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Abstract 
Fatty liver disease has grown into a major global health burden, attributed to multi-factors including sedentary lifestyle, 
obesogenic diet and prevalence of metabolic disorders. The lack of robust experimental models is hampering the research 
and therapeutic development for fatty liver disease. This study aims to develop an organoid-based 3D culture model to reca-
pitulate key features of fatty liver disease focusing on intracellular lipid accumulation and metabolic dysregulation. We used 
human liver-derived intrahepatic cholangiocyte organoids and hepatocyte differentiated organoids. These organoids were 
exposed to lactate, pyruvate, and octanoic acid (LPO) for inducing lipid accumulation and mitochondrial impairment. Lipid 
accumulation resulted in alternations of gene transcription with major effects on metabolic pathways, including triglyceride 
and glucose level increase, which is consistent with metabolic changes in fatty liver disease patients. Interestingly, lipid 
accumulation affected mitochondria as shown by morphological transitions, alternations in expression of mitochondrial 
encoded genes, and reduction of ATP production. Meanwhile, we found treatment with obeticholic acid and metformin 
can alleviate fat accumulation in organoids. This study demonstrated that LPO exposure can induce lipid accumulation and 
associated metabolic dysregulation in human liver-derived organoids. This provides an innovative model for studying fatty 
liver disease and testing potential therapeutics.
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Key messages 
•	 Lactate, pyruvate, and octanoic acid induce lipid accumulation in liver organoids.
•	 Organoids of human compared to mouse origin are more efficient in lipid accumulation.
•	 Lipid accumulation dysregulates metabolic pathway and impairs mitochondrial function.
•	 Demonstrating a proof-of-concept for testing medications in organoids.

Keywords  Fatty liver disease · Liver organoids · Lipid accumulation · Metabolic dysregulation

Abbreviations
NAFLD	� Non-alcoholic fatty liver disease
MAFLD	� Metabolic dysfunction associated fatty liver 

disease
ICOs	� Intrahepatic cholangiocyte organoids
LPO	� Lactate, pyruvate, and octanoic acid
TMRM	� Tetramethylrhodamine
PLIN 1	� Perilipin 1
PLIN2	� Perilipin 2
PPARα	� Peroxisome proliferator-activated receptor 

alpha
CPT1A	� Carnitine palmitoyltransferase 1A
PCK1	� Phosphoenolpyruvate carboxykinase 1
G6PC	� Glucose-6-phosphatase
HSD17B13	� 17β-Hydroxysteroid dehydrogenase type 13
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CHREBP	� Carbohydrate-responsive element-binding 
protein

LXR α	� Liver X receptor alpha
TGFB1	� Transforming growth factor beta 1
SCL25A4	� Solute carrier family 25, member 4
PGC1 α	� Peroxisome proliferator-activated receptor-

gamma coactivator 1 alpha
OXPHOS	� Oxidative phosphorylation
ATP	� Adenosine triphosphate
CK7	� Cytokeratin 7
CK19	� Cytokeratin 19
HNF4α	� Hepatocyte nuclear factor 4 alpha
OCT4	� Octamer-binding transcription factor 4
LGR5	� Leucine-rich repeat containing G protein-

coupled receptor 5
B2M	� Beta2-microglobulin

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the 
most common chronic liver diseases, affecting approxi-
mately one-third of the global population. Attributing to die-
tary and life style changes; the global incidence of NAFLD  
is continuously growing. It includes simple steatosis and  
nonalcoholic steatohepatitis, which accompanies with inflam-
mation. Although the disease in majority of individuals is  
simple steatosis that can be improved by lifestyle modifica-
tions and physical activity increase, a subset of patients with 
inflammation can develop serious complications, including 
fibrosis, cirrhosis and liver cancer [1]. Recently, the nomen-
clature of NAFLD has been proposed to be updated as meta-
bolic dysfunction associated fatty liver disease (MAFLD) 
[2]. In addition to hepatic steatosis, the MAFLD criteria also 
emphasize metabolic dysfunctions, including the presence 
of type II diabetes mellitus, overweight/obesity, or minimal 
two minor metabolic abnormalities. Currently, research on 
the etiology and pathogenesis of fatty liver disease remains 
at infancy, and there is no approved medication available.

Extra fat storage in the liver is a hallmark of fatty liver 
disease. It can present as lipid droplets primarily in hepato-
cytes [3]. Lipid accumulation may also occur in cholangio-
cytes under specific circumstances. For example, lipid drop-
lets were observed in cholangiocytes in Comparative Gene 
Identification-58 (CGI-58), a lipid droplet-associated gene, 
knockout mice, fed a Western diet. Mutations in this gene are 
known to manifest fatty liver disease in humans and rodents 
[4]. To model the process of steatosis in vitro, several human 
liver cancer cell lines such as human hepatoblastoma-based 
cell lines have been used [5]. It has been demonstrated that 
combinatory supplementation of lactate, pyruvate, and octa-
noic acid (LPO) can stimulate lipid synthesis in cell culture, 
resembling a fatty liver disease phenotype [5]. However, 

these cancer cell lines have been passaged in cell culture 
for decades, and harbor various genetic, epigenetic, and 
functional alterations [6]. Therefore, they have fundamental 
limitations in modeling fatty liver disease. Thus, advancing 
mechanistic understanding of this disease and developing 
therapeutics require innovative and robust experimental 
models. The organoid technology has provided a unique tool 
to circumvent these limitations. Organoids generated from 
human induced pluripotent stem cells have been explored 
for modeling steatosis and other liver diseases [7, 8]. Impor-
tantly, primary organoids can be cultured from tissue stem 
cells in 3D structure, and they are much better in recapitulat-
ing the characteristics of the tissue of origin [9].

Human and mouse livers harbor residential bipotent 
progenitor cells located in the intrahepatic biliary compart-
ment that can be cultured as organoids [10, 11]. These liver 
organoids are derived from intrahepatic bile ducts, thus also 
termed as intrahepatic cholangiocyte organoids (ICOs) [12], 
which have been well-characterized [13]. ICOs can be dif-
ferentiated toward a hepatocyte-like phenotype by defined 
culture conditions [10] and can be maintained in culture for a 
period of time [14]. In this study, we aim to recapitulate lipid 
accumulation and associated metabolic dysregulation, and 
to test medications on lipid accumulation in liver organoids.

Materials and methods

Liver organoids culture

Human liver organoids (ICOs) were isolated and cultured 
as previously described [15]. Liver organoids were cul-
tured with Advanced DMEM/F12 (Life Technologies, 
cat.no.12634–010), adding 1 M HEPEs (Lonza, cat. no. 
17-737E) and ultraglutamine (Lonza, cat. no. BE17-605E/
U1) as the basic culture medium, supplied with 1:50 B27 
supplement (minus vitamin A), 1:100 N2 supplement, 
1 mM N-acetylcysteine, 10 mM nicotinamide, 50 ng/ml 
EGF, 100 ng/ml FGF-10, 50 ng/ml HGF, 5 μM A83-01, 
10 μM forskolin, 10 nM gastrin, and 10% R-spondin1 (pro-
duced by 293 T-H-RspoI-Fc cell line). The use of human 
liver tissues for research purposes was approved by the Med-
ical Ethical Council of Erasmus MC and informed consent 
was given (MEC-2014–060).

Hepatocyte differentiation of human ICOs

Hepatocyte differentiation of human ICOs has been well-
described previously [15]. Briefly, after culturing with 
human liver organoids expansion medium supplemented 
with BMP7 (25  ng/ml) for 5  days, the culture condi-
tion was changed to hepatocyte differentiation medium. 
The differentiation medium is the basic culture medium 
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supplemented with 1:50 B27 supplement, 1:100 N2 sup-
plement, 1 mM N-acetylcysteine, 10 nM gastrin, 50 ng/ml 
EGF, 25 ng/ml HGF, 0.5 μM A83-01, 10 μM DAPT, 3 μM 
dexamethasone, 25 ng/ml BMP7, and 100 ng/ml FGF19.

Induction of lipid accumulation

According to the previously described protocol [16], lactate 
(L), pyruvate (P), and octanoic acid (O) (all from Sigma-
Aldrich, UK) were added in organoid culture medium. Low 
(L:P:O: 10 mM: 1 mM: 2 mM) and high (L:P:O: 15 mM: 
1.5 mM: 3 mM) concentrations were used. Culture medium 
was refreshed every 2 days.

Alamar Blue assay

Culture supernatant of organoids was first discarded. Orga-
noids were then incubated with Alamar Blue (Invitrogen, 
DAL1100, 1:20 dilution in OEM) for two hours at 37 °C. 
The medium was collected for analyzing cell viability. 
Absorbance was measured by fluorescence plate reader at 
the excitation of 530/25 nm and emission of 590/35 nm.

Cell cycle analysis

Organoids were collected and dissociated into single cells 
by using 0.05% Trypsin–EDTA, followed by washing twice 
with 1X PBS and fixing in cold 70% ethanol overnight at 
–20 °C. The cells were washed twice with PBS and incu-
bated with 100 µg/ml RNase A at 37 °C for 30 min, and  
then 50 µg/ml propidium iodide (PI) was added and incubated  
at 4 °C for 30 min. The samples were analyzed by FACS 
Calibur. Cell cycle was analyzed by FlowJo_V10 software.

Apoptosis analysis

Apoptosis was measured by Annexin V-FITC/PI apoptosis 
detection kit (Becton Dickinson). Experiments were per-
formed according to the manufacturer's instruction. Briefly, 
organoids were treated by TrypLE express for dissociation 
into single cells and washed with cold PBS. Samples were 
incubated with mixture of 1X Binding buffer, FITC Annexin 
V, and PI for 15 min at room temperature in the dark. The 
samples were then measured by FACS. Cell apoptosis rate 
was analyzed by FlowJo_V10 software.

Staining of lipids

Lipids were stained with AdipoRed (Lonza, cat.no.PT-7009) 
and Hoechst 33342 (Life Technologies, cat.no.H3570) for 
30 min, followed by washing with 1X PBS 3 times. Images 
were captured by confocal microscope Zeiss LSM510meta and 
Leica SP5, and quantified with ImageJ software. Analysis was 

performed by splitting the individual color channel for lipids 
and threshold converting the 8-bit. The acquired images were 
measured with particles and their surface areas in pixels, then 
converted to square micrometers for areas of lipid droplets.

Co‑staining of lipid and mitochondria

Mitochondria were stained with tetramethylrhodamine 
(TMRM) (Life Technologies, cat. no. T668), lipids were 
stained with monodansylpentane (MDH) (Abgent, cat. no. 
SM1000b), and nucleus were stained with DRAQ5 (Fisher 
Scientific, cat. no. 62251) for 30 min. The images were cap-
tured by confocal microscope Zeiss LSM510meta and Leica 
SP5, and quantified with ImageJ software.

Immunofluorescence staining of organoids

Organoids were collected and fixed by formalin (4%) for 
10 min. The samples were washed and blocked for 1 h. Sub-
sequently, samples were incubated with primary antibodies 
against Albumin (Sigma-Aldrich, cat. no. A6684) and CK7 
(Invitrogen, cat. no. MA1-06,316) overnight at 4°Ϲ. After 
washing, samples were incubated with secondary antibody 
(Invitrogen, cat. no. A32742) for 1 h at room temperature. 
Then DAPI (Fisher Scientific, cat. no. 13285184) was added 
to stain nucleus. Images were captured by confocal micro-
scope Leica SP5.

Triglyceride assay

EnzyChrom™ Triglyceride Assay Kit (BioAssay Systems, 
cat. no. ETGA-200) was used to measure triglyceride con-
tent according to previously described protocol [7]. Orga-
noids were collected and seeded in 96-well plate for 3 days 
treated or untreated with LPO, and then working reagent was 
added for each well incubated for 30 min at room tempera-
ture. Absorbance was measured by absorbance microplate 
reader Infinite® M Nano at 570 nm. The final results were 
normalized to total protein concentration of the organoids.

Diacyglycerol assay

Diacylglycerol assay kit (Cell Biolabs, cat. no. MET-5028) 
was used to measure diacylglycerol content according to 
manufacturer’s introduction. Organoids were harvested 
and sonicated on ice to extract diacylglycerol. Then sam-
ples were transferred to a 96-well microtiter plate. Reagents 
were added and incubated at room temperature for 10 min. 
Absorbance was measured by fluorescence plate reader at 
the excitation of 530/25 nm and emission of 590/35 nm. The 
final results were normalized to total protein concentration 
of the organoids.
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Glucose assay

Glucose Assay Kit (Abcam, cat.no.ab65333) was used to 
measure glucose content. Organoids were collected after 
96 h treated or untreated with LPO, and then working rea-
gent was added according to the instruction. Absorbance 
was measured by absorbance microplate reader Infinite® M 
Nano at 570 nm. The final results were normalized to total 
protein concentration of the organoids.

Measurement of ATP content

Organoids were collected after LPO exposure. Organoids 
were divided equally into two tubes for ATP test and total 
protein concentration measurement. ATP Bioluminescence 
Assay Kit CLS II (Sigma-Aldrich, cat. no. 11699695001) 
was used for ATP content measurement. The final results 
were normalized by total protein concentration of the 
organoids.

RNA isolation and sequencing

Total RNA of cultured organoids was isolated using Machery-
NucleoSpin RNA Kit (Bioke, cat. no. MN 740955.250) and 
quantified by Nanodrop 2000. The quality of RNA was meas-
ured by Bioanalyzer RNA 6000 Picochip as quality-control 
step, followed by RNA sequencing performed by Novogene 
with paired-end 150 bp (PE 150) sequencing strategy. The 
identification of differentially expressed genes was based on 
P < 0.05 and absolute values of log2Fc > 1.

qRT‑PCR

Total RNA of cultured organoids was isolated using Machery-
NucleoSpin RNA Kit (Bioke, cat. no. MN 740955.250) and 
quantified by Nanodrop 2000. Reverse transcription was pro-
duced by PrimeScript RT Master Mix (Takara Bio Inc., cat. 
no. RR036B). qRT-PCR was performed with SYBR Select 
Master Mix (Life Technologies, cat. no. 4472954) with the 
StepOnePlus System (Thermo Fisher Scientific Life Sciences). 
Beta2-microglobulin (B2M) gene served as a reference. Rela-
tive gene expression of the target gene was normalized to the 
reference using the formula 2−∆∆CT (∆∆CT = ∆CTsample—
∆CTcontrol). These genes include perilipin 1 (PLIN1), per-
ilipin 2 (PLIN2), glucose-6-phosphatase (G6PC), peroxisome 
proliferator-activated receptor alpha (PPARα), carnitine pal-
mitoyltransferase 1A (CPT1A), phosphoenolpyruvate carbox-
ykinase 1 (PCK1), 17β-hydroxysteroid dehydrogenase type 13 
(HSD17B13), carbohydrate-responsive element-binding pro-
tein (CHREBP), liver X receptor alpha (LXR α), transforming 
growth factor beta 1 (TGFB1), solute carrier family 25, mem-
ber 4 (SCL25A4), Peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC1 α), cytokeratin 7 (CK7), 

cytokeratin 19 (CK19), hepatocyte nuclear factor 4 alpha 
(HNF4α), octamer-binding transcription factor 4 (OCT4), 
leucine-rich repeat containing G protein-coupled receptor 5 
(LGR5), Albumin, and NANOG. All primers for qRT-PCR 
quantification were listed in Supplementary Table S1.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
9.1.2 with Mann–Whitney test for non-paired samples. P 
values < 0.05 were considered as statistically significant.

Results

Lipid accumulation induced by lactate, pyruvate 
and octanoic acid in liver organoids

To model lipid accumulation in liver organoids, we adopted 
the protocol from a previous study based on exogenous sup-
plementation of lactate (L), pyruvate (P), and octanoic acid 
(O) [16]. We used two concentrations defined as low and 
high concentration. We first tested in mouse liver organoids 
by adding LPO in the culture medium for 96 h (Supplemen-
tal Fig. S1A). We observed lipid accumulation in both low 
and high concentrations of LPO, but the induction level was 
moderate (Supplemental Fig. S1B-D). We next performed 
similar experiments in human ICOs (Fig. 1A and Supple-
mentary Table S2). We observed that lipid accumulation in 
human liver organoids derived from three different donors 
was much more robust compared to that in mouse liver orga-
noids (Fig. 1B). LPO exposure dose-dependently induced 
lipid deposition in human liver organoids shown by Adi-
poRed dye staining. Taking the organoids line DL1235 as an 
example, the average number of lipid droplets per cell in dif-
ferent groups was 18.90 ± 5.85 (control group without LPO), 
38.53 ± 8.47 (low concentration of LPO), and 45.02 ± 11.56 
(high concentration of LPO) (mean ± SEM, n = 4–6) 
(Fig. 1C). Consistently, lipid droplet sizes are significantly 
larger in LPO exposed organoids (Fig. 1D). In organoids line 
DL1235, the average of lipid droplet size in different groups 
was 0.23 ± 0.01 (control group without LPO), 0.90 ± 0.05 
(low concentration of LPO), and 0.92 ± 0.05 (high concen-
tration of LPO) (mean ± SEM, µm2) (Fig. 1D). Of note, a 
sufficient concentration of LPO is required for lipid syn-
thesis, as further diluting the low concentration by 10 to 
100 times failed to induce lipid accumulation in human liver 
organoids (Supplemental Fig. S1E).

Another hallmark of fatty liver disease is excessive tri-
glyceride accumulation in hepatocytes [17]. We found that 
LPO exposure significantly increased triglyceride level by 
61.50 ± 22.07% (mean ± SEM, n = 10, P < 0.01) in human 
liver organoids, for example in the line DL1235, treated with 
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high concentration of LPO when compared with the control 
group (Fig. 1E). In addition, we found that diacylglycerol 
level was also increased by 103.5 ± 28.4% (mean ± SEM, 
n = 10, P < 0.01) in human liver organoids after LPO induc-
tion (Fig. 1F). Thus, 3D cultured liver organoids are capable 
of recapitulating lipid accumulation in vitro, but human com-
pared with mouse liver organoids are much more robust in 
lipid deposition. Therefore, only human liver organoids were 
used in following experimentation.

Modeling excessive lipid accumulation 
in hepatocyte differentiated organoids

ICOs retain stemness and have the potential to differenti-
ate toward the hepatocyte lineage culturing in hepatocyte 

differentiation medium [10, 12]. Interestingly, LPO exposure 
for 96 h significantly downregulated the expression of chol-
angiocyte markers (CK7 and CK19), whereas upregulated 
hepatocyte markers (Albumin and HNF4α) (Fig. 2A and B).

We next performed hepatocyte differentiation of ICOs by 
a well-defined culture medium [15]. Morphological appear-
ance (Fig. 2C) and gene expression of representative mark-
ers (Supplemental Fig. S2) confirmed their hepatocyte-like 
phenotype. Importantly, both low and high concentrations 
of LPO supplementation resulted in lipid accumulation 
(Fig. 2D–G). The lipid droplet size (µm2) in different groups 
was 0.89 ± 0.06 (control group without LPO), 2.54 ± 0.10 
(low concentration of LPO), and 2.71 ± 0.08 (high con-
centration of LPO) (Fig.  2E). The average number of 
lipid droplets per cell in different groups was 0.72 ± 0.24 

Fig. 1   Lipid accumulation in human liver organoids. A Morphology 
of human liver organoids cultured in expansion medium and exposed 
to LPO for 96  h. B Representative confocal images of lipid accu-
mulation in human liver organoids with or without LPO treatment. 
Lipids were stained with AdipoRed (blue), and nuclei were marked 
by Hoechst (Red). C Average number of lipid droplets per cell in dif-
ferent organoids lines, DL1235 (n = 4–6), DL1265 (n = 3–4), DL1283 
(n = 5–8). D The size of all captured lipid droplets. The total cap-
tured number of lipid droplets in DL1235 are 1142, 1715, and 2071, 
respectively. The total captured number of lipid droplets in DL1265 

are 64, 6465, 8507, respectively. The total captured number of lipid 
droplets in DL1283 are 42, 1534, 4539, respectively. E Triglycer-
ide level with or without LPO treatment in different organoids lines, 
DL1235 (n = 10), DL1265 (n = 10), DL1283 (n = 11). The triglyc-
eride content was normalized to total protein concentration of the 
organoids. F Diacylglycerol level with or without LPO treatment in 
human liver organoids (n = 10). The diacylglycerol content was nor-
malized to total protein concentration of the organoids. (mean ± SEM; 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Mann–Whitney 
test)
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(control group without LPO), 8.92 ± 1.93 (low concen-
tration of LPO), and 22.06 ± 6.13 (high concentration of 
LPO) (mean ± SEM, n = 3–4) (Fig. 2F). The triglyceride 
level increased by 48.70 ± 15.33% in low LPO group and 
61.10 ± 16.83% in high LPO group, compared with con-
trol group without LPO exposure (mean ± SEM, n = 11, 
P < 0.05) (Fig. 2G). Similar results were confirmed in two 
other hepatocyte-differentiated organoid lines (Supplemen-
tal Fig. S3). The levels of lipid accumulation were com-
parable between differentiated and undifferentiated orga-
noids, although there are some variations among different 

organoids lines (Supplemental Fig. S4). In addition, the 
expression of a panel of metabolic genes in differentiated 
and undifferentiated organoids was upregulated by LPO 
treatment (Supplemental Fig. S5). Even though different 
liver organoid lines can induce lipid accumulation in dif-
ferent culture medium with LPO exposure, it seems that 
organoids cultured in expansion medium format more lipid 
droplets than those organoids cultured in differentiation 
medium, while hepatocyte-like organoids deposit bigger 
lipid droplets.

Fig. 2   Lipid accumulation in organoids differentiated toward hepatocyte-
like phenotype. A ICOs were exposed to LPO, and mRNA expression 
levels of cholangiocytes and hepatocytes markers were quantified by 
qRT-PCR. CK7 and CK19 are cholangiocytes markers; Albumin and 
HNF4 α are hepatocytes markers, and B2M was used as reference gene 
(n = 8). B Representative immunofluorescent images with DAPI/Albu-
min and CK7 staining are shown with or without LPO treatment. C Mor-
phology of human liver organoids cultured in expansion medium and 
hepatocyte differentiation medium. OEM organoids expansion medium, 
ODM organoids differentiation medium. D Representative immuno-

fluorescent images of lipid accumulation in differentiated organoids after 
LPO treatment with low concentration (L:P:O: 10 mM: 1 mM: 2 mM) 
and high concentration (L:P:O: 15 mM: 1.5 mM: 3 mM). Lipids marked 
by AdipoRed (blue); nuclei marked by Hoechst (Red). E The size of all 
captured lipid droplets. The total captured number of lipid droplets are 
222, 3672, and 8122 respectively. F The average number of lipid droplets 
per cell (n = 3–4). G Triglyceride level with or without LPO treatment 
(n = 11). The triglyceride content was normalized to total protein con-
centration of the organoids. (mean ± SEM, *P < 0.05, ****P < 0.0001; 
Mann–Whitney test)



Journal of Molecular Medicine	

1 3

Lipid accumulation moderately inhibits the growth 
of liver organoids

The growth characteristics of human ICOs were assessed 
by Alamar blue Assay 96 h after LPO exposure. Compared 
with control group, LPO dose-dependently but moderately 
inhibited organoids growth by 13.41 ± 1.62% at low and 
19.13 ± 1.93% at high concentration (mean ± SEM, n = 8, 
P < 0.001) (Fig. 3A). The size of organoids cultured with 
LPO is significantly smaller than those cultured without 
LPO (Fig. 3B).

We next analyzed apoptosis and cell cycle by flow 
cytometry (Fig. 3C–F). We found LPO-induced apopto-
sis of organoid cells by 24.5 ± 2.45% with LPO exposure, 
while 14.82 ± 3.37% of apoptotic cells were detected in the 
control group (mean ± SEM, n = 8, P < 0.01) (Fig. 3C, D). 
Meanwhile, LPO exposure dose-dependently reduced the 
ratio of cells in S phase. There were 9.11 ± 2.30% at low 
and 6.37 ± 1.35% at high concentration, while 15.98 ± 2.43% 

cells of the control group were at S phase (mean ± SEM, 
n = 6, P < 0.05) (Fig. 3F). Our results suggest that LPO expo-
sure moderately inhibits ICO growth possibly via inducing 
apoptosis and arresting cell cycle.

Genome‑wide transcriptomic profiling reveals gene 
alternations of metabolic pathways and evidence 
of mitochondrial impairment by lipid accumulation

To map the global effects on gene transcription, we per-
formed genome-wide transcriptomic analysis in human liver 
organoids exposed to LPO for 96 h. Volcano plot showed 
that 457 genes were significantly upregulated and 796 genes 
were downregulated (Fig. 4A). Heatmap showed the top 50 
significantly differentially expressed genes comparing with 
and without LPO treatment (Fig. 4B). Kyoto encyclopedia 
of genes and genomes (KEGG) pathway analysis revealed 
that “metabolic pathways” are predominantly regulated 
involving 414 differentially expressed genes (Fig. 4C). This 

Fig. 3   The growth of human liver organoids after LPO treatment. A 
Cell viability of liver organoids (n = 8). B The size of liver organoids 
with LPO or without LPO treatment. The total captured number of 
organoids in DL1235 are 430 and 377. The total captured number of 
organoids in DL1265 are 330 and 304. The total captured number of 
organoids in DL1283 are 373 and 626. C Apoptosis in human liver 

organoids with or without LPO by analyzed flow cytometry. D The 
apoptosis rate in human liver organoids (n = 8). E Percentages of 
cells in different cell cycles (n = 6). F The percentage of liver orga-
noids cells arrested in the S phase (n = 6). (mean ± SEM; *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; Mann–Whitney test)
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is consistent with the analysis of transcriptomic data from 
liver issue of NAFLD patients (retrieved from GEO data 
sets GSE126848 [18]) (Fig. 4C). Ingenuity pathway analysis 
based on significantly differentially regulated genes revealed 
that “Liver steatosis” is among the top scored “Liver dis-
eases and functions” (Fig. 4D).

Mitochondria essentially participate in cellular metabo-
lism, and mitochondrial dysfunction has been commonly 
observed in fatty liver [19]. By stratifying genes encoded 
by mitochondrial DNA from the genome-wide transcrip-
tomic analysis, we found a pattern of alteration comparing 
LPO treated and untreated organoids (Fig. 5A). Immuno-
fluorescent co-staining showed enlarged mitochondria in 
lipid accumulated cells (Fig. 5B).

The increase of glucose level is also the hallmark of 
NAFLD phenotype, which is related to mitochondrial dis-
order. Thus, we tested glucose content in liver organoids 
with and without LPO treatment. We found that glucose 

level was increased after LPO treatment by 23.4 ± 2.86% 
(mean ± SEM, n = 18, P < 0.0001) (Fig. 5C). Mitochondria 
generate most of the cellular ATP through oxidative phos-
phorylation. ATP content is an index for mitochondrial 
function [20]. We found that LPO exposure and lipid accu-
mulation resulted in significant reduction of ATP content 
by 71.22 ± 3.87% in DL1235, 79.58 ± 3.85% in DL1265, 
and 83.36 ± 6.41% in DL1283 (mean ± SEM, n = 6–11, 
P < 0.001) (Fig. 5D). These data collectively indicate met-
abolic dysregulation, in particular mitochondrial impair-
ment, in liver organoids upon lipid accumulation.

The effects of obeticholic acid or metformin 
treatment on lipid deposition in organoids

To provide proof-of-concept that liver organoid-based fatty 
liver disease models are applicable of assessing novel thera-
peutics, we tested two drugs: obeticholic acid (INT747) and 

Fig. 4   Genome-wide transcriptomic analysis after LPO exposure. 
A Volcano plot of statistical significance (P < 0.05) against fold 
change (ratio of LPO/Control group, n = 3) of all the genes. B Heat-
map showing top 50 differentially expressed genes. C KEGG path-
way enrichment analysis using the complete set of significantly dif-
ferentially expressed genes in organoids (n = 3). Publically available 

data were retrieved (GSE126848) to compare the transcriptomes in 
liver tissues of NAFLD patients (n = 15) with that of healthy controls 
(n = 14). D Ingenuity Pathway Analysis based on significantly differ-
entially regulated genes in the organoids model according to the mod-
ule of “Liver diseases and functions”
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metformin. Obeticholic acid, a farnesoid X receptor agonist, 
has been reported to regulate hepatic metabolic homeosta-
sis and improve liver steatosis [21, 22]. Metformin is an 
insulin sensitizer for type 2 diabetes treatment, which has 
been reported to reduce free fatty acids level and affect the 
development of MAFLD [23]. After 96 h exposure of LPO, 
we treated organoids with 1 μM INT 747 or metformin for 
24 h, a relevant drug concentration as previously described 
[24–26]. We found INT 747 had mild effects on lipid droplet 
size that significant reduction was observed in three but not 
the other organoids line (Fig. 6). Metformin significantly but 
moderately reduced lipid droplet size in both tested orga-
noids lines (Fig. 7). These demonstrated a proof-of-concept 
of testing medications on lipid accumulation.

Discussion

Fatty liver disease has grown into a major global health 
issue, but there is no specific treatment available. Advanc-
ing research and therapeutic development requires robust 
experimental models that can resemble the disease as seen 
in patients. Mouse models have been widely used to study 
the pathogenesis of fatty liver disease and assess therapeutic 
interventions. Although these models have unique advan-
tages that can capture not only steatosis, but also the patho-
genic process of inflammation and fibrosis [23], they have 
major limitations in particular given the obvious species 
barrier. Thus, experimental models of human origin remain 
essentially required. Currently, immortalized human liver 

Fig. 5   Evidence of mitochondrial dysfunction in liver organoids 
upon lipid accumulation. A The expression pattern of mitochon-
drial encoded genes with or without LPO treatment, extracted from 
the genome-wide transcriptomic analysis. B Representative confocal 
images of mitochondria in organoids between control and LPO group. 
Mitochondria marked by TMRM (yellow); lipid droplets marked by 

MDH (blue); nuclei marked by DRAQ5 (Red). C Glucose content 
with or without LPO treatment (n = 18). D ATP content in different 
organoids between control and LPO group, DL1235 (n = 11), DL1265 
(n = 9), DL1283 (n = 6–8). The glucose content and ATP content 
were normalized to total protein concentration of the organoids. 
(mean ± SEM, ***P < 0.001, ****P < 0.0001, Mann–Whitney test)
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cancer lines including HepG2, Huh7, and HepRG have been 
explored to establish in vitro models for fatty liver disease. 
These cell culture models primarily capture steatosis, one 
hallmark of fatty liver disease. Through exposure to free 
fatty acids treatment, these cells can capture the process 
of lipid accumulation in a 2D cell culture setting [27–29]. 
However, these immortalized malignant cells harbor numer-
ous genetic and functional alterations that compromise the 
authenticity in modeling fatty liver disease, a non-malignant 
disease. Primary human hepatocytes are the ideal cell type 
in this respect, but these cells are technically difficult to be 
cultured and maintained for experimentation. Hepatocyte-
like cells differentiated from induced pluripotent stem cells 
or embryonic stem cells have been used as an alternative and 
are capable of modeling lipid accumulation [30].

The recent development of organoids technology has 
provided a unique opportunity to further advance in vitro 
models of fatty liver disease. The liver harbors residential 
progenitor cells that can be cultured into organoids with 
cholangiocyte phenotype. 3D organoid cultures have also 

been successfully generated from single hepatocytes and can 
grow for several months in vitro [14], but there are remaining 
technical challenges for wide applications. Using a different 
approach, a recent study has generated hepatic organoids 
from human embryonic stem cells and induced pluripotent 
stem cells. These organoids contain a higher proportion of 
hepatocytes to cholangiocytes, and can accumulate lipids 
when exposed to free fatty acids [8]. However, these orga-
noids are prone to accumulate genomic and epigenomic 
alterations [31, 32], whereas organoids derived from pri-
mary adult liver stem cells are genetically more stable [10]. 
In this study, we successfully recapitulated excessive lipid 
accumulation in human adult liver-derived organoids by 
exogenous supplementation of lactate (L), pyruvate (P), and 
octanoic acid (O), an approach that better mimics de novo 
lipid synthesis compared to free fatty acids exposure [16]. 
Lactate and pyruvate are physiological substrates of both 
gluconeogenesis and de novo lipogenesis. Octanoic acid, 
as a form of medium chain fatty acid, can more effectively 
induce triglyceride accumulation, compared to long chain 

Fig. 6   Treatment with INT747 reduce lipid accumulation in orga-
noids cultured in expansion medium. A Representative confocal 
images of lipid accumulation in undifferentiated organoids treated 
or untreated with INT747 (lipids: blue; nuclei: red). B Lipid droplet 
size between untreated and INT747 treated in five different liver orga-
noids exposed to LPO. The total captured number of lipid droplets 

in DL1235 are 524 and 1000, respectively. The total captured num-
ber of lipid droplets in DL1265 are 6442 and 6312, respectively. The 
total captured number of lipid droplets in DL1402 are 3563 and 310, 
respectively. The total captured number of lipid droplets in DL1403 
are 536 and 17, respectively. (mean ± SEM, ****P < 0.0001, Mann–
Whitney test)
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fatty acids, such as oleate [33]. The combination of lac-
tate, pyruvate and octanoic acid enhance tricarboxylic acid 
cycle (TCA) activity, leading to the increase of mitochon-
drial respiration. We found liver organoids cultured from 
human compared to mouse liver tissue were much better in 
lipid accumulation when exposed to LPO. This is consistent 
with a previous study showing that liver organoids of feline 
and human compared with those of dog and mouse origin 
are more efficient in accumulating lipids when treated with 
free fatty acids including oleate and palmitate [34]. Thus, 
in this study, we primarily focused on the use of human 
liver organoids. Of note, our liver organoids are derived from 
intrahepatic bile ducts with cholangiocyte-like phenotype. 
However, in patients with fatty liver disease, hepatocytes 
are the main cell type accumulating lipids [3]. We thus have 
differentiated our ICOs into hepatocytes-like cells, and they 
were also capable of accumulating lipids. It would be inter-
esting to comparatively study the use of different types of 
liver organoids for modeling steatosis in future research.

The liver displays regenerative capacity after surgical 
resection or injury. Liver organoids derived from intrahe-
patic bile ducts consist of bipotent progenitors [35]. Even 
though there is no mature hepatocytes in ICOs, progenitors 
express some hepatocyte markers and have the potential to 
differentiate toward hepatocytes [10, 15]. In the existing 
models, hepatocytes are the main object of NAFLD studies. 
However, progenitors are also involved in NAFLD progres-
sion. Progenitors/stem cells are activated and preferentially 
differentiate toward hepatocytes both in NAFLD animal 
models and in patients [36–38]. These results are consistent 
with our findings that LPO exposure upregulates hepatocyte 
markers in ICOs. Recent studies suggest that lipid meta-
bolic states regulate the fate of progenitors to self-renew or 
differentiation [39]. Proliferating retinal stem cells showed 
enriched saturated fatty acids than differentiated retinal 
cells [40]. The shift of quiescence and proliferation of neu-
ral stem/progenitor cells regulated by fatty acid oxidation 
[41]. Thus, the exact role of lipid metabolism in different 

Fig. 7   Treatment with metformin reduce lipid accumulation in 
organoids cultured in expansion medium. A Representative confo-
cal images of lipid accumulation between untreated and metformin 
treated organoids (lipids: blue; nuclei: red). B Lipid droplet size of 
liver organoids exposed LPO between untreated and metformin 
treated, in five different liver organoids lines. The total captured 
number of lipid droplets in DL1235 are 1083 and 383, respectively. 

The total captured number of lipid droplets in DL1265 are 4512 and 
3546, respectively. The total captured number of lipid droplets in 
DL1283 are 848 and 808 respectively. The total captured number of 
lipids in DL1402 are 2635 and 291, respectively. The total captured 
number of lipid droplets in DL1403 are 1219 and 29, respectively. 
(mean ± SEM, *P < 0.05, ****P < 0.0001, Mann–Whitney test)
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cell types derived from liver organoids is interesting to be 
further studied.

Patients with fatty liver disease are often accompanied 
with metabolic disorders, which in turn aggravate the 
progression of fatty liver disease [42, 43]. The new term, 
MAFLD, emphasizes metabolic dysfunctions, including the 
presence of type II diabetes mellitus, overweight/obesity or 
minimal two minor metabolic abnormalities. In cell culture 
models, exposure to LPO compared with free fatty acids 
is much better in recapitulating metabolic dysregulation 
and the expression of metabolism-associated genes [30]. 
Mitochondria, the powerhouse of cells, essentially regulate 
metabolism and play an important role in the pathogenesis 
of fatty liver disease [19]. It has been shown that LPO treat-
ment enhances mitochondrial respiration and reactive oxy-
gen species formation during lipid accumulation [5, 44]. 
In our organoids model, lipid accumulation regulates over 
400 genes that are attributed to metabolic pathways. Fur-
thermore, we provided evidence of mitochondrial dysfunc-
tion induced by lipid accumulation. To further advance the 
model system, it would be important to incorporate different 
cell types to also recapitulate inflammatory response and 
fibrogenesis, in addition to lipid accumulation. A previous 
study has demonstrated proof-of-concept that liver orga-
noids generated from pluripotent stem cell lines compose of 
hepatocyte-, stellate-, and Kupffer-like cells that recapitulate 
several features of fatty liver disease, including steatosis, 
inflammation, and fibrosis phenotypes [7].

Although no approved medication is available, there 
are several pipeline drugs at clinical development stage 
for treating fatty liver disease. These drugs are primarily 
aimed at reversing hepatic fibrosis or anti-inflammation [45]. 
Obeticholic acid (INT747), a natural Farnesoid X receptor 
agonist, has been demonstrated to significantly improved 
fibrosis in a large phase 3 trial [46]. In our model, INT747 
treatment appears to have mild effect on lipid synthesis, 
which is consistent with its mechanism-of-action that is not 
primarily targeting lipid synthesis. Metformin is the first-line 
medication for treating type 2 diabetes. The effects on the 
development and progression of MAFLD has been widely 
implicated, but remain highly controversial [47]. In liver 
organoids, we found that metformin treatment significantly 
but moderately inhibited LPO-induced lipid accumulation, 
which may help to understand the underlying mechanism 
how metformin affects fatty liver disease. This provided 
proof-of-concept that our organoids model bears usefulness 
for therapeutic development.

In summary, this study has successfully established liver 
organoids-based models in recapitulating excessive lipid 
accumulation and associated metabolic dysregulation. This 
shall provide an innovative tool for studying pathogenesis 
and developing therapeutics for treating fatty liver dis-
ease. Here, we only recapitulate lipid accumulation but not 

inflammation and fibrosis. Adding immune and stromal cell 
compartments into organoids may help to further advance 
the model to better capture the pathogenic spectrum of fatty 
liver disease. Future research is warranted to further improve 
the model for better recapitulating the critical features of 
the disease.
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