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Abstract: Bisphenol A (BPA) analogues substituted on the benzene ring are widely used in a variety
of industrial and consumer materials. However, their effects on the glucocorticoid-metabolizing
enzyme 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) remain unclear. The inhibitory effects of 6
BPA analogues on the inhibition of human and rat 11β-HSD1 were investigated. The potencies of
inhibition on human 11β-HSD1 were bisphenol H (IC50, 0.75 µM) > bisphenol G (IC50, 5.06 µM) >
diallyl bisphenol A (IC50, 13.36 µM) > dimethyl bisphenol A (IC50, 30.18 µM) > bisphenol A dimethyl
ether (IC50, 33.08 µM) > tetramethyl bisphenol A (>100 µM). The inhibitory strength of these chemicals
on rat 11β-HSD1 was much weaker than that on the human enzyme, ranging from 74.22 to 205.7 µM.
All BPA analogues are mixed/competitive inhibitors of both human and rat enzymes. Molecular
docking studies predict that bisphenol H and bisphenol G both bind to the active site of human
11β-HSD1, forming a hydrogen bond with catalytic residue Ser170. The bivariate correlation of IC50

values with LogP (lipophilicity), molecular weight, heavy atoms, and molecular volume revealed
a significant inverse regression and the correlation of IC50 values with ∆G (low binding energy)
revealed a positive regression. In conclusion, the lipophilicity, molecular weight, heavy atoms,
molecular volume, and binding affinity of a BPA analogue determine the inhibitory strength of
human and rat 11β-HSD isoforms.

Keywords: bisphenol analog; glucocorticoid; 11β-hydroxysteroid dehydrogenase 1; cortisol; docking
analysis; species difference

1. Introduction

Bisphenols are a group of chemical compounds that are widely used in the produc-
tion of plastics, resins, and other materials. Among the most commonly used bisphe-
nols is bisphenol A (BPA). Bisphenols have been in use for decades and can be found
in a wide range of products, including food packaging, water bottles, medical devices,
and electronics [1].

However, concerns about the potential health effects of bisphenols have led to in-
creased scrutiny of their use. Bisphenols have been identified as endocrine-disrupting
chemicals (EDCs), meaning that they have the ability to interfere with the body’s hor-
monal systems [1–4]. This interference can lead to a variety of health problems, including
reproductive disorders, developmental issues, and cancer [1–4].
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One of the most well-known bisphenols is BPA, which has been extensively studied for
its potential health effects. BPA has been linked to a variety of health problems, including
breast and prostate cancer, obesity, and fertility issues [1–4].

However, due to its potential harmful effects on human health, regulators have been
increasingly concerned about the use and exposure of BPA [1,5,6]. Studies have shown that
BPA exposure can lead to various health problems, including reproductive disorders, obe-
sity, type 2 diabetes, cardiovascular disease, and cancer [1,3,7]. Therefore, some countries
have banned the use of BPA in certain consumer products.

Despite these bans and restrictions, BPA continues to be used in many consumer
products. In addition, BPA exposure can occur not only via ingestion from food and
beverage containers but also via dermal contact and inhalation [1,3,7].

However, as awareness of the potential health risks associated with BPA has grown,
manufacturers have begun to replace it with other BPA analogs, such as 4,4′-(propane-
2,2-diyl) bis (methoxy benzene) (BPAME) and 2,2-bis(2-hydroxy-5-biphenylyl) propane
(also called bisphenol PH, BPH). While these analogs were initially thought to be safer
alternatives to BPA, recent research has raised concerns about their potential health effects
as well.

According to ECHA, there are over 60 BPA analogues, including one group of potential
alternatives to BPA with substitutions on the benzene ring. These compounds contain
either alkyl groups, such as methyl (dimethyl bisphenol A, DMBPA; tetramethyl bisphenol
A, TMBPA), propyl bisphenol A (also called bisphenol G, BPG), or allyl (diallyl bisphenol
A, DABPA), or aryl groups, such as aryl bisphenol A (BPH) [8–10]. BPA analogues are also
formed by the ether, such as BPA dimethyl ether (BPAME) on the 4-hydroxyl groups of BPA.
The detailed information on BPA analogues is provided in Supplementary Table S1, and
their structures are presented in Table 1. Studies have shown that some BPA analogues have
higher estrogenic activity compared to BPA [11,12]. However, it is important to understand
the potential risks of these analogues before their widespread use.

Table 1. Chemical structures of bisphenols.
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One potential target of BPA is its effects on glucocorticoid metabolism. Glucocorti-
coids, such as cortisol (F) in humans and corticosterone (CORT) in rats, are corticosteroid
hormones that bind to the glucocorticoid receptor, a nuclear receptor that regulates gene
expression [13–15]. Glucocorticoids are crucial for regulating stress responses, immune
function, and metabolism [13]. The activity of glucocorticoids is tightly controlled by
the enzyme 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1), which converts inactive
cortisone (E) to active F in humans or 11-dehydrocorticosterone (DHC) to CORT in rats
(Figure 1) [16]. 11β-HSD1 is primarily present in glucocorticoid-target tissues such as the
liver, gonad, lung, and fat [16]. Dysregulation of the glucocorticoid system by inhibiting
11β-HSD1 can lead to a range of diseases, including glucocorticoid deficiency, delayed
fetal lung development, and immune system disorders [16]. Our previous study indicates
that BPA is a weak inhibitor of 11β-HSD1 [17]. However, the toxicities of these new BPA
analogues on 11β-HSD1 and the structure-activity relationship (SAR) remain unclear.
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Figure 1. Scheme of 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) reaction and glucocorticoid action.

The 11β-HSD1 enzyme belongs to the short-chain dehydrogenase/reductase (SDR)
family, with the catalytic motif Ser/Thr . . . Tyr-X-X-X-Lys residues [16]. For human 11β-
HSD1, this catalytic domain is Ser170 . . . Tyr179-X-X-X-Lys183, while for the rat 11β-HSD1,
this domain is S166 . . . Tyr173-X-X-X-Lys179 [16]. The catalytic reduction in 11β-HSD1
requires cofactor NADPH for assistance (Figure 1). The reductive direction of 11β-HSD1 is
determined by the intraluminal microsomal hexose-6-phosphate dehydrogenase, which
uses glucose-6-phosphate (G6P) to generate NADPH, deriving 11β-HSD1 toward reductive
catalysis [18]. In this study, the inhibitory potency and mode of action of six BPA analogues
on human and rat 11β-HSD1 were examined, and in silico molecular docking analyses
were selected for understanding their underlying mechanisms.

2. Results
2.1. BPA Analogues Inhibit Human 11β-HSD1A Activity

Human 11β-HSD1 in liver microsomes catalyzes the conversion of cortisone to cortisol
(Figure 2A); the Km was 0.93 ± 0.22 µM (Figure 2B), which agreed with a previous re-
port [19]. The Vmax of human 11β-HSD1 was 253.2 ± 20.5 pmol/mg/min (Figure 2B). BPA
and six BPA analogues were examined to inhibit human 11β-HSD1 at 100 µM. BPA and
TMBPA significantly inhibited the enzyme activity, but they led to residual activity greater
than 50% (Figure 2C). However, BPAME, BPG, BPH, DABPA, and DMBPA at 100 µM
significantly inhibited the enzyme activity, leading to residual activity of ≤50% (Figure 2C).
Dose response analysis showed that IC50 values of BPA and BPA analogues ranged from
0.78 to 319.16 µM (Figure 2D–H and Table 2). The Ki values of BPA analogues ranged from
0.44 to 33.81 µM for BPAME, BPG, BPH, DABPA, and DMBPA, respectively (Figure 3 and
Table 2). These results indicate that the potency of BPA and BPA analogues to inhibit human
11β-HSD1 shows structure-dependent differences. The α values indicated that BPAME,
BPG, BPH, DABPA, and DMBPA are competitive inhibitors, suggesting that they bind to
the free enzyme. The Lineweaver-Bruk plots confirmed their mode of action (Figure 3).
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Figure 2. Regimen of assay, Michaelis-Menten kinetics and the effects of bisphenol A (BPA) analogues
on enzymatic activity at 100 µM, and dose response in human liver 11β-hydroxysteroid dehydroge-
nase 1 (11β-HSD1). Regimen of assay (A); Michaelis-Menten kinetics (B), showing Km and Vmax;
11β-HSD1 residual activity relative to the control (DMSO) after BPA analogues at 100 µM compared
with the control (C), a p < 0.05, c p < 0.001 (n = 4–6, mean ± SEM); IC50 values of (BPAME, BPG, BPH,
DABPA, DMBPA) (Mean ± SEM, n =4), respectively (D–H).
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Table 2. Inhibitory potencies on human and rat 11β-HSD1 and docking parameters of bisphenols.

Compound IC50 µM Ki µM Cal. Ki µM LBE (kcal/mol) Mode Action Binding Site

Human 11β-HSD1 (PDB id: 4C7K)

BPA 297.4 ± 2.99 ND ND ND ND ND

BPAME 33.08 ± 0.57 33.81 33.34 −6.11 Competitive Steroid

BPG 5.06 ± 0.07 5.33 3.96 −7.37 Competitive Steroid

BPH 0.75 ± 0.02 0.44 0.40 −8.72 Competitive Steroid

DABPA 13.36 ± 0.19 14.04 14.52 −6.60 Competitive Steroid

DMBPA 30.18 ± 0.71 30.97 30.81 −6.16 Competitive Steroid

TMBPA 319.16 ± 2.78 ND ND ND ND ND

Rat 11β-HSD1 (AlphaFold id: AF-P16232-F1-model_v4)

BPA 36.76 ± 1.09 ND

BPAME 205.74 ± 2.16 ND 204.2 −5.05 ND Steroid

BPG 103.92 ± 1.52 88.65 106.97 −5.40 Mixed Steroid

BPH 74.22 ± 0.98 74.56 73.73 −5.64 Competitive Steroid

DABPA 132.4 ± 1.66 ND 133.51 −5.26 ND Steroid

IC50 = half maximal inhibitory concentration; Ki = inhibition constant (measured); Cal. Ki = inhibition constant
(calculated); LBE = lowest binding energy; Mean ± SEM, n = 4.
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2.2. BPA Analogues Inhibit Rat 11β-HSD1 Activity

Rat 11β-HSD1 in liver microsomes catalyzes the conversion of DHC to CORT, and Km
was 0.94 ± 0.09 µM (Figure 4A), which was in line with the reported value [20]. The Vmax
of rat microsomal 11β-HSD1 was 1072 ± 115.5 pmol/mg/min (Figure 4A). BPA and six
BPA analogues were examined to inhibit rat 11β-HSD1 at 100 µM. BPAME, DABPA, and
DMBPA significantly inhibited the enzyme activity, but it led to residual activity greater
than 50% (Figure 4B). BPA, BPG, and BPH at 100 µM significantly inhibited the enzyme
activity, leading to a residual activity of ≤50% (Figure 4B). However, TMBPA at 100 µM
was ineffective (Figure 4B). Dose response analysis showed that the IC50 values of BPA
and BPA analogues ranged from 36.76 to 205.74 µM (Figure 4D–F and Table 2). The Ki
values of BPG and BPH were 106.9 and 74.56 µM, respectively (Figure 5 and Table 2).
These results indicate that the potency of BPA and BPA analogues to inhibit rat 11β-HSD1
shows structure-dependent differences. The α values indicated that BPG and BPH are
mixed/competitive inhibitors, suggesting that they either bind to the free enzyme or the
enzyme complex. The Lineweaver-Bruk plots confirmed their mode of action (Figure 5).
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Figure 4. Michaelis-Menten kinetics, the effects of bisphenol A (BPA) analogues on enzymatic activity
at 100 µM, and dose response in rat liver 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1). Michaelis-
Menten kinetics (A), showing Km and Vmax; 11β-HSD1 residual activity relative to the control (DMSO)
after BPA analogues at 100 µM (B): compared with the control, a p < 0.05, b p < 0.01, c p < 0.001 (n = 4–6,
mean± SEM); IC50 values of BPAME, BPG, BPH, and DABPA (n = 4), respectively (C–F).
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2.3. Molecular Docking Analysis of BPA Analogues with Human 11β-HSD1

The crystal structure of human 11β-HSD1 (PDB id: 4C7K) was adopted as the target
for docking cortisone. Cortisone forms two hydrogen bonds with catalytic residues Ser170
(3.28Å) and Tyr183 (3.03Å) (Figure 6A,B). First, we analyzed the most potent BPA analog,
BPH, and found that BPH forms hydrogen bonds with residues Ser170 and Leu215 and
hydrophobic interactions with 13 residues (Figure 6C,D), and ∆G was −8.72 kcal/mol
(Table 2). Then, we analyzed the second potent chemical, BPG, and found that BPG
forms hydrogen bonds with residues Ser170 and Ala172 and hydrophobic interactions
with 12 residues (Figure 6E,F). We analyzed the weaker chemical, BPAME, and found that
BPAME forms a hydrogen bond with residue Lys187 and hydrophobic interactions with
12 residues (Figure 6G,H) but does not form a hydrogen bond with residue Ser170. We
also found that other BPA analogues, DABPA and DMBPA, bind to the steroid binding
cavity (Figure S1). They also form hydrogen bonds with residue Ser170 (Figure S1). We
analyzed BPA (positive control) and 4-nonyphenol (4-NP, negative control) and found that
BPA forms a hydrogen bond with Ser170, while 4-NP does not form this hydrogen bond
(Figure S1).
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Figure 6. Molecular docking of cortisone, bisphenol H (BPH), bisphenol G (BPG) with human 11β-
HSD1. Superimposed 3D structure models (BPA analogues = red; cortisone = cyan): Cortisone (A),
BPH (C), BPG (E), BPAME (G); Superimposed 2D structure models: Cortisone (B), BPH (D), BPG (F),
BPAME (H): each inhibitor (purple) having overlapping residues (circled in red) with cortisone (cyan).
Dash-line indicates the hydrogen bond.
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2.4. Molecular Docking Analysis of BPA Analogues with Rat 11β-HSD1

The crystal structure of rat 11β-HSD1 was unavailable, and an AlphaFold2-constructed
3D structure (AF-P16232-F1-model_v4) was adopted as the target for molecular docking
analysis. The structure was vilified by Ramachandran plot analysis ProCheck software
in the UCLA-DOE LAB-SAVES v6.0 (https://saves.mbi.ucla.edu/, (accessed on 11 May
2023)). It was found that 100 percent of residues fell inside the favored (94.6 percent)
and the additionally allowed (5.4 percent) regions, whereas no residues fell within the
disallowed region for rat 11β-HSD1 (Figure S2A,B), confirming the 3D structure validity of
rat 11β-HSD1. DHC was docked with this enzyme, and the 11β-hydroxyl group of DHC
forms two hydrogen bonds with catalytic residues Ser166 and Tyr179 and two additional
residues (Figure 7A,B), confirming suitable binding of DHC. We analyzed BPG and BPH
and found that both bind to the steroid binding site of rat 11β-HSD1 (Figure 7C–F) and
that BPG forms hydrogen bonds with residues Thr120, Ser165, and Tyr179 (Figure 7C,D)
and BPH forms hydrogen bonds with residues Ser166, Ala168, and Gln173 (Figure 7E,F).
∆G values were −5.64 kcal/mol for BPG and −5.40 kcal/mol for BPH (Table 1). We also
analyzed BPAME and DABPA, whose docking analysis is shown in Figure S3. The binding
cavity analysis of human and rat 11β-HSD1 revealed that the human enzyme has a larger
binding volume (1917.38 Å for human 11β-HSD1 vs. 1476.61 Å for rat one, Figure S4),
indicating that rat 11β-HSD1 has a smaller binding cavity than the human enzyme. We
analyzed BPA (positive control) and 4-nonyphenol (4-NP, negative control) (Figure S3).
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2.5. Bivariate Correlation Analysis for Inhibitory Strength BPA Analogues with Structural Features

Bivariate correlation analysis showed that LogP was inversely correlated with the IC50
values, meaning that the larger the LogP, the lower the IC50 value, and thus the more potent
inhibition (Figure 8A,B). Bivariate correlation analysis showed that ∆G was positively
correlated the IC50 values, meaning that the larger the ∆G, the higher the IC50 value, and
thus the less potent inhibition (Figure 8C,D). The bivariate correlation analysis between
each BPA analogue’s structural parameters was listed (Figures S5 and S6).
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2.6. ADMET Prediction of BPA Analogues

The aqueous solubility level was BPA > BPAME = BPG = DABPA = DMBPA = TMBPA
> BPH, and they were found to be able to transport across the BBB. They were found to
be inhibitors of CYP2D6, except TMBPA. In addition, BPH and BPG had lower absorption
levels in the human intestine, and they all had hepatotoxic potential. They were also found
to be highly bound with plasma proteins (Supplementary Table S3 and Figure S7).

3. Discussion

BPA is a chemical commonly used in the production of certain plastics and resins.
However, BPA has been found to have adverse effects on human health, particularly in
terms of endocrine disruption [1,3]. This has led to the development and use of BPA
analogues, which are structurally similar compounds with similar properties.

In this study, among these BPA analogues, alkyl and aryl BPA analogues were found to
inhibit human and rat 11β-HSD1, an enzyme involved in cortisol/CORT metabolism [16].
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However, the degree of inhibition varies depending on the structure of the analog. In partic-
ular, it has been observed that LogP, a measure of the compound’s lipophilicity, is inversely
correlated with IC50, the concentration at which 50% inhibition occurs. This suggests that
compounds with higher lipophilicity are more effective inhibitors of 11β-HSD1.

The concept of lipophobicity relates to the fact that many chemicals are either soluble
in lipids or not. Since the catalytic domains of human and rat 11β-HSD1 enzymes contain
12–13 hydrophobic residues, in the case of bioactive substances, the more lipophilic a
molecule is, the better it will be able to bind to the hydrophobic cavity. In contrast, lipopho-
bic substances will have less ability to do so. With this in mind, it is not surprising that
increased lipophobicity within the structure of a molecule can have an inhibitory effect on
its activity.

The increased substitute group size on the benzene ring of BPA, specifically from
methyl to benzyl, in relation to the inhibitory effect on substances such as DMBPA, DABPA,
BPG, and BPH presents an interesting perspective on chemical structure and its impact
on behavior. It appears from the study that with a large size substitution on the benzene
ring, there is an increased inhibition (BPH > BPG > DABPA > DMBPA) when compared
to BPA. This inhibition is possibly due to an increase in lipophobicity. It is true that the
benzyl substitutions on the benzene ring, as in BPH, significantly increase the LogP value.
Although BPG and DABPA have the same carbon number, the double bond allyl group
in DABPA causes the reduction in LogP, thereby leading to a weaker inhibition than BPG.
Interestingly, the ether in BPAME significantly increases the LogP (4.04 in BPAME vs. 3.42
in BPA), thereby increasing the inhibitory strength when compared to BPA.

The study also noted that TMBPA was weaker than DMBPA to inhibit human and
rat 11β-HSD1 enzymes, despite having an extra methyl group, which would generally
increase lipophobicity (LogP: 4.66 in TMBPA vs. 4.04 in DMBPA). The reasoning is that the
additional methyl group may increase the space hindrance. This essentially means that
the extra group creates more spatial challenges for the molecule to interact with its target,
which could result in less activity.

In this study, unlike human 11β-HSD1, we found that BPA analogues are much weaker
in their ability to inhibit rat 11β-HSD1 when compared to BPA. For example, when the
IC50 values are compared, BPH is about 99 times more potent to inhibit human 11β-HSD1
than rat 11β-HSD1, and BPG is about 21 times more potent to inhibit the human enzyme
than the rat enzyme (Table 2). Although the exact mechanism of the species difference
remains unclear, previous studies have identified a species-dependent difference for 11β-
HSD1 inhibitors [21]. This could be the substrate affinity difference. CORT is the major
glucocorticoid in rats, whereas cortisol is the major glucocorticoid in humans, thereby
limiting the use of these most commonly used rodents to study effects on glucocorticoid
metabolism. Our docking analysis for the steroid binding pocket for 11β-HSD1 enzymes
also shows that human 11β-HSD1 with cortisol has a larger binding cavity than the rat
isoform (Fig.S4). This could explain why the increased substitution group size on the
benzene ring (isopropyl group for BPG and benzyl group for BPH) cannot well fit the
smaller binding cavity of rat 11β-HSD1.

The human and rat 11β-HSD1 enzymes belong to the SDR family, which has catalytic
residues Ser . . . Tyr-X-X-X-Lys [16]. Docking analysis showed that all BPA analogues bind
to the steroid catalytic cavity, mostly contacting these catalytic residues, indicating that
they are competitive or mixed/competitive inhibitors. Ser residue in the catalytic triad
domain Ser . . . Tyr-X-X-X-Lys has been indicated to play a critical role in the proton transfer
between cortisone and NADPH, and the mutation of Ser170 inactivates 11β-HSD1 [22].
The binding to Ser residue in human 11β-HSD1 by BPG and BPH indicates that BPG and
BPH are more potent than four other BPA analogues to inhibit human 11β-HSD1, since
four other BPA analogues do not bind to Ser170 residue.

Although the crystal structure of human 11β-HSD1 is available, the structure of rat
11B-HSD1 remains unavailable. This presents a challenge for studying the effects of BPA
analogues on this enzyme in rats. However, after analyzing the differences and similarities
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between rat and human 11β-HSD1, we noted a subtle difference between the two: the
binding pocket size of human 11β-HSD1 is larger than that of the rat enzyme (Figure S4). It
remains unclear whether this difference contributes to the distinct species difference that
has been observed.

In addition, it has been found that binding energy, or the energy required for the
compound to form a stable complex with the enzyme, is positively correlated with IC50.
This suggests that compounds with stronger binding affinity to 11β-HSD1 are also more
effective inhibitors.

It is important to note that the use of BPA analogues does not necessarily mean that
they are a safe alternative to BPA. This study found that the inhibitory strength of BPA
analogues was BPH > BPG > DABPA > DMBPA > BPAME > TMBPA = BPA, indicating
that they are more potent to induce dysfunction due to cortisol deficiency. However, only
BPH has a sub-micromolar IC50 value, while others are much weaker, indicating that other
BPA analogues except BPH might be safe. It is emphasized that care should be taken when
extrapolating results obtained from the rat model to humans.

The inhibition of 11β-HSD1 may lead to adverse effects. Cortisol is an important
hormone involved in the body’s stress response, and inhibition of 11β-HSD1 can result
in cortisol deficiency. This can lead to adverse effects such as fetal lung development
disorders, excessive ACTH stimulation, and liver fibrosis.

BPA analogues also target other steroidogenic enzymes. For example, BPA or BPA
analogues can inhibit human and rat 11β-HSD2 (another 11β-HSD1 isoform with the
opposite catalytic reaction) [23,24], human placental 3β-HSD1 (an enzyme for the con-
version of pregnenolone to progesterone) [25], human and rat CYP17A1 and aromatase
activity [25,26].

We also predicted that the aqueous solubility level was BPA > BPAME = BPG = DABPA
= DMBPA= TMBPA > BPH, and they were found to be able to transport across the BBB and
inhibit the drug metabolic enzyme CYP2D6, except TMBPA. In addition, BPH and BPG had
lower absorption levels in the human intestine and all had hepatotoxic potential. These
results suggest that these chemicals might target the tissues to inhibit 11β-HSD1.

4. Materials and Methods
4.1. Materials and Chemicals

11-dehydrocorticosterone (DHC), corticosterone (CORT), cortisone, and cortisol were
obtained from Steraloids (Newport, RI, USA), BPA (CAS#: 80-05-7, CAT# 239658, purity
99%), dimethyl sulfoxide (DMSO), G6P, and NADPH from Sigma-Aldrich (St. Louis, MO,
USA), 4,4′-(propane-2,2-diyl)bis(2-isopropylphenol) (BPG, CAS# 127-54-8, CAT# BD297061,
purity 95%), 4,4′-(propane-2,2-diyl)bis(methoxybenzene) (BPAME, CAS# 1568-83-8, CAT#
R118631, purity 95%) and 2,2′-diallyl BPA (DABPA, CAS# 1745-89-7, CAT# R039218, pu-
rity 85%) from Rhawn (Shanghai, China), 2,2-bis(2-hydroxy-5-biphenylyl)propane (BPH,
CAS# 24038-68-4, CAT# B2750, purity 98%) and 2,2-bis(4-hydroxy-3-methylphenyl)propane
(DMBPA, CAS# 79-97-0, CAT# B1567, purity > 98%) from TCI (Shanghai, China), and 2,2-
bis(4-hydroxy-3,5-dimethylphenyl)propane (TMBPA, CAS# 5613-46-7, CAT# 409830, purity
98%) from JK Chemical (Beijing, China). The human 11β-HSD1 enzyme in the human liver
microsome (CAT# H2610) was obtained from Iphase (Beijing, China). The rat 11β-HSD1
enzyme in the rat liver microsome was prepared from livers of male Sprague-Dawley rats
(age 3 months) from Shanghai Laboratory Animal Center (Shanghai, China) under the
approval of the Wenzhou Medical University Institutional Animal Care and Use Committee
(wydw2020-0801).

4.2. Preparation of Rat Liver Microsomes

The preparation of rat liver microsomes was carried out as previously reported [17].
In this preparation procedure, rat livers were homogenized in sucrose (0.25 M) containing
PBS (0.01 M, pH 7.2). The homogenized samples were sequentially centrifuged at 700× g
for 30 min, at 14,500× g for 30 min, and at 105,000× g for 60 min twice to produce the
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microsomal pellet. The pellets were resuspended in cold PBS by homogenization, and the
concentration of microsomal protein was determined using the Bio-Rad Protein Assay Kit
(CAT#: P0010; Beyotime, Jiangsu, China) according to the manufacturer’s instructions.

4.3. 11β-HSD1 Assay

The 11β-HSD1 activity was determined by measuring the reductive catalysis of 11keto-
steroid substrates, cortisone for human 11β-HSD1 and DHC for rat 11β-HSD1, which were
converted to cortisol and CORT, respectively. The 11β-HSD1 assay was carried out as
previously described with a minor modification [17]. Briefly, a 100 µL reaction mixture
containing cortisone or DHC, NADPH (0.2 mM)/G6P (1 mM), an enzyme source (1 µg
human liver or 5 µg rat liver microsome) or a BPA analog was reacted in a shaking water
bath (75 rpm) at 37 ◦C. The following steps were designed: (1) Determination of time course
of 11β-HSD1 reaction: 200 nM cortisone or DHC in the assay system for 0, 15, 30, 60, 90,
and 120 min; (2) Determination of Michaelis-Menten kinetics: 0, 0.25, 0.5, 1, 2, 3, and 4 µM
cortisone or DHC in the assay system for 15 min; (3) Screening assay: 200 nM cortisone
or DHC and 100 µM BPA analog in the system for 15 min; (4) Half-maximum inhibitory
concentration (IC50) assay: 200 nM cortisone or DHC and 0.1, 1, 5, 10, 25, 50, or 100 µM BPA
analogues in the system for 15 min; (5) Mode of action assay: 0, 0.25, 0.5, 1, 2, 3, and 4 µM
cortisone or DHC, and 0–50 µM BPA analogues in the system for 15 min. At the end of the
reaction, acetonitrile (200 µL, CAT#: UN1648; Sigma) and internal standard testosterone-d5
(IS, T-d5, 10 µL, Zzbio, Shanghai, China) were added to the system, the organic layer was
extracted, and 10 µL was injected into the HPLC-MS/MS system to measure cortisol, or
CORT, as previously described [27].

4.4. Determination of Cortisol and CORT by HPLC-MS/MS Method

The amount of cortisol, or CORT, in the organic layer was determined using an Acquity
UPLC equipped with a BEH C18 column (2.1 mm, 50 mm, 1.7 m) and a 0.2 mm stainless
steel frit filter and an XEVO TQD triple quadrupole mass spectrometer (Waters, Milford,
MA, USA), as previously described [28]. The mobile phase was a mixture of solvents
A (0.1% formic acid in water) and B (acetonitrile) combined in the following gradient
program: 5–5% B (0–0.5 min), 5–95% B (0.5–1.0 min), 95–95% B (1.0–2.0 min), and 95–5% B
(2.0–2.1 min). The injection volume was 6 µL, and the flow rate was 0.40 mL/min. Before
the second injection, a re-equilibration period of 0.9 min was set. The temperatures were
4 ◦C for the sample and 40 ◦C for column. Mass spectrometric detection was carried
out using a Waters Corporation XEVO TQD triple quadruple mass spectrometer with an
ESI source. For cortisol and IS, the multiple reaction monitoring mode transitions were
m/z 358.3→340.3 and m/z 237.2→194.3. Data collection and instrument control were
performed using Masslynx 4.1 software (Waters Corp., Milford, MA, USA). Cortisol, or
CORT, standards were prepared by dissolving them in methanol. The intra- and inter-assay
coefficients of variation for cortisol or CORT were less than 10%. The enzymatic activity
obtained by measuring the conversion rate (%) of cortisone to cortisol for human 11β-HSD1
or DHC to CORT for rat 11β-HSD1 was calculated.

4.5. Analysis of 11β-HSD1 Kinetics and Inhibitory Parameters of BPA Analogues

The time curve of the 11β-HSD1 reaction was prepared by a linear regression using
GraphPad version 8.0 (GraphPad, San Diego, CA, USA). A nonlinear regression fit (curve
fit) using the Michaelis-Menten equation (V = Vmax ∗ [substrate]/(Km + [substrate]), where
V is 11β-HSD1velocity (pmol/mg/min), Vmax is maximal velocity, [substrate] is substrate
concentration, and Km is the Michaelis-Menten constant) was performed by GraphPad,
and Km and Vmax were calculated. Inhibitory effects of BPA derivatives at 100 µM were
compared to the control (DMSO, setting for 100% residual activity). Dose-response was
performed using a range of concentrations of BPA derivatives, and a nonlinear regression
(curve fit) of Log[BPA analog] vs. response (three parameters) was carried out by GraphPad
to calculate the half-maximal inhibitory concentration (IC50). A nonlinear regression in the
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enzyme kinetics–inhibition (mixed model) to judge the mode of action of the BPA derivative
was carried out by GraphPad using the following equation: V = VmaxApp ∗ [substrate]
/(KmApp + [substrate]), where VmaxApp is the adjusted Vmax and KmApp is the ad-
justed Km, VmaxApp = Vmax/(1 + [BPA derivative]/(α ∗ Ki), where [BPA derivative]
is the inhibitor concentration, and KmApp = Km ∗ (1 + [BPA derivative]/Ki)/(1 + [BPA
derivative]/(α ∗ Ki)), where Ki is the inhibition constant. “α” was used to judge the mode
of action: when α is very large, the BPA derivative is a competitive inhibitor; when α is very
small but greater than zero, the BPA derivative is an uncompetitive inhibitor; when α is 1,
the BPA derivative is a noncompetitive inhibitor; when α > 1 or α < 1, the BPA derivative is
a mixed inhibitor. The lineweaver-Burk plot after linear regression was also carried out to
judge the mode of action.

4.6. Molecular Docking Analysis of Human and Rat 11β-HSD1

The crystal structure of human 11β-HSD1 (PDB id:4C7K) with a synthetic inhibitor and
NADP+ as selected docking targets [29]. AlphaFold2-generated structure of rat 11β-HSD1
(AF-P16232-F1-model_v4, credibility of 94.7%) based on murine 11β-HSD1 crystal struc-
ture [30] was selected for the rat target as described [31,32]. The protein structures of human
11β-HSD1 and rat 11β-HSD1 were optimized as previously described [33,34]. ProCheck
software was used to verify the anticipated 3D structures by creating the Ramachandran
plot [34]. Cortisone, DHC, and BPA analogues were drawn using ChemBioDraw Ultra
12.0 (Cambridge, UK). The cortisone-binding cavity of human 11β-HSD1 and the DHC-
binding cavity of rat 11β-HSD1 were predicted using Proteinplus Server [35]. Docking
simulation analysis was carried out by Autodock 4.0 as described [36], and conformation of
a chemical with the lowest binding energy (∆G as kcal/mol) was calculated. Superimposed
3D structure was illustrated by PyMOL software v2.3.2, and superimposed 2D structure
was illustrated by LigPlot as described [37]. After docking with human 11β-HSD1, the
11β-hydroxy group of cortisol forms hydrogen bonds with key catalytic residues Ser170
and Tyr183 of human 11β-HSD1, which agrees with a previous reported result [38]. After
docking with rat 11β-HSD1, the 11β-hydroxy group of DHC forms key catalytic residues
Ser166 and Tyr179 of rat 11β-HSD1, supporting a reliable structure conformation with
murine 11β-HSD1 structure [30].

4.7. Bivariate Correlation Analysis for Structural Features of BPA Analogues with IC50 Values

Structural features, including hydrogen bond donor, hydrogen bond acceptor, heavy
atoms, hetero atoms, LogP, fraction sp3, ring number, and molecular weight (MW), were
obtained from the ZINC database [39]. ∆G was obtained from the docking analysis above.
The bivariate correlation between LogP, MW, and ∆G and IC50 values of each BPA analogue
was analyzed by Pearson correlation analysis.

4.8. Drug Metabolism and Pharmacokinetics Prediction

In this study, we used Discovery Studio software v19.1.0 (Omaha, NE, USA) to predict
the drug metabolism and pharmacokinetics (ADMET) parameters of seven bisphenols.
Physical descriptors such as aqueous solubility, blood–brain barrier (BBB) penetration, hu-
man intestinal absorption (HIA), hepatotoxicity, cytochrome P450 2D6 (CYP2D6) inhibition,
and plasma protein binding (PPB) were generated from the analysis (Supplementary Table S3).

4.9. Statistics

The experiments were repeated four to six times. The inhibitory potency of BPA ana-
logues at 100 µM was compared by a one-way ANOVA, followed by a post hoc Dunnett’s
multiple comparisons test to judge any significant difference between BPA analogues and
the control. The significant difference in IC50 values between each BPA analog was judged
by one-way ANOVA followed by a post hoc Turkey’s multiple comparisons test. Data
were presented as means ± SEM, and differences were statistically significant at * p < 0.05,
** p < 0.01, and *** p < 0.001.
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5. Conclusions

In conclusion, in this study, we found that 11β-HSD1 is a new potential target of BPA
analogues. BPA analogues with substitutions on the benzene ring significantly increase
the binding to human 11β-HSD1, thereby leading to more potent inhibition of the enzyme
activity. The inhibitory strength of BPA analogues was BPH > BPG > DABPA > DMBPA >
BPAME > TMBPA = BPA, indicating that they are more potent to induce dysfunction due
to cortisol deficiency. However, there is species-dependent inhibition with the rat enzyme,
which is insensitive to BPA analogues. Hydrophobicity seems to determine the inhibitory
strength of BPA analogues on both enzymes. Docking analysis reveals the binding potency
of BPA analogues to 11β-HSD1 might depend on lipophilicity, molecular weight, molecular
volume, and heavy atoms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28134894/s1. Table S1. Information of bisphenol A and its
analogues. Table S2: ZINC Information of bisphenol A and its analogues. Table S3: Drug metabolism
and pharmacokinetics of bisphenol A analogues. Figure S1. Molecular docking of bisphenol A
analogs with human 11β-HSD1. Figure S2. The Ramachandran figure illustrates the phi-psi torsion
angles for human 11β-HSD1 (A) and rat 11β-HSD1 (B). Figure S3. Molecular docking of bisphenol
A analogs with rat 11β-HSD1. Figure S4. Binding cavity of human and rat 11β-HSD1 enzymes.
Figure S5. Bivariate correlation analysis for structural features of BPA analogues with IC50 values
on human 11β-HSD1 enzyme. Figure S6. Bivariate correlation analysis for structural features
of BPA analogues with IC50 values on rat 11β-HSD1 enzyme. Figure S7. ADMET prediction of
BPA analogues.
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