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Abstract

The aim of this study was to evaluate the potential association of urinary Bisphenol A (BPA) levels with estrogen receptor
alpha (ESRI) promoter % methylation and relative telomere length in a sample of 482 participants. Urinary BPA
concentration was measured using organic phase extraction followed by high performance liquid chromatography mass
spectroscopy. Peripheral blood ESRI promoter % methylation and relative telomere length were measured using direct
bisulfite sequencing and real-time polymerase chain reaction, respectively. The mean +SD urinary BPA concentration
adjusted for urinary creatinine was 2.90 +4.81 (ug/g creatinine) with a median of 1.86 pg/g creatinine (min—max: <LOD
—69.85). There was a potentially non-monotonic relationship between adjusted urinary BPA concentrations and ESR/
promoter % methylation in men. As a matter of fact, for the lowest tertile of ESR/ promoter % methylation, the OR and 95%
CI of the middle and highest tertiles of urinary adjusted BPA were 2.54 (1.01-6.39) and 1.64 (0.55—4.86) when compared to
the lowest BPA tertile, respectively. After adjustment for potential confounders, similar results remained in men and
appeared in the whole cohort. As for relative telomere length, there was a significant trend whereby higher adjusted urinary
BPA concentrations were significantly associated with shorter relative telomere length in females. For instance, for the
shortest relative telomere length tertile, the OR and 95% CI of the middle and highest tertiles of urinary adjusted BPA were
291 (1.38-6.16) and 3.19 (1.57-6.49) when compared to the lowest BPA tertile, respectively. This trend remained
significant after adjustment for potential confounders.
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Introduction

Bisphenol A (BPA) is a synthetic estrogen-like compound
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BPA is believed to be a weak estrogen as its binding
affinity to the classical estrogen receptor alpha (ESR1) is
approximately 1000-10,000 folds less than estradiol [17].
However, this low affinity does not translate into negligible
biological activity, since more recent studies observed that
BPA could induce estrogen-like effects that are equal or
even stronger than that of estradiol [18]. BPA was asso-
ciated with ESR1 overexpression [19], which may be
mediated through a decrease in ESR/ promoter methylation.
Few human studies reported that high BPA levels were
associated with decrease in global DNA methylation [20,
21], but the association between BPA and ESRI promoter
methylation has not been investigated yet.

Human telomere reverse transcriptase (hTERT), a gene
encoding the catalytic subunit of telomerase enzyme that is
involved in elongating telomeres, contains an estrogen
response element (ERE) which is enhanced by the activated
ESR1 [22-24]. One in vitro study showed that BPA
increases "'TERT expression in HeLa (human cervical car-
cinoma), H1299 (human lung carcinoma), and MCF-7
(human breast cancer) cell lines [25]. However, the asso-
ciation between BPA and relative telomere length has not
been investigated yet. Noteworthy, an increase in telomer-
ase expression was not always associated with increase in
relative telomere length. Although telomerase over-
expression has been observed in 80-95% of many cancer
types [26, 27], short telomeres were associated with some
cancers such as colon, prostate, and ovarian cancers and
chronic lymphoblastic leukemia [28, 29], whereas long
telomeres were associated with others, such as melanoma
and hepatic cancer [28].

The aim of this study was to evaluate the potential
association of urinary BPA levels with ESRI promoter %
methylation and relative telomere length in peripheral
blood. We hypothesized that since BPA has been shown to
be associated with increase in ESR1 expression [19], this
may be potentially through decreasing ESRI promoter %
methylation, which may increase h"TERT expression and
alter relative telomere length. We hence expect that high
BPA levels are associated with a decrease in ESRI promoter
% methylation and a change in relative telomere length.

Methods
Participants and measurements

This study utilized data from an available database of a
cross-sectional community-based study of a representative
sample of 501 Lebanese adults (age > 18 years) residing in
Greater Beirut that were recruited between February and
June 2014. Exclusion criteria included pregnancy, dialysis,
mental disability, and employment in a plastic or any other

chemical company. The original and current studies were
approved by the Institutional Review Board (IRB) of the
American University of Beirut. Data collection entailed a
face-to face interview with anthropometric measurements
and blood and urine withdrawal. See Mouneimne et al. [13]
and Zgheib et al. [30] for details.

First morning spot urine samples were collected in glass
jars and stored at —20°C until analysis. Urinary BPA
concentration was measured by organic phase extraction
followed by high performance liquid chromatography mass
spectroscopy as we recently presented [13]. Sample extracts
were run on a 1100 LC/MSD TrapXCT instrument with
electrospray ionization and autosampler from Agilent
(Santa Clara, CA). Separation by chromatography was
performed with the C18 column using a buffered acetoni-
trile mobile phase. The extracted ion chromatographs of
BPA and internal standard 2,2-bis-(4-hydroxyphenyl)
butane (BPB) were analyzed by the LC/MSD trap software
5.2 (Agilent, Santa Clara, CA) at 227 m/z and 241 m/z
respectively. Blood and urinary creatinine concentrations
were measured by the Jaffe rate method (Cobas 6000,
Roche). To adjust for urine volume, the BPA concentration
was divided by urinary creatinine (ug/g).

Whole blood was drawn into an EDTA tube and stored at
—80 °C for future DNA isolation. Total DNA was extracted
using a Qiagen kit (Qiagen, USA) as per manufacturer
guidelines and stored at —20 °C until analysis. Measure-
ment of ESRI promoter % methylation at 5 CpG sites in a
CpG island that starts in the promoter, 91 bp upstream of the
transcription starting site, and extends into exon 1 was
performed using direct bisulfite sequencing as we pre-
viously detailed [31]. The five sites lie between the
152,128,305 and 152,128,536 genomic coordinates of the
ESRI NC_000006.11 reference sequence. Raw sequence
data were visualized using Finch TV v1.4.0 software and
analysed using epigenetic sequencing methylation (ESME)
3.2.5 software. Peripheral leucocytes relative telomere
length measurement was carried out using a quantitative
real-time polymerase reaction as we previously described
[30]. Samples were run in triplicates along with standards.
Two randomly chosen DNA samples were included in
every run as reproducibility controls. A no-template control
was also included.

Statistical analysis

Data were entered into SPSS version 23.0 (IBM, USA).
Categorical variables are presented as number and percent,
whereas continuous ones are presented as mean and stan-
dard deviation (£SD). Analyses were performed on the total
sample and stratified by gender, as we have previously
shown that females in our cohort had significantly higher
urinary BPA levels when compared to males [13].
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Table 1 Characteristics of participants

Total (N =482) Males (N =170) Females (N =312) P-value
Age (years) Mean + SD 449+ 14.8 40.8+15.9 47.1+13.8 <0.0001
Waist circumference (cm) Mean + SD 95.6+15.6 98.1+13.6 942 +16.5 0.006
Body mass index (Kg/m?) Mean + SD 29.0+5.8 28.1+5.3 29.6+6.0 0.008
<30 N (%) 281 (58.3) 109 (64.1) 172 (55.1) 0.06
230 N (%) 201 (41.7) 61 (35.9) 140 (44.9)
Smoking
No N (%) 124 (25.7) 28 (16.5) 96 (30.8) 0.002
Ex N (%) 47 (9.8) 21 (12.3) 26 (8.3)
Current N (%) 311 (64.5) 121 (71.2) 190 (60.9)
Alcohol
No N (%) 390 (80.9) 99 (58.2) 291 (93.3) <0.0001
Yes N (%) 92 (19.1) 71 (41.8) 21 (6.7)
Glomerular filtration rate (ml/min) Mean = SD 104.1 £16.7 103.6 £17.2 1043 £16.6 0.77
Diabetes
No N (%) 414 (85.9) 150 (88.2) 264 (84.6) 0.27
Yes N (%) 68 (14.1) 20 (11.8) 48 (15.4)
Hypertension
No N (%) 310 (64.4) 107 (62.9) 203 (65.3) 0.61
Yes N (%) 171 (35.6) 63 (37.1) 108 (34.7)
Dyslipidemia
No N (%) 370 (76.8) 139 (81.8) 231 (74.0) 0.06
Yes N (%) 112 (23.2) 31 (18.2) 81 (26.0)
Urinary BPA levels adjusted for urinary Mean + SD 29+48 1.9+2.1 35+5.7 <0.0001
creatinine (ug/g creatinine)
Relative telomere length Mean + SD 14+0.8 1.5+£0.97 1.4+0.77 0.81
ESRI promoter % methylation Mean + SD 53+9.9 45+9.2 5.7+10.3 0.18

Similarly to previous analyses [13], BPA urinary levels
were adjusted for urinary creatinine (ug/g creatinine) and
categorized into tertiles based on statistical grounds. Rela-
tive telomere length was categorized into tertiles and into
two categories also based on statistical grounds. As for
ESRI promoter % methylation, and because 50% of the
sample had a 0 % methylation level, we divided our sample
into three categories: C1 being the zero methylation level,
and C2 and C3 being the rest of the samples split in half. In
addition, and knowing that the sensitivity of methylation
analysis by direct bisulfite sequencing is suboptimal [31],
we also analyzed ESRI promoter % methylation as two
categories, one for samples that were <5% methylated (C1)
and one for those that were >5% methylated (C2). Finally, a
regression analysis was attempted with adjusted BPA
urinary levels and relative telomere length or ESRI pro-
moter % methylation as continuous variables.

Association between ESRI promoter % methylation or
relative telomere length categories and other categorical
variables (gender, body mass index-BMI, smoking, and
alcohol intake) was assessed using the chi-square test,
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whereas ANOVA test was used for the association with
continuous variables (age, waist circumference-WC, and
BMI). Multinomial logistic regression was then carried out
for the association between BPA and ESRI promoter %
methylation and relative telomere length. Multivariate
analysis was performed to adjust for potentially confound-
ing variables: those that showed statistical significance
(P<0.05) at the univariate analysis and those that were
considered clinically important though not statistically
significant. Results of the multinomial regression are
presented as odds ratio (OR) and 95% confidence interval
(CI). Dose-response relationship was assessed by carrying
out trend analyses where the P-value was used to indicate
statistical significance.

Of note that, and in order to better visualize potential
trends, the primary analysis was run with BPA urinary
levels, relative telomere length and ESRI promoter %
methylation as tertiles, while the rest of the analysis was
secondary and hence presented in the supplementary tables
as OR (95% CI) with a P-value for trend or f (95% CI), as
applicable.



121

BPA exposure is associated with non-monotonic alteration in ESRT...

06 8 (3207 r'9) 6 (€0¢) o1 (Tv¢) ST (S'6v) 9F (Lv1) 81 (T°s1) 61 (S€0) S¢S SoX
SS'0 (0°16) 18 (T's6) 8L (9°¢6) TET 80°0 (L'69) €C (6'59) 6€ (S09) Ly 900 (TSR ¥OT  (6'%8) LOT  (S9L) 6LT ON
[oYooTy
(6°€S) 8% (8'65) 6¥ (0'99) €6 (L'69) €¢ (roL) 1€ 0TL L9 (T'89) 1L (S'€9) 08  (¥'89) 091 ey
06 8 0116 9 6 (T81) 9 (CEANRY L6 6 (S1D) ¥1 (6'11) ST o 81 xq
9¢°0 (T°L¢) €€ (€60 1T (L'L2) 6€ L0 T v (6s1D) L (€81) LI €0 (€0¢) L 90 1€ (6'€0) 9 ON
Sunyowrg
(9°09) St (Les) v (T9¢) 16 r9¢) ¢1 (1v¢) S1 (9'9¢) v¢ (Lov) LS (8'9%) 66 (€9¢) 68 0€=
200 (rev) v (€9v) 8¢ (8'€9) 06 96°0 (9'¢9) 12 (6'59) 6 (#'€9) 66 LO0 (€°€9) S9 (Tes) L9 (L'e9) 61 0e>
Xopur ssew Apog
910 (L) Toe (9°9) 0'0¢ (€9) 6'8C 9L0 (9°6) 98¢ 09 8°LT (8'%) 1'8¢C €10 (L'S) 8°6C (8°6) T'6T (8°6) ¢'8C xoput ssewr Kpog
9¢0  (LTD¥se (L1 SSe (181 LT6 Lzo  @engstor 9D €Le  (TT) TL6 €0 (€€DO0L6 (L9 196 (I'91) S'P6  SOUAISJWNDI ISTEA,
(6'CL) 68 (I's9) 28 (€09) 1¥1 Sewo ]
900 0'LD €€ (679 v (L'6%) €6 SN
Iopuan)
10000> (e OIS (L€ 96y  (TED TEY #0000 (rsp L8y (€9D ¢ey  (8¥%D 89¢  10000> (L€D+0S (6+vD vy  (@Tvl) 90F a3y
(68=N) (T8=N) (I¥1=N) (€e=nN) rr=N) (€6=N) (TTI=N) OTI=N)  (GFET=N)
onfeA-4 179< 12°9-10°0 0 onea-d 179< 129 -100 0  onea-d 179< 129 -100 0
so[ewo] SO[RIN v

uone[Aylow 95 Jorowold (1YSH) | 101doda1 uaSonss YIIm SUONBIOOSSY ¢ d|qel

SPRINGER NATURE



122 Z. Awada et al.
Table 3 Association of BPA with estrogen receptor 1 (ESR1) promoter % methylation
All Males Females
ESRI (C1) ESRI (C2) ESRI (C1)(N=93) ESRI (C2)(N=44) ESRI (C1)(N=141) ESRI1 (C2)
(N=234) (N=126)
BPA adjusted for creatinine
Unadjusted univariate
Tl Reference Reference Reference Reference Reference Reference
T2 1.69 (0.98-2.92) 1.19 (0.63-2.26) 2.54 (1.01-6.39) 1.58 (0.55-4.50) 1.37 (0.69-2.73) 1.07 (0.47-2.44)
T3 0.94 (0.55-1.60) 1.30 (0.72-2.34) 1.64 (0.55-4.86) 1.58 (0.48-5.24) 0.87 (0.45-1.65) 1.39 (0.67-2.85)

P-value for trend 0.85
Adjusted multivariate

0.36

0.19

2.63 (1.01-6.88)

T1 Reference Reference Reference
T2 1.85 (1.05-3.25) 1.23 (0.65-2.35)
T3 1.31 (0.75-2.30) 1.47 (0.80-2.68)

P-value for trend 0.33

0.21

1.90 (0.60-5.98)
0.13

0.35

Reference

1.62 (0.56-4.65)
1.72 (0.51-5.80)
0.30

0.60

Reference

1.54 (0.75-3.14)
1.21 (0.61-2.39)
0.63

0.34

Reference

1.10 (0.48-2.52)
1.51 (0.72-3.17)
0.25

ESRI1 categories: C1: 0; C2: 0.01-6.21; C3: >6.21 (reference)

BPA creatinine adjusted tertiles: T1: <1.26; T2: 1.26-2.44; T3: >2.44

Multivariate model is adjusted for: Age, gender (for the among all model only), BMI and alcohol

Fig. 1 Plots of ESR/ promoter
% methylation (a) and relative
telomere length (b) among the 8
three tertiles of urinary adjusted
BPA concentrations in males
and females respectively.

ESR1 promoter % methylation

T1 T2

BPA tertiles

Results
Participants’ characteristics

Blood was available for 497 participants of whom 15 had
decreased renal function (estimated glomerular filtration
rate-GFR < 60 ml/min). These were excluded from analysis
and the final sample size was hence 482.

As shown in Table 1, the mean + SD age of the partici-
pants was 44.9 years (+14.8), and 64.7% were females with
significantly higher urinary BPA levels when compared to
males. More than half of the participants were current
smokers (64.5%) while 19.1% were current alcohol drin-
kers, with these behaviors being significantly higher in
males. Only eight had been previously diagnosed with
cancer, four of which were breast.
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A. ESR1 promoter % methylation (Mean + SEM)
among the three BPA tertiles in males

B. Relative telomere length (Mean + SEM) among the
three BPA tertiles in females
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Urinary BPA levels

The limit of BPA detection was 0.1 pug/l (ppb) based on
three times the signal to noise ratio. The internal quality
control relative error was 4.68% with BPA and BPB con-
centrations of 125 pg/l and 133 pg/l (ppb), respectively. The
mean + SD urinary BPA concentration was 3.71 +4.83 (ug/
1) with a median of 3.11 pg/l (min—max: <Limit of detection
LOD —59.71) and the one adjusted for urinary creatinine
was 2.90 £ 4.81 (ug/g creatinine) with a median of 1.86 ug/g
creatinine (min—max: <LOD —69.85).

ESR1 promoter % methylation and relative telomere
length

For ESRI, there was a high and significant correlation
between the methylation percentage at the five individual
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CpG positions and the average of the five, so the average of
the five was used in the analysis. Concerning reproduci-
bility, ESRI promoter % methylation levels were sig-
nificantly correlated [R of 0.81 (P<0.001)] in 32 sample
repeats [31]. As for relative telomere length, the intra-assay
geometric mean of the coefficients of variation for the tel-
omere and single copy gene Ct values were less than 1% for
both with a mean + SD of seven different assays of 0.92 +
0.17% and 0.58 £0.11% for telomere and the single copy
gene, respectively. As for inter-run reproducibility, there
was a significantly high correlation between the relative
telomere length of 18 samples that were run on two dif-
ferent occasions (R=0.88; P<0.0001); in addition, the
inter-assay geometric mean of the coefficient of variation
was 6.49% [30]. Mean + SD ESRI promoter % methylation
and relative telomere length were: 5.28 +9.94 and 1.43 +
0.84 with a median of 0.20 (min—max: 0-89.60) and 1.28
(min—max: 0.16-10.28), respectively.

Effect of BPA exposure on ESRT promoter %
methylation

As seen in Table 2, age was significantly associated with
higher ESRI promoter % methylation for the whole cohort
and within males and females separately. There was a trend
for lower BMI to be associated with less ESRI promoter %
methylation, and this was significant within females. Cur-
rent alcohol intake was also associated with less ESRI
promoter % methylation but this was not significant. At the
univariate multinomial regression, trend analysis did not
reveal any significant results though it appears that, and in
men only, there is a potentially non-monotonic relationship

Table 5 Association of BPA with relative telomere length (RTL)

between adjusted urinary BPA concentrations and ESRI
promoter % methylation. This is shown with the lowest
ESRI % methylation OR (95% CI) being 2.54 (1.01-6.39)
for the middle urinary adjusted BPA tertile when compared
to the first (reference) urinary adjusted BPA tertile, and 1.64
(0.55-4.86) for the highest urinary adjusted BPA tertile
(Table 3). This is illustrated in Fig. 1a that shows a lower,
though not significant, mean + standard error of the mean
(SEM) of ESRI promoter % methylation in tertile 2 of the
urinary adjusted BPA level when compared to tertiles 1 and
3 (U shaped curve) in males. After adjustment for potential
confounders, similar results with the second BPA tertile
remained in men [OR (95% CI): 2.63 (1.01-6.88)] and
appeared in the whole cohort [OR (95% CI): 1.85
(1.05-3.25)] (Table 3). No significant associations were
found in women even after adjustment for menopausal
status (data not shown). Of note that no significant results
appeared when BPA urinary levels and ESRI promoter %
methylation were analyzed as continuous variables. Con-
cerning the association analysis with ESRI promoter %
methylation as two categories, there were no significant
results except for the adjusted multivariate model whereby a
potentially non-monotonic relationship also appeared in the
whole cohort, though the trend was not significant (Sup-
plementary Table 1).

Effect of BPA exposure on relative telomere length

As seen in Table 4, age was significantly associated with
shorter relative telomere length whereby the lowest relative
telomere length tertile group had mean age of 47.8 years as
compared to 42.7 years for the highest relative telomere

All Males Females
RTL (T1) RTL (T2) RTL (T1) RTL (T2) RTL (T1) RTL (T2)
(N=159) (N=161) (N=58) (N=57) (N=101) (N=104)
BPA adjusted for creatinine
Unadjusted univariate
T1 Reference Reference Reference Reference Reference Reference
T2 1.62 (0.94-2.79) 1.11 (0.65-1.90)  0.80 (0.35-1.85)  0.80 (0.34-1.85)  2.91 (1.38-6.16) 1.37 (0.68-2.73)
T3 1.56 (0.90-2.67) 1.09 (0.64-1.85) 0.44 (0.16-1.21)  0.51 (0.19-1.37)  3.19 (1.57-6.49) 1.54 (0.81-2.92)
P-value for trend  0.12 0.74 0.12 0.19 0.002 0.18
Adjusted multivariate
T1 Reference Reference Reference Reference Reference Reference
T2 1.62 (0.93-2.81) 1.12 (0.65-1.90)  0.83 (0.35-1.94)  0.80 (0.34-1.87)  2.85 (1.34-6.10) 1.36 (0.68-2.71)

T3

1.51 (0.87-2.62)

1.08 (0.64—1.84)

0.40 (0.14-1.13)

0.50 (0.18-1.36)

2.97 (1.45-6.09)

1.49 (0.78-2.84)

P-value for trend  0.15 0.76 0.10

0.18 0.005 0.22

RTL tertiles: T1: <1.06; T2: 1.06 — 1.43; T3: >1.43 (reference)
BPA creatinine adjusted tertiles: T1: <1.26; T2: 1.26-2.44; T3: >2.44

Multivariate model is adjusted for: Age, gender (for the among all model only), and WC

SPRINGER NATURE
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length tertile group (P = 0.007). In addition, higher WC and
BMI as markers of obesity were significantly associated with
shorter relative telomere length in the whole group and in
females (WC: 98.8 for the lowest relative telomere length
tertile vs. 92.5 for the highest relative telomere length tertile,
P =0.001; BMI: 29.9 for the lowest relative telomere length
tertile vs. 28.3 for the highest relative telomere length tertile,
P =0.03). There were no significant associations between
BPA and relative telomere length except within the female
sub-cohort whereby higher urinary BPA concentrations that
were adjusted for urinary creatinine were significantly
associated with shorter relative telomere length. This asso-
ciation remained significant in the multivariate multinomial
regression: OR (95% CI) with the first relative telomere
length tertile being 2.85 (1.34-6.10) and 2.97(1.45-6.09) for
the second and third urinary adjusted BPA tertiles, respec-
tively. Moreover, results of trend analysis were consistent
with those of logistic regression (Table 5). This is illustrated
in Fig. 1b that shows a decrease (though not significant) in
mean = SEM relative telomere length over the three tertiles
of urinary adjusted BPA concentrations in females. A
similar, though not significant trend was found with the
second relative telomere length tertile (Table 5). Of note that
no significant results appeared when BPA urinary levels and
relative telomere length were analyzed as continuous vari-
ables. Concerning the association analysis with relative tel-
omere length as two categories, significant results appeared
in the whole and female sub-cohort, the trend was however
not significant (Supplementary Table 2).

Discussion

This study investigated the potential association of BPA
exposure with ESRI promoter % methylation and relative
telomere length. It showed that there is a potentially non-
monotonic relationship between BPA exposure and ESRI
promoter % methylation in the male sub-cohort, and that
high BPA levels are associated with shorter relative telo-
mere length within the female sub-cohort only. The pre-
dictors of ESRI promoter % methylation and relative
telomere length were in line with those reported in the lit-
erature. As such and consistent with previous studies [32—
34], relative telomere length was inversely associated with
age, WC, and BMI in the whole cohort and in females.
Moreover, ESRI promoter % methylation was directly
associated with age and BMI, which is similar to previous
reports of age-dependent increase in ESRI methylation % in
various human epithelial tissues such as prostate tissues and
colonic mucosa [35-37]. The consistency of our findings
with previous data validates the methods applied in this
study to measure ESRI promoter % methylation and relative
telomere length.

Effect of BPA exposure on ESRT promoter %
methylation

Epigenetic effects of BPA have been first demonstrated in
the Agouti (ASIP) gene model whereby maternal exposure
to BPA shifted the coat color distribution of agouti mouse
offsprings toward yellow through decreasing the DNA
methylation of a retrotransposon located upstream of the
Agouti gene [38]. This was followed by a number of recent
data on DNA methylation and the developmental effects of
BPA. For instance, animal studies suggested that exposure
to BPA in utero and in early postnatal period may impair
brain development, sexual differentiation and behavior
through disruption of epigenetic programming of certain
genes [39-45]. Neonatal BPA was also associated with a
decrease in global DNA methylation in the testis of rats and
a change in DNA methyltransferase (DNMT) expression
[43, 45-47]. Similarly, BPA exposure was associated with a
decrease in global DNA methylation in spermatozoa sam-
ples of male factory workers and salivary samples of pre-
pubescent girls [20, 21]. The potential association between
BPA and ESRI promoter methylation has been previously
studied in rat models whereby neonatal BPA exposure was
found to be associated with increased ESRI promoter
methylation [41]. The inconsistency with our results may be
attributed to the differences in study design (human vs.
animal) and sample type (blood vs. testes). Besides, it is
unclear why analysis showed a significant association in the
men sub-cohort only. This prompts a need for more studies
to validate our results and to clarify whether the association
between BPA and ESRI promoter methylation is gender-
specific.

Studies evaluating the association between BPA expo-
sure and the ESRI gene expression also showed inconsistent
results. For instance, urinary BPA levels were associated
with mRNA expression of estrogen receptor 2 (ESR2) and
estrogen related receptor alpha (ESRRA) but not with
mRNA expression of ESRI, estrogen related receptor beta
and gamma (ESRRB and ESRRG), and androgen receptor
(AR), in peripheral blood leukocytes of 96 adult men from
the INCHIANTI population [48]. However, in high risk
donor breast epithelial cells (HRBEC) and ER + breast
cancer cells (T47D), BPA was associated with increased
ESR1 protein expression and decreased ESR2 protein
expression and thereby increasing the ESR1/ESR2 ratio,
which had been reported in clinical studies to predict the
progression of breast hyperplasia to malignancy [19].
Besides, low-dose prenatal BPA exposure significantly
altered ESRI and ESR2 mRNA in the hypothalamus and
amygdala of neonatal rats of both sexes [49]. The incon-
sistencies in these results may be attributed to differences in
study design (in vitro vs. in vivo) and sample types (leu-
kocytes vs. brain vs. breast). Unfortunately, we did not
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measure ESRI mRNA and protein expression in our sam-
ples. It is possible that the lower ESRI promoter %
methylation leads to higher ESRI expression, albeit the
change in ESRI promoter % methylation was not large
across the tertiles.

The potentially non-monotonic relationship between
BPA exposure and ESRI promoter % methylation did not
come as a surprise since hormones and endocrine disruptors
are known for their non-monotonic dose-response effect
that is attributed to different pathways triggered by various
doses of the same chemical [50]. Concerning BPA, non-
monotonic dose-response relationships have been pre-
viously observed with some outcomes such as release of
prolactin, cardiomyocyte contractility, structural modifica-
tions of mammary terminal end buds, and modification of
prostate adenocarcinoma cell proliferation index [50, 51].
Prenatal BPA exposure was also associated with non-
monotonic alterations in ESR/ mRNA expression in the
hypothalamus of rats [49]. More studies are warranted to
clarify and explain the mechanisms behind our results and
to understand their clinical significance and implications.

Effect of BPA exposure on relative telomere length

Few investigators studied the effect of estrogen and
estrogen-like compounds on relative telomere length and
WTERT transcription [25, 52-54]. One study in mice
showed that estrogen deficiency resulted in decrease in cell
proliferation, inhibition of A”TERT expression and short-
ening of relative telomere length in the adrenal gland; and
these were restored after estrogen administration [53].
However, another study showed that estrogen-like chemi-
cals were associated with telomere length reduction. For
instance noble rats, when exposed to diethylstilbestrol
(DES), exhibited different changes in their mammary
glands, whereby cell cycle alterations were reported along
with increased cell proliferation and reduction in telomere
length. As for BPA, MCF-7 cells treated with BPA and
DES showed dose-dependent increase in telomeric asso-
ciations that have been implicated in increased genomic
instabilities [54]. Treatment with BPA and estrogen was
associated with increased expression of A”TERT in MCF-7
cells [25], which decreases apoptosis through inhibition of
telomere shortening [55]. Taken together, relative telomere
length seems to be determined by factors that increase tel-
omere length such as increased telomerase expression, and
by factors that decrease telomere length such as increased
cellular proliferation, with the dominating factor determin-
ing the direction of change in relative telomere length. We
have recently shown on the same cohort of Lebanese people
from Greater Beirut area that short relative telomere length
is associated with obesity, hypertension, and sleeping dif-
ficulties [30], findings that are in line with studies in various
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ethnic groups [56-59]. Our study results together with the
findings in the literature suggest that relative telomere
length may play a role in the BPA-associated health
hazards. Nevertheless, more studies are required to confirm
and explain our findings.

Limitations

This is a cross-sectional study design, hence it is limited by
the potential variability of BPA levels over time and the
inability to assess for the longitudinal association of BPA
with ESRI promoter % methylation and relative telomere
length. Besides, although there was an association between
short relative telomere length and ESRI promoter hyper-
methylation with older age, there were no significant asso-
ciations between relative telomere length and ESRI
promoter % methylation in the whole cohort and per gender
stratification even after adjustment for age (data not shown),
which suggest that these alterations could be mediated
through independent mechanisms. However, this could also
be attributed to the sample type that is peripheral blood, as a
possible link could have been detected in estrogen-sensitive
tissues such as breast or ovarian tissues. In addition, and
knowing that methylation levels of CpG islands may not
greatly change in response to weak levels of exposures such
as those reported herein with BPA, it is possible that
stronger results could have appeared had we analyzed
regions that are more dynamic (and hence potentially more
sensitive to environmental exposure) such as enhancers.
Besides, the study may be limited by the sample size
whereby a larger sample size could potentially be enriched
for hypermethylated ESRI promoter (>50%).

Conclusion

This is the first study to show that BPA exposure is asso-
ciated with non-monotonic alteration in ESR/ promoter %
methylation in males and shorter relative telomere length in
females. These results suggest that the adverse health effects
of BPA may partially occur through altering ESRI promoter
methylation and shortening of relative telomere length. This
study however requires replication and further investiga-
tions to include the measurement of telomerase and ESR1
RNA and protein expression levels and evaluation of
changes in ESRI promoter methylation and relative telo-
mere length in estrogen-sensitive tissues.
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