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Abstract: Responding to global standards and legislative updates in Canada, including Bill S-5 (2023),
toxicity testing is shifting towards more ethical, in vitro methods. Traditional two-dimensional (2D)
monolayer cell cultures, limited in replicating the complex in vivo environment, have prompted the
development of more relevant three-dimensional (3D) spheroidal hepatocyte cultures. This study
introduces the first 3D spheroid model for McA-RH7777 cells, assessing xenobiotic receptor activation,
cellular signaling, and toxicity against dexamethasone and naphthenic acid (NA)-fraction components;
NAFCs. Our findings reveal that 3D McA-RH7777 spheroids demonstrate enhanced sensitivity and
more uniform dose–response patterns in gene expression related to xenobiotic metabolism (AhR
and PPAR) for both single compounds and complex mixtures. Specifically, 3D cultures showed
significant gene expression changes upon dexamethasone exposure and exhibited varying degrees of
sensitivity and resistance to the apoptotic effects induced by NAFCs, in comparison to 2D cultures.
The optimization of 3D culture conditions enhances the model’s physiological relevance and enables
the identification of genomic signatures under varied exposures. This study highlights the potential
of 3D spheroid cultures in providing a more accurate representation of the liver’s microenvironment
and advancing our understanding of cellular mechanisms in toxicity testing.

Keywords: cell culture; two-dimensional (2D); monolayer; three-dimensional (3D); spheroids;
dexamethasone; naphthenic acids; receptor activation; apoptosis

1. Introduction

Cell culturing is an important and necessary process in drug discovery, basic science
research, and toxicology studies [1,2]. In Canada, recent changes in legislation, including
Bill S-5 (2023), have introduced significant changes in risk assessment and management
practices to environmental protection, impacting the direction of toxicity testing methods.
Globally, toxicity testing is moving from animal-based studies to in vitro alternatives, based
on the 3R (Replacement, Reduction, and Refinement) approach [3–5]. To date, many cyto-
toxicity and ADME-Tox tests rely on conventional two-dimensional (2D) cell culture [1].
However, 2D cultures are not fully representative of the cellular, molecular, and biochemi-
cal geometry of tissues and organs [6]. In 2D cultures, cells are grown on plastic or glass
substrates, which alters cell morphology, cellular differentiation and proliferation, cellular
polarity [6], extracellular matrix (ECM) protein composition, cellular communication via
cytokines and chemokines, and nutrient, oxygen, and pH gradients [7]. In general, three-
dimensional (3D) cell culture models can better mimic the in vivo microenvironment; they
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can model cell-to-cell interactions and spatial architecture, and allow for the establishment
of nutrient, oxygen, and signaling factor gradients [1,8]. Accumulating evidence in many
organ systems suggests that culturing cells in 3D spheroids can re-establish cell–cell con-
tacts and specific microenvironments that allow them to express a tissue-like phenotype
by aggregating into large (several hundreds of micrometers) spheroids, providing more
physiologically relevant responses for toxicity studies [9].

Multicellular 3D spheroid cultures have been in development since the 1970s [8,10,11]
and have been applied to many organ and tissue cell types, including liver hepatocytes.
Hepatocytes grown as 2D monolayers have a flat, elongated shape which is distinctly
different from their bipolar/stellate shape found in vivo [12,13]. Moreover, 2D monolayers
of hepatocytes have been shown to have reduced activity and expression of genes involved
in drug metabolism [14]. In fact, both activity and gene expression for Phase I and Phase
II enzymes (i.e., cytochrome p450s; CYPs) are significantly decreased during the first
24–48 h in monolayer culture [14–16]. Additionally, in primary rat hepatocytes cultured
as a 2D monolayer, plasma membrane protein distribution [17], canalicular structure, and
membrane transport activity [18] are rapidly lost [19]. However, in gel-based systems, as
well as spheroid culturing, these ultrastructure morphologies and hepatocellular functions
are retained [6,14,19,20].

Within the last decade, 3D culture systems have evolved to extend the cell culture
period and retain hepatocyte function. Ranging from monolayer sandwich culture and
spheroids to more advanced fluidic, reactor, and perfusion-based systems, 3D culturing
techniques have been developed to mimic the in vivo microenvironment of the hepatocyte,
including its response to endogenous and exogenous substrates [9]. Hepatocytes grown
as 3D spheroids have increased interactions with adjacent cells and similar morphology
to hepatocytes in tissues [13,20]. They retain the expression of hepatic secretory proteins
and phase I and II enzymes [13,21,22] and can develop gradients of oxygen, nutrients,
metabolites, and soluble signals, thus creating heterogeneous cell populations (e.g., hypoxic
versus normoxic, quiescent versus replicating cells) [8]. This heterogenous mixture of cells
allows for well-defined geometry and optimal physiological cell–cell and cell–ECM interac-
tions. As such, 3D spheroids of hepatocytes can create a more realistic morphology and
microenvironment for in vitro toxicity testing [13,20]. While there is accumulating evidence
of function retention in 3D hepatocyte models using various liver constructs and fluidic
devices [9,22–27], these culture-based platforms have not been assessed for receptor-based
toxicology assessments [28,29]. To date, most groups have focused on investigating and
validating human cell-based 3D systems [30–34] to investigate drug toxicity (i.e., LD50,
IC50) [35]. While there are fewer studies in non-human mammalian models, rat-derived 3D
liver models for hepatotoxicity testing have focused on either modelling drug-induced liver
injury or their use to support the drug development process [36–40]. There are currently no
studies characterizing mammalian 3D liver models and their responses to xenobiotic expo-
sure, specifically environmental pollutants. As such, it is important to recognize the value
of rat-derived models in the broader context of generalized mammalian wildlife toxicology.
Rat models are crucial for understanding toxicological effects that may impact wildlife
health, ecosystem changes, and environmental monitoring. Importantly, characterizing
and optimizing culture conditions for 3D spheroids will allow for a better understanding
of cellular biology and facilitate the identification of genomic signatures when exposed to
environmental stressors either in the form of complex mixtures or individual toxicants.

In this paper, we compare 2D monolayer and 3D spheroid cultures of an immortalized
rat hepatocyte model (McA-RH7777 cells) and their responses to the synthetic glucocorti-
coid dexamethasone, and a highly complex mixture of naphthenic acid fraction components
(NAFCs; primarily O2 species) extracted [41] from active oil sand process-affected water
(OSPW) sampled from a mining operation within the Alberta Oil Sands Region (AOSR).
NAFCs are considered the primary toxicant component of OSPW and have been extensively
studied in invertebrates and fish; however, there is a significant gap in the understanding
of NAFC-induced effects on mammalian wildlife. We investigated xenobiotic receptor
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activation, cellular signaling and communication, cytotoxicity, and apoptosis in 2D versus
3D spheroid cultures of this cell line.

2. Materials and Methods
2.1. Cell Culture Maintenance

McA-RH7777 cells, an immortalized rat hepatoma cell line (CRL-1601; ATCC, Manas-
sas, VA, USA) were cultured at 37 ◦C in a humidified atmosphere of 95% O2 and 5% CO2
in Dulbecco’s Modified Eagle Media (DMEM 1× with 4.5 g/L glucose, L-glutamine, and
sodium pyruvate; DMEM; Corning, Manassas, VA, USA), supplemented with 10% (v/v)
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 µg/mL streptomycin (Gibco). Unless otherwise noted, experimental
protocols were carried out in DMEM media supplemented as described.

2.1.1. 2D Monolayer Cell Culture

McA-RH7777 cells were grown in 10 mm dishes (Corning). Fresh medium was
provided every 48 h, and cells were sub-cultured when ~80% of the cells were fully adhered
and cells showed a spindle-like morphology. Cells were considered confluent when 80%
of cells were attached to the plate after a minimum of two passages. Confluent cells from
passages 12–13 were used for all 2D monolayer experiments.

For all assays, a 96-well flat-bottom tissue-culture-treated microplate (Corning) was
seeded at a seeding density of 10,000 cells/well (50,000 cells/mL, 250 µL/well). Cells were
allowed to adhere for 24 h, after which cells were exposed to treatment-supplemented
media for 24 h (Figure 1A). All assays were completed between passages 12–13.
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Figure 1. Timeline depicting cell culturing of 2D (A) and 3D (B) McA-RH7777 cells. Images were
taken under a phase-contrast filter and images captured using an AE2000 inverted microscope (Motic,
Hong Kong, China) and Moticam X2 camera (Motic). Images of cellular organization were captured
at 4× objective magnification. Scales rendered on ImageJ (Fiji, https://imagej.net/software/fiji/
(accessed on 8 December 2023)).

For dose–response exposure experiments, confluent cells from passage 12 were seeded
in 6-well plates (Seeding density: 200,000 cell/mL, 2 mL/well; Corning) and grown to 85%
confluency prior to 24 h treatment.

https://imagej.net/software/fiji/
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2.1.2. 3D Spheroid Cell Culture

McA-RH7777 cells were grown in 10 mm dishes (Corning). Fresh medium was
provided every 48 h, and cells were sub-cultured when ~80% of the cells were fully adhered
and cells showed a spindle-like morphology. Cells were considered confluent when 80%
of cells were attached to the plate after a minimum of two passages. Confluent cells from
passages 11–13 were used for all 3D spheroid experiments.

For all assays, an Elplasia® 96-well round bottom ultra-low attachment microplate
(Corning) was seeded at a seeding density of 10,000 cells/well (50,000 cells/mL, 200 µL/well).
Cells were grown for 3 days (72 h) prior to experimentation (Figure 1B). Supplemented
media, as described above, was changed every 24 h by removing 200 µL of media and
replacing with 200 µL of fresh media to each well. On day 4, cells were exposed to
treatment-supplemented media for 24 h.

For dose–response exposure experiments, an Elplasia® 24-well round bottom ultra-
low attachment microplate (Corning) was seeded with 100,000 cells/well in 2 mL of
supplemented media, as described above. Cells were grown for 3 days and were fed with
supplemented media every 24 h. On day 4, cells were exposed to treatment-supplemented
media for 24 h.

We investigated xenobiotic receptor activation, cellular signaling and communication, and
cytotoxicity and apoptosis assessments of 2D versus 3D spheroid modelling of this cell line.

2.2. Preparation of NAFCs

NAFCs were prepared as previously described in Frank et al. (2006) [41]. Briefly,
approximately 2000 L of OSPW was collected from an active tailings pond at Industry A in
2009. The OSPW was stored at 4 ◦C in the dark until extraction commenced within 6 months
of sample collection. NAFCs were extracted, purified, and chemically characterized in
Marentette (2015) [42,43]. NAFC extracts were stored in amber bottles at 4 ◦C.

2.3. Cell Viability

McA-RH7777 cells were seeded in 96-well plates (2D: 96-well flat-bottom tissue-culture-
treated microplate; 3D: Elplasia® ULA round-bottom 96-well plate; Corning) at a density of
105 cells/mL. Cells were allowed to attach for 24 h and were then treated in duplicate with
vehicle (DMEM, control) or NAFCs [0.0025, 0.025, 0.25, 2.5, 1.25, 12.5, 25, 125, 250 mg/L]
(n = 6 independent experiments) in supplemented DMEM. NAFC treatments were prepared
by serial dilution of stock [2504 mg/L] in DMEM supplemented as described above. After
24 h of treatment, cell viability was determined using AlamarBlue® (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s instructions. Absorbance was read at
570 and 600 nm using a Synergy H4 Hybrid Reader (BioTek, Winooski, VT, USA).

2.4. Cell Culture Treatments

McA-RH7777 cells were treated for 24 h with vehicle (DMEM, control), 1µM dexam-
ethasone, or NAFCs [0.25, 1.25, 12.5, 25, 125 mg/L] (n = 6 independent experiments) [41]
in supplemented DMEM as described above. Dexamethasone [1 µM] (Sigma, St. Louis,
MO, USA), a synthetic glucocorticoid receptor agonist, was selected to assess the effects
of GR activation on 2D monolayer and 3D spheroid cultures of McA-RH7777s. There is
extensive literature characterizing the effects of glucocorticoids on hepatic function [44,45].
Additionally, it is well established that the glucocorticoid receptor (GR)—when activated—
can crosstalk between activated forms of the aryl hydrocarbon receptor (AhR) [46] and
hepatic peroxisome proliferator-activated receptors alpha [47] and gamma [48,49] (PPARα
and PPARγ). The concentrations of NAFCs [1.25, 25, and 125 mg/L] were chosen to
include the range of naphthenic acid concentrations reported in OSPW, surface waters,
wetlands, and groundwater from the Alberta Oil Sands Region [42,43,50–53]. The 24 h ex-
posure represented a timepoint where functional changes in gene exposure were previously
observed [54]. Cells were treated as described in Sections 2.1.1 and 2.1.2.
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2.5. Real-Time Quantitative PCR

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed to deter-
mine changes in gene expression of GR, AhR, PPARα, and PPARγ pathways to examine
the impact of 2D versus 3D culture conditions on receptor-mediated changes in xeno-
biotic metabolism as well as lipid and energy homeostasis, particularly in response to
toxicant exposure.

Downstream mRNA expression of genes transcriptionally regulated following acti-
vation of AhR [Cyp1a1, Tiparp], PPARα [Angptl4, Cpt1a, Cd36], PPARγ [Pgc1α, Fabp4, Lpl],
and GR [Sgk1, Gilz] were assessed. In the AhR pathway, Cyp1a1 (cytochrome p450 family
1 subfamily A member 1) plays a pivotal role in xenobiotic metabolism and serves as a
primary responder to environmental toxins [55]. Tiparp (TCDD inducible polyADP-ribose
polymerase), another AhR target is crucial for modulating the transcriptional activity of
AhR and subsequent detoxification processes [56]. We evaluated the downstream target
genes of PPARα and PPARγ activation as these pathways are key for nutritional sensing in
hepatocytes [48]. Among the genes regulated by PPARα activation, Angptl4 (angiopoietin-
like 4) is a prominent metabolic regulator playing roles in glucose tolerance and lipid
homeostasis [57–60]; Cpt1a (carnitine palmitoyl transferase 1A) is a key regulatory enzyme
in mitochondrial fatty acid oxidation; and Cd36 (fatty acid translocase) is a vital transporter
for fatty acid uptake [61]. For PPARγ, Pgc1α (peroxisome proliferator-activated gamma
coactivator 1-α) was included for its role in regulating mitochondrial biogenesis and energy
metabolism [62]. Fabp4 (fatty acid binding protein 4), a critical gene in lipid transport and
adipocyte function, and Lpl (lipoprotein lipase), which is involved in lipoprotein lipase
activity, were also assessed [63]. Lastly, in the GR pathway, Sgk1 (serum glucocorticoid
regulated kinase 1) was chosen for its involvement in ion transport and cellular stress
responses [64], while Gilz (glucocorticoid-induced leucine zipper) is known for its anti-
inflammatory effects and regulation of glucocorticoid responses [65–67]. These gene targets
were thus integral to comprehensively evaluate the molecular dynamics under the different
cell culture conditions and provide insights into the differential regulatory mechanisms of
2D versus 3D cultures.

To assess changes in cellular signaling and communication, we investigated connexins
[Cx26, Cx43]. Connexins [68–70] are a class of trans-membrane proteins that create a gap
junction between adjacent cells to facilitate intercellular communication and the transfer of
ions and small signaling molecules between cells [71]. Additionally, Cx26 is involved in
regulation of ATP–calcium signaling, energy supply, invasive capacity, and hepatocellular
apoptosis [72], while Cx43 is involved in maintaining tissue homeostasis, controlling cell
growth and differentiation, and regulating wound healing [73].

Following cell treatment, total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). RNA concentrations were measured using the NanoDrop OneTM
Microvolume UV–Vis Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Comple-
mentary DNA (cDNA) was synthesized using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA, USA) as per the manufacturer’s instructions.
RT-qPCR was performed using PerfeCta® SYBR® green FastMix® (Quanta Biosciences,
Gaithersburg, MD, USA) on the CFX384 TouchTM Real-Time PCR Detection System (Bio-
Rad). The cycling conditions included polymerase activation (95 ◦C for 10 min), followed
by 40 cycles of denaturing (95 ◦C for 15 s) and annealing/elongation (60 ◦C for 1 min).
Levels of gene expression were calculated using the ∆∆Ct method [74] and normalized
using the geometric means of reference gene expression levels: beta-2-microglobulin (B2m)
and peptidylprolyl isomerase A (Ppia). Primer sequences are supplied in Table 1.
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Table 1. Table of Primer Sequences.

Accession
Number Gene Name Symbol Forward Sequence (5′-3′) Reverse Sequence (5′-3′)

NM_017101.1 Peptidylprolyl isomerase A Ppia CCGCTGTCTCTTTTCGCC GCTGTCTTTGGAACTTTGTCTGC
NM_012512.2 beta-2-microglobulin B2m AATTCACACCCACCGAGACC GCTCCTTCAGAGTGACGTGT

NM_012540.3 Cytochrome P450 Family 1
Subfamily A Member 1 Cyp1a1 TTGGGGAGGTTACTGGTTCTG GAGTTAGGGAGGTAACGGAGG

XM_039102285.1
TCDD Inducible

Poly(ADP-Ribose)
Polymerase

Tiparp GGTGGGATTGGGTTAAGCTCT CAGTCCATCTATACACCTGCCC

XM_039079418.1 Angiopoietin Like 4 Angptl4 CAGGACTGGGATGGCAATG CCTCACCCCCCAAATGG

XM_006230695.3 Carnitine
Palmitoyltransferase 1A Cpt1a CACCCCAACCCATATCCAGG TCCTCACGGTCTAATGTGCG

NM_031561.2 CD36 Molecule Cd36 TCTCACACAACTCAGATACTGCT GCACTTGCTTCTTGCCAACT

NM_001193568.1 Serum/Glucocorticoid
Regulated Kinase 1 Sgk1 GAAACGGTCTTGCAGTGACG CTGACTGACAACTGGGGCAT

NM_031345.1 TSC22 Domain Family
Member 3 Gilz GGAGGTCCTAAAGGAGCAGATTC GCGTCTTCAGGAGGGTATTCTC

NM_031347.1 PPARG Coactivator 1 Alpha Pgc1α ATGGAGTGACATAGAGTGTGCT CACCACTTCAATCCACCCAGA
NM_001173450.1 Fatty Acid Binding Protein 4 Fabp4 GCCCAAGCTGGGATCTCA CCCCCATGAAAAGTCTTCTAGTAAAA

NM_012598.2 Lipoprotein Lipase Lpl AACCCCAGCAAGGCATACAG AGGCAGAGCCCTTTCTCAAAT
NM_001004099.2 Gap Junction Protein Beta 2 Cx26 GCGACCCACTTCTGACCAA TCCCCTGTAAGGAGCAGGT

NM_012567.2 Gap Junction Protein
Alpha 1 Cx43 GCACTTTTCTTTCATTGGGGGA GTCTGCTGTTTGGTACT

2.6. Apoptosis: Caspase 3/7

McA-RH7777 cells were seeded in 96-well plates (2D: 96-well flat-bottom tissue-culture
treated microplate; 3D: Elplasia® ULA round-bottom 96-well plate; Corning) at a density of
105 cells/mL to assess apoptosis via caspase 3/7 activity. Cells were allowed to attach for
24 h. After the 24 h attachment period, cells were treated in duplicate with vehicle (DMEM,
control) or NAFCs [1.25, 25, and 125 mg/L] (n = 8) in supplemented DMEM. Following
24 h of treatment, caspase 3/7 activity was determined using CellEventTM Caspase 3/7
Green Detection Reagent (Invitrogen, Eugene, OR, USA) according to the manufacturer’s
instructions. Fluorescence intensity was measured using a Synergy H4 Hybrid Reader
(BioTek).

2.7. Statistical Analysis

All statistical analyses were performed using GraphPad Prism (v.9.5.1, GraphPad
Software, San Diego, CA, USA). Data were tested for outliers (Grubb’s Test), normality
(Shapiro–Wilk), and equal variance. For outcome measures that required comparisons
between control and multiple treatment groups, a one-way ANOVA was followed by
pairwise comparison using the Dunnett test, where significance was indicated (p ≤ 0.05).
Data that failed normality were analyzed by Kruskal–Wallis one-way ANOVA on ranks.
For comparisons between control and [125 mg/L NAFC] or [1 µM dexamethasone], a
Student’s t-test was performed. To compare mRNA fold change differences between
culture condition (2D confluent and 3D spheroid cultures) and the NAFC dose–response
curve, we performed a two-way ANOVA with Sidak’s multiple comparisons test, using
a single-pooled variance. All data are presented as mean ± SEM and were considered
significant when p ≤ 0.05.

3. Results
3.1. Morphology

McA-RH7777 cells have been used as a model system to determine liver physiology,
metabolism, and drug metabolism. As an adherent cell line, under a light microscope, they
appear polygonal or cuboidal, and form well-defined monolayers with tightly packed cells
(Figure 1A). When grown in ULA wells (Figure 1B), McA-RH7777 cells self-assembled and
formed tight spheroids with smooth edges by 24 h (Figure 1B). Spheroids were grown for
three days.
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3.2. D-Cultured McA-RH7777s Exhibited Significantly Higher Fold Change of Altered Genes
Following Dexamethasone Exposure

Dexamethasone exposure induced Sgk1 and Gilz mRNA expression in confluent and
spheroid cultures (Figure 2A,B). While Gilz fold change remained similar between 2D con-
fluent and 3D spheroid cultures (~6 mRNA fold change), Sgk1 had a significantly higher fold
change in 3D culture conditions (two-way ANOVA p < 0.0001) compared to 2D confluent
cultures. Similarly, while dexamethasone exposure induced the PPARα-transcriptionally
regulated gene Cd36 in both culture conditions (Figure 2I), 3D spheroids had a significantly
higher fold change (two-way ANOVA p = 0.003). Interestingly, while PPARγ-regulated
genes Pgc1α, and Fabp4 were not significantly induced (p > 0.05) by dexamethasone expo-
sure in 2D monolayers of McA cells, in 3D cultured spheroids, Pgc1α and Fabp4 mRNA
expression was significantly increased (Figure 2J,K). Dexamethasone treatment did not alter
the gene expression of any targets related to AhR activation (Figure 2C,D) or connexins
(Figure 2E,F).
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Figure 2. Impact of dexamethasone on mRNA expression of critical pathways involved in xenobiotic
metabolism. mRNA expression of genes involved in glucocorticoid signaling: Sgk1 (A) and Gilz (B);
aryl-hydrocarbon receptor activation: Cyp1a1 (C) and Tiparp (D); connexins, cell-to-cell signaling
molecules: Cx26 (E) and Cx43 (F); peroxisomal proliferator activating receptor alpha activation:
Angptl4 (G), Cpt1a (H) and Cd36 (I); and peroxisomal proliferator activating receptor gamma ac-
tivation: Pgc1a (J), Fabp4 (K), and Lpl (L) of McA-RH7777 cells following 24 h exposure to 1µM
dexamethasone. Values are shown as mean ± SEM, n = 6; asterisks *, **, **** indicate significant
differences (p < 0.05, 0.01, 0.001, respectively) versus control.
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3.3. NAFCs Did Not Significantly Affect Cell-Viability in 2D or 3D Cultures

Cell viability remained above an 80% threshold (ISO10993-5) in both 2D and 3D
cultures in all treatment groups following 24 h exposure to NAFCs (Figure 3).
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3.4. Exposure to NAFCs Elicits Differential Sensitivity in mRNA Expression of Genes Involved in
Receptor Activation between 2D and 3D Cultured McA-RH7777s

In general, 3D cultured spheroids exhibited a more distinct dose–response relationship
across all receptor pathways tested, compared to 2D monolayers (Figures 4–7). NAFC
exposure did not alter GR-activated gene Sgk1 or Gilz mRNA expression in 2D or 3D
cultures (Figure 4). AhR-activated genes Cyp1a1 and Tiparp were significantly induced
following exposure to 125 mg/L NAFCs in all cell culture conditions (Figure 5). Interest-
ingly, Cyp1a1 expression in 2D confluent culture had a significantly higher mRNA fold
change compared to 3D spheroids (Figure 5A,C; p < 0.0001). Similarly to what we observed
with AhR regulated genes, PPARα-transcriptionally activated genes Angptl4, Cpt1a, and
Cd36 were all significantly induced following exposure to 125 mg/L NAFCs in all cell
culture conditions (Figure 6). Additionally, 3D spheroid cultures treated with 25mg/L
NAFCs showed a significant increase in mRNA expression of Cyp1a1, Angptl4, and Cd36,
an effect which was not observed in 2D confluent culture (Figures 5C and 6D,F). This trend
was also observed in the expression of Pgc1α, a PPARγ-transcriptionally regulated gene.
Indeed, Pgc1α mRNA was significantly decreased following exposure to 25 and 125 mg/L
NAFCs in 3D spheroid cultures (Figure 7D), whereas we only observed a decrease in its
expression following exposure to 125 mg/L NAFCs in 2D confluent cultures (Figure 7A).
NAFC exposure did not alter the mRNA expression of any connexins under any culture
conditions (Figure 8). The summary heatmap (Figure 9) highlights significant mRNA fold
changes of key receptors and connexins in 2D and 3D cultures of McA-RH7777 cells after
NAFC exposure.
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Figure 6. mRNA expression of genes involved in peroxisomal proliferator activating receptor alpha
activation. Angptl4 (A,D), Cpt1a (B,E), and CD36 (C,F) in 2D (top panel; (A–C)) and 3D (bottom
panel; D, E, F) cultured McA-RH7777 cells following 24 h exposure to NAFCs [0, 1.25, 25, 125 mg/L]
(n = 4–6). Values are shown as mean ± SEM; asterisks **, ***, **** indicate significant differences
(p < 0.01, 0.005, 0.001, respectively) versus control.
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Figure 7. mRNA expression of genes involved in peroxisomal proliferator activating receptor
gamma activation. Pgc1a (A,D), Fabp4 (B,E), and Lpl (C,F) in 2D (top panel; (A–C)) and 3D (bottom
panel; (D–F)) cultured McA-RH7777 cells following 24 h exposure to NAFCs [0, 1.25, 25, 125 mg/L]
(n = 4–6). Values are shown as mean ± SEM; asterisks ***, **** indicate significant differences
(p < 0.005, 0.001, respectively) versus control.
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Figure 8. mRNA expression of connexin-genes. Cx26 (A,C) and Cx43 (B,D) in 2D (top panel) and 3D
(bottom panel) cultured McA-RH7777 cells following 24 h exposure to NAFCs [0, 1.25, 25, 125 mg/L]
(C, D, G, H) (n = 4–6). Values are shown as mean ± SEM, n = 6.
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Figure 9. Summary heatmap of receptors: glucocorticoid receptor (GR), aryl hydrocarbon receptor
(AhR), peroxisome proliferator-activated receptor alpha (PPARα), peroxisome proliferator-activated
receptor gamma (PPARγ)—and connexins. mRNA fold changes in 2D and 3D cultures of McA-
RH7777 following 24 h exposure to NAFCs [0, 1.25, 25, 125 mg/L] (n = 4–6). Significant inductions
are marked in green, while significant decreases are marked in red.
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3.5. 3D Cultured McA-RH7777s Are More Resistant to NAFC-Induced Caspase 3/7 Activity

Although NAFC exposure [25 and 125 mg/L] in 2D cultured McA-RH7777 cells in-
duced caspase 3/7 activity, NAFC exposure in 3D spheroids showed no change (Figure 10).
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Figure 10. Caspase 3/7 activity in 2D (A) and 3D (B) McA-RH7777 cells following NAFC exposure
[0, 1.25, 25, 125 mg/L] (n = 9) for 24 h. Values are shown as mean ± SEM; asterisks *, ** indicate
significant differences (p < 0.05, 0.01, respectively) versus control.

4. Discussion

The goal of this study was to investigate the utility of a 3D rat spheroid culture to
assess responses to a single toxicant and a complex mixture. Importantly, while there is a
considerable literature available on 3D spheroid models for human health assessment, none
have yet been utilized as surrogates for mammalian exposures to environmental toxicants.

Our study is the first to generate a 3D spheroid in vitro model for McA-RH7777
cells. These cells, derived from a rat hepatoma, have been extensively used in drug
metabolism studies and drug toxicity testing because they mimic many characteristics
of hepatocytes and hepatocellular carcinomas. Importantly, our use of a micropatterned
plate (Elplasia®) for cell-culture dose–response treatments and an ultra-low-attachment
(Elplasia®) plate for assays offers several advantages including geometric control of cell
growth and viability, dynamic imaging of the spheroids, and high-resolution and low-
fluorescence assay ability. Here, we have optimized cell culture conditions of McA-RH7777
cells in a 3D environment, allowing for a better understanding of cellular biology and the
identification of genomic signatures when exposed to both a complex mixture (NAFC)
and a single compound (dexamethasone). Results from this study demonstrate that 3D
McA-RH7777 spheroids reveal increased sensitivity and more consistent dose-dependent
relationships in gene expression for key components of xenobiotic metabolism responses to
exogenous compounds.

4.1. Dexamethasone: A Model Corticosteroid

Corticosteroids, the synthetic analogues of endogenous glucocorticoid hormones, in-
duce extensive biochemical changes in the liver, altering many critical processes required
for energy homeostasis including gluconeogenesis and lipid metabolism [75,76]. Dexam-
ethasone, a synthetic glucocorticoid, has been extensively studied for its effects on many
liver models: in vitro cell-lines, in vitro primary cultures, and stem cells in organoid culture
systems [77,78]. In these models, dexamethasone has been shown to promote hepatocyte
differentiation and maturation, modulate cell proliferation, and enhance the expression
of liver-specific genes such as albumin, cytochrome P450 enzymes [55], and transporters.
While there are no studies on the effect of dexamethasone on 3D cultures of liver cells,
dexamethasone has been known to strongly influence the expression of several enzymes
involved in metabolism of exogenous chemicals [78].
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In our study, dexamethasone treatment of 2D monolayers and 3D spheroids resulted
in the induction of GR transcriptionally regulated genes Sgk1, and Gilz. Sgk1 and Gilz have
been associated with various cellular processes in the liver, including adipogenesis, insulin
resistance, and hepatic ceramide synthesis—all critical processes in hepatic metabolism [79].
Notably, we observed a higher mRNA fold change for Sgk1 in 3D cultured spheroids
versus 2D monolayers. This observed increased mRNA fold change in 3D cultures versus
2D culture was consistent across other genes which are transcriptionally regulated by
PPARγ and PPARα. Cd36, a fatty acid translocase with a high affinity for lipid and
lipid-containing ligands, was significantly induced in both 2D and 3D cultures, with a
significantly higher mRNA fold change in 3D cultures. Pgc1α and Fabp4 were only observed
to be significantly induced by dexamethasone exposure in the 3D spheroids. Interestingly,
all three of these genes are also regulated by glucocorticoids. For example, CD36 has
functional glucocorticoid receptor binding regions [61] on its sequence, while Pgc1α is a
well-established co-regulator of GR-mediated gene expression by binding to the ligand
binding domain of GR to activate downstream transcriptional factors [62]. Fabp4 has been
found to be upregulated by exogenous glucocorticoid treatment. Additionally, specific
GR-nuclear localization and GR-nuclear exposure signal sequences have been identified
in the potential functional domains of Fabp4 [63,80,81]. Notably, there was also a trend
of non-statistical significance of increased mRNA fold change in 3D versus 2D culture
following dexamethasone exposure (Lpl p = 0.0677, Cyp1a1 p = 0.0896). Together, these
data suggest that 3D culture may have heightened sensitivity or a more robust response to
ligand activation of PPARα and AhR.

The increased sensitivity of 3D cultures has been attributed to their ability to provide
a more immersive and complex physical structure, resembling the in vivo environment,
allowing for improved direct cell-to-cell communication due to increased paracrine (i.e.,
release of signaling molecules between neighboring cells) and juxtracrine (i.e., direct contact-
dependent interaction between cell surface receptors and ligands) signaling. In our study,
connexin 26, predominantly located in hepatocytes, and connexin 43 [82], expressed in
non-parenchymal liver cells, both exhibited a similar trend of increased mRNA fold changes
in 3D versus 2D cultures following exposure to dexamethasone; however, these changes
did not reach statistical significance (Cx26 p = 0.1108; Cx43 p = 0.0675). Interestingly, the
expression of Cx43 has been shown to be higher in 3D cultured pancreatic endocrine cells
compared to 2D cultured cells [83]. As such, future work should continue to elucidate
the impact of culture conditions on connexin expression to enhance our understanding of
cellular communication and behavior in varying microenvironments.

As we initially examined the transcriptional regulation of xenobiotic and energy
metabolism in hepatocytes under 2D versus 3D culture conditions using a known ligand,
we further extended this analysis to include a highly complex environmental mixture of
bitumen-derived organics. Environmental exposures that affect wildlife health are typically
complex mixtures rather than single compounds.

4.2. Naphthenic Acid Fraction Components: An Environmental Mixture

Within bituminous oil sands are a large and diverse group of organic acids that include
naphthenic acid fraction components (NAFCs). NAFCs are a complex mixture found in
oil sand process-affected water and are of significant environmental concern due to their
potential toxicity to aquatic biota; however, few studies have investigated the effects of
NAFCs in mammals [84,85]. Our group has previously shown that NAFCs have altered
critical cell-stress pathways mediated by receptor activation in murine osteoblasts [86] and
human placental trophoblasts [54]. Additionally, there is evidence that compounds found
in OSPW and other unconventional oil and gas extraction methods can act as endocrine-
disrupting compounds by affecting glucocorticoid production in aquatic species [86–88].
Therefore, 2D monolayers and 3D spheroid cultures of hepatocytes were treated with
NAFCs to assess the same transcriptional targets of xenobiotic and energy metabolism.
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In McA-RH7777 cells exposed to NAFCs, there was no change in the dynamic range
of mRNA expression between 2D and 3D cultured cells, as observed with dexamethasone
treatment, a known GR-agonist, nor did NAFC exposure alter GR-activated genes in 2D
confluent or 3D spheroid cultures. NAFC exposure significantly altered mRNA expres-
sion of genes involved in AhR, PPARα, and PPARγ response genes. Notably, while 2D
monolayers exhibited altered mRNA expression, primarily in response to the highest con-
centration of 125 mg/L NAFCs; a lower concentration of 25mg/L NAFCs was also effective
in causing significant changes in mRNA expression of genes transcriptionally regulated
via AhR (Cyp1a1), PPARα (Angptl4, Cd36), and PPARγ (Pgc1α) in 3D culture. Interestingly,
many of these genes can be co-regulated by additional receptor activation. For example,
Cyp1a1, a known marker of AhR-ligand activity, has been found to have two PPAR element
sites on its promotor region, which can be activated by PPARα ligands [89]. Similarly,
Pgc1α, regulated by PPARγ, has also been found to be modulated by GR and AhR-ligands.
Additionally, Angptl4 is known to be regulated by various PPAR isoforms, including
PPARα, PPARγ, and PPARβ/δ [90,91], in response to changes in physiological states (i.e.,
fasting, feeding) [92] and exposure to environmental stressors [93]. Complementing these
findings, Fotschki et al. (2018) [94] have reported the involvement of AhR in the hepatic
immune-metabolic axis, including the upregulation of ANGPTL4. Together, these findings
are indicative of a complex interplay among receptor pathways, suggesting that the 3D
environment may enhance receptor crosstalk, thereby amplifying the cellular response to
lower concentrations of toxicant. This could explain the increased sensitivity and earlier
detection of genes like Cyp1a1, Angptl4, Cd36, and Pgc1α, which are regulated by multiple
receptors and can be activated by many constituents found in a complex mixture such as
NAFCs. Furthermore, there was an increase in conventional dose–response relationships
observed in 3D cultures compared to 2D cultures. The more pronounced dose-dependent
changes in gene expression in 3D cultures suggest a more similar response to in vivo re-
sponses and could be attributed to the increased complexity of cellular architecture, which
may provide a more accurate representation of how cells in an organism would react to
varying concentrations of a toxicant. Consequently, these results show that 3D cultures
may be a more relevant model for studying the effects of environmental agents, especially
at lower, environmentally relevant concentrations.

A key component of the cellular complexity in 3D models is the extracellular matrix
(ECM). In cell cultures, the ECM is a complex mixture surrounding live cells, including
the chemical compounds in the attachment surface of cell culture dishes, the media, and
other structural and adhesive macromolecules that are essential in supplying stability and
support to the cells [95]. Cells interact with the ECM through their respective receptors and
exhibit crosstalk between receptor types. These interactions are primarily influenced by
the physical properties and composition of the attachment surface, which can significantly
impact the transcriptome and cell behavior [96,97]. However, in adherent 2D cultures, the
role of ECM is limited to interactions between cells and the cell culture dish. Our study
compares 3D and 2D mRNA expression across multiple receptor pathways, suggesting
that the spatial arrangement in 3D cultures better facilitates attachment to the surface
of cell culture dishes, which can influence the transcriptome. Recent literature suggests
that in 3D drug-induced cell proliferation models, spheroids respond to complex cellular
communication and behavior. We also analyzed mRNA expression of ECM regulatory
elements, such as cadherins and connexins, and observed no significant changes following
NAFC exposure. This finding suggests that ECM–cell interactions involve more than just
transcriptional regulation of ECM components. The ECM’s composition, stiffness, and
topography can influence cellular responses, contributing to the heightened sensitivity
observed in the mRNA expression of NAFC-exposed 3D cultures at lower concentrations
[25 mg/L]. As the ECM plays a crucial role in cellular interaction and response to apoptosis-
inducing stimuli [34,98], several studies on cancer lines have reported an increase in
apoptotic markers (Caspase 3, Caspase 7, and Caspase 9) in 3D cells compared to 2D
cells. In fact, Kim et al. (2019) [99] observed a 3.7-fold increase in apoptosis in 3D cultures
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treated with XAV939, a response not evident in 2D cultures. Similarly, Keeratichamroen
et al. (2023) [100] reported enhanced apoptosis in A549 cells under 3D culture conditions,
as opposed to their 2D counterparts. However, it is important to note that while these
studies demonstrate an increased sensitivity to apoptosis in the 3D model, both utilized
matrigel/agar-coated plates for culturing their 3D spheroids and did not assess for necrotic
core. One approach to mitigate this issue is the use of ULA-plates and scaffolds, which
restrict the size of the spheroids, potentially reducing the formation of necrotic cores. In
our study, NAFC exposure [25 and 125 mg/L] in 2D cultured McA-RH7777 cells induced
caspase 3/7 activity, while NAFC exposure in 3D spheroids grown in ULA-plates showed
no change, indicative of increased resistance of 3D spheroids to NAFC exposure compared
to their 2D counterparts. Comparably, Imamura et al. (2015) [101] employed a 3D culturing
technique similar to ours and found that cells in 2D cultures showed greater increases
in cleaved-PARP expression following drug treatment compared to those in 3D culture.
Together, these studies indicate that the structured 3D environment may offer protection
against toxicant-induced apoptosis, with this protective effect potentially influenced by the
specific methods used to culture 3D spheroids.

5. Conclusions

In summary, cultured hepatocytes are useful models for investigating the toxicity of
drugs, including metabolism and biological and chemical mechanisms. Since xenobiotic re-
ceptors play a critical role in the metabolism and detoxification of drugs and environmental
toxins, our study emphasizes the potential of 3D cultures as a platform for more accurately
assessing the intricate interplay and communication between various signaling pathways,
including receptor crosstalk and activation. In environmental risk assessment, the increased
gene expression seen in 3D cultures may lead to better insight into chemical behavior and
the in vitro response. As a generalized mammalian model, this platform could lead to
more accurate assessments of potential health risks for wildlife, particularly for analyzing
chemicals and complex environmental mixtures. Importantly, the observed increased gene
expression in 3D cultures at the lower end of the exposure spectrum provides a better
ability to discern the effects of compounds across a broader range of environmentally rele-
vant doses and conditions without requiring high levels of exposure to observe significant
effects. Thus, 3D hepatocyte cultures play a pivotal role in advancing our understanding of
environmental toxicity.
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