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Abstract

Lignin-derivable bisguaiacols/bissyringols are viable alternatives to commercial bisphenols;
however, many bisguaiacols/bissyringols (e.g., bisguaiacol F [BGF]) have unsubstituted bridging
carbons between the aromatic rings, making them more structurally similar to bisphenol F (BPF)
than bisphenol A (BPA) — both of which are suspected endocrine disruptors. Herein, we
investigated the estrogenic activity (EA) and developmental toxicity of dimethyl-substituted
bridging carbon-based lignin-derivable bisphenols (bisguaiacol A [BGA] and bissyringol A
[BSA]). Notably, BSA showed undetectable EA at seven test concentrations (from 10712 M to 10
6 M) in the MCF-7 cell proliferation assay, whereas BPA had detectable EA at five concentrations
(from 10719 M to 10 M). In silico results indicated that BSA had the lowest binding affinity with
estrogen receptors. Moreover, in vivo chicken embryonic assay results revealed that lignin-
derivable monomers had minimal developmental toxicity vs. BPA at environmentally relevant test
concentrations (8.7 to 116 pg/kg). Additionally, all lignin-derivable compounds showed
significantly lower expression fold changes (from ~1.81 to ~4.41) in chicken fetal liver for an
estrogen-response gene (apolipoprotein II) in comparison to BPA (fold change of ~11.51), which
was indicative of significantly reduced estrogenic response. Altogether, the methoxy substituents

on lignin-derivable bisphenols appeared to be a positive factor in reducing EA of BPA alternatives.

Keywords: Lignin-derivable; Bio-based; Bisphenol A replacement; Estrogenic activity;

Developmental toxicity; Chicken embryo

1. Introduction

Bisphenol A (BPA) is an essential building block for many polymeric systems, including
polycarbonates, polysulfones, and epoxy resins, and these materials are widely used in applications
such as food contact materials (FCMs) (Trullemans et al., 2021; Mahajan et al., 2020). Due to the
adverse health effects associated with BPA, such as endocrine disruption, genotoxicity, and
reproductive toxicity, coupled with heightened human exposure, many countries have
implemented restrictions on the use of BPA in FCMs, especially in products designed for infants
and children (Vom Saal et al., 2012; Durovcova et al., 2022; Yin et al., 2017; Chen et al., 2015).
For example, the use of BPA in baby bottles was banned in Canada in 2008 (Erler and Novak,

2010), and the European Commission banned BPA usage in coatings of infant-related packaging in
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2011 (Usman and Ahmad, 2019). The United States (U.S.) Food and Drug Administration (FDA)
took similar steps to ban the use of BPA in infant-associated packaging in 2013 (Usman and
Ahmad, 2019). In addition to the toxicity concerns, BPA is derived from petrochemical feedstocks,
which are limited in quantity, unevenly distributed globally, subject to various environmental
concerns (Bass and Epps, III, 2021). Consequently, there is a growing demand for less toxic and

more sustainable alternatives to BPA.

To meet the increased demand for “BPA-free” products, a variety of BPA alternatives have
emerged, including bisphenol F (BPF), bisphenol S (BPS), bisphenol AF (BPAF), etc. These
commercial alternatives are usually petroleum-derived and possess structural similarities to BPA,
and therefore raise similar long-term sustainability and toxicological concerns (Moreman et al.,
2017; Qiu et al., 2019; Lei et al., 2017). These alternative bisphenols also possess an endocrine
disruption effect (EDE), and they have been classified as endocrine-disrupting chemicals (EDCs)
(Lei et al., 2017). Moreover, the developmental toxicity of these commercial bisphenols has been
reported as a rising health issue (Harnett et al., 2021; Mu et al., 2018; Yin et al., 2019). Considering
the health concerns associated with commercial bisphenols, it is imperative to develop alternative

BPA replacements that exhibit reduced toxicity.

Lignin is the most abundant potential source of renewable aromatic chemicals (Mahajan et
al., 2020; Bass and Epps, 111, 2021; O’Dea et al., 2020; Schutyser et al., 2018; Cywar et al., 2022;
Nicastro et al., 2018). Bulk lignin can be deconstructed into several substituted phenols and can
be further converted to bisguaiacols/bissyringols (O’Dea et al., 2020; Schutyser et al., 2018;
Mabhajan et al., 2020). These lignin-derivable bisphenols are suggested as safer alternatives to
commercial counterparts; the methoxy groups on these bisguaiacols/bissyringols are believed to
hinder the binding of phenolic hydroxyls with estrogen receptors, contributing to their safety
profile (Amitrano et al., 2021). Peng et al. reported that three bisguaiacol F (BGF) mixtures with
different regioisomer contents showed lower estrogenic activity (EA) than BPA in two in vitro
assays on the basis of breast cancer cell lines (MCF-7) (Peng et al., 2018). Apart from BGF, other
bisguaiacols (bisguaiacol P [BGP], bisguaiacol S [BGS], and bisguaiacol M [BGM]) with varying
degrees of methoxy substitution have demonstrated lower EA, genotoxicity, and oxidative DNA

damage when compared to BPA (Peng et al., 2020; Zhang et al., 2022). BGF/BGM/BGP/BGS
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possess an unsubstituted bridging carbon between the aromatic rings, and the absence of
substituents on the bridging carbon in these bisguaiacols allows free rotation of the resultant
polymer backbone that led to the lower glass transition temperatures (7.s) vs. those of BPA
analogues. But, by incorporating dimethyl substituents on the bridging carbon, the T,s of lignin-
derivable polymeric systems become comparable to those of the BPA counterparts (Mhatre et al.,
2023). Additionally, polymers containing these lignin-derivable building blocks can enhance the
mechanical properties. For example, lignin-derivable non-isocyanate polyurethanes (NIPUs) have
been reported with improved toughness relative to petroleum-based NIPUs (Mhatre et al., 2023).
Nevertheless, it is equally important to consider the toxicity potential of the dimethyl-substituted,
bridging carbon-based, lignin-derivable bisphenols (bisguaiacol A [BGA] and bissyringol A
[BSA]) (Epps, III et al., 2022).
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Figure 1: Structures of BPA, BPF, BGF, BGA, and BSA.

In this study, we examined two newly synthesized dimethyl-substituted, bridging carbon-
based, lignin-derivable bisphenols (BGA, BSA) [structures shown in Figure 1] and investigated
their possible EDEs and developmental toxicities. The toxicities of BGA and BSA were
benchmarked against BPA to assess the potential of these lignin-derivable bisphenols as safer BPA
replacements. We also included BGF and BPF in this work to compare the toxicity of unsubstituted,
bridging carbon-based, lignin-derivable bisphenols with dimethyl-substituted versions. First, we

applied two in silico methods — (i) structure-based molecular docking simulations to predict EDE
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and (i1) quantitative structure—activity relationship (QSAR)-based toxicity estimation software tool
(T.E.S.T.) to estimate developmental toxicity (Schneider et al., 2019). Second, we conducted an
in vitro MCF-7 cell proliferation and in vivo chicken assays to evaluate the EA and developmental
toxicity, respectively. Third, we measured the expression levels of two estrogen-induced chicken
yolk proteins, vitellogenin II (Vtgll) and very low-density apolipoprotein II (Apoll) by real-time
polymerase chain reaction (rtPCR). The chicken yolk proteins are primarily generated in livers
and respond to the circulating levels of estradiol, which makes chicken embryonic livers an
excellent model for studying the EA of environmental contaminants (Evans et al., 1988). With this
framework, we probed the structure-activity relationships of lignin-derivable bisphenols (BGA
and BSA) to understand how the methoxy-group content and bridging-group substituents of these

monomers impacts EA and developmental toxicity.

2. Materials and methods
2.1 Chemicals and supplies

BGA (299%), BSA (299%), and BGF (=99%) were synthesized according to published
literature (Epps, III et al., 2022; Nicastro et al., 2018). BPA (>99%) and BPF (299%) were
purchased from TCI. 17B-estradiol (E2, >98%), dimethyl sulfoxide (DMSO, >99.7%), and
phosphate-buffered saline (PBS, 1X) were purchased from Fisher Scientific (Waltham, MA). The
MCF-7 human breast cancer cell line was purchased from the American Type Culture Collection
(ATCC No. HTB-22). The Catalase Assay Kit (707002) and thiobarbituric acid reactive substance
(TBARS) [TCA Method] Assay Kit (700870) used in the chicken embryonic assay were purchased
from Cayman Chemical (MI, USA). The primers (B-actin, Apoll, and VTGII) and Gene
Expression Master Mix were purchased from Integrated DNA Technologies, Inc (Coralville, 1A).

All chemicals were used as received without further purification.

2.2 Molecular docking

The endocrine disrupting potentials of E2, BPA, BPF, BGF, BGA, and BSA were assessed
on the Docking Interface for Target Systems platform (named endocrine disruptome tool,
http://endocrinedisruptome.ki.si) by AutoDock Vina (Kol3ek et al., 2014). The ligand structures
were generated by ChemSketch to obtain the SMILES (Simplified Molecular-Input Line Entry-

System) files as inputs for the endocrine disruptome tool. The binding affinities were predicted

4
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between ligands and 14 nuclear receptors, including androgen receptor (AR), estrogen receptors
(ERs), glucocorticoid receptor (GR), liver X receptor (LXR), mineralocorticoid receptor (MR),
peroxisome proliferator-activated receptor (PPAR), progesterone receptor (PR), retinoid X
receptor (RXR), and thyroid receptor (TR). For androgen and estrogen receptors, both agonist and
antagonist (an) conformations were included. All the information related to these protein receptors
can be find on the endocrine disruptome tool website. Three thresholds were set per structure to
divide test compounds into four probability binding classes (very strong binding, strong binding,

moderate binding, and weak binding) (Kolsek et al., 2014).

2.3 T.E.S.T.

The acute toxicity (oral rat median lethal dose [LDso]), developmental toxicity, and
mutagenicity of the lignin-derivable monomers were predicted via T.E.S.T. (4.2.1) developed by
the U.S. Environmental Protection Agency (EPA) (Martin, 2016). The structures shown in Figure
1 were generated using the structure drawing tool provided by the software. Once the toxicity
endpoints (oral rat LDso, developmental toxicity, and mutagenicity) and consensus method were
chosen from the QSAR options, the analysis was executed, and a report with the predicted outcome

was produced (Martin, 2016).

2.4 MCF-7 cell proliferation assay

The EA of lignin-derivable monomers was investigated using the MCF-7 cell proliferation
assay with a concentration range from 10712 to 107 M based on a procedure described in the
literature (Peng et al., 2018; Zhang and Wu, 2022). E2 and BPA were included as the positive
controls. Briefly, MCF-7 cells were seeded into 96-well plates containing EA-free culture medium
and exposed to the test compounds for 6 days. Cell proliferation rates were measured via MTT (3-
(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays by a microplate reader
(Synergy?, Bio-Tek, instruments, Winooski, VT). The EA of the test compounds was calculated
as relative maximum %E2 (%RME2) = 100 x (0D oftest — 0D of VC)/(MAX OD of E2 —
0D of V().
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2.5 Chicken embryonic assay
Experiment 1

Fertilized Leghorn eggs (100) were obtained from the University of Delaware (UD)
research farm and were injected with the VC (0.1 vol% DMSO) and BPA at five dosages (0.2 mL
injection at 0.001 to 10 mM, resulting in final dosage at 0.76 to 7600 pg/kg) on day 6. Experiment
1 was conducted in three independent trials. The eggs were sealed with Duco Cement and returned
to incubation at 37 °C and 60% relative humidity. The eggs were candled every other day to assess
mortality. The incubation was terminated on day 18, and the embryos were dissected and assessed
for abnormality. Developmental indices, including embryo weight, liver somatic index (LSI), and
embryo-to-egg weight (REEW) ratio were recorded. LSI was calculated as liver mass/embryo
mass % 100%, and REEW was calculated as embryo mass/egg mass. The liver and brain tissues
were collected for TBARS level and catalase (CAT) activity measurements.

The TBARS level was measured on the tissue homogenates, following the protocol from the
TBARS (TCA Method) Assay Kit (Cayman Chemical, MI USA) and calculated as an index of
lipid peroxidation. Similarly, the liver and brain tissue homogenates were prepared using cold 50
mM potassium phosphate buffer (with 1 mM EDTA, pH 7.0), following the protocol from the
Catalase Assay Kit (Cayman Chemical, MI USA).

Experiment 2

Fertilized Leghorn eggs (136) were obtained from the UD research farm and were injected
with VC, E2, BPF, BGF, BGA, and BSA at two selected dosages (0.01 mM and 0.1 mM injection
concentration at 0.2 mL, resulting final dosage shown in Table 2) following the same procedure
as described in Experiment 1. Experiment 2 was conducted in two independent trials due to the
large group of test compounds. On day 18, all embryos were dissected, and the developmental

indexes were recorded and calculated as described above.

Ribonucleic acid (RNA) extraction and real time-PCR

Eggs used for real time-PCR were injected with the test compounds at 0.1 mM (0.2 mL)
once per day on day 13 and day 15, which was the highest dosage used in the chicken embryonic
assay and also within the effective range for the target genes (Li et al., 2014). Livers from embryos

were collected on day 16, and total RNA was extracted from liver tissues using the RNeasy Plus
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Mini Kit (QIAGEN, Germantown, MD) following the protocol from the manufacturer. The quality
and concentration of RNA were determined using the NanoDrop One (Thermo Scientific). The
RNA samples with the ratio of absorbance at 260 nm and 280 nm in the range of 1.9 — 2.2 were
used for further steps. Total RNA (1 pg) was reverse transcribed by the QuantiTect Reverse
Transcription Kit (QIAGEN, Germantown, MD). Then, real time-PCR was performed using
complementary DNA (2 pL), 2X PrimTime gene expression master mix (10 pL, IDT), and a
mixture of primers and probes (2 puL, shown in Table S1) on a BioRad CFX96 Real-Time System
at a total reaction volume of 20 pL. We used (-actin as the housekeeping gene. All primer and

probe sequences were listed in Table S1. The relative gene expression was calculated using the

272ACT method (Livak and Schmittgen, 2001).

2.6 Log of (water solubility measured in mol/L) [log S| and water/octanol partition coefficient
(log P) estimations

Log S and log P values were generated according to the methods described in the previous
publication (Amitrano et al., 2021). Basically, the chemical structures of the tested bisphenols
served as inputs to a web-based resource, Chemicalize.org by ChemAxon 2024
(https://chemaxon.com/calculators-and-predictors; accessed March 12, 2024). Then, the log S and

log P values for the respective bisphenols were generated (ChemAxon, 2021).

2.7 Statistical analysis

For the MCF-7 cell proliferation assay, the calculated %RME2 values were analyzed using
one-way analysis of variance (ANOVA) (p < 0.05) following Dunnett’s method (comparison with
the BPA group) in the statistical software package, JMP (JMP PRO 15) (Sall et al., 2017). The half-
maximal effective concentration (ECso) of the test compounds was determined by the statistical
software GraphPad Prism 8 (Peng et al., 2018). For the chicken embryonic assay, the
developmental indexes, CAT activity, TBARS values, and fold change of gene expression were
evaluated by ANOVA (p < 0.05) following Dunnett’s method (comparison with the VC group
and/or BPA group). The viability data of chicken embryos were analyzed using Fisher’s Exact

Test in GraphPad Prism 8, and p < 0.05 was considered significant.
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3. Results
3.1 In silico results of binding affinities and T.E.S.T. for E2, BPA, BPF, and three lignin-
derivable monomers

The binding affinities of the test compounds (E2, BPA, BPF, BGF, BGA, and BSA) to 14
endocrine-related nuclear receptors were investigated using molecular docking; full data was
shown in Table S2. As the positive control E2 showed high-level (very strong) binding affinities
to AR (-10.5 kcal/mol), AR an (-10.1 kcal/mol), ER a (-10.6 kcal/mol), ER (3 (-10.0 kcal/mol), ER
B an (-9.2 kcal/mol), and MR (-8.6 kcal/mol) [see Table S2]. Shown in Figure 2, the binding
energies of test chemicals to 11 nuclear receptors exhibited differences between lignin-derivable
monomers and the positive control. The dashed line/solid line shown in Figure 2 represented the
threshold value for strong-binding ability of each receptor that is generated by the software. BGA
had a comparable binding affinity among the majority of test receptors compared to BPA with
exception of AR and MR, whereas BSA had much lower (weak) binding affinities to AR, ERs,
MR, and TRs. Both BGF and BPF exhibited similarly weak binding to ERs and moderate binding
affinities to TRs. However, BGF demonstrated lower binding affinities to GR and MR in

comparison with BPF.
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Figure 2: Binding energies (kcal/mol) of E2, BPA, BPF, BGF, BGA, and BSA to (A) AR and AR
an, (B) ER a and ER « an, (C) ER 3 and ER f an, (D) GR and GR an, (E) MR, and (F) TR o and
TR B. The dashed line/solid line at each figure represents the threshold value of the strong binding
for the respective receptor. The threshold values were generated by the docking tool that separated

the strong-binding group and moderate-binding group.

The predicted LDso values (for rats), developmental toxicity, and mutagenicity for the test
compounds from T.E.S.T. are shown in Table S3. All the test compounds were classified as non-

mutagenic developmental toxicants with values higher than the threshold of 0.5. For the acute
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toxicity to rats, the test chemicals had predicted LDso values between 500 and 5000 mg/kg; thus,
they were all classified in Category III (slightly toxic) on the basis of the EPA’s 4-category hazard
classification (Gadaleta et al., 2019). Category I (LDso <50 mg/kg) indicates the highest toxicity
category, while Category IV (LDso > 5000 mg/kg) indicates a safe chemical. It is important to note
that this in silico toxicity prediction is part of the screening process, and an experimental method

is employed for further assessing the developmental toxicity of test compounds.

3.2 EA evaluation of BPA, BPF, and lignin-derivable monomers by MCF-7 cell proliferation
assay.

The potential EA of BPA, BPF, and three lignin-derivable monomers (BGA, BSA, BGF)
was investigated using the MCF-7 cell proliferation assay at concentrations ranging from 10712 M
to 10 M (1 pM to 1 uM), which included the exposure levels of BPA in different countries (Forde
et al., 2022; Li et al., 2023). In the current study, we applied %RME2 of VC + 3 SD (18%) as a
cut-off value for detectable EA (shown in Figure 3, dashed line) (Yang et al., 2014). Results
showed that E2 had detectable EA at all test concentrations (from 1072 to 10 M) with the
maximum EA value 0f 95.4% + 11% at 10 M. BPA had detectable EA at five test concentrations
from 1071 M to 10 M with the highest EA value at 49.5% + 18% (10 M). BGA had detectable
EA at three out of seven concentrations (10, 10%, and 10 M) with a higher maximum EA value
of 47% + 12% (at 10 M). Notably, BSA had undetectable EA (< 18%) at seven test concentrations.
Next, BPF had the highest EA value of 42.6% + 21% at 10® M, and it showed detectable EA from
10 M to 10° M. On the other hand, BGF showed detectable EA from 107!! M to 10° M with a
maximum EA of 28% + 28% at 10 M. Compared with BPA, BGF had a significantly lower EA
at 107 M (p < 0.05).

10
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Figure 3: EA of E2, BPA, BPF, BGA, BGF, and BSA was quantified using the MCF-7 cell
proliferation assay. E2 was a positive control, and %RME?2 indicated the relative maximum %E?2.
A compound was considered to have no detectable EA when the %RME2 was lower than 18%
(dashed line). The data were represented as mean + SD of at least two independent trials run in
triplicate. Differences are evaluated using one-way ANOVA followed by Dunnett’s test in
comparison to BPA. * indicates a significant difference between test compounds and BPA at the

same concentration (p < 0.05).

3.3 Hepatic mRNA expression of the estrogen-responsive genes in chicken embryos

The hepatic mRNA expression levels of two estrogen-responsive genes (Apoll and Vtgll)
were assessed in the chicken embryos after exposure to E2, BPA, BPF, BGF, BGA, and BSA (at
a non-toxic concentration of 0.1 mM). As shown in Figure 4, all treatments up-regulated Apoll
gene expression in liver samples of day 16 embryos. E2, as the positive control, had a significantly
higher fold change level (1198.51 + 88.05) than other compounds. BPA had the highest fold
change at 11.51 £ 3.36 among the other five treatments and was followed by BPF at 5.38 £ 2.45.
Three lignin-derivable monomers had significantly lower expression levels (ranging from 1.84 to
4.41) of the Apoll gene in comparison to those of BPA and E2 (p < 0.05). On the other hand,
except for the E2 group, the Vtgll gene could not be consistently detected in other samples; thus,

no fold change of gene expression was calculated (data not shown).

11
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Figure 4: Effect of E2, BPA, BPF, and three lignin-derivable monomers on the mRNA expression
of Apoll in the liver samples of day 16 female chicken embryo after injecting at day 13 and day
15 at 0.1 mM. Values are expressed as mean + SD from three independent trials (n = 6), and

significant changes are indicated relative to BPA (*p <0.05; Dunnett’s test).

3.4 Developmental toxicity assessment in chicken embryonic assay

Experiment 1: BPA treatment at five dosages

As shown in Table 1, highest exposure to BPA at 7600 pg/kg reduced the embryonic
viability to 62.5% (p < 0.05), and the dosages at 76 pg/kg and 7.6 pg/kg both lowered the viability
rate to 81.3%. The second highest dosage (760 pg/kg) and lowest dosage group (0.76 pg/kg)
showed embryo viability of 94.8% and 87.5%, respectively. Additionally, deformed embryos
(stunting, shown in Figure S2) were found in three BPA exposure groups at 0.76, 76, and 760
pg/kg. The REEW values were similar among five BPA treatments and the VC from 0.40 + 0.03
to 0.42 + 0.04, except for the highest BPA dosage group, which had a slightly lower number of
0.37 £ 0.05. The largest LSI% number was detected as 2.99% =+ 0.35% at the dosage of 7600 pg/kg
and the second largest as 2.98% + 0.30% at the dosage of 0.76 pg/kg, but without significant
difference from the VC (2.48% = 0.28%) (p > 0.05). The liver weights showed a similar trend to
the LSI% index after BPA exposure. However, due to the biological variance among the three

trials, no significant difference was detected (p > 0.05).

12
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Table 1: Effects of the BPA treatment at five exposure dosages on chicken embryonic viability,
malformation status, REEW, LSI%, embryo weight, and liver weight of chicken embryos on day
18.

Injection Final Viability Malformation
concen- dosage o Embryo Liver
Treatment tration (ng/kg REEW LSI (%) weight (g) weight (g)
(mM) egg) Ratio % Ratio %
0.1
VvC vol% NA 19/20 95 0/20 0 0.42 +£0.04 248+£028 2231+190 0.57+0.05
DMSO
0.001 0.76 14/16 87.5 1/16 6.3 0.40 £ 0.03 298+£030 22.70+£2.29  0.67+0.11
0.01 7.6 13/16 81.3 0/16 0 0.41 £0.05 272+£021 21.77+242  0.59+0.03
BPA 0.1 76 13/16 81.3 2/16 12.5 0.41 £0.05 2.60+£035 23.19+1.04 0.60+0.08
1 760 15/16 94.8 2/16 12.5 0.40 £ 0.03 280+£0.30 21.69+1.27 0.61+0.06
10 7600 10/16 62.5% 0/16 0 0.37£0.05 299+0.35 21.72+£1.25 0.65+0.05

The data are presented as a total number of viability and malformation from three independent
trials. Values of REEW, LSI (%), embryo weight, and liver weight are expressed as mean + SD
from three independent trials. The viability data were evaluated by Fisher's exact test, and *

indicates a significant difference from the VC (p <0.05).

Our results showed that the VC had the lowest TBARS values of 79.03 £+ 4.41 nmol/g and
94.03 + 14.13 nmol/g for liver and brain samples, respectively (shown in Figure S1 A and B). BPA
treatment at the highest dosage (7600 pg/kg) significantly increased liver TBARS value to 101.75
+ 8.53 nmol/g (p < 0.05). Liver samples from the other four BPA dosages had increased TBARS
values ranging from 88.69 £ 9.34 to 96.40 = 9.90 nmol/g. However, only marginally elevated
TBARS levels were found in the brain tissues after BPA exposure, ranging from 96.33 £22.17 to
105.30 £+ 26.23 nmol/g without a statistically significant difference vs. the VC. Additionally, the
VC had the highest CAT activity levels of 27.52 £+ 6.54 and 0.31 £ 0.07 pmol/g for the liver and
brain samples, respectively (shown in Figure S1C and D). In the liver samples, BPA treatment at
five dosages decreased CAT activity values, ranging from 20.61 £+ 2.38 to 22.96 + 9.68 umol/g

(p > 0.05). A similar pattern of decreased CAT activity also was detected for brain tissues when

13



323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

Main Text-Estrogenic Activity and Developmental Toxicity

exposed to BPA, ranging from 0.25 + 0.08 to 0.29 £+ 0.08 umol/g, without significant change in

comparison to the VC.

Experiment 2: BPF, BGF, BGA, and BSA treatment at two dosages

Following the finding of BPA from Experiment 1, environmentally relevant exposure levels
at injection concentrations 0.01 and 0.1 mM were applied in Experiment 2 to evaluate the
developmental toxicity of three lignin-derivable monomers. E2 had a low viability rate of 70.6%
(for 9.1 pg/kg) and 45.5% (91 pg/kg dosage) (p < 0.05). BGA and BSA showed viability rates of
75% and 87.5% at two test dosages that were comparable to that of BPA at 81.3%. On the other
hand, BPF and BGF had the same viability rates of 100% (for low dosage) and 87.5% (for high
dosage). Additionally, deformed embryos (i.e., stunting and exposed brain) were detected in two
E2 treatments at 11.8% and 9.1% for low and high dosages, respectively. The high-dosage BPA
and the low-dosage BSA group also had a malformation rate of 12.5%. As shown in Table 2, BSA
at the low dosage (11.6 pg/kg) had the lowest REEW value of 0.34 + 0.03 but without significant
difference (p > 0.05), which may be attributed to the stunted embryo detected in this group. The
other groups had similar values ranging from 0.36 to 0.41. BPA, BPF, and three lignin-derivable
monomers resulted in slightly higher LSI% values (2.56% - 2.77%) in comparison to the VC group
of 2.31% + 0.18% but with no statistical differences (p > 0.05).
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Table 2: Effects of E2, BPA, BPF, BGA, BGF, and BSA treatments (at two injection
concentrations) on chicken embryonic viability, malformation status, REEW, LSI (%), embryo
weight, and liver weight of chicken embryos on day 18.

Treatment Injection Final

lecul ¢ d Viability Malformation Emb
(molecular  concent-  dosage REEW LSI (%) moryo Liver weight (g)
weight, ration (ng/kg . . . . weight (g)
g/mol) (mM) egg) Ratio % Ratio %
0.1
vC vol% NA 16/16 100 0/16 0 0.41+£0.01 231+£0.18 24.32+0.71 0.56 £ 0.07
DMSO
0.01 9.1 24/34  70.6* 4/34 11.8  039+£0.00 2.18+£0.01 20.24+3.53 0.54+0.01
E2 (272.38)
0.1 91 16/22  45.5% 2/22 9.1 0.38+£0.02 2.06+0.38  22.89+0.87 0.47 £0.07
BPA 0.01 7.6 13/16 81.3 0/16 0 0.41£0.05 2724021 21.77+2.42 0.59 +0.03
(228.29)
0.1 76 13/16 81.3 2/16 125  041£0.05 2.60+£0.35 23.19+1.04 0.60 £ 0.08
BPF 0.01 6.7 8/8 100 0/8 0 036+0.01 2.62+0.12 22.10+0.20 0.58 +0.03
(200.23) 0.1 67 7/8 87.5 0/8 0 037£0.00 2.56+0.06 20.91+0.12 0.54 +0.02
BGA 0.01 9.6 7/8 87.5 0/8 0 0.40+0.03 2.57+£0.01 22.92+0.80 0.59 +0.02
(288.34) 0.1 96 6/8 75 0/8 0 0.40+£0.03 2.73+£0.13  23.13+0.38 0.64 +0.04
BGF 0.01 8.7 8/8 100 0/8 0 0.40+£0.00 2.72+£0.10 23.33+0.42 0.64 +0.01
(260.28) 0.1 87 7/8 87.5 0/8 0 0.40+£0.03 2.69+0.02 23.05+0.78 0.62 £+ 0.02
BSA 0.01 11.6 7/8 87.5 1/8 125  034+0.03 2.77+£021 2040+1.63 0.56 = 0.00
(348.15)
0.1 116 6/8 75 0/8 0 038+£0.01 2.63+£0.02 23.04+0.86 0.62+0.01

The data on viability and malformation are presented as a total number of inspections from two
independent trials. Values of REEW, LSI (%), embryo weight, and liver weight are expressed as
mean + SD from two independent trials. Differences were evaluated using ANOVA followed by
Dunnett's test. The viability data were evaluated by Fisher's exact test, and * indicates a significant

difference relative to the VC (p <0.05).

As shown in Figure S3, the VC had a TBARS value of 69.93 + 8.60 nmol/g. E2 at the high
dosage showed a significantly increased TBARS value of 99.20 + 7.43 nmol/g vs. the VC (p <
0.05). At the low dosage treatment, E2 had TBARS level of 92.55 £ 3.39 nmol/g. BPA exposure
raised the TBARS values to 90.25 + 8.07 and 87.10 = 14.36 for the low and high injection
concentrations, respectively, but without a significant difference vs. the VC group. Additionally,
at 0.01 mM BPF had a significantly decreased TBARS value vs. the BPA treatment (p < 0.05),
whereas no statistically significant variations were found at other treatment groups vs. the BPA

treatment.
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4. Discussion
4.1 EA of lignin-derivable monomers from in silico, in vitro, and in vivo assays

We first applied molecular docking to the three lignin-derivable monomers to predict the
binding affinities of 14 nuclear receptors associated with the endocrine system. Results (Section
3.1) showed that BSA (with four methoxy groups, i.e., two methoxy groups per aromatic ring) had
weaker binding affinities to the majority of receptors vs. BPA (with zero methoxy groups).
However, BPA and BGA with two methoxy groups (i.e., one methoxy group per aromatic ring)
exhibited comparable binding affinities for most receptors (e.g., ERs, GR, TRs). As one critical
pathway of EDCs, the EA of test compounds was further investigated experimentally via the MCF-
7 cell proliferation assay and fetal chicken hepatic mRNA expression of the estrogen-responsive
genes. Although the EA of BPA and bisphenol analogues (e.g., BPF, BPAF, BPS) have been
widely studied in the MCF-7 cell model (Rivas et al., 2002), two-hybrid yeast bioassays (Lei et al.,
2017), and zebrafish-specific assays (Le Fol et al., 2017), much is unknown regarding the EA of

lignin-derivable monomers.

EA of the lignin-derivable monomers was assessed via MCF-7 cell proliferation assays at a
concentration range from 107'2 M to 10 M, equivalent to the BPA exposure levels in the U.S.
population as suggested by Peng et al. (2020). E2 (a natural estrogen hormone), as the positive
control, displayed a similar EA trend and ECso value vs. those reported in a previous meta-analysis
result (Yang et al., 2014). BPA showed detectable EA at five test concentrations (101 M to 10
M), whereas BPF had EA at 10* M and 10% M, but both had similar ECso. This finding agreed
with a previous study that reported BPA with dimethyl substituents on the bridging carbon had
higher EA than BPF, which was related to hydrophobicity and rotational freedom (Maruyama et
al., 2013). BGA had the lowest ECso value of 6.76 X 107! M and the second highest max %RME2
number of 47% among test compounds, whereas BSA displayed undetectable EA at all test
concentrations (10712 M to 10 M). BGA with two methoxy groups (i.e., one methoxy group per
aromatic ring) did not significantly lower EA in comparison to BPA. Thus, one methoxy group
per aromatic ring likely may not exhibit enough steric hinderance around the phenolic hydroxyl
group to limit access to the binding sites within ERs. However, with four methoxy groups (i.e.,

two methoxy groups per aromatic ring), BSA showed lower binding affinities to ERs in molecular

16



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

Main Text-Estrogenic Activity and Developmental Toxicity

docking and undetectable EA in MCF-7 cells. Therefore, the two methoxy groups per aromatic
ring provide sufficient steric restrictions around the phenolic hydroxyl group to reduce the
interaction with binding sites. Together, the number of methoxy groups plays a critical role in
reducing EA of dimethyl-substituted bridging bisphenols. Notably, water solubility can be one of
several factors influencing the EA of bisphenols. The water solubility of a compound is related to
log S [log of (water solubility measured in mol/L)] value. We calculated the log S values for each
respective bisphenol [Table S5], and the results suggested that all bisphenols are slightly soluble
in an aqueous medium. As both environments (lipid/water) are present inside the biological body,
we also calculated the octanol-water partition coefficient (log P) values, which could more
accurately relate to EA. More positive logP values are associated with stronger
hydrophobicity/lipophilicity. It has been previously reported that the log P values of the
bisphenols decreased with the increased methoxy content, and this decreased
hydrophobicity/lipophilicity was in agreement with the weakening of the binding affinity of a
bisphenol to ERa (Amitrano et al., 2021). Our results are consistent with this previous work, as
BSA (with four methoxy groups) exhibited a lower log P value than that of BPA (with no methoxy
groups) and BGA (with two methoxy groups) [Table S5].

Additionally, we utilized a chicken embryo model targeting the expression of estrogenic-
responsive genes, serving as one of the biomarkers for EA testing of lignin-derivable monomers
at an environmentally relevant concentration (Li et al., 2014). As ovipara, the chicken liver is a
critical target organ for the steroid hormone estrogen, because it is the site for most yolk precursor
protein synthesis (Li et al., 2014). Notably, the injection and sample collection time play important
roles in the gene expression analysis of these two estrogen-responsive genes (Vtgll and Apoll).
The capacity of these two genes to respond to estradiol fluctuated during the course of chicken
embryo development; it peaked in the mid-incubation time and declined in the late fetal
development stage (> embryonic day 17) (Evans et al., 1988). Thus, we chose the injection day at
the mid-incubation time (day 13 - 15) and collected the sample before the target gene expression
started to decline, which is day 16. Among two estrogen-dependent genes (Vtgll and Apoll)
assessed, only the Apoll gene was successfully detected in all test groups, which agreed with
literature reports that the induction of Apoll mRNA would be a more sensitive endpoint than Vtgll

(Lorenzen et al., 2003). Therefore, only the Apoll gene was subjected to gene expression analysis

17



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

Main Text-Estrogenic Activity and Developmental Toxicity

in this study. Our results (Figure 4) showed that the E2 significantly stimulated Apoll expression
with a roughly 1200-fold change vs. the control, which is consistent with an earlier study that E2
upregulated mRNA expression of Apoll in a dose-dependent pattern at 0.1 - 100 nug E2/egg (Li et
al., 2014). Among the test substances, BPA exhibited the greatest effect on Apoll expression, with
a fold change of 11.51 in comparison to the control. These results were in agreement with a study
by Ma et al., in which BPA treatment increased Apoll mRNA levels in chicken embryonic
hepatocytes in a concentration-dependent pattern (at 1 to 10 uM) (Ma et al., 2015). However, the
three lignin-derivable compounds (BGA, BSA, and BGF) had significantly lower fold change
values (at 1.84 to 5.38) of Apoll expression than BPA (p < 0.05), indicating a lack of estrogenic
response in the chicken fetal liver. Notably, BGA showed a lower EA than BPA in the gene
expression assay, but not in the molecular docking and MCF-7 cell proliferation assay. This
discrepancy between in vitro and in vivo results can largely be attributed to the complexity of the
in vivo models. The in vitro cellular studies are mainly impacted by the solubility and
hydrophobicity of compounds. In contrast, the in vivo models are influenced by several additional
factors such as the interactions between bisphenols and egg albumin (i.e.,, environment) and
distinct mechanisms from different in vivo systems. The bisguaiacols/bissyringols have at least
one methoxy group ortho to the hydroxyl group on each aromatic ring that may increase steric
hindrance around phenolic hydroxyls and thus reduce interactions with binding pockets on the
estrogen receptors. As a result, the methoxy substituents significantly lowered the estrogenic-

responsive gene expression level in comparison to BPA.

4.2 Developmental toxicity of lignin-derivable monomers from in silico simulation and chicken
embryonic assay

In addition to the EA, developmental toxicity is another important toxicity endpoint related
to EDCs. The developmental toxicity of BPA and BPF has been reported in various animal models,
including rats (Lee et al., 2022), zebrafish (Gao et al., 2022), and chicken embryos (Mentor et al.,
2020). To investigate the developmental toxicity of lignin-derivable monomers, we first applied
T.E.S.T. to predict their acute toxicity and developmental toxicity (data shown in Table S3). Of
note, even though the lignin-derivable monomers had varied oral rat LDso values (~739 - 3196
mg/kg), they were assigned to Category III (500 < oral rat LDsp < 5000 mg/kg; slightly toxic)
according to the EPA’s 4-category hazard classification (Gadaleta et al., 2019). Although the
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QSARs-based simulations have been widely applied as valuable screening tools, it was still
challenging to predict the developmental toxicity thoroughly due to the lack of dose response and

its complex nature, as several organs and hormones were involved (Hulzebos et al., 2001).

Therefore, an in vivo chicken embryonic assay was applied to further investigate the
developmental toxicity of BPA and its potential alternatives. The chicken embryonic model has
been recently recognized as a promising alternative model to traditional rodent animals for
toxicological research (Ghimire et al., 2022). We first studied the developmental toxicity of BPA
at five dosages ranging from 0.76 to 7600 pg/kg (at injection concentrations 0.001 to 10 mM) to
cover the possible exposure level and explore the dose-response pattern. The results (Table 1)
revealed that BPA decreased the viability of chicken embryos with a non-monotonic dose response
(NMDR). We combined the viability data to perform statistical analysis (Fisher's exact test), which
is also the approach used in many toxicity studies employing the chicken embryo model (Szabo et
al., 2020; Hussein and Singh, 2016). Fisher's exact test is often used to analyze mortality data in
animal studies when dealing with categorical data, particularly in situations where sample sizes
are small. The highest mortality rate was detected at the highest dosage group (7600 BPA ng/kg
egg) and followed by two middle dosage groups (7.6 and 76 BPA pg/kg), whereas the second
highest dosage treatment (760 BPA pg/kg) had the lowest death rate. It has been widely reported
that NMDR was involved in various BPA toxicities, such as hormone-sensitive endpoints and
animal behavior studies (Yadav et al., 2022); however, the relevant mechanisms attributed to these
NMDR relationships are still not fully understood, especially for in vivo models (Lagarde et al.,
2015). Following the findings from BPA treatments, two intermediate and environmentally
relevant injection concentrations, 0.01 and 0.1 mM, were selected to determine the developmental
toxicity of lignin-derivable monomers (Dekant and Volkel, 2008). Except for the E2 groups
(positive control), there was no significant difference in viability rates between other treatments
and VC. BPF and BGF showed slightly higher viabilities (high dose: 87.5%; low dose: 100%) than
BPA, whereas BGA and BSA had a similar level of viability as BPA. These results also agreed
with the T.E.S.T. prediction that BPF and BGF had lower developmental toxicity values than BPA
and BGA. Although there was no available developmental toxicity data for BPF from chicken
embryos, previous studies showed that BPF had lower developmental toxicity than BPA in the

zebrafish embryo model regarding half-lethal concentrations and other developmental effects (Mu
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et al., 2018; Gao et al., 2022). More studies in other animals are still warranted to further

understand the developmental toxicities of these compounds.

To uncover the potential mechanism of oxidative stress on developmental toxicity, we
monitored two crucial biomarkers for the antioxidant system in chicken embryos: TBARS and
CAT activity. TBARS serves as an indicator of oxidative damage in tissue samples, reflecting the
lipid peroxidation levels (Kourouma et al., 2015). CAT has been identified as the main hydrogen
peroxide scavenger, and is one of the crucial enzymes in the endogenous antioxidant defense
system (Haider et al., 2021). Our results (Figure S1) showed that the highest dosage of BPA
exposure significantly increased TBARS level in liver samples (p < 0.05), whereas for the brain
samples, only marginally increased TBARS levels were detected after BPA exposure (p > 0.05).
Additionally, a declining trend in CAT enzyme activity was discovered in liver samples after BPA
treatments, but no significant difference was found due to the large biological variability. The
impaired antioxidant enzyme system and increased lipid peroxidation after BPA exposure have
been reported in rat and mouse models (Meng et al., 2019; Kourouma et al., 2015). For example,
Kourouma et al. reported that BPA exposure significantly elevated malondialdehyde (MDA) levels
and lowered CAT activity in the livers of rats in a dose-dependent manner. The difference in the
previous study is that they used a considerably larger exposure dosage range (at 2 - 50 mg/kg) and
a longer period (30 days) in comparison to our study, which may have caused a noticeable increase
in oxidative damage. Findings from CAT and TBARS assays indicated TBARS assay is a more
sensitive assay for oxidative stress in response to low doses of BPA exposure at 0.76 - 7600 pg/kg.
More data are needed to explore the longer-term exposure effects of these two indicators on both

brain and liver tissues in the chicken embryo model.

Based on the results of Experiment 1, the liver was selected as the target organ for TBARS
measurement, because it had a higher sensitivity than the brain samples. The significantly
increased TBARS value (p < 0.05) was only detected in the higher dosage of the E2 group in
comparison to the VC (shown in Figure S3). In the past decade, the chicken embryo model has
already been used for toxicity evaluation of BPA. BPA treatment at 200 mg/L (on embryonic day
4) significantly increased the MDA value and reduced the glutathione level in the chicken embryo

brain, impairing the antioxidant defense system. A recent study reported that BPA exposure at
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0.228 and 2.28 mg/egg damaged neural tube development in a chicken embryo at an early stage
(28 to 76 h of incubation) (Atay et al., 2020). Additionally, it has been reported that BPA at 48
mg/kg induced an estrogen-like effect in the chicken embryo by disrupting reproductive organ
development (Mentor et al., 2020). However, all these studies applied a higher dosage range, more
than 1000-fold higher than the possible human exposure level of BPA. In our study, we applied
two exposure dosages of BPF and three lignin-derivable monomers from 6.7 to 116 pg/kg, which
were much lower than the previous dose range of studies on BPA and were much closer to the
average human intake, which is at 0.2 — 0.5 pg/kg body weight and can be up to 513.73 pg/person
(Dekant and Volkel, 2008; Wang et al., 2020). Our chicken embryonic assay suggested that the
three lignin-derivable monomers (BGF, BGA, and BSA), as well as BPA and BPF, did not induce
a significantly higher mortality rate nor elevated TBARS levels at the test dosages. Oxidative stress
is normally considered as a major toxicity mechanism, so low TBARS levels might be one

potential underlying mechanism for the low developmental toxicity of these compounds.

Overall, our work highlighted the promising attributes of lignin-derivable alternatives to
BPA, but it is important to acknowledge certain limitations. First, this work assessed the
developmental toxicity of these compounds within a narrow range of environmentally relevant
concentrations (0.01 and 0.1 mM). Subsequent research should be conducted on a broad dosage to
comprehensively determine the dose-response relationship for comparing the NMDR effect.
Second, this study focused on the toxicity profiles of individual lignin-derivable monomers. The
combined impact of multiple lignin-derivable compounds, along with other environmental
contaminants on estrogenic activity and developmental toxicity, may warrant further investigation.
Third, the long-term toxicity effects and metabolic reactions of these lignin-derivable compounds
(i.e., BSA and BGA) were not within the scope of this work, which remain important topics to

ensure comprehensive safety assessments.

Conclusion

This work highlighted dimethyl-substituted, bridging carbon-based, lignin-derivable
bisphenols (BGA and BSA) as potential replacements to BPA and evaluated their EA and
developmental toxicity for the first time per our knowledge. Notably, BSA with four methoxy
substituents exhibited significantly lower EA than BPA, with weaker binding affinities to ERs and
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undetectable EA in the in vitro MCF-7 cell proliferation assay and in vivo chicken fetal liver test.
BGA with two methoxy groups also showed limited EA. Importantly, no developmental toxicity
was noted in chicken embryos at environmentally relevant doses for these bisphenols. These
findings suggest that lignin-derivable monomers, especially BSA, are promising, safer alternatives

to BPA and other commercial bisphenols.
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