
Comparative toxicokinetics of bisphenol S and bisphenol AF in 
male rats and mice following repeated exposure via feed

Suramya Waidyanatha1,*, Sherry R. Black2, Claire R. Croutch3, Bradley J. Collins1, Melanie 
A. R. Silinski2, Season Kerns3, Vicki Sutherland1, Veronica Godfrey Robinson1, Kristin 
Aillon3, Reshan A. Fernando2, Esra Mutlu1, Timothy R. Fennell2

1Division of the National Toxicology Program, National Institute of Environmental Health Sciences, 
Research Triangle Park, NC

2RTI International, Discovery Sciences, Research Triangle Park, NC

3MRIGlobal, Kansas City, MO

Abstract

1. We investigated the plasma toxicokinetic behavior of free (parent) and total (parent and 

conjugated forms) of bisphenol S (BPS) and bisphenol AF (BPAF) in plasma of adult 

male rats and mice following exposure via feed for 7 d to BPS (338, 1125, and 3375 

ppm) or BPAF (338, 1125, and 3750 ppm).

2. In rats, the exposure concentration-normalized maximum concentration (Cmax/D 

(ng/mL)/(ppm)) and area under the concentration time curve (AUC/D (h*ng/mL)/

(ppm)) for free was higher for BPS (Cmax/D: 0.476–1.02; AUC/D: 3.58–8.26) than for 

BPAF (Cmax/D: 0.017–0.037; AUC/D:0.196–0.436).

3. In mice, the difference in systemic exposure parameters between free BPS (Cmax/D: 

0.376–0.459; AUC/D: 1.52–2.54) and free BPAF (Cmax/D: 0.111–0.165; AUC/

D:0.846–1.09) was marginal.

4. Elimination half-lives for free analytes (4.41 to 10.4 h) were comparable between 

species and analogues.

5. When systemic exposure to free analyte was compared between species, in rats, BPS 

exposure was slightly higher but BPAF exposure was much lower than in mice.

6. BPS and BPAF were highly conjugated; total BPS AUC values (rats ≥ 18-fold, mice ≥ 

17-fold) and BPAF (rats ≥ 127-fold, mice ≥ 16-fold) were higher than corresponding 

free values.

7. Data demonstrated that there are analogue and species differences in the kinetics of 

BPS and BPAF.
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Introduction

Bisphenol S (4,4’-sulfonyldiphenol, BPS) and bisphenol AF (2,2-bis(4-

hydroxyphenyl)perfluoropropane, BPAF) (Figure 1) are structural analogues of bisphenol A 

(2,2-bis(4-hydroxyphenyl)propane) and are used in a number of applications. BPS is a 

component of polyether sulfone, a thermoplastic. Polyether sulfone is used in a variety of 

consumer products and applications, including but not limited to, developer in thermal 

paper, wash fastening agent in cleaning products, and in microwaveable dishes (Liao et al., 
2012c; Rochester and Bolden, 2015). In addition, BPS is used as a chemical intermediate in 

the preparation of fire retardants, electroplating chemicals and colorant, and as a modifier for 

leather, fiber, and epoxy curing agents (EPA, 2014). BPAF is used as a crosslinking agent in 

the synthesis of certain fluoroelastomers (fluorocarbon-based synthetic rubber) and as a 

monomer in the synthesis of specialty polymers (DuPont, 2006; Halocarbon, 2008; NTP, 

2008).

BPS and BPAF have been detected in personal care products, food stuffs and/or indoor 

house dust (Liao et al., 2012a; Liao et al., 2012b; Liao et al., 2012c; Liao et al., 2012d; Liao 

et al., 2012e; Liao and Kannan, 2013). In addition, there is growing evidence of exposure to 

these analogues, primarily BPS, in the general population based on urinary biomarkers (Liao 

et al., 2012a; Liao et al., 2012b; Yang et al., 2014; Ye et al., 2015; Thayer et al., 2016; 

Lehmler et al., 2018; Philips et al., 2018; Wan et al., 2018a; Wan et al., 2018b; Ghayda et al., 
2019; Frederiksen et al., 2020; Zhang et al., 2020) although in an EU biomonitoring study of 

144 adults urinary BPAF was below the limit of detection (LOD) of 0.02 μg/mL (Husoy et 
al., 2019). BPAF has been reported in human breast milk, plasma, and serum including 

maternal and fetal pairs (Jin et al., 2018; Song et al., 2019; Jin et al., 2020; Li et al., 2020; 

Pan et al., 2020; Zhang et al., 2020).

Lack of adequate data to assess potential adverse human health effects from exposure to 

BPS and BPAF led the National Toxicology Program (NTP) to study these compounds 

following exposure of rodents via feed (NTP, 2020a; NTP, 2020b). We have previously 

reported the absorption, distribution, metabolism, excretion and toxicokinetic (TK) data for 

BPS and BPAF in rats and mice following a single gavage administration (Waidyanatha et 
al., 2015; Waidyanatha et al., 2018; Waidyanatha et al., 2019; Waidyanatha et al., 2020). 

This work compares the TK behavior of BPS and BPAF following repeated exposures via 

feed in rats and mice in support of the toxicology studies conducted via feed exposure.

Materials and Methods

Chemicals and reagents:

Bisphenol S (BPS) (lot IF20140175) was procured from Ivy Fine Chemicals (Cherry Hills, 

NJ). Bisphenol AF (BPAF) (CASRN 1478–61-1; lot # 20100425) was obtained from 3B 
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Pharmchem International (Wuhan Co., Ltd., China). The chemical identity was confirmed by 

infrared spectroscopy, 1H and 13C nuclear magnetic resonance spectroscopy, mass 

spectrometry, and elemental analysis. The purity was determined using high-performance 

liquid chromatography (HPLC) with ultraviolet detection (UV) at 210 nm. The purity of 

BPS and BPAF lots were > 99%. [2H8]BPS and [13C12]BPAF used as internal standards 

were obtained from Toronto Research Chemicals (Toronto, Canada) and Cambridge Isotope 

Laboratories, Inc. (Tewksbury, MA), respectively. Male Sprague Dawley rat plasma to be 

used for matrix calibration curve preparation was obtained from Bio IVT (Westbury, NY). β-

glucuronidase from Helix pomatia (at least 100,000 units/g and 7500 units/g for β-
glucuronidase and sulfatase activity, respectively) was obtained from Sigma-Aldrich (St. 

Louis, MO). All other chemicals and reagents were procured from commercial sources.

Animals and maintenance:

BPS and BPAF studies were conducted at Mispro Biotech Services (RTP, NC) and 

MRIGlobal (Kansas City, MO), respectively, and were approved by the respective 

Institutional Animal Care and Use Committees. Animals were individually housed in 

facilities that are fully accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International. Animal procedures were in accordance with the 

“Guide for the Care and Use of Laboratory Animals” (NRC, 2011). Male Hsd:Sprague 

Dawley® SD® (HSD) rats were obtained from Envigo (Hasslett, MI or Somerset, NJ). Male 

B6C3F1/N mice were obtained from Taconic Farms (Germantown, NY). The animals were 

quarantined for at least one week before they were randomized into dosing groups and used 

in a study. Mice and rats had ad libitum access to certified, irradiated NTP 2000 feed 

(Ziegler Bros, Inc., Gardners, PA) and certified, irradiated, Advanced Protocol Verified 

Casein Diet 1 IF, (5K96, PMI Nutrition International, St. Louis, MO), respectively. Feed 

formulations of BPS and BPAF were prepared in certified, irradiated NTP 2000 for mouse 

studies (Ziegler Brothers Inc., Gardners, PA) and in 5K96 diet for rat studies (PMI Nutrition 

International, St. Louis, MO) to be consistent with the NTP toxicology studies (NTP, 2020a; 

NTP, 2020b). Feed was used within 180 days of milling. All animals had access to city tap 

water. Environmental conditions included: room temperature 71–75 °F, relative humidity 

31–49% and a 12-h light/dark cycle. In BPS studies, male rats (284–336 g) and male mice 

(22.5–29.9 g) were 9–10 weeks old at the time of dosing. In BPAF studies, male rats (272–

308 g) and male mice (21.2–27.6 g) were 8–9 weeks old at the time of dosing.

Study design and exposure:

Exposure concentrations used in BPAF studies were 338, 1125, and 3750 ppm. These were 

selected after taking into consideration the oral gavage doses used in prior ADME and TK 

studies (34–340 mg/kg) (Waidyanatha et al., 2015; Waidyanatha et al., 2018; Waidyanatha et 
al., 2019) and feed exposure concentrations used in NTP toxicology studies for BPAF (338, 

1125, and 3750 ppm (NTP, 2020a). Concentration used BPS studies were 338, 1125, and 

3375 ppm and were selected after taking into consideration gavage doses used in prior 

ADME and TK (Waidyanatha et al., 2018; Waidyanatha et al., 2020) studies as well as to be 

within a similar range as with BPAF feed study for direct comparison.
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Feed formulations of BPS and BPAF were prepared in certified, irradiated NTP 2000 for 

mouse studies (Ziegler Brothers Inc., Gardners, PA) and in 5K96 diet for rat studies (PMI 

Nutrition International, St. Louis, MO) to be consistent with other NTP studies 

(Waidyanatha et al., 2015; Waidyanatha et al., 2018; Waidyanatha et al., 2019; NTP, 2020a; 

NTP, 2020c; Waidyanatha et al., 2020). Dosed-feed formulations were analyzed using 

validated liquid chromatography methods with ultraviolet detection prior to exposing 

animals (analytical concentration range: BPS, 3.2–96 μg/mL covering formulation range 400 

to 12,000 ppm; BPAF 4–200 μg/mL covering formulation range 200 to 10,000 ppm; r ≥ 

0.99; precision determined as relative standard deviation (RSD) ≤ 5%; accuracy determined 

as relative error (RE) ≤ ±10%). All study formulations were within 10% of the target 

concentration. Prior to study initiation, the stability of BPS and BPAF in feed formulations 

stored at refrigerated temperature up to 42 d (RE ≤ ± 10% of day 0 value) and homogeneity 

(RSD ≤ 5%) were confirmed.

Male rats (n=15/exposure group/compound) and mice (n=30/exposure group/compound) 

were exposed, in individual cages, ad libitum to dosed feed at 338, 1125, and 3375 ppm for 

BPS or 338, 1125, and 3750 ppm for BPAF for 7 days. Animal body weights and food 

consumption data were collected daily. Dosed feed was removed on the morning of the day 

representing the end of 7th 24-h exposure period when the lights were turned on and the 

control feed was provided through the 24 h blood collection period immediately following it. 

Blood samples were collected at various timepoints up to 24 h with all timepoints relative to 

the time lights were turned on. Two blood samples were collected from each rat while mice 

were sampled only once. In BPS studies, blood samples were collected from 3 animals per 

timepoint (except for some time points where n=4: rat 3375 ppm group, mouse 1125 and 

3375 ppm groups) at 0, 1, 2, 4, 6, 9, 12, 16, 20, and 24 h. The first blood sample collection 

in rats was by tail venipuncture (ca. 250 μL). In BPAF studies, blood samples were collected 

from 3 animals per timepoint at 0, 1, 2, 4, 7, 10, 13, 16, 19, and 24 h. The first blood 

collection in rats was obtained via retro-orbital sinus (ca. 350 μL) under CO2:O2 (70:30). 

Terminal rat and all mouse sampling was by cardiac puncture following CO2 euthanasia. 

The actual times for blood collection were recorded at each time point. Immediately 

following collection, blood was dispensed into tubes containing K3EDTA, mixed by 

inversion and placed on ice. Plasma was prepared by centrifugation within 1 h of blood 

collection. Immediately following terminal blood collection, each animal was humanely 

terminated via exsanguination. All samples were stored at ≤−70 °C.

Quantitation of free and total BPS:

Samples from BPS studies were analyzed for free and total BPS using a validated analytical 

method as described previously (Silinski et al., 2020; Waidyanatha et al., 2020). Briefly, two 

stock solutions of BPS were prepared in methanol at 100 μg/mL and further diluted in the 

same solvent to generate spiking solutions (25 to 5000 ng/mL), using alternate stocks. A 

stock solution of (2H8)BPS to be used as the internal standard was prepared in methanol at 

2250 ng/mL. The deconjugating enzyme solution containing β-glucuronidase and sulfatase 

for total BPS determination was prepared in 1M ammonium acetate buffer (pH 5) to yield a 

final solution of at least 2 units/μL β-glucuronidase and 0.4 units/μL sulfatase. Seven-point 
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matrix calibration curves (5 to 1000 ng/mL), QC samples (10 and 500 ng/mL), matrix 

blanks, and study samples were prepared as below.

To a 50 μL aliquot of plasma, 10 μL of methanol or appropriate BPS spiking solution 

(matrix calibration standards and QC samples only), and 10 μL of internal standard solution 

was added. To all samples, 25 μL of 1 M ammonium acetate buffer (for free analysis) or 

deconjugating enzyme solution (total analysis) was added. Samples were briefly mixed and 

either stored at ~ 5 °C for 2 h (for free analysis) or incubated at ~ 37 °C for 2 h (total 

analysis) (Note: 2 h digestion was demonstrated to be sufficient for deconjugation of BPS 

conjugates). Matrix blanks and study samples were prepared similarly except no BPS was 

added. To each sample, 300 μL of acetonitrile was added, mixed briefly, and centrifuged at 4 

°C for 10 min at ~20,000 g. The supernatant was analyzed by liquid chromatography- 

tandem mass spectrometry.

A linear regression with 1/X2 weighing was used to relate analyte to internal standard peak 

area response ratio of analyte to internal standard and concentration of BPS in plasma. The 

concentration of free and total BPS was calculated using response ratio, the regression 

equation, initial sample volume, and dilution when applicable. Study samples that exceeded 

the matrix calibration range were diluted into the validated concentration range using 

respective control matrix. Each study sample set was bracketed by method blanks, matrix 

calibration standards, and QC samples. Data from study samples were considered valid if: 

the matrix calibration curve was linear (r ≥0.99); at least 75% of matrix standards were 

within 15% of nominal values (except at the limit of quantitation (LOQ) where it was 20%); 

at least 67% of the QC samples were within 15% of nominal values. All QCs were within 

15% of nominal value. The LOQ for both free and total analyses was 5 ng/mL. The LOD, 

estimated as the standard error (SE) of the LOQ was 1.15 ng/mL for free BPS and 0.862 

ng/mL for total BPS. All concentrations above LOD were reported.

Quantitation of free and total BPAF:

Samples were analyzed for free and total BPAF using a validated analytical method as 

described previously (Waidyanatha et al., 2019). Briefly, two stock solutions of were 

prepared in methanol at 750 and 1000 μg/mL and further diluted in the same solvent to 

generate spiking solutions (28 to 1000 ng/mL), using alternate stocks. A stock solution of 

(13C12)BPAF to be used as the internal standard was prepared in acetonitrile at 600 ng/mL. 

Eight-point matrix calibration curves (2.8 to 100 ng/mL), QC samples (5 and 80 ng/mL), 

matrix blanks, and study samples were prepared as below.

For determination of total BPAF, to 50 μL plasma, 10 μL of 0.9% sodium chloride, 5 μL of 

(13C12)BPAF solution, 25 μL of 200 mM sodium acetate buffer (pH 5), and 5 μL of 

appropriate BPAF spiking solutions (matrix calibration standards and QC samples only) 

were added along with 10 μL of β-glucuronidase and sulfatase solution (100,000 units/mL 

and 7500 units/mL for β-glucuronidase and sulfatase activity, respectively) and samples 

were incubated at ~ 37°C overnight. For the determination of free BPAF, 50 μL aliquots of 

plasma were transferred to vials with 5 μL of (13C12)BPAF solution and 5 μL of appropriate 

spiking solutions (matrix calibration standards and QC samples only). To all samples (free 

and total measurements), acetonitrile (145 μL for free and 245 μL for total) was added and 
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samples were vortexed for 30 sec and centrifuged at 16,000g for 5 min. The supernatant was 

analyzed by liquid chromatography- tandem mass spectrometry.

A linear regression with 1/X weighting was used to relate peak area response ratio of analyte 

to internal standard and concentration of BPAF in plasma. The concentration of free and 

total BPAF were calculated using response ratio, the regression equation, initial sample 

volume, and dilution when applicable. Study samples that exceeded the matrix calibration 

range were diluted into the validated concentration range using control plasma which has 

been demonstrated to provide accurate data during the method validation (Waidyanatha et 
al., 2019).

Each study sample set was bracketed by method blanks, matrix calibration standards, and 

QC samples. Data from study samples were considered valid if: the matrix calibration curve 

was linear (r ≥0.99); at least 75% of matrix standards were within 15% of nominal values 

(except at the LOQ where it was 20%); at least 67% of the QC samples were within 15% of 

nominal values. All QCs were within 15% of nominal value. The LOQ and LOD were 2.8 

ng/mL and 0.8 ng/mL.

Toxicokinetic analysis.

All plasma concentrations above LOD were used in TK analysis. Where actual blood 

collection times were >10% from nominal, the mean of the actual collection time for each 

group per time point was used. Due to the nature of the study design where the exposure was 

via feed for 7 days and the samples were collected at timed intervals after the final day of 

exposure, the mean plasma concentration versus time data were evaluated using 

noncompartmental analysis (NCA) with uniform weighting using 0–24 h data to allow for 

direct comparisons between the two compounds and speceis (Phoenix WinNonlin, Version 

6.4, Certara, Princeton, NJ). Model 200 was used for extravascular administration. The 

following parameters were reported: the maximum concentration (Cmax); area under the 

concentration time curve (AUC); lambda half-life (elimination half-life).

Results

Data are available in the Chemical Effects in Biological Systems (CEBS) database:

https://doi.org/10.22427/NTP-DATA-002–03263-0011–0000-8

https://doi.org/10.22427/NTP-DATA-002–03311-0008–0000-8

Body weights and food consumption following exposure to BPS.

All animals survived until the end of the study. Animals were weighed during acclimation 

and then daily in the morning during the study. The overall mean daily body weight gain for 

all rats assigned to the study was 3.7 ± 2.6 g during the pre-study period when the animals 

were offered control feed. During the study, the group mean daily body weight gain was 3.7 

± 4.4 g, 3.7 ± 2.7 g, and 2.6 ± 5.9 g for rats in the 338, 1125, and 3375 ppm exposure 

groups, respectively. Mean body weight gain was reduced in the animals in the high 

exposure group compared with the pre-study and the other two exposure groups which is 
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consistent with the decreased feed consumption noted for this group (see below). For mice 

the overall mean daily body weight gain was 0.11 ± 0.48 g during the pre-study period when 

the animals were on control feed. In mice the group mean daily body weight gain was 0.1 ± 

0.4 g, 0.1 ± 0.3 g, and 0.1 ± 0.3 g for the 338, 1125, and 3375 ppm groups, respectively, 

demonstrating that there is no difference in mouse body weight gain between different 

exposure concentrations.

The average daily feed consumption for rats is shown in Figure 2A for each day during the 7 

d of exposure. The data show that 3375 ppm exposure groups consumed less feed 

throughout the exposure period than those in the two lower exposure groups. Using all data 

from the duration of study, average daily feed consumption values estimated for 338, 1125 

and 3375 ppm, respectively, were 68 ± 2.5, 68 ± 3.5, and 62 ± 5.1 g/kg bw/d demonstrating 

slightly lower average consumption for the highest exposure group. This value (62 ± 5.1 

g/kg bw/d) was also lower than the pre-study control feed consumption (71.1 ± 5.86 g/kg 

bw/d), potentially reflecting a palatability issue at the highest BPS exposure concentration. 

The average daily dose received (mg BPS/kg bw/day) was calculated over the 7-day 

exposure period from the feed consumption, animal body weights, and BPS concentration in 

feed and are given in Table 1 for the 3 exposure groups. The average daily dose increased 

linearly with the exposure concentration with 23.0 and 76.8 mg/kg bw/day for 338 and 1125 

ppm groups, respectively. At 3375 ppm, consistent with lower food consumption observed, 

the estimated dose was 209 mg/kg bw/day, a 9-fold increase with a 10-fold increase in the 

exposure concentration (Table 1).

The average daily feed consumption for each day during 7 d study duration is shown in 

Figure 2B for mice. A high variability was observed in the amount consumed within each 

exposure group. This is likely due to the observed behavior of mice in each group removing 

food from the jars but leaving it unconsumed in the cage. Although there is high variability 

in the apparent amount consumed within each dose group, there is not much difference in 

the mean consumption across dose groups (Figure 2B). The average food consumed during 

study, estimated as an average from 7 d exposure period, were 389 ± 85, 381 ± 61, and 348 

± 131 g/kg bw/d for 338, 1125, and 3375 ppm groups, respectively. These values are all 1.4–

1.5 fold higher than the pre-study control feed consumption (255 g/kg bw/d) which is 

probably due to the high spillage rate, a behavior likely driven by palatability issues. The 

average daily dose received (mg BPS/kg bw/day) was calculated over 7-day dosing period 

from the apparent feed consumed, animal body weights, and the BPS concentration in feed 

and are given in Table 1. Although the calculated average doses increased linearly with the 

exposure concentration, the values are likely higher than actual BPS dose received by mice 

due to the documented feed spillage for all mouse groups.

Body weights and food consumption following exposure to BPAF.

All animals survived until the end of the study. Animals were weighed during acclimation 

and daily during the study. The overall mean daily body weight gain for all rats assigned to 

the study was 4.7 ± 1.7 g during the pre-study period when the animals were offered control 

feed. The group mean daily body weight gain was 3.38 ± 3.37 g, 2.12 ± 3.68 g, and −0.4 ± 

2.3 for rats in the 338, 1125, and 3750 ppm dose groups, respectively, showing a decrease in 
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body weight gain with increasing exposure concentration. For mice, the overall mean daily 

body weight gain was 0.1 ± 0.1 g during the pre-study period on the control diet. In mice the 

group mean daily body weight gain was 0.3 ± 0.5 g, 0.1 ± 0.6 g, and 0.1 ± 0.7 g for the 338, 

1125, and 3750 ppm groups, respectively demonstrating that the gain for the mid and high 

dose are lower than for the low dose.

The average daily feed consumption for rats over 7 d study duration is shown in Figure 3A 

for each day of exposure. After an initial decrease in consumption on Day 1, the animals in 

the 3750 ppm exposure group acclimated to the dose and consumed a similar amount of feed 

to the other dose groups. Signs of food spillage by rats were not observed in any exposure 

group. Average daily food consumption calculated using the seven day consumption data 

were 69.2 ± 5.8, 61.0 ± 11.7, and 51.5 ± 20.5 g/kg bw/d for 338, 1125 and 3750 ppm, 

respectively. The average daily dose received (mg BPAF/kg bw/day) was calculated from the 

feed consumption, body weight, and BPAF concentration in feed and the seven-day average 

is given in Table 2. The average dose increased less than proportionally with the exposure 

concentration with 8-fold increase in the dose (23.4–193 mg BPAF/kg b w/d) with 11-fold 

increase in exposure concentration (338–3750 ppm) (Table 2).

In the mouse 3750 ppm group, food spillage was noted on multiple days and in a few 

instances in the 1125 ppm group. No food spillage was observed in the 338 ppm group. The 

average daily feed consumption is shown in Figure 3B for each day during the exposure 

duration. There is high variability in the amount consumed in the 3750 ppm likely reflecting 

the observed spillage/unconsumed feed observed in the cage. The average feed consumed 

calculated using the seven day consumption data were 207 ± 68, 211 ± 68, and 424 ± 172 

g/kg bw/d for 338, 1125, and 3375 ppm groups, respectively. At 3750 ppm, this value is 1.7- 

fold higher than the pre-study control food consumption (250 ± 134 g/kg bw/d) which is 

probably due to the high spillage rate, a behavior likely driven by palatability issues. The 

average daily dose received (mg BPAF/kg bw/d) was calculated from the food consumed, 

animal body weights, and the BPAF concentration in feed and the seven day- average is 

given in Table 2. The average daily dose increased linearly with the exposure concentration 

with 69.4 and 236 mg/kg b. w/d for 338 and 1125 ppm groups, respectively. However, the 

dose increased 23-fold when the exposure concentration increased 11-fold; the values are 

likely higher than actual BPAF dose received due to the documented feed spillage for 3750 

ppm mouse group as mentioned above.

Toxicokinetic analysis of BPS in rats.

Free and total BPS concentrations were quantified in male rat plasma at 10 timepoints up to 

24 h following the last day of exposure and were above LOD in all exposed groups at all 

timepoints. Concentration versus time plots showed a general decreasing trend with free 

BPS (Figure 4A) decreasing more rapidly than total BPS (Figure 4B). In addition, signs of 

enterohepatic recirculation were visible for some groups (e.g., free 1125 ppm group). Mean 

plasma concentration versus time data were evaluated using NCA and TK parameters 

estimated are given in Table 3.

Systemic exposure parameters, Cmax and AUC, for free BPS increased with the exposure 

concentration. Both the exposure concentration- and dose-normalized values are given in 
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Table 3. The exposure concentration-normalized values for Cmax were 0.476, 1.02, and 

0.901 (ng/mL)/(ppm) for 338, 1125, and 3375 ppm, respectively, demonstrating the increase 

was proportional only in the two highest groups. AUC values increased more than 

proportionally to the exposure concentration with normalized values of 3.58, 6.25, and 8.26 

(h*ng/mL)/(ppm) for 338, 1125, and 3375 ppm, respectively. A similar pattern of behavior 

was observed for Cmax and AUC based on the dose-normalized values. Plasma elimination 

half-lives were similar (4.41–5.69 h) regardless of the exposure concentration (Table 3).

Total BPS Cmax and AUC values also increased with the exposure concentration (Table 3). 

Similar to free BPS, the increase in Cmax was approximately proportional for 1125 and 3375 

ppm with exposure concentration-normalized values of 10.5 and 7.32 (ng/mL)/(ppm), 

respectively. However, for 338 ppm, the value was higher at 17.0 (ng/mL)/(ppm) which was 

opposite from free BPS where a lower value than 125 and 3375 ppm was observed. Total 

BPS AUC Increased approximately proportional to the exposure concentration. A similar 

pattern of behavior for Cmax and AUC was observed based on the dose-normalized values 

(Table 3). Total BPS plasma elimination half-lives increased with the exposure concentration 

with 7.07, 7.95, and 13.9 h for 338, 1125, and 3375 ppm, respectively (Table 3).

Total BPS Cmax and AUC values, respectively, were ≥ 8-fold and ≥ 18-fold higher than the 

corresponding free BPS values demonstrating extensive conjugation of BPS following 

dietary exposure to BPS in male rats (Table 3). The conjugation was higher at the lower 

concentration, suggesting potential saturation of metabolism at the higher exposure 

concentrations (Table 3).

Toxicokinetic analysis of BPS in mice.

Free and total BPS concentrations were quantified in male mouse plasma at 10 timepoints up 

to 24 h following the last day of exposure. In male mice administered BPS in feed at 338 

ppm, free BPS concentrations in 2 of 4 samples at the 24 h timepoint were below the LOD. 

Free and total BPS were above LOD in all other exposed groups at all timepoints. 

Concentration versus time plots for free (Figure 5A) and total BPS (Figure 5B) showed a 

general decreasing trend. However, there was some evidence of enterohepatic circulation 

with periodic increases in concentration beginning ~ 12 h. Plasma concentration versus time 

data were evaluated with NCA and TK parameters estimated are given in Table 4.

In male mice, Cmax and AUC values of free BPS increased approximately proportional to 

exposure concentration. The exposure concentration-normalized values of Cmax ranged from 

0.376–0.459 (ng/mL)/(ppm) and AUC from 1.52–2.54 (h*ng/mL)/(ppm). The behavior was 

similar based on the dose of BPS received although it is likely that the dose calculated from 

feed consumption was higher than actual due to food spillage by mice. Plasma elimination 

half-lives were 6.11, 10.4, and 6.82 h for 338, 1125, and 3375 ppm, respectively, suggesting 

no apparent exposure concentration-related pattern in elimination half-life (Table 4).

Total Cmax and AUC also increased with the exposure concentration (Table 4). Similar to 

free BPS, the increase was approximately proportional to the exposure concentration. 

Plasma elimination half-lives of total BPS in mice (6.11–7.89 h) were similar to that of free 

BPS (6.11–10.4 h), with no apparent exposure concentration-related effect (Table 4).
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Total BPS Cmax and AUC values were 15- to 18-fold and 17- to 20-fold higher, respectively, 

than the corresponding free BPS demonstrating extensive conjugation of BPS following 

dietary exposure to BPS in mice. There was no apparent exposure concentration-related 

effect (Table 4).

Toxicokinetic analysis of BPAF in rats.

Free and total BPAF concentrations were quantified in male rat plasma at 10 timepoints up 

to 24 h following the last day of exposure. All values were above LOD except for free BPAF 

at 19 and 24 h time points in 338 ppm group. Concentration versus time plots for free and 

total BPAF in rat plasma show a general decreasing trend in both free (Figure 6A) and total 

BPAF (Figure 6B), however, there was some evidence of enterohepatic circulation with 

periodic increases in concentration beginning at about 8 h. Plasma concentration versus time 

data were evaluated with NCA and TK parameters estimated are given in Table 5.

Systemic exposure parameters, Cmax and AUC, of free BPAF increased with the exposure 

concentration although there was an apparent less than exposure concentration-proportional 

increase at the highest concentration of 3750 ppm. This is likely due to lower food 

consumption and subsequently the lower chemical consumption estimated in 3750 ppm 

group (Table 2). The exposure concentration-normalized Cmax values were 0.032, 0.037, and 

0.017 (ng/mL)/(ppm), and AUC values were 0.349, 0.436, and 0.196 (h*ng/mL)/(ppm) for 

338, 1125, and 3750 ppm, respectively. A similar pattern was observed based on the dose 

estimated from BPAF consumption where the increase of Cmax and AUC was less-than dose 

proportional (Table 5). Plasma elimination half-lives were similar between exposure groups 

(7.10–10.5 h).

Total Cmax and AUC also increased with the exposure concentration. Similar to free BPAF, 

the increase was less than proportional to the exposure concentration at the highest group 

with normalized Cmax values of 4.14, 4.84, and 2.35 (ng/mL)/(ppm) and AUC values 44.4, 

76.2, and 33.9 (h*ng/mL)/(ppm) for 338, 1125, and 3750 ppm, respectively. Total BPAF 

elimination half-lives were 7.44, 12.6, and 13.3 h for 338, 1125, and 3375 ppm, respectively, 

suggesting an increase in half-life with increasing exposure concentration.

Cmax and AUC of total BPAF were much higher than the corresponding free values 

demonstrating extensive conjugation of BPAF following dietary exposure to BPAF in rats. 

Total Cmax values were 130- to 137-fold and total AUC values were 127- to 175-fold higher 

than the corresponding free values (Table 5).

Toxicokinetic analysis of BPAF in mice.

Free and total BPAF concentrations were quantified in male mouse plasma at 10 timepoints 

up to 24 h following the last day of exposure. Free and total BPAF were above LOD in all 

exposed groups at all timepoints except in 338 ppm 19 and 24 h timepoints and in 1125 ppm 

at 24 h timepoint. As with rats, concentration versus time plots for free (Figure 7A) and total 

BPAF (Figure 7B) show a general decreasing trend in both free and total BPAF 

concentrations over time, with some evidence of enterohepatic circulation with periodic 

increases in concentration beginning at about 8 h. Plasma concentration versus time data 

were evaluated with NCA and TK parameters estimated are given in Table 6.

Waidyanatha et al. Page 10

Xenobiotica. Author manuscript; available in PMC 2021 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In male mice, Cmax and AUC for free BPAF increased approximately in proportion to the 

exposure concentration. Exposure-concentration normalized values of Cmax were 0.111, 

0.165, and 0.153 (ng/mL)/(ppm) and AUC values were 0.846, 1.06, and 1.09 for 338, 1125, 

and 3750 ppm, respectively.

The total BPAF Cmax and AUC increased more than proportional to the exposure 

concentration with normalized Cmax values of 1.73, 3.31, and 6.72 (ng/mL)/(ppm) and AUC 

values 13.6, 18.5, and 38.4 (h*ng/mL)/(ppm) for 338, 1125, and 3750 ppm, respectively. 

Plasma elimination half-lives for free (4.50–6.66 h) and total BPAF (3.49–4.18 h) were 

similar with no apparent exposure concentration related effect. BPAF was highly conjugated 

following exposure via feed in mice as evidenced by the 16- to 44-fold and 16- to 35-fold 

higher total Cmax and AUC, respectively, compared to the corresponding free values (Table 

5).

Discussion

There is a strong interest in understanding any adverse human health effects from exposure 

to the bisphenol analogues due to potential endocrine effects of these analogues. To this end, 

the NTP is investigating the potential toxicity of BPS and BPAF following exposure of 

rodents via feed (NTP, 2020a; NTP, 2020b). We previously showed that following a single 

gavage administration of BPAF or BPS in rodents, these analogues were well-absorbed, 

rapidly distributed, and underwent extensive first-pass metabolism leading to low 

bioavailability (Waidyanatha et al., 2015; Waidyanatha et al., 2018; Waidyanatha et al., 
2019; Waidyanatha et al., 2020). The current investigation was aimed at generating TK data 

following repeated exposure via feed to put toxicological findings into greater context and to 

address any kinetic differences between a single gavage and multiple feed administration of 

these analogues in rodents.

There are some species similarities and differences in TK behavior of BPS following 

exposure via feed. In general, free and total BPS Cmax values were similar between rats and 

mice and was within 2-fold difference. However, there was a distinct species difference 

based on both free and total AUC. Free BPS AUC values in rats were 2- to 5-fold higher 

compared to mice. In addition, while the free BPS AUC increased linearly with the exposure 

concentration in mice, in rats the AUC increased more than proportional to the exposure 

concentration suggesting saturation of clearance pathways operating at these concentrations. 

Total BPS AUC values were 3- to 5-fold higher in rats compared to mice. Taken collectively 

these data demonstrate that rats had a slightly higher systemic exposure to BPS than mice 

following exposure to similar concentrations via feed. The ratio of Cmax total/free (rats, 8–

36; mice, 15–18) and AUC total/free (rats, 18–36; mice, 17–20) (Tables 3 and 4) were within 

a 2-fold between rats and mice suggesting that the extent of conjugation of BPS was similar 

between the two species. The plasma elimination half-lives were also within 2-fold between 

the two species for both free and total BPS.

Following exposure of rats and mice to BPAF via feed, mice had higher overall systemic 

exposure to the parent BPAF than rats. The exposure concentration-normalized free BPAF 

Cmax values were 4- to 9-fold and AUC were 2- to 6-fold higher in mice than in rats; the 
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difference was higher at the higher exposure concentration likely due to lower chemical 

consumption observed in rats at the highest exposure concentration of 3750 ppm. The 

opposite was true for total BPAF with rats having higher levels compared to mice but only at 

the lower exposure concentration. At the highest exposure concentration, in rats, the total 

concentrations were either lower (Cmax) or similar (AUC) to mice, the difference again 

likely due to lower chemical consumption in rats. The ratio of total/free Cmax (rats, 130–137; 

mice, 16–44) and AUC (rats, 127–175; mice, 16–35) was several fold higher in rats 

compared to mice demonstrating that the extent of conjugation of BPAF in rats was much 

higher than in mice. The plasma elimination half-lives for free BPAF were similar between 

the two species but for total BPAF, half-lives were about 2-to 3-fold longer in rats compared 

to mice.

When the two analogues are compared, in rats, the systemic exposure to free BPS was 

higher than BPAF. Exposure concentration normalized Cmax values for free BPS were 15- to 

53-fold and AUC values were 10- to 42-fold higher than that for corresponding values of 

free BPAF although, based on total BPS and BPAF levels, the increase was only marginal 

(1.5- to 4-fold) (Supplemental Table S1). However, in mice, based on both free and total 

Cmax and AUC exposure to BPS was similar to BPAF with estimated ratios between 1 and 4 

(Supplemental Table S2). Taken collectively, these data demonstrated that the TK behavior 

of the two analogues were different between rats and mice.

We have previously reported systemic exposure in rats and mice following a single gavage 

exposure (Waidyanatha et al., 2019; Waidyanatha et al., 2020). Comparison of systemic 

exposure per unit dose between exposure via gavage and feed to BPS and BPAF in male rats 

is given in Table 7. A similar comparison could not be conducted for male mice due to 

uncertainty in the estimated chemical consumption due to observed food spillage. In the 

current study, following exposure of male rats via feed, the daily dose of BPS received were 

23.0, 76.8, and 209 mg/kg for 338, 1125, and 3375 ppm, respectively. These doses are 61–

70% of the doses used in the single administration gavage BPS studies in rodents (34, 110, 

and 340 mg/kg) (Waidyanatha et al., 2020). Using dose normalized Cmax (Cmax/D) and AUC 

(AUC/D) values following a single gavage administration of BPS (Waidyanatha et al., 2020) 

and repeated exposure via feed, the ratio of gavage/feed Cmax/D and AUC/D differed by less 

than 2-fold suggesting similar systemic exposure to parent BPS following gavage and feed 

exposure in male rats (Table 7).

A similar assessment was done for BPAF exposure in male rats (Table 7). The dose of BPAF 

received following exposure to BPAF via feed at 338, 1125, and 3750 ppm in male rats was 

23.4, 70.5, and 193 mg BPAF/kg, respectively. These doses were 57–69% of the single 

administration gavage doses (34, 110, and 340 mg/kg) used (Waidyanatha et al., 2019). 

When the dose-normalized systemic exposure (Cmax/D and AUC/D) following gavage 

(Waidyanatha et al., 2019) was compared with corresponding values generated from feed, 

the exposure via gavage was approximately 2- to 5-fold and 2- to 4-fold higher, based on 

Cmax and AUC, respectively, demonstrating a higher exposure of rats to BPAF following a 

single gavage dose than repeated exposure via feed (Table 7). Although the exact reason is 

not clear, induction of metabolism following repeated exposure may in part explain the 
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lower systemic exposure of the parent following exposure to BPAF via feed compared to 

following gavage exposure.

BPAF and BPS have been detected at low levels in human plasma and serum including in the 

fetal compartment (Jin et al., 2018; Pan et al., 2020; Zhang et al., 2020). The geometric 

mean (GM) concentrations of total BPAF were 0.013 and 0.097 ng/mL respectively, in 

maternal and cord serum. For BPS maternal and cord serum total BPS values measured were 

0.01 and 0.03 ng/mL, respectively (Zhang et al., 2020). In the study by Pan et al., the GM 

values reported for free for BPAF were 12.7 and 72.1 pg/g and for BPS were 9.40 and 5.70 

pg/g for maternal and cord plasma, respectively (Pan et al., 2020). The exposures may 

resemble the exposure paradigm similar to the feed exposures described here but at much 

lower concentrations. Although a direct comparison between rodent and human data are not 

feasible due to lack of information such as sample collection times in humans and human 

kinetic data, when the Cmax values for rat and mouse free BPS (rat, 161 ng/mL; mouse, 155 

ng/mL) and BPAF (rat, 10.8 ng/mL; mouse, 37.4 ng/mL) for the lowest exposure 

concentration of 338 ppm were compared to the human data coming from the background 

exposures (BPS, 9.40 pg/g; BPAF, 12.7 pg/g) (Pan et al., 2020) concentrations in humans 

were few orders of magnitude lower alluding to much lower environmental exposures to 

these analogues in humans.

In conclusion, when the systemic exposure data for the two analogues are compared, for a 

unit exposure concentration, the systemic exposure to free BPS was higher than free BPAF 

in male rats although in male mice the difference between the two analogues was marginal. 

Between rats and mice, the systemic exposure to free BPS was only marginally higher in 

rats, whereas, for free BPAF, mice had higher exposure than rats. Taken collectively, our data 

demonstrates that there are analogue and species differences in the disposition of BPS and 

BPAF in male rats and male mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of A) bisphenol S and B) bisphenol AF.
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Figure 2. 
Daily feed consumption in A) male rats B) male mice during exposure to bisphenol S via 

feed.
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Figure 3. 
Daily feed consumption in A) male rats B) male mice during exposure to bisphenol AF via 

feed.
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Figure 4. 
Plasma concentration versus time profiles of A) free and B) total bisphenol S in male rats 

following exposure to bisphenol S via feed for 7 d. Mean data were analyzed using non-

compartmental analysis (squares: 338 ppm, triangles: 1125 ppm, circles: 3375 ppm).
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Figure 5. 
Plasma concentration versus time profiles of A) free and B) total bisphenol S in male mice 

following exposure to bisphenol S via feed for 7 d. Mean data were analyzed using non-

compartmental analysis (squares: 338 ppm, triangles: 1125 ppm, circles: 3375 ppm).
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Figure 6. 
Plasma concentration versus time profiles of A) free and B) total bisphenol AF in male rats 

following exposure to bisphenol AF via feed for 7 d. Mean data were analyzed using non-

compartmental analysis (squares: 338 ppm, triangles: 1125 ppm, circles: 3750 ppm).
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Figure 7. 
Plasma concentration versus time profiles of A) free and B) total bisphenol AF in male mice 

following exposure to bisphenol AF via feed for 7 d. Mean data were analyzed using non-

compartmental analysis (squares: 338 ppm, triangles: 1125 ppm, circles: 3750 ppm).
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Table 1.

Average daily dose of bisphenol S estimated from feed consumption following exposure of male rats and mice 

to bisphenol S for seven days via feed
a

BPS consumption (mg BPS/kg bw/day)

Male Rats Male Mice

338 ppm 23.0 ± 0.84 131.4 ± 28.6

1125 ppm 76.8 ± 3.94 428 ± 68.6

3375 ppm 209 ± 17.3 1176 ± 444

a
Seven-day average ± standard error for 3 animals are given. Dose was estimated using cage food consumption, exposure concentration, and animal 

body weight.
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Table 2.

Average daily dose of bisphenol AF estimated from feed consumption following exposure of male rats and 

mice to bisphenol AF for seven days via feed
a

BPAF consumption (mg BPAF/kg bw/day)

Male Rats Male Mice

338 ppm 23.4 ± 0.80 69.4 ± 2.48

1125 ppm 70.5 ± 8.74 236 ± 5.51

3750 ppm 193 ± 52.2 1590 ± 225

a
Seven-day average ± standard error for 3 animals are given. Dose was estimated using cage food consumption, exposure concentration, and animal 

body weight.
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Table 3.

Plasma toxicokinetic parameters of free and total bisphenol S in male rats following exposure to bisphenol S 

via feed for 7 days.

Parameter
a Exposure concentration (ppm)

338 1125 3375

Free

Cmax (ng/mL) 161 1150 3040

Cmax/D (ng/mL)/(ppm) 0.476 1.02 0.901

Cmax/D (ng/mL)/(mg/kg)
b 7.00 15.0 14.5

Elimination half-life (h)
c 4.82 4.41 5.69

AUC (h*ng/mL) 1210 7030 27900

AUC/D (h*ng/mL)/(ppm) 3.58 6.25 8.26

AUC/D (h*ng/mL)/(mg/kg)
b 52.6 91.5 133

Total

Cmax (ng/mL) 5730 11800 24700

Cmax/D (ng/mL)/(ppm) 17.0 10.5 7.32

Cmax/D (ng/mL)/(mg/kg) 249 154 118

Elimination half-life (h)c 7.07 7.95 13.9

AUC (h*ng/mL) 43700 128000 510000

AUC/D (h*ng/mL)/(ppm) 129 114 151

AUC/D (h*ng/mL)/(mg/kg)
b 1900 1667 2440

Total/Free

Cmax (total)/ Cmax (Free) 36 10 8

AUC (total)/ AUC (Free) 36 18 18

a
Based on non-compartmental analysis. Values from up to 4 animals are given.

b
Doses estimated from average chemical consumption was used to estimate dose-normalized values.

c
Lamda half-life is given.
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Table 4.

Plasma toxicokinetic parameters of bisphenol S in male mice following exposure to bisphenol S via feed for 7 

days.

Parameter
a Exposure concentration (ppm)

338 1125 3375

Free

Cmax (ng/mL) 155 496 1270

Cmax/D (ng/mL)/(ppm) 0.459 0.441 0.376

Cmax/D (ng/mL)/(mg/kg)
b 1.18 1.16 1.08

Elimination half-life (h)
c 6.11 10.4 6.82

AUC (h*ng/mL) 514 2860 5560

AUC/D (h*ng/mL)/(ppm) 1.52 2.54 1.65

AUC/D (h*ng/mL)/(mg/kg)
b 3.91 6.68 4.73

Total

Cmax (ng/mL) 2280 7460 23200

Cmax/D (ng/mL)/(ppm) 6.75 6.63 6.87

Cmax/D (ng/mL)/(mg/kg)
b 17.4 17.4 19.7

Elimination half-life (h)
c 6.51 7.89 6.11

AUC (h*ng/mL) 10000 48400 111000

AUC/D (h*ng/mL)/(ppm) 29.6 43.0 32.9

AUC/D (h*ng/mL)/(mg/kg)
b 76.1 113 94.4

Total/Free

Cmax (total)/ Cmax (Free) 15 15 18

AUC (total)/ AUC (Free) 19 17 20

a
Based on non-compartmental analysis. Values from up to 3 animals are given.

b
Doses estimated from average chemical consumption was used to estimate dose-normalized values.

c
Lamda half-life is given.
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Table 5.

Plasma toxicokinetic parameters of bisphenol AF in male rats following exposure to bisphenol AF via feed for 

7 d.

Exposure concentration (ppm)

Parameter
a 338 1125 3750

Free

Cmax (ng/mL) 10.8 41.7 64.3

Cmax/D (ng/mL)/(ppm) 0.032 0.037 0.017

Cmax/D (ng/mL)/(mg/kg)
b 0.462 0.591 0.333

Elimination half-life (h)
c 7.10 10.5 8.83

AUC (h*ng/mL) 118 490 735

AUC/D (h*ng/mL)/(ppm) 0.349 0.436 0.196

AUC/D (h*ng/mL)/(mg/kg)
b 5.04 6.95 3.81

Total

Cmax (ng/mL) 1400 5450 8810

Cmax/D (ng/mL)/(ppm) 4.14 4.84 2.35

Cmax/D (ng/mL)/(mg/kg)
b 59.8 77.3 45.7

Elimination half-life (h)
c 7.44 12.6 13.3

AUC (h*ng/mL) 15000 85700 127000

AUC/D (h*ng/mL)/(ppm) 44.4 76.2 33.9

AUC/D (h*ng/mL)/(mg/kg)
b 641 1216 658

Total/Free

Cmax (total)/ Cmax (Free) 130 131 137

AUC (total)/ AUC (Free) 127 175 173

a
Based on non-compartmental analysis. Values from up to 3 animals are given.

b
Doses estimated from average chemical consumption was used to estimate dose-normalized values.

c
Lamda half-life is given.
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Table 6.

Plasma toxicokinetic parameters of bisphenol AF in male mice following exposure via feed to bisphenol AF 

for 7 d.

Parameter
a Exposure concentration (ppm)

338 1125 3750

Free

Cmax (ng/mL) 37.4 186 574

Cmax/D (ng/mL)/(ppm) 0.111 0.165 0.153

Cmax/D (ng/mL)/(mg/kg)
b 0.539 0.788 0.361

Elimination half-life (h)
c 6.66 4.50 4.55

AUC (h*ng/mL) 286 1190 4080

AUC/D (h*ng/mL)/(ppm) 0.846 1.06 1.09

AUC/D (h*ng/mL)/(mg/kg)
b 4.12 5.04 2.57

Total

Cmax (ng/mL) 586 3720 25200

Cmax/D (ng/mL)/(ppm) 1.73 3.31 6.72

Cmax/D (ng/mL)/(mg/kg)
b 8.44 15.8 15.9

Elimination half-life (h)
c 4.17 4.19 3.49

AUC (h*ng/mL) 4610 20800 144000

AUC/D (h*ng/mL)/(ppm) 13.6 18.5 38.4

AUC/D (h*ng/mL)/(mg/kg)
b 66.4 88.1 90.6

Total/Free

Cmax (total)/ Cmax (Free) 16 20 44

AUC (total)/ AUC (Free) 16 18 35

a
Based on non-compartmental analysis. Values from up to 3 animals are given.

b
Dose estimated from average chemical consumption was used to estimate dose-normalized values.

c
Lamda half-life is given.
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Table 7.

Comparison of dose-normalized systemic exposure between feed and gavage exposure of bisphenol S and 

bisphenol AF in male rats

Bisphenol S Bisphenol AF

Gavage
a

Feed
b

Ratio
c 

(Gavage/
Feed)

Gavage
d

Feed
b

Ratio
c 

(Gavage/
Feed)

Dose C
max/D

e

AUC/

D
f Dose

g C
max/D

e

AUC/

D
f

Cmax AUC Dose C
max/D

e

AUC/

D
f Dose

g C
max/D

e

AUC/

D
f

Cmax AUC

34 9.2 79.7 23.0 7.00 52.6 1.3 1.5 34 1.79 11.7 23.4 0.462 5.04 3.9 2.3

110 10.4 134 76.8 15.0 91.5 0.7 1.5 110 1.29 11.2 70.5 0.591 6.95 2.2 1.6

340 9.5 184 209 14.5 133 0.7 1.4 340 1.62 14.2 193 0.333 3.81 4.9 3.7

a
Data from (Waidyanatha et al., 2020).

b
Data from the current study.

c
Gavage/feed ratios based on Cmax and AUC values are shown.

d
Data from (Waidyanatha et al., 2019).

e
Unit (ng/mL)/(mg/kg).

f
Unit (h*ng/mL)/(mg/kg).

g
Dose in mg/kg b.wt. estimated using feed consumption.
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