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Abstract: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a global health
concern associated with various metabolic disorders and a high prevalence of vitamin D deficiency.
Current animal models face limitations in accurately mimicking human metabolic pathways and
are constrained by ethical considerations. This study aimed to develop an in vitro MASLD-induced
liver micro-organoid model to investigate the impact of MASLD on vitamin D metabolism. The
model incorporates HepaRG cells as hepatocytes, LX-2 cells as stellate cells, and human umbilical
vein endothelial cells (HUVECsS). Fatty liver characteristics were induced by treating the micro-
organoids with palmitic/oleic acids. fatty acid accumulation was quantified and visualized using
Bodipy staining. The expression of genes involved in drug and vitamin D metabolism was evaluated
by RT-PCR. Dot blot analysis assessed secreted proteins indicative of liver damage. ELISA was used
to examine vitamin D metabolism. The results confirmed the successful induction of MASLD,
evidenced by altered cytochrome P450 gene expression, elevated markers of liver damage, and
reduced vitamin D metabolism. These findings align with clinical studies and RN A-sequencing data
from liver biopsies of MASLD patients. This innovative micro-organoid platform offers a robust tool
for studying the molecular mechanisms of MASLD and represents a promising alternative to animal
experiments.

Keywords: MASLD; vitamin D; liver micro-organoids; in vitro model; metabolic activity

1. Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD) is a leading cause of chronic liver
disease [1] and has become a major health concern throughout the world [2,3]. In Germany alone,
more than 18 million individuals have been diagnosed with MASLD [4]. This disease is characterized
by increased lipid accumulation in more than 5% of hepatocytes [5]. It involves a spectrum of liver
disorders ranging from simple steatosis (fatty liver) to metabolic dysfunction-associated
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steatohepatitis (MASH), which represents an advanced stage of MASLD and carries a higher risk for
progressive liver damage, fibrosis, cirrhosis, and even in rare cases hepatocellular carcinoma [6].

Recently, there has been increased interest in the interplay between MASLD and vitamin D
metabolism [7,8]. Vitamin D is an essential fat-soluble vitamin that plays a key role in maintaining
calcium balance, supporting immune function, and exhibiting anti-inflammatory and anti-fibrotic
properties [9-11]. These properties suggest vitamin D might reduce inflammation and fibrosis under
liver damage. Furthermore, vitamin D deficiency has been linked to insulin resistance, a key feature
of metabolic syndrome, contributing to the development of MASLD [12].

Vitamin D precursors (D2, D3) are obtained through dietary intake or synthesized from 7-
dehydrocholesterol in the skin via ultraviolet (UV) light exposure [9,13]. Further vitamin D
metabolism involves hydroxylation in the liver by cytochrome P450 (CYP) enzymes, including
CYP2R1 and CYP27A1, to form 25-hydroxyvitamin D3 (25(OH)D3), the main circulating form of
vitamin D [9]. The kidney further converts this into the active form of vitamin D, namely 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3) [13]. Any disruptions in these processes can significantly impact
vitamin D levels and contribute to various health concerns [9,11,14].

Clinical studies have established an association between MASLD and altered vitamin D levels
[8,15]. Unfortunately, these studies alone cannot fully explain the complex molecular changes and
interactions that occur in the liver [16]. Research on vitamin D supplementation has shown conflicting
results [12]. While different studies demonstrated the positive effects of vitamin D supplements in
improving liver health [15,17,18], others did not confirm this benefit [19-22]. Therefore, more detailed
studies are needed to better understand the mechanisms underlying MASLD and vitamin D
deficiency.

Animal models are actually considered the gold standard for investigating disease mechanisms
[23,24]. These models showed a correlation between vitamin D and MASLD. They also provided
mechanistic insights into how vitamin D may influence lipid metabolism, inflammation, and fibrosis
in the liver [25,26]. However, ethical concerns and interspecies differences limit their applications
[27]. In vitro models using cells of human origin represent a promising alternative [28,29]. Freshly
isolated primary human hepatocytes (PHHSs) are the standard choice for such research. They retain
essential liver functions required for disease progression, but their limited availability, scarcity, and
inter-donor variability compromise experimental reproducibility [30]. Immortalized cell lines can
overcome some of these issues. Still, their metabolic activity is strongly reduced compared with PHHs
[28]. However, HepaRG cells are an exception to this limitation and have become a valuable in vitro
model that can serve as a possible alternative to PHHs [31-33]. These progenitor cells can differentiate
into biliary and hepatocyte cells and retain many functional characteristics of freshly isolated PHHs
[34]. Despite their comparable metabolic capacity, HepaRG cells alone cannot mimic the liver’s
complex architecture and cellular interactions, which are crucial to model MASLD accurately [35,36].
To overcome this limitation, an already established model incorporating additional cell types, such
as LX-2 cells and human umbilical vein endothelial cells (HUVECs), has been utilized [37]. LX-2 cells
are hepatic stellate cells; they are involved in lipid metabolism, can respond to lipid overload, and
play a vital role in the progression of MASLD to fibrosis [38]. HUVECs help recreate the liver’s
vascular environment, facilitating proper cellular interactions and nutrient exchange [39]. This
previous study demonstrated the effectiveness of this cell combination. HepaRG cells maintained
their drug metabolizing capability for 7 days. Additionally, activated LX-2 cells successfully induced
fibrosis-like changes. The fibrotic-like organoid model also showed reduced liver functions, such as
metabolic activity and albumin secretion, replicating in vivo observations [37]. These findings
indicate that this cell combination provides a robust and physiologically relevant in vitro model for
studying liver diseases.

This study aims to explore the molecular mechanisms underlying MASLD and its impact on
vitamin D metabolism using this advanced liver micro-organoid model, providing a valuable
platform for research and an alternative to animal models.
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2. Materials and Methods

If not otherwise stated, all cell culture reagents and chemicals were purchased from Sigma
Aldrich (Taufkirchen, Germany). Growth factors were purchased from Peprotech (Hamburg,
Germany)

2.1. Cell Culture

In this study, three human cell lines were used. Undifferentiated HepaRG cells (Biopredic
International, Saint Grégoire, France) were cultivated according to the standard protocol from
Biopredic [34]. Briefly, HepaRG cells were grown in a T75 flask for two weeks (proliferation phase)
in Williams Medium containing 10% fetal calf serum (FCS; 10270-106, Life Technologies), 2 mM L-
Glutamine, 100 U/mL Penicillin/Streptomycin, 5 pg/mL Insulin (Novo Nordisk, Bagsvaerd,
Déanemark) and 50 uM Hydrocortisone (Pfizer, New York, USA) [32].

LX-2 cells (PromoCell, Heidelberg, Germany) were cultured in Dulbecco’s modified Eagle’s
medium containing 2% FCS, 2 mM L-Glutamine, and 100 U/mL Penicillin/Streptomycin [37].

HUVEC cells (kindly provided by Prof. Alexander-Friedrich) were cultured in 0.1% gelatin pre-
coated T75 flask in Endothelial Cell Growth Basal Medium 2 (PromoCell, Heidelberg, Germany)
supplemented with 2% FCS, 1% Antibiotic/Antimycotic, 0.5 ng/mL human Vascular Endothelial
Growth Factor 165, 10 ng/mL human fibroblast growth factor, 5 ng/mL human Epidermal growth
factor, 20 ng/mL recombinant analog of human insulin-like growth factor, 22.5 ug/mL Heparin (Leo
Pharma, Bellerup, Denmark), 0.2 ug/mL Hydrocortisone, and 1 pg/mL L-ascorbic acid.

All cells were cultured at 37 °C in a humidified atmosphere with 5% CO: until confluence, and
the culture media was changed three times a week.

2.2. Generation of Liver Micro-Organoids

Non-adherent agarose microwell plates were prepared as previously described [37]. Briefly, 3.2
mL of warm 2% agarose was added to a well of a 6-well plate. While the agarose was still liquid, a
mold with 300 pyramidal microwells (each 800 pm in diameter) was pressed into the agarose. The
mold, made from polydimethylsiloxane, was kindly provided by Prof. Vosough. After the agarose
solidified, the mold was gently removed, and the plate was sterilized under UV light for 1 h [37].

For liver micro-organoid seeding, a cell suspension of HepaRG, LX-2, and HUVEC cells was
prepared in a 4:2:1 ratio. The cell density used for seeding was 1000 cells per microwell. The plates
were centrifuged at 1200 rpm for 3 min to capture the cells in the microwells and ensure equal
distribution. The cells were cultivated for two days in a mix of HepaRG and HUVEC culture media
(50:50). For the following two weeks, 1.7% dimethyl sulfoxide (DMSO) was added to the media to
induce HepaRG cell differentiation. The media was changed three times per week.

2.3. MASLD Induction in Liver Micro-Organoids

For MASLD induction, a protocol for the induction of hepatic steatosis in PHH was adapted [40].
Briefly, after the differentiation of liver micro-organoids, the culture media was replaced with control
or FFA-containing liver micro-organoid media (50:50 mix of HepaRG and HUVEC culture media) for
7 days. Stimulation was repeated with every media change thrice a week. The FFA mix consists of
0.6 mM oleic and palmitic acid at a ratio of 2:1, dissolved in Methanol at 50 °C, stored at -20 °C, and
thawed once at 50 °C before use. As a control, organoids were treated with Methanol without FFA.

2.4. Mitochondrial Activity

Resazurin conversion was used to measure cell viability as previously described [37]. The
organoids were collected in Eppendorf tubes, washed 3 times with phosphate-buffered saline (PBS),
and incubated in 0.0025% w/v resazurin in PBS for 120 min at 37 °C. After incubation, 100 pL
supernatant was transferred to a 96-well plate, and the fluorescence was measured with an excitation
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wavelength of 544 nm and an emission wavelength of 590 nm using an OMEGA plate reader (BMG
Labtech, Ortenberg, Germany).

2.5. DNA Isolation and Quantification

For cell viability assessment and normalization, DNA quantification was performed as
previously described [41]. Liver micro-organoids were collected from agarose microwell plates,
washed with PBS, and lysed with heated (98 °C) 50 mM NaOH solution. The samples were frozen at
-20 °C. The following day, thawed samples were neutralized with Tris (0.1 M, pH 8) and centrifuged
at 14,000x g for 10 min to remove impurities. DNA concentration was then quantified using an
OMEGA plate reader.

2.6. Lactate Dehydrogenase

Following the manufacturer’s instructions, lactate dehydrogenase (LDH) was measured using
CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega, Madison, USA). Briefly, 100 pL
cell culture media was transferred into a 96-well plate, and the same volume of CytoTox-ONE
Reagent was added. After 10 min at room temperature, 50 UL of the stop solution was added.
Afterward, fluorescence was measured with an excitation wavelength of 560 nm and an emission
wavelength of 590 nm using an OMEGA plate reader.

2.7. Live-Dead Staining

Live-dead staining was performed using Calcein AM and ethidium bromide to assess the
viability of liver micro-organoids [42]. Organoids were washed three times with PBS and incubated
with 2 uM Calcein AM and 4 uM ethidium bromide in PBS for 30 min at 37 °C. Images were taken
using the EVOS FL fluorescence microscope (Life Technologies, Darmstadt, Germany).

2.8. Fatty Acid Quantification and Fluorescence Microscopy

Intracellular lipid accumulation was visualized using Bodipy 493/503 [43]. Organoids were
washed thrice with PBS and stained with 5 uM Bodipy in PBS for 30 min at 37 °C. Images were taken
using the EVOS FL fluorescence microscope, and fluorescence was measured with an excitation
wavelength of 485-12 nm and an emission wavelength of 520 nm using an OMEGA plate reader.

2.9. RNA Isolation, cDNA Synthesis, and PCR Analysis

As previously described, total RNA was extracted from the liver micro-organoids using self-
made Trifast [44]. RNA quantity and purity were assessed using an OMEGA plate reader.
Subsequently, 2.5 ug of purified RNA was used for cDNA synthesis employing a commercially
available ¢cDNA reverse-transcription kit (Thermo Fisher Scientific, Massachusetts, the USA)
according to the manufacturer’s instructions. PCR was performed with sets of primers listed in Table
1 and using the Red HS Taq Master Mix (Biozym, Vienna, Austria) according to the manufacturer’s
protocol. The amplified PCR products were visualized on an agarose gel containing ethidium
bromide. Densitometric analysis of the bands was performed using Image] software (V. 1.54f,
National Institute of Health, USA) for relative quantification of gene expression. The data were
normalized to the expression of the housekeeping gene HPRT1.

Table 1. Primer sequences used for the reverse transcriptase PCR.

[a]
Gen Forward/ GenBank accession Tm
Reverse sequences (°O)
CCTGGCGTCGTGATTAGTGA
HPRTI CGAGCAAGACGTTCAGTCCT NM_000194.2 %8

PLIN2 TGAGATGGCAGAGAACGGTG NM_001122.4 60
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TTTGGCATTGGCAACAATCTGA

oo SISCTOTICIOCCTET  omons
o STENOMSTICONTT s
o TDCATICHOGEN s
CYP2E1 f éiszgTﬁiéiigizz NM_000773.3 59
s AN s
crpar CIGGACACGACATCCAACAC gy g
oM sy
s ST s
N-Cadherin nggiéégggggg}:g? gg,l:r NM_001792.3 56

[a] Annealing temperature.

2.10. Dot Blot Analysis

Secreted protein levels in the cell culture supernatants were quantified using dot blot analysis
as previously described [33]. Briefly, 100 uL of each sample was spotted onto a nitrocellulose
membrane using a 96-well dot-blotter (Carl Roth, Karlsruhe, Germany). The transfer of proteins was
confirmed by Ponceau staining. The membrane was blocked with 5% bovine serum albumin in TRIS-
buffered saline/Tween-20 (TBS-T) for 1 h, then incubated with primary antibodies against tissue
nonspecific alkaline phosphatase (AP; sc-23430; Santa Cruz Biotech, Heidelberg, Germany) or
Procollagen type 1 n-terminals propeptide (PINP; abx131414; Abbexa, Cambridge, UK) (1:1000 in
TBS-T) for 1 h at room temperature and overnight at 4 °C. After washing, the membrane was
incubated with the corresponding HRP-conjugated secondary antibodies (1:10,000 in TBS-T) for 1 h
at room temperature. Protein dots were visualized using enhanced chemiluminescence reagent and
imaged with a CCD camera (INTAS, Gottingen, Germany). Dot intensities were quantified using
Image] software, with values normalized to the total proteins quantified using Ponceau staining for
each sample.

2.11. Vitamin D Metabolism Activity Using Enzyme-Linked Immunosorbent Assays

Liver micro-organoids were washed trice with PBS and incubated with 20 uM vitamin D in plain
Williams medium. After 4 h, the supernatants were stored at -80 °C for the analysis, and the organoids
were collected for DNA isolation. An enzyme-linked immunosorbent assay (ELISA) kit for 25(OH)D3
(Immunodiagnostic Systems, Frankfurt, Germany) was used according to the manufacturer’s
protocol. Absorbance was measured using an Omega Plate Reader, and concentrations were
calculated from standard curves generated with known concentrations of 25(OH)D3. The
concentrations were normalized to the total DNA of each condition.

2.12. Bioinformatics RNA-Sequencing Analysis

RNA-Seq analysis was performed on liver micro-organoids to identify genes affected by
MAFLD. Raw sequence reads were downloaded from the NCBI (accession number PRJEB58091) [45].
Quality control was performed using FastQC, and reads were trimmed for adapters and low-quality.
The processed reads were aligned to the human reference genome (GRCh38) using HISAT2 (version
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2.1). Gene expression levels were quantified by counting mapped reads using featureCounts (version
2.0.1) from the Subread package. Raw counts were normalized to Transcripts Per Million (TPM) for
between-sample comparisons. Differential expression analysis was conducted using DESeq?2 (version
1.30.1) in R (version 4.0.3).

2.13. Statistical Analysis

All values are represented as mean + SEM of three independent experiments (N = 3). Statistical
significance was tested using one-way ANOVA (nonparametric Kruskal-Wallis test), followed by
Dunn’s multiple comparison test (GraphPad Prism 8 Software, San Diego, USA). All statistical
comparisons were performed two-sided in the sense of an exploratory data analysis using p <0.05 (*)
and p <0.01 (**) as a level of significance.

3. Results

3.1. RNA-Sequencing Data Shows Impaired Expression of Genes Involved in Vitamin D Metabolism
and Signaling

To explore the possible molecular mechanism underlying vitamin D deficiency in patients with
MASLD, RNA-sequencing data of liver biopsies from 18 patients with MASLD and 17 controls were
analyzed. Figure 1 shows no significant differences in the expression of genes involved in vitamin D
transport, catabolism, and anabolism, specifically vitamin-D-binding protein (DBP),
7-dihydroxycholesterol-reductase (DHCR?), and CYP7A1l. However, there was a significant decrease
in the expression of CYP27A1 and a notable reduction in the expression of the vitamin D receptor
(VDR).
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Figure 1. Differential expression analysis of RNA-sequencing data from liver biopsies of patients with
MASLD and “healthy” controls. Graphics represent the differential expression of (a) 7-
dihydroxycholesterol-reductase (DHCR7), (b) Vitamin D binding protein (DBP), (c¢) CYP7A1, (d)
CYP2R1, (e) CYP27A1, (f) Vitamin D receptor (VDR). The RNA-seq data were aligned using HISAT?2,
feature counts were obtained with FeatureCounts, and differential expression analysis was conducted
using DESeq2. Data were submitted by the European Bioinformatics Institute to the NCBI (accession
number PRJEB58091). Box plots represent the normalized counts for each gene. The box plots display
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the mean + SEM of 17 controls and 18 MASLD patients. Statistical significance was assessed using the
Mann-Whitney test, with significance indicated by * p < 0.05.

3.2. Effects of Oleic and Palmitic Acid Treatment on Liver Micro-Organoid Viability

To induce MASLD, the micro-organoids are treated with FFA, however, non-cytotoxic
concentrations are needed. Figure 2a—c shows that FFA treatment did not significantly affect cell
viability. Live/dead staining (Figure 2d) revealed predominantly esterase activity (calcein AM green
staining for live cells), indicating good overall viability across the organoids. However, free DNA
(ethidium bromide red staining for dead cells) was observed at the highest FFA concentration (1000
uM), suggesting a cytotoxic effect.
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Figure 2. Viability assessment of liver micro-organoids after 7 days of treatment with different
concentrations of oleic:palmitic acids (2:1 ratio): Control (Ctr.), 200-1000 uM FFA. Graphics represent
(a) Mitochondrial activity was measured by resazurin conversion. (b) DNA content quantification. (c)
Cell membrane integrity is assessed by lactate dehydrogenase release. (d) live-dead staining was
conducted using Calcein AM (green for live cells) and ethidium bromide (red for dead cells). The scale
bar represents 200 um. Data are presented as mean + SEM (N 2 3, n > 1). Statistical significance was
tested using the Kruskal-Wallis test.
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3.3. Visualization and Quantification of Lipid Accumulation in Liver Micro-Organoids Treated with Oleic
and Palmitic Acids

It has been described that MASLD hepatocytes take up lipids. Therefore, lipid accumulation in
micro-organoids treated with FFA for 7 days was evaluated. Figure 3a demonstrates a clear increase
in Bodipy fluorescence intensity (green) with increasing FFA concentrations. This visualization
confirms the accumulation of fatty acids within the cells. The corresponding quantitative data in
Figure 3b further strengthens this observation, showing a significant dose-dependent increase in the

lipid content.

Control 200 uM FFA
Intracellular Lipids

&0
£ 600007
5
3
u;x 40000+
=y
g

400 uM FFA 600 uM FFA R 500004
©
z |
m 0 T T T

Ctr. 200 400 600
FFA Concentration [uM]

(a) (b)

Figure 3. (a) Fluorescence microscopy images showing liver micro-organoids after 7 days of treatment
with different concentrations of oleic:palmitic acids (2:1 ratio): Control (Ctr.), 200-600 uM FFA. Lipid
staining was performed using Bodipy (green). The scale bar represents 100 um. The images illustrate
the lipid accumulation in the micro-organoids under different treatment conditions. (b)
Quantification of intracellular lipids measured by the relative fluorescence units (RFU) of Bodipy
staining. Data are presented as mean + SEM (N = 3, n = 1). Statistical significance was assessed using
the Kruskal-Wallis test, with significance indicated by * p <0.05 compared to control.

3.4. Gene Expression Analysis of Fatty Acid Metabolism in Liver Micro-Organoids Treated with Oleic and
Palmitic Acids

Disease induction was further validated at the molecular level by analyzing the expression of
genes involved in fatty acid metabolism and lipid accumulation. Gene expression analysis showed a
slight increase in Perilipin 2 (PLIN2) gene expression after 7 days of stimulation with 400 and 600 uM
FFA (Figure 4a). Furthermore, apolipoprotein C3 (APOC3) gene expression decreased significantly
after 7 days of exposure to 600 uM FFA (Figure 4b).
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Figure 4. RT-PCR analysis, gene expression of genes involved in fatty acid accumulation and
metabolism of liver micro-organoids after 7 days of treatment with different concentrations of
oleic:palmitic acids (2:1 ratio): Control (Ctr.), 400, 600 uM FFA. Graphics represent the gene expression
of (a) Perilipin 2 (PLIN2). (b) Apolipoprotein C3 (APOC3). The data are normalized to the
housekeeping gene Hypoxanthine-Phosphoribosyl-Transferase 1 (HPRT1) expression and presented
as an x-fold change relative to the control for each FFA concentration. The dotted line represents the
control. Each bar represents the mean + SEM (N=3 pooled samples, n = 2). Statistical significance was
assessed using the Kruskal-Wallis test, with significance indicated by ** p <0.01 compared to control.

3.5. RT-PCR Analysis of CYP Enzyme Gene Expression in Liver Micro-Organoids Exposed to Oleic and
Palmitic Acids

To investigate the potential link between MASLD and CYP dysfunction, the expression of genes
that encode key CYPs involved in drug metabolism and known to be abundant in the liver were
investigated. Figure 5 shows that FFA treatment of the liver micro-organoids affected the gene
expression of key CYP genes. The downregulation of CYP2C9, CYP1A2, and CYP2E1 suggests a
general impairment in the liver’s drug-metabolism capacity
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Figure 5. RT-PCR analysis of CYP enzyme gene expression in liver micro-organoids after 7 days of
treatment with different concentrations of oleic:palmitic acids (2:1 ratio): Control (Ctr.), 400, 600 uM
FFA. Graphics represent the gene expression of (a) CYP2C9, (b) CYP1A2, (c) CYP3A4 (d) CYP2EL.
The data are normalized to the housekeeping gene Hypoxanthin-Phosphoribosyl-Transferase 1
(HPRT1) expression and presented as an x-fold change relative to the control for each FFA
concentration. The dotted line represents the control. Each bar represents the mean + SEM (N= 3
pooled samples, n = 2). Statistical significance was assessed using the Kruskal-Wallis test, with
significance indicated by * p < 0.05, ** p < 0.01 compared to control.

3.7. Increased Liver Damage and Epithelial-Mesenchymal Transition Markers in Liver Micro-Organoids
Treated with Oleic and Palmitic Acids

To assess the impact of free fatty acid treatment on liver damage and potential fibrotic changes,
we examined key EMT markers. The results showed that the expression of SNAIL1 (Figure 6a) and
N-Cadherin (Figure 6b) were significantly altered in FFA-treated liver micro-organoids.

In addition, the analysis of the cell culture supernatants revealed increased levels of PINP and
AP. PINP showed elevated concentrations in the FFA-treated samples compared to controls (Figure
6¢). AP levels were higher in the supernatants of FFA-treated liver micro-organoids (Figure 6d). This
suggests an increase in collagen accumulation as well as markers associated with liver damage.
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Figure 6. RT-PCR analysis of epithelial-mesenchymal transition (EMT) markers and protein
expression of fibrosis-related proteins in liver micro-organoids after 7 days of treatment with different
concentrations of oleic:palmitic acids (2:1 ratio): Control (Ctr.), 400, 600 uM FFA. Graphics represent
(a) Gene expression of SNAILI. (b) Gene expression of N-cadherin. (c) Protein levels of procollagen
type I N-terminal propeptide (PINP). (d) Protein levels of alkaline phosphatase (AP). The dotted line
represents the control. Each bar represents the mean + SEM (N = 3 pooled samples, n = 2). PCR data
are normalized to the housekeeping gene Hypoxanthin-Phosphoribosyl-Transferase 1 (HPRT1)
expression. Protein data were normalized to the total proteins quantified using Ponceau staining for
each sample. Statistical significance was assessed using the Kruskal-Wallis test, with significance
indicated by * p < 0.05, ** p < 0.01 compared to control.

3.6. Impaired Vitamin D Metabolism in Liver Micro-Organoids Treated with Oleic and Palmitic Acids

Next, the metabolizing potential of vitamin D in FFA-treated micro-organoids was evaluated.
As shown in Figures 7ab, the gene expression of CYP27A1 and CYP2R1 were significantly
downregulated in the FFA-stimulated liver micro-organoids. Furthermore, the metabolic capacity to
metabolize vitamin D into 25(OH)D3 shown in Figure 7c is significantly reduced after the disease
induction.
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Figure 7. RT-PCR analysis of vitamin D metabolism-related gene expression and vitamin D metabolic
capacity in liver micro-organoids after 7 days of treatment with different concentrations of
oleic:palmitic acids (2:1 ratio): Control (Ctr.), 400, 600 uM FFA. Graphics represent (a) Gene expression
of CYP27A1, (b) Gene expression of CYP24A1, and (c) Vitamin D metabolism capacity normalized to
the total DNA. The gene expression data are normalized to the expression of the housekeeping gene
Hypoxanthine-Phosphoribosyl-Transferase 1 (HPRT1) and presented as an x-fold change relative to
the control for each FFA concentration. The dotted line represents the control. Each bar represents the
mean + SEM (N = 3 pooled samples, n = 3). Statistical significance was assessed using the Kruskal-
Wallis test, with significance indicated by * p < 0.05, ** p <0.01.

4. Discussion

Several studies have reported lower vitamin D serum levels in patients with MASLD [7,15].
Many of these studies indicated that vitamin D is an independent risk factor for MASLD and is
associated with the severity of the disease [46,47]. These studies have delivered valuable information
about the disease and its epidemiology. Still, they have provided a broad overview rather than a
detailed understanding [16].

Vitamin D is known for its anti-fibrotic properties. It inhibits the activation of stellate cells and
modulates the immune response, reducing inflammation and fibrogenesis [11]. It has been reported
that overexpression of CYP27A1 in mice reduces hepatic inflammation [48]. Additionally, Liver-
specific VDR deletion in a mouse model induces MASLD and insulin resistance [26]. Recent
advancements in technology and computational power have enabled a more comprehensive
exploration of biological samples. Next-generation sequencing, in particular, has led to significant
breakthroughs in genomics research and clinical practice [49]. Reduced CYP27Al1 and VDR
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expression in the RN A-sequencing data indicate that vitamin D metabolism is impaired in patients
with MASLD. Hence, disruption in vitamin D homeostasis and its protective role in the body may
contribute to accelerated MASLD progression and severity, as reported previously [46,47]. Clinical
studies and transcriptomics have provided essential information regarding how MASLD influences
vitamin D metabolism. However, these approaches have limitations. For example, clinical studies
provide only an overview of the disease mechanism, and the results may not be generalizable [16,50].
Moreover, these studies often have more potential for bias due to the selection criteria or data quality
[51]. Transcriptomics data from patients provide comprehensive gene expression profiles, allowing
investigation of the entire transcriptome and identifying novel biomarkers and pathways [52-54].
Unfortunately, transcriptomics in clinical studies also faces challenges, including sample quality
issues, lack of standardization, ethical restrictions, intraspecies variations, and high costs [52-54].

To investigate the mechanisms behind impaired vitamin D metabolism in MASLD patients and
to facilitate drug and therapy development, it is crucial to develop a model that accurately mimics
the complex interactions of this disease. Animal models often fail to be translated directly to humans
due to differences in metabolic pathways [27]. Additionally, the principle of the 3Rs—replacement,
reduction, and refinement—emphasizes the need to minimize animal experiments and seek
alternative models [55].

In vitro models consisting of PHHs are the standard alternatives [28,29]. However, their rapid
dedifferentiation in 2D culture restricts their usage in long-term experiments where disease induction
or outcomes require prolonged culture [30]. 3D spheroid models of PHHs have been developed to
address this limitation, offering improved long-term functionality and stability [56]. Still, the limited
availability and batch-to-batch variability of PHHs have to be considered. Commercially available
3D liver spheroids offer promising alternatives. Typically, these models incorporate all relevant
primary liver cells, mimicking the most important features of the offered model [57]. However, they
are often prohibitively expensive, unsuitable for high-throughput analysis, and share similar
limitations of PHHs. Despite these limitations, 3D PHH spheroids have shown promise in drug
metabolism studies and toxicity screening, maintaining hepatocyte-specific functions for extended
periods [56-59].

Immortalized cell lines provide a practical alternative, offering greater reproducibility,
scalability, and cost-effectiveness. HepaRG cells stand out as a robust model due to their metabolic
capabilities and ability to differentiate into hepatocyte- and biliary-like cells, making them a reliable
alternative for PHHs [31-33]. They express high levels of important drug-metabolizing enzymes,
including CYP3A4, CYP2E], and CYP1A2, at levels comparable to human liver tissue [60]. However,
HepaRG cells alone cannot replicate the complex multicellular architecture of the liver, which is
crucial for accurately modeling diseases like MASLD [35,36].

In this study, a 3D in vitro liver micro-organoid model was established. The model utilized
human cell lines and was adapted from an earlier study that modeled fibrosis [37]. The organoids
consist of HepaRG cells, LX-2 cells, and HUVECs. HepaRG cells closely mimic PHHs metabolic
capabilities and gene expression profiles [31,32]. LX-2 cells represent hepatic stellate cells responsible
for fatty acid storage and are involved in the progression of MASLD to fibrosis [38]. HUVECs,
although not liver-specific endothelial cells, contribute to vascularization and nutrient exchange,
making the model more physiologically relevant [39]. While HUVECs lack the fenestrations
characteristic of liver sinusoidal endothelial cells, they still provide a functional substitute for creating
complex liver microenvironments.

To establish an in vitro MASLD-induced model, selecting a concentration of FFA that maintains
cell viability is essential, as it allows subsequent metabolic changes to reflect the disease pathology
accurately rather than being influenced by cellular death. This approach differs from many existing
models that use bovine serum albumin (BSA) as a carrier for fatty acids. While BSA-conjugated FFA
models have been widely used, they present several limitations, including variability in FFA-BSA
binding, potential BSA interference with cellular processes, limited physiological relevance, and
difficulty in achieving high FFA concentrations [61]. Our study employed a direct FFA treatment


https://doi.org/10.20944/preprints202412.2546.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 December 2024 d0i:10.20944/preprints202412.2546.v1

14

approach, thereby enhancing control over FFA concentrations and mitigating potential confounding
factors associated with BSA. This method, while presenting its own challenges such as solubility
issues and potential cytotoxicity at high concentrations, is an established technique for inducing
MASLD-like conditions in hepatic models [40,62].

The organoids were incubated with different concentrations of FFAs consisting of oleic and
palmitic acids at a ratio of 2:1 for 7 days to develop MASLD-like conditions. While FFA treatment did
not significantly affect cell viability overall, live-dead staining revealed necrotic cores at the highest
concentration (1000 uM), suggesting cytotoxic effects. Consequently, this concentration was excluded
from further experiments. Increased FFA concentrations can also enhance extracellular matrix (ECM)
production, potentially affecting nutrient exchange and spheroid size [63,64].

A hallmark of MASLD is excessive lipid accumulation in hepatocytes and changes in the liver
environment, including matrix composition [65,66]. Bodipy staining confirmed dose-dependent fatty
acid accumulation within the cells, validating the successful induction of MASLD. At the molecular
level, disease induction was associated with altered expression of genes involved in fatty acid
metabolism and lipid accumulation. Notably, PLIN2, a marker linked to lipid droplet formation,
showed upregulated expression, consistent with previous findings in animal models of MASLD
[67,68]. On the other hand, APOC3, a gene involved in lipid metabolism, transport, and clearance,
exhibited significant downregulation following disease induction. This contrasts with the previously
documented findings, which indicated an increase in APOC3 expression in MASLD [69-71]. It is also
known that the progression of MASLD at this stage is reversible [6]. The downregulation of APOC3
in this model could reflect a cellular defense mechanism aimed at reversing disease progression.
Additionally, prolonged FFA exposure can induce endoplasmic reticulum (ER) stress, potentially
resulting in global protein translation inhibition, which may explain the observed APOC3
downregulation [40].

While excessive lipid accumulation is a hallmark of MASLD, the disease’s impact extends
beyond fatty acid metabolism. Clinical observations and animal models have revealed altered
activities of CYPs, which play a critical role in drug metabolism [5]. These alterations can significantly
influence how medications are metabolized by the body, potentially increasing the risk of medication
side effects and compromising treatment efficacy [5,72]. In this model, the downregulation of
CYP2C9, CYP1A2, and CYP3A4 is in agreement with previously reported results. Interestingly, while
there was a decrease in CYP2E1 gene expression, clinical and animal studies have reported elevated
CYP2E1 gene expression and activity in patients and mice with MASLD [73,74]. This discrepancy
might be due to the specific experimental conditions, and the effect could be post-translational. As
previously mentioned, prolonged FFA treatment can lead to ER stress and potential global translation
inhibition, elucidating the downregulation of CYP2E1 expression in our model [40]. One study
showed that the gene expression of CYP2E1 was elevated in human liver biopsy with MASLD but
not in the in vitro culture model [75]. The in vitro environment of the liver micro-organoids might
not fully replicate the complex in vivo conditions of the liver in MASLD patients or animal models.
Therefore, incorporating a platform mimicking the environment in which the liver cells are exposed
in vivo could improve the model’s functionality and better represent the pathogenesis. For instance,
a previous study showed that a scaffold representing the stiffness of a fibrotic-like liver negatively
affected the metabolic activity of HepG2 cells compared to scaffolds mimicking a healthy-like liver
[76].

Interestingly, the expressions of the EMT markers SNAIL1 and N-cadherin were significantly
upregulated in the FFA-treated liver micro-organoids. EMT is a key process in fibrosis progression,
as it involves the transition of epithelial-like cells to mesenchymal-like cells, enhancing fibrogenic
capabilities [77,78]. This upregulation is further supported by the increased secretion of liver proteins
such as AP and PINP, which are established markers of liver damage and fibrosis. PINP is directly
related to ECM production and remodeling, particularly in the context of fibrosis and collagen
formation. It serves as a valuable marker for monitoring ECM changes and increases in stiffness in
various pathological conditions [79]. This increased stiffness can further trigger liver dysfunction and
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fibrosis by promoting hepatic stellate cell activation and enhancing the fibrogenic response [80].
Stiffer matrices have been shown to influence cell behavior, leading to cellular morphology,
migration, and proliferation changes [81]. Moreover, the potential increase in ECM stiffness disrupts
the hepatic functions, including the synthesis and activation of vitamin D [76].

Finally, the expression of genes encoding vitamin D metabolism-related enzymes were
investigated. CYP27A1 and CYP2R1 were significantly downregulated in the FFA-stimulated liver
micro-organoids. These enzymes are critical for converting vitamin D into 25(OH)D3, the main
circulating form in the body. Additionally, the capacity of metabolizing vitamin D into 25(OH)D3
was shown to be significantly decreased in this model. The reduced expression and activity in
vitamin D metabolism offer a potential mechanism for the well-documented vitamin D deficiency in
MASLD patients [7,15].

In summary, these results illustrate the potential of this 3D human liver micro-organoid model
to investigate the alteration of MASLD and lipid accumulation in the liver. The observed
downregulation of CYPs and vitamin D metabolism-related enzymes suggests potential mechanisms
underlying the metabolic complications associated with MASLD.

While this model has strengths, it also has some limitations. For instance, the model cannot fully
replicate the advanced stages of MASLD, such as MASH, due to the lack of Kupffer cells. These cells
are crucial for modeling liver inflammation and fibrosis. Future studies using this model system
could investigate the effect of vitamin D supplementation on disease progression. Additionally,
incorporating Kupffer cells into the model could be crucial for studying the inflammatory aspects of
advanced MASLD stages. This comprehensive approach will provide a deeper understanding of
MASLD pathogenesis and the way for the development of novel therapeutic strategies targeting these
disrupted pathways.

5. Conclusions

Our 3D human cell-based liver micro-organoid model successfully mimicked clinical
observations of MASLD, particularly regarding a disturbed vitamin D metabolism. These findings
illustrate the potential of this model to investigate the effects of MASLD beyond lipid accumulation.
The observed upregulation of EMT markers, fibrotic activity, and downregulation of CYPs and
vitamin D metabolism-related enzymes highlight potential mechanisms underlying the metabolic
complications associated with MASLD.
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Appendix

Representative gel images of the RT-PCR results and membrane images of the the Dot blot
results are shown in Figure Al.
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Figure A1. Representative gel images of the Dot blot and the RT-PCR results in liver micro-organoids
after 7 days of treatment with different concentrations of oleic:palmitic acids (2:1 ratio): Control (Ctr.),
400, 600 uM FFA. Graphics represent the following targets: The housekeeping gene Hypoxanthin-
Phosphoribosyl-Transferase 1 (HPRT1), perilipin 2 (PLIN2), apolipoprotein C3 (APOC3), CYP2C9,
CYP1A2, CYP2E1. CYP3A4, CYP27A1, CYP2R1, N-Cadherin, SNAILI, tissue nonspecific alkaline
phosphatase (TNAP), and Procollagen type 1 n-terminals propeptide (PINP).
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