confounding factors in our statistical analyses.
Lastly, ethnicity was previously reported to be related with
TSH levels [18], which plausibly explained the difference
between the present and Chailurkit’s studies.

It is generally agreed that serum 25(OH)D levels of
<75 nmol/L (30 ng/mL) should be considered as represen-
tative of vitamin D insufficiency, whereas serum 25(OH)D
levels of <50 nmol/L (20 ng/mL) as an indicative of vitamin
D deficiency [25]. Using these definitions, our data showed
that the prevalence of vitamin D insufficiency was 94.3% in
males and 97.3% in females, and the prevalence of vitamin
D deficiency was 55.6% in males and 69.6% in females.
However, there were no conclusive results on the impact of
vitaminDdeficiency on autoimmune thyroid disease [18, 26].
In addition, our study did not find a link between vitamin
D status and thyroid autoantibody positivity after controlling
for age, gender, BMI, and smoking status. However, vitamin
D deficiency was independently associated with high-titre
thyroid autoantibody positivity. We thought that this high-
titre thyroid autoantibody positivity should be paid more
attention.

There were a number of limitations to the present study.
First, TSH receptor-stimulating antibodies were not mea-
sured. Second, our study focused onmiddle-aged and elderly
individuals; therefore, the relationship between vitamin D
status and serum TSH levels in younger individuals with
negative serum thyroid autoantibodies remained unknown.
Finally, because of the cross-sectional nature of the present
study, the causative effect of vitamin D on serum TSH could
not be readily determined.

5. Conclusion

Therewas a high prevalence of vitaminD insufficiency among
healthy adults. This population-based study was the first, to
the best of our knowledge, to report an association between
vitamin D and serumTSH levels independent of thyroid hor-
mone levels in middle-aged and elderly males with negative
thyroid autoimmunity. Here, we demonstrated a link between
vitamin D insufficiency and serum thyroid autoantibody lev-
els; however, vitaminD statuswas not associatedwith positive

thyroid autoantibody titres after controlling for age, gender,
and smoking status. Therefore, further longitudinal studies
are required to clarify the relationship between vitamin D
and serum TSH levels, particularly in subjects with negative-
serum thyroid autoantibody titres.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Qingqing Zhang, Zhixiao Wang, and Min Sun contributed
equally to this study.

Acknowledgments

The authors thank all the participants in this study.This work
was supported by the grants from the Chinese Society of
Endocrinology and the Project Funded by Jiangsu Provincial
Special Program of Medical Science (BL2012026).

References

[1] M. F. Holick, “Medical progress: vitamin D deficiency,”TheNew
England Journal of Medicine, vol. 357, no. 3, pp. 266–281, 2007.

[2] A. G. Pittas, J. Lau, F. B. Hu, and B. Dawson-Hughes, “Review:
the role of vitamin D and calcium in type 2 diabetes. A system-
atic review andmeta-analysis,” Journal of Clinical Endocrinology
and Metabolism, vol. 92, no. 6, pp. 2017–2029, 2007.

[3] J. Mitri, M. D. Muraru, and A. G. Pittas, “Vitamin D and type
2 diabetes: a systematic review,” European Journal of Clinical
Nutrition, vol. 65, no. 9, pp. 1005–1015, 2011.

[4] C. F. Garland, E. D. Gorham, S. B. Mohr, and F. C. Garland,
“Vitamin D for cancer prevention: global perspective,” Annals
of Epidemiology, vol. 19, no. 7, pp. 468–483, 2009.

[5] K. L. Munger, S. M. Zhang, E. O’Reilly et al., “Vitamin D intake
and incidence ofmultiple sclerosis,”Neurology, vol. 62, no. 1, pp.
60–65, 2004.

[6] M. Cutolo and K. Otsa, “Vitamin D, immunity and lupus,”
Lupus, vol. 17, no. 1, pp. 6–10, 2008.

[7] M. F. Holick, “Vitamin D: extraskeletal health,” Endocrinology
andMetabolism Clinics of North America, vol. 39, no. 2, pp. 381–
400, 2010.

[8] T. J. Wang, M. J. Pencina, S. L. Booth et al., “Vitamin D
deficiency and risk of cardiovascular disease,” Circulation, vol.
117, no. 4, pp. 503–511, 2008.

[9] J. J. Cannell, R. Vieth, J. C. Umhau et al., “Epidemic influenza
and vitamin D,” Epidemiology and Infection, vol. 134, no. 6, pp.
1129–1140, 2006.

[10] G. Tamer, S. Arik, I. Tamer, and D. Coksert, “Relative vitamin
D insufficiency in Hashimoto’s thyroiditis,”Thyroid, vol. 21, no.
8, pp. 891–896, 2011.

[11] H. Orbach and Y. Shoenfeld, “Vaccination infection and
autoimmunity: myth and reality VIAMR 2005-10-26-28, Beau-
Rivage Palace Hotel, Lausanne, Switzerland,” Autoimmunity
Reviews, vol. 6, no. 5, pp. 261–266, 2007.

[12] J. P. Berg, K. M. Liane, S. B. Bjorhovde, T. Bjoro, P. A. Torjesen,
and E.Haug, “VitaminD receptor binding and biological effects



6 International Journal of Endocrinology

of cholecalciferol analogues in rat thyroid cells,” Journal of
Steroid Biochemistry and Molecular Biology, vol. 50, no. 3-4, pp.
145–150, 1994.

[13] L. O. Chailurkit, W. Aekplakorn, and B. Ongphiphadhanakul,
“High vitaminD status in younger individuals is associatedwith
low circulating thyrotropin,” Thyroid, vol. 23, no. 1, pp. 25–30,
2013.

[14] W. Teng, Z. Shan, X. Teng et al., “Effect of iodine intake
on thyroid diseases in China,” The New England Journal of
Medicine, vol. 354, no. 26, pp. 2783–2793, 2006.
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