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ABSTRACT
Progressive non-alcoholic fatty liver disease (NAFLD) may culminate in severe complications, including fibrosis, cirrhosis 
and hepatocellular carcinoma, yet therapeutic breakthroughs remain elusive, necessitating novel pharmacological strategies. 
Semaglutide, a glucagon-like peptide-1 (GLP-1) receptor agonist clinically approved for type 2 diabetes and obesity management, 
has demonstrated pleiotropic effects in preclinical NAFLD models. In this study, we investigated semaglutide's therapeutic ef-
ficacy and mechanisms in a human liver organoids (hLOs) model of NAFLD. Utilising microengineered array chips, human 
induced pluripotent stem cells (hiPSCs) were differentiated into hLOs with functional hepatic properties. NAFLD pathology was 
induced via free fatty acid (FFA) exposure, recapitulating disease hallmarks such as steatosis, inflammatory cytokine elevation 
and fibrogenic activation. Semaglutide treatment at 50 nM significantly attenuated lipid deposition caused by FFAs and reduced 
triglyceride levels by 8-fold and cholesterol levels by 1.8-fold. It also inhibited the expression of pro-inflammatory markers (IL-6, 
IL-8, TNF-α) by about 1.5–2 fold and increased the level of lipolytic genes by about 45%. These findings elucidate the therapeutic 
potential of semaglutide in attenuating key NAFLD-associated pathologies and establish a robust in vitro platform for preclinical 
drug evaluation. The study provides critical insights into targeted NAFLD interventions and supports the translation of GLP-1-
based therapies into clinical practice, addressing an unmet need in hepatology.
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provided the original work is properly cited.
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1   |   Introduction

Non-alcoholic fatty liver disease (NAFLD) has emerged as 
a critical global health challenge, affecting one in four indi-
viduals worldwide—a concerning statistic driven by rising 
obesity rates and metabolic disorders [1, 2]. Characterised by 
excessive fat deposition in the liver, NAFLD is not merely a 
benign condition but a stealthy precursor to life-threatening 
complications, including fibrosis, cirrhosis and hepatocellular 
carcinoma [3–5]. Despite its alarming prevalence, therapeutic 
breakthroughs remain elusive, leaving millions without effec-
tive treatment. This unmet clinical urgency underscores the 
imperative to redefine how we study and combat NAFLD—a 
challenge demanding innovation at the intersection of phar-
macology and biotechnology.

Semaglutide, a glucagon-like peptide-1 (GLP-1) receptor ag-
onist with dual glycaemic control and weight-loss efficacy 
shown tantalising promise in alleviating NAFLD symptoms 
since its 2021 FDA approval for weight management, with 
clinical trials reporting reduced liver fat, improved metabolic 
markers and attenuated inflammation [6–8]. Yet the path from 
lab to clinic is fraught with hurdles: traditional animal mod-
els, while invaluable, often fail to predict human responses 
due to inherent biological differences [9–11]. For instance, 
studies in NAFLD mice reveal semaglutide's ability to curb 
weight gain and oxidative stress [11, 12], but translating these 
findings to humans remains a gamble. This translational gap 
highlights the need for models replicating human NAFLD 
pathophysiology.

Human induced pluripotent stem cell (hiPSC) derived hLOs 
have become a transformative tool for modelling liver physi-
ology and disease, bridging the gap between 2D monocultures 
and animal models. In recent years, advances in directed dif-
ferentiation technology have enabled the gradual induction of 
differentiation of hiPSCs into hLOs with higher cellular hetero-
geneity and functional maturity by manipulating the concen-
tration of specific factors [13]. Currently, there are two main 
ways of hiPSCs-derived hLOs. The first one is to induce hiPSCs 
to differentiate into mature hepatocytes under 2D culture and 
subsequently generate hLOs by 3D culture. The second one is 
to further differentiate hiPSCs into mature hLOs directly under 
3D culture conditions, after hiPSCs become spheroids with the 
help of self-assembly ability [14, 15]. Both ways can successfully 
generate hLOs and maintain the characteristics of the liver in 
long-term culture.

Suspension culture is the most commonly used traditional 
method for organoid culture, whereby spheres are formed by 
means of ultra-low adsorption microtiter plates with the help 
of the self-assembling ability of hiPSCs [15]. However, it has 
to be said that current organoid platforms lack spatial control 
over organoid formation and often uncontrolled fusion leads 
to central necrosis and heterogeneity of drug response, a lim-
itation that hampers their use in preclinical pharmacological 
studies. Microengineering technology enables the construction 
of array chips with predefined pore sizes and spacing through 
micron-level precision material processing (e.g., soft lithogra-
phy, etc.), which confines cells in separate pores to form ho-
mogeneous organoid spheres and addresses the limitations of 

traditional organoid culture [16]. Based on this, the organoid 
chip technology offers a transformative solution. By integrating 
stem cell-derived organoids with microengineered perfusion 
systems, these platforms recreate miniature, functional human 
tissues in  vitro, complete with dynamic fluid flow and 3D ar-
chitecture [17–20]. Pioneering work has already demonstrated 
their potential: liver organoids exposed to fatty acids replicate 
NAFLD's hallmarks—steatosis, inflammation and fibrosis [21], 
while lobule-mimicking chips reveal spatial patterns of lipid 
accumulation and drug response [22]. Such advances hint at a 
future where drug candidates like semaglutide can be tested in 
environments that closely resemble human physiology, bypass-
ing the limitations of animal trials. Nevertheless, despite these 
advancements, the therapeutic mechanisms of semaglutide in 
NAFLD remain unexplored. Here, we constructed microporous 
array chips based on soft lithography for the in situ formation of 
hiPSCs-derived hLOs. Meanwhile, free fatty acid (FFA) expo-
sure successfully induced NAFLD. Based on this platform, we 
evaluated the therapeutic activity of semaglutide for NAFLD.

2   |   Experiment and Methods

2.1   |   Preparation of Microporous Array Chip

The microporous array chip was fabricated from polydimethylsi-
loxane (PDMS) using soft lithography [23–25]. The chip architec-
ture was engineered to incorporate a microporous array (600 μm 
diameter, 50 μm gap, 600 μm height), enabling the in situ, high-
throughput production of hLOs within the wells. The PDMS 
prepolymer and curing agent (Dow Corning Corp) were com-
bined in a 10:1 ratio and cast into the mold. Residual gas bubbles 
were eliminated via degassing with a circulating water vacuum 
pump, followed by thermal curing in an oven (PH-030A) at 90°C 
for 1 h. Then, the chips were sterilised in an autoclave (SX-700), 
combined with commercial 24-well plates (Corning, 5201) and 
exposed to UV light (SW-CJ-IFD) for 4–6 days. Prior to experi-
mentation, the chip surface was functionalised for hydrophobic-
ity by treatment with 0.2% (w/v) PF127.

2.2   |   hiPSCs Culture and Expansion

hiPSCs were cultured as previously described [23]. hiPSC cells 
(DYR0100) from the Chinese scientific cell bank. Matrigel (BD 
Biosciences, 356234) was reconstituted in DMEM/F12 medium 
(Gibco, C11330500BT) at 1:50 (v/v) and coated onto 6-well plates 
for 4 h at 4°C. After equilibration in mTeSR1 medium (StemCell, 
85850) at 37°C for 1 h, hiPSCs were seeded at 1–2 × 104 cells/
cm2. Cultures were maintained in mTeSR1 with daily medium 
changes. At 80%–90% confluence, cells were enzymatically dis-
sociated using Accutase (Sigma-Aldrich, A6964) and passaged 
at a 1:6 split ratio. Post-dissociation, cells were incubated in 
mTeSR1 supplemented with 10 μM Y27632 (Selleck, S1049) for 
1 h to enhance viability.

2.3   |   Liver Organoid Construction in Array Chips

The method was adopted according to the previous study 
[26], hLOs differentiation followed a four-stage protocol 
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(Figure S1A). hiPSCs were dissociated and transferred to array 
chips in mTeSR1 medium containing 10 μM Y27632, where 
embryoid bodies (EBs) formed overnight. Stage-specific media 
formulations were: Days 0–5 (Definitive endoderm): RPMI 1640 
supplemented with 2% KnockOut Serum Replacement (KSR), 
1× B27, 1× GlutaMAX, 1% penicillin–streptomycin and 100 ng/
mL Activin-A. Days 5–10 (Hepatic progenitors): Activin-A re-
placed with 20 ng/mL bFGF and 10 ng/mL HGF. Days 10–15 
(Hepatocyte maturation): Hepatocyte Culture Medium (HCM) 
containing 20 ng/mL oncostatin M (OSM) and 1 μM dexametha-
sone (Dex). Days 15–20: HCM with 1 μM Dex alone. hLO matu-
ration was monitored daily via brightfield microscopy. Reagent 
details are provided in Table S1.

2.4   |   Modelling NAFLD on Array Chips

On Day 18, hLOs were supplemented with a 2:1 (v/v) mixture of 
oleic acid (OA, 400 μM; Sigma-Aldrich, O7501) and palmitic acid 
(PA, 200 μM; Sigma-Aldrich, P9767) for 48 h to induce steatosis. 
Control hLOs were maintained in normal medium containing 
fatty acid-free bovine serum albumin (BSA; Sigma-Aldrich, 
SRE0098). During the drug validation phase, the NAFLD model 
was replaced with normal culture medium for 2 days after 2 days 
of FFA exposure.

2.5   |   Drug Interventions

FFA-exposed hLOs were administered semaglutide (20, 
50, 100 nM; MedChemExpress, HY-114118) or obeticholic 
acid (5 μM; Sigma-Aldrich, SML3096) for 48 h. Parallel con-
trol groups included untreated physiological and pathologi-
cal hLOs.

2.6   |   Immunohistochemical Staining

Spheroids harvested at each differentiation stage were fixed in 
4% paraformaldehyde (PFA; Solarbio, P1110) for 30 min at room 
temperature, rinsed three times with Dulbecco's phosphate-
buffered saline (DPBS; Solarbio, CX-D1040), and cryoprotected 
overnight at 4°C in 30% sucrose (Sigma-Aldrich, V900116). 
Samples were subsequently embedded in optimal cutting tem-
perature (OCT) compound (SAKURA, 4583), flash-frozen in 
liquid nitrogen, and stored at −80°C. Cryosections (10 μm thick-
ness) were prepared using a cryostat microtome (CM1850) and 
air-dried for 1 h prior to staining.

For immunofluorescence, sections were permeabilised with 
0.25% Triton X-100 (Sigma-Aldrich, T8787) in DPBS for 5 min, 
followed by blocking in 10% (v/v) goat serum (Solarbio) for 
1 h at room temperature. Primary antibodies (dilutions spec-
ified in Table  S2) were applied and incubated overnight at 
4°C. After three DPBS washes, sections were incubated with 
species-matched Alexa Fluor-conjugated secondary anti-
bodies (CST, 4412s/8889s/4408s; Beyotime, A0502) for 1 h at 
25°C. Nuclei were counterstained with 1 μg/mL DAPI (Cell 
Signalling, 4083) for 10 min. Slides were mounted in 50% glyc-
erol/DPBS (v/v) and imaged using a DM5000B fluorescence 
microscope.

For lipid droplet visualisation, sections were blocked with 5% 
bovine serum albumin (BSA; Solarbio, CX-A8010) and 0.25% 
Triton X-100 in DPBS, then stained with 10 μM BODIPY 493/503 
(MedChemExpress, 121207-31-6) for 1 h (protected from light). Oil 
Red O staining (Sigma-Aldrich, O0625) was performed by incu-
bating sections in filtered Oil Red O solution for 30 min, followed 
by three 5-min washes in 60% isopropanol. Glycogen content was 
assessed via periodic acid–Schiff (PAS) staining (Solarbio, G1281), 
while haematoxylin and eosin (H&E; Solarbio, G1121) staining 
was employed for histological evaluation. All brightfield and flu-
orescence images were acquired using a DM5000B microscope 
under standardised illumination conditions.

2.7   |   Real-Time Quantitative PCR Analysis 
and Transcriptomics Analysis

Total RNA was isolated from hiPSCs and hLOs using RNAiso 
PLUS (TaKaRa) and reverse-transcribed into cDNA with 
PrimeScript RT Premix (TaKaRa) under the following condi-
tions: 37°C for 15 min, 85°C for 5 s and 4°C hold. qRT-PCR was 
performed on a LightCycler 96 System (Roche) using 40 cycles of 
95°C for 30 s (denaturation), 58°C for 45 s (annealing) and 72°C 
for 30 s (extension). GAPDH served as the endogenous control; 
primer sequences are listed in Table S3.

For transcriptomic analysis, RNA from FFA-treated hLOs 
(FFA-hLOs) and semaglutide-treated hLOs (M-Sem-hLOs) was 
extracted as above and subjected to paired-end 150 bp sequenc-
ing on a BGISEQ-500 platform (BGI, Shenzhen, China). N = 3 
replicates.

2.8   |   Cell Live-Dead Analysis

hLOs viability was assessed on Day 20 using a Live/Dead Cell 
Staining Kit (APExBIO, K2081). Organoids were washed with 
DPBS, incubated with calcein-AM (live) and propidium iodide 
(dead) dyes for 30 min at 37°C, and imaged in situ using a fluo-
rescence microscope (Leica DM5000B).

2.9   |   Biochemical Level Analysis

Media collected on Days 10 and 20 were analysed for albumin 
(USCN, CEB028H) and urea (BioAssay Systems, DIUR-100) 
secretion. For lipid quantification, hLOs were lysed via ul-
trasonication (Scientz JY92-11DN), and total cholesterol (TC; 
Nanjing Jiancheng, A110-11) and triglycerides (TG; Nanjing 
Jiancheng, A111-1-1) were measured using enzymatic assays. 
Protein normalisation was performed via BCA assay (Lablead, 
B5001).

2.10   |   Statistical Analysis

Data are expressed as mean ± standard deviation (SD). 
Differences between two groups were evaluated using unpaired 
Student's t-test. Significance thresholds were set at *p < 0.05, 
**p < 0.01 and ***p < 0.001. The data were processed with soft-
ware Excel and GraphPad Prism 9.
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3   |   Results and Discussion

3.1   |   Construction of an In Vitro Liver Organoid 
Culture Platform

Stem cells leverage their multipotent differentiation and self-
assembly capabilities to generate diverse germ layer lineages 
under specific induction conditions. These lineages subse-
quently develop into tissue-specific progenitor cells, ultimately 
forming organoids [24]. This remarkable differentiation poten-
tial enables the simulation of complex human tissue microen-
vironments and functional properties. As shown in Figure 1A, 
we induced the generation of hiPSC-derived hLOs to model 
NAFLD. Although current commercially available low adsorp-
tion plates or multiwell array plates are capable of organoid con-
struction, they limit organoid pathology studies due to problems 
such as the inability to control the size or high price. Herein, 
we designed a microtiter array chip compatible with commercial 
well plates, enabling the creation of a high-throughput organ-
oid culture system. The modular design allows customisation of 
microtiter parameters (number, spacing, depth, size) to accom-
modate varying experimental throughput or organoid size re-
quirements. Meanwhile, the main material of the chip is selected 
as biocompatible PDMS, which supports long-term cell culture 
as well as growth status tracking. Using this organoid-on-a-chip 
platform, we evaluated the therapeutic efficacy of semaglutide 
against NAFLD. As shown in the enlarged image, the microp-
orous array facilitates the controlled formation of 3D spheroids, 
supports in situ differentiation and maturation of hLOs, and en-
ables long-term culture (Figure 1A).

Before organoid formation, stem cells were enzymatically di-
gested and dissociated into single-cell suspensions, which were 

then seeded into well plates containing microporous array 
structures overnight (Figure  1A). Cultivation in microporous 
structures reduced the high variability in size of embryoid bod-
ies (EBs) during growth and differentiation. Compared to con-
ventional suspension culture, the defined shape and spacing 
of the microwells effectively prevented the fusion of adjacent 
spheroids, thereby avoiding central necrosis caused by over-
sized aggregates [27]. Consequently, spheroids cultured on this 
organoid-on-a-chip platform are highly suitable for physiological 
and pathological modelling, enabling in situ tracking and real-
time imaging. The platform supports both on-chip functional 
assays (e.g., real-time imaging) and off-chip analytical tech-
niques (e.g., qPCR, ELISA, RNA sequencing) for comprehensive 
system evaluation (Figure  1B). In summary, the microporous 
array design offers a straightforward and efficient platform for 
controlling the differentiation, formation and functional assess-
ment of liver organoids.

3.2   |   In Situ Formation of hiPSCs-Derived Liver 
Organoid in Microwell Arrays

Generally, the differentiation of hiPSCs into liver cells in-
volves three key stages: endoderm induction, hepatic pro-
genitor cell differentiation and expansion, and hepatocyte 
maturation [27]. In this study, undifferentiated hiPSCs were 
directly seeded onto microwell array chips. Endoderm induc-
tion, hepatic progenitor cell expansion and liver maturation 
were sequentially achieved by adding stage-specific growth 
factors (Figure S1A). As shown in Figures S2 and 2A, dissoci-
ated stem cells aggregated into spherical structures overnight 
within the microwells, gradually completing the induction of 
hLOs. During this process, the size of the hLOs progressively 

FIGURE 1    |    Liver organoid chip platform for semaglutide efficacy assessment in NAFLD. (A) Differentiation of hiPSCs into liver organoids with-
in microwell arrays, enabling NAFLD modelling and semaglutide evaluation. (B) Analytical methods for phenotypic and functional assessment of 
organoids.
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increased (Figure  S1B). In addition, we investigated the for-
mation of EBs under the same conditions using low-adhesion 
96-well plates. Following overnight incubation, we conducted 
bright field observation and size analysis of the generated 
spheres (Figure S2B,C). Compared with the microporous array 
chips, the EBs generated in the low-adhesion plates exhibited 
greater variability in size and demonstrated a tendency to ag-
gregate or fuse with one another. This suggests that the mi-
croporous array chips provide a more controlled and uniform 
environment for EBs formation. Meanwhile, we analysed the 

cell viability statistics of hLOs on Day 20 using dead-viable 
staining and found that hLOs had high activity, indicating a 
good culture status of hLOs (Figure S1C). In addition to this, 
in order to explore the chip biocompatibility or potential tox-
icity to the cells, we performed immunofluorescence staining 
for the apoptosis marker active protease Caspase 3 on frozen 
sections of hLOs on Day 20 and did not observe extensive cell 
death within the liver organoids. Thus, culture in this chip 
ensures the efficient formation of hLOs and avoids core cell 
necrosis (Figure S3).

FIGURE 2    |    In situ formation of hLOs from hiPSCs in chip systems. (A) Brightfield micrographs of hLO differentiation stages. Scale bars: 250 μm. 
(B) Immunofluorescence staining of frozen sections of spheroids at different stages for characterisation of specific markers: Pluripotency (OCT4, 
NANOG), definitive endoderm (FOXA2, SOX17), hepatic progenitors (AFP, Ki67), mature hepatocytes (ALB, HNF4α) and cholangiocytes (KRT7, 
KRT19). Scale bars: 50 μm. (C) qRT-PCR analysis of pluripotency (OCT4, NANOG), endodermal (SOX17), hepatic progenitor (AFP) and cholangiocyte 
(CK7) genes across differentiation stages (EBs, endoderm, hLOs). Data represent mean ± SD from three independent replicates (***p < 0.001 versus 
EBs stage).
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To determine the localization and distribution of stem cell lin-
eage markers at different stages within hLOs, immunohisto-
chemical analyses were performed at various time points. As 
shown in Figure 2B, the stemness markers OCT4 and NANOG 
were highly expressed on Day 0, indicating that the cells re-
main in an undifferentiated state at the anaphase stage, with 
the potential for self-renewal and differentiation into various 
types of cells. However, on Day 5, the stemness markers OCT4 
and SOX2 were barely expressed, suggesting that the stem cells 
were overgrown towards the endodermal lineage. On Day 5, 
endodermal spheroids were identified by immunostaining for 
FOXA2 and SOX17, confirming the onset of endodermal differ-
entiation. By Day 10, liver progenitor cells had differentiated, 
as evidenced by the expression of the AFP marker, and the cell 
proliferation marker Ki67 was also highly expressed. Following 
hepatic maturation, hLOs on Day 20 abundantly expressed ma-
ture hepatocyte-specific markers, including ALB and HNF4α. 
Notably, the organoids also showed positive expression of the 
cholangiocyte markers KRT7 and KRT19, resembling bile duct 
structures in the final stage. These findings demonstrate cellu-
lar heterogeneity within the liver organoids, comprising both 
hepatocytes and ductal structures (Figure 2B). In addition, the 
expressions of ALB, HNF4a, KRT7 and KRT19 were quantita-
tively analysed for the percentage of ALB+, HNF4a+, KRT7+ 
and KRT19+ cells in liver organoids (Figure S4).

Additionally, to further characterise the differentiation and for-
mation of hLOs, gene expression profiles representing pluripo-
tent and hepatic lineages were analysed using real-time PCR. 
Spheroids from different stages of differentiation (embryoid 
bodies, endoderm and liver-like organoids) were collected, with 
gene expression in the embryoid body (EB) stage serving as the 
control (Figure 2C). The results revealed a clear trend: pluripo-
tency markers (OCT4 and NANOG) decreased as organoid differ-
entiation progressed, while the endodermal marker SOX17 was 
highly expressed. At the liver-like organoid stage, the expression 
of the hepatic precursor gene AFP and the cholangiocyte marker 
CK7 was significantly upregulated. These findings validate the 
stepwise differentiation of hiPSCs into liver organoids. In sum-
mary, the comprehensive analysis of these data demonstrates 
that our system effectively supports the physiological induction 
of liver organoids.

3.3   |   Functional Characterisation of Liver 
Organoids Formed on a Chip

The liver, as the largest internal organ, performs critical physio-
logical functions including glycogen synthesis, lipid metabolism, 
drug detoxification (mediated by cytochrome P450 enzymes), 
and synthesis of serum proteins such as albumin [28]. To eval-
uate the functional maturation of hLOs generated on-chip, we 
conducted a series of analyses. First, we examined the expression 
of liver-specific enzymes and genes associated with lipid metab-
olism regulation using real-time PCR. As shown in Figure 3A, 
the expression levels of cytochrome P450 enzymes (CYP3A4 and 
CYP2B6) were significantly higher in the hLOs group compared 
to the undifferentiated hiPSCs group. Additionally, the expres-
sion of carnitine palmitoyltransferase 2 (CPT2) and perilipin 
2 (PLIN2), two key markers involved in lipid metabolism, was 

markedly upregulated in the hLOs group relative to the hiPSCs 
group (Figure 3B). To assess the histological integrity and struc-
tural organisation of the hLOs, we performed haematoxylin 
and eosin (H&E) staining on frozen sections (Figure 3C). The 
results revealed well-preserved tissue architecture and cellular 
morphology, indicative of mature liver-like structures. Periodic 
acid-Schiff (PAS) staining was employed to evaluate glycogen 
storage capacity, demonstrating the ability of hLOs to synthesise 
and store glycogen (Figure 3D). Furthermore, lipid accumula-
tion within the hLOs was confirmed using Oil Red O staining 
and BODIPY fluorescence staining, highlighting their capacity 
for lipogenesis (Figure 3E). α-1 antitrypsin (AAT) is one of the 
important proteins synthesised and secreted by the liver, and its 
expression level can reflect the maturity of liver organoids and 
the integrity of liver function. CYP3A4 is an important enzyme 
system responsible for drug metabolism in the liver. Here, we 
performed immunofluorescence staining on frozen sections of 
hLOs on Day 20 and confirmed the strong expression of ATT 
and CYP3A4, suggesting that hLOs have hepatocyte function 
and can be used for drug metabolism studies (Figure  3F). In 
addition to these histological and metabolic assessments, we 
quantified the secretion of albumin and urea as functional in-
dicators of liver maturation. On Day 20, hLOs exhibited signifi-
cantly higher levels of albumin and urea production compared 
to Day 10 spheroids, reflecting enhanced functional maturity 
(Figure  3G). Collectively, these findings demonstrate that the 
microwell array-based organoid culture system effectively sup-
ports the differentiation of hLOs into multicellular structures 
with mature hepatic functions.

3.4   |   Construction of a Non-Alcoholic Fatty Liver 
Model and Screening of the Effect Concentration 
of Semaglutide

hLOs have emerged as a powerful tool in drug development and 
preclinical disease modelling, providing an effective platform 
for studying human liver pathophysiology [29]. A high-fat diet 
is known to induce hepatic steatosis, which can trigger or ex-
acerbate the progression of NAFLD [30], potentially leading to 
severe conditions such as liver fibrosis or cirrhosis. Currently, 
lifestyle modification remains the primary therapeutic strategy 
for NAFLD, underscoring the urgent need for novel therapeu-
tic approaches or pharmacological interventions to mitigate 
the onset and progression of this condition. Semaglutide, a 
glucagon-like peptide-1 (GLP-1) receptor agonist, has demon-
strated promising therapeutic effects in animal models of 
high-sugar and high-fat diet-induced liver disease, as well as in 
patients with obesity, diabetes and NAFLD [8]. Building on the 
previously described model, we further investigated the devel-
opment of NAFLD under high-fat media conditions. To simulate 
the transition from physiological to pathological states in hLOs, 
FFAs were introduced during the maturation phase (Day 18) 
for 2 days. Additionally, obeticholic acid (Ob), which has shown 
therapeutic efficacy in NAFLD-associated hepatitis and fibrosis 
in several studies [31], was selected as the positive control drug, 
while semaglutide served as the test compound. Drug treat-
ments were administered for 2 days following NAFLD induction 
to evaluate their therapeutic effects on NAFLD-related injury 
(Figure 4A).
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The accumulation of lipids in hepatocytes leads to lipid overload, 
which subsequently triggers the release of pro-inflammatory 
cytokines [32]. First, we analysed lipid accumulation in physi-
ological and pathological hLOs by immunofluorescence stain-
ing followed by percentage analysis, which was remarkable 
for the large accumulation of lipids (Figure  S5). Then, to as-
sess inflammatory and fibrotic responses in the system after 
FFA exposure, we analysed the expression of key markers. As 
shown in Figure 4B, compared to the untreated group, the rela-
tive mRNA levels of inflammatory cytokines (e.g., MCP-1, IL-6 

and IL-8) and the fibrosis marker α-SMA were significantly ele-
vated in hLOs treated with FFAs, consistent with observations 
in human NAFLD. Furthermore, in the progression of NAFLD 
in vivo, increasing levels of inflammation cause hepatic fibro-
sis. Consistently, increased expression of the hepatic fibrosis 
marker α-SMA was observed in FFA-treated liver organoids, 
but no significant changes in collagen deposition were observed 
(Figure 4C). These findings suggest that 48 h of FFA treatment 
effectively mimicked the early stages of NAFLD, dominated 
by lipid accumulation and early inflammatory response, with 

FIGURE 3    |    Functional Characteristics of Liver Organoids. (A) Real-time PCR analysis of CYP450 enzyme (CYP3A4, CYP2C9) and (B) lipid me-
tabolism gene (CPT2, PLIN2) expression in hLOs vs. hiPSCs. (C) H&E-stained hLOs sections assessing tissue structure and cellular morphology. 
(D) PAS staining demonstrating glycogen storage. (E) Oil Red O and BODIPY 493/503 staining of lipid droplets. (F) Frozen section pf hLOs on Day 
20 were stained for AAT and CYP3A4 to assess liver maturation and drug metabolism function. (G) Albumin secretion and urea synthesis in Day 
10 versus 20 hLOs. Scale bars: 50 μm (C, D, E, F). Data represent mean ± SD from three independent replicates (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 4    |     Legend on next page.



9 of 12Cell Proliferation, 2026

elevated fibrosis markers and no formation of significant colla-
gen deposition.

The hallmark of NAFLD is the abnormal accumulation of lipids, 
primarily triglycerides (TG) and total cholesterol (TC), within 
hepatocytes [33]. Therefore, TC and TG levels serve as direct 
indicators of altered hepatic lipid metabolism and are critical 
metrics for evaluating the lipid-lowering efficacy of therapeu-
tic agents. In this study, obeticholic acid (Ob) was used as the 
positive control, and NAFLD hLOs were treated with Ob (5 μM) 
and three concentrations of semaglutide (low: 20 nM, medium: 
50 nM, high: 100 nM) for 2 days. As shown in Figure 4D, FFA 
exposure significantly increased TC and TG levels in hLOs, 
whereas treatment with the positive control Ob effectively re-
duced lipid accumulation. Notably, semaglutide exhibited fa-
vourable therapeutic effects across the tested concentration 
range (20–100 nM). The intermediate concentration (50 nM) of 
semaglutide demonstrated lipid-lowering effects comparable 
to those of Ob, making it a suitable candidate for further eval-
uation. Triglyceride levels were 8-fold lower and cholesterol 
levels were 1.8-fold lower in M-sem-treated hLOs compared to 
the FFA-treated group. Consequently, 50 nM semaglutide was 
selected for subsequent experiments to attenuate lipid accu-
mulation. To further validate the therapeutic efficacy of 50 nM 
semaglutide, we performed immunofluorescence staining to as-
sess lipid droplet accumulation. Compared to untreated hLOs, 
FFA exposure significantly increased lipid droplet aggregation, 
which was markedly reduced following treatment with both Ob 
and 50 nM semaglutide (Figure  4E). Collectively, these results 
demonstrate that the microporous array chip-based hLO model 
provides a robust platform for in vitro drug screening and sensi-
tivity testing in the context of liver pathophysiology.

3.5   |   Semaglutide Regulates Lipid Synthesis 
Catabolism, Inflammation and Fibrosis in NAFLD

Numerous studies have demonstrated that the onset and pro-
gression of NAFLD are accompanied by alterations in lipid syn-
thesis and catabolism, as well as the secretion of inflammatory 
cytokines and the development of fibrosis [34]. To investigate the 
molecular mechanisms underlying semaglutide's therapeutic ef-
fects, we performed Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene Ontology (GO) enrichment analyses on dif-
ferentially expressed genes (DEGs) between the FFA-treated 
group and the semaglutide-treated group (M-Sem). The analysis 
was conducted using a threshold of Q-value < 0.05 and |log2 fold 
change| > 1.

KEGG pathway analysis revealed that the top 10 enriched 
pathways associated with DEGs were linked to inflammatory 

signalling pathways, including interleukin (IL), tumour ne-
crosis factor (TNF) and inflammatory mediator regulation 
(Figure  5A). Similarly, GO analysis indicated that genes in-
volved in lipid metabolism, such as those regulating low-density 
lipoprotein (LDL) synthesis and catabolism, were significantly 
modulated following treatment with an intermediate concentra-
tion of semaglutide (Figure 5B). These findings align with previ-
ous reports suggesting that semaglutide regulates FFA-induced 
biosynthetic processes. Meanwhile, we see 51 genes down-
regulated and 305 genes up-regulated through the volcano plot 
(Figure 5C).

To further evaluate the therapeutic efficacy of semaglutide in 
NAFLD hLOs, we assessed key indicators related to lipid me-
tabolism, inflammatory responses and fibrosis using real-time 
PCR (Figure  5D–F). First, we examined the expression of 
phosphodiesterase 3B (PDE3B), a key enzyme involved in lip-
olysis. M-Sem treatment significantly up-regulated the PDE3B 
gene expression level by about 45% compared to the untreated 
group (Figure 5D). Additionally, hydroxyacyl-coenzyme A de-
hydrogenase (HADH), which plays a critical role in fatty acid 
metabolism and energy production during lipid synthesis, was 
significantly downregulated after M-Sem intervention, which 
was superior to that of obeticholic acid (Ob) (Figure 5D).

We also analysed the expression levels of pro-inflammatory cy-
tokines, including interleukin-8 (IL-8), interleukin-6 (IL-6) and 
tumour necrosis factor-alpha (TNF-α). Consistent with prior 
observations, FFAs induced elevated expression of these cyto-
kines. Notably, semaglutide treatment markedly reduced their 
levels, demonstrating therapeutic effects comparable to those 
of Ob (Figure 5E). The pro-inflammatory factors IL-8, IL-6 and 
TNF-α decreased approximately 1.5–2 fold after semaglutide in-
tervention compared to the FFA group. Previous studies have 
shown that heightened inflammatory responses during NAFLD 
progression contribute to liver fibrosis [35]. In our study, we eval-
uated the expression of the fibrosis marker alpha-smooth mus-
cle actin (α-SMA). FFAs significantly upregulated α-SMA levels, 
while both Ob and semaglutide treatment alleviated this effect, 
indicating their potential anti-fibrotic properties (Figure 5F).

In summary, the FFA-induced liver organoid platform effec-
tively recapitulates the transition from physiological to patho-
logical states, characterised by dysregulated lipid metabolism, 
increased inflammatory factor secretion and fibrosis. These 
findings underscore the utility of the hLO platform for model-
ling the onset and progression of NAFLD in vitro. Importantly, 
semaglutide exhibits significant biological activities in miti-
gating the pathological hallmarks of NAFLD, including lipid-
lowering, anti-inflammatory and anti-fibrotic effects. These 
results provide valuable insights for the development of novel 

FIGURE 4    |    NAFLD modelling and semaglutide efficacy screening in hLOs. (A) Schematic representation of NAFLD induction protocol using 
free fatty acids (FFAs) and subsequent therapeutic intervention with obeticholic acid (Ob) or semaglutide. (B) RT-qPCR quantification of inflamma-
tory mediators (MCP-1, IL-6, IL-8) and fibrosis marker (α-SMA) expression during NAFLD progression. (C) Representative immunofluorescence 
micrographs showing α-SMA and Col l distribution in control and FFA-treated hLOs. (D) Quantitative assessment of triglyceride (TG) and total 
cholesterol (TC) levels following semaglutide treatment at varying concentrations. (E) BODIPY fluorescence analysis of lipid accumulation in 
cryosections from control, FFA-treated, Ob-treated and semaglutide-treated (50 nM) hLOs. Scale bar: 50 μm. Data represent mean ± SD from three 
independent replicates (*p < 0.05, **p < 0.01, ***p < 0.001).
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therapeutic strategies and functional drugs targeting NAFLD, 
as well as for informing clinical applications.

4   |   Conclusions

The microporous array chip-based hLOs platform offers a sub-
stantive improvement for modelling NAFLD and for screening 
candidate therapeutics. By integrating stem cell biology, bioen-
gineering and pharmacological analysis, we provide a robust 

framework for recapitulating NAFLD pathophysiology and 
evaluating drug efficacy in vitro. The liver organoids generated 
through this platform recapitulate key physiological character-
istics of native hepatic tissue, including cholangiocyte differ-
entiation, expression of mature liver-specific markers, and the 
secretion of albumin and urea.

Furthermore, we successfully established a NAFLD model 
by treating the organoids with FFAs on the microarray chip, 
which elicited salient features of NAFLD such as lipid droplet 

FIGURE 5    |    Transcriptomic and Molecular Analysis of Semaglutide's Effects in NAFLD Model. (A) KEGG pathway enrichment analysis high-
lighting modulation of inflammatory signalling networks in semaglutide-treated versus FFA-treated organoids. N = 3 replicates. (B) GO analysis 
revealing regulation of lipid metabolism pathways by semaglutide treatment. N = 3 replicates. (C) Volcano map analysis of differential genes. (D) 
Expression analysis of lipid metabolism regulators (PDE3B, HADH) under indicated conditions. (E) RT-qPCR quantification of proinflammatory 
cytokines (IL-8, IL-6, TNF-α) across treatment groups. (F) Quantification of fibrosis marker α-SMA expression across experimental groups. Data 
represent mean ± SD from three independent replicates (*p < 0.05, **p < 0.01, ***p < 0.001 versus FFAs group).
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formation, abnormal triglyceride accumulation and dysreg-
ulated lipid metabolism. Exposure to FFAs also led to the up-
regulation of inflammatory and fibrotic marker genes, thereby 
mirroring the pathophysiological events associated with NAFLD 
onset and progression. Subsequent intervention with semaglu-
tide resulted in significant downregulation of triglyceride and 
total cholesterol accumulation, reduced lipid droplet formation, 
and amelioration of inflammatory and fibrotic responses, along 
with alterations in lipid synthesis and catabolism. These out-
comes offer new insights into the underlying mechanisms of 
NAFLD and highlight the therapeutic potential of semaglutide 
in managing the disease.

Although we explored the therapeutic efficacy of Ob and sema-
glutide in NAFLD, the pathways of action of the two are distinct, 
and we did not explore the responses elicited by the joint action 
in NAFLD organoids. However, it is worth mentioning that 
Ob indirectly inhibits lipid synthesis mainly by pathways such 
as bile acid excretion, whereas semaglutide promotes lipolysis 
by reducing fat synthesis from scratch and FFA input [30, 36] 
Therefore, the mechanisms of the two should be complemen-
tary, and co-administration may result in synergistic effects. 
A related study showed that the combination of GLP-1 recep-
tor agonists and FXR agonists reduced hepatic steatosis and fi-
brosis in a mouse model of non-alcoholic steatohepatitis, which 
highlights the potential of co-administration in metabolic liver 
disease [37].

Also, despite its innovations, our study has several limitations. 
First, the in vitro NAFLD model, while physiologically relevant, 
lacks systemic factors (e.g., immune cells, gut-liver axis interac-
tions) present in vivo [37]. Second, the short-term FFA exposure 
(48 h) and drug treatment window may not fully capture chronic 
NAFLD progression or long-term therapeutic outcomes. Third, 
the focus on semaglutide's lipid-lowering effects overlooks po-
tential off-target or dose-dependent toxicities, which require 
further investigation. Finally, while transcriptomics data high-
lighted key pathways and qPCR data validated, protein level 
analysis and metabolomics validation will strengthen the mech-
anism indirectly. Overall, the primary objective of our work is 
to present a user-friendly human liver-organoid-on-a-chip plat-
form with robust capabilities for studying organ development, 
disease modelling and drug screening. This system not only fa-
cilitates the investigation and validation of semaglutide's effects 
on NAFLD under pathological conditions but also supports a 
wide range of applications in preclinical drug development and 
mechanistic studies.
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