
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Rubinstein et al. Environmental Health           (2024) 23:76 
https://doi.org/10.1186/s12940-024-01114-x

Environmental Health

*Correspondence:
Hong-Sheng Wang
wanghs@uc.edu
1Division of Cardiovascular Health and Disease, Department of Internal 
Medicine, College of Medicine, University of Cincinnati, Cincinnati, OH, 
USA
2Department of Environmental and Public Health Sciences, College of 
Medicine, University of Cincinnati, Cincinnati, OH, USA
3Department of Pharmacology, Physiology and Neurobiology, College of 
Medicine, University of Cincinnati, Cincinnati, OH, USA

Abstract
Background Exposure to phenols has been linked in animal models and human populations to cardiac function 
alterations and cardiovascular diseases, although their effects on cardiac electrical properties in humans remains 
to be established. This study aimed to identify changes in electrocardiographic (ECG) parameters associated with 
environmental phenol exposure in adults of a midwestern large cohort known as the Fernald Community Cohort 
(FCC).

Methods During the day of the first comprehensive medical examination, urine samples were obtained, and 
electrocardiograms were recorded. Cross-sectional linear regression analyses were performed.

Results Bisphenol A (BPA) and bisphenol F (BPF) were both associated with a longer PR interval, an indication of 
delayed atrial-to-ventricle conduction, in females (p < 0.05) but not males. BPA combined with BPF was associated 
with an increase QRS duration, an indication of delayed ventricular activation, in females (P < 0.05) but not males. 
Higher triclocarban (TCC) level was associated with longer QTc interval, an indication of delayed ventricular 
repolarization, in males (P < 0.01) but not females. Body mass index (BMI) was associated with a significant increase in 
PR and QTc intervals and ventricular rate in females and in ventricular rate in males. In females, the combined effect of 
being in the top tertile for both BPA urinary concentration and BMI was an estimate of a 10% increase in PR interval. 
No associations were found with the other phenols.

Conclusion Higher exposure to some phenols was associated with alterations of cardiac electrical properties in a 
sex specific manner in the Fernald cohort. Our population-based findings correlate directly with clinically relevant 
parameters that are associated with known pathophysiologic cardiac conditions in humans.
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Background
Phenols are a group of synthetic chemicals that are exten-
sively used in consumer goods and products [1–3]. For 
example, bisphenol A (BPA) and its analogs bisphenol F 
(BPF) and bisphenol S (BPS) are used in the manufactur-
ing of a wide range of consumer plastics goods such as 
food containers, food cans, water bottles, baby bottles, 
dental sealants and water pipes, parabens are used as 
preservatives in cosmetics, pharmaceuticals, foods, and 
beverages, and triclosan (TCS) and triclocarban (TCC) 
are antibacterial chemicals used in personal care prod-
ucts such as detergents, soaps, lotions, toothpastes, and 
shampoos [1, 4–6]. In addition, 2.4-dichlorophenol (2,4-
DCP) is used in synthesis of phenoxy acid herbicides. 
Due to their high production and extensive use, phenols 
are common environmental chemicals, and are present 
in surface and drinking water, soils, household dust, air, 
and sediments [1, 5, 6]. There is well-documented human 
exposure to environmental phenols. For example, in the 
earliest measures in urine from the National Health and 
Nutrition Exam Survey (NHANES, 2003–2004), BPA 
was detected in 92.6% of the population with a geometric 
mean urinary concentration of 2.64 ng/mL (years 2003-
04), 2.4-DCP in 81.2% of the population with a geometric 
mean of 1.04 ng/mL (years 2003-04), and TCC in 74.6% 
of the population with a geometric mean of 13.0 ng/mL 
[7–9].

Phenols are also known environmental endocrine dis-
ruptors (EDCs), which interfere with the actions of native 
sex hormones and have a range of potentially adverse 
impacts on human health [1–3]. Several phenols have 
been shown to have cardiovascular toxicities. In partic-
ular, multiple epidemiological studies and independent 
analyses of NHANES have demonstrated that higher 
urinary BPA concentrations were associated with car-
diovascular diagnoses, including coronary heart disease, 
angina, and peripheral arterial disease [10–12]. Experi-
mental studies show that BPA exposure results in altera-
tion of cardiac Ca2+ handing, arrhythmogenesis, cardiac 
remodeling, alteration of cardiac function, oxidative 
stress and altered autonomic regulation [13–18]. Many 
of these cardiac toxicities of BPA in experimental stud-
ies are shared by its analogs, including BPS and BPF [4, 
16, 19, 20]. In addition, TCC has been shown to result in 
cytotoxicity and arrhythmic beating in human inducible 
pluripotent stem cell derived cardiomyocytes (hiPSC-
CMs) [21], and TCS has been shown to impair cardiac 
excitation-contraction coupling and cardiomyocyte dif-
ferentiation [22, 23].

A notable gap in the current knowledge on the car-
diac toxicity of phenols is the lack of understanding of 
the impact of these chemicals on the cardiac electrical 
properties in humans. Electrical excitation and conduc-
tion are fundamental to normal cardiac physiology [24]. 

Cardiac electrical abnormalities play a key role in cardiac 
diseases and are a major contributor to human morbid-
ity and mortality [25–27]. Experimental evidence shows 
that BPA and its analogs can impact several cardiac ion 
channels including the L-type and T-type Ca2+ channels, 
the rapid delay rectifier K+ channel and ryanodine recep-
tors, as well as affecting electrophysiological properties 
in hiPSC-CMs, canine ventricular myocytes, and rodent 
cardiac myocytes [15, 16, 19, 28–30]. Such bisphenol-
induced electrical alterations can result in the develop-
ment of arrhythmias under certain pathophysiological 
conditions in hiPSC-CMs and rodent hearts [16, 18, 31]. 
These findings point to the need to define the impact of 
environmental phenols on the cardiac electrical proper-
ties of human hearts.

In the present cross-sectional study, we aimed to iden-
tify changes in electrocardiographic (ECG) parameters 
in a midwestern large population, known as the Fernald 
Community Cohort (FCC). We characterized urinary 
phenol concentrations in members of the FCC and exam-
ined the association of phenol exposure and alterations of 
cardiac electrical properties, using key ECG parameters 
from examinations done on the same day as the urine 
collection.

The FCC consists of nearly ten thousand individuals 
who participated in medical monitoring because they 
had lived for at least three years within five miles of a 
uranium processing plant. The facility’s primary mission 
was to produce high-purity uranium metal necessary for 
nuclear weapons production. A uranium exposure algo-
rithm was developed by the Centers for Disease Control 
and Prevention (CDC) as part of the Fernald Dosimetry 
Reconstruction project [32]. A significant proportion of 
those in the screening program received airborne envi-
ronmental uranium exposure that was negligible com-
pared to background exposure [33] and were categorized 
into the lowest exposure group, with exposure ≤ 0.2  µg/
m3-yr beyond background. Only those in this lowest 
exposure category were eligible for the present study. 
The FCC cohort, with its ECG data and concurrently col-
lected biosamples at the time of the first examination, 
offered an invaluable dataset for examining the poten-
tial cardiac electrical impact of phenols in humans. This 
study addressed the hypothesis that in humans, higher 
exposure level to at least some environmental phenols 
is associated with changes in ECG markers of cardiac 
function and risk of arrhythmia. The key ECG mark-
ers used in this study included QT interval, PR interval, 
QRS duration and RR interval (or heart rate). QT interval 
represents the duration of ventricular excitation of the 
electric cardiac cycle. PR interval represents atrium-to-
ventricle conduction through the atrioventricular (AV) 
node which is modulated by both the AV node conduc-
tion properties as well as vagal tone and aging. QRS 
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duration represents ventricular depolarization. Lastly, RR 
interval represents the time elapsed between two succes-
sive ventricular beats and is the reciprocal of heart rate.

Methods
Urine sample storage, subject selection and ECG analysis
Fernald Cohort urine samples and ECG data were col-
lected at the first examination in 1991–1994. Urine 
samples were aliquoted and immediately stored, without 
buffer, in 1.0 ml polypropylene tubes at -80 °C. Members 
of the Fernald cohort eligible for the present study were 
from the portion of the cohort with negligible uranium 
exposure, were 18–80 years of age at the time of the first 
examination. Those with conditions that are common 
causes of induced changes in ECG P wave, QTS complex, 
QT interval or heart rate were excluded. These excluded 
conditions/diagnoses are based on the participants’ 
medical record and include cardiomyopathy, the long 
QT syndrome, prior cardiac arrest, cardiac conduction 
abnormalities including left bundle branch hemiblock, 
left or right bundle branch block, or bilateral bundle 
branch block, taking beta-blockers or antiarrhythmic 
drugs. Those with arrhythmia (e.g., atrial/ventricular 
tachycardia, flutter or fibrillation) that resulted in unin-
terpretable ECG P wave, QTS, QT interval or heart rate 
values were also ineligible. Of the remaining members 
of the cohort, 302 males and 302 females were ran-
domly selected. The mean age was 39 ± 13 years. The vast 
majority self-identified as white with a broad represen-
tation of socio-economic and educational backgrounds 
(Tables 1 to 3). All had interpretable ECG values.

ECGs were read by physicians who were board cer-
tified in cardiology. Four key ECG parameters, cor-
rected QT interval, PR interval, duration of the QRS 
complex, and RR interval were included in this analy-
sis. QT interval was corrected for heart rate (calculated 
as QTc = QT/√RR). Descriptive statistics were used to 

identify possible outlying observations, and the tenabil-
ity of parametric assumptions were assessed prior to esti-
mating the models to evaluate our primary hypotheses.

Measurement of urine phenol concentrations
Twelve phenol analytes were analyzed in the urine (ng/
mL) of 604 participants. The Centers for Disease Preven-
tion and Control (CDC) Division of Laboratory Sciences 
conducted the analysis using an automated on-line col-
umn switching HPLC-MS/MS method with peak focus-
ing. If the percentage of detection in the population 
was less than 40% then analysis was not performed on 
the analyte [8]. Phenols analyzed for this study included 
BPA, benzophenone-3 (BP-3), bisphenol-F (BPF), 2,4, 
dichlorophenol (24-DCP), 2,5 dichlorophenol (25-DCP), 
methyl paraben (M-PB), propyl paraben (P-PB), triclo-
carban (TCC), and triclosan (TCS).

Statistical analysis
Median and mean statistics for the outcomes and risk 
factors were calculated for both the entire cohort and 
stratified by sex. The sex specific statistics were tested 
for significance using Fisher’s exact test for the associa-
tion of the phenol urinary biomarker level with sex for 
categorical variables and a linear model was used to test 
the association with sex for continuous variables. P val-
ues were provided based on F test in the Type III Sum 
of Squares output. To determine the association between 
the urinary concentrations of phenols and alteration of 
ECG parameters, creatinine-corrected urine phenol con-
centrations (BPA, DCP24, DCP25, BPF, BP3, MPB, PPB, 
TCS, TCC, combination of BPA and BPF, combination of 
DCP24 and DCP25) were log-transformed or categorized 
into tertiles for analyses. Multivariate linear regression 
analyses were performed, where the ECG parameter in 
miliseconds (ms) was dependent variable and creatinine-
corrected environmental chemical was independent 

Table 1 Electrocardiograph and other basic medical information for the Fernald Community Cohort
N Median Mean Std Min Max Q1 Q3

Ventricular rate (bpm) 604 67.0 67.8 10.9 40.0 109.0 60.5 74.0
PR interval (ms) 604 148.0 150.3 21.0 100.0 208.0 136.0 164.0
QRS duration (ms) 604 88.0 91.5 10.5 60.0 156.0 84.0 96.0
Corrected QT (QTc) (ms) 604 404.5 406.0 17.0 280.0 458.0 396.0 416.0
Alcohol at enrollment (drinks/wk)
(for those who drink)

173 4.0 7.3 9.1 1.0 66.0 2.0 10.0

Smoking pack years at enrollment 
(for those who smoke)

154 0.8 0.9 0.4 0.1 2.5 0.5 1.0

Age (yr) 604 39.7 39.6 13.4 18.0 76.7 29.2 49.0
BMI 604 26.0 27.2 5.5 16.6 51.7 23.4 30.0
Triglyceride (mg/dL) 601 99.0 126.1 101.6 15.0 1270.0 64.0 159.0
Cholesterol (mg/dL) 601 195.0 196.4 40.7 103.0 332.0 168.0 221.0
Potassium (mEq/L) 602 4.5 4.5 0.4 3.4 6.1 4.2 4.8
bpm beats per minute

MBI body mass index
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variable. Because of the sex differences in ECG param-
eters and since phenols are known endocrine disrup-
tors, sex-specific analyses were conducted in order to 
fully characterize the effect of creatinine-corrected envi-
ronmental phenols on ECG parameters for each gender 
separately. Different ECG parameters had different sets 
of covariates but all included sex, age at exam, smoking 
pack-year history exam, alcohol consumption at enroll-
ment, and physician(s) reading the ECG (to account for 
possible physician-specific variations in ECG interpreta-
tion), using the F test in the Type III Sum of Squares out-
put. Other parameters such as serum cholesterol (mg/dL) 
and triglyceride (mg/dL) were included after a review of 
the literature and retained as covariates in all final analy-
ses because of their statistical significance except for the 
effect on QRS duration. Serum potassium concentration 
was included in the analysis of QTc as reported in the lit-
erature [34]. The use of oral contraceptives or hormone 
replacement therapy (yes/no) were included in analyses 
of QTc and ventricular rate in the female subcohort.

Results
As shown in Table 1, the median and mean values for the 
ECG parameters of the participants were within normal 
limits. There was moderate use of alcohol and smoking 
among this cohort. The measured serum triglycerides 
and cholesterol values are presented and are within phys-
iological range.

There were notable differences in the ECG parameters 
between male and female subjects at baseline (Table  2). 
Specifically, PR interval and QRS duration were all sig-
nificantly longer in males, while QTc was significantly 
longer and heart rate significantly faster in females. There 
was no significant sex difference in age, BMI or smok-
ing though females had significantly lower triglyceride, 
cholesterol and serum K+ levels. Demographic infor-
mation is presented by sex in Table  3 showing a broad 
socio-economic distribution without significant differ-
ences between males and females. The participants are 
predominantly white which reflects the typical racial and 

Table 2 Electrocardiograph and other basic medical information for the Fernald Community Cohort stratified by sex
Females
N Median Mean Std Min Max Q1 Q3

Ventricular rate (bpm) 302 69.0 69.8 11.4 43.0 109.0 62.0 76.0
PR interval (ms) 302 144.0 145.9 20.3 100.0 208.0 132.0 160.0
QRS duration (ms) 302 88.0 87.5 8.6 68.0 156.0 82.0 92.0
Corrected QT (QTc) (ms) 302 408.0 410.0 16.2 370.0 458.0 398.0 421.0
Alcohol at enrollment (drinks/wk)
(for those who drink)

71 2.0 4.1 5.0 1.0 24.0 1.0 5.0

Smoking pack years at enrollment 
(for those who smoke)

80 0.8 0.8 0.3 0.1 1.5 0.5 1.0

Age (yr) 302 37.3 38.6 12.9 18.0 76.7 28.7 46.8
BMI 302 25.3 26.9 6.2 17.5 51.7 22.5 30.0
Triglyceride (mg/dL) 300 88.0 110.0 79.9 21.0 759.0 57.0 135.0
Cholesterol (mg/dL) 300 186.5 191.8 39.0 111.0 332.0 167.0 218.0
Potassium (mEq/L) 301 4.4 4.4 0.4 3.4 6.1 4.2 4.7

Males P-value
N Median Mean Std Min Max Q1 Q3

Ventricular rate (bpm) 302 65.0 65.8 10.0 40.0 101.0 59.0 72.0 < 0.0001
PR interval (ms) 302 152.0 154.6 20.7 108.0 208.0 140.0 168.0 < 0.0001
QRS duration (ms) 302 95.0 95.4 10.7 60.0 140.0 88.0 104.0 < 0.0001
Corrected QT (QTc) (ms) 302 402.0 402.1 16.8 280.0 450.0 392.0 410.0 < 0.0001
Alcohol at enrollment (drinks/wk)
(for those who drink)

102 5.5 9.5 10.5 1.0 66.0 2.0 12.0 < 0.0001

Smoking pack years at enrollment 
(for those who smoke)

74 1.0 1.0 0.5 0.2 2.5 0.7 1.0 0.295

Age (yr) 302 40.8 40.6 13.7 18.0 75.1 29.7 50.5 0.0769
BMI 302 27.0 27.5 4.7 16.6 48.8 24.1 30.2 0.1834
Triglyceride (mg/dL) 301 116.0 142.2 117.3 15.0 1270.0 72.0 167.0 < 0.0001
Cholesterol (mg/dL) 301 198.0 201.0 41.8 103.0 325.0 173.0 226.0 0.0056
Potassium (mEq/L) 301 4.6 4.6 0.4 3.5 5.8 4.3 4.9 < 0.0001
bpm beats per minute

BMI body mass index

P values female vs male difference in mean using the F test
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ethnic composition of these rural Southwestern Ohio 
communities.

Urinary concentrations of the measured phenols strati-
fied by sex are shown in Table 4. The cohort was widely 
exposed to the tested phenols with the exception of BPS, 
a newer BPA substitute. BPA, measured as total urinary 
level (free plus conjugated), was detected in 99.3% of the 
cohort with a mean concentration of 2.3 and 2.4 ng/mL 
(95% CI 2.1 to 2.6, and 2.2 to 2.5), in females and males, 
respectively. These BPA exposure levels in urines col-
lected in 1990 to 1993 are similar to later reported values 

in the US populations [8, 35, 36]. Key differences between 
the sexes include significantly higher levels of BP3, M-PB 
and P-PB in females, and higher levels of DCP24, TCC 
and TCS in males. Levels of DCP25, BPA, BPF and BPS 
were similar between males and females.

The sex specific associations between BPA expo-
sure and covariates and the measured ECG parameters 
are shown in Table  5. In females but not males, higher 
urinary BPA was associated with longer PR interval 
(4.01 ms increase in PR interval per unit increase in 
ln[BPA]; P < 0.05). In addition, higher BMI in females 

Table 3 Demographic information
Overall Females Males
Total n % Total n % Total n %

Race: White 604 602 99.7% 302 300 99.3% 302 302 100%
Race: American Indian 604 2 0.3% 302 2 0.7% 302 0 0.0%
Educate: High school graduate or less 604 281 46.5% 302 143 47.4% 302 138 45.7%
Educate: Some college or vocational training 604 204 33.8% 302 102 33.8% 302 102 33.8%
Educate: College graduate 604 78 12.9% 302 38 12.6% 302 40 13.2%
Educate: Postgraduate or professional degree 604 41 6.8% 302 19 6.3% 302 22 7.3%
Income in 1990–1994: Less than $20,000 574 119 20.7% 288 62 21.5% 286 57 19.9%
Income in 1990–1994: $20,000 - $49,999 574 303 52.8% 288 156 54.2% 286 147 51.4%
Income in 1990–1994: $50,000 - or more 574 152 26.5% 288 70 24.3% 286 82 28.7%
Oral contraception 302 47 15.60%
Hormone replacement 302 32 10.60%

Table 4 Urinary phenol measurements in the Fenald Community Cohort stratified by sex
Females

Phenol 
(ng/mL)

N Median Median 95% CI Geometric 
Mean

Geometric Mean 95% CI

BP3 302 9.2 (6.6–11.3) 11.8 (9.0-15.3)
BPA 302 2.5 (2.1–2.8) 2.3 (2.1–2.6)
BPF 302 0.3 (0.2–0.4) 0.4 (0.3–0.5)
BPS 302 0.07 (0.07–0.07) 0.11 (0.08–0.14)
DCP24 302 1.1 (1.0-1.2) 1.2 (1.0-1.3)
DCP25 302 16.6 (13.2–21.1) 20.2 (16.9–24.2)
M-PB 302 178.1 (133.1-225.5) 142.8 (120.6-169.1)
P-PB 302 69.2 (54.4–92.6) 48.4 (39.9–60.3)
TCC 302 1.85 (1.2–3.7) 2.5 (1.9–3.2)
TCS 302 2.95 (2.4–3.7) 5.7 (4.7-7.0)

Males Overall
Phenol 
(ng/mL)

N Median Median 95% CI Geometric 
Mean

Geometric Mean 95% CI LOD (ng/mL) %> LOD Female vs. male
P-value

BP3 302 3.05 (2.5–3.8) 3.8 (3.1–4.7) 0.4 92.2% < 0.0001
BPA 302 2.5 (2.2–2.8) 2.4 (2.2–2.5) 0.2 99.3% 0.5489
BPF 302 0.4 (0.3–0.5) 0.6 (0.5–0.7) 0.2 63.1% 0.0056
BPS 302 0.07 (0.071–0.071) 0.14 (0.09–0.20) 0.01 18.2% 0.4362
DCP24 302 1.9 (1.6–2.2) 1.9 (1.6–2.1) 0.1 99.2% < 0.0001
DCP25 302 24.6 (18.3–19.9) 25.8 (21.8–31.4) 0.1 100.0% 0.0518
M-PB 302 20.4 (16.1–28.4) 24.9 (21.0-29.7) 1 99.8% < 0.0001
P-PB 302 3 (2.6–4.4) 3.9 (3.1–4.9) 0.1 99.3% < 0.0001
TCC 302 6.9 (4.1–12.0) 5.5 (4.2–7.2) 0.1 93.0% 0.0005
TCS 302 12 (5.5–18.4) 16.9 (12.9–22.2) 1.7 67.4% < 0.0001
LOD limit of detection
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was associated with longer QTc (0.40 ms per unit BMI; 
P < 0.05), longer PR interval (0.59 ms per unit BMI; 
P < 0.01), and longer RR interval (i.e., slower heart rate; 
0.36 ms in RR per unit BMI; P < 0.01). In males, BMI 
was only associated with longer RR interval (0.49 ms per 
unit BMI; P < 0.01). In females, age was associated with 
a small reduction of QRS (0.09 ms per year; P < 0.05), 
and in males, age was associated with longer QTC (0.26 
ms per year; P < 0.01) and PR interval (0.51 ms per year; 
P < 0.001).

Further, as noted above, sex was a strong covariate; the 
female sex was associated with longer QTc (7.28 ± 1.73 
ms; P < 0.0001), shorter PR interval (8.44 ± 1.92 ms; 
P < 0.0001), shorter QRS (8.94 ± 0.89 ms; P < 0.0001), and 
higher RR interval (4.63 ± 1.11 ms; P < 0.0001).

The associations between other phenols and changes 
in ECG parameters are found in Table 6. Similar to BPA, 
higher urinary BPF and BPA plus BPF were associated 
with longer PR interval in the female population (3.4 
and 5.09 ms increase in PR interval per unit increase in 
ln[BPF] and ln[BPA + BPF], respectively; P < 0.01). In 
females, higher BPA plus BPF was associated with longer 
QRS duration (1.5 ms increase in QRS per unit increase 
in ln[BPA + BPF]; P < 0.05). In males, TCC exposure was 
associated with prolongation of QTc (1.38 ms per unit of 
ln[TCC]; P < 0.01). When females and males were ana-
lyzed as a single cohort there were only significant associ-
ations noted between QTc and TCC and PR interval and 
BPA + BPF (Suppl Table 1). No significant associations 
were noted between any phenol and RR interval.

The association between phenols and ECG parameters 
is summarized in Fig. 1. The strong sex dichotomy is evi-
dent. The female cohort showed significant increases in 
PR interval associated with BPA, BPF, and BPA + BPF 
exposure, while BPA + BPF exposure was also associated 
with increased QRS duration. The male cohort demon-
strated an association between TCC levels and QTC, but 
no other associations were noted.

While higher phenol exposure was only associated with 
small changes in ECG parameters, such change may be 
more pronounced in certain BMI or age subpopulation 
groups. Higher BPA was associated with PR interval pro-
longation in females (see Table  5; Fig.  1). Dividing both 
urinary BPA and BMI into tertiles revealed such associa-
tion was particularly pronounced in females in the top 
BMI tertile group (Fig. 2, top). In females, the combined 
effect of being in the top tertile for both BPA urinary 
concentration and BMI was an estimate of 14.8 ms, or 
about 10% increase in PR interval (Fig. 2, top). Similarly, 
ECG metrics can vary significantly by age and BPA expo-
sure may have a particular effect on ECG in certain age 
groups. Dividing the cohort into tertiles based on age and 
urinary BPA suggests that BPA may have an association 
with QT prolongation in the older age group. Particularly 

in males, QTc interval increased with BPA exposure 
in the older age group but not in the mid to lower age 
groups (Fig. 2, bottom).

Discussion
Extensive experimental and epidemiological evidence 
points to the cardiac toxicity of bisphenol-type environ-
mental chemicals. However, the impact of bisphenols 
and other phenols on the cardiac electrical properties 
in humans is entirely unknown. This is the first study 
to examine the associate of phenol exposure and ECG 
alterations in a human cohort, and provides insights into 
phenol associated, sex-specific changes in cardiac electri-
cal properties. The key findings of this study relate to the 
changes observed in ECG parameters, PR interval and 
QTc in particular, as it pertains to BPA and other phenol 
levels when analyzed by sex. These alterations of cardiac 
electrical properties have clear physiological and patho-
logical implications.

PR interval represents the electrical conduction 
between the atria and the ventricle, and prolongation 
of the interval is associated with increasing age as the 
AV node function decreases [37, 38]. This is relevant as 
advanced AV blocks are a common indication for place-
ment of artificial cardiac pacemakers [39] and are also 
relevant in an aging population that is prone to develop 
atrial arrhythmias (such as atrial fibrillation) that depend 
on normal AV conduction to maintain cardiac output 
[40–42]. In this study we found the PR interval increases 
with age in both males and females as expected, and 
increases in females in association with BPA and BPF 
exposure. Further, the combined effect of BPA exposure 
with elevated BMI was associated with an approximate 
10% increase in PR interval in females. This association 
between PR prolongation and bisphenol exposure is gen-
erally consistent with published experimental data show-
ing that exposure to BPA delayed AV conduction and 
increased the PR interval in excised female rat hearts [43]. 
Conduction velocity in cardiac tissue is determined by 
the size of the action potential-generating inward current 
[44]. It is possible that BPA reduces AV node conduction 
through inhibition of the L-type Ca2+ current, which is 
the dominant inward current in AV node myocytes and a 
key determinant of AV node conduction velocity [44, 45]. 
Recently, we have shown that 1 nM BPA acutely inhib-
ited the L-type Ca2+ current in hiPSC-CMs, including in 
nodal-like myocytes [16], and that long term exposure to 
1 nM BPA inhibited the L-type Ca current in hiPSC-CMs 
through reduction of the L-type Ca2+ channel protein 
expression level [19]. Similarly, low-doses of BPA inhib-
ited the L-type Ca2+ current in female rat cardiomyocytes 
in a dose-dependent manner [14]. At higher, µM doses, 
BPA has also been shown to suppress the L-type current/
channel in hiPSC-CMs and heterologously expressed in 
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HEK cells [29, 30]. Such BPA-mediated inhibition of the 
L-type Ca2+ channel may provide a cellular mechanism 
for the observed prolongation of the PR interval in the 
Fernald Cohort.

It has been well-established that prolongation of the 
QT interval is a key arrhythmogenic mechanism and 
are associated with adverse cardiac outcomes, specifi-
cally sudden cardiac death [25–27]. QT prolongation is 
an indication of delay in ventricular repolarization, which 

can lead to ectopic ventricular excitation and malignant 
ventricular arrhythmias [25, 26, 46]. QT prolongation is 
often caused by genetic mutations in cardiac ion chan-
nels, predominantly K+ and Na+ channels, and the result-
ing prolongation of ventricular action potential [47, 48]. 
QT prolongation can also be produced by adverse block-
ade of cardiac ion channels by drugs or environmen-
tal chemicals, and is one of the central issues in cardiac 
safety and cardiotoxicity assessment [49–53]. Examples 

Fig. 1 Graphic summary of the effect of phenol exposure on ECG parameters in the Fernald Cohort. Effect size represents the change in the value of 
ECG parameters with a change in one unit of log transformed urinary phenol concentration. Red bars illustrate effects that have statistical significance. 
*: P < 0.05; **: P < 0.01
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of QT prolongation-related cardiac toxicity of environ-
mental chemicals include trivalent arsenic As3+ and 
organophosphate poisoning [54–57]. Here, we show that 
higher urine level of TCC was associated with longer QTc 
in males but not females. TCC, an antibacterial chemical 
once common in personal care products, is now banned 
for usage in the US. Information on the association 
between TCC exposure and QT prolongation toxicity 
may help retrospective understanding of the health out-
comes of the Fernald Cohort. In addition, even though 
there is no association between BPA exposure and QT 
change at the cohort level, we found that in older males 
(top tertile), higher BPA exposure may have an associa-
tion with QTc prolongation, as shown in Fig.  2. While 
QTc difference between the lowest to the highest groups 
was modest (about 20 msec), from a population perspec-
tive even smaller increases in QTc have been shown to be 
associated with increased risk of adverse outcomes. For 
instance, Zhang and colleagues found that any increase 
in QT interval was associated with a small but measur-
able change in total and cardiovascular mortality and 
specifically sudden cardiac death [58]. Our findings have 

important implications for the QT prolongation cardio-
toxicity of BPA, and likely other related bisphenol-type 
chemicals, in older males.

From a cellular physiologic perspective, BPA has been 
shown to inhibit the IKr K current, which plays a key 
role in cardiac repolarization. We showed in our previ-
ous studies that acute exposure to environmentally rel-
evant low dose BPA (1 nM) inhibited the IKr current in 
hiPSC-CMs and canine ventricular myocytes. Such IKr 
inhibition resulted in delay in action potential repolariza-
tion in hiPSC-CMs and canine ventricular myocytes, and 
the net effect of inhibitions of IKr and the L-type current 
results in prolongation of QT interval [15, 16]. The pro-
arrhythmic toxicity of such BPA-induced repolarization 
delay was illustrated by the marked increase in arrhyth-
mic events under BPA exposure combined with patho-
physiological conditions [16]. In addition, acute exposure 
to high doses (mid to high µM) BPA has also been shown 
to inhibit IKr in hiPSC-CMs and hERG (the molecular 
correlate of human IKr current) expressed in HEK 293 
[30]. While these acute experimental exposure findings 
cannot be directly extrapolated to the exposure scenario 

Fig. 2 Top: Relationship between PR interval, urinary BPA concentration, and BMI, with both urinary BPA and BMI divided into tertiles. BPA categories: 
1, < 1.65; 2, 1.65–2.96; 3, > 2.96 (ng/mL); BMI categories: 1, < 24.2; 2, 24.2–28.4; 3, > 28.4. Bottom: Relationship between QTc, urinary BPA concentration, 
and age, with both urinary BPA and age divided into tertiles. BPA categories: 1, < 1.65; 2, 1.65–2.96; 3, > 2.96 (ng/mL); age categories: 1, 18–31; 2, 32–45; 
3, 46–77 (years old)
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in humans, they nevertheless offer a plausible cellular 
mechanism of the observed QT prolongation associated 
with BPA exposure in the top tertile age group.

No change in QRS duration or heart rate was found to 
be associated with exposure to any single tested phenol, 
while higher urine BPA plus BPF level was associated 
with slight QTS prolongation in females. QRS duration 
represents depolarization of the ventricles and is pro-
longed under disease conditions including heart failure, 
prior infarction, and/or development of a bundle branch 
block. The etiology of the QRS prolongation associ-
ated with BPA plus BPF levels is unknown, and further 
experimental and human population studies are needed 
to fully clarify this. That being noted, Hnatkova and col-
leagues found that, in healthy individuals, QRS duration 
is slightly longer in males in comparison with females 
(103.2 msec vs. 98.7 msec) [59], which is similar to the 
small differences we observed in this study.

The lack of effect of phenols on heart rate in the Fer-
nald participants contrasts with previously reported 
acute stimulatory effect of low dose bisphenols on ex 
vivo rodent heart rate and pacing rate of nodal hiPSC-
CMs [16, 31], and likely reflects the difference between 
chronic and acute phenol exposures. Exposure dose also 
appears to determine the impact of bisphenols on pacing 
rate; while nM low dose increases pacing rate, bisphenols 
have been shown to inhibit cardiac pacing at higher, µM 
dose [29, 30]. Further, the human heart rate is controlled 
by cardiac factors (such as sinus node automaticity) as 
well as extracardiac factors such as vagal tone, adrenaline 
secretion and sympathetic activity. The autonomic con-
trol of the heart rate in vivo may be another reason for 
the contrasting cohort vs. experimental findings on this 
parameter.

The similar effect of BPA and BPF we found in the 
Fernald Cohort is consistent with the generally simi-
lar cardiac toxicity reported for BPA and its analogs in 
experimental studies, including in hiPSC-based human 
cardiac models. (It is also worth noting the widespread 
exposure to BPF in the Fernald Cohort in the early 90’s, 
much before BPA-free products and BPA replacements 
became popular.) It has been shown that acute expo-
sure to BPA, BPF, and other BPA analogs suppressed 
spike amplitude, beat period, field potential duration, 
and contractility in hiPSC-CMs, mostly at µM-range 
high doses [60]. Similarly, micromolar doses of BPA and 
BPF decreased the depolarization spike amplitude, and 
shortened the field potential, action potential duration, 
and calcium transient duration in hiPSC-CMs [61]. We 
showed that in human cardiac organoids, acute exposure 
to low dose (1 nM) BPA delayed cardiac repolarization 
and promoted the development of ectopic excitations 
and the toxicity was shared by its analogs including BPS, 
BPF and BPAF [16]. An exception to the generally similar 

cardiac effects of BPA and BPF is our recent finding that 
long term exposure to low dose BPA and BPAF, but not 
BPF, suppressed contractility and promoted hypertro-
phy in hiPSC-CMs and human cardiac organoids [19]. 
We show here that the female-specific effect of BPA and 
BPF on PR interval and QRS complex are similar, and our 
result (Fig. 2) is consistent with BPA and BPF having an 
apparent additive effect, suggesting that the bisphenol 
mixture effect should be further examined in humans.

We show here that higher exposure to some phenols 
was associated with alternations of ECG properties in the 
Fernald Cohort. Individual persons may experience more 
or less of an effect of BPA exposure on the ECG prop-
erties due to individual differences in absorption and 
metabolism of BPA. Regardless, it should be noted that 
these ECG changes at the population level are moderate 
and generally within the normal ECG parameter ranges. 
While these changes alone are unlikely to result in clini-
cally significant cardiac electrical disease in healthy indi-
viduals, we believe that higher phenol exposure is a risk 
factor that can contribute to cardiac electrical abnormali-
ties, particularly in subpopulations with existing patho-
physiological conditions and predisposition. One such 
scenario is the combined effect of bisphenol-associated 
PR interval prolongation and BMI in females. As shown 
in Fig.  2, high exposure combined with high BMI can 
lead to sizable PR alteration in females. It is also possible 
that bisphenol-associated PR prolongation, particularly 
in high exposure individuals, can exacerbate existing AV 
block in patients with heart conduction disorders. Also, 
as noted above, age-based analysis reveals the possible 
QT prolongation toxicity of BPA in the older male sub-
population. Such a subpopulation-based toxicity assess-
ment approach can better identify cardiac toxicities of 
environmental chemicals that would otherwise be diffi-
cult to identify in the general population.

The cross-sectional nature of the study allows us to 
determine association but not causality. Further, the tem-
poral variability of BPA, and likely other phenols, is well 
known [62–65], and a one-time measurement of phenol 
levels does not represent lifetime exposure. In addition, 
the analyzed samples were collected from the Fernald 
population in the early 90’s (1991–1994) before the ramp 
up of BPA-alternatives (such as BPS) which would shift 
the exposure levels compared to present day. However, 
even with these limitations, the FCC is highly valuable 
because it is unusual to have a large population-based 
cohort with simultaneous urine specimen collection and 
ECG recordings, which allowed us to determine the asso-
ciation of real-time (not lifetime) phenol exposure with 
ECG markers.

In conclusion, our population-based study shows, for 
the first time, that higher urinary levels of environmental 
phenols, including BPA, BPF, and TCC, were associated 
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with sex-specific alterations in cardiac electrical-con-
duction properties in the Fernald Cohort. Our findings 
correlate with clinically relevant parameters that are 
associated with known pathologic conditions in humans. 
Our findings may have implication for the cardiac tox-
icity of these chemicals, particularly in predisposed 
subpopulations.
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