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Integrated-gut-liver-on-a-chip platform as an
in vitro human model of non-alcoholic fatty
liver disease
Jiandong Yang 1, Yoshikazu Hirai 1,2✉, Kei Iida 3,4, Shinji Ito4, Marika Trumm1,5,6, Shiho Terada5,

Risako Sakai5, Toshiyuki Tsuchiya 1, Osamu Tabata1,5,7 & Ken-ichiro Kamei 5,8,9,10✉

Non-alcoholic fatty liver disease (NAFLD) afflicts a significant percentage of the population;

however, no effective treatments have yet been established because of the unsuitability of

in vitro assays and animal experimental models. Here, we present an integrated-gut-liver-on-

a-chip (iGLC) platform as an in vitro human model of the gut-liver axis (GLA) by co-culturing

human gut and liver cell lines interconnected via microfluidics in a closed circulation loop, for

the initiation and progression of NAFLD by treatment with free fatty acids (FFAs) for 1 and

7 days, respectively. Co-cultured Caco-2 gut-mimicking cells and HepG2 hepatocyte-like cells

demonstrate the protective effects from apoptosis against FFAs treatment, whereas mono-

cultured cells exhibit induced apoptosis. Phenotype and gene expression analyses reveal that

the FFAs-treated gut and liver cells accumulated intracellular lipid droplets and show an

increase in gene expression associated with a cellular response to copper ions and endo-

plasmic reticulum stress. As an in vitro human GLA model, the iGLC platform may serve as

an alternative to animal experiments for investigating the mechanisms of NAFLD.
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Non-alcoholic fatty liver disease (NAFLD) is a common,
chronic liver disease that leads to hepatic steatosis, cir-
rhosis, cancer, and cardiovascular diseases1–4. NAFLD is

expected to afflict 33.5% of the United States’ population over 15
years of age by 20305. Currently, liver transplantation is the only
method to cure patients with severe liver diseases, and finding
donors that match patients is extremely difficult. There is an
urgent need for intervention at different stages of fatty liver dis-
ease; however, the disease mechanism is largely unknown due to
the complicated processes that take place at multiple layers,
known as the multiple-hit theory. For example, fat accumulation,
oxidative stress, endoplasmic reticulum (ER) stress, and genetic
or epigenetic modifications can occur at the cellular level, while
insulin resistance and inflammatory responses can occur in
multiple organs depending on the individual and environment6.
To identify new treatments for NAFLD, a deep understanding of
each of these processes is needed, and this accumulated knowl-
edge then needs to be combined.

In this study, we focused on the gut-liver axis (GLA), which is
one of the most crucial components for the initiation and pro-
gression of NAFLD7,8. The gut is strongly influenced by gut
microbiota and dietary carbohydrates, which may accelerate
NAFLD9–11. Inflammatory products, nutrients, and substances
absorbed from food and microbiota via the intestinal barrier are
carried by venous blood to the liver. In addition, the products
generated by the hepatocytes are transported to the small intes-
tine. Thus, the gut and liver are intricately linked both physio-
logically and pathologically. GLA dysfunction, including
intestinal dysbiosis, bacterial overgrowth, and alteration of
mucosa permeability, caused by NAFLD, are potential therapeutic
targets;12,13 but no treatments have been made commercially
available to date. This is largely because conventional preclinical
animal tests do not accurately represent the problems of the
multiple-hit theory, lack accessibility to individual organs in liv-
ing animals, and have species differences. Therefore, establishing
a simplified and robust model to study GLA in NAFLD is crucial
to obtaining deeper insights into the mechanisms underlying the
discovery of new drugs, treatments, and diagnostic tools.

Organs-on-chips (OOCs), which are also known as micro-
physiological systems (MPSs), hold significant potential for
in vitro preclinical tests14–17 and disease modeling18. Microfluidic
technology is the foundation of OOCs because it enables precise
control of liquid flow and the three-dimensional architecture of
flow channels. These properties give OOCs the ability to control
cellular microenvironments spatiotemporally and functionalize
tissue cells. The circulation of the cell culture medium can further
assist in modeling multi-organ interactions with paracrine and
endocrine signaling. OCCs in combination with advanced cellular
assays, such as high-content analyses and the omics approach,
provide more in-depth insights into biology in a quantitative and
multi-parametric manner than animal experiments19. OOCs have
been used to recapitulate GLA in vitro and to demonstrate the
role of crosstalk via the GLA in pathological situations, including
fatty liver disease20,21 and inflammation22, for in vitro pharma-
cokinetic studies23. However, OOCs need to be further improved
to mimic the GLA, and this requires four key features: a closed
circulation loop, accessibility to individual chambers, dynamic
flow control, and prevention of molecule absorption. The closed
circulation loop is necessary for medium circulation to recapi-
tulate inter-tissue interactions in the GLA. Individual accessibility
is necessary to introduce tissue cells into the desired chamber and
harvest them after treatment without cross-contamination from
other cells. The closed circulation loop and individual accessibility
may appear to be contradictory features, but both are necessary to
investigate the crosstalk between the gut and liver. Dynamic flow
control is crucial for obtaining functional tissue cells in vitro,

particularly for the gut24. Some OOCs require the use of addi-
tional cell culture inserts (e.g., Transwell) to co-culture two or
more types of cells separated by a porous membrane. However,
due to the macroscale range of the medium, these inserts cannot
be utilized for microfabrication and often lack the advantages of
microfluidic technology, such as control over the flow dynamics
in the cell culture chamber and the cellular microenvironment.
These additional inserts often interfere with the microscopic
observation of cells as they increase the working distance and
light diffraction by the membrane pores. Polydimethylsiloxane
(PDMS) is a widely used material for microfluidic cell culture
systems due to its biocompatibility, transparency, and elasticity
properties. However, preventing PDMS absorption is necessary,
as PDMS causes the absorption of hydrophobic molecules,
including metabolites, hormones, drug candidates, fatty acids,
lipids, and fluorescent indicators, which may influence cellular
phenotypes and assay results. Free fatty acids (FFAs) are a critical
factor in NAFLD. Although PDMS-based microfluidic cell culture
systems25,26, including our previously reported in vitro GLA
model27, solve the aforementioned issues of OOCs for GLA,
PDMS-based platforms without any treatments for preventing the
absorption of hydrophobic molecules are not applicable for
recapitulating NAFLD28.

Here, we present an integrated-gut-liver-on-a-chip (iGLC)
platform as a simplified in vitro human model of GLA, which can
help obtain deeper insights into the underlying mechanisms of
NAFLD for the development of new drugs, treatments, and
diagnostic tools. The iGLA platform29 has microvalves and a
pump to achieve individual accessibility for each cell culture
chamber and a closed medium circulation flow to interconnect
the gut and liver cells. The integrated micropump controls the
perfusion flow to activate cultured gut cells. The iGLC platform
does not require additional cell culture inserts and therefore
allows high-quality cell monitoring to achieve microscopic single-
cell profiling. A simple surface coating with amphipathic mole-
cules prevents the absorption of FFAs into PDMS. We co-
cultured gut and liver cells with a closed circulation flow to
demonstrate the viability of the iGLC platform as an in vitro
human GLA model. We also induced an NAFLD-like cellular
state by administering FFAs into the platform for two durations
(1 and 7 days) to represent the initial and progressive NAFLD.
Finally, we investigated the unique cellular phenotypic changes
and associated gene networks for the GLA in the NAFLD-like
cellular state by microscopic single-cell profiling in combination
with mRNA sequencing (mRNA-seq).

Results
Fabrication of the iGLC platform. A conceptual illustration of
the iGLC platform is shown in Fig. 1a. The design of the
microfluidic platform is critical for recapitulating the GLA
in vitro. Models based on animal experiments have difficulty
investigating the mechanism of NAFLD progression because
living organs cannot be connected and disconnected to make
simplified multiple-hit-theory models. To elucidate inter-tissue
interactions, a single platform is needed that can both mono- and
co-culture two or more cell types within the same format. In
parallel, cross-contamination needs to be considered to allow the
analysis of each cell type and the influence from other cell types.
We designed the iGLC platform to meet these requirements
(Fig. 1b, c)29. The iGLC platform is made of PDMS with gas
permeability, biocompatibility, and transparency and consists of
perfusion and control layers. The perfusion layer had three sets of
two cell culture chambers (2.1 mm width and 220 µm height)
linked by microfluidic channels (200 µm width and 45 µm
height). The control layer had a thin and flexible PDMS
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membrane (200 × 200 µm2 area and 20 µm thickness) to integrate
the microvalves and pump, which allowed robust open/close
control with our previously reported microfabrication technology
(Supplementary Fig. S1)29,30. To investigate the interactions
between two or more types of tissue cells, it is necessary to isolate
and connect them as desired. Because most OOCs do not have
integrated valves and pumps, they require assembling and dis-
assembling tubes among multiple devices, which reduces the
accuracy of the control over their interactions, but avoids unde-
sired cross-contamination. The integrated micropump provides
more accurate control over the perfused flow than an external
pump within the microfluidic device. In addition, it reduces the
sample loss caused by extra tubing. The PDMS membranes at the
microvalves and pump were actuated by a positive hydraulic
pressure (150 kPa) applied by the computer-controlled solenoid
valves. The microvalves allow individual cell culture chambers to
be accessed without cross-contamination and precise control over
sample or reagent introduction. The integrated micropump
provides closed-loop medium circulation to recapitulate inter-
tissue interactions, such as the GLA, and to regulate the flow rate
within 0–20 nL min−1 by tuning its actuating cycle (Supple-
mentary Fig. S2).

Prevention of absorption of hydrophobic molecules in PDMS.
Prior to the cell culture and FFAs treatments, we coated the
PDMS surface of the cell culture chambers with n-dodecyl β-D-
maltoside (DDM)31,32 and then Matrigel to reduce the absorption
of hydrophobic molecules (e.g., FFAs and AdipoRed fluorescent
lipid marker)33,34 and to increase cell adhesion and growth
(Supplementary Fig. S3). This is a critical problem when using
PDMS-based OOCs for drug discovery and in vitro disease
modeling because small-molecule drug candidates and lipids are
absorbed by the PDMS before reaching the target cells, and the
concentrations differ from those in a microtiter plate. Under
these conditions, the results obtained would be unreliable. DDM
is a suitable amphipathic molecule that prevents PDMS absorp-
tion because its hydrophobic part binds to the PDMS surface and
the hydrophilic part prevents the absorption of hydrophobic

molecules. However, DDM is not capable of promoting cell
adhesion and growth on the PDMS surface. Therefore, we eval-
uated combining DDM with a subsequent layer of Matrigel. The
DDM/Matrigel coating partially prevented the absorption of the
AdipoRed fluorescent lipid marker into the PDMS (Supplemen-
tary Fig. S4). We also measured the remaining FFAs [a mixture of
palmitic acid (PA) and oleic acid (OA) with a molar ratio of 1:2;
see Methods] in the cell culture medium after incubation with the
coated PDMS (Supplementary Fig. S5). PA was not absorbed by
either the non-coated or DDM/Matrigel-coated PDMS after 6 h
of incubation at 37 °C, whereas it showed absorptions of 53.7%
and 40.9%, respectively, after 24 h of incubation. OA showed
absorptions of 22.0% and 17.4%, respectively, after 6 h of incu-
bation, and absorptions of 67.4% and 56.7%, respectively, after
24 h of absorption. These results suggest that although the DDM/
Matrigel coating slightly mitigated the absorption of both PA and
OA into PDMS after 24 h of incubation, majority of the FFAs
were still absorbed. Therefore, the medium was replaced every 6 h
during the experiments. However, further improvements are
required to prevent PDMS absorption, and other structural
materials should be used for OOCs. This has long been a topic of
discussion in this research field17,35.

Modeling GLA in the chip. To recapitulate GLA in vitro, Caco-2
and HepG2 cells were introduced into individual cell culture
chambers in the iGLC platform without cross-contamination, but
with a closed circulation flow (Fig. 2a). To confirm that the iGLC
platform allows sustainable cell cultivation, Caco-2 and HepG2
cells were cultured with a medium circulation flow of 15 nL
min−1 for 7 days and evaluated using a Calcein AM fluorescent
cell viability indicator (Fig. 2b–d and Supplementary Data 1).
Although Caco-2 cells generally take approximately 21 days to
obtain functionality, perfusion conditions allow Caco-2 cells to
express their functions within a shorter time, such as 7 days36,37.
Thus, we chose a 7-day cultivation time to recapitulate GLA
in vitro. For comparison, we also assessed separately cultured
Caco-2 and HepG2 cells in cell culture chambers at a flow rate of
15 nL min−1 under static conditions. Based on computational
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Fig. 1 Design of the iGLC platform to recapitulate NAFLD. a Schematic for NAFLD progression by FFAs via the GLA. b Photograph of an iGLC platform.
The perfusion and control layers are colored in pink and blue, respectively. c Illustration of the iGLC platform used for NAFLD. Two cell culture chambers
are used for gut cells (Caco-2) and hepatocytes (HepG2) and are linked via a microfluidic channel with a micropump to achieve closed medium circulation
of FFAs. Within the microvalves, each cell culture chamber is individually accessible without the risk of cross-contamination. Thus, this setup allows the
inter-tissue interaction to be evaluated. A–A’ shows the cross-section of the cell culture chambers for the Caco-2 gut and HepG2 liver cells. B–B’ shows the
cross-sectional view of the open and closed integrated microvalves. Because of the elastic PDMS membrane, the normally open valve is closed by applying
higher pressure to the microfluidic channel in the control layer.
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fluid dynamics (CFD), 3.53 × 10−4 dyne cm−2 of fluid shear
stress (FSS) was generated on the cells (Supplementary Fig. S6).
The flow condition did not affect the viability of HepG2 cells,
which showed minor improvement with a circulating flow. The
Caco-2 cells showed increased viability with a circulating flow
compared to that with static conditions. The fluorescence inten-
sity of Calcein AM increased approximately 7.4-fold with the
circulating flow. Caco-2 cells have previously been reported to
show improved functionality and viability when cultured under
continuous perfusion on a microfluidic device within 1-week of
culture36,37. This proves that the iGLC platform provides better
circulation flow conditions for both Caco-2 and HepG2 cells.

Induction of NAFLD on a chip. To induce NAFLD in the iGLC
platform, we used FFAs represented by a mixture of PA and OA,
which is typical of Western diets (see Methods)38. As shown in
Fig. 2a, prior to the FFAs treatment, Caco-2 and HepG2 cells
were cultured in the iGLC platform with Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%(v/v) FBS, and

then, replaced to serum-free DMEM for 12 h to ensure cell
starvation. A series of FFAs concentrations from 0 to 2 mM were
introduced into the iGLC platform, and the cells were incubated
for 24 h with medium circulation. To evaluate the FFAs accu-
mulation in the mono-cultured Caco-2 and HepG2 cells, the cells
were stained with AdipoRed lipid fluorescent dye to visualize the
intracellular lipids (Supplementary Fig. S7 and Supplementary
Tables S3 and S4). Both Caco-2 and HepG2 cells showed dose-
dependent intracellular FFAs accumulation, and 1 mM FFAs
treatment was used for further studies. Lipid droplet accumula-
tion in hepatocytes is a hallmark of NAFLD39 and was observed
in our model. During FFAs treatments, we used serum-free
medium supplemented with 1% (w/v) BSA to minimize the
effects of cell proliferation. Both mono-cultured Caco-2 and
HepG2 cells showed a reduction in cell proliferation and did not
interfere with cell treatment because of over-cell growth (Sup-
plementary Fig. S8). We then examined two treatment periods, 1
and 7 days, representing NAFLD initiation and progression,
respectively. We also confirmed that the FFAs treatment for
7 days increased intracellular lipid accumulation in mono- and
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Fig. 2 Establishment of the GLA in the iGLC platform. a, b Experimental procedure to culture Caco-2 and HepG2 cells in an iGLC platform (see also
Supplementary Methods). Briefly, after a microfluidic channel was washed with a fresh cell culture medium, all valves were closed to prevent air
contamination into the chip. Two valves next to the cell culture chamber were opened, and cell suspensions of Caco-2 and HepG2 cells were separately
introduced into the corresponding chambers. After 1 day of incubation at 37 °C to settle down the cells, the pump was actuated to circulate the medium.
The cell culture medium was changed every 6 h. c Phase-contrast (PC) and fluorescent micrographs of Caco-2 and HepG2 cells with closed medium
circulation in the iGLC platform and stained with Calcein AM (C_AM) and Hoechst 33258 (Hst). For comparison, we also assessed individually cultured
Caco-2 (C:C) and HepG2 (H:H) cells under circulation flow (CF) and static conditions (S). H:C represents co-cultured Caco-2 and HepG2 cells. The scale
bar represents 100 µm. d Ridgeline plots showing single-cell profiling of Caco-2 and HepG2 cells stained with Calcein AM. For comparison, we also
assessed individually cultured Caco-2 (C:C) and HepG2 (H:H) cells under circulation flow (CF) and static conditions (S). H:C represents co-cultured Caco-
2 and HepG2 cells. The p-values were estimated with the Tukey–Kramer test and are presented in Supplementary Table S1 for the Caco-2 and
Supplementary Table S2 for HepG2 cells.
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co-cultured Caco-2 and HepG2 cells (Fig. 3a, b and Supple-
mentary Data 2). The co-cultured Caco-2 cells showed less lipid
accumulation than the mono-cultured cells, but HepG2 cells
showed increased lipid accumulation. We also performed
Annexin-V staining to evaluate apoptotic status after FFAs
treatment. For comparison, the cells were also treated with 1 µM
staurosporine (STS), which induces apoptosis. Although PA
accumulation has been reported to cause cytotoxicity after 1-day
of treatment40,41, the apoptotic staining (Fig. 4a) followed by
quantitative single-cell profiling (Fig. 4b and Supplementary
Data 3) results suggested that the 7-day FFAs treatment induced
apoptosis in mono-cultured Caco-2 and HepG2 cells, whereas
1-day treatment did not induce apoptosis (Supplementary
Fig. S9). However, the co-culture of Caco-2 and HepG2 cells
showed a reduction in apoptosis. Notably, the expression of
albumin (ALB), a functional hepatocyte marker, in mono-
cultured HepG2 cells was not changed by FFAs treatment, but
co-cultured HepG2 cells demonstrated increased ALB expression
(Fig. 4c, d and Supplementary Data 3). This suggested that
HepG2 cells co-cultured with Caco-2 cells displayed improved
functionality.

To further evaluate the cellular phenotypes after the FFAs
treatment in detail, we stained cells with Calcein AM and Hoechst
33258 fluorescent dyes. This was followed by high-content
analysis (HCA) using the CellProfiler computer-guided single-
cell analysis software (Fig. 5, Supplementary Data 4, Supplemen-
tary Figs. S10, S11)42,43. In general, the Calcein AM and Hoechst
33258 dyes are used for cell viability function and as nuclear
markers. Calcein AM staining can also be applied to evaluate cell
and nucleus morphologies to obtain cellular parameters for
HCA44,45. Moreover, recent advances in single-cell profiling
based on high-content images, such as t-distributed stochastic
neighbor embedding (t-SNE), have allowed a quantitative
understanding of individual cellular status with high-
dimensional cellular parameters and visualizing such parameters
in a two-dimensional map46. We analyzed microscopic images to
quantify 68 cellular parameters (Supplementary Data 4 and

Supplementary Table S10) for each cell of Caco-2 and HepG2
cells treated with 1 mM FFAs for 7 days (Fig. 5a, b and
Supplementary Data 4). We identified specific parameters that
could be distinguished between non-treated and FFAs-treated cells
that are associated with the cellular shape (AreaShape_FormFactor,
AreaShape_MeanRadius, and AreaShape_EquivalentDiameter),
Calcein AM intensity (Intensity_LowerQuartileIntensity, Intensi-
ty_MeanIntensity, and Intensity_MaxIntensity), nucleus shape
(Nucleus_AreaShape_FormFactor), and Hoechst 33258 nuclei
intensity (Intensity_LowerQuaterileIntensity, Intensity_MeanIn-
tensity, Intensity_MaxIntensity, and Intensity_MinIntensityEdge).
Notably, for the Caco-2 cells, the most distinguishing features were
the cellular shape (AreaShape_EquivalentDiameter), Hoechst
intensity (Intensity_MaxIntensity), and Calcein AM intensity
(Intensity_MaxIntensity) (Fig. 5a). However, for the HepG2 cells,
the most distinguishing feature was the Calcein AM intensity
(Intensity_MeanIntensity and Intensity_MaxIntensity), the FFAs-
treated HepG2 cells showed a reduction in these features (Fig. 5b).
Thus, HCA based on simple cell and nucleus staining can be used
to identify minute cellular phenotypic changes upon FFAs
treatment that cannot be distinguished using molecular apoptotic
markers. Because the iGLC platform does not require the use of cell
culture inserts, it allows HCA-based single-cell profiling.

mRNA-seq to identify gene expression signatures due to
crosstalk for in vitro GLA treated with FFAs. To elucidate the
effects of FFAs treatments and crosstalk via co-culturing on gene
expression, we performed mRNA-seq, followed by PCA on the
differentially expressed genes (DEGs), which were defined by an
analysis of variance (ANOVA) (Fig. 6a, b, Supplementary
Figs. S12, S13, Supplementary Data 5, 6 and Methods). We
identified 654 and 1330 genes in Caco-2 and HepG2 cells,
respectively, that were differentially expressed among the mono-
and co-cultured conditions with or without 1 mM FFAs treat-
ments for 7 days. In Caco-2 cells, the PC1 axis distinguished
mono- and co-culture conditions, whereas the PC2 axis

a b
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Fig. 3 Lipids accumulated in both Caco-2 and HepG2 cells after 7-day FFAs treatment. a Phase contrast and fluorescent micrographs of Caco-2 and
HepG2 cells treated with FFAs (0 and 1 mM) for 7 days stained with AdipoRed lipid fluorescent dye. The scale bars represent 100 µm. b Ridgeline plots to
evaluate FFAs accumulation in individual cells [Caco-2 (left) and HepG2 (right)] after FFAs treatment for 7 days. The p-values were estimated with the
Tukey–Kramer test and are presented in Supplementary Tables S5, S6 for the Caco-2 and HepG2 cells, respectively. Cells with over 20 of AdipoRed
fluorescent intensity were considered as lipid accumulated cells. The data represent the mean ± standard deviation (n= 3).
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distinguished FFAs treatment. Notably, the co-culture conditions
showed less of an effect on gene expression altered by FFAs
treatments. In contrast, in the case of HepG2 cells, the PC1 axis
clearly distinguished HepG2 cells treated with 1 mM FFAs under
co-culture conditions from those treated with the other condi-
tions. The PC2 axis in PCA of HepG2 cells also showed changes
in gene expression associated with FFAs treatment; however, co-
culturing reduced the changes in gene expression following FFAs
treatment.

The heat map of K-means clustering for DEGs in Caco-2 cells
showed multiple clusters with similar upregulated gene expres-
sion patterns under co-culture conditions, compared to mono-
culture conditions (Clusters 1, 3, 5, and 10 in Fig. 6c). These
clusters were related to cell cycle and metabolic processes, as
suggested by gene ontology (GO) terms (Supplementary Figs. S14,
S15). We also observed downregulated genes specific to the co-

culture condition in Caco-2 cells (Clusters 2 and 6); however, the
number of genes were too small to obtain sufficient interpreta-
tions from GO analysis. In the case of HepG2 cells, Cluster 18 in
the heat map for DEGs showed unique upregulated genes in the
co-culture condition, whereas only Cluster 16 showed down-
regulated genes specific to the co-culture condition (Fig. 6d, and
Supplementary Figs. S16, S17).

We then compared the effects of FFAs treatment under
mono- and coculture conditions on gene expression in Caco-2
and HepG2 cells. The mRNA-seq results revealed that Caco-2
cells showed elevated expression of genes associated with
mitosis (Cluster 8 in Figs. 6a, 7a), whereas stress-responsive
genes (Cluster 7 in Figs. 6a, 7a) were downregulated. In
contrast, HepG2 cells treated with FFAs displayed elevated
expression of genes related to the cell cycle (Clusters 12 and 17
in Fig. 7b)47, and suppression of the expression of genes
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values were estimated with the Tukey–Kramer test and are presented in Supplementary Tables S7, S8 for the Caco-2 and HepG2 cells, respectively. Cells
with over 0.3 of Annexin V fluorescent intensity were considered as apoptotic cells. c Phase contrast and fluorescent micrographs of HepG2 cells treated
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associated with cell-cell adhesion and nucleic acid transport
(Cluster 15 in Fig. 7b).

Discussion
We established a human iGLC platform to investigate GLA
response to FFAs in an NAFLD model. Although OOCs have
been used to study NAFLD, the iGLC platform has multiple
advantages owing to its application of microfabrication technol-
ogy. Integrating the microvalves and a pump in the platform
enables accessibility to individual cell culture chambers without
undesired cross-contamination and closed medium circulation to
mimic human GLA.

To investigate the effects of FSS on cells caused by closed-
circulating flow, we conducted CFD to estimate the FSS generated
by closed-circulation flow. The result was 3.53 × 10−4 dyne cm−2

(Supplementary Fig. S6). Under these flow conditions, Caco-2
cells showed increased cell viability (Fig. 2c), while HepG2 cells
did not show any change (Fig. 2d). A number of previous reports
have suggested that Caco-2 cell functionality can be improved by
applying perfusion flow at over 0.0002 dyne cm−2, which is
similar to the FSS level we tested48–51. Additionally, functional
activation by FSS in HepG2 cells has been reported, but it
requires a higher FSS of over 0.1 dyne cm−2 52,53.

Notably, co-cultured HepG2 and Caco-2 cells significantly
changed their gene expression profiles compared to mono-
cultured cells (Clusters 1, 3, 5, 10, and 18 in Fig. 6c, d, and
Supplementary Figs. S14–S17). The upregulated genes in Caco-2
cells were related to Mitotic G1 phase and G1/S transition,
respiratory electron transport, ATP synthesis by chemiosmotic
coupling, heat production by uncoupling proteins, positive reg-
ulation of spindle checkpoint, and small-molecule catabolic

processes. Most of them were associated with the cell cycle and
metabolic processes, but the cell proliferation analysis did not
show a significant difference between co- and mono-cultured
Caco-2 cells (Supplementary Fig. S8). Thus, gene expression in
Caco-2 cells co-cultured with HepG2 cells did not affect the cell
cycle and proliferation. In contrast, HepG2 cells upregulated
genes showed GO terms of ‘plasma membrane-bound cell pro-
jection assembly (Cluster 18 in Supplementary Fig. S17), and
downregulated genes showed ‘microtubule-based movement’
(Cluster 16 in Supplementary Fig. S17). Similarly, we did not
observe any obvious cellular phenotypes associated with changes
in gene expression.

To recapitulate NAFLD-like GLA in vitro, FFAs were admi-
nistered to the cells in the iGLC platform (Fig. 2a). Although lipid
accumulation occurred in both Caco-2 and HepG2 cells treated
with FFAs for 7 days (Fig. 3a, b), the numbers of apoptotic Caco-
2 and HepG2 cells in the co-culture condition were significantly
reduced compared to those in mono-culture conditions.

In the case of Caco-2 cells, FFAs treatment for 1 day did not
affect the apoptotic cellular status in either condition (Supple-
mentary Fig. S9). Enriched GO terms are presented in Supple-
mentary Fig. S13 is associated with cellular response to copper ions.
Copper is an essential trace element for human physiological
processes, including enzymatic metabolism54. Dysregulation of
intracellular copper ions generates reactive oxygen species (ROS)
and metabolic imbalance, which results in DNA damage and
apoptosis55–57. Our results suggest that Caco-2 cells treated with
FFAs for 1 day did not show an apoptotic cellular state with cellular
membrane disruption, but initiated DNA damage due to the cel-
lular response to copper ions. In contrast, even though the pro-
longed 7-day FFAs-treated mono-cultured Caco-2 cells showed an
increase in the count of apoptotic cells (22.9 ± 9.9%), the 7-day

Fig. 5 Single-cell profiling for the t-SNE analysis. a, b Two-dimensional t-SNE plots of microscopic single-cell profiling of co-cultured Caco-2 (a) and
HepG2 (b) treated with 1 mM of FFAs or no treatment and stained with Calcein AM cellular and Hoechst 33258 nuclei markers (n= 3). The most
distinguishable cellular parameters (AreaShape_EquivalentDiameter, Intensity_MaxIntensity_Calcein AM and Intensity_MaxIntensity_Hoechst 33258) are
shown in the corresponding t-SNE plots, as well as the boxplots in Supplementary Fig. S11. The p-values are presented in Supplementary Tables S11, S12.
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FFAs-treated Caco-2 cells co-cultured with HepG2 cells had pro-
tective effects against lipid-induced apoptosis (8.2 ± 7.2%), and
similar levels were observed in non-treated Caco-2 cells (mono-
cultured, 7.8 ± 2.4%; co-cultured, 10.3 ± 2.2%). Previously,
although intestinal cells treated with FFAs showed apoptosis due to
lipid accumulation followed by an increase in the levels of reactive
oxygen species58,59, our microscopic single-cell profiling suggests
suppression of the apoptotic signaling, which is in agreement with
mRNA-seq results shown in Figs. 6a, c and 7a, indicating the down-
regulation of ‘Signaling by Rho GTPase,’ the typical apoptosis-
associated signaling pathway60.

In addition to examining the apoptotic status of Caco-2 cells,
we also further examined the correlation between phenotypic
changes in cellular morphology and gene regulation networks for
in vitro GLA in the NAFLD-like state by single-cell profiling
(Fig. 5 and Supplementary Fig. S10). At the initiation stage of
1-day FFAs treatment, Hoechst 33258 intensity was slightly
higher in non-treated Caco-2 cells than in FFAs-treated Caco-2
cells (Supplementary Figs. S10), but at the progression stage by
7-day FFAs treatment, the Hoechst 33258 intensity showed the
opposite result, where FFAs-treated Caco-2 cells showed a higher
intensity than the non-treated Caco-2 cells (Fig. 5). In general,
cellular uptake of Hoechst 33258 can occur either by ABC

transporters or by diffusion via a damaged cellular membrane.
The mRNA-seq results for Caco-2 cells treated with FFAs for 1 or
7 days (Supplementary Figs. S13–S15) did not indicate any
enriched GO terms associated with transporters (i.e., ATP-
binding cassette transporter ABCG2)61 that may efflux Hoechst
33258 outside the cells. Thus, the transporters did not affect the
Hoechst 33258 intensity. Therefore, FFAs-treatment might
damage the cellular membrane, resulting in an increase in
Hoechst 33258 intensity, but not induction of apoptosis.

In contrast, FFAs-treated HepG2 cells had the most distin-
guishable features, such as Calcein AM intensity (Intensity_-
MeanIntensity and Intensity_MaxIntensity), and FFAs-treated
HepG2 cells showed a reduction in these features (Fig. 5b).
Considering that the intensity of Calcein AM represents cell
viability62, this result suggests that FFAs reduce the viability of
co-cultured HepG2 cells. In contrast, we did not observe an
increase in apoptotic HepG2 cells under co-culture conditions, as
confirmed by Annexin V staining (Fig. 4a, b). Notably, the
mRNA-seq results revealed that HepG2 cells co-cultured with
Caco-2 cells showed increased gene expression associated with
the cell cycle (Clusters 12 and 17 in Fig. 7b). In addition, the
expression of genes associated with cell-cell adhesion was reduced
in FFAs-treated HepG2 cells under co-culture conditions (Cluster
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15 in Fig. 7b). These results suggested that, as FFAs treatment
induced mild damage in HepG2 cells co-cultured with Caco-2
cells, HepG2 cells transformed from differentiated liver cells to
proliferating cells. Cell cycles and cell division are essential to
maintain tissue homeostasis, but in diseases such as NAFLD, they
often highlight the imbalance of the cell cycle caused by disrupted
metabolic signaling47. Overall, the results with our platform
indicate that HepG2 cells co-cultured with Caco-2 cells were
activated towards NAFLD-like gene expression networks with
FFAs treatment.

To develop an advanced in vitro NAFLD model, the cell types
used are critical. In this study, HepG2 human hepatocellular
carcinoma cell line and Caco-2 human colorectal adenocarci-
noma cell line were used since they have been immortalized and
widely used until now. However, such cell lines have genetic
mutations and cannot express proper functions as an actual
hepatocyte63 and intestinal cells64. In the case of hepatocytes, the
HepaRG human hepatocellular carcinoma cell line has been used
for liver disease modeling as well as toxicological research due to
their relatively higher functionalities than those of HepG2 cells

a

b

Caco-2

HepG2

0 1 2 3 4 5 6
GO:0022407: regulation of cell-cell adhesion
hsa04915: Estrogen signaling pathway
GO:0045667: regulation of osteoblast differentiation
WP3888: VEGFA-VEGFR2 signaling pathway
GO:0043086: negative regulation of catalytic activity
GO:0048729: tissue morphogenesis
GO:0009725: response to hormone
GO:0000226: microtubule cytoskeleton organization
WP138: Androgen receptor signaling pathway
GO:0033365: protein localization to organelle
GO:0061077: chaperone-mediated protein folding
GO:0048193: Golgi vesicle transport
GO:0045104: intermediate filament cytoskeleton organization
GO:0048608: reproductive structure development
M165: PID SYNDECAN 4 PATHWAY
WP2884: NRF2 pathway
GO:0006986: response to unfolded protein
R-HSA-3371497: HSP90 chaperone cycle for steroid hormone receptors (SHR) in the presence of ligand
R-HSA-2262752: Cellular responses to stress
R-HSA-194315: Signaling by Rho GTPases

Cluster 8

0 1 2 3

GO:0140014: mitotic nuclear division

0 1 2 3 4 5 6 7
GO:0009314: response to radiation
GO:0060828: regulation of canonical Wnt signaling pathway
GO:0070920: regulation of production of small RNA involved in gene silencing by RNA
GO:0070925: organelle assembly
GO:2001020: regulation of response to DNA damage stimulus
GO:0032784: regulation of DNA-templated transcription, elongation
CORUM:5614: Emerin complex 32
R-HSA-5663202: Diseases of signal transduction by growth factor receptors and second messengers
R-HSA-9706574: RHOBTB GTPase Cycle
GO:0031050: dsRNA processing
GO:0007017: microtubule-based process
GO:0051656: establishment of organelle localization
GO:0051236: establishment of RNA localization
GO:0022411: cellular component disassembly
GO:1903358: regulation of Golgi organization
GO:0034660: ncRNA metabolic process
GO:0060341: regulation of cellular localization
GO:1901976: regulation of cell cycle checkpoint
R-HSA-194315: Signaling by Rho GTPases
WP4352: Ciliary landscape

0 1 2 3 4 5
GO:0034470: ncRNA processing
M181: PID BMP PATHWAY
R-HSA-8955332: Carboxyterminal post-translational modifications of tubulin
GO:0010564: regulation of cell cycle process
GO:0032200: telomere organization
GO:0009451: RNA modification
R-HSA-1852241: Organelle biogenesis and maintenance
GO:0051668: localization within membrane
GO:0048024: regulation of mRNA splicing, via spliceosome
GO:0048193: Golgi vesicle transport
GO:0018105: peptidyl-serine phosphorylation
R-HSA-450520: HuR (ELAVL1) binds and stabilizes mRNA
GO:0042177: negative regulation of protein catabolic process
GO:0016567: protein ubiquitination
GO:0033365: protein localization to organelle
GO:0006351: transcription, DNA-templated
GO:0050657: nucleic acid transport
R-HSA-1640170: Cell Cycle
GO:0044331: cell-cell adhesion mediated by cadherin
GO:0006259: DNA metabolic process

-log10 (FDR)

Cluster 7

Clusters 12,17

Cluster 15
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recently, but HepaRG cells also showed differences in lipid
metabolism65. Moreover, cell lines generally form a pure cellular
population, and cannot represent the cellular diversity. For
example, the liver contains hepatocytes and non-parenchymal
cells (NPCs) such as Kupffer cells, endothelial cells, and stellate
cells. In particular, since the liver microphysiological system (L-
MPSs) was reported to recapitulate liver steatosis using NPCs66,
NPCs are now recognized for their importance in hepatic disease
modeling. In contrast, primary cells obtained from NAFLD
patients showed similar cellular diversity and drug metabolic
responses67. However, primary cells have limited cell growth
capability and often lose their functions in vitro. Moreover, it is
difficult to identify healthy donors to obtain a control sample. In
addition to primary cells, human pluripotent stem cells (hPSCs),
such as embryonic68 and induced pluripotent stem cells69–71, can
provide multiple cell types from a single-cell source after induc-
tion of differentiation by applying growth factors and nutrients.
The recent advancement of gene editing technologies, such as
CRISPR/Cas systems72, allows the creation of gene-modified
hPSCs used for disease modeling, for which the primary cells are
not applicable. However, the tissue cells derived from hPSCs
could not fully cover the entire cellular diversity nor express their
functionality in vivo. Therefore, it remains challenging for hPSCs
to fully recapitulate the pathological conditions of NAFLD
in vitro. In this study, although hepatic and intestinal cell lines
were used to recapitulate GLA and NALFD, they were able to
provide new insights into NAFLD-like gene expression networks
upon FFAs treatment. Using primary cells or hPSC-derived
hepatocytes/intestinal cells with higher functionality and cellular
diversity, the iGLC platform will allow the reproduction of the
ideal results of in vivo NAFLD initiation and progression.

Moreover, as demonstrated in this study, NAFLD is involved in
organ-to-organ interactions. Recent reports have suggested that
the gut microbiota significantly impacts NAFLD development
and needs to be considered for establishing a new NAFLD
model9–11. However, each organ often requires optimal culture
conditions to express its proper functions. Our current iGLC
platform can only use the same cell-culture medium to inter-
connect two different tissues; therefore, the next generation of
iGLC platforms needs to overcome these issues. Recently, we
reported the multilayered GLA-MPS27,73 to realize both indivi-
dual accessibility for each tissue and closed loop medium circu-
lation, for recapitulating inflammatory bowel disease by treating
intestinal cells with an inflammatory inducer (e.g., lipopoly-
saccharide). However, the multilayered GLA-MPS device was
made of PDMS and was not suitable for modeling NAFLD
without any surface treatment against molecular absorption, such
as FFAs28. As shown in Supplementary Fig. S5, because the
surface coating for PDMS reduced FFAs absorption, and the
multilayered GLA-MPS with the PDMS surface coating will be
able to serve as a platform to study NAFLD initiation and pro-
gression by treating cells with FFAs in a more quantitative and
robust fashion.

Instead, it is also valuable to find alternative materials to PDMS
to avoid the well-known concerns of PDMS74,75. Thermoplastic
materials (e.g., polystyrene, polymethyl methacrylate, poly-
propylene, and cyclo-olefin polymers) could be applicable for
fabricating OOCs and mass production, but it is difficult to
deform membranes for actuating microvalves/pumps or stretch-
ing cultured cells76,77, owing to their rigidity. Perfluoropolyether
elastomers have recently been used for fabricating OOCs enabling
the prevention of the absorption of hydrophobic molecules78,79.
Although perfluoropolyether elastomers could be attractive for
modeling NAFLD in vitro, such elastic materials still pose a
challenge for mass production for industrial applications.
Therefore, it is critical to choose the optimal materials for

fabricating OOCs to fulfil the requirements of the targeted studies
and applications to obtain more accurate results representing
human pathophysiological conditions80.

In summary, the iGLC platform represents a new in vitro
human model for recapitulating physiological and NAFLD
pathological conditions, with a focus on GLA. In the near future,
the iGLC platform combined with HCA and omics approach may
provide deeper insights into NAFLD development for the estab-
lishment of new drugs. The iGLC platform can contribute to the
development of drugs for NAFLD, as well as a variety of disorders
associated with GLA81, such as inflammatory bowel disease,
which do not have any in vitro experimental settings.

Methods
Chip fabrication. The iGLC platform was fabricated from a flexible PDMS
(SYLGARD 184, Dow Corning) polymer using a multilayer soft lithography replica
molding technique, as previously reported (Supplementary Fig. S1)82,83. Briefly, the
control layer consisted of microchannels supplying hydraulic pressure that were
cast from a 30 µm thickness of negative photoresist mold (TMMR S2000, Tokyo
Ohka Kogyo) and patterned using a standard photolithography tool. The perfusion
layer consists of two cell culture chambers (225 µm in height and 2.1 mm in width)
interconnected by semi-elliptical microchannels (45 µm in height and 200 µm in
width). The mold fabrication process for the perfusion layer followed the multi-
layer lithography principle, which combines standard photolithography (cell cul-
ture chambers) and grayscale lithography (microchannels). First, a negative resist
layer (TMMF S2045, Tokyo Ohka Kogyo) with a thickness of 180 µm was pat-
terned on a silicon wafer. Next, a positive resist (PMER P-LA900PM, Tokyo Ohka
Kogyo) was spin-coated with a thickness of 45 µm on the wafer. Subsequently,
digital micromirror device (DMD)-based grayscale lithography (DL-1000GS/KCH,
NanoSystem Solutions) was performed using numerically optimized mask data82 to
achieve precise wafer-level mold fabrication. This allowed complete sealing of the
microchannels with microvalves and high-efficiency driving of the peristaltic
micropumping system. After the mold fabrication, the PDMS base and curing
agent were thoroughly mixed at a weight ratio of 10:1. For the control layer, the
PDMS mixture was spin-coated with a thickness of 50 µm on the mold to obtain a
controlled PDMS thickness of 20 µm at the membrane portion. The PDMS for the
control and perfusion layers was cured on a hotplate at 80 °C for 4 min and in a
convection oven at 80 °C for 40 min, respectively. The perfusion layer was then
peeled off, precisely aligned, and bonded to the control layer using a partial PDMS
curing method. The assembled structure was placed in an oven at 80 °C for 2 h and
then peeled from the silicon wafer. Finally, the inlet and outlet wells were opened.
The assembled device was permanently bonded using O2 plasma (FA-1, SAMCO)
onto a microscopic slide glass (25 mm × 75mm).

Device control. The microvalves and micropump were actuated by positive
hydraulic pressure via linked control channels. The control channel within the chip
was first filled with distilled water using a 1 mL syringe to prevent gas permeation
across the PDMS. Metal pins and Teflon tubes (Pilot Corporation) were then used
to connect the inlet wells of the control channels and pneumatic system with a
compressed nitrogen gas resource (regulated at 0–200 kPa). The pressure actuation
and release of the valves were controlled and operated with LabVIEW software
(Version 11.0, National Instruments) via solenoid valves (Microfluidic System
Works Inc. and LEE Company) using a controller board (VC3 8 controller [ALA
Scientific Instruments] and NI USB-6501 [National Instruments]). The micro-
pump consists of three adjacent microvalves with sequential actuation to provide
periodic peristaltic motion to generate a medium recirculation flow in the chip.

Cell culturing. HepG2 human hepatocellular carcinoma and Caco-2 human col-
orectal adenocarcinoma cell lines were obtained from the American Type Culture
Collection. Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS, Cell Culture Bioscience), 1% (v/v) nonessential amino acids
(Thermo Fisher Scientific), and 1% (v/v) penicillin/streptomycin (Thermo Fisher
Scientific) in a humidified incubator at 37 °C with 5% (v/v) CO2. HepG2 and Caco-
2 cells were passaged using trypsin/EDTA (0.04% / 0.03%[v/v]) solution every 3
and 5 days and at ratios of 1:5 and 1:10, respectively.

To ensure the absence of mycoplasma contamination in cellular samples, a
mycoplasma detection assay was conducted by using the MycoAlert™ mycoplasma
detection kit (Lonza, LT07-118) according to the manufacturer’s instructions. The
positive and negative controls were included in each assay run to ensure the
accuracy of the results. By measuring the luminescence before (read A) and after
the addition of the MycoAlert™ Substrate (read B), a ratio was used to identify the
presence or absence of mycoplasma. The HepG2 and Caco-2 cells have 0.7 and 0.3
B/A ratio, respectively. Then, compared with negative control 0.4 and positive
control 18.6, the cellular samples (<0.9) were confirmed no mycoplasma
contamination.
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Cell culturing on a platform. Before cell seeding, the platform was sterilized by
washing with 70% ethanol and placed under ultraviolet light in a biosafety cabinet
for 30 min. Subsequently, the cell culture chambers were coated with 0.1% (w/v)
DDM (n-dodecyl β-D-maltoside) in PBS at 4 °C for 24 h and then coated with
Matrigel hESC-qualified matrix (Corning) diluted to 1.3% (v/v) in DMEM/F12
(Sigma-Aldrich) at 4 °C for 24 h (Supplementary Fig. S3). After the excess Matrigel
was rinsed with DMEM, the chip was placed in an incubator at 37 °C until use.

HepG2 and Caco-2 cells were harvested from the culture flasks with 1 mL of
trypsin/EDTA (0.04%/0.03% [v/v]) solution and incubated at 37 °C for 5 min. After
centrifugation, the cells were resuspended in fresh cell culture medium at 1.0 × 106

cells mL−1. The microvalves next to the cell culture chambers were closed to
prevent cross-contamination during cell seeding. Subsequently, 5 µL of the Caco-2
cell suspension was introduced with a pipette into the well adjacent to the cell
culture chamber at 7.0 × 104 cells cm−2. HepG2 cell suspension (5 µL) was
introduced into another cell culture chamber. The platform was placed in a
humidified incubator at 37 °C and 5% (v/v) CO2. After one day, the cell culture
medium was changed to remove floating dead cells. The cell culture medium was
changed every 6 h under the control of our custom LabVIEW-based software.

Free fatty acid treatment. The FFAs treatment solutions were a mixture of PA
(Sigma-Aldrich) and OA (Sigma-Aldrich) at a molar ratio of 1:2. To prepare the
treatment solutions, PA was dissolved in dimethyl sulfoxide (DMSO; Nacalai
Tesque Inc.) at 20 mgmL−1 to serve as the PA stock solution (78 mM). OA was
dissolved in DMSO at 100 mgmL−1 to serve as the OA stock solution (354 mM).
PA and OA stock solutions were mixed (PA:OA= 1:2) in DMEM (containing 1%
BSA fatty acid-free, 1% P/S, and 1 mM nonessential amino acids) to generate a
series of FFAs concentrations (0.1, 0.2, 0.5, 1, and 2 mM). Prior to FFAs treatment,
both the cell culture chambers were replaced with serum-free DMEM for 12 h of
cell starvation. FFAs-containing medium was then introduced into the cell culture
chamber. The platform was incubated at 37 °C in a humidified incubator for 7 days,
and the medium was exchanged every 6 h.

Cell viability and apoptosis staining. Calcein AM (Dojindo Molecular Tech-
nologies, Inc.) and Annexin V-Alexa Fluor® 647 (BioLegend) dyes were used to
stain viable and apoptotic cells, respectively. Hoechst 33258 (Dojindo Molecular
Technologies, Inc.) was used to stain the nuclei. The staining solution was prepared
by mixing 10 µL Hoechst 33258 (1 mgmL−1 stock concentration), 10 µL Calcein
AM (1 mgmL−1 stock concentration), 10 µL Annexin V (50 µg mL−1 stock con-
centration), 500 µL Annexin V binding buffer (BioLegend), and 500 µL DMEM.
The wash buffer comprised 500 µL of Annexin V binding buffer and 500 µL of
DMEM. After treatment, the cells were washed twice with fresh DMEM, and 10 µL
of staining solution was introduced into a cell culture chamber using a pipette via
the adjacent inlet. The cells were then incubated at 37 °C for 30 min. Excess
staining solution was removed by washing with 30 µL of wash buffer three times.

AdipoRed staining. Lipid accumulation was visualized using the AdipoRed assay
(Lonza), following the manufacturer’s protocol. Briefly, 15 µL of AdipoRed assay
reagent and 10 µL of Hoechst 33258 were mixed with 1 mL of DMEM to prepare
AdipoRed staining solution. The cell culture chambers and channels were washed
twice with PBS. AdipoRed staining solution (10 µL) was added and incubated at
37 °C for 15 min. The chambers were washed three times with fresh DMEM
solution.

Immunocytochemistry. The cells in the cell culture chambers were washed with
PBS. The cells were then fixed for 15 min with 4% paraformaldehyde (PFA,
FUJIFILM Wako Pure Chemical) in PBS and permeabilized for 30 min with 0.1%
(v/v) Triton X-100 in PBS. The cells were then incubated in blocking buffer
containing 5% normal goat serum (Vector), 5% normal donkey serum (Wako), 3%
BSA (Sigma-Aldrich), and 0.1% Tween-20 (Nacalai Tesque, Inc.) in PBS at 4 °C for
24 h. After blocking, the cells were treated with mouse anti-human albumin IgG
(Stock solution 10 µg mL−1, diluted by blocking buffer into 20 ng mL−1, Thermo
Fisher Scientific) as the primary antibody in blocking solution for 24 h. The fol-
lowing day, after washing the excess antibodies three times with PBS (containing
0.1% Tween-20), the cells were treated with Alexa Fluor 647-labeled donkey anti-
mouse IgG H&L (Stock solution 1 µg mL−1, diluted by 0.1% Tween-20 PBS into
1 ng mL−1, Jackson ImmunoResearch) at 25 °C for 1 h. The nuclei of the cells were
stained with 50 µL of a solution of 300 nM 4,6-diamidino-2-phenylindole (DAPI,
Dojindo Laboratories) at 25 °C for 30 min and then washed twice with PBS.

Image acquisition. The chips were placed on the stage of a Nikon ECLIPSE Ti
inverted fluorescence microscope, which was equipped with a CFI plan fluor 10×/
0.30 N.A. objective lens (Nikon, Tokyo, Japan), charge-coupled device (CCD)
camera (ORCA-R2; Hamamatsu Photonics, Hamamatsu City, Japan), mercury
lamp (Intensilight; Nikon), XYZ automated stage (Ti-S-ER motorized stage with
encoders; Nikon), and filter cubes for the fluorescence channels (DAPI and GFP
HYQ; Nikon). For image acquisition, the exposure times were set to 100 ms for
(DAPI) Hoechst 33258, 5 ms for (GFP HYQ) Calcein AM, 2 s for (TRITC)
Annexin V, and 100 ms for the (TRITC) AdipoRed assay.

Ultrahigh-performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS). Firstly, 3 µL of the cell culture medium was collected from a
chip and mixed with 96.95 µL of the working solution (50% isopropanol, 25%
acetonitrile, and 25% water) and 0.05 µL of the internal standard solution (PA-
d4:5 mM, OA-d9:5 mM, in isopropanol). The mixture was vigorously mixed for
30 s and centrifuged at 16,000 × g for 10 min at 4 °C. Subsequently, 2 µL of the
supernatant was injected and separated on a Nexera UHPLC system (Shimadzu,
Kyoto Japan) using a binary gradient with solvent A (50% acetonitrile, 18% iso-
propanol, and 32% water) and solvent B (90% isopropanol, 10% acetonitrile,
10 mM ammonium formate, and 0.1% formic acid). The gradient program was as
follows: 0% B for 14 min, 100% B for 3 min, and 0% B for 3 min. An ACQUITY
UPLC BEH C18 column (130 Å, 1.7 µm, 2.1 mm × 100 mm (Waters, Milford,
MA)) was used at 40 °C. The UHPLC eluates were infused online to the LC-MS
8030plus (Shimadzu), which was set to negative electrospray ionization (ESI-)
mode. The PA and OA responses were observed by pseudo multiple reaction
monitoring (pMRM) with transitions at m/z 255.05 > 255.35 and 281.05 > 281.45,
respectively. The pMRM transitions for PA-d4 and OA-d9 were 258.95 > 259.45
and 290.10 > 290.40, respectively. The pMRM transitions were optimized, and peak
areas were calculated using LabSolutions software (Shimadzu). The PA and OA
responses were normalized to those of PA-d4 and OA-d9 for each sample. All
measurements were obtained in triplicate, and the average responses were used.
Standard curves were generated by measuring blank culture medium supplemented
with increasing amounts of PA and OA.

RNA purification. RNA was purified from the cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). The microvalves were initially closed to prevent cross-
contamination between the HepG2 and Caco-2 cells. After the cells were washed
with PBS, 10 µL of trypsin/EDTA (0.04% / 0.03%[v/v]) solution was introduced
into the cell culture chambers and incubated at 37 °C with 5% CO2 for 10 min.
Subsequently, the cells were harvested with a 10-µL pipette and placed in 1.5-mL
tubes. Cells were lysed by adding 350 µL of lysis buffer from the kit and 350 µL of
70% (v/v) ethanol to the tubes. Each solution was transferred to an RNeasy Mini
spin column placed in a 2-mL collection tube. The column was centrifuged for 15 s
at 8000 × g and the flow-through was discarded. Next, 350 µL buffer RW1 was
added to the columns and centrifuged. Subsequently, 80 µL DNase digestion buffer
was added to the column and incubated at 25 °C for 15 min. Subsequently, 350 µL
of buffer RW1 was added to the column tube and centrifuged again. The column
was washed twice with 500 µL of buffer RPE, placed in a new 2mL tube, and
centrifuged. The column was then placed in a new 1.5-mL collection tube and
30 µL of RNase-free water was added to the column. This was followed by cen-
trifugation for 1 min at 8000 × g to elute RNA into the collection tube. RNA quality
was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., USA).

RNA amplification and nanopore mRNA sequencing. mRNA-seq was conducted
by Takara Bio Inc. or Oxford NANOPORE Technologies. For Takara Bio Inc,
briefly, 50 ng of total RNA from each sample was amplified and synthesized to
cDNA using SMART-seq (SMART-Seq v4 Ultra Low Input RNA Kit, Takara Bio).
The cDNA was used to make a library using the Nextera DNA Flex Library Prep
Kit (Illumina), and the cDNA library was sequenced using NovaSeq 6000 (Illu-
mina). For Oxford NANOPORE Technologies, 40 ng of total RNA was diluted with
9 μL of RNase-free water, mixed with VN primer (Oxford NANOPORE Tech-
nologies, UK), and 1 μL of 10 mM dNTPs (New England Biolabs Inc. Ipswich,
Massachusetts, USA), and incubated at 65 °C for 5 min to prepare the cDNA
library. Separately, 4 μL of 5x RT Buffer (Thermo Fisher Scientific), 1 μL of
RNaseOUT (Thermo Fisher Scientific), 1 μL of nuclease-free water, and 2 μL of
Strand-Switching Primer (Oxford NANOPORE Technologies) were mixed as the
strand-switching buffer. The two solutions were mixed at 42 °C for 2 min, and then
1 μL of Maxima H Minus Reverse Transcriptase (Thermo Fisher Scientific) was
added. The mixture was incubated at 42 °C for 90 min and 85 °C for 5 min and
stored at 4 °C until use as the cDNA library. Exactly 5 μL aliquot of the cDNA
library solution was mixed with 25 μL of 2x LongAmp Taq Master Mix (New
England Biolabs Inc.), 1.5 μL of Barcode Primers (Oxford NANOPORE Technol-
ogies), and 18.5 μL of nuclease-free water. PCR was performed (95 °C for 30 s; 18
cycles of 95 °C for 15 s, 62 °C for 15 s, 65 °C for 50 s, and 65 °C for 6 min) to
barcode the cDNA for multiplexing. The PCR products were stored at 4 °C until
use. Subsequently, 1 μL of NEB Exonuclease 1 (New England Biolabs Inc.) was
added before incubation at 37 °C for 15 min, followed by incubation at 80 °C for
15 min. Amplified DNA was purified and collected in 12 μL of elution buffer
(Oxford NANOPORE Technologies) using Agencourt AMPure XP beads (Beck-
man Coulter Life Sciences, Indianapolis, IN, USA). A BioAnalyzer 2100 with a
High Sensitivity DNA Kit (Agilent Technologies) was used to evaluate the amount
and quality of barcoded cDNA. Next, 50 fmol of barcoded cDNA was incubated
with 1 μl of Rapid Adapter to make up a total volume of 11 μL, and this was
incubated for 5 min at 25 °C. For Nanopore sequencing, 12 μL of the prepared
DNA library was mixed with 37.5 μL of Sequencing Buffer (Oxford NANOPORE
Technologies) and 25.5 μL of Loading Buffer (Oxford NANOPORE Technologies).
This solution was added to a Nanopore Flow Cell (v9.4.1) and a sequencing run
was performed for 24 h.
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mRNA-seq analysis. Initially, mRNA-seq reads were mapped to the rRNA, tRNA,
or mitochondrial genome sequences using BowTie (v.2.1.0)84. The mapped reads
were discarded and not used for the following analysis. The remaining reads were
mapped to the human genome (GRCh38) with STAR Aligner (2.7.1a)85 using
ENCODE options considering gene annotation and Ensembl (ver.98)86. After the
mapping to the genome, gene expression values (Transcripts Per Million reads;
TPM) were calculated using RSEM (ver. 1.3.0)87. DEGs of the mono-cultured and
co-cultured samples were calculated using DEseq2 (ver. 1.8.2)88. If a gene satisfied
the following criteria, it was defined as DEG: p < 0.01, abs (log2(Fold Change)) ≥
0.263, base mean of raw reads ≥ 31, and average TPM in either sample ≥ 1. GO
analysis of DEGs was performed using the WEB-based Gene Set Analysis Toolkit
(WebGestalt89). ‘Biological Process noRedundant’ was selected for the database,
and ‘genome protein-coding’ genes were selected for the reference set. Protein-
coding genes among the DEGs were used as the inputs.

To consider FFAs treatment conditions, we employed ANOVA to select DEGs
and characterize the samples. A gene was treated as a DEG if p < 0.05 and
abs(log2(Fold Change)) ≥ 0.263 for a combination of any two samples. The expression
values of the DEG were used for PCA to characterize the samples. To compare DEG
sets with FFAs-minus and FFAs-plus under mono-culture conditions, FFAs-minus
and FFAs-plus under the co-culture conditions, and mono- and co-cultured samples
under the FFAs-minus condition, DEGs with a PC2 loading of ≥2 or ≤0.5 were used.
The results were used to assess changes in gene expression related to FFAs treatment.
To compare gene expression profiles according to FFAs treatment under the mono-
and co-cultured conditions, we employed Gene Set Enrichment Analysis (GSEA90,
ver.4.0.4) with DB files (msigdb.v7.1. symbols.gmt). The fold-change values for
protein-coding genes were used as inputs. The bar plots show FDR qvalues for the top
four terms under both mono- and co-culture conditions. In the analysis, the PCA
plots were drawn with the ggplot2 package in R.

Single-cell profiling based on microscopic images. Following microscopic image
acquisition, CellProfiler software (Broad Institute of Harvard and MIT, Version
3.1.9)43 was used to estimate cellular features (e.g., cell size and fluorescence
intensity). After loading the set of stained images (nuclei and cellular phenotype or
function), all images were adjusted with “correctilluminationCalcuate” and “cor-
rectilluminationApply” modules to reduce the uneven distribution of background
signals. The settings provided in the manual were followed. Traditionally, the
illumination function is calculated from “Background” with a block size of 20–100
for each image individually. And the Smoothing method was selected as “Median
filter,” with a filter size of 50. The other options followed the default settings. The
mathematical methods of “correctilluminationApply” was “Substract.” With the
corrected nuclei images, individual cells were identified by using Otsu’s method43

in the “IdentifyPrimaryObjects” module as primary objects, followed by “Identi-
fySecondaryObjects” to evaluate the cellular phenotype/function, automatically.
Then, cellular features were calculated using the “MeasureObjectSizeShape” and
“MeasureObjectIntensity” modules for both primary and secondary objects. Fur-
ther analysis of single-cell morphological descriptors was performed using t-SNE in
the open-source Orange 3 software (Version 3.23.1; Bioinformatics Laboratory,
Faculty of Computer and Information Science, University of Ljubljana, Slovenia)91.

Statistics and reproducibility. The results expression, statistical tests used, the
sample sizes and number of independent experiments are mentioned in the figure
legends. All cell-based assays were carried out in triplicate samples with three
independent experiments. The Ridgeline plots and t-SNE analysis charts were
based on the integration of three independent experiments. The Tukey–Kramer
test and Student’s t test were performed using R software (ver. 3.5.2; https://www.r-
project.org/). For mRNA-seq, all the experiments were conducted with at least two
independent experiments.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mRNA-seq data has been deposited in the NCBI Gene Expression Omnibus (GEO)
under accession number GSE152091 and GSE206417. All the manuscript graphs and
charts of Ridgeline plots and t-SNE analysis are available in Supplementary Data 1 to 6.
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