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ARTICLE INFO ABSTRACT
Keywords: The disruption of thyroid hormone homeostasis by hexabromocyclododecane (HBCD) in rodents is hypothesized
HBCD‘ to be due to HBCD increasing the hepatic clearance of thyroxine (T4). The extent to which these effects are
Thyroid hormones relevant to humans is unclear. To evaluate HBCD effects on humans, the activation of key hepatic nuclear re-
PXR ceptors and the consequent disruption of thyroid hormone homeostasis were studied in different human hepatic
HepaRG . . . . .
Spheroids cell models. The hepatoma cell line, HepaRG, cultured as two-dimensional (2D), sandwich (SW) and spheroid
Sandwich (3D) cultures, and primary human hepatocytes (PHH) cultured as sandwich were exposed to 1 and 10 uM HBCD
and characterized for their transcriptome changes. Pathway enrichment analysis showed that 3D models, fol-
lowed by SW, had a stronger transcriptome response to HBCD, which is explained by the higher expression of
hepatic nuclear receptors but also greater accumulation of HBCD measured inside cells in these models. The
Pregnane X receptor pathway is one of the pathways most upregulated across the three hepatic models, followed
by the constitutive androstane receptor and general hepatic nuclear receptors pathways. Lipid metabolism
pathways had a downregulation tendency in all exposures and in both PHH and the three cultivation modes of
HepaRG. The activity of enzymes related to PXR/CAR induction and T4 metabolism were evaluated in the three
different types of HepaRG cultures exposed to HBCD for 48 h. Reference inducers, rifampicin and PCB-153 did
affect 2D and SW HepaRG cultures’ enzymatic activity but not 3D. HBCD did not induce the activity of any of the
studied enzymes in any of the cell models and culture methods. This study illustrates that for nuclear receptor-
mediated T4 disruption, transcriptome changes might not be indicative of an actual adverse effect. Clarification
of the reasons for the lack of translation is essential to evaluate new chemicals’ potential to be thyroid hormone
disruptors by altering thyroid hormone metabolism.
1. Introduction to bioaccumulate and biomagnify and its possible endocrine disruptive

properties, led to the inclusion of HBCD in the list of Substances of

Hexabromocyclododecane (HBCD) is a mixture of very lipophilic and Very-High Concern of the Stockholm Convention (ECHA, 2008).
(thermo)stable diastereomers and was the third most used brominated Although this classification has led to a decrease in worldwide HBCD
flame retardant by 2001, accounting for 8.2 % of total market demand production, emissions of HBCD will continue due to HBCD’s persistency
(Alaee et al., 2003; Morose, 2006; Nixon, 1997). However, its potential in the environment and the long shelf-lives of products containing HBCD
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(Li and Wania, 2018).

Concerns about HBCD being an endocrine disruptor, specifically of
thyroid hormones, came after chronic and subchronic toxicity studies in
rats showed increased liver weights, changed thyroid morphology,
reduced thyroxin (T4), and increased thyroid stimulating hormone
(TSH) levels (Ema et al., 2008; van der Ven et al., 2006). Additionally,
HCBD induced the expression and activity of biotransformation enzymes
CYP2B, CYP3A and UGT, affected membrane transporters’ expression
and decreased the expression of genes involved in cholesterol biosyn-
thesis and lipid metabolism in the liver (Canton et al., 2008; Farmahin
etal., 2019; Germer et al., 2006; Shockley et al., 2020; van der Ven et al.,
2006). The profile of hepatic enzymes induced by HBCD points to the
activation of hepatic nuclear factors pregnane X receptor (PXR) and
constitutive androstane receptor (CAR) (Daujat-Chavanieu and
Gerbal-Chaloin, 2020).

Fig. 1 summarizes the hypothesized mechanism in literature by
which HBCD disrupts thyroid hormone homeostasis in the liver (Hen-
nemann et al., 2001; Jansen et al., 2005; Noyes et al., 2019; van der Spek
et al., 2017). PXR/CAR activation induces the expression of membrane
transporters including MCT8 and OATP1B1, and the activity of phase 2
enzymes, UGTs and SULTs. Higher levels of these transporters and
elevated enzymatic activity may enhance T4 clearance. Less T4 is sub-
sequently converted into the biologically active triiodothyronine (T3),
leading to increases in thyroid stimulating hormone (TSH) levels, the
overactivation of the thyroid and disruption of thyroid hormone
signaling pathways. Other PXR/ CAR inducers such as rifampicin, car-
bamazepine and phenytoin, have been associated to thyroid hormone
disruption in human patients in clinical cases, corroborating the rele-
vance of this mechanism of thyroid hormone disruption for humans
(Christensen et al., 1989; Curran and Leslie, 1991; Ohnaus et al., 1981;
Zhang et al., 2016).

However, there is some uncertainty about the translation of HBCD-
induced effect on T4 levels from rats to humans (Foster et al., 2021;
Noyes et al., 2019; Plummer et al., 2021). A 48 h exposure to 25 uM
HBCD led to increased levels of PXR-regulated CYP3A4 mRNA expres-
sion in both rat (H4IIE) and human (HepG2) hepatoma cell lines and
primary rat hepatocytes (Fery et al., 2009). However, in the human
model, HBCD (up to 15 uM) did not induce CYP3A4 activity, while it did
in rat hepatocytes (Fery et al., 2009). Additionally, no transcriptome
changes were observed in an alveolar epithelial cell line (A549) and C3A
subclone of HepG2 exposure to respectively 2 and 4 uM HBCD for 48 h
(Zhang et al., 2015).

Whether HBCD does affect T4 hepatic clearance in human hepato-
cytes specifically has not been tested yet. In fact, in vitro studies of
human hepatic metabolism of thyroid hormones are scarce. Richardson
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Fig. 1. Scheme of the current proposed mechanism through which HBCD af-
fects T4 clearance: 1) HBCD enters the cell and activates PXR and /or CAR
nuclear receptors. The nuclear receptor(s) migrate to the cell nucleus where
together with other transcription factors it activates the transcription of several
genes including UGTs, SULTs, etc. The induction of expression of Phase II en-
zymes and T4 membrane transporters accelerates the overall clearance of T4.
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et al. (2014) studied deiodination, glucuronidation and sulfate conju-
gation using rat and primary human hepatocytes (PHH). These authors
showed that PCB-153, a known thyroid hormone disruptor in rats (Liu
et al., 2012), induced T4 glucuronidation in PHH. More recently, 3D
models of HepaRG cells were tested on their capacity to synthesize
thyroid binding serum proteins and metabolize T4 through glucuronide
or sulfate conjugation (Kiihnlenz et al., 2022). This study illustrated the
potential of using human in vitro hepatocyte models for screening
chemicals disruption of T4 metabolism.

Given the ambiguous effects of HBCD exposure in HepG2 and the
lack of data regarding HBCD effects on T4 hepatic metabolism in human
cell systems, the present study aims to assess HBCD effects on human
hepatic gene expression and activity of enzymes related to PXR induc-
tion and T4 clearance using more hepatic-like human in vitro models.
The expected outcomes of this study were the clarification of whether
HBCD effects are hepatic cell model dependent and if HBCD is a T4
disruptor in humans through hepatic mechanisms. HepaRG cells, a
human hepatoma cell line known for its robust hepatic phenotype, and
primary human hepatocytes (PHH) from mixed donors were used to
study these effects (Gerets et al., 2012; Guillouzo et al., 2007). In
addition to the standard 2D monolayers, HepaRG cells were cultured as
sandwich (SW) cultures and spheroids (3D), which enhances the cell-cell
and cell-ECM interactions, resulting in a more hepatocyte-like pheno-
type compared to 2D cultures (Gunness et al., 2013a; Mueller et al.,
2014; Wang et al., 2014). The concentrations of 1 and 10 uM HBCD were
used based on the previous in vitro studies (Germer et al., 2006; Hamers
et al., 2006; Wang et al., 2016; Zhang et al., 2015). To assess the effects
of HBCD on these hepatocyte models and culture techniques, we first
evaluated the transcriptomic response and secondly, we measured
enzyme activity levels for CYP3A4, UGTs and T4 glucuronidation, sul-
fation and deiodination. For validation of the induction of CYP3A4 ac-
tivity we used rifampicin and for induction of T4 glucuronidation we
used PCB-153, as this chemical has been shown to increase T4 glucur-
onidation in human hepatocytes (Richardson et al., 2014). Finally, the
concentration of the three HBCD isomers, o, p and y HBCD, was
measured in cells over time to help explain differences in sensitivity to
HBCD between the three HepaRG models. HBCD isomers are differen-
tially cleared (Wang et al., 2021) and lipophilic and therefore cell con-
centrations over time are likely to differ between isomer and cell system
(Kramer et al., 2015; Proenca et al., 2021).

2. Materials and methods
2.1. Chemicals and reagents

An HBCD technical mixture (CAS 134237-5-6) was obtained as a
composite mix through Bromine Science and Environmental Forum
(BSEF) (van der Ven et al., 2006). Dimethyl sulfoxide (DMSO, D8418),
insulin (16634), a-HBCD (30373), rifampicin (R3501), 7-hydroxycou-
marin (U7626), 7-hydroxycoumarin glucuronide (UC263), T4
(T-2501) and collagenase type I (SCR103) were obtained from
Sigma-Aldrich. T3 (T-074), reverse T3 (T-075) and 1-hydroxymidazo-
lam (H-922) were obtained as certified reference materials from Ceril-
liant while T4 glucuronide (T425630) was obtained from Toronto
Research Chemicals and T4 sulfate conjugate (HY-101406) from Med
Chem Express. Midazolam was purchased from Spuyt Hillen. Fetal
Bovine serum (10270-106), 0.05% trypsin-EDTA (25300054), penicillin
and streptomycin (15140-122), glutamine (25030-024),
Insulin-Transferrin-Selenium (ITS, 41400045) and Hank’s balanced salt
solution buffer (HBSS, 14025092) were obtained from Gibco. Williams’
E medium without phenol red and L-Glutamine (A1217-01) was ob-
tained from ThermoFisher and hydrocortisone 21-hemisuccinate
(SC-250130) from Santa Cruz. The 48-well microplates were obtained
from Greiner. The 96-well round bottom (7007), the 24-well flat bottom
(CLS3473-24EA) ultra-low attachment (ULA) plates, the Matrigel
(356231) and rat tail collagen type I (354249) were obtained from
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Corning® Costar®. HepaRG (HPR101) were obtained from Biopredic
and PHH (X008001-P, LiverPooled Cryoplateable Hepatocytes) from
BioIVT. Analytical standards, a-HBCD, 7-hydroxycoumarin, 7-hydrox-
ycoumarin glucuronide, T4, T3, reverse T3, T4 glucuronide and sulfate,
midazolam and 1-hydroxymidazolam were all equal or above 97%
purity.

2.2. HepaRG maintenance and 2D culture

Undifferentiated HepaRG cells (Biopredic) were routinely cultured
up to passage 22 in Phenol Red-free Williams’ E medium supplemented
with 10 % fetal bovine serum, 100 IU/mL penicillin, 100 ug/mL strep-
tomycin, 872 nM insulin, 2 mM glutamine, and 50 uM hydrocortisone
21-hemisuccinate (Gerets et al., 2012; Pomponio et al., 2015). After
reaching confluency, cells were differentiated for ten days in culture
medium supplemented with 1% DMSO. Then, cells were trypsinized and
65,000 cells per well were seeded for 2D cultures in 48 well plates.

2.3. HepaRG SW culture

In SW cultures, first plates were coated with 50 pL of 1.5 mg/mL rat
tail collagen type I. Afterwards, 130,000 cells/well were seeded on top
of the collagen and then overlayed with 50 pL 1.5 mg/mL Matrigel in 48
well plates (Dong and Smith, 2009; Gross-Steinmeyer et al., 2005).

2.4. HepaRG 3D cultures

To create spheroids, 1800 cells were seeded in each well of a 96-well
round bottom ultra-low attachment (ULA) plate and centrifuged for
4 min at 200 xG (Bell et al., 2016; Ramaiahgari et al., 2017).

2.5. Differentiation and exposure of HepaRG cultures to HBCD

The three culture were incubated in DMSO-free culture medium at
37 °C and 5% CO5 and 48 h after the medium was replaced with culture
medium containing 2% FBS and 1 % DMSO (Pomponio et al., 2015).
After 96 h seeding, medium was replaced again and 120 h after seeding
cells were exposed to chemicals. The relatively high percentage of
DMSO in the exposure medium is deemed acceptable since DMSO 1-2 %
is used for hepatocytes differentiation (Gerets et al., 2012). Four-days
after seeding 24 spheroids were pooled and added into each well of a
24-well ULA microplate. Exposure to chemicals was initiated 120 h after
seeding. The exposure scenarios for each assay are summarized in Fig. 2.

2.6. Primary human sandwich hepatocytes

Four batches of mixed-gender primary human hepatocytes pooled
from 10 donors were thawed and 175,000 viable cells were plated in
each well of a 48-well plate in between layers of collagen type I and
Matrigel, using the same protocol as for HepaRG SW cultures. Cultures
were exposed to test chemicals 72 h after seeding.

2.7. Transcriptomics analysis

HepaRG cultures and PHH were exposed to 1 or 10 uM HBCD or
vehicle (1 % DMSO) for 24 h or repeatedly every 48 h. After exposure,
cells were lysed using 1X TempO-Seq Lysis Buffer, and frozen lysates
were shipped to Bioclavis (Glasgow, Scotland) where the TempO-Seq
assay was conducted using the EU-ToxRisk v2.1 panel (3565 probes)
(Limonciel et al., 2018). For 2D and SW HepaRG cultures and PHH, two
wells of the same condition were pooled together while for 3D cultures
only one well was used. Four independent replicates were made for each
condition.
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Unsupervised clustering techniques, principal component analysis
(PCA) (factoextra package®) and a hierarchical clustering (pheatmap
package”) were performed using variance stabilizing transformed read
counts from all cellular models (cell models comparisons) and separate
cell models (exposure specific comparisons). These analyses identified
possible outlier samples. Analyses of differentially expressed genes and
functional analysis were made on separate files per cellular model and
exposure length (24 or 48 h). Normalization of the read counts and
differential expression were performed using the Deseq2 method (Love
et al., 2014) and a design formula that included the biological replicate
and type of exposure (chemical, concentration and length of exposure).

Differential expression (DE) was measured by the Wald-s test,
shrunken following the apeglm method (Zhu et al., 2019), and p-values
adjusted by the Benjamini-Hochberg (FDR) method. Each DE analysis
was evaluated by creating histograms of the p-values, and log2 fold
change (Supplemental Fig. S2). Gene set enrichment analysis (GSEA)
analyses were performed using Webgestalt (Wang et al., 2017) and using
Wikipathways as a database for reference pathways. For GSEA, ranking
of genes was performed based on the sign of log2 fold change and -log10
(p-value). For gene specific analysis, we used DE genes with p-adjusted
values of < 0.05. For enriched pathways, we considered a false discov-
ery rate value < 0.05 as significant.

2.8. CYP3A4 and UGT activity

The three HepaRG cultures were exposed for 24 h to vehicle (1 %
DMSO, minimum level of DMSO required for differentiation), 1 pM
HBCD, 10 uM HBCD, 10 uM rifampicin (prototypical PXR inducer) or
5uM PCB-153 (prototypical inducer of T4 glucuronidation). After
exposure to HBCD or prototypical inducers for 24 h, cells were exposed
again to the same concentration of HBCD or prototypical inducers
together with the CYP3A4 substrate, midazolam (5 uM), the UGT sub-
strate 7-hydroxycoumarin (3 pM), or 1 uM T4. To assess whether sup-
plementation of selenium would increase deiodinase activity of T4,
some experiments were performed with medium supplemented with 5 %
ITS instead of the insulin supplementation, from day 2 of culture and
throughout HBCD, PCB-153 and T4 exposure.

At the start of exposure of substrates or T4 and at each timepoint,
exposure medium samples were collected and diluted in the same vol-
ume of methanol in 1.5 mL short-thread auto-sampler glass vials and
kept in the — 20 °C prior to chemical analysis. The three HepaRG cell
models were exposed to midazolam for 2, 4 and 8 h and 7-hydroxycou-
marin for 1, 2 and 4 h. 2D and SW cultures were exposed for 24 h to T4.
The 3D models were exposed to T4 for 48 h because metabolites were
not detected after 24 h exposure. Cells, in addition to medium, were
collected from HepaRG exposed to T4. For this, 2D HepaRG cultures
were incubated with 100 pL/well 0.05 % trypsin/EDTA at 37 °C for
10 min. Cell suspensions in trypsin/EDTA were transferred to glass
1.5 mL autosampler vials with 100 pL cold acetonitrile. For SW cultures,
2 mg/mL of collagenase type I in HBSS was added to cells and incubated
at 37 °C for 10 min. Then cells with collagenase were collected in
autosampler vials with glass inserts and centrifuged for 10 min and
500xG. The supernatant was carefully removed and 100 pL acetonitrile
was added to cells. For 3D cultures, cells were collected with the
remaining medium to glass vial inserts. Samples were centrifuged for
5 min at 500 xG, the supernatant removed and 100 pL cold acetonitrile
was added to cells. All samples were vortexed and stored at — 20 °C.

2.9. Invitro distribution of HBCD
To evaluate the metabolism and distribution of HBCD in different in

vitro compartments, medium, cells and plastic samples were collected

3 https://cran.r-project.org/web/packages/factoextra/index.html
4 https://cran.r-project.org/web/packages/pheatmap,/pheatmap.pdf
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after 4, 8 and 24 h of exposure to 10 uM HBCD. Medium and cell samples
were collected as referred to in the previous section. To collect the HBCD
associated with plastic, 0.25 mL and 0.5 mL of methanol were added to
each well of the 48-well and 24 -ULA well plates, respectively. Plates
were covered with parafilm and incubated for two hours at room tem-
perature and with 250 rpm orbital agitation. Thereafter, methanol was
transferred to glass vials and stored at — 20 °C.

2.10. Analytical measurements

Standards for LC-MS/MS analysis of a-HBCD, midazolam 1-hydroxy-
midazolam, 7-hydroxycoumarin, 7-hydroxycoumarin glucuronide, T4,
T3, reverse T3 (rT3), T4 glucuronide (T4G) and T4 sulfate conjugate
were prepared in the same matrix as the cell, plastic and medium ex-
tracts. Isomers of HBCD were separated by retention time and assumed
to have the same concentration-signal response as o-HBCD. Before
analysis, extracts were centrifuged for 10 min at 12,000 xG to precipi-
tate and/or separate any protein. A Shimadzu triple-quadrupole system
with two Nexera XR LC-20 CE pumps, a Nexera XR SIL-20AC autosam-
pler, a CTO-20AC column oven, an FCV-20AH2 valve unit, and LCMS-
8050, a GraceSmart RP18 5 uM 150 mm x 2.1 mm (GreatSmart) col-
umn and Luna 3 pM C18(2) 100 mm x 3.0 mm (Luna) column were
used to measure chemical concentrations. Peaks were integrated using
the LabSolution Insight™ software. The LC-MS/MS methods are further
described in Supplemental Table S1.

Technical triplicates for 2D and SW and technical duplicates for 3D
were assessed. Three independent biological replicates for the three cell
models were used. To compare clearance and intracellular accumulation
of HBCD between the cell models, HBCD amounts were normalized to
cell number, and counted using trypan blue staining. Plots and statistical
analysis were performed using GraphPad Prism version 9.0.0 for Win-
dows, GraphPad Software, San Diego, California USA.

3. Results

3.1. Global transcriptomic profiles show differences between models, but
not between controls and HBCD treatment

Using transcriptomics analyses, we assessed the differences in gene
expression levels between unexposed cell models and between HBCD-
exposed and unexposed cell models. PCA of all the samples indicated
that most of the variation in expression levels is contained in PC1
(Fig. 3a). PC1 separated PHH samples from HepaRG models. The sepa-
ration of the 2D, SW and 3D HepaRG cultures was more visible along the
PC2 axis. SW and 3D models clustered closer together than the 2D cul-
tures. Samples of PHH spread across PC2, indicating a larger variation in
expression levels between PHH samples than between HepaRG samples.

To confirm that HepaRG 3D and SW cultures had a more hepatic
phenotype than the 2D cultures, we compared expression levels of key

and 24 h after the second exposure. For the
CYP3A4 substrates experiment, medium sam-
ples were collected 2, 4 and 8 h. For the UGT
substrate experiment, medium samples were
collected after 1, 2 and 4 h. For T4 metabolism
and cellular accumulation, samples of medium
and cells were collected after 24 h in 2D and
SW HepaRG cultures and 48 h in 3D HepaRG
cultures.

Assessment of HBCD effect on
CYP3A4 and UGT activity

Assessment of HBCD effect on
T4 clearance

hepatic genes in unexposed HepaRG and PHH (Fig. 3b). The PXR and
CAR expression levels of 3D HepaRG model were not statistically
different from PHH levels. SW and 2D HepaRG cultures had an identical
expression of these nuclear receptors which was less than 0.5 fold of the
PHH expression levels. Peroxisome proliferator-activated receptor
(PPAR-a) gene expression levels were not statistically different in PHH,
3D and SW HepaRG models after 24 h exposure to vehicle (Ann Barretto
et al.,, 2019; Pavek, 2016; Pavek, 2016). Hepatic Nuclear factor 4-a
(HNF4-a) expression was significantly lower in all HepaRG culture
models compared to PHH. The 3D and SW HepaRG cultures had similar
expression levels, 0.5-0.25 fold lower than PHH, and 2D HepaRG cul-
ture had HNF4-a expression 0.125 fold lower than PHH. There was no
discernible difference in aryl hydrocarbon receptor (AhR) gene expres-
sion levels. (Legendre et al., 2009; Vorrink and Domann, 2014) HIF1-a
was the only gene that was more highly expressed in 2D cultures than in
the other cell models, 2.8 fold higher than PHH. In general, the hepatic
gene expression profile of the 3D HepaRG model most resembled that of
PHH, followed by SW.

The PCA and hierarchical clustering heatmap analysis of the separate
models did not show clustering of samples based on HBCD and vehicle
exposure, indicating that HBCD exposure did not cause extensive
changes in the transcriptome profile (Fig. 3c, d, e and f and Supple-
mental-Fig. S1). For some models, the PCA showed the existence of
clusters based on other factors, such as biological replicate and exposure
duration to HBCD or vehicle The variation in gene expression in PHH
was related to the length of exposure while HepaRG seems to have more
biological replicates inter-variation, especially for the 2D Hep-
aRGcultures (Supplemental-Fig. S1). This analysis together with addi-
tional quality control checks (e.g. p-value histograms, Supplemental
Fig. S2) informed the design for DESeq2 analysis described in the
methods section.

3.2. HBCD induces hepatic nuclear receptor mediated toxicity pathways

In agreement with the unsupervised clustering analysis, DE analysis
indicates that HBCD exposure had limited effects on overall gene
expression (Supplemental Fig. S2 and S3). The PHH cell models appears
to be especially unaffected by HBCD after 48 h exposures. Furthermore,
none of the cell models had a clear relationship between the fold change
of DE genes and concentration or length of exposure to HBCD. Hence,
instead of focusing on individual DE genes (also presented in Supple-
mental Fig. S4 and S5), we investigated global gene changes related to
biological pathways through GSEA. Fig. 4a illustrates the significantly
(p-value<0.05) changed pathways per cell model for at least one of the
exposure scenarios. There was no overlap of any significantly enriched
pathways across all cell models. The nuclear receptors reported to be
induced by HBCD, PXR and CAR, were significantly enriched in all
HepaRG cultures and in SW and 3D HepaRG cultures, respectively.

To explore this further, Fig. 4b gives the enrichment score of these
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Fig. 4. Wikipathways resulting from GSEA of
PHH and HepaRG 2D, SW and 3D models
exposed to HBCD in several conditions: 1 and
10 uM for single dose for 24 h and 1 and 10 pM
for double dose in a total of 48 h. a - Venn di-
agram of the pathways significantly enriched
(FDR<0.05) in each cell model for at least one
exposure conditions. b - Heatmap and dendro-
gram illustrating the pathways hierarchical
clustering (created by pheatmap R function) for
all the pathways significantly enriched at least
in one condition in once cell model. Colors in
heatmap go from red for high positive enrich-
ment score to blue for low negative enrichment
score. White asterisk symbolize significance
(FDR<O0.05).
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pathway analyses across all cell models, timepoints and HBCD concen-
tration (a positive score indicates an upregulated pathway and a nega-
tive score indicates a downregulated pathway). In 3D and 2D HepaRG
models, the PXR pathway has a higher enrichment score after exposure
to 10 yM HBCD than after 1 uM HBCD, suggesting a concentration-
dependent response. The SW models show stronger enrichment at
both concentrations after 48 h than for 24 h. The PXR pathway is not
significantly enriched in the PHH model. PXR activation induces the
transcription of genes of key biotransformation enzymes including
CYP2B6, 3A4/5/7 and UGT1A1 (Supplemental Fig. S4). The 3D and SW
models also show the induction of ABCA1 and ABCBI, important

I-US

TGF-beta signaling in thyroid cells for epithelial-mesenchymal transition

FBXL10 enhancement of MAP/ERK signaling in difiuse large B-cell lymphoma

transporter genes in lipid homeostasis, and HSP90AA1, which encodes
for a chaperone that complexes with PXR or CAR for activating their
responsive elements in the DNA. Furthermore, the PXR gene itself is
induced after HCBD exposure in the SW model. Despite not being
significantly induced in all three HepaRG models, CAR, the metapath-
way biotransformation Phase I and II, Vitamin D receptor (VDR) and
Estrogen metabolism pathways cluster with the PXR pathway, and are
consistently induced upon HBCD exposure. In fact, some of these path-
ways consist of mostly the same genes present in the PXR pathway (e.g.,
CYP3A4, CYP2B6 and ABCBI1) (Supplemental Table S2). The meta-
pathway biotransformation Phase I and II includes hepatic enzymes
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such as AKR1B10 and 1C3, CYP4F3, GRX2, SULT1B1 and 1C2, UGT1A10
and UGT2B15. The VDR pathway also includes SPP1 (secreted phos-
phoprotein 1), SI0O0A9 (S100 Calcium Binding Protein A9), MYC and
SULT1C2, among other genes.

Similarly to ethanol effects on histone modifications, more pathways
were predominantly downregulated after HBCD exposure, including
cholesterol and eicosanoid metabolism (Fig. 4b). Unlike the mostly
upregulated pathways, the downregulated pathways have much less
overlap of genes (Supplemental File 2). Related to these pathways, the
genes CYP2EI and CYP4A11 were the most consistently downregulated
genes. Overall, the profile of these downregulated pathways cluster
points towards HBCD affecting lipid homeostasis and estrogen regula-
tion (Supplemental Figs. S4 and Supplemental Table S2). Additionally,
while all HepaRG models had a significantly enriched cytoplasmatic
ribosomal protein pathway and electron transport chain (OXPHOS sys-
tem in mitochondria) after HBCD exposure, the enrichment direction
was not consistent (Fig. 4b).
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3.3. Effect of HBCD on CYP3A4 and UGT enzyme activity in different
HepaRG models

To assess whether gene expression changes translated into activity
changes, we proceeded to characterize the influence of HBCD and
reference inducers rifampicin and PCB-153 on the activity of CYP3A4,
UGTs and other enzymes involved in T4 metabolism.

In 2D HepaRG culture, CYP3A4 and UGT activity followed first-order
kinetics, as demonstrated by midazolam depletion and 1-hydroxymida-
zolam formation for CYP3A4, and 7-hydroxycoumarin depletion and
glucuronide formation for UGTs (Fig. 5a and d). As expected, rifampicin
induced CYP3A4 in the 2D HepaRG culture. HBCD exposure, however,
did not induce CYP3A4 or 7-hydroxycoumarin glucuronidation. In fact,
10 uM HBCD seemed to slightly decrease the rate of midazolam deple-
tion and its 1-hydroxymidazolam formation.

There was more CYP3A4 and UGT activity in SW cultures, than in 2D
cultures (Fig. 5b and e). Unlike in the 2D HepaRG culture, levels of 1-
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Fig. 5. - Enzymatic activity of 2D, SW and 3D cultures of HepaRG cells after exposure to vehicle control, HBCD and reference inducers, Rifampicin for CYP3A4
induction and PCB-153 for T4 glucuronidation induction. a, b and ¢ - CYP3A4 enzymatic activity as measured by depletion of midazolam and formation of its main
metabolite, 1-hydroxymidazolam (1-OH midazolam); d, e and f - Fold change of 7-hydroxycoumarin (7-OH coumarin) glucuronidation throughout four hours as
measured by the parent compound depletion and metabolite formation in medium. Glucuronidation was calculated as first order kinetics in 2D and SW cultures and
as a zero-order kinetic in 3D cultures g, h and i- Fold induction of T4 glucuronidation based on T4G formation after 24 exposure to the different chemicals relative to
control without Se supplementation (no statistical difference of vehicle control with selenium). Dots and bars represent the average of 3 independent replicates and
standard deviation. Statistical significance was calculated by ANOVA relative to e control and g control with Selenium supplementation.
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hydroxymidazolam in the medium of SW cultures did not steadily in-
crease over time, even decreasing after 4 h exposure to the vehicle
control. Although rifampicin increased midazolam depletion and 1-
hydroxymidazolam formation relative to control, the amount of 1-
hydroxymidazolam decreased after 4 h exposure (Fig. 5b). HBCD did
not affect midazolam depletion in SW cultures, but it affected 1-hydrox-
ymidazolam formation; there was more metabolite in HBCD exposed
wells for all timepoints than in control. Notably, the observed kinetics of
1-hydroxymidazolam result in a recovery of midazolam and metabolite
lower than 100 % after 8 h of incubation (ranging from a minimum of
35-87 % for SW cells exposed to vehicle control and 10 uM HBCD,
respectively). HBCD did not affect 7-hydroxycoumarin depletion in SW
cultures, but it did cause a slight decrease in the formation of its
metabolite (statistically significant for 1 uM).

In the 3D model of HepaRG, HBCD exposure did not affect the
clearance of midazolam or 7-hydroxycoumarin (Fig. 5C and F). Rifam-
picin exposure also did not induce CYP3A4 activity. Substrate depletion

da Total «-HBCD d

o
©
1

Amount (nmoles)
Amount (nmoles)

Total p-HBCD g
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and metabolite formation (not normalized by cell number) were slower
in the 3D system than in the 2D and SW cultures and followed close to
zero-order kinetics, indicating possible saturation of the observed
metabolic pathways. This could explain the absence of change in activity
after HBCD and rifampicin exposure.

To study the effect of HBCD on T4 metabolism, we followed the
extent to which T4 depletion from medium, T4 cellular uptake, and
formation of several metabolites were affected by HBCD exposure.
Despite the role of selenium in deiodination, supplementation of ITS did
not affect T3 and rT3 formation. In general, exposure to HBCD or PCB-
153 did not lead to altered T4 uptake or even total T4 (sum of T4 me-
dium and cells) depletion in any of the three HepaRG cultures (Sup-
plemental Fig. S5). The apparent decrease of T4 recovery in 3D cultures
exposed to 10 pM HBCD or PCB-153 was not statistically significant. In
general, T4 cellular uptake was higher in SW and 3D cultures, respec-
tively 10 % and 14.5 % of the dosed amount compared to 4.9 % in the 2D
cultures. This cellular uptake in SW and 3D cell models caused a slight
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depletion of T4 from the medium after 24 and 48 h, respectively. No rT3
or T4-Sulfate conjugate was detected in any of the cell models and
exposure conditions. There was T3 present in medium samples even
before exposure to cells, as a contaminant (around 0.24 %) of the parent
compound, T4. The residual increase of T3 after exposure to cells was
too close to basal levels (never higher than 0.37 % of dosed T4) to make
an accurate evaluation of differences in T3 formation.

T4 glucuronide was the only quantifiable metabolite in the three
HepaRG models (Fig. 5g, h and i). In the 2D cultures 0.19 % of T4 was
converted to T4G after 24 h. In SW cultures this percentage was 1.29 and
in 3D cultures, after 48 h, T4G amounted to 0.74 % of T4 initial dose. No
effect of either dose of HBCD in the T4G formation in 2D, SW and 3D
HepaRG cultures was found, whereas the positive control PCB-153
significantly increased T4G formation by 3.2-fold in 2D cells. There
was also higher T4G in SW and 3D cultures exposed to PCB-153, but
these levels were not significantly different from controls (p > 0.05,
ANOVA).

3.4. Nominal and cell-associated HBCD concentrations not proportional

To ascertain whether a difference in intracellular HBCD levels be-
tween cell models helps explain differences in HBCD effects between
these models, concentrations of each isomer associated with the cells
after 24 h of exposure to 10 uM of HBCD were analytically determined.

According to the supplier, the HBCD mixture used in this study is
composed of 10.28 % o-HBCD, 8.72 % (-HBCD, and 81.01 % y-HBCD.
Analytically determined levels of a-HBCD and B-HBCD in exposure
medium were reproducible across replicates. However, levels of y-HBCD
in medium after 0 and 24 h exposure varied greatly across biological
replicates for all three cultures (6.4-112 %). In contrast, the amount of
y-HBCD in cells and plastic after 24 h exposure was consistent across
replicates (Fig. 6 and Supplemental Fig. S6).

The recovery of a-HBCD and B-HBCD in the wells without cells
(amount of HBCD in medium and plastic) for the three HepaRG models
was between 80% and 120%; (Supplemental Fig. S6). However, recov-
ery of the total amount of a-HBCD and p-HBCD from 2D and SW cultures
(sum of the amount in medium, plastic and cells) was much lower
(Fig. 6a,d and g). For §-HBCD isomer in 2D and SW cultures, the rate of
depletion of the total amount and the amount in the medium was
similar. This indicates that p-HBCD depletion in the medium was mostly
due to metabolism. Oppositely, the amount of a-HBCD in the medium
decreased more extensively than the total amount of a-HBCD. In this
case a-HBCD depletion is due to two processes, metabolism and distri-
bution to cells. Plastic was not a significant sink (<5 % of the dosed
amount) for any of the three HBCD isomers, especially in the presence of
cells. The amount of total HBCD in cells also never reached more than 5
% of the initial dosed amount. The profile of § and y-HBCD in cells
throughout time, as illustrated in Fig. 6¢, f and i, was similar between the
2D, SW, and 3D cultures; the isomers quickly accumulated in cells
within 4 h, after which they slightly decreased or reached a steady-state.
The profile of a-HBCD accumulation in cells is different between the
culture models; while for 2D and SW cultures, there is a steady state after
4 h of exposure, for 3D cells, there is a continuous increase of a-HBCD.
Normalizing the amount of the HBCD isomers in cells per cell number
shows that the 3D system had the highest intracellular exposure to the
three HBCD isomers (Supplemental Table S4). Cells in SW culture had
slightly higher exposure to HBCD than 2D cells.

4. Discussion

The influence of HBCD on the induction of PXR/CAR pathways and
hepatic biotransformation pathways associated with T4 clearance has
been explored in rodent models. Studies of the effects of HBCD on
human hepatocyte models are few and results are ambiguous. PXR may
be activated by HBCD in human hepatocytes, but changes in gene
expression and activity of key biotransformation enzymes have not been
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reported (Fery et al., 2009; Zhang et al., 2015; Fery et al., 2009; Zhang
et al., 2015). Previous studies used the HepG2 cell line, with poor
biotransformation enzyme induction capabilities (Gerets et al., 2012;
Westerink and Schoonen, 2007). Therefore, the first objective of this
study was to assess what hepatic model would be more suitable for
screening the potential of chemicals perturbing T4 metabolism.

In this study, we evaluated the suitability of HepaRG cell line
cultured as standard 2D, sandwich (SW) and spheroid (3D) cultures. This
evaluation first consisted in the comparison of transcriptome of control
and HBCD-exposed HepaRG cultures and PHH SW cultures. Then we
assessed the activity and induction of biotransformation enzymes of the
HepaRG cultures. The hepatic genes chosen for this characterization,
consisted of Phase 1 and 2 enzymes but also key nuclear receptors. PXR,
CAR, AhR and PPAR-a were included due to being common targets of
hepatic toxicants. Hepatic Nuclear factor 4-a (HNF4-a) was chosen
because it acts as a co-factor of PXR and CAR-mediated transcriptional
activation (Pavek, 2016). Hypoxia-induced factor 1 - (HIF 1-q) is not a
specific hepatic nuclear receptor but is an important inhibitor of some of
the other pathways (e.g. AhR and CAR) (Legendre et al., 2009; Vorrink
and Domann, 2014). Based on our transcriptomics analysis, the 3D
model had the most hepatic phenotype. In line with published literature
(Gunness et al., 2013b; Lauschke et al., 2016), gene expression patterns
in our 3D cultures most resembled those in PHH, especially PXR and
CAR-pathway associated genes. Next, we tested for the thyroid hepatic
metabolism and the activity of CYP3A4 and UGTs, enzymes regulated by
PXR and CAR using prototypical substrates in the three HepaRG models.
In accordance with our gene expression profiles, the enzymatic activity,
normalized to cell number’, was significantly higher in 3D cultures
compared to 2D and SW cultures (Supplemental Table S3). However, in
contrast to 2D and SW cultures, no induction of CYP3A4 and T4 glu-
curonidation by prototypical inducers rifampicin and PCB-153 was
observed. The 3D model had low cell numbers relative to exposure
medium volume, which resulted in easy enzyme saturation at the tested
substrate concentrations and therefore hampered the detection of ac-
tivity induction.

To our knowledge, there are only few studies of T4 clearance in
human hepatocytes specifically (Kiihnlenz et al., 2022) in PHH and in a
co-culture of HepaRG (Richardson et al., 2014). Taking into account the
different number of cells, the T4 depletion, intracellular uptake and
glucuronidation, are similar between the PHH used in Richardson et al.
(2014) and the HepaRG culture used here, especially in SW and 3D
cultures. The co-culture model of Kiithnlenz et al. (2022) also did detect a
quantity of T4 comparable to the SW and 3D HepaRG cultures used in
this study. However, in our HepaRG cultures there was no detection of
T4S, possibly due to the relative high limit of quantification. Kithnlenz
et al. (2022) did not report the formation of T3 and rT3 in their HepaRG
co-cultures and with the HepaRG used here, rT3 was not detected and T3
formation was considered insignificant. The addition of selenium to the
medium, which is essential for the synthesis of selenoproteins such as
deiodinases (Schomburg, 2012), did not affect the deiodination of T4.
On the other hand, PCR data (not shown here) revealed that HepaRG
expresses deiodinase-1 (DIO-1) and OATP1B1 mRNA and so, these cells
should be capable of representing all the T4 metabolic pathways
observed in vivo. In summary the setup for the 3D cultures improved the
phenotype but, in this case, reduced the sensitivity to detect inducers in
metabolite depletion experiments. This capacity to detect enzymes ac-
tivity induction is essential for identifying T4 metabolism disruptors and
so, in our study 2D and SW appear to be more suitable models. Still, for
future studies screening for chemicals disrupting T4 metabolism, me-
dium  composition, including selenium formulations and

5 For better clarity herein we emphasize the difference between the intrinsic
metabolic activity, which is related to the expression of the enzymes, and the
metabolic capacity of the cell models, which depends on the intrinsic metabolic
activity and the ratio number of cells/volume of medium.
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thyroxin-binding globulin, should be first optimized.

Finally, using the three different HepaRG models, we sought to
clarify the effects of HBCD in human hepatocytes. However, since the
three HepaRG models’ set-up and metabolic capacity differs, the eval-
uation of HBCD intracellular exposure in the different cell models is an
important step to understand the differences sensitivities to HBCD ef-
fects. In general, the profiles of HBCD isomers metabolism in this study
are similar to what was previously observed in the literature, the isomers
are differently metabolized and are highly bioaccumulative (Erratico
et al., 2016; Wang et al., 2021). For y-HBCD, the variation in medium
hampered the evaluation of the clearance rate and cellular uptake. Since
the samples of y-HBCD in cells and plastic for the same experimental
wells did not had such problematic variation and neither did the samples
for the two other HBCD isomers, the issue appears to be analytical. The
cause for the issue in the analytical detection of y-HBCD was not iden-
tified but could be related to the fact that each diastereomer of HBCDS is
also a mixture of stereoisomers (Erratico et al., 2016). The 3D model
appears to have much higher intracellular exposure than SW and 2D,
possibly due to their relative low cell numbers (fewer cells to collect
HBCD from medium (Giilden et al., 2001)), but also the low ratio of the
number of cells and volume of medium, which results in a lower
metabolic capacity of the model. Although the exposure of PHH to HBCD
was not measured, it is expected it had the lowest exposure due to the
higher numbers of cells and higher cells’ intrinsic metabolic activity
(based on PHH hepatic enzymes gene expression and in house data for
enzymatic activity for specific substrates). It should be noted that we
evaluated the uptake and clearance only for the first 24 h of exposure,
while a second exposure (as performed with transcriptomics and enzy-
matic activity assays) causes more cellular accumulation of HBCD on top
of the already accumulated amount.

First the effect of HBCD on the hepatic cell models was evaluated
through transcriptomics, more specifically, by performing a GSEA. Of
the three HepaRG models, SW and 3D cultures appear to have the most
pathways significantly enriched after HBCD exposure. The low number
of pathways significantly enriched by HBCD in 2D HepaRG model was
possibly due to lower expression of relevant hepatic nuclear receptors
and enzymes, and/or lower intracellular exposure to HBCD. The small of
effect of HBCD on PHH transcriptome might indicate the different cell
types have different sensitivity to HBCD. However, the holistic analysis
of changed pathways in all models, concentrations, and timepoints, as
shown in Fig. 4b, shows very consistent similarities, especially for the
cluster of induction of PXR and CAR pathway but also the cluster of
inhibition of ethanol effects on histone modifications. Possible reasons
for the absence of the effect of HBCD on PHH transcriptome are the
lowest intracellular exposure of all models or the higher variability
present in PHH (as observed in PCA). These results highlight the
importance of assessing the actual exposure of cells to the toxicant and
of having a high number of biological replicates in transcriptomics
analysis.

The PXR and CAR pathways are some of the most consistently and
strongly induced pathway by HBCD in HepaRG cells, which corroborates
with earlier studies. The correlation of these two pathways and also
Vitamin D receptor pathway (VDR) is due to a large overlap of the genes
constituting the pathways. PXR, CAR and VDR constitute group I of
subfamily 1. These nuclear receptors have very similar DNA-binding
domains and co-activation of their pathways has been reported
(Pavek, 2016). Whether the interaction of HBCD with other human
nuclear receptors is direct or indirect can be clarified with reporter gene
assays, which has been done for a few nuclear receptors (Hamers et al.,
2006), albeit not for human CAR.

HBCD also downregulated pathways related to lipid metabolism in
the HepaRG models. Especially CYP2E1 and CYP4Al1, enzymes
involved in these pathways, are strongly inhibited. This effect on lipid
metabolism is also corroborated by literature since subacute exposure to
HBCD caused inhibition of PPAR-regulated genes involved in lipid
metabolism in mixed gender rats. In female rats, there was also
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inhibition of genes involved in estrogen metabolism (Canton et al.,
2008). While Canton et al. (2008) discussed that PPAR pathway inhi-
bition could be due to the decrease of T4, this mechanism is unlikely to
occur with the in vitro models used herein. Alternatively, it has been
proposed that the PXR/CAR activation inhibits PPAR-a activation
through competition of coactivator peroxisome proliferator-activated
receptor g coactivator la (Shizu et al., 2021). Since PPAR-« is involved
in lipid metabolism, the inhibition of the pathway possibly explains the
inhibition of cholesterol metabolism and ethanol effects on histone
modifications pathways (Varga et al., 2011). Still, the exact sequence of
events through which HBCD causes lipid metabolism dysregulation in
hepatocytes is not clear. Studies with HepG2 cells exposed to HBCD did
show an accumulation of phospholipids and eicosanoid acids possibly
via inhibition of long-chain fatty acid p-oxidation (Wang et al., 2016).
CYP2E1 is not regulated by PPAR-a but its inhibition could be related to
the decrease of acetone found in the same study. Acetone is a known
inducer of CYP2E1 and a by-product of fatty acids metabolism (Koop
and Casazza, 1985). This data all together point to HBCD being a
possible inducer of metabolic dysfunction associated with fatty liver
disease in humans. This would also explain some of the immune and
stress related pathways (e.g. NRF-2, type II interferon signaling, and
complement system induced by HBCD in this and other studies (Gannon
et al., 2019)).

Given that PXR was the most consistently changed pathway, along
with induction of the CYP3A family, CYP2B6 and UGT1A1, we assessed
the functionality of this pathway by using different functional assays.
These assays showed that the effects of HBCD on the transcriptome did
not translate into enzymatic activity. Induction of CYP3A4 expression by
HBCD did not result in faster oxidation of midazolam in any of the
models. This is in agreement with results obtained with HepG2 exposed
to HBCD (Fery et al., 2009). Similarly, induction of some UGTS
expression did not cause faster glucuronidation of either 7-hydroxycou-
marin or T4. Here, we propose three possible explanations for the lack of
translation of gene expression to activity. Firstly, there are several
processes between mRNA expression and protein synthesis, and trans-
location into the endoplasmic reticulum membrane (Feder and Walser,
2005). One or several of these processes might not proceed propor-
tionally to the increased expression of the specific gene. Another
explanation is based on UGTs being functionally redundant (Soars et al.,
2004). T4, 7-hydroxycoumarin and 1-hydroxymidazolam are substrates
of several UGTs (den Braver-Sewradj et al., 2017; Hyland et al., 2009;
Tong et al., 2007). The slight increase of some of these UGTs might not
reflect on actual higher total glucuronidation, since other mechanisms
(e.g., intracellular uptake of chemical) might be the limiting step. There
are reports of T4 clearance being limited by the rate of cellular transport,
although this is not consensual (Hennemann et al., 2001; Jansen et al.,
2005). A third possible explanation is that HBCD simultaneously binds
to UGTs and/or CYP3A4, inhibiting the activities of these enzymes and
annulling the induction of enzyme activity resulting from a higher
expression of the enzymes (Wei et al., 2016). The abnormal kinetic
profile of 1-hydroxymidazolam in the SW cultures provides some evi-
dence for this hypothesis. Midazolam is metabolized by CYP3A4 into
1-hydroxymidazolam that is eventually glucuronidated (Nguyen et al.,
2016). The absence of a continuous increase of 1-hydroxymidazolam in
the SW cultures exposed to vehicle and rifampicin can be due to glu-
curonidation, which depleted the phase I metabolite. Following this
rationale, the continuous increase of 1-hydroxymidazolam in the
HBCD-exposed cells indicates there is less glucuronidation. The slight
inhibition of 7-hydroxycoumarin glucuronidation (observed only in
metabolite formation) in SW cultures exposed to both concentrations of
HBCD (Fig. 5d) further supports this hypothesis. In fact, HBCD isomers
are metabolized mostly CYP3A4 (Erratico et al., 2016) and in this study,
there are indications of (10 uM) HBCD inhibiting CYP3A4 activity in the
2D cultures (Erratico et al., 2016). Thus, constituting evidence of po-
tential for competitive inhibition. It is noteworthy that rifampicin, here
tested and PXR and CYP3A4 positive inducer, has shown to not induce
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T4 glucuronidation in co-cultures of HepaRG cells (Kiihnlenz et al.,
2022).

In conclusion, despite the evidence that HBCD causes thyroid hor-
mone disruption in rodents by inducing its hepatic metabolism, this
effect does not translate to in vitro models with human hepatocytes.
These results highlight the uncertainties related to translating thyroid
hormone disruptive activities from rodent studies to humans. Unravel-
ing the profiles of human PXR and CAR inducers in inducing different
UGTs and consequently T4 clearance, is a key step to identify potential
human thyroid hormone disruptors. We highlight that, of our knowl-
edge, only PCB-153 has been shown to affect T4 glucuronidation in vitro
human hepatic models. Hence this chemical should be used to study the
relevance of this mechanism of T4 disruption in humans.

The 3D HepaRG cultures had the most hepatic-like phenotype and
thus, it is more promising for studies of inducibility of nuclear receptors
and consequent enzymes upregulation. However, to perform an
adequate assay of enzyme-activity induction, the number of cells per
volume of medium is a factor as important as the hepatic phenotype of
the cells. Therefore, it is a factor that needs equal consideration for
future studies of these endpoints.

Notably, although HBCD may affect additional pathways related to
thyroid hormones kinetics (e.g., displacement of T4 from serum proteins
(Hamers et al., 2006)), epidemiological studies of HBCD exposure have
led to inconclusive results on its effects on thyroid hormones, neuro-
development and reproductive endpoints (EFSA panel on CONTAM,
2021). Given that in our study we found lipid metabolism to be affected
by HBCD across the cell models (Fig. 4), future studies of HBCD effects in
humans should focus on this hallmark and determine if HBCD represents
a risk for liver toxicity in humans.
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