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A Microphysiological System for Studying 
Nonalcoholic Steatohepatitis
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Nonalcoholic steatohepatitis (NASH) is the most severe form of nonalcoholic fatty liver disease (NAFLD), which to 
date has no approved drug treatments. There is an urgent need for better understanding of the genetic and molecular 
pathways that underlie NAFLD/NASH, and currently available preclinical models, be they in vivo or in vitro, do not 
fully represent key aspects of the human disease state. We have developed a human in vitro co-culture NASH model 
using primary human hepatocytes, Kupffer cells and hepatic stellate cells, which are cultured together as microtissues in 
a perfused three-dimensional microphysiological system (MPS). The microtissues were cultured in medium containing 
free fatty acids for at least 2  weeks, to induce a NASH-like phenotype. The co-culture microtissues within the MPS 
display a NASH-like phenotype, showing key features of the disease including hepatic fat accumulation, the produc-
tion of an inflammatory milieu, and the expression of profibrotic markers. Addition of lipopolysaccharide resulted in 
a more pro-inflammatory milieu. In the model, obeticholic acid ameliorated the NASH phenotype. Microtissues were 
formed from both wild-type and patatin-like phospholipase domain containing 3 (PNPLA3) I148M mutant hepatic 
stellate cells. Stellate cells carrying the mutation enhanced the overall disease state of the model and in particular pro-
duced a more pro-inflammatory milieu. Conclusion: The MPS model displays a phenotype akin to advanced NAFLD 
or NASH and has utility as a tool for exploring mechanisms underlying the disease. Furthermore, we demonstrate that 
in co-culture the PNPLA3 I148M mutation alone can cause hepatic stellate cells to enhance the overall NASH disease 
phenotype. (Hepatology Communications 2020;4:77-91).

As a result of the increased prevalence of dia-
betes, obesity and metabolic syndrome, non-
alcoholic fatty liver disease (NAFLD) is now 

the most common chronic liver disease in developed 
countries.(1) NAFLD is a spectrum of pathologies 
ranging from benign hepatic steatosis through to 
nonalcoholic steatohepatitis (NASH), which can ulti-
mately lead to cirrhosis and liver cancer. NASH is a 
serious condition, defined as a combination of hepatic 
steatosis, inflammation, hepatic damage, and pericel-
lular liver fibrosis.(2) The genetic basis of NAFLD 

has started to be explored, and the I148M mutation 
in the patatin-like phospholipase domain containing 
3 (PNPLA3) gene has been identified as the major 
genetic variant that associates with NAFLD/NASH 
progression.(3) This single nucleotide polymorphism 
(SNP) can lead to more than 2-fold increases in 
hepatic fat content in NAFLD patients(3) and confers 
an up to a 10-fold increased risk of liver cancer related 
to NAFLD.(4) Despite the well-established public 
health impact of NAFLD/NASH, there remains no 
approved therapy for the treatment of this disease.(2) 
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Significant numbers of compounds are now enter-
ing clinical development aimed at treating NAFLD/
NASH, using a wide range of therapeutic approaches 
and targeting a diverse set of molecular pathways.

Our understanding of the molecular basis of 
NAFLD, and its development into NASH, has been 
based primarily on the use of rodent models (chemical, 
genetic, or diet-induced).(5,6) Many preclinical rodent 
models have now been developed, but no individual 
model fully recapitulates the human disease and sig-
nificant differences exist in the transcriptomic profile 
of the liver tissue, the manner in which triglycerides 
accumulate within the liver, and the level of hepatic 
fibrosis.(6-8) There is no consensus on the best utility 
of these models, as evidenced by the more than 30 
models that have now been developed.(6,8)

Studying NASH using human in vitro models offers 
the ability to perform studies at the cellular level, allow-
ing molecular mechanisms to be elucidated and the 
genetic drives of the disease to be specifically explored. 
Various approaches have been taken to study NAFLD/
NASH using in vitro models, including the use of  
precision-cut liver slices,(9,10) immortalized hepatic cell 
lines,(11-13) and primary human hepatocytes.(14-16) The 
culture of primary human cells in vitro represents the 
best opportunity to develop a model that can trans-
late to the clinical disease, as these cells should most 
closely mimic the expression profiles and phenotypic 
features of the cells in patient livers. However, long-
term cultures (>1 week) of primary human hepato-
cytes (PHHs) are challenging, and only through recent 
technological advances (e.g., three-dimensional [3D] 
spheroidal cultures, microfluidic perfusion, co-cultures)  
has this become tractable.(17) Therefore, to date, most 

in vitro NAFLD studies involving PHHs have focused 
on short-term exposure (48-72 hours) to free fatty 
acids (FFAs), allowing the study of transient responses 
to triglyceride challenge.(14-16) Some studies using 
advanced in vitro platforms, including micropatterned 
co-cultures of primary hepatocytes and murine fibro-
blasts,(18) a hemodynamic co-culture system(19) or bio-
printed cultures of primary liver cells,(20) have started 
to demonstrate how exposure to glucose and FFAs can 
affect human hepatic cell types. Moreover, with the 
addition of transforming growth factor β (TGF-β), 
early stages of fibrosis can be detected.(20)

We previously developed a model of hepatic ste-
atosis using a 3D perfused microphysiological sys-
tem (MPS), which enabled PHHs to be cultured for  
2 weeks in the presence of FFAs, allowing the chronic 
effects of triglyceride accumulation to be analyzed.(21) 
The perfused MPS maintains highly metabolically 
active PHHs for extended periods (up to 40 days)(22-24)  
and has been demonstrated to support PHHs and 
human Kupffer cell (HK) co-cultures to study the 
effects of liver inflammation on drug metabolism, 
drug–drug interactions, and liver toxicity.(22-24)

Here, we use the same MPS with a co-culture of 
PHH, HK, and hepatic stellate cells (HSCs) to create 
a model of human NASH. These co-cultures can be 
maintained under disease-inducing conditions for at 
least 2 weeks and demonstrate key hallmarks of the 
human disease, including accumulation of intracellular 
triglyceride, the production of both pro-inflammatory  
cytokines, and profibrotic markers. The model demon-
strates a transcriptional profile that is consistent with 
a NASH phenotype and is susceptible to modula-
tion with obeticholic acid (OCA), a compound in 
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late-stage clinical development for the treatment of 
NASH. Finally, we used the MPS NASH model to 
investigate how different genetic backgrounds can 
drive changes in the disease phenotype. In particular, 
we focused on the I148M mutation in the PNPLA3 
gene, the most strongly correlated SNP associated 
with NASH.(25) We explored the effects of the I148M 
PNPLA3 mutation specifically in HSCs and demon-
strated its impact on NASH disease progression. This 
highlights the mechanistic insights that can be gained 
through the modular nature of the in vitro model 
described here, and demonstrates the utility of the 
MPS as a tool for NASH drug discovery.

Methods and Materials
pHH CultuRe anD tReatment

Cryopreserved PHHs and primary HKs were 
purchased from Life Technologies (Paisley, 
United  Kingdom). Primary HSCs were obtained from 
the Institute for Liver and Digestive Health, Royal 
Free Hospital, University College London (London, 
United Kingdom). These cells had been isolated from 
resected liver wedges or livers unsuitable for transplant 
and were obtained from patients undergoing surgery at 
the Royal Free Hospital after providing informed con-
sent (NC2015.020 B-ERC-RF). Cells were isolated 
as previously described.(26) In total, nine HSC donors 
were used throughout the study (Supporting Table S1).

Cultures were performed in the LiverChip MPS 
(CN Bio Innovations Ltd., Welwyn Garden City, 
United Kingdom) (Supporting Fig. S1), either with 
PHH alone or in a co-culture of PHH + HK + HSC. 
Use of the MPS has been described previously.(21,22) 
Briefly, PHHs were seeded at a density of 6  ×  105 
viable cells with a potential for co-culture with HKs 
and/or HSCs at a density of 6  ×  104 viable cells in 
1.6 mL of medium per well and maintained under a 
flow rate of 1.0 µL/s. Cells were seeded in Williams E 
medium containing primary hepatocyte thawing and 
plating supplements (Life Technologies, Carlsbad, 
CA) for the first 24 hours of culture. Thereafter, cells 
were cultured in HEP-LEAN or HEP-FAT medium; 
both medias are proprietary to CN Bio Innovations. 
The HEP-FAT medium is a derivative of the HEP-
LEAN medium and contains a mixture of saturated 
and unsaturated FFAs, as well as physiologically 

relevant quantities of insulin and sugars. Complete 
media changes were performed on all wells every 
48 to 72  hours. Lipopolysaccharide (LPS) from 
Escherichia coli O111:B4 (Sigma Aldrich, St. Louis, 
MO) was added to the HEP-FAT culture medium 
on day 8 of culture onward at a concentration of  
0.5 ng/mL and maintained in the culture medium 
for the remainder of the experiment. Microtissues 
exposed to OCA (AdooQ Bioscience, Irvine, CA) 
were first cultured for 8 days in HEP-FAT medium. 
OCA was dissolved in DMSO, diluted in cell culture 
medium (final DMSO concentration ≤0.5%), and 
added to microtissues during a full medium change. 
Cultures were maintained in HEP-FAT medium in 
the presence of the compound for a further 7 days.

BiomaRKeR pRoFiling
Soluble biomarkers (e.g., interleukin [IL] 6, tumor 

necrosis factor α [TNF-α], procollagen 1, tissue inhib-
itor of metalloproteinase 1 [TIMP-1], fibronectin, 
albumin) in cell culture medium were analyzed using 
Quantikine and DuoSet enzyme-linked immunosor-
bent assay (ELISA) kits (R&D Systems, Minneapolis, 
MN) and Luminex arrays. For the Bio-Plex Pro 
Human group 1 analytes, 27-plex analytes were com-
bined with human chemokine Gro-α/chemokine  
(C-X-C motif ) ligand 1 (CXCL1) according to the 
manufacturer’s recommendations (Bio-Rad Labo-
ratories, Inc., Hercules, CA). Data from the samples  
were acquired using a Bio-Rad MAGPIX Multiplex 
system. The software used for the analysis was xPO-
NENT 4.2. Twelve analytes were excluded from the 
analysis, as they had no detectable expression or had 
no significant differences among any of the culture 
conditions. Oil Red O staining and FFA quantifica-
tion were determined for samples from MPS cultures 
as previously described.(21)

pnpla3 i148m genotyping
DNA was extracted from the primary hepatic cells 

of interest using DNazol (Life Technologies). The 
PNPLA3 rs738409 C→G SNP, encoding I148M, was 
genotyped using a Taqman assay (assay on demand 
for rs738409; Applied Biosystems, Foster City, CA). 
Post-polymerase chain reaction (PCR) allelic dis-
crimination was carried out on Applied Biosystems’ 
7500/7500 real-time PCR system.
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Rna isolation anD 
gene-eXpRession analysis

Total RNA was extracted using TRIzol (Ambion, 
Inc., Austin, TX) and a chloroform phase separation 
and converted to complementary DNA. This was ana-
lyzed by Human Fatty Liver RT2 Profiler PCR Arrays 
(PAHS-157Z) and Human Cytokines & Chemokines  
RT2 Profiler PCR Arrays (PAHS-150Z) or using 
Taqman assays ACTA2 (Hs00426835_g1), IGFBP1 
(Hs00236877_m1), IL-6 (Hs00174131_m1), GK 
(Hs02340007_g1), CYP7A1 (Hs00167982_m1), CYGB 
(Hs00964894_g1), PCDH7 (Hs05574398_g1), Desmin 
(Hs00157258_m1), COL1A1 (Hs00164004_m1),  
and COL3A1 (Hs00943809_m1). Samples were ana-
lyzed using a Quantstudio 6 real-time PCR system 
(Applied Biosystems). Ct values from samples were 
compared and normalized to house-keeping gene 
expression.

statistiCs
All of the experiments were performed with at least 

three replicates, with cells obtained from three differ-
ent PHH donors, if not indicated otherwise. Values 
reported are means  ±  SD, unless otherwise stated. 
Comparisons between groups were performed using 
Student t test. P values less than 0.05 were considered 
statistically significant.

Results
We previously used a 3D perfused MPS to create 

a model of hepatic steatosis, consisting of a monocul-
ture of PHHs cultured under high-fat conditions.(21) 
More advanced stages of NAFLD and NASH are 
defined by the presence of inflammation and fibro-
sis in the liver, and two nonparenchymal cell types 
known to drive these disease processes are HK and 
HSC.(2) To generate an in vitro model of NASH, we 
co-cultured primary human HKs and primary human 
HSCs together with PHHs in the MPS at the phys-
iologically relevant ratio of 1:10.(27) To compare the 
phenotype of the PHH, HK, and HSC co-culture 
with the previously developed model of steatosis,(21) 
both models were cultured for 15 days in HEP-FAT 
medium, a hepatic cell culture medium with high lev-
els of FFAs, and physiological levels of glucose and 
insulin. Both models were compared for a range of 

biomarkers expressed in NAFLD/NASH,(28) and the  
NASH model was found to display a pro-inflammatory  
phenotype with the detection of IL-6 secretion  
(Fig. 1A), TNF-α secretion (Fig. 1B), and the 
expression of a range of pro-inflammatory genes 
(Fig. 1C). The NASH model also exhibited markers 
of fibrosis, with increased concentrations of TIMP-1,  
fibronectin and procollagen 1, present in the cul-
ture medium (Fig. 1D-F). The expression profiles of 
profibrotic genes such as CYGB, ACTA2, PCDH7, 
DES, COL1A1, and COL1A3 were also significantly 
up-regulated in the co-culture NASH model, when 
compared with the steatosis model (Fig. 1G). Both 
models were observed to accumulate fat at a similar 
rate, had equivalent levels of intracellular fat loading 
(Fig. 1H-J), and neither model was found to demon-
strate any signs of hepatotoxicity (Supporting Fig. S2). 
However, the NASH model did produce slightly 
lower amounts of albumin (Supporting Fig. S2), 
matching observations from the clinic, where reduced 
albumin correlates with advanced liver disease.(28-30) 
PHHs in the MPS form microtissues within the 
3D collagen-coated scaffold, and to visualize the 
distribution of HKs and HSCs within these micro-
tissues, each cell type was transduced with an ade-
novirus expressing a fluorescent marker (Supporting  
Fig. S3). HKs and HSCs were found to integrate, 
essentially randomly, within the PHH microtissues, 
allowing direct interaction among the different cell 
types (Supporting Fig. S3).

To investigate more broadly the difference between 
the steatosis model and the co-culture NASH model, 
the gene-expression profiles of 84 genes associated 
with fatty liver disease were analyzed. These genes 
included those involved with key metabolic pathways 
and disease-associated mechanisms (e.g., inflamma-
tion). When compared with control samples (PHHs 
alone in the absence of fat loading), the steatosis 
model only showed six genes with significantly altered 
expression (Table 1), similar to our previous observa-
tions,(21) whereas 25 genes were differentially expressed 
in the NASH model (Table 1 and Supporting  
Fig. S4). Expression changes were observed in genes 
associated with insulin signaling (e.g., IGFBP1), cho-
lesterol metabolism (e.g., CD36, PPARγ), glucose 
metabolism (e.g., G6PD), lipid metabolism (e.g., 
FABP5, LPL), and inflammation (e.g., IL-6, TNF-α) 
(Table 1). Together, these data demonstrated that the 
co-culture NASH model has a distinct and different 
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phenotype to the steatosis model with increased levels 
of inflammation, fibrosis markers, and an altered tran-
scriptomic profile.

Fat loading of hepatocytes is established to gen-
erally be the starting point for the development of 
NASH, but other key factors can play an important 
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role in causing disease progression, including LPS.(31) 
Changes to intestinal permeability cause increases 
in LPS concentrations in the portal vein, which 
can enhance liver inflammation and disease pro-
gression.(32) We therefore explored how both fat 
and repeat (chronic) low dosing of LPS play a role 
in enhancing the disease phenotype within the co- 
culture NASH model. PHH, HK, and HSC micro-
tissues were cultured from day 1 in HEP-LEAN 
medium (absent of additional FFAs), HEP-FAT 
medium or HEP-FAT  +  LPS medium, with the 
LPS dosing starting on day 8 of the culture onward 
(Fig. 2A). To assess the levels of fat accumulation 
within the microtissues, scaffolds were stained with 
Oil Red O, which demonstrated significant intracel-
lular fat accumulation in samples cultured in HEP-
FAT or HEP-FAT + LPS medium (Fig. 2B,C). The 
secretion of IL-6 in the model was enhanced by 
both fat loading of cells and most significantly by 
the dosing of LPS (Fig. 2D). Additionally, the pro-
duction of TNF-α was also enhanced by LPS dos-
ing (Fig. 2E). However, neither fat nor LPS affected 
the fibrosis phenotype of the NASH model when 
assessed through the production of procollagen 1 
(Fig. 3F). Finally, it was observed that hepatocytes 
in the HEP-FAT and HEP-FAT  +  LPS medium 
produced less albumin than those in the HEP-
LEAN medium (Fig. 3G). Overall, both fat and 
LPS were found to promote the disease state in the 
co-culture NASH model; in particular, both signifi-
cantly enhance the inflammatory state of the model.

After demonstrating that the co-culture NASH 
model recapitulated key aspects of the disease, we 
explored the effects of OCA on the MPS model. 
OCA is a semisynthetic bile acid derivative currently 
in phase III clinical trials for the treatment of NASH, 
and has been shown to improve histological features 

of the disease.(33) The NASH co-culture model was 
initially established with HEP-FAT medium for 
8 days and then dosed with OCA in the presence 
of HEP-FAT medium, for a further 1 week. OCA 
was dosed at 0.5 µM and 5 µM, the lower of which 
equates to the plasma Cmax of OCA, and the higher 
dose simulated localized liver Cmax in patients.(34)

In the co-culture NASH model, OCA was observed 
to cause a significant reduction in IL-6 release when 
compared with vehicle controls (Fig. 3A). To explore 
more broadly the effects of OCA dosing, we ana-
lyzed the expression of a range of NASH-associated 
genes and found that OCA significantly reduced the 
expression of genes associated with inflammation 
(e.g., interferon-inducible protein 10 [IP-10], mono-
cyte chemoattractant protein 1 [MCP1], TNF-α) and 
a small number associated with fibrosis (e.g., TGFβ, 
ACTA2) (Fig. 3B,C). We also analyzed the expres-
sion of a number of metabolic pathway genes and 
observed genes associated with cholesterol metabo-
lism to be down-regulated, whereas a number of genes 
associated with glucose metabolism were up-regulated  
(Fig. 3D). Together, these data demonstrate the utility 
of the in vitro NASH model for screening anti-NASH 
therapeutics and investigating their mechanisms of 
action.

The I148M SNP in the PNPLA3 gene has been 
strongly associated with NAFLD/NASH and fibrosis 
development.(3) Recently, Bruschi et al. demonstrated 
a direct role of this SNP on the disease phenotype 
of HSCs.(35) The authors demonstrated that primary 
human HSCs carrying the I148M PNPLA3 mutation 
expressed increased levels of pro-inflammatory medi-
ators and had higher lipid droplet content.(35) This 
study was all performed on isolated monocultures of 
primary human HSCs or on the human HSC LX-2 
cell line; therefore, we proposed to explore whether 

Fig. 1. Phenotype of the in vitro human NASH model mimics key aspects of clinical disease. PHH alone (steatosis) or PHH, HK, and HSC 
co-cultures (NASH) were cultured in the MPS for 15 days under high-fat conditions (HEP-FAT medium). Inflammatory responses were 
measured A) IL-6 and B) TNF-α production were measured by ELISA. (C) The expression of inflammatory/cytokine genes were analyzed 
in total RNA from both disease models using human cytokine RT2 profiler PCR arrays. Gene-expression changes in the NASH model 
are expressed as a fold change over the steatosis model and are expressed as log2-fold changes (red, up-regulation; blue, down-regulation). 
Fibrotic responses in the models were analyzed by determining the production of TIMP-1 (D), fibronectin (E), and procollagen 1 (F) in cell 
culture medium, which were measured by ELISA. (G) Relative expression of profibrotic genes in total RNA, as measured by quantitative 
PCR; expression of each gene was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and is shown as relative to steatosis 
samples. (H) Fat consumed by cultures over 15 days of culture was calculated by analyzing the culture medium for the presence of FFAs.  
(I) Fat loading in microtissues was confirmed using Oil Red O staining, which was quantified by absorbance at 510 nm; representative images 
also shown (scale bar = 400 µm). Data are expressed as means ± SD from a minimum of nine independent cultures (3 donors per condition 
and n = 3 per donor); *P < 0.05. Abbreviations: CD, clusters of differentiation; COL1A1, Collagen, type I, alpha 1; COL1A3, Collagen, type 
I, alpha 3; FASLG, Fas ligand; PCDH7, Protocadherin-7; SPP1, Osteopontin; VEGFA, Vascular endothelial growth factor A.
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I148M PNPLA3 mutant HSCs would influence the 
phenotype in our in vitro co-culture NASH model.

PHH, HK, and HSC co-cultures were generated 
with either HSCs genotyped as homozygous wild type 
(WT) for PNPLA3 (3 biological donors) or homozy-
gous I148M mutant (3 biological donors). The same 
PHH and HK donors were used throughout the study. 
The co-cultures were maintained for 15 days in HEP-
LEAN, HEP-FAT medium, or HEP-FAT  +  LPS 
medium as previous described (Fig. 4A). We first 
examined the secretion of the pro-inflammatory cyto-
kine IL-6, which was observed to be increased by the 
presence of the I148M PNPLA3 mutation in the 
HSCs (Fig. 4A). At both day 8 (pre-LPS dosing) and 
at day 15 (post-LPS dosing), the I148M PNPLA3 
mutant HSC induced significantly greater levels of 
IL-6 secretion, and these levels were highest in LPS 
dosed samples (Fig. 4A). The presence of the I148M 
PNPLA3 mutant HSCs also caused a reduction in 
the secretion of albumin (Fig. 4B) and induced greater 
levels of fat accumulation (Fig. 4C). The expres-
sion of a number of disease-related genes, previously 
observed to be up-regulated in the co-culture NASH 
model (Table 1), were found to be further enhanced 
by the presence of the PNPLA3 I148M mutant HSC  
(Fig. 4D). The presence of the I148M PNPLA3 
mutant HSC in the co-culture NASH model, how-
ever, did not affect the secretion of profibrotic markers, 
procollagen 1 and TIMP-1 (Fig. 4E).

As the I148M PNPLA3 mutant HSCs had such 
a predominant effect on the production of IL-6, we 
explored how the production of other cytokines and 
chemokines were affected by the I148M PNPLA3 
mutant HSCs (Fig. 5). The secretion of many of these 
cytokines was shown to be induced by the loading of 
fat and the additional dosing of LPS (Fig. 5), match-
ing clinical observations (Table 2). When compared 
with WT HSCs, the I148M PNPLA3 mutant HSC 
caused increased secretion of cytokines associated with 
chronic inflammation (e.g., interferon-γ, IL-6, IL-12) 
and growth factors associated with tissue remodel-
ing and stellate cell activation (e.g., platelet-derived 
growth factor, MCP1) (Fig. 5). These data support the 
observations of Bruschi et al(35) that primary human 
HSCs carrying the I148M PNPLA3 mutation have 
an enhanced inflammatory and activated phenotype. 
We demonstrate that these PNPLA3 I148M HSCs 

taBle 1. gene-eXpRession pRoFiles aRe 
alteReD moRe signiFiCantly in tHe  

IN VITRO nasH moDel tHan unDeR steatosis 
ConDitions

Pathway/Gene

Steatosis NASH

Fold 
Change P Value

Fold 
Change P Value

Insulin Signaling

IGF1 1.58 0.31 3.72 <0.01

IGFBP1 2.65 0.28 41.91 0.002

mTOR 1.25 0.07 0.26 <0.01

PKLR 1.36 0.15 0.14 <0.01

SOCS3 1.52 0.32 292.60 <0.01

Glucose Metabolism

G6PC 1.67 0.11 0.40 0.002

G6PDH 1.38 0.33 5.99 <0.01

GCK 1.46 0.34 0.10 <0.01

PDK4 4.33 0.02 1.56 0.086

Cholesterol Metabolism

ABCA1 0.99 0.94 1.97 0.032

CD36 1.25 0.76 167.67 <0.01

CYP2E1 5.02 0.02 7.56 0.016

CYP7A1 5.24 0.01 0.14 <0.01

PPARG 1.24 0.48 3.20 0.006

Lipid Metabolism

FABP3 1.70 0.33 6.73 <0.01

FABP5 1.40 0.14 13.42 <0.01

FASN 1.40 0.31 0.04 <0.01

GK 1.74 0.22 8.50 0.029

LPL 1.03 0.77 75.08 <0.01

SCD 1.06 0.90 0.16 <0.01

Inflammation

CEBPB 1.46 0.08 0.55 0.019

IFN-� 1.27 0.11 4.38 <0.01

IL-10 1.27 0.11 6.66 <0.01

IL-1B 0.43 0.08 10.12 <0.01

IL-6 0.69 0.87 481.35 <0.01

TNF 1.44 0.43 10.79 <0.01

Abbreviations: ABCA1, ATP-Binding Cassette, Sub-Family A, 
Member 1; CD36, clusters of differentiation 36; CEBPB, CCAAT 
Enhancer Binding Protein Beta; CYP2E1, Cytochrome P450 Family 
2 Subfamily E Member 1; CYP7A1, Cytochrome P450 Family 7 
Subfamily A Member 1;  FABP, fatty acid-binding protein; FASN, 
Fatty Acid Synthase; G6P, glucose 6-phosphate; G6PDH, glucose-6- 
phosphate dehydrogenase; GCK, Glucokinase; GK, Glycerol 
Kinase; IFN-γ, interferon gamma; IGF1, insulin-like growth fac-
tor 1; IGFBP1, insulin-like growth factor-binding protein 1; LPL, 
Lipoprotein Lipase; mTOR, mammalian target of rapamycin; 
PDK4, pyruvate dehydrogenase kinase isozyme 4; PKLR, Pyruvate 
Kinase R-Type/L-Type; PPAR-�, peroxisome proliferator-activated 
receptor gamma; SCD, Stearoyl-CoA Desaturase; and SOCS3, sup-
pressor of cytokine signaling 3.
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Fig. 2. FFAs and LPS together enhance the disease phenotype of the in vitro human NASH model. PHH, HK, and HSC co-cultures 
(NASH) were cultured in the MPS for 15 days in HEP-LEAN medium, HEP-FAT medium, or HEP-FAT + LPS medium. (A) Fat 
loading was initiated on day 1, and the addition of LPS was on day 8 following the establishment of the co-culture microtissues. Fat 
loading was measured by Oil Red O staining of microtissues, which were observed by microscopy (scaled bar = 200 µm) (B) and quantified 
by absorbance at 510 nm to give a relative fat content (C). Inflammatory responses were determined by measuring IL-6 (D) and TNF-α 
(E) production by ELISA. (F) The section of procollagen 1 was measured as a fibrosis marker. (G) Cultures were compared for albumin 
section into the cell culture medium. Data are presented as means ± SD from a minimum of five independent cultures; *P < 0.05.
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can promote the NASH disease state in a complex 
co-culture disease model.

Discussion
Understanding the genetic basis and molecu-

lar mechanisms that underlie the pathophysiol-
ogy of NAFLD/NASH will offer the opportunity 
for the development of new therapies and preven-
tion strategies.(2) There remains an unmet need for 
human-relevant preclinical models that (1) recapitu-
late key elements of the disease process, (2) facilitate 
mechanistic study, and (3) allow rapid and efficient 

evaluation of new therapies. Here we have used a 
3D perfused MPS to develop an in vitro human  
co-culture model that displayed key aspects of NASH.

To develop our NASH model, we used a liver 
MPS that has been previously demonstrated to main-
tain the functions of PHH in vitro and prevent rapid 
dedifferentiation.(22,24) The system was previously 
used to develop a model of hepatic steatosis, with 
PHHs cultured in the presence of FFAs, leading to 
a range of phenotypic changes that mimicked the 
earliest stages of NAFLD.(21) Here we explored the 
development of a model of a more advanced disease 
state, through co-culturing of PHHs with nonparen-
chymal cells of the liver, namely HKs and HSCs.(2) 

Fig. 3. Treatment with OCA reduces the disease phenotype in the MPS NASH model. PHH, HK, and HSC co-cultures were cultured 
in the MPS for 15 days in HEP-FAT medium. On day 8, vehicle (DMSO) or OCA was dosed onto cultures at either 0.5 µM or 5 µM 
in HEP-FAT medium. (A) IL-6 was measured in cell culture medium by ELISA. Relative expression of inflammatory (B), fibrotic (C), 
metabolic (D) genes associated with NASH following OCA dosing, as measured by quantitative PCR normalized to GAPDH; data are 
shown as relative expression normalized to the DMSO control. Data are means ± SD from a minimum of three independent cultures; 
*P < 0.05. Abbreviations: ACTA2, smooth muscle alpha-2; CYP2E1, Cytochrome P450 Family 2 Subfamily E Member 1; CYP7A1, 
Cytochrome P450 Family 7 Subfamily A Member 1; G6PC, glucose 6-phosphatase; G6PD, glucose-6-phosphate dehydrogenase; GCK, 
glucose-6-phosphate; PCK2, Phosphoenolpyruvate Carboxykinase 2; RBP4, Retinol Binding Protein 4; RXRA,  Retinoid X Receptor 
Alpha.
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Fig. 4. HSCs carrying the PNPLA3 I148M SNP induce a more pro-inflammatory and steatotic phenotype in the MPS NASH model. 
PHH, HK, and HSC co-cultures were cultured in the MPS for 15 days in HEP-LEAN, HEP-FAT, or HEP-FAT + LPS conditions (LPS 
was added to culture from day 8 onward). Cultures contained either WT HSC or HSC with the PNPLA3 I148M mutation. (A) On day 
8 (pre-LPS dose) and day 15 (post-LPS dose) of the culture, IL-6 production was measured by ELISA. On day 15 of the culture, albumin 
production was measured by ELISA (B), and fat loading was measured by Oil Red O staining of microtissues (C), which was quantified 
by absorbance at 510 nm to give a relative fat content. (D) Relative expression of total RNA, as measured by quantitative PCR; expression 
of each gene was normalized to GAPDH and is shown as relative to lean WT samples. (E) Procollagen 1 and TIMP-1 production was 
measured by ELISA. Data are presented as means ± SD for 12 independent cultures (3 HSC donors per condition and n = 4 per donor); 
*P < 0.05. Abbreviations: ACTA2, smooth muscle alpha-2; GK, Glycerol Kinase; IGFBP1, insulin-like growth factor-binding protein 1.
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To generate a phenotype that mimics NASH, both of 
the nonparenchymal cells were required, as they con-
tribute to the inflammatory state of the disease and 
HSCs are the key driver of liver fibrosis. We used an 

approximately physiological ratio of 10 hepatocytes to 
every KC and HSC.(27) As each cell type is individ-
ually added to the model, there exists the potential 
to explore how both the presence and ratio of the 

Fig. 5. HSCs carrying the PNPLA3 I148M SNP increase the expression of cytokines, chemokines, and growth factors when co-cultured 
in the MPS NASH model. PHH, HK, and HSC co-cultures were cultured in the MPS for 15 days in HEP-LEAN, HEP-FAT, or HEP-
FAT + LPS medium (LPS was added to culture from day 8 onward). Cultures contained either WT HSC or HSC with the PNPLA3 
I148M SNP mutation. On day 15, cell culture medium was analyzed by Luminex for the presence of human cytokines, chemokines, 
and growth factors. Data are presented as means ± SD for 12 independent cultures (3 HSC donors per condition and n = 4 per donor); 
*P < 0.05. Abbreviations: FGF-2, Fibroblast Growth Factor 2; G-CSF, Granulocyte-Colony Stimulating Factor; GM-CSF, granulocyte-
macrophage colony-stimulating factor; IFN, interferon; and PDGF, platelet-derived growth factor.
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different cell types affects the disease phenotype. For 
reasons of practicality, the three cell types combined to 
form the co-culture, namely PHHs, HKs and HSCs, 
were always derived from three different biological 
donors. No adverse effects were noted in this regard 
and a consistent NASH phenotype was observed 
when different donor material was used. Overall, 9 
different HSC donors were used throughout the study 
(Supporting Table S1). HKs and HSCs were used in 
the model, as these are associated with initiating early 
events in NASH development(2) and are therefore 
the minimum requirement to achieve a NASH-like 
phenotype. Other cell types of the liver are therefore 
not present in the model (e.g., liver sinusoidal endo-
thelial cells, peripheral immune cells), as these were 
deemed nonessential to form a NASH phenotype 
and the addition of further cell types provides chal-
lenges of cost, logistics, and reliability for the model. 
With further development, other cell types could be 
incorporated into the model to potentially enhance its 
translational relevance, but while it might be desirable 
for all cell types of the liver to be included in a model, 
to date no in vitro model exists that incorporates all of 
the cell types of the liver.(17) The model additionally 
does not recapitulate full hepatic zonation, as all of the 
hepatocytes are exposed to close to atmospheric lev-
els of oxygen, something that is common for in vitro 
models. However, the model does feature an oxygen 
gradient across the microtissues and has been shown 
to consume physiologically relevant concentrations of 
oxygen.(36)

When cultured under fat conditions for a period 
of 15 days, the co-cultures demonstrated a phenotype 
akin to that of advanced NAFLD or NASH, with 
inflammatory and profibrotic biomarkers detectable in 
the cell culture medium. Fibrosis biomarkers detected 
TIMP-1, procollagen and fibronectin, all of which 
are well-established biomarkers of disease develop-
ment.(28) A wide range of cytokines were detected in 
the model, and the expression of many of these was 
enhanced by the loading of cells with FFAs or addi-
tional dosing of LPS (Table 2). Recent review articles 
have highlighted a key subset of cytokines observed 
in the clinical disease,(37,38) and each of these we 
have detected in our in vitro MPS model (Table 2). 
The co-cultures also exhibited a range of transcrip-
tomic changes as compared with the PHH-only ste-
atosis model. Gene-expression changes associated 
with NAFLD/NASH development were observed, 
including increased expression of genes associated 
with insulin resistance (e.g., IGF1, IGFB1(39)), glu-
cose metabolism (e.g., G6PD,(40) PDK4(41)), and lipid 
metabolism (e.g., FABP5,(42) LPL(43)).

In humans, NAFLD/NASH develops over many 
years as a result of chronic insults on the liver, whereas 
rodent preclinical models of the disease are generated 
over a number of weeks. Previous in vitro studies, 
which are of utility in gaining mechanistic insights, 
have generally been performed over a small num-
ber of days. Here we aimed to develop an in vitro 
NASH model with a duration of a least 2 weeks, to 
allow an extended window for compound dosing and 

taBle 2. summaRy oF Key inFlammatoRy CHanges in tHe IN VITRO nasH moDel in CompaRison 
to CliniCal oBseRVations

Cytokine NASH In Vitro Model Clinical Observations

TNF-α ↑ gene expression (14-fold increase) Serum TNF-α levels correlate with liver disease state

↑ protein expression (D11 and D13)

TGF-β1 ↑ gene expression (3-fold increase) TGF-β1 levels increased in patients with NASH

IL-6 ↑ gene expression (160-fold increase) Elevated IL-6 serum concentration in NASH patients

↑ protein expression (D8 and D15)

IL-1β ↑ gene expression (21-fold increase) Only expressed in diseased livers and detected in serum of obese patients

↑ protein expression (when dosing with LPS)

MCP1 (CCL2) ↑ protein expression (when dosing with fat and fat + LPS) Elevated CCL2 in NAFLD and NASH patients

IL-8 (CXCL8) ↔ gene expression unchanged Higher serum levels of IL-8 in patients with NASH

↑ protein expression (when dosing with LPS)

IL-1RA ↑ gene expression (2.5-fold increase) Increased in human NAFLD locally and systemically

Note: Clinical observations taken from Braunersreuther et al.(36) and Niederreiter et al.(37)

Abbreviation: CCL2, C-C Motif Chemokine Ligand 2.
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the potential to observe aspects of disease progres-
sion. Thus, the time scale of the model begins to be 
comparable with rodent models. The in vitro NASH 
model does, however, provide an advantage to rodent 
models in which 2 weeks is required to generate a dis-
ease state, unlike most in vivo models that can take 
weeks or months to establish a NASH-like pheno-
type.(6) This MPS model is also cost-comparable to 
genetic and diet-induced rodent NAFLD models, 
with the components to generate each 3D co-culture 
microtissue costing US $150-$400, depending on the 
cell sources used. Whether animal or in vitro, the 
challenge of meaningfully recapitulating a disease that 
progresses over decades in patients is considerable, 
and results should be considered with this temporal 
difference in mind.

We investigated the role of FFAs and the endotoxin 
LPS on the co-cultures. We observed that co-cultures 
exposed to FFAs had higher levels of intracellular fat 
accumulation and inflammation (e.g., IL-6), demon-
strating that fat in the model is a driver of the disease 
phenotype. In the absence of significant inflammation 
in the monoculture steatosis model, exposure to FFAs 
was previously reported to increase albumin produc-
tion due to the over-fed state of the hepatocytes.(21) In 
the NASH model, with the presence of an enhanced 
inflammatory milieu, albumin levels were observed 
to slightly reduce over time, correlating with clinical 
observations, as albumin is a negative acute phase 
protein.(28-30)

LPS is a potential driver of the NASH disease 
state, as it is proposed to leak from the gut, travel 
to the liver through the hepatic portal vein, thereby 
enhancing disease progression, particularly inflamma-
tion.(31,44) Patients with NAFLD have been shown 
to have increased intestinal permeability, which leads 
to increased levels of serum endotoxin and TLR-
mediated inflammation.(31,45) When LPS was repeat-
edly added to the co-culture NASH model at low 
concentrations, to mimic pathophysiological condi-
tions, inflammatory responses were observed to sig-
nificantly increase. Similar low-dose LPS studies have 
been performed in preclinical mouse models(44) and 
have shown equivalent responses. Comparing directly 
to patients is problematic, as determining accurate 
liver portal LPS concentration is challenging; however, 
it appears that very small differences in plasma LPS 
concentration differentiate among healthy patients 
and patients with steatosis and NASH.(32) Using LPS 

in our MPS in vitro NASH model demonstrates that 
a range of disease states can be created in the platform, 
from simple steatosis (with a PHH monoculture), 
through to NAFLD and NASH (with a co-culture) 
with enhanced inflammation, potentially enabling dif-
ferent aspects of the disease process to be investigated.

To evaluate the pharmacological response of the 
in vitro NASH model, the prototypic anti-NASH 
compound OCA, currently being evaluated in phase 
III trials, was repeat-dosed for 1 week. Most prom-
inently we observed OCA to reduce a number of 
inflammatory markers in the NASH model, corrob-
orating the results by other preclinical studies(18,19,46) 
and those from phase II clinical trials.(33) Interestingly 
we observed a significant decrease in IL-6 production, 
but only a minimal effect on gene expression, sug-
gesting that OCA affects the translation, posttrans-
lational modification, or secretion of this cytokine. 
We observed changes in genes linked to fibrosis and 
metabolism, including a reduction in the expression 
of CYP7A1, the rate-limiting enzyme in the con-
version of cholesterol to bile acids.(47) One reason 
why OCA appears to be a promising candidate drug 
is that it affects not only inflammation and fibrosis, 
but it also affects the metabolic processes associated 
with NASH.(46,47) Supporting this idea, we observed 
up-regulation of a number of genes associated with 
glucose metabolism following OCA dosing, includ-
ing G6PC, which is reported to be strongly influenced 
by OCA dosing in other preclinical models.(9) The 
developed co-culture NASH model should now be 
explored with a wide range of compounds with vary-
ing mechanisms of action to demonstrate its full util-
ity for use in the drug discovery process.

The I148M SNP in the PNPLA3 gene is highly 
associated with an increased risk of developing hepatic 
steatosis, NASH, and liver fibrosis.(3,25) Recently, 
a role for the mutated protein has been revealed in 
HSCs, where it has been shown to cause these cells 
to increase their activation status, become more pro- 
inflammatory, and have a higher lipid content.(35) By 
taking HSC donors that contained the WT or mutant 
I148M PNPLA3 allele, we were able to confirm these 
findings using our in vitro MPS NASH model. The 
study by Bruschi et al. was performed only on immor-
talized hepatic cell lines and on monocultures of iso-
lated primary HSCs.(35) Here we have demonstrated 
using a more complete in vitro recapitulation of the 
liver, exhibiting a disease phenotype in which the 
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I148M PNPLA3 mutation in HSCs can enhance the 
overall NASH disease state. In particular, co-cultures 
that contained mutant I148M PNPLA3 HSCs pro-
duced the highest levels of pro-inflammatory cytokines 
and responded most robustly to challenge with LPS. 
These responses were prominent after 2 weeks in cul-
ture, demonstrating the importance of the longitudi-
nal nature of the co-culture NASH model as opposed 
to more traditional in vitro approaches, which only 
last a few days. The presence of the I148M PNPLA3 
mutant HSCs did not enhance the fibrotic phenotype 
in the in vitro NASH model, and this observation 
aligns with the findings of Bruschi et al., who also 
showed the mutant PNPLA3 protein to affect the 
pro-inflammatory and steatotic state of HSCs.(35) The 
I148M PNPLA3 mutation had the most profound 
effects in the presence of LPS challenge, suggesting a 
possible combinatorial effect between leaky gut (lead-
ing to LPS release) and the I148M PNPLA3 muta-
tion in patients as two major risk factors promoting 
NAFLD/NASH progression.

Studying the I148M PNPLA3 mutation here 
demonstrates how the in vitro NASH model is well-
suited to exploring the molecular and genetic basis of 
the disease. Different cell types and cells with differ-
ent genetic background, either sourced from donors, 
as in this study, or modified ex vivo, can be com-
bined in a modular fashion to investigate the effects 
on disease phenotype. This type of study is difficult 
and time-consuming in traditional rodent preclinical 
models. Using this co-culture NASH model, specific 
mechanistic insights can potentially be gained in a 
way that was previously not possible.

In conclusion, we demonstrate that the prolonged 
co-culture of PHHs, HKs, and HSCs in a perfused 
MPS, exposed to FFAs, generates hepatic micro-
tissues that mimic many of the observed features of 
NASH. The 3D perfused nature of the model allows 
the co-cultures to be maintained in a highly func-
tional state for at least 2 weeks, allowing longitudinal 
changes that approximate disease progression to be 
explored. The modular nature of the setup allows for 
specific cell types, with specific genetic backgrounds, 
to be used, allowing investigation of a range of molec-
ular pathways known to drive the disease. In partic-
ular, we demonstrate that the I148M mutation in 
PNPLA3 can alter the phenotype of HSCs, and this 
alone can help to enhance the NASH disease state. 
The in vitro co-culture MPS NASH model, described 

here, is well-suited as a tool for drug discovery, to be 
used either in the exploration of basic biology or in 
the screening of anti-NASH compounds.
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