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Abstract

Background: Bone is thought to be the reservoir of the human lead burden, and

vitamin D is associated with bone turnover. We aimed to explore whether exposure to
lower 25-hydroxy vitamin D (25(0OH)D) levels was associated with higher blood lead levels
(BLLs) by increasing the bone turnover rate in individuals with type 2 diabetes.

Methods: A total of 4103 type 2 diabetic men and postmenopausal women in Shanghai,
China, were enrolled in 2018. Their 25(0OH)D, p-C-terminal telopeptide (B-CTX), N-MID
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osteocalcin and procollagen type 1 N-peptide (PTNP) levels were detected. Their
BLLs were determined by atomic absorption spectrometry. Mediation analyses were
performed to identify the possible role that bone turnover played in the underlying

mechanisms.

Results: In both the men and postmenopausal women, all three bone turnover markers
were inversely associated with 25(0OH)D and positively associated with the BLL (all

P <0.01) after adjusting for age, current smoking habits, metabolic parameters, duration
of diabetes, vitamin D intake, and use of anti-osteoporosis medication. In the mediation
analyses, none of the direct associations between 25(OH)D and BLL was significant for

the three bone turnover markers, but all three bone turnover markers were found to be
significant mediators of the indirect associations between 25(0OH)D and BLL.

Conclusion: The association between vitamin D and BLL was fully mediated by bone
turnover markers in type 2 diabetic patients (mediation effect). This finding suggested that

vitamin D may protect against blood lead exposure from the bone reservoir by decreasing

bone turnover in individuals with type 2 diabetes.
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Introduction

Type 2 diabetes mellitus is becoming a major public health
concern, especially in China. Its estimated prevalence
is up to 11%, and approximately 109.6 million adults
in China have diabetes (1). Research indicates that
environmental and nutritional factors have been found to

be associated with diabetes mellitus. Several studies have
directly suggested that blood lead levels (BLLs) were higher
in diabetic people than in non-diabetic people (2, 3). In
addition, diabetic patients tend to have lower levels of
vitamin D and higher rates of vitamin D deficiency (4, 5).
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Lead, which was previously considered an
environmental neurotoxin (6), is now also known to
be an endocrine disruption factor that may induce
metabolic and endocrine changes (7, 8). Over the past
several decades, successful efforts have been made to
reduce sources of lead exposure, and BLLs in Chinese
children have gradually decreased over the past 10 years
(9). However, BLLs remain relatively higher among the
general population in China than in America (10, 11). In
China, the sources of lead exposure are paint, industrial
emissions, e-waste, and traditional medicines (12).
Furthermore, over 90% of the total body burden of lead
is retained in the skeleton in adults (13); thus, previously
accumulated bone lead stores, with their half-lives of over
10 years, may be a source of blood lead (14). Considering
the association between BLL and bone metabolism (15),
bone may provide an endogenous source of exposure
under conditions of increased bone turnover.

Vitamin D could regulate mineral and bone
homeostasis and play a key role in providing adequate
minerals for normal bone formation. Vitamin D deficiency
causes secondary hyperparathyroidism and high bone
turnover and results in bone loss (16). Notably, in older
persons, bone markers showed a steep decrease when the
serum 25-hydroxy vitamin D (25(OH)D) was increased up
to approximately 40 nmol/L, followed by a plateau (17).
In light of an inverse correlation between vitamin D and
BLL in previous studies (15), we hypothesized that lower
levels of vitamin D may raise BLLs by enhancing bone
turnover in the elderly.

Therefore, using data from a population-based
METAL study (Environmental Pollutant Exposure and
Metabolic Diseases in Shanghai, www.chictr.org.cn,
ChiCTR1800017573), we analyzed the associations
among 25(OH)D, BLLs and bone formation and resorption
markers in type 2 diabetic men and postmenopausal
women and investigated whether bone turnover markers
mediated the association between 25(OH)D and BLL.

Methods
Study population

The cross-sectional METAL study was conducted from
April to June 2018. Participants were randomly enrolled
from seven communities in Huangpu and Pudong
districts, Shanghai, China. More detailed sampling
information was published in previous articles (18). A
total of 4937 subjects with diabetes who were 23-99 years
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old underwent examination. We excluded participants
who were missing complete laboratory results (n==8)
or questionnaire data (n=116) and did not have BLL,
25(OH)D or bone turnover marker results (n= 619). Then,
we excluded 91 premenopausal women. Ultimately, 1936
men and 2167 postmenopausal women were included
(Supplementary Fig. 1, see section on supplementary
materials given at the end of this article).

The study protocol was approved by the Ethics
Committee of Shanghai Ninth People’s Hospital of
the Shanghai Jiao Tong University School of Medicine
(2017(210)). The study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected
by the a priori approval by the appropriate institutional
review committee (19). Informed consent was obtained
from all participants included in the study.

Measurements

A questionnaire about sociodemographic characteristics,
medical history, family history, and lifestyle factors was
adopted during the interview. The same group of trained
and experienced personnel in the SPECT-China study (20,
21) conducted the interviews and clinical examinations,
which included participant weight, height and blood
pressure according to a standard protocol. The BMI was
calculated as the weight in kilograms divided by the
height in meters squared. Current smoking was defined as
having smoked at least 100 cigarettes in one’s lifetime and
currently smoking cigarettes (22).

Blood samples were obtained between 06:00 h and
09:00 h after the participants had fasted for at least 8 h. The
blood was refrigerated immediately after being collected,
centrifuged for 2 h, and the serum was aliquoted and
frozen in a central laboratory. The BLL was determined
by atomic absorption spectrometry (BH2200, China) (10).
The 25(OH)D was detected using a chemiluminescence
assay (ADVIA Centaur XP, Siemens). Glycated hemoglobin
(HbA1c) was measured by HPLC (MQ-2000PT, Medconn,
Shanghai, China). Fasting plasma glucose and lipid profiles
were determined with a Beckman Coulter AU 680 (Brea,
USA). Fasting plasma glucose, alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lipid profiles
were determined with a Beckman Coulter AU 680
(Brea, USA). p-C-terminal telopeptide (B-CTX), N-MID
osteocalcin and procollagen type 1 N-peptide (P1NP) were
detected by chemiluminescence method (Roche E602).
The inter-assay coefficients of variation were as follows:
3.30% (PINP), 1.81% (N-MID osteocalcin) and 7.60%
(B-CTX). The intra-assay coefficients of variation were as
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follows: 3.0% (P1NP), 0.80% (N-MID osteocalcin) and
5.50% (B-CTX).

Definition

Vitamin D deficiency was defined as 25(OH)D <50
nmol/L 50 nmol/L (23). Hypertension was assessed by
systolic blood pressure > 140 mmHg, diastolic blood
pressure > 90 mmHg, or a self-reported previous diagnosis
of hypertension by physicians (24). Dyslipidemia was
defined as total cholesterol > 6.22 mmol/L (240 mg/dL),
triglycerides > 2.26 mmol/L (200 mg/dL), LDL-C > 4.14
mmol/L (160 mg/dL), HDL-C < 1.04 mmol/L (40 mg/dL),
or a self-reported previous diagnosis of hyperlipidemia
by physicians, according to the modified National
Cholesterol Education Program-Adult Treatment Panel
III (25). The estimated glomerular filtration rate (eGFR)
was calculated according to the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation for
‘Asian origin’ (26).

Statistical analysis

Data analyses were performed using IBM SPSS Statistics,
Version 22 (IBM Corporation). A P-value < 0.05 indicated
significance (two-sided). The continuous variables were
summarized as the mean (s.n.) or median (interquartile
range), and categorical variables were summarized as
percentages (%).

We applied multiple linear regression models to analyze
the association among the blood lead level, 25(OH)D,
bone turnover markers and metabolic factors in men
and postmenopausal women. The model was adjusted
for age, current smoking habits, BMI, dyslipidemia,
vitamin D intake, hypertension, duration of diabetes
and use of anti-osteoporosis medication. The 25(OH)D
and blood lead level were independent variables, and
bone turnover markers and metabolic factors were
dependent variables. The 25(OH)D, blood lead level,
PINP, N-MID osteocalcin, p-CTX and triglycerides were
natural logarithm-transformed. The association between
vitamin D deficiency and metabolic factors was also assessed.

Then, we tested the mediation and moderation effects
using the SPSS PROCESS macro with 5000 bootstrap
samples (27). The mediation and moderation models were
also adjusted for patient age, current smoking habits, BMI,
vitamin D intake, dyslipidemia, hypertension, duration
of diabetes and use of anti-osteoporosis medication if
necessary. First, mediation analysis was used to clarify
whether exposure X is proposed as influencing outcome
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Y via intervening variable M (Fig. 1). In this study, we
predicted that ‘vitamin D’ impacts ‘BLL’, with bone
metabolism represented by ‘bone turnover markers’ as
mediator variables. PROCESS was operated using one
independent variable (25(OH)D), mediators (P1NP, N-MID
osteocalcin or p-CTX), and one dependent variable (BLL).

In the sensitivity analyses, to exclude the effect of
the occupation of the study participants on exposure
to environmental lead, we measured the association in
participants who had been retired from their jobs for over
5 years (women over 60 and men over 65).

Results
Characteristics of the diabetic participants

For this study, we recruited 4103 type 2 diabetic
participants consisting of 1936 men and 2167
postmenopausal women. The mean age was 67 years
old (s.n. 8.8) in men and 67.4 (s.0. 7.7) in women who
had experienced similar numbers of years of diabetes
duration. The mean 25(OH)D was 44.3 nmol/L 3 nmol/L
(s.n. 14.3) in men and 40.4 (s.n.) in women. The
prevalence of vitamin D deficiency was 70.0% in
men and 80.1% in postmenopausal women. The
medians of BLL, PINP, N-MID and $-CTX were 26 pg/L
(IQR 18, 37), 34.8 ng/mL (IQR 27.4, 44.1), 9.3 ng/mL
(IQR 7.4,11.7) and 0.17 ng/mL (IQR 0.12, 0.22) in men
and 25 pg/L (IQR 18, 35), 44.5 ng/mL (IQR 34.7, 57.9),
12.2 ng/mL (IQR 9.6, 15.4) and 0.21 ng/mL (IQR 0.15,
0.28) in postmenopausal Postmenopausal
women had significantly higher bone turnover markers

women.

Bone turnover markers

PINP B-CTX
N-MID osteocalcin

Figure 1

The conceptual mediation model. ‘a’ indicates the path from vitamin D
(exposure) to bone turnover markers, ‘b’ indicates the path from bone
turnover markers to blood lead level (outcome), and ‘c’ indicates the
direct path from vitamin D (exposure) to blood lead level when controlled
for bone turnover markers. CTX, collagen type 1 C-telopeptide; P1NP,
procollagen type 1 N-terminal propeptide.
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than old men. The prevalence of current smoking habits,
hypertension, and dyslipidemia was 36.7, 78.0 and 63.2%
in men and 2.4, 79.2 and 60.8% in women, respectively
(Table 1).

Associations among blood lead level, vitamin D,
bone turnover markers and metabolic factors

As shown in Fig. 2, in both men and postmenopausal
women, both 25(0OH)D and BLL showed significant
decreasing and increasing trends, respectively, with
increasing P1NP, N-MID osteocalcin and p-CTX levels (all
P <0.001).

Furthermore, in the linear regression analyses, we
used the 25(OH)D and blood lead level as independent
variables and bone turnover markers and metabolic factors
as dependent variables. In both men and women, the
PINP, N-MID osteocalcin and p-CTX levels were inversely

Table 1 Characteristics of the study participants.

Postmenopausal
Men women
N 1936 2167
Age, years 67.0(8.8) 67.4(7.7)
Duration of diabetes, 9(3-15) 9(3-15)
years
25(0OH)D, nmol/L 44.3(14.3) 40.4 (13.3)
Vitamin D deficiency, % 70.0% 80.1
Blood lead level, pg/L 26 (18-37) 25 (18-35)
P1NP, ng/mL 34.8(27.4-44.1)  44.5(34.7-57.9)
N-MID osteocalcin, 9.3(7.4-11.7) 12.2(9.6-15.4)
ng/mL
B-CTX, ng/mL 0.17(0.12-0.22)  0.21 (0.15-0.28)
BMI, kg/m? 25.0(3.3) 24.8 (3.8)
FPG, mmol/L 7.8(2.4) 7.8(2.5)
HbA1c, % 7.6(1.4) 7.4(1.3)
eGFR, mL/min 90.9 (17.3) 92.2 (16.3)
per 1.73 m?
Total cholesterol, 4.81(1.12) 5.36 (1.22)
mmol/L
Triglycerides, mmol/L 1.46 (1.04-2.12) 1.62(1.17-2.28)
HDL-C, mmol/L 1.11(0.26) 1.29(0.30)
LDL-C, mmol/L 2.99 (0.79) 3.28(0.88)
Current smoking, % 36.7 24
Hypertension, % 78.0 79.2
Dyslipidemia, % 63.2 60.8
Vitamin D intake, % 6.5 12.4
Anti-osteoporosis 13.5 28.4

medication, %

The data are summarized as the mean (s.p.) or median (interquartile
range) for continuous variables or as a numerical proportion for

categorical variables.

25(0H)D, 25-hydroxy vitamin D; CTX, collagen type 1 C-telopeptide; eGFR,
estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1c,

glycated haemoglobin HDL-C, high-density lipoprotein; LDL-C, low-density
lipoprotein; PINP, procollagen type 1 N-terminal propeptide.
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associated with 25(OH)D and positively associated
with BLL (all P < 0.01) after adjusting for participant
age, current smoking habits, vitamin D intake, BMI,
dyslipidemia, hypertension, duration of diabetes and use
of anti-osteoporosis medication. Vitamin D deficiency
was also associated with higher PINP, N-MID osteocalcin
and B-CTX levels.

Regarding the metabolic risk factors, in men, FPG,
HbAlc, lipid profile and blood pressure were inversely
associated with 25(OH)D, while in women, the associations
only held for BMI and lipid profile. Interestingly, there
was a significant association between BMI and BLL in
women but not in men, which was consistent with our
previous paper in the general population (10). BLL was
also significantly associated with eGFR and triglycerides
in both sexes (Fig. 2 and Table 2).

Mediation analysis

After finding that PINP, N-MID osteocalcin and p-CTX
levels were associated with both vitamin D and BLL, we
further performed a mediation analysis to try to understand
whether the bone turnover markers were significant
mediators between vitamin D and BLL. Figure 1 illustrates
the model for the mediation effect. ‘a’ indicates the path
from 25(OH)D (exposure) to mediators, ‘b’ indicates the
path from mediators to BLL (outcome), ‘c’ indicates the
path from 25(OH)D (exposure) to BLL (outcome) and ‘c’
indicates the direct path from 25(OH)D (exposure) to BLL
(outcome) when controlled for mediators (Table 3).

In Table 3, we found very consistent results in both
sexes and in bone formation and resorption markers.
None of the direct associations between 25(OH)D and
BLL were significant in PINP, N-MID osteocalcin and
B-CTX mediation analysis, but all the indirect or mediated
associations were significant. Because these associations
were not significant after additional adjustment for P1ND,
N-MID osteocalcin and B-CTX concentrations, P1NP,
N-MID osteocalcin and B-CTX had a complete mediation
effect on these associations. To exclude the effect of
occupation on the lead exposure, we made a sensitivity
analysis in women over 60 and men over 65, and the results
were not materially changed (Supplementary Table 1).

Discussion

In this study on community-dwelling Chinese adults with
type 2 diabetes, we reported that plasma bone turnover
markers, including PINP, N-MID osteocalcin and p-CTX,
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Postmenopausal Women
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Scatter plot among vitamin D, blood lead level and bone turnover markers in men and postmenopausal women. All the lines above showed significant
trends (all P < 0.001). 25(0OH)D, blood lead level, P1NP, N-MID osteocalcin and p-CTX were natural logarithm transformed. 25(0OH)D, 25-hydroxy vitamin D;
BLL, blood lead level; CTX, collagen type 1 C-telopeptide; P1NP, procollagen type 1 N-terminal propeptide. The gray around the line represents 95% Cl.

were positively associated with BLL and inversely
associated with 25(OH)D. P1INP, N-MID osteocalcin and
B-CTX completely mediated the relationship between
25(OH)D and BLL. The current study is, to our knowledge,
the first to identify the mediating effect of bone turnover
markers on the relationship between vitamin D and blood
lead exposure in humans. The mediation effect might
indicate an association between exposure to vitamin D
deficiency and a higher bone turnover rate, which may
then contribute to greater blood lead exposure (Fig. 3).
The relationship between vitamin D and BLL
has been noted in previous studies that primarily
focused on children. Children with high lead exposure
displayed a significant negative association between the
1,25-dihydroxyvitamin D and 25(OH)D concentrations
and BLL (28, 29). In a Chinese population-based study on
1218 children, after multivariable adjustment, in addition
to increasing child age, BLL was the other significant
predictor of 25(OH)D deficiency and insufficiency (OR
1.01,95% CI 1.00, 1.02) (29). Furthermore, another cohort
study demonstrated that increasing dietary calcium and
vitamin D intake during pregnancy could be associated
with lower maternal BLL and lower lead in cord blood (30).
Conversely, animal studies have shown that lead exposure
in water significantly decreased the 25(OH)D and affected
the expression of vitamin D-metabolizing enzymes in the
brain, liver and kidneys (31). Thus, vitamin D and lead

exposure may have a bidirectional association, which
values further determination. However, interestingly,
there is also another opposite viewpoint about vitamin D
and lead exposure. Prior studies indicated that vitamin D
ingestion not only stimulated the absorption of calcium
and phosphate but also toxic metals, including lead and
cadmium (32). However, that intervention was largely in
animals (32), and there is still a lack of data on how the
BLL would change when vitamin D supplementation is
given to different age groups of humans.

A significant negative correlation between the
25(0OH)D concentration and bone turnover in older
people presenting a high prevalence of vitamin D
deficiency was discovered (17, 33). A study based on 1724
postmenopausal women with remarkably low levels of
25(OH)D (mean 33 nmol/L) in Peking suggested an inverse
association of 25(OH)D with $-CTX and PINP (r=-0.073
and -0.088, P < 0.01) (33). Moreover, a study based on
Australian women who did not receive dietary vitamin D
demonstrated that with the seasonal change in vitamin D
levels, decreased 25(OH)D in winter could result in
increased bone resorption (34). Additionally, vitamin D
supplementation for correcting vitamin D deficiency in
patients showed significant effects regarding decreasing
bone turnover (35). Interestingly, in people with higher
25(OH)D levels, some randomized controlled trials
indicated no significant influence of vitamin D on bone
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Blood lead level
0.06 (0.03, 0.08)
0.05 (0.02, 0.07)
0.06 (0.03, 0.09)
0.37 (0.12, 0.62)

—0.06 (-0.22, 0.10)
—0.05(-0.13, 0.04)

Postmenopausal women
Vitamin D deficiency
0.12(0.08, 0.17)
0.08 (0.04, 0.12)
0.10 (0.05, 0.15)
0.63 (0.21, 1.05)
0.37 (0.10, 0.64)
0.23(0.09, 0.38)

25(0H)D
-0.15 (-0.21, -0.10)
-0.13 (-0.19, -0.08)
-0.16 (-0.23, -0.10)
-0.52 (-1.05, 0.01)

-0.16 (-=0.50, 0.19)

-0.18 (=037, 0.001)
-0.73(=2.69, 1.23)

-0.61 (-0.78, —0.45)
-0.14 (-0.21, -0.08)
-0.06 (-0.10, -0.02)
-0.36 (-0.48, -0.24)

Blood lead level
0.05 (0.02, 0.08)
0.06 (0.03, 0.08)
0.08 (0.05, 0.12)
0.01 (-0.22, 0.25)

—0.05(-0.23,0.12)

—-0.09 (-0.19, 0.01)

Men
Vitamin D deficiency
0.05 (0.01, 0.09)
0.04 (-0.001, 0.07)
0.06 (0.01, 0.10)
0.38 (0.06, 0.71)
0.40 (0.16, 0.65)
0.28 (0.14, 0.43)

25(0H)D
-0.12 (-0.18, -0.07)
-0.11 (-0.17, -0.06)
-0.12 (-0.19, -0.05)
—0.20 (-0.68, 0.28)

-0.65 (-1.01, -0.29)
-0.50 (-0.70, —-0.29)
-2.12(-4.36,0.11)

-0.69 (-0.86, —0.53)
-0.26 (-0.33, -0.18)
-0.07 (-0.10, —0.04)
-0.37 (-0.49, -0.25)

Table 2 Associations among blood lead level, vitamin D, bone turnover markers and metabolic factors.

N-MID osteocalcin

PINP
B-CTX
BMI
FPG
HbA1C
eGFR

-2.14 (-3.05, -1.23)
0.03 (-0.05, 0.11)

0.79 (-0.74, 2.33)
0.41 (0.28, 0.54)

-1.48 (-2.57, -0.40)
0.09 (0.01, 0.17)

0.04 (0.01, 0.08)
—-0.001 (-0.02, 0.02)

1.78 (0.26, 3.30)
0.37 (0.25, 0.48)
0.11 (0.06, 0.16)
0.04 (0.02, 0.07)
0.20 (0.12, 0.28)

Total cholesterol
Triglycerides

HDL-C
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Vitamin D and lead exposure

0.04 (0.01, 0.07)
—0.01(-0.03, 0.01)

0.09 (-0.04, 0.14)
0.02 (-0.01, 0.06)
0.27 (0.17, 0.36)

0.02 (-0.03, 0.08)

0.06 (0.002, 0.12)

LDL-C
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turnover (36, 37). Combined with our results, vitamin D
may be considered a nutrient with a threshold and
influence on bone turnover under conditions of vitamin D
insufficiency. The mechanism of the association may be
that the parathyroid hormone (PTH) mediates vitamin D
and bone turnover. A continuous elevation in serum
PTH with decreasing serum 25(OH)D and no plateau was
found (17). PTH may up-regulate the expression of the
NF-xB ligand receptor activator, inhibit osteoprotegerin
mRNA expression, and accelerate bone turnover (38).
In animal models, 1a(OH)ase knockout mice developed
hypocalcemia and osteomalacia. Despite hypocalcemia
correction, the osteoblast number, mineral apposition
rate, and bone volume were still below those of WT mice.
Treating with exogenous 1,25(OH),D; normalized the
osteoblast number in mutant mice (39).

The majority of lead (80-85%) is deposited in
bones under environmental and occupational exposure,
and its half-life is rather long (over 10 years) (14). The
bone deposition site could be two compartments, the
exchangeable compartment at the surface of the bone and
the non-exchangeable compartment deeper in the cortical
bone. In addition to easily entering the blood, when
lead is actively reabsorbed, cortical bone is exchanged
to the surface (40). Epidemiological studies have shown
that skeletal lead could be an endogenous source of lead
exposure when the bone turnover rate is increased (41,
42). With the measurement of bone turnover markers,
Machida etal. demonstrated that in Japanese women, BLLs
were significantly lower in the group with low osteocalcin,
showing a strong positive correlation between BLL and
bone formation (43). Moreover, another study found that
collagen type I N-telopeptide in addition to bone-specific
alkaline phosphatase was associated with higher BLL in
postmenopausal women, which indicated that the BLL
was also associated with bone resorption (15). Consistent
with these results, we found that although men had a
relatively lower bone turnover rate than postmenopausal
women, the inverse association between lower bone
turnover and lower BLL still occurred. In summary, active
bone turnover, whether in formation or resorption, might
cause an increase in the BLL as a result of skeletal lead
mobilization into blood.

Tounderstand the possible role that bone metabolism
plays in the association between vitamin D and BLL, we
conducted a mediation analysis. Our results indicated
that the association between vitamin D and blood lead
was mediated by bone turnover markers, which acted
as a full mediator. Our finding has several important
implications. First, because bone is a primary reservoir

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-21-0006

© 2021 The authors
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons
@ @ @ Attribution-NonCommercial 4.0 International License.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-21-0006
https://ec.bioscientifica.com

£ Endocrine
W CONNECTIONS

H Zhang, Y Cui, R Dong et al. | Vitamin D and lead exposure 10:4 384

Table 3 Mediation of bone turnover markers on the association between 25(0H)D and blood lead levels.

Effect

PINP

p-CTX

N-MID osteocalcin

a (exposure—mediator)
b (mediator—outcome)
c (total effect)

c'(direct effect)

ab (mediated effect)

a (exposure—mediator)
b (mediator—outcome)
c (total effect)

c'(direct effect)

ab (mediated effect)

-0.128 (-0.186, -0.070)
0.111 (0.032, 0.191)
—-0.022 (-0.119, 0.075)
—0.008 (-0.105, 0.090)
-0.014 (-0.029, -0.003)

-0.144 (-0.200, -0.088)
0.129 (0.052, 0.206)
~0.078 (~0.174, 0.018)
~0.060 (~0.157, 0.036)
-0.019 (-0.036, —0.005)

Men
-0.123 (-0.189, -0.057)
0.148 (0.078, 0.217)
-0.022 (-0.119, 0.075)
—0.004 (-0.101, 0.094)
-0.018 (-0.034, —0.006)

Postmenopausal women

-0.149 (-0.210, -0.087)
-0.104 (0.033, 0.175)
-0.078 (~0.174, 0.018)
~0.063 (0.160, 0.033)
-0.016 (-0.030, —0.005)

-0.114 (-0.167, -0.061)
0.138 (0.050, 0.225)
—-0.022 (-0.119, 0.075)
—0.006 (-0.104, 0.091)
-0.016 (-0.032, -0.004)

-0.125 (-0.175, -0.075)
0.105 (0.019, 0.192)
-0.078 (~0.174, 0.018)
~0.066 (~0.162, 0.031)
-0.013 (-0.029, —0.001)

The model was adjusted for current smoking habits, vitamin D intake, BMI, dyslipidemia, hypertension, estimated glomerular filtration rate, duration of
diabetes and use of anti-osteoporosis medication. 25(0H)D, blood lead level, PINP, N-MID osteocalcin and B-CTX were natural logarithm-transformed.

The bold indicates P < 0.05.

25(0OH)D, 25-hydroxy vitamin D; CTX, collagen type 1 C-telopeptide; and P1NP, procollagen type 1 N-terminal propeptide.

of lead in the human body, a higher bone turnover rate
may release more lead into the blood. Secondly, the
higher bone turnover rate in the elderly may be related
to vitamin D deficiency. Taken together, this finding
implied that diabetic patients experiencing vitamin D
deficiency and a high bone turnover rate may have a
greater state of blood lead exposure. The elevated bone
turnover rate may serve as an early marker related to
blood lead exposure.

This study had some limitations. First, readers should
be cautious in interpreting the mediation results because
this study is cross-sectional in nature; thus, unmeasured
or residual confounding and causal relationships or
coincidental phenomena cannot be fully determined.
Secondly, Han Chinese and elderly diabetic patients were

Environmental lead

Exposure

~4% of body burden

bone turnoverl blood Pb l

A~

vitamin D T

e,
Yo,
®,
%
4

the study group; thus, the results may not be generalizable
to other population groups. Thirdly, a one-time sampling
design may result in measurement error.

In conclusion, we reported that the association between
vitamin D and BLL was fully mediated by bone turnover
markers in type 2 diabetic patients (mediation effect).
The mechanism may be due to the direct participation
of bone turnover in promoting blood lead exposure. This
finding suggested that exposure to vitamin D deficiency
might induce a higher bone turnover rate, which then
contributed to greater blood lead exposure, regardless
of sex. Whether higher vitamin D concentrations or
vitamin D supplementation could ameliorate blood lead
exposure should be further determined by prospective
studies or trials.

Figure 3

Potential mediation effect of bone metabolism on
the association between vitamin D and blood lead
level. About 90% of body lead is deposited in the
bone, and bone and blood lead are in a dynamic
balance. Vitamin D deficiency may increase blood
lead exposure through active bone turnover.
Whether vitamin D supplementation could reduce
blood lead level needs further exploration.
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