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Abstract Few studies have evaluated the asso-
ciation between circulating levels of 25-hydroxy-
vitamin D (25(OH)D), 1,25-dihydroxyvitamin D 
(1,25(OH)2D), and the endocrine disruptor bisphenol 
A (BPA), with risk of cardiovascular (CV) disease in 
elderly individuals. This was a cross-sectional study 
in a subgroup of elderly people from the InCHI-
ANTI Biobank in Italy. We examined the association 
between circulating serum vitamin D metabolites, 
1,25(OH)2D, 25(OH)D, and the endocrine disrupt-
ing agent BPA, with an arbitrary CV risk score and 
the European Society of Cardiology-based 10-year 
CV risk (SCORE2/SCORE2-OP) using univariate 

and multiple regression. In 299 individuals, blood 
samples were tested for serum values of 25(OH)D, 
1,25(OH)2D and urinary BPA levels. One hundred 
eighty individuals (60.2%) were deficient (< 20  ng/
ml) in 25(OH)D. Levels of 25(OH)D and 1,25(OH)2D 
were negatively correlated with CV risk score 
(p < 0.0001 for both) as well as SCORE2/SCORE2-
OP (p < 0.0001 for both) while BPA levels were posi-
tively correlated with both CV risk scores (p < 0.0001 
for both). In a logistic regression model, male gen-
der (odds ratio; OR: 2.1, 95% CI:1.1–3.8, p = 0.022), 
obesity (OR:2.8, 95% CI:1.2–6.5, p = 0.016) and 
BPA levels ≥ 110  ng/dl (OR:20.9, 95% CI:9.4–46.8, 
p < 0.0001) were associated with deficient levels of 
25(OH)D. 1,25(OH)2D levels < 41 ng/dl and 25(OH)
D levels < 20 ng/ml were associated with CV risk 
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score ≥ 3 (OR: 4.16, 95% CI: 2.32–7.4, p < 0.0001 
and OR: 1.86, 95% CI: 1.02–3.39, p = 0.044) respec-
tively and 1,25(OH)2D levels < 41 ng/dl were associ-
ated with SCORE2/SCORE2-OP of ≥ 20% (OR:2.98, 
95% CI: 1.7–5.2, p = 0.0001). In this cross-sectional 
analysis, BPA exposure was associated with signifi-
cantly reduced levels of vitamin D that in turn were 
significantly associated with increased CV risk.

Keywords Bisphenol A · Cardiovascular risk · 
Vitamin D · 25(OH)D · 1,25(OH)2D · Elderly people

Introduction

Vitamin D is an essential regulator of calcium home-
ostasis [1] and it is well recognised that normal lev-
els of vitamin D can prevent and cure bone diseases, 
such as rickets osteomalacia, and osteoporosis [2, 3]. 
In addition, to its primary role in calcium and bone 
metabolism, vitamin D has been shown to exert other 
biological roles, such as reduction of inflammation, 
modulation of cell growth, regulation of immune and 
neuromuscular function and of glucose metabolism 
[4]. A chronic deficiency of vitamin D can predispose 
and/or facilitate the development of many diseases in 
humans.

Vitamin D status is assessed by serum values of 
the transport form of vitamin D, the 25-hydroxyvi-
tamin D (25(OH)D), and according to the Endocrine 
Society [2], vitamin D deficiency is defined as cir-
culating levels of 25(OH)D less than 20  ng/ml and 
insufficiency of 25(OH)D between 20 and 29  ng/
ml. Vitamin D deficiency or insufficiency are com-
mon conditions worldwide, occurring in 30–50% of 
the global population [5, 6], across all geographi-
cal, ethnical and age groups, and particularly in the 
elderly people [7, 8] because of poor exposure to sun-
light, reduced skin synthesis capacity, and reduced 
intestinal absorption [9, 10]. In addition, vitamin D 
deficiency is also seen in elderly individuals without 
these risk factors [11].

Results from recent observational findings and 
Nonlinear Mendelian analysis indicate that an insuf-
ficient or deficient vitamin D status may increase 
the risk of cardiovascular diseases (CVD), with an 
inverse nonlinear association between vitamin D sta-
tus and the occurrence of CVD events and mortality 
[12, 13].

Bisphenol A (BPA) is a chemical organic com-
pound primarily used in the manufacture of polycar-
bonate (PC) raw material plastic that is widely used 
in personal care and consumer products [14]. At suf-
ficient levels, BPA can mimic the action of oestrogen 
and may lead to endocrine dysfunction in humans 
[15], such as disorders of the reproductive system, 
obesity and diabetes, and increase the risk of cancer 
[16], hence recognised as "endocrine disruptor chem-
icals" (EDCs). Epidemiological studies have shown 
that higher urinary BPA concentrations are associated 
with various types of CVDs, including hypertension, 
angina, heart attack and coronary and peripheral arte-
rial disease [17, 18]. In a recent study, retrospectively 
performed on a population-based NHANES database 
(2011–2016) on 1,467 individuals, higher concen-
trations of BPA were found to be associated with a 
higher risk for CVDs [19].

In a previous cross-sectional study, performed by 
our Research Group on a subpopulation of 299 indi-
viduals from the InCHIANTI database, we observed 
a strong inverse relationship between urinary BPA 
concentrations and circulating vitamin D levels [20]. 
Indeed, it has also been recently demonstrated else-
where that exposure to BPA and other EDCs (e.g. 
phthalates) can be associated with a reduction in vita-
min D levels [21, 22].

In this post-hoc analysis, we explored the same 
InCHIANTI subpopulation to evaluate the asso-
ciation between circulating levels of 25(OH)D and 
1,25(OH)2D, and urinary BPA with cardiovascular 
(CV) risk.

Methods

Study design

The InCHIANTI (“Invecchiare in Chianti”, aging in 
the Chianti area) study was originally designed in 
1998 to evaluate factors contributing to the decline 
of mobility in later life, by performing longitudinal 
medical examinations, questionnaires and related 
functional tests on the elderly population of two small 
towns located in the Chianti Region, Greve in Chi-
anti and Bagno a Ripoli, Italy [23], through baseline 
(1998–2000) and follow-up visits performed every 
three years from 1998 to 2014.
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The present non-interventional monocentric cross-
sectional study included a subpopulation of 299 indi-
viduals from the InCHIANTI database and it was 
conducted in full compliance with Italian legislation 
regarding non-interventional studies and the princi-
ples of the Declaration of Helsinki. All participants 
provided written informed consent for the anonymous 
use of their clinical and biochemical data according 
with the European Legislative Decree 2016/679. The 
Regional Ethics Committee for Clinical Trials of the 
Tuscany Region (Section, Area Vasta Centro; Car-
eggi, Firenze) approved this study (protocol number: 
13929_bio) on 08/07/2019, which was conducted 
according to the regulations for observational studies 
[24].

Study population and sample collection

We retrospectively retrieved available clinical, bio-
chemical and therapeutic data from the InCHIANTI 
database and obtained blood and urine samples stored 
in the InCHIANTI Biobank from 299 individuals 
(165 women and 134 men), aged 72.8 ± 15.7  years, 
collected during the fourth follow-up (from June 2013 
to July 2014).

Intravenous blood samples were initially collected 
after an overnight 8  h fasting from the InCHIANTI 
population, delivered to the laboratory within 2  h 
for the retrieval of serum and plasma that was then 
stored, in 0.3  ml aliquots, at −80  °C in the InCHI-
ANTI Biobank, at the Piero Palagi Hospital, Flor-
ence, prior to undertaking biochemical assays. Urine 
samples were collected first in the morning after 
an over-night 8 h fasting and then stored at −80  °C 
InCHIANTI Biobank until further use.

Laboratory assays

Assays for 25(OH)D, 1,25(OH)2D, parathyroid hor-
mone (PTH), and creatinine were performed at the 
central laboratory of the Azienda Ospedaliero-Uni-
versitaria Careggi (AOUC), Florence, Italy. Measure-
ment of BPA and vitamin D binding protein (VDBP) 
were performed at the laboratory of the Fondazione 
FIRMO Onlus (FirmoLab), Florence, Italy. While 
serum values of calcium, magnesium, total choles-
terol, LDL-cholesterol, HDL-cholesterol, triglycer-
ides and glucose were retrospectively retrieved from 
the fourth follow-up in the InCHIANTI database.

Serum 1,25(OH)2D and 25(OH)D levels were 
measured by radioimmunoassay (Liason, DiaSorin, 
Saluggia, Italy). Serum PTH was analysed using a 
sandwich electrochemiluminescence immunoas-
say (ECLIA) by Elecsys 2010 Modular Analytics 
E170 COBAS 602 (Roche Diagnostics GmbH, Man-
nheim, Germany). Serum creatinine was measured 
by an enzymatic method with calibration traceable 
to a reference procedure (isotope dilution-mass spec-
trometry) and automatized on a Cobas 8000. Serum 
VDBP was measured by Enzyme-Linked Immuno 
Assay method (R&D Systems).  BPA analysis was 
performed on urine samples using the HPLC/Mass 
Spectrometry using solid phase extraction coupled 
with high performance isotope dilution tandem liq-
uid chromatography-mass spectrometry with focus 
peak. A comprehensive quality control system was 
implemented to prevent samples from being contami-
nated during handling, storage and analysis. For BPA 
concentrations below the detection level (116/1455 
[8%]), a value of 0.3 ng/mL (30 ng/dl) was assigned 
in the NHANES survey and this value was used in the 
present analysis [25].

Estimate of CV risk

To explore the potential association between vita-
min D metabolites and BPA with CV risk we used 
two independent scores, an arbitrary measure of CV 
risk and the SCORE2/SCORE2-OP proposed by the 
European Society for Cardiology (ESC).

In the arbitrary measure of CV risk, that has been 
previously described elsewhere [26–28], a total of 8 
different clinical variables or risk factors were consid-
ered and stratified into high/low or absence/presence 
yielding a maximum score of 8, representing highest 
possible CV risk. For continuous variables; age and 
BMI, cut off-values were ≥ 75  years and ≥ 30  kg/m2 
respectively. The remaining dichotomous variables 
(absence or presence in the previous 3 years) included 
smoking, dyslipidaemia, diabetes, hypertension and a 
CV event (angina pectoris or peripheral arterial dis-
ease or myocardial infarction or stroke). Male gender 
was also included as a dichotomous CV risk variable.

We also used the 10-year CV risk based on the 
SCORE2/SCORE2-OP model proposed by the 2021 
ESC Guidelines on Cardiovascular Disease Preven-
tion [29, 30]. The individual 10-year risk of a CV 
event (expressed as %), was estimated according to 
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SCORE2 (as calibrated for moderate risk European 
regions) and its equivalent for patients older than 
70  years (SCORE2-OP) based on the variables age, 
sex, smoking, systolic blood pressure (SBP), total 
cholesterol and high-density lipoprotein (HDL) cho-
lesterol. In our database, systolic blood pressure 
values were not available. However, information on 
hypertensive status was available and this allowed us 
to assign a score of 140 mm/Hg for hypertension and 
120  mm/Hg to those without hypertension that are 
recognised cut-off values defining normal and hyper-
tensive individuals according to International guide-
lines [31, 32].

Statistical analysis

Continuous quantitative variables were summa-
rized using either mean ± standard deviation (SD) 
or median and range. Categorical variables were 
expressed as numbers and percentages. Normality 
of the data distribution was assessed using the Kol-
mogorov–Smirnov test and by examining asymmetry 
and kurtosis values. For normally distributed con-
tinuous variables, comparisons were performed using 
the Student’s t-test while proportions for categori-
cal variables were compared using either the χ2 test 
or Fisher’s exact test. Univariate correlations were 
assessed using the Pearson’s correlation coefficient 
and summarised in a correlation matrix. Urinary and 
serum laboratory variables were log transformed (as 
they were not distributed normally) prior to univariate 
and multivariate analyses. Multiple logistic regres-
sion models were used to assess the strength of the 
association between individuals having deficient lev-
els of 25(OH)D (i.e. < 20 ng/mL; as dependent vari-
able) and a range of clinical and laboratory variables 
(age < 75 vs. ≥ 75 years, gender, BMI < 30 vs. ≥ 30 kg/
m2, diabetes (yes vs. no), dyslipidaemia (yes vs. no), 
hypertension (yes vs. no), smoking (yes vs. no) in 
addition to 1,25(OH)2D levels < 41  pg/ml and BPA 
levels ≥ 110  ng/dl and expressed as odds ratio (OR) 
and corresponding 95% confidence intervals (95% 
CI). In additional logistic regression models, consid-
ering SCORE2/SCORE-2-OP of ≥ 20% or CV risk 
score of ≥ 3 as dependent variables separately, the 
association between independent variables 25(OH)
D levels < 20  ng/ml, 1,25(OH)2D levels < 41  pg/ml 
and BPA levels ≥ 110 ng/dl were examined separately 
and together in specific models. Results from logistic 

regression were presented as odds ratio (OR) and rel-
ative 95% confidence intervals (CI). The effect modi-
fication between BPA and 25(OH)D or 1,25(OH)2D 
to explain the variability of CV risk score or 
SCORE-2/SCORE2-OP was investigated by linear 
and ordinal logistic regression, respectively, adjusting 
for age, gender and BMI. Receiver operating charac-
teristic curve (ROC) analysis was applied to deter-
mine whether vitamin D [25(OH)D or 1,25(OH)2D] 
or BPA levels could be used to discriminate between 
individuals at very high CV risk as reflected by a CV 
risk score ≥ 3 or SCORE2/SCORE2-OP ≥ 20% and 
represented by area under the curve (AUC), sensi-
tivity and specificity and relative 95% CI. A p-value 
of < 0.05 was considered statistically significant. Sta-
tistical analysis was performed using Instat Software 
(GraphPad, San Diego, CA, USA) or MedCalc Soft-
ware (Broekstraat, Mariakerke, Belgium).

Results

Clinical and biochemical characteristics

Blood and urine samples from 299 elderly individuals 
(median age of 80 years; 35–99 years) were analysed 
and general demographic and laboratory variables 
are presented in Table  1. In this elderly population, 
55.2% were female (N = 165). Patients were bur-
dened with a high frequency of different comorbid 
diseases such as dyslipidaemia (48.2%), hypertension 
(47.5%), positive history of fall/fracture (29.4%) and 
18.7% had obesity (BMI ≥ 30 kg/m2). Almost half of 
all patients were receiving some form of medication, 
mainly anti-hypertensive (52.2%), or anti-thrombotic 
(34.8%) drugs.

Characteristics of individuals deficient (< 20 ng/ml) 
in 25(OH)D

Overall, 180 (60.2%) individuals had 25(OH)D lev-
els < 20  ng/ml, a level that is considered deficient 
according to the Endocrine Society. Those with vita-
min D deficiency tended to be older and have higher 
BMI, while gender and smoking status were similar 
to the non-vitamin D deficient group. As expected, 
lower levels of 1,25(OH)2D and 25(OH)D were asso-
ciated with higher PTH levels. However, urinary 
BPA levels were significantly higher in the vitamin D 
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deficient group (179.5 ng/dl vs. 51 ng/dl, p < 0.0001). Lower serum calcium and higher triglycerides were 

Table 1  Clinical and laboratory characteristics of individuals stratified by 25(OH)D levels

Statistically significant p-values (<0.05) are indicated in bold
Data are presented as number and % or mean and SD. BMI Body mass index; BPA Bisphenol A; HDL High-density lipoprotein; LDL 
Low-density lipoprotein; PTH Parathyroid hormone; VDBP Vitamin D binding protein

Characteristic Total
(N = 299)

25 (OH)D
 < 20 ng/ml (N = 180)

25 (OH)D
 ≥ 20 ng/ml (N = 119)

p-value

General
  Age, years (range) 80 (35–99) 81 (35–99) 72 (36–92)  < 0.0001
  Female gender, n (%) 165 (55.2) 94 (52.2) 71 (59.7) NS
  BMI (kg/m2) 26.6 (13.4–41.2) 27.2 (13.4–41.2) 26.0 (14.9–38.7) 0.0098

Smoking status, n (%)
  Never 159 (53.2) 97(53.9) 62 (52.1) NS
  Previous 116 (38.8) 71 (39.4) 45 (37.8) NS
  Current 24 (8) 12 (6.7) 12 (10.1) NS

Biochemical parameters
  1,25(OH)2D (pg/ml) 41.3 (12.4–136.0) 36.7 (12.4–87.5) 47 (15.9–136.0)  < 0.0001
  25(OH)D (ng/ml) 17.2 (3.5–96.0) 13 (3.5–19.8) 27.9 (20.6–96.0)  < 0.0001
  PTH (pmol/L) 5.0 (1.2–29.5) 5.5 (1.2–29.5) 4.2 (1.3–11.4)  < 0.0001
  VDBP (mg/L) 680.4 (351–2597) 666.3 (351–2597) 708.1 (382–1267) 0.36
  Creatinine (mg/dL) 0.78 (0.14–2.77) 0.62 (0.14–2.11) 0.94 (0.29–2.77) 0.48
  BPA (ng/dL) 110 (27–2807) 179.5 (27–915) 51 (27–2807)  < 0.0001
  Total calcium (mg/dL) 9.2 (7.9–10.6) 9.1 (7.9–10.6) 9.2 (8.3–10.3) 0.0095
  Magnesium (mg/dl) 2.1 (1.2–2.8) 2.1 (1.6–2.4) 2.1 (1.5–2.8) 0.32
  Total cholesterol (mg/dL) 212 (105–542) 211.5 (105–378) 212 (125–542) 0.53
  LDL-cholesterol (mg/dL) 131 (34–455) 130 (34–257) 132 (61–455) 0.31
  HDL-cholesterol (mg/dL) 56 (24–115) 56 (29–109) 57.5 (24–115) 0.07
  Triglycerides (mg/dL) 98 (29–761) 104 (32–761) 94 (29–263) 0.026
  Plasma glucose (mg/dL) 92 (57–218) 94 (70–171) 90 (57–218) 0.058

Comorbid diseases, n (%)
  Dyslipidemia 144 (48.2) 87 (48.3) 57 (47.9) NS
  Hypertension 142 (47.5) 93 (51.7) 49 (41.2) 0.08
  Fall/fracture/hospitalisation 88 (29.4) 56 (31.1) 31 (26.1) NS
  Obesity 56 (18.7) 44 (24.4) 12 (10.1) 0.002
  Osteoporosis 48 (16.1) 19 (10.6) 29 (24.4) 0.003
  Cardiovascular disease 42 (14.0) 28 (15.6) 14 (11.8) 0.4
  Type-2 diabetes mellitus 39 (13.0) 29 (16.1) 10 (8.4) 0.06
  Asthma and/or bronchitis 18 (6.0) 14 (7.8) 4 (3.4) 0.14

Treatment, n (%)
  Antihypertensive 156 (52.2) 104 (57.8) 52 (43.7) 0.025
  Antithrombotic 104 (34.8) 70 (38.9) 34 (28.6) 0.08
  Psychotropic 82 (27.4) 52 (28.9) 30 (25.2) NS
  Lipid lowering 73 (24.4) 48 (26.7) 25 (21.0) 0.27
  Cardiac 42 (14.0) 28 (15.6) 14 (11.8)  < 0.0001
  Anti-diabetic 33 (11.0) 23 (12.8) 10 (8.4) 0.26
  Vitamin D supplementation 28 (9.4) 3 (1.7) 25 (21.0)  < 0.0001
  Anti-fracture 15 (5.0) 5 (2.8) 10 (8.4) 0.05
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observed (104  mg/dl vs. 94  mg/dl; p = 0.026) in the 
vitamin D-deficient group compared to controls. Par-
ticipants with vitamin D deficiency were more likely 
to be obese (i.e. BMI ≥ 30  kg/m2; 24.4% vs. 10.1%; 
p = 0.002) and less likely to have osteoporosis (10.6 
vs. 24.4%; p = 0.002) and more likely to be taking 
anti-hypertensives (57.8% vs. 43.7%; p = 0.025), and 
cardiac drugs (15.6% vs. 11.8%; p < 0.0001). Of note, 
just 3 patients were not receiving any vitamin D sup-
plementation (1.7% vs. 21%; p < 0.0001).

Association between biochemical and clinical 
variables by univariate analysis

Statistically significant correlations were observed 
for a range of different variables (Supplementary 
Table  1). As previously observed [20], levels of 
BPA were highly (and negatively) correlated with 
1,25(OH)2D (r = −0.67, p < 0.0001), 25(OH)D 
(r = −0.69, p < 0.0001) and PTH levels (r = −0.44, 
p < 0.0001). We also noted that BPA was positively 
correlated with triglyceride (r = 0.13, p = 0.03) and 
glucose levels (r = 0.21, p = 0.0003) and inversely 
correlated with serum calcium levels (r = −0.14, 
p = 0.03). Interestingly, levels of 1,25(OH)2D and 
25(OH)D were negatively correlated with some of 
these variables to a similar extent.

CV risk and correlation with vitamin D and BPA 
levels by univariate regression

Using the arbitrary CV risk score, the mean CV 
risk score for the entire cohort was 2.6 ± 1.4 and 
levels of both the vitamin D metabolites 25(OH)
D and 1,25(OH)2D were negatively correlated with 
CV risk score (r = −0.24, p < 0.0001 and r = −0.37; 
p < 0.0001 respectively) (Fig.  1A and B), whereas 
BPA levels were positively correlated with CV risk 
score (r = 0.23, p < 0.0001) (Fig. 1C). As expected, in 
individuals deficient in 25(OH)D, (< 20  ng/ml), CV 
risk score was significantly higher (2.8 ± 1.4) com-
pared to individuals with 25(OH)D levels ≥ 20 ng/ml 
(2.2 ± 1.4, p < 0.0001).

Using the ESC-based algorithm, SCORE2/
SCORE2-OP, the mean 10-year risk of a CV event 
for the entire cohort was 17.95 ± 12.5% (95% CI: 
16.5–19.4%). Approximately one-third of patients 
(N = 104; 34.8%) had < 10% risk, 65.2% (N = 195) 
a ≥ 10% risk and just under half of the cohort 

(N = 142; 47.5%) a ≥ 20% risk of CV event in the 
next 10-years. Results from both scores for the entire 
cohort were positively correlated with each other 
(r = 0.52, p < 0.0001) (Supplementary Fig. 1).

Similar to results with CV risk score, levels of 
both 25(OH)D and 1,25(OH)2D were negatively 
correlated with SCORE2/SCORE2-OP (r = −0.29, 
p < 0.0001 and r = −0.39; p < 0.0001 respectively) 
(Fig.  2A and B) while BPA levels were positively 
correlated with SCORE2/SCORE2-OP (r = 0.37, 
p < 0.0001) (Fig.  2C). Likewise, in individuals defi-
cient in 25(OH)D, (< 20 ng/ml), SCORE2/SCORE2-
OP was significantly higher (20.5 ± 12.6%) com-
pared to individuals with 25(OH)D levels ≥ 20 ng/ml 
(14.1 ± 11.4%, p < 0.0001).

Stratifying CV risk score and SCORE2/SCORE2-
OP by median cut-off values (3 and 20% respec-
tively), significant differences in the levels of vita-
min D metabolites and BPA were observed (Fig.  3) 
whereby levels of both 25(OH)D and 1,25(OH)2D 
were significantly lower with higher risk scores and 
BPA levels showed the opposite, i.e. higher with 
increased CV risk (Fig. 3).

Effect modification between vitamin D metabolites 
and BPA to explain CV risk

The mutual effect modification between BPA and 
25(OH)D or 1,25(OH)2D to explain the variability of 
CV risk score and SCORE2/SCORE-2 was investi-
gated by linear and ordinal logistic regression, respec-
tively, adjusting for age, gender, and BMI. These 
analyses showed that no mutual effect modification 
exists between BPA and 25(OH)D or 1,25(OH)2D 
for explaining SCORE-2/ SCORE2-OP and CV risk 
score (all p > 0.7). This implies that the effect of 
BPA levels on SCORE-2/SCORE2-OP and CV-risk 
score is constant (i.e. it does not significantly change) 
across 1,25(OH)2D or 25(OH)D levels and that effect 
of 1,25(OH)2D or 25(OH)D levels on SCORE-2/ 
SCORE2-OP and CV-risk score is constant (i.e. it 
does not significantly change) across BPA values.

Predictor variables associated with deficient levels of 
25(OH)D (< 20 ng/ml)

Multivariate logistic regression analysis was next 
used to determine the direction and strength of the 
association between traditional CV risk factors as 



6147GeroScience (2024) 46:6141–6156 

1 3
Vol.: (0123456789)

well as low 1,25(OH)2D and high BPA levels as pre-
dictor variables influencing 25(OH)D levels < 20 ng/
ml. Including 25(OH)D < 20 ng/ml as dependent vari-
able, from a range of predictor variables, BPA (OR: 
20.9, 95% CI: 9.4–46.8, p < 0.0001) emerged as the 
strongest predictor associated with deficient levels 
of 25(OH)D levels (Table 2). Male gender (OR: 2.1, 
95% CI: 1.1–3.8, p = 0.022) and BMI (OR: 2.8, 95% 
CI: 1.2–6.45, p = 0.016) were positively associated 
with 25(OH)D deficiency.

Association of vitamin D and BPA with CV risk 
score ≥ 3 and SCORE2/SCORE2-OP ≥ 20%

Having stratified both CV risk score and SCORE2/
SCORE2-OP by median values (i.e. 3 and 20% respec-
tively) we next wanted to evaluate the association 
between vitamin D metabolites and BPA with very 
high CV risk. In separate models, deficient levels of 
25(OH)D, 1,25(OH)2D levels of < 41 pg/ml and high 
BPA levels (≥ 110 ng/dl) were significantly associated 

Fig. 1  Correlation between 
CV risk score and serum 
vitamin D and BPA levels 
in 299 elderly individu-
als from the inChianti 
database. BPA = bisphenol 
A, CV = cardiovascular, 
r = regression coefficient
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with a CV risk score of 3 (Table 3). In a second model, 
including all three variables, both deficient levels of 
25(OH)D and low 1,25(OH)2D levels remained statis-
tically significant whereas the effect of BPA was lost. 
This analysis was repeated with SCORE2/SCORE2-
OP with similar results observed. While all three 
variables (low vitamin D metabolites and high BPA) 
were associated with very high SCORE2/SCORE2-
OP (i.e. ≥ 20%), only 1,25(OH)2D levels of < 41  pg/
ml remained statistically significant when these three 
variables were considered together (Table 4).

ROC analysis to predict cut-off concentrations of 
vitamin D and BPA to predict high CV risk

We used ROC analysis to assess the predictive power 
of vitamin D or BPA levels to discriminate individu-
als with low vs high CV risk (reflected by reflected by 
a CV risk score ≥ 3 or SCORE2/SCORE2-OP ≥ 20%) 
(Fig. 4). This analysis revealed that a 25(OH)D con-
centration of ≤ 16.2  ng/mL was the best cut-off to 
predict individuals with ≥ 3 risk factors for CV dis-
ease (AUC: 0.63, 95% CI: 0.57–0.69, p = 0.0001) 

Fig. 2  Correlation between 
SCORE2/SCORE2-OP and 
serum vitamin D and BPA 
levels in 299 elderly indi-
viduals from the inChianti 
database. BPA = bisphenol 
A, CV = cardiovascular, 
r = regression coefficient
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(sensitivity = 57.6%, 95% CI: 49.3–65.6 and specific-
ity of 67.1%, 95% CI: 58.8–74.8%) (Fig.  4A) while 
1,25(OH)2D levels of < 42.1pg/ml was found to be the 

best cut-off to predict individuals with ≥ 3 risk factors 
for CV (AUC: 0.73, 95% CI: 0.67–0.78, p < 0.0001) 
(sensitivity = 72% (95% CI: 64.1–79% and specificity 

Fig. 3  Comparison between levels of serum vitamin D and 
BPA in 299 elderly individuals from the inChianti database 
with very high CV risk reflected by a CV risk score ≥ 3 or 

SCORE2/SCORE2-OP ≥ 20%. BPA = bisphenol A, CV = car-
diovascular, r = regression coefficient

Table 2  Multivariate logistic regression analysis of variables 
associated with serum 25(OH)D levels < 20 ng/ml

Statistically significant p-values (<0.05) are indicated in bold
BMI Body mass index; BPA Bisphenol A; CV Cardiovascular; 
PTH Parathyroid hormone; VDBP Vitamin D binding protein

Variable OR (95% CI) p-value

Model #1
  Age (≥ 75 years) 1.2 (0.6 − 2.4) 0.60
  Gender (male) 2.1 (1.1–3.8) 0.022
  BMI (≥ 30 kg/m2) 2.8 (1.2 − 6.45) 0.016
  Diabetes (yes/no) 0.89 (0.34 − 2.3) 0.80
  Dyslipidemia (yes/no) 0.91 (0.49 − 1.64) 0.74
  Hypertension (yes/no) 1.51 (0.77 − 2.97) 0.23
  Smoking (yes/no) 0.42 (0.14 − 1.31) 0.14
  1,25(OH)2D (< 41 pg/ml) 1.04 (0.49 − 2.2) 0.92
  BPA (≥ 110 ng/dL) 20.9 (9.4 − 46.8)  < 0.0001

Table 3  Multivariate linear regression analysis of variables 
associated with CV risk score ≥ 3

Statistically significant p-values (<0.05) are indicated in bold
BMI Body mass index; BPA Bisphenol A; CV Cardiovascular; 
PTH Parathyroid hormone; VDBP Vitamin D binding protein

Variable OR (95% CI) p-value

Model #1
  25(OH)D (< 20 ng/ml) 2.4 (1.4 − 3.6) 0.0008

Model #2
  1,25(OH)2D (< 41 pg/ml) 3.89 (2.39 − 6.3)  < 0.0001

Model #3
  BPA (≥ 110 ng/dL) 1.87 (1.18 − 2.9) 0.0079

Model #4
  25(OH)D (< 20 ng/ml) 1.86 (1.02 − 3.39) 0.044
  1,25(OH)2D (< 41 pg/ml) 4.16 (2.32 − 7.4)  < 0.0001
  BPA (≥ 110 ng/dL) 0.6 (0.31 − 1.2) 0.56
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of 66.4%, 95% CI: 58.2–74%) (Fig. 4B). In addition, 
a BPA concentration of ≥ 150 ng/dl was found to be 
best cut-off to predict individuals with ≥ 3 risk fac-
tors for CV disease (AUC: 0.61, 95% CI: 0.56–0.67, 
p = 0.0005) (sensitivity = 52.0%, 95% CI: 43.7–60.2% 
and specificity of 68.0%, 95% CI: 59.8–75.5%) 
(Fig. 4C).

This analysis was also repeated to identify the best 
cut-off value to predict 10-year risk of a CV event 
according to SCORE2/SCORE2-OP. We identified 
that a 25(OH)D concentration of ≤ 13 ng/mL was the 
best cut-off to predict individuals with ≥ 20% 10-year 
CV risk according to SCORE2/SCORE2-OP algo-
rithms (AUC: 0.66, 95% CI: 0.59–0.71, p < 0.0001) 
(sensitivity = 44.8%, 95% CI: 36.4–53.3% and speci-
ficity of 84.1%, 95% CI: 74.3–87.3%) (Fig. 4D) and for 
1,25(OH)2D, < 42.6  pg/ml was identified as the best 
cut-off (AUC: 0.71, 95% CI: 0.65–0.76, p < 0.0001) 
(sensitivity = 72.1%, 95% CI: 63.9–79.4% and speci-
ficity of 61.6%, 95% CI: 53.3–69.4%) (Fig. 4E) while 
a BPA concentration of ≥ 160 ng/dl was the best cut-
off (AUC: 0.65, 95% CI: 0.59–0.71, p < 0.0001) (sen-
sitivity = 53.5%, 95% CI: 45.0–61.9% and specificity 
of 74.7%, 95% CI: 66.9–81.4%) (Fig. 4F).

Discussion

The present follow-up analysis of our previous ret-
rospective study [20] extends our understanding of 
the association between BPA and vitamin D and the 

potential impact on CV risk factors in an elderly pop-
ulation in Italy. While our previous analysis revealed 
a strong inverse relationship between urinary BPA 
concentrations and circulating serum vitamin D lev-
els, confirming previous studies [21, 22, 33], the pre-
sent analysis has gone further and explored a wide 
range of CV risk factors to determine whether altera-
tions in levels of circulating vitamin D metabolites 
and exposure to BPA could impact upon CV risk.

It is recognised that vitamin D exerts effects 
beyond bone and mineral metabolism [1]. In some 
studies low serum concentrations of 25(OH)D were 
found to be associated with a higher incidence of 
CVD [34, 35], in addition to the known associations 
of risk factors for CVD, such as dyslipidaemia, smok-
ing, diabetes mellitus, obesity, and hypertension [36, 
37]. Although there is accumulating evidence that cir-
culating levels of vitamin D is associated with many 
health outcomes, however, data from many studies 
suggests that vitamin D supplementation is ineffec-
tive in the prevention of most of these outcomes. This 
is a paradox that still remains to be clarified. Indeed, 
it is possible that vitamin D could be a biomarker of 
some other hidden condition that is causal in CV dis-
ease and may also affect vitamin D as a biomarker.

Indeed, in large meta-analyses of observational 
studies a negative correlation between serum 25(OH)
D levels and risk of CVD  have been observed 
[38–41]. However, interpretation of these findings 
may be limited by reverse causality or uncontrolled 
confounding. In four of these Mendelian randomi-
zation studies (which were designed to avoid these 
biases), two studies reported an inverse association 
between genetically predicted 25(OH)D levels up to 
50 nmol/l (20 ng/ml) and CVD [42], including mor-
tality [13]. In the latter study by Sutherland and col-
leagues [13], the relationship between 25(OH)D and 
mortality was investigated in a large prospective study 
performed in the UK that included 307,601 individu-
als. The main finding that emerged from this analysis 
revealed a non-linear relationship between 25(OH)D 
levels (adjusted for confounders) and the odds of all-
cause mortality in the genetic analysis were estimated 
to increase by 25% (OR: 1.25, 95% CI: 1.16–1.35) 
for participants with 25(OH)D levels of 25  nmol/L 
vs. 50 nmol/L. Of note, the risk of mortality steeply 
increased with decreasing 25(OH)D levels below 
50  nmol/L (20  ng/ml) and similar results were also 
observed for other endpoints such as cancer, CV and 

Table 4  Multivariate linear regression analysis of variables 
associated with SCORE2/SCORE2-OP ≥ 20%

Statistically significant p-values (<0.05) are indicated in bold
BMI Body mass index; BPA Bisphenol A; CV Cardiovascular; 
PTH Parathyroid hormone; VDBP Vitamin D binding protein

Variable OR (95% CI) p-value

Model #1
  25(OH)D (< 20 ng/ml) 2.4 (1.5 − 3.9) 0.0003

Model #2
  1,25(OH)2D (< 41 pg/ml) 3.75 (2.3 − 6.1)  < 0.0001

Model #3
  BPA (≥ 110 ng/dL) 2.69 (1.68 − 4.3)  < 0.0001

Model #4
  25(OH)D (< 20 ng/ml) 1.51 (0.83 − 2.7) 0.18
  1,25(OH)2D (< 41 pg/ml) 2.98 (1.7 − 5.2) 0.0001
  BPA (≥ 110 ng/dL) 1.2 (0.64 − 2.3) 0.56
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Fig. 4  ROC analysis to assess the ability of vitamin D and 
BPA levels to discriminate between individuals at very 
high CV risk reflected by a CV risk score ≥ 3 or SCORE2/

SCORE2-OP ≥ 20%. AUC = area under the curve, BPA = bis-
phenol A, CI = confidence interval, CV = cardiovascular
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respiratory-related mortality [13]. However, other 
studies found no association, but did not allow for 
nonlinear effects [43, 44]. It is important to note that 
recent evidence has also questioned the validity of the 
statistical methods used in Mendelian randomisation 
analysis and consequently the results obtained from 
some of these studies [45].

A lack of effect of vitamin D supplementation on 
CV events has also been observed in other types of 
studies. A meta-analysis of randomised controlled tri-
als concluded that vitamin D supplementation did not 
prevent cardiovascular events [46]. However, 45% of 
the 83,291 participants included in the meta-analysis 
used a low dose of vitamin D, and had relatively low 
compliance [47].  CVD was the primary outcome of 
the Vitamin D Assessment (ViDA) study [48] and the 
Vitamin D and Omega 3 trial (VITAL) [49]. Despite 
different outcome definitions, both RCTs concluded 
that vitamin D supplementation had no effect on 
CVD [48, 49],  but VITAL excluded people with a 
history of CVD and the ViDA study had relatively 
few events.

In the D-Health Trial [50] it was observed that 
vitamin D supplementation did not reduce all-cause 
mortality or mortality due to CVD [50],  however, a 
slight (but non-significant) benefit afforded by vita-
min D supplementation was observed in a recent fol-
low-up analysis on the incidence of major CV events 
[51].

While we have previously discussed in detail the 
negative correlation between BPA and vitamin D lev-
els [20], an association that has also been previously 
described elsewhere [21, 22, 33], the present analysis 
of 299 samples revealed a strong and highly signifi-
cant inverse correlation between serum 1,25(OH)2D 
and 25(OH)D with CV risk and a positive correla-
tion between urinary BPA and an arbitrary CV risk 
score. Using variables that are recognised to be asso-
ciated with CV risk and included in other validated 
measures such as the Framingham Score [27, 28], and 
also used in other settings [26, 52], we were able to 
quantify the relative burden of CV risk in each patient 
and then determine if levels of a range of biochemical 
measures influenced this CV risk score. More impor-
tantly, these same results observed using an arbitrary 
CV risk score were also observed using SCORE2/
SCORE2-OP, a validated measure of 10-year CV risk 
[29, 30]. The observation that lower levels of vitamin 

D were associated with higher CV risk confirms evi-
dence using specific CV endpoints as discussed pre-
viously from trials and meta-analysis studies, but 
to our knowledge no study has yet documented this 
association.

Besides the inverse association observed between 
circulating vitamin D levels and CV risk, we also 
observed a strong positive correlation between BPA 
levels and CV risk score and SCORE2/SCORE2-OP. 
As the most widely consumed EDC, BPA has previ-
ously been linked to reproductive dysfunction, diabe-
tes and obesity [16, 17]. However, few studies have 
specifically investigated the association between BPA 
and CVD.

Epidemiological studies based on NHANES 
2003–2004 and 2005–2006 data revealed an associa-
tion between BPA and CVD [53, 54]. Furthermore, a 
study based in the UK also found that BPA increases 
the CVD risk [55]. However, two studies, one using 
NHANES 2003–2010 data and another from Spain, 
did not observe an association between BPA and 
CVD [56, 57].

From the NHANES database (2003–2016) 
based on 11,857 adults, Moon et  al. evaluated 
the association between BPA and CVD [58]. 
After adjusting for age, sex, race/ethnicity, BMI, 
cigarette smoking, diabetes status, hypertension, 
and dyslipidaemia, the OR between logarithmic 
transformed BPA and CVD was 1.13 (95% CI: 
1.02–1.24; p = 0.01).

It is important to highlight that vitamin D indi-
viduals accounted for 60% of the present  cohort 
and in this population only 3 patients were cur-
rently receiving vitamin D supplementation and in 
the remaining group (levels above the threshold of 
20  ng/ml), only 21% (N = 25) of individuals were 
receiving vitamin D supplementation. This low 
number can be likely explained by the fact that 
many patients who had deficient or severely defi-
cient levels of vitamin D would have received vita-
min D supplementation thereby correcting levels 
to the normal range. Regardless, considering the 
high burden of comorbid diseases and advanced 
age of these individuals it is of concern that 60% 
of patients were vitamin D deficient (also consid-
ering that almost 30% had a fracture or fall within 
the past year) and were not receiving vitamin D or 
anti-fracture supplementation.
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Vitamin D was also negatively correlated (by uni-
variate analysis) with BMI and obesity was associ-
ated with deficient levels of 25(OH)D by multivari-
ate analysis, confirming previous studies [59, 60]. It 
is well documented that there is a high prevalence 
of vitamin D deficiency in obese subjects and this 
may be explained by the volumetric dilution into 
the greater volumes of fat, serum, liver, and muscle 
present in obese people [61]. However, other mech-
anisms cannot completely be excluded. In a meta-
analysis study by Zimmerman and colleagues [62], 
the importance of body weight for the dose–response 
relationship with circulating 25(OH)D has shown 
that 34.5% of variation in circulating 25(OH)D was 
explained by body weight. In addition to obesity, 
male gender was also associated with deficient vita-
min D levels, a finding that has also been observed 
elsewhere [63].

In this study, elderly individuals may be repre-
sentative of the general population, particularly for 
this age category and a high proportion (60%) were 
deficient in 25(OH)D (i.e. < 20  ng/ml), and as such 
are at increased risk of bone-related diseases such as 
fracture [1] as well as being burdened with comorbid 
diseases. The interrelationship between long term-
exposure of BPA and circulating vitamin D levels and 
potential impact upon increased CV risk needs to be 
further characterised. In the short-term, strategies to 
avoid and or limit BPA exposure as well as monitor 
for vitamin D deficiency in elderly individuals should 
be implemented.

Study limitations

There are some limitations of the present study that 
need to be highlighted. First, this analysis was cross-
sectional and no follow-up data were considered. 
Therefore, associations observed were strictly hypoth-
esis generating and no causality can be claimed. 
Although the population included in this analysis 
were homogenous in terms of clinical characteristics, 
we were still able to detect important and significant 
associations among variables examined. No hard end-
points such as fracture or mortality were assessed. 
Despite this, by using a cumulative risk score of rec-
ognised CV risk factors and a validated measure of 
CV risk (SCORE2/SCORE2-OP), we were able to 
show how increased BPA levels can be linked to low 
vitamin D and CV risk.

Conclusion

In this cross-sectional analysis of an elderly popula-
tion, levels of the EDC BPA were found to negatively 
impact upon levels of serum vitamin D as well as 
being correlated with CV risk. Future follow-up anal-
ysis examining hard endpoints such as BMD, fracture 
and mortality will improve our understanding of the 
long-term impact of BPA exposure in the elderly.
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