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ABSTRACT: Nonalcoholic fatty liver disease (NAFLD), which is
a major cause of chronic liver disease, is characterized by fat
accumulation in the liver. Existing models struggle to assess
medication effects on liver function in the context of NAFLD’s
unique inflammatory environment. We address this by developing
a 3D in vitro NAFLD model using HepG2 and THP-1 cells
(mimicking liver and Kupffer cells) cocultured using transwell and
hydrogel system. This mimics liver architecture and allows for
manipulation of the immune environment. We demonstrate that
the model recapitulates key NAFLD features: steatosis (induced by
fatty acids), oxidative stress, inflammation, and impaired liver
function embodying the interrelationship between NAFLD and the
surrounding immune environment. This versatile model offers a valuable tool for preclinical NAFLD research by incorporating a
disease-relevant immune environment.

■ INTRODUCTION
The liver is the largest internal organ in the human body and
performs various metabolic functions essential for maintaining
life. These include regulating blood sugar, managing
cholesterol, producing bile, and detoxifying harmful substances
from both the body and external sources.1 Among these
functions, a crucial role of the liver is in lipid metabolism. The
sequence of lipid metabolism can be briefly outlined as follows:
(1) absorption of lipids and fatty acids, (2) synthesis of neutral
fats and formation and storage of lipid droplets, and (3) lipid
consumption.2 Excessive fat intake affects lipid metabolism,
resulting in an overabundance of lipid droplets. Accumulation
of these droplets results in impaired liver function.3 Fatty liver
diseases include alcoholic fatty liver disease (ALD) and
nonalcoholic fatty liver disease (NAFLD). ALD is primarily
caused by chronic alcohol consumption.4 In contrast, NAFLD
is characterized by fat accumulation in the liver independent of
alcohol intake and is linked to various risk factors, including
high-fat diet, physical inactivity, obesity, type 2 diabetes, and
genetic predisposition.5 NAFLD is a growing global health
concern due to the increasing prevalence of westernized
dietary patterns.6 NAFLD progresses through various patho-
logical stages, including liver steatosis, nonalcoholic steatohe-
patitis (NASH), liver fibrosis, cirrhosis, and hepatocellular
carcinoma (liver cancer).7

Continuous research and development are underway in the
field of therapeutic interventions for NAFLD. Although

pharmacological agents have demonstrated efficacy in
diminishing hepatic lipid accumulation, adverse effects such
as edema and cardiovascular complications may occur in some
individuals.8 Previous in vitro studies have addressed these
concerns by directly exposing hepatocytes to oleic acid (OA)
and palmitic acid (PA) in order to induce aberrant lipid
accumulation. OA, a monounsaturated fatty acid, is naturally
found in various animal and vegetable fats and oils.9 On the
other hand, PA, the most common saturated fatty acid found in
animals, plants, and microorganisms, has also been utilized in
numerous previous studies to induce steatosis in hepatocytes.10

Subsequent treatment with candidate therapeutic substances
confirmed the recovery and established a model for exploring
potential compounds for NAFLD treatment.11 However, the
hepatic tissue consists of parenchymal and nonparenchymal
cells, and immune responses, particularly inflammation, play a
pivotal role in NAFLD progression.12 The intra- and
extrahepatic immune systems in the liver respond to exposure
to risk factors, such as dietary fat and infections, by initiating
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an inflammatory response. This response involves the secretion
of inflammatory cytokines such as IL-6 and TNF-α influencing
the activity of lipolytic enzymes.13 The liver tissue is then
damaged by the inflammatory response, and exposure to
reactive oxygen species (ROS) further accelerates fat
accumulation.14 Notably, existing research has been deficient
in comprehensively considering and incorporating immune
system simulations.15 This poses constraints in verifying the
efficacy of candidate drugs for steatosis and limits the detection
of immune-related steatosis risks in pharmaceutical candidates,
which may lead to immune-related side effects.16

Therefore, it is necessary to establish a preclinical liver
model that reflects the human immune system in order to
study NAFLD. To simulate liver tissue, HepG2 cells, a widely
used commercial human hepatocyte cell line derived from liver
cancer, have been extensively employed in related research.
Kupffer cells are specialized mononuclear phagocytic cells that
play an important role in shaping the immune environment in
the liver. Therefore, a commercially available monocytic cell
line THP-1 with HepG2 was cocultured. As demonstrated in
previous studies, an increase in intrahepatic inflammation and
progression of NAFLD correlate with an elevated population
of Kupffer cells and recruited macrophages.17 Accordingly,
experiments were conducted to simulate population changes
by adjusting the coculture ratio (10:1 or 10:5) of HepG2 cells
and THP-1 monocytes. We hypothesized that an increased
proportion of THP-1 cells would lead to an enhanced
inflammatory environment, accelerating lipid accumulation.
Conventional coculture models of hepatic and nonparenchy-
mal cells have been established to facilitate direct cell−cell
contact.18 However, these approaches impose constraints on
the specific analyses and considerations for each cell type used.
The use of THP-1 as a suspension introduced limitations and
concerns regarding cell invasion during coculture in transwells.
Therefore, we used a gelatin-based hydrogel to encapsulate
THP-1 cells in a suspended state. This encapsulation not only
prevented direct cell−cell contact with HepG2 cells but also
facilitated indirect coculture. In this environment, the two cell
types interact via paracrine mechanisms. The model was
designed (1) to simulate the environment of NAFLD through
the coculture of immune cells with controlled immune cell
ratios,19 (2) examine differences in lipid accumulation based
on fatty acid treatments and immune cell coculture, and (3)
propose a model suitable for the alleviation of lipid formation
through treatment with potential therapeutic substances,
allowing for future validation of the effectiveness of candidate
therapeutic agents.

■ MATERIALS AND METHODS
Materials. TRIzol reagent and collagenase type I powder

were sourced from Thermo Fisher Scientific (Waltham, MA,
USA), PCR primers were obtained from Bioneer (Daejeon,
Korea), Cell Counting Kit-8 (CCK-8) from Dojindo
(Kumamoto, Japan) Cellular Reactive Oxygen Species
(ROS) assay kit from Abcam (ab113851) (Cambridge, UK),
methacrylated gelatin (GelMA) powder from 3DMaterials
(Anyang, Korea), bovine serum albumin (BSA) from
GenDEPOT (Baker, TX, USA), and other materials including
OA (O1383), PA (P5585), ORO solution (O1391), and
prednisolone (P6004) were purchased from Sigma-Aldrich (St.
Louis, MA, USA). The 24-well transwell inserts with a 0.4 μm
pore size membrane were purchased from Corning (NY,
USA). Microplate reader (SpectraMax iD3) and UV irradiation

system (Omnicure S1500) were purchased from Molecular
Devices (San Jose, CA, USA) and Excelita Technologies
(Waltham, MA, USA), respectively.

Cell Culture. Cell cultures for all of the experiments were
maintained at 37 °C under 5% CO2 conditions. RPMI 1640
medium and penicillin−streptomycin (P/S) were procured
from Thermo Fisher Scientific (Waltham, MA, USA), and fetal
bovine serum (FBS) was obtained from HyClone (Logan, UT,
USA). The human hepatocellular carcinoma cell line HepG2
and monocyte cell line THP-1 were purchased from the
American Type Culture Collection (Manassas, VA, USA). The
culture medium contained 10% heat-inactivated FBS supple-
mented with 1% P/S.

Formation of Immune Cell Cocultured NAFLD Model.
HepG2 cells were cultured for 1 d to attach to a 24 well plate
(1.0 × 105 cells/well) prior to the coculture. The THP-1
hydrogel was cultured in the upper well on the following day.
The hydrogel for THP-1 encapsulation was formed via photo-
cross-linking using ultraviolet (UV) light. GelMA powder was
mixed at a concentration of 3.5 wt % in DMEM medium with
0.05% photoinitiator and dissolved at 37 °C in a water bath.
THP-1 cells were harvested in sufficient quantities and
centrifuged (200g for 3 min) to obtain cell pellets. The cell
pellet was then mixed with an appropriate volume of the
GelMA solution and evenly dispensed in 50 μL (1.0 or 5.0 ×
104 of THP-1 were incorporated) onto a glass slide (Figure
S1). After setting the UV lamp distance above the glass slide to
20 cm, GelMA photo-cross-linking was conducted by
irradiation with UV light for 45 s (20 mW/cm2), which
resulted in the formation of a hydrogel with three-dimension-
ally encapsulated cells. The hydrogels were gently lifted with a
spatula and cultured in 24-well Transwell inserts. The media
were replaced with media containing or without OAPA, along
with THP-1 culture, and cultured for 7 days. All the
procedures were conducted in a biosafety cabinet.

For the 3D culture of HepG2 cells, the cells were aggregated
into spheroids by culturing 2 × 106 cells in a spheroid culture
dish for 1 day (2035080, LabSphero, LabToLab, Daejeon,
Korea). The harvested spheroids were suspended at a density
of 2 × 106 cells/mL in the aforementioned 3.5 wt % GelMA
solution containing 0.05% photoinitiator. HepG2 spheroids
(50 μL, 1.0 × 105 of HepG2 were incorporated) suspended in
GelMA solution were cross-linked by irradiation with UV light
at 20 mW/cm2 for 45 s (Figure S1). Separately prepared
hydrogels encapsulating HepG2 and THP-1 cells were placed
in 24-well plates and cultured.

Preparation of Fatty Acid Treatment. PA powder was
dissolved in 1 mL of 100% ethanol to achieve a concentration
of 200 mM. This solution was further dissolved at 70 °C in a
water bath. The dissolved PA solution was then diluted to a
concentration of 2.5 mM in a 10% BSA (fatty acid-free)
solution in RPMI, and then, the mixture was warmed for 10
min at 55 °C in a water bath. The solution was then cooled to
room temperature.

OA was diluted to a concentration of 5 mM in a 10% BSA
fatty acid-free solution in RPMI and treated for 30 min at 37
°C in a water bath. Both fatty acid solutions were then sterile-
filtered using a 0.22 μm pore membrane filter, stored at 4 °C,
and warmed to room temperature before use by dilution in
culture media.

CCK-8 Assay. After HepG2 cells were plated in a 96-well
culture plate, the culture medium was replaced with fresh
medium containing OA and PA at a 2:1 molar ratio. The
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concentrations used were 320 and 160 μM; 160, 80 μM; 80, 40
μM; 40, 20 μM; 10, 5 μM; 5, 2.5 μM; and vehicle control. The
medium was changed every 2 days, and the cells were cultured
for 7 d (n = 4).

On day 7, the medium was removed, and fresh medium
containing a 10:1 dilution of the CCK-8 reagent was added.
The cells were then incubated for 1 h at 37 °C. Subsequently,
the absorbance was measured at 490 nm to assess cell viability.

Oil Red O Staining. After completion of the culture
period, the plate was washed with PBS. The cells were then
fixed with a 4% paraformaldehyde solution at room temper-
ature for 10 min. After fixation, the cells were washed twice
with distilled water (DW) and treated with 60% isopropyl
alcohol for 5 min, followed by removal to allow complete air-
drying. Once the cells were dry, they were stained with 60%
Oil Red O (ORO) solution at room temperature for 10 min (n
= 6).

ImageJ software was used to measure the red signal
intensities on the ORO stained images. The red color was
extracted from the images, and the values of various regions
with lipid droplets were measured. The mean and standard
deviation were then calculated.

Cellular Reactive Oxygen Species Assay. THP-1
hydrogel and an equivalent amount of collagenase type I are
mixed in a 1.5 mL tube and incubated at 37 °C for 30 min to

dissolve the hydrogel. The experiments were conducted
according to the manufacturer’s protocol. The cells extracted
from the hydrogel were washed with PBS, and an equivalent
amount of DCFDA was added at a concentration of 20 nM.
The cells are then incubated in the dark at 37 °C for 30 min (n
= 6).

After washing with 1× buffer, the cells were resuspended and
seeded at a density of 100,000 cells/well. Fluorescence is
measured at Ex = 485 nm and Em = 535 nm.

Real-Time PCR. After washing with PBS, RNA was
extracted using TRIzol reagent. RNA was quantified using a
Nanodrop instrument, and cDNA synthesis was performed.
Real-time PCR using the SYBR Green premix was conducted
for 45 cycles using the QuantStudio5. Each cycle involved
melting at 95 °C for 15 s, followed by annealing at 55 °C and
extension at 75 °C. The CT values were used for data analysis.
The relative expression levels of the target genes were
normalized to those of the control group using β-actin. The
experiment was conducted in triplicates (n = 3). Primers used
in the experiments are listed in Supporting Information Table
1.

Statistical Analysis. The quantitative results presented in
this paper are expressed as the mean ± standard deviation.
Statistical significance was validated using Student’s t-test and
analysis of variance (ANOVA), with post hoc comparisons

Figure 1. Schematic diagram of the NAFLD in vitro model considering both hepatocyte and immune environments (created with BioRender.com).
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conducted using Tukey’s honest significant difference (HSD)
test (p < 0.05).

■ RESULTS
Design of the InVitro NAFLD Model. The inflammation

induced by abnormal lipid accumulation in the liver promotes
NAFLD progression. By coculturing HepG2 and THP-1 cells,
an artificial liver system mimicking the intrahepatic immune
environment was established and treated with OAPA to induce
in vitro steatosis (Figure 1). We implemented an indirect
coculture system allowing interaction through paracrine effects
without direct contact between THP-1 and HepG2 cells. This
was mediated by gelatin-based hydrogel, inspired by collagen,
which constitutes a significant portion of the extracellular
matrix in the liver. We utilized gelatin derived from collagen as
the raw material for the hydrogel. For photo-cross-linking
using UV irradiation, methacrylated gelatin (GelMA) was
introduced for encapsulation of THP-1 cells to maintain
suspension state (Figure S1). The impact of the THP-1
coculture ratio on lipid accumulation was examined and
assessed in order to determine whether treatment with agents
that reduce inflammatory responses resulted in a decrease in
lipid accumulation. THP-1 cells were collected separately from
the hydrogel, and the relationship between immune cell
behavior and lipid accumulation was investigated. HepG2 cells
were also encapsulated in a 3D environment via the GelMA
hydrogel to advance the model for better mimicking of
physiological conditions. This model ultimately aimed to assess
the effectiveness and safety of candidate drugs for NAFLD
treatment, focusing on both hepatocytes and the immune
system.

Lipid Accumulation of 2D Cultured HepG2 in a
Response to the Treatment of OAPA. Prior to inducing
the lipid formation in HepG2 cells, we investigated the effects
of varying OAPA concentrations on HepG2 cell viability. The
concentrations of OA and PA were varied as follows: (5:2.5),
(10:5), (20:10), (40:20), (80:40), (160:80), and (320:160)
μM. Cell viability was 96.0 ± 0.1% in the 5, 2.5 μM group, 90.0
± 6.5% in the 10, 5 μM group, 93.0 ± 5.0% in the 20, 10 μM
group, 78.0 ± 6.5% in the 40, 20 μM group, 67.0 ± 5.8% in the
80, 40 μM group, 55.0 ± 1.4% in the 160, 80 μM group, and
4.6 ± 6.6% in the 320, 160 μM group (Figure 2a). We induced
lipid accumulation in HepG2 cells using two concentrations of
OAPA: 10, 5 μM group ensuring cell viability was maintained
above 75%, and a 40, 20 μM group which recorded viability
below 70%. The red-stained lipid regions were barely
detectable in the vehicle-treated control group. However, in
the 10, 5 μM group, small red dots were partially visible, and in
the 40, 20 μM group, prominently distributed and larger red-
stained particles were observed, indicating an increased size
with regard to the lipid-stained particles (Figure 2b).

Increased Lipid Accumulation by Hepatocyte Corre-
sponding to THP-1 Coculture and Treatment of Fatty
Acids. The OAPA concentrations were fixed at 10, 5 μM, for
further experiments to minimize their effects on cell viability
and functionalities. HepG2 and THP-1 cells were cocultured at
cell ratios of 10:1 and 10:5. When subjected to the vehicle
control (VC), neither coculture group showed notable lipid
accumulation in HepG2 cells. Both coculture groups exhibited
a notable increase in lipid accumulation following the ORO
staining (Figure 3a). In addition, an increase in the number
and size of lipid particles was evident in the 10:5 group
compared to the 10:1 group (Figure 3a). Quantitative data on

lipid accumulation were obtained by measuring the red signal
intensities of the ORO staining images (Figure 3b). The value
for the 10:1 group treated with VC (HepG2 10:1_VC group)
was normalized to 1.0 to calculate the relative lipid intensity in
the other groups. In the 10:1 OAPA treatment group, the lipid
intensity increased to 4.4 ± 0.9. In regard to the 10:5
conditions, the treatment of VC (HepG2 2:1_VC group)
induced 3.8 ± 0.7, and the HepG2 2:1_OAPA group
presented the highest lipid intensity of 6.1 ± 0.8. Collectively,
lipid accumulation increased in response to the OAPA
treatment as the ratio of THP-1 cells increased from 10:1 to
10:5. ROS are prominent indicators of cellular damage caused
by inflammation and disease.20 The production of ROS in
THP-1 cells was quantified under various conditions (Figure
3c). The ROS detection value presented by THP-1 cells at a
coculture ratio of 10:1 after VC treatment (THP-1 10:1_VC
group) was used for normalization (1.0 ± 0.11). The THP-1
10:1_OAPA group showed a relative ROS production of 1.22
± 0.12. Although the THP-1 10:5_VC group had five times
more THP-1 cells compared to the THP-1 10:1_VC group,
the group presented a relative ROS production of 3.27 ± 0.05.
THP-1 10:5_OAPA cells showed the highest ROS production
of 3.97 ± 0.16. However, this value was approximately 1.2
times higher than the relative ROS production in the THP-1
10:5_VC group, which is similar to the pattern observed in the
THP-1 10:1 group. Despite an increase in the number of THP-
1 cells, the changes in ROS production in response to the

Figure 2. (a) Evaluation of the cellular viability across different
concentrations of OA and PA. OA: PA of concentration: (5:2.5),
(10:5), (20:10), (40:20), (80:40), (160:80), and (320:160) μM. “*”,
“#”, “$”, “@”, “&”, “!”, and “%” indicate statistical significance in
comparison with the vehicle control, (5:2.5), (10:5), (20:10),
(40:20), (80:40), and (160:80) μM groups, respectively (p < 0.05).
(b) ORO staining of HepG2 cells under various OAPA treatment
conditions. Scale bars in the images are 20 μm (40× magnification).
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OAPA remained similar. However, increased ROS production
with an increasing number of THP-1 cells indicated an
association with an increase in the level of lipid accumulation.

Synergistic Increase in Inflammatory Responses and
Decrease in Liver Functional Markers by the Cocultured
THP-1 under Fatty Acid Treatment. The clinical symptoms
of NAFLD include inflammation and accumulation of
intracellular lipid droplets.21 The gene expression levels related
to inflammatory cytokines of IL-1β, IL-6, MCP-1, and TNF-α
were examined after the harvest of HepG2 (Figure 4a). A
significant increase in the expression of all four cytokines was
observed when HepG2 and THP-1 cells were cocultured at a
ratio of 10:5 and treated with OAPA (HepG2 10:5_OAPA
group). The values presented on the HepG2 10:5_OAPA
group are as follows: IL-1β, 1.39 ± 0.12; IL-6, 2.15 ± 0.24;
MCP-1, 5.60 ± 1.23, and TNF-α, 3.32 ± 1.85. Changes in liver
function markers (ALB, HNF4a, RBP4, and TTR) were
assessed at the mRNA level under various culture conditions
(Figure 4b). HepG2 10:1_VC and HepG2 10:1_OAPA
groups did not exhibit remarkable changes upon the OAPA
treatment. Notably, the HepG2 10:5_OAPA group exhibited
the lowest expression level for all four key markers when

compared to the other groups; ALB showed a significant
reduction to 0.13 ± 0.01, HNF4α to 0.37 ± 0.23, RBP4 to
0.37 ± 0.10, and TTR to 0.10 ± 0.04. This indicates that an
increase in the number of THP-1 cells creates a stronger
inflammatory environment through the reaction with the lipid-
containing OAPA, resulting in a significant decrease in liver
functionality.

Reduction in ROS Production and Lipid Accumu-
lation Derived from Suppressing Inflammatory Re-
sponse through Prednisolone Treatment. In this
experimental setup mimicking the immune environment of
NAFLD, the alleviation of inflammation was examined through
treatment with the well-known immunosuppressant predniso-
lone at 25 μM. The ORO staining images presented in Figure
6a reveal noticeably reduced lipid droplets in the HepG2
10:5_OAPA+Pred 25 μM group compared to the HepG2
10:5_OAPA group when prednisolone was cotreated with
OAPA. In the result of relative lipid intensity, the group treated
with prednisolone (HepG2 10:5_OAPA+Pred 25 μM) showed
a significant decrease value of 1.07 ± 0.06 compared to HepG2
10:5_OAPA group showing 1.27 ± 0.13 (Figure 6b). The
reduction in lipid intensity by prednisolone suggested a

Figure 3. Evaluation of lipid accumulation by ORO staining in THP-1 cocultures and OAPA treatment. (a) ORO stained phase contrast images of
HepG2 cells upon the varied culture conditions (scale bars = 20 μm, 40× magnification). (b) Relative lipid intensities under various culture
conditions. “*”, “#”, and “$” indicate statistical significance compared to HepG2 10:1_VC, HepG2 10:1_OAPA, and HepG2 10:5_VC groups,
respectively (p < 0.05). (c) Relative ROS production by THP-1 upon the varied experimental conditions. “*”, “#”, and “$” indicate statistical
significance compared to THP-1 10:1_VC, THP-1 10:1_OAPA, and THP-1 10:5_OAPA groups, respectively (p < 0.05).
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recovery comparable to that of the control group (HepG2
10:5_VC), with no statistically significant difference. Fur-
thermore, ROS production in THP-1 cells decreased following
prednisolone treatment, suggesting a recovery level comparable
to that in the control group (Figure 6c). These results suggest
that suppressing inflammation in the immune microenviron-
ment around liver cells could impede the progression of
NAFLD.

Cross Validation of the Developed NAFLD Model
using Three-Dimensional (3D) Culture System. Previous
studies have demonstrated that three-dimensional (3D)
culture techniques, such as spheroid formation and hydrogel
encapsulation, provide a more physiologically relevant environ-
ment than using 2D cultures. This enhanced environmental
similarity strengthens the functionality of hepatocyte cell
lines.22 In this study, we assembled HepG2 cells into three-
dimensional (3D) spheroids encapsulated within the GelMA
hydrogel to further mimic the hepatocyte environment in the
human liver. The spheroids were encapsulated in a hydrogel to
facilitate indirect coculture with THP-1 cells and allow cell-
extracellular matrix (ECM) interactions. During the 7 days of
culture, HepG2 spheroids within the hydrogel showed that
spheroids composed of cells migrated into the hydrogel matrix
(Figure 6a). The gene expression levels of the four hepatocyte
maturation markers (ALB, HNFa, RBP4, and TTR) were also
found to be significantly enhanced in regard to the 3D culture

conditions when compared to those of the 2D condition
(Figure 6b). We set the OA and PA concentration as 160 and
80 uM to induce the NAFLD conditions in the 3D construct,
respectively. Although this concentration is relatively low
compared to the values observed in NAFLD patients (>1000
uM),23 it implies that cells cultured in 3D may have a greater
capacity to withstand risk factors closer to those encountered
in clinical settings as compared to 2D culture platform.24 ORO
staining was conducted on 3D cultured HepG2 constructs with
various THP-1 coculture ratios (10:1 and 10:5). The objective
was to investigate whether a comparable trend in lipid
accumulation could be exhibited under 3D conditions, similar
to the observations using the 2D culture platform (Figure
6(c)). The 3D HepG2 spheroids under a 10:1 coculture ratio
with THP-1 cells exhibited a slight increase in lipid droplets
following the OAPA treatment, whereas under the 10:5
coculture ratio conditions, more pronounced lipid accumu-
lation appeared throughout the spheroids with a distinctive red
signal. The results of image analysis for relative lipid intensity
were normalized to the value of the vehicle control-treated
group with a 10:1 coculture ratio (3D HepG2 10:1_VC)
(Figure 6d). In the presence of OAPA, the group with the 10:1
ratio increased the lipid intensity to 2.44 ± 1.35. In groups
with a 10:5 coculture ratio, the VC treated group showed a
value of 2.95 ± 0.89, and a significant increase in lipid intensity
to 5.42 ± 0.53 was observed after the OAPA treatment (3D

Figure 4. Expression levels of (a) inflammatory genes and (b) hepatic maturation markers in HepG2 cells after NAFLD induction. “*”, “#”, and “$”
indicate statistical significance when compared to HepG2 10:1_VC, HepG2 10:1_OAPA, and HepG2 10:5_VC groups, respectively (p < 0.05).
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HepG2 10:5_OAPA). These findings under 3D culture
conditions indicated a notable elevation in the lipid intensity
with an augmented THP-1 cell count, and OAPA treatment
was aligned with the 2D culture conditions. We measured
relative ROS production in order to investigate the association
between lipid accumulation in 3D-cultured HepG2 cells and
ROS generation in THP-1 cells (Figure 6e). The data revealed
a noteworthy increase in the relative ROS production under
NAFLD-like conditions (THP-1 10:5_OAPA). The highest
relative ROS production was observed in the THP-1
10:5_OAPA group by measuring 3.18 ± 0.10. This under-
scores the necessity of incorporating the immune environment
into an in vitro NAFLD model.

Similar to the inhibition of lipid accumulation observed
under 2D culture conditions, we investigated the effect of

prednisolone on lipid accumulation and ROS production in a
3D cultured model. As anticipated, prednisolone treatment in
the NAFLD-induced group resulted in decreased lipid intensity
to a level similar to that seen in the control group (Figure 7b).
The increase in the relative ROS production following the
OAPA treatment was markedly diminished by prednisolone
treatment (Figure 7c). However, prednisolone is also known to
exhibit hepatotoxicity.25 In addition, long-term use of
prednisolone can lead to glucocorticoid-induced osteopenia
and sarcopenia, which are conditions shared by multiple
diseases including NALFD.26 Increased gene expression levels
of hepatic damage markers of CRP, HAMP, and C3 genes
were observed following treatment of the model with OAPA,
and even higher increases in the damage marker expression
were observed after prednisolone treatment (Figure S2). This

Figure 5. Alleviation of induced NAFLD using prednisolone. (a) ORO staining images of HepG2 after NALFD induction and alleviation (scale
bars = 20 μm). (b) Relative lipid intensity after NALFD induction and alleviation. “*” and “#” indicate statistical significance compared to the
HepG2 10:5_VC and HepG2 10:5_OAPA groups, respectively (p < 0.05). (c) Relative ROS production by THP-1 cells after NALFD induction
and alleviation. “*” and “#” indicate statistical significance when compared to the THP-1 10:5_VC and THP-1 10:5_OAPA groups, respectively (p
< 0.05).
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pattern is similar to the existing reports on prednisolone-
induced hepatotoxicity, despite the reduced lipid accumulation
due to the alleviation of the inflammatory environment by
prednisolone. This demonstrates the successful implementa-
tion of the 3D culture technique, providing a model for
exploring avenues to overcome NAFLD from both the
hepatocytic and immune perspectives.

■ DISCUSSION
In this study, a cell-based preclinical evaluation model was
established to reflect the abnormal accumulation of intra-

hepatic lipids accompanied by inflammation seen in NAFLD.
By coculturing HepG2 cells with THP-1 cells to mimic human
liver tissue, changes in the lipid accumulation patterns of
hepatocytes were observed in response to the immune
environment. Before lipid generation was assessed, a
concentration screening was conducted in order to determine
whether OA or PA treatment induced cell death. In cell-based
preclinical evaluations, conditions with cell survival rates
exceeding 75% are generally considered nontoxic.27 Based on
the screening results using various concentrations, as shown in
Figure 2a, two safe concentrations of (10, 5) and (40, 20) μM

Figure 6. (a) Phase-contrast images of HepG2 cells cultured in D (left, scale bars = 20 μm) and encapsulated HepG2 spheroids within 3D GelMA
hydrogels (right, scale bars = 50 μm). (b) Expression levels of genes associated with hepatocyte maturation in 2D and 3D cultures of HepG2 cells
(*p < 0.05). (c) ORO-stained HepG2 spheroids in 3.5 wt % GelMA hydrogel under various NAFLD induction conditions (scale bars = 20 μm,
20× magnification). (d) Relative lipid intensity on the 3D HepG2 spheroids under various NAFLD induction conditions. “*”, “#”, and “$” indicate
statistical significance compared to 3D HepG2 10:1_VC, 3D HepG2 10:1_OAPA, and 3D HepG2 10:5_VC groups, respectively (p < 0.05). (e)
Relative ROS production by THP-1 upon the varied experimental conditions. “*”, “#”, and “$” indicate statistical significance compared to THP-1
10:1_VC, THP-1 10:1_OAPA, and THP-1 10:5_OAPA groups, respectively (p < 0.05).
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were chosen, where cell survival exceeded 75%. Subsequently,
lipid accumulation was induced in HepG2 cells under selected
conditions. The treatment results revealed a concentration-
dependent facilitation of lipid accumulation, and no signs of
cellular damage were observed during the 7 days of culture.
The main hypothesis of this study was to enhance lipid
accumulation through the application of a simulated immune
system. Therefore, the baseline treatment conditions were
chosen as the lower concentration of 10 μM OA and 5 μM PA.

The effect of THP-1 coculture and its ratio on lipid
accumulation was determined to reflect the immune environ-
ment under fatty acid treatment and also to increase the
severity of NAFLD. According to previous studies, the ratio of
parenchymal cells to Kupffer cells under healthy conditions is

approximately 10:1.28 However, in NAFLD and other liver
diseases, the ratio of Kupffer cells within the liver tissue
increases to 10:4 due to the induction of inflammatory
responses.28 Our observations in this model are similar to
those seen in previous reports that showed accelerated lipid
formation accompanied by an inflammatory environment in
response to fatty acids.8,11 The inflammatory response, a
significant characteristic of NAFLD,29 was also evident at the
gene level (Figure 5a). The expression levels of inflammatory
cytokines known to be secreted during NAFLD, such as IL-1β,
IL-6, MCP-1, and TNF-α,30 were higher in the groups with the
10:5 coculture ratio with OAPA treatment. This differential
gene expression suggests that an increased THP-1 cell ratio
contributes to an inflammatory environment. Elevated levels of

Figure 7. (a) ORO staining images of 3D cultured HepG2 cells after NALFD induction and alleviation by prednisolone treatment (scale bars = 20
μm). (b) Relative lipid intensity after NALFD induction and alleviation. “*” and “#” indicate statistical significance compared to the HepG2
10:5_VC and HepG2 10:5_OAPA groups, respectively (p < 0.05). (c) Relative ROS production by THP-1 cells after NALFD induction and
alleviation. “*” and “#” indicate statistical significance when compared to the THP-1 10:5_VC and THP-1 10:5_OAPA groups, respectively (p <
0.05).
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ROS, key inflammatory markers, were seen using an
established system. This substantiated the capability of the
model to mimic the onset of NAFLD, effectively reflecting
changes in the human immune system.31 Furthermore,
consistent with the clinical symptoms of hepatocyte damage
in NASH characterized by concurrent lipid accumulation and
inflammation, a significant reduction in the four hepatocyte
function markers was observed when THP-1 cells were
cultured at a ratio of 10:5 with OAPA treatment.32

Prednisolone is a steroid medication used to alleviate various
clinical symptoms associated with inflammation. It is primarily
used to treat conditions related to inflammation, allergic
reactions, and immune system disorders.25 Upon simultaneous
treatment with OAPA and prednisolone for 7 days, a
substantial decrease in lipid accumulation was observed in
the model, indicating the potential to alleviate fatty-acid-
induced pathological lipid deposition through anti-inflamma-
tory treatment. However, the enhancement of hepatic damage
marker expression levels by prednisolone demonstrates that
prednisolone is an ideal drug for NAFLD treatment (Figure
S2).

3D hepatocyte cultures offering additional advantages for
human simulation have been implemented in previously
developed models.18 The increased gene expression levels of
mature hepatic markers in 3D culture compared to 2D culture
signify advanced emulation of human liver tissue and the
development of more functional liver constructs.22 Further-
more, noticeable differences in the extent of the ORO staining
and ROS generation indicated the enhanced sensitivity of the
3D model to the induced NAFLD conditions. Therefore, a
model aimed at more advanced simulations of human
pathology was established by integrating 3D culture methods.
This applies not only to HepG2 cells but also to other
hepatocytes such as HepaRG and stem cell-derived hepato-
cytes; therefore, it can be improved into a more functional and
physiologically relevant model. Furthermore, consideration
should also be given to the source of immune cells, such as
primary Kupffer cells. Especially with the emerging focus on
personalized biotherapeutic development, the application of
primary cells for constructing individualized preclinical
evaluation models may be necessary. However, with the
change in cell source, it would be essential to recognize that
several conditions such as 3D encapsulation method and
coculture ratios would need to be optimized.

Although ALD and NAFLD have different etiologies, they
share many common features. Both conditions exhibit
common mechanisms and events leading to hepatocellular
fat accumulation, inflammation, and liver damage. Key
downstream molecular events include fatty acid oxidation,
inflammatory signaling, cell death, and increased levels of
plasminogen activator inhibitor-1 (PAI-1).33 This study has
limitations as we did not investigate cell death and PAI.
However, our model demonstrates the interrelation between
the common mechanisms of inflammatory environment
induction and lipid accumulation. Therefore, it is anticipated
that it will contribute to the validation of therapeutic agents for
fatty liver diseases, including not only NAFLD but also ALD.

Despite these achievements, this study has several
limitations. In order to achieve a more precise analysis of
immune environmental changes within the model, THP-1 cells
were analyzed using flow cytometry, which is a widely
employed method in immune cell analysis.34 Functional
analysis of hepatocytes was primarily conducted at the gene

level using qRT-PCR. However, the addition of protein-level
analyses, such as Western blotting and immunofluorescence
staining, enhanced the overall completeness of the study. To
reduce lipid formation in this model via nutraceuticals, it
would be necessary to test commercially available therapeutic
agents such as metformin and vitamin C.23,35

■ CONCLUSIONS
This study proposes an in vitro model that clearly illuminates
the impact of simulated immune environments on the
development and treatment of NAFLD by coculturing
hepatocytes with immune cells. Lipid accumulation in
HepG2 cells following fatty acid treatment was found to vary
significantly based on the coculture conditions and different
ratios of THP-1, emphasizing the significant influence of the
immune microenvironment around the liver on the pro-
gression of NAFLD. In addition, treatment with anti-
inflammatory agents alleviates abnormal lipid accumulation,
further highlighting the importance of the immune environ-
ment in disease model development. With further improve-
ments, this model can be applied to the development and
validation of therapeutic candidates to overcome NAFLD.
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