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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a chronic 
liver disease, with a worldwide prevalence of 25% 
(1,2), which is the spectrum from hepatic steatosis to 
nonalcoholic steatohepatitis (NASH), which eventually 
leads to liver cirrhosis and hepatocellular carcinoma 
(HCC) (3). Hepatic steatosis, the initial and benign 
reversible event of NAFLD, is characterized by the 
accumulation of fat in at least 5% of hepatocytes and 
becomes the main feature of all stages of NAFLD 
from Nonalcoholic fatty liver (NAFL) progressing 
to NASH (4). Importantly, previously accumulated 
evidence showed that 10-25% of hepatic steatosis 

patients progress to NASH (3). While at the initial stage 
of NAFLD, modification of lifestyles such as exercise 
and diet can effectively reverse hepatic steatosis, 
subsequently protecting hepatic steatosis progress to 
NASH (5). In conclusion, hepatic steatosis is a major 
concern stage of NAFLD, and dealing with it as early as 
possible can effectively protect its progress to NASH. 
 Insulin resistance is a basically pathogenic 
mechanism of NAFLD, obesity, and type 2 diabetes. 
Many epidemiology s tudies  have shown that 
hepatosteatosis is strongly associated with obesity and 
type 2 diabetes mellitus, indicating that there is a mutual 
cause-and-effect relationship between hepatosteatosis 
and insulin resistance (3,6,7). For instance, existing 
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The evidence shows that there is an associated relationship between hepatosteatosis and insulin 
resistance. While some existing genetic induction animal and patient models challenge this 
relationship, indicating that hepatosteatosis is dissociated from insulin resistance. However, the 
molecular mechanisms of this dissociation remain poorly understood due to a lack of available, 
reliable, and simplistic setup models. Currently, we used primary rat hepatocytes (rHPCs), co-
cultured with rat hepatic stellate cells (HSC-T6) or human foreskin fibroblast cells (HFF-1) in 
stimulation with high insulin and glucose, to develop a model of steatosis charactered as dissociated 
lipid accumulation from insulin resistance. Oil-Red staining significantly showed intracellular lipid 
accumulated in the developed model. Gene expression of sterol regulatory element-binding protein 
1c (SREBP1c) and elongase of very-long-chain fatty acids 6 (ELOVL6), key genes responsible for 
lipogenesis, were detected and obviously increased in this model. Inversely, the insulin resistance 
related genes expression included phosphoenolpyruvate carboxykinase 1 (PCK1), pyruvate 
dehydrogenase lipoamide kinase isozyme 4 (PDK4), and glucose-6-phosphatase (G6pase) were 
decreased, suggesting a dissociation relationship between steatosis and insulin resistance in the 
developed model. As well, the drug metabolism of this developed model was investigated and 
showed up-regulation of cytochrome P450 3A (CYP3A) and down-regulation of cytochrome P450 
2E1 (CYP2E1) and cytochrome P450 1A2 (CYP1A2). Taken together, those results demonstrate that 
the in vitro model of dissociated steatosis from insulin resistance was successfully created by our co-
cultured cells in high insulin and glucose medium, which will be a potential model for investigating 
the mechanism of insulin resistance dissociated steatosis, and discovering a novel drug for its 
treatment.
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insulin resistance may drive hepatic lipogenesis and 
subsequently cause steatosis (8). Also, the accumulation 
of lipid species in intracellular hepatocytes can 
disrupt insulin signaling, leading to cause insulin 
resistance (9,10). In addition, all this cause-and-
effect relationship between hepatosteatosis and insulin 
resistance was evidently confirmed by various genetic 
or environmental induction animal or in vitro models 
of hepatic steatosis (3,11-14). However, there were 
several genetic or environmental induction animal 
models challenging this association of hepatosteatosis 
with insulin resistance. For instance, liver-specific 
knock out of insulin receptor (15), phosphoinositide 
3-kinases (PI3Ks) (16,17), and protein kinase B (AKT) 
(18) or liver-specific deletion of phosphatase and tensin 
homolog (PTEN) (19) mice clearly display dissociation 
of hepatosteatosis from insulin resistance. Although 
the dissociation relationship is apparently displayed by 
those genetic animal models, the exact mechanism of 
this dissociation is still largely unknown. Therefore, 
for clearly elucidating the molecular mechanism of this 
dissociation relationship between hepatosteatosis and 
insulin resistance, a new experimental approach, animal 
model, or even an in vitro cell model will be urgently 
needed to explore or develop.
 In general, for understanding the mechanism of 
NAFLD, animal models were first considered to 
be used and became the most common application 
experiment method in laboratory research. However, it 
is currently acknowledged that NAFLD is a complex 
multiple hit disease, and the developed in vivo animal 
models could not fully recapitulate the complexity 
of disease characteristics, thus hindering elucidation 
of the disease mechanism. In addition, the complex 
environment in vivo obstructs exploration of the exact 
disease mechanism. Therefore, in vitro models of fatty 
liver disease have been considered and continuously 
developed during the last few decades. For instance, 
immortalized cell lines or primary hepatocytes were 
cultured to develop models and well-established to be 
used for NAFLD research (13,20). Unfortunately, the 
above models developed from single cell cultures still 
failed to model the complex NAFLD pathogenesis 
because in vivo NAFLD pathogenesis is caused by 
numerous cellular communications between hepatocytes 
and nonparenchymal cells including HSCs, endothelial 
cells, or Kupffer cells. Hence, co-culture of two or 
more different cells is an interesting method to model 
continuous NAFLD pathogenesis, and it succeeded by 
culture of hepatocytes and HSC, which further found 
that co-culture with HSC can promote differentiation 
of the hepatocyte to maintain liver-specific functions 
and structure (21). Moreover, contrary to animal 
models developed in a hyperglycemic-hyperinsulinemic 
environment, there are rare and unsuccessful high 
concentration insulin-glucose induced in vitro cell 
culture models of hepatic steatosis. Consequently, 

for mimicking the pathogenesis of animal or human 
NAFLD, developing an in vitro hepatosteatosis model 
by co-culturing cells with a high concentration of 
insulin-glucose should be further explored, thus helping 
to investigate the exact molecular mechanisms involved 
in pathogenesis of NAFLD.
 Therefore, in this study, we used rHPCs, co-
cultured with HSC-T6 or HFF-1 cells under a high 
concentration of insulin-glucose conditions to develop 
an in vitro model of hepatic steatosis, which dissociated 
from insulin resistance for potentially investigating 
the dissociation mechanism. The developed model 
displayed obvious intracytoplasmatic lipid droplet 
accumulation and gradual growth into macrovesicular 
lipid vacuoles. Notably, the analysis of genes of de 
novo lipogenesis (DNL) significantly showed that the 
infiltrated fatty was caused by up-regulating SREBP1c 
and ELOVL6. Furthermore, the CYPs, PCK1, PDK4, 
and G6pase gene analysis suggested that rHPCs' 
drug-metabolism function was altered in the co-
culture system, and the developed hepatosteatosis 
was dissociated from insulin resistance. Together, 
the results indicate that the co-culture system used is 
an effective approach to develop an in vitro insulin 
resistance dissociated hepatic steatosis model, which 
will potentially be used to investigate the dissociation 
mechanism and develop a novel drug for its treatment. 

2. Materials and Methods

2.1. Isolation of primary rat hepatocytes

A two-step collagenase perfusion method was used to 
isolate primary hepatocytes from Wister rats. Briefly, 
after anesthetizing and sterilizing, the abdominal 
cavity of rats was opened to expose the portal vein 
and the inferior vena cava. Sequentially, the catheter 
was placed into the portal vein, and continuously pre-
warmed Hank's Balanced Salt Solution (Gibco, New 
York, USA) containing EGTA (Coolaber, Beijing, 
China) and Digestion Medium including Type IV 
collagenase (Coolaber, Beijing, China) were perfused at 
25-30 mL/min. After perfusion, the liver was carefully 
and integrally gathered and transferred to a culture 
dish containing Digestion Medium. Then, the liver 
capsule was torn by ophthalmic forceps and constantly 
shaked to dissociate liver cells into the medium. After 
dissociation, the hepatocyte suspension was filtered 
through a 70 μm filter and separated by centrifugation 
at a speed of 50 g for 2 min. Finally, Percoll gradient 
centrifugation was performed to purify the isolated 
hepatocytes.

2.2. Cells cultures

Isolated hepatocytes were stained with trypan blue and 
subsequently counted to calculate the number of alive 
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2.5. RNA isolation and qRT-PCR

Total RNAs of cell models were extracted using 
TRIZOL reagent (Invitrogen, California, USA) 
according to the manufacturer's instructions. Then 
1μg of extracted RNA was reverse transcribed into 
cDNA following the manufacturer's instructions of 
RevertAid First Stand cDNA Synthesis Kit (Thermo 
Scientific, Massachusetts, USA). Then, the cDNAs 
were quantified by performing quantitative real-time 
PCR using SYBR Green Master Mix (Genstar, Beijing, 
China) on ABI StepOnePlus real-time PCR system 
(Applied Biosystems, Waltham Mass, USA). All sense 
and antisense primers used for the PCR assays are 
provided in Table 1. All q-PCR data was collected and 
calculated as described previously (22).

2.6. Statistical analysis

SPSS ver. 20.0 (IBM, Armonk, New York, USA) 
software was used to perform One-way ANOVA Test 
for multiple comparisons. Statistical analysis data 
is displayed as bar graph using GraphPad prism5 
(GraphPad Software, California, USA). Also, the data 
is shown as mean ± standard deviation. Meanwhile, 
statistically significant values of all the data were set as 
P < 0.05.

hepatocytes. After counting, 8 × 105 hepatocytes were 
seeded on a culture dish and cultured in an adherent 
medium, which contained DMEM (Gibco, New York, 
USA), 10% fetal bovine serum (FBS, Gibco, New 
York, USA), 1% penicillin-streptomycin (Gibco, 
New York, USA), 1% ITS (Insulin, Transferrin, and 
Selenium) (Cyagen, Guangzhou, China), 15mM 
HEPES (1M, Gibco, New York, USA) and 1 μM 
dexamethasone (Solarbio, Beijing, China). After 4h 
adhesion, the rat hepatic primary cells (rHPCs) were 
washed with PBS twice to remove non adhering 
rHPCs. Then the adhering rHPCs were subsequently 
cultured for another 20h with an adherent medium. For 
co-culture with rHPCs, HSC-T6 (rat hepatic stellate 
cells, purchased from Conservation Genetics CAS 
Kunming Cell Bank, Kunming, China) and HFF-
1(human foreskin fibroblasts, purchased from Stem 
Cell Bank, Chinese Academy of Sciences, Shanghai, 
China) were previously cultured in DMEM (Gibco, 
New York, USA) containing 10% or 15% fetal bovine 
serum and 1% penicillin-streptomycin. Then HSC-T6 
or HFF-1 cells were added into the cultured rHPCs 
while the medium was switched to steatosis-inducing 
medium containing DMEM, 10% fetal bovine serum, 
1% penicillin-streptomycin, 1% ITS, 15 mM HEPEs, 
1 μM dexamethasone and 0.002 μM glucagon (Yuanye 
Biotechnology, Shanghai, China) for 10d to induce fat 
accumulation in hepatocytes.

2.3. Hepatocyte Function assessment

To evaluate the function of hepatocytes in the co-culture 
system, the enzyme-linked immunosorbent assay kit 
(Ruixin Biotech, Fujian, China) and a biochemical 
assay kit (Jiancheng bioengineering, Nanjing, China) 
were used to detect and measure albumin and urea 
nitrogen. First, the cultured supernatant was collected 
and centrifuged at 4,000 rpm for 20 min. Then the 
centrifuged supernatant was used to detect albumin and 
urea nitrogen following the assay kits manufacturer's 
recommendations. Finally, the concentration of albumin 
and urea nitrogen were calculated according to a 
standard curve and established regression equation.

2.4. Oil Red O staning

For detecting accumulated lipid in intrahepatocytes, 
the Oil Red O stain kit (Solarbio, Beijing, China) was 
chosen. Following the kit manufacturer's instructions, 
the co-cultured cell models were washed twice with 
PBS, fixed in ORO Fixative solution for 30 min, washed 
twice again with PBS and 60% isopropanol, stained 
with ORO stain for 20 min and counterstained with 
Mayer hematoxylin for 2 min, and then washed with 
ORO buffer for 1 min. Finally, the images were captured 
using a light microscope (Leica Microsystems, Wetzlar, 
Germany). Representative photomicrographs are shown.

Table 1. Primer sequences used for PCR

Genes

CYP2E1

CYP1A2

CYP3A

G6pase

PDK4

PCK1

Fads2

FASN

Dgat2

ACC2

SCD1

SREBP1

ELOVL6

ChREBP

GAPDH

                                        Sequences

F: 5'-TGTTTCTGCTCCTGTCTGCTATTCTG-3'
R: 5'- TGGGATACTGCCAAAGCCAACTG-3'
F: 5'- ACCATCTAATCAGCAAGTTCCAGAAGC-3'
R: 5'- CCGATGACATTAGCCACCGATTCC-3'
F: 5'- CCGATGACATTAGCCACCGATTCC-3'
R: 5'- TCCTCGTGCTCCTGTATCTGTATGG-3'
F: 5'- AGGTGGTGGCTGGAGTCTTGTC-3'
R: 5'- CTCTGGAGGCTGGCATTGTAGATG-3'
F: 5'- GTTCTGAGGCTGATGACTGGTGTATC-3'
R: 5'- GCACTGCCGTAGACCCACTTTG-3'
F: 5'- GTGGAAAGTTGAATGTGTGGGTGATG -3'
R: 5'- GTCTTAATGGCGTTCGGATTTGTCTTC -3'
F: 5'- GAAGAAGACTGCTGAGGACATGAACC -3'
R: 5'- CCATTGCCGAAGTACGAGAGGATG -3'
F: 5'- GTGTGGTAGGCTTGGTGAACTGTC-3'
R: 5'- GTGAGATGTGCTGCTGAGGTTGG-3'
F: 5'- ACTCCTCTTCTCCAATCTGAGCCTAC-3'
R: 5'- TGTGTTCACGATGCCAATCTCCAG-3'
F: 5'- GAGTCCATCTTCCTGTCAGCCATTG -3'
R: 5'- CGCCATACAGACGACCTTGTTAGC -3'
F: 5'- TGTCAAAGAGAAGGGCGGAAAGC -3'
R: 5'- CAGGATGAAGCACATGAGCAGGAG -3'
F: 5'- GCCTCATCTGATTGCCATCCTTCC-3'
R: 5'- TCAACATACCGCACAAGGCAGAAG-3'
F: 5'- CTTCCTCTTCCTCAACTTCTACACTCG-3'
R: 5'- TTCTCTGACTTGTTCACACCGTTCG-3'
F: 5'- GCTGAACAACGCCATCTGGAGAG-3'
R: 5'- GCAGAGGAGTTACGAAGCCACATAC-3'
F: 5'- TCTCTGCTCCTCCCTGTTCT -3'
R: 5'- CCGATACGGCCAAATCCGTT -3'

F, Forward, R, Reverse.
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3. Results

3.1. rHPCs and HSC-T6 or HFF-1 cells (5:1 ratio) co-
culture promotes lipid droplets accumulation

For optimizing co-culture system to develop hepatocyte 
steatosis, different ratios of rHPCs and HSC-T6 or HFF-
1 cells were co-cultured. As shown in Figure 1, the 
intracellular rHPCs appeared with fat deposition on day 
3 and significantly increased with time. However, the 
proportion of accumulation lipid droplets in a ratio of 3:1 
and 4:1 was obviously lower than 5:1 and 6:1 groups, 
which means that greater hepatocyte numbers in the co-
culture system will promote lipid droplets accumulation 
in hepatocytes. Meanwhile, the optical microscope 
results showed that the micro lipid droplets gradually 
grew into macro lipid droplets with increased co-culture 
time, especially in the ratio 5:1 group. (Figure 1) In line 
with optical microscope results, Oil Red O staining also 
showed that the fat deposition gradually increased in 
intracellular rHPCs (Figure 2A) and continuedly grew 
into a macro lipid droplet, particularly in the ratio 5:1 
group. (Figure 2B) Together, the results indicate that the 
rHPCs and HSC-T6 or HFF-1 cells (5:1 ratio) co-culture 

can significantly promote rHPCs intracellular lipid 
droplets accumulation.

3.2. rHPCs and HSC-T6 or HFF-1 cells co-culture 
protects hepatocellular functions and alters cytochrome 
P450s genes expression

Maintaining hepatocellular functions in vitro plays 
a pivotal role in developing liver disease models. 
Therefore, in order to confirm that the functions of the 
isolated rHPCs were kept in this developed steatosis 
model, the secreted albumin, urea nitrogen and gene 
expression of CYP3A were measured. The results 
showed that the albumin was stably secreted until day 7 
in the rHPCs and HSC-T6 cells co-culture model, and 
then it was significantly decreased on day 10 compared 
to day 0. (Figure 3A) Similarly, in the rHPCs and HFF-
1 cells co-culture model, the secreted albumin did 
not show a significant decline on days 3, 5, 7 or even 
10 when compared to day 0. (Figure 3B) Contrary to 
albumin, the secretion of urea nitrogen was significantly 
increased on days 3, 5, 7 and 10 when compared to 
normal hepatocytes (day 0) (Figure 4) In line with urea 
nitrogen secretion, the gene expression of CYP3A, 

Figure 1. Optical microscope 
observation of fat deposition 
on different hepatocytes: 
HSC-T6 / HFF groups. All 
values are shown as mean ± 
standard deviation. (*P < 0.05, 
**P < 0.01). Bar = 50μm.
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quantitatively the most abundant component of human 
P-450, was also increased. The result showed that it 
was significantly up-regulated with intracellular lipid 
accumulation, and reached the highest level on day 3, 
after which its expression was decreased but higher 
than normal hepatocytes (day 0). (Figure 5A) However, 
in the HFF-1 co-culture system, although the CYP3A 
mRNA expression level was also increased, its highest 
level s appeared on day 5, then began to decrease and 
significantly was down-regulated compared to normal 
hepatocytes on day 10. (Figure 5B) In conclusion, the 

above results suggest that HSC-T6 or HFF-1 cells co-
cultured with rHPCs can maintain or even enhance 
hepatocellular functions in vitro.
 Furthermore, in humans, CYPs, which function 
as powerful detox enzymes play a vital role in drug 
metabolism and bioactivation. Therefore, in addition to 
CYP3A, other CYPs genes expression such as CYP1A2, 
which constitutes approximately 15% of total hepatic 
CYP enzymes, and CYP2E1, a major hepatic CYP 
enzyme involved in the metabolism and bioactivation of 
several drugs and toxicants, were also analyzed in this 

Figure 2. Oil Red O staining for developed steatosis model. A: 
Effect of hepatocytes ratio on fat deposition. B: Oil Red O staining 
detects the fat deposition and the change in lipid droplet size in ratio 
of 5:1 group (hepatocytes: HSC-T6 / HFF). Bar = 50μm.

Figure 3. The secretion of albumin from hepatocytes in the 
developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).

Figure 4. The secretion of urea nitrogen from hepatocytes in 
developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).

Figure 5. The genes expression of CYP3A, CYP1A2 and CYP1E in developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).
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study developed models. Hence the results showed that 
they were continually and obviously decreased in all 
HSC-T6 or HFF-1 developed models. (Figure 5A and B) 
Thus the results suggest that although the hepatocellular 
functions were protected in developed models, the related 
drug metabolism CYPs genes expression was altered.

3.3. The lipogenesis gene of SREBP1c and ELOVL6 
contributes to hepatosteatosis

Previous studies have reported that liver fat accumulation 
was linked to DNL (23). Therefore, in our developed 
model, we observed whether the DNL affects contributes 
to develop hepatosteatosis. To better understand 
that, the lipogenesis genes expression in the steatotic 
rHPCs were analyzed, and the results showed that only 
SREBP1c, generally recognized as master activator of 
lipid synthesis, and ELOVL6, an enzyme catalyzing the 
elongation of palmitate to stearate, were up-regulated. 
(Figure 6A, B) The up-regulation of SREBP1c was 
basically consistent between the HSC-T6 co-culture 
system and the HFF-1 system, while the ELOVL6 up-
regulation state was distinctly different between the two 
cells co-culture system. Because in the HSC-T6 system, 
ELOVL6 was sustainably up-regulated from the initial to 
the day of 10, but in the HFF-1 system, ELOVL6 genes 
expression was decreased on days of 3 and 5, and then it 
continued to increase. On the contrary, other DNL genes 

including carbohydrate responsive element binding 
protein (ChREBP), diacylglycerol acetyltransferase 2 
(Dgat2), stearyl CoA desaturase 1 (SCD1), sstearyl CoA 
carboxylase 2 (ACC2), fatty acid synthase (FASN), and 
fatty acid desaturase 2 (Fads2) were down-regulation 
in all rHPCs and HSC-T6 or HFF-1 co-culture system. 
(Figure 6C) Consequently, expression of the above 
genes demonstrates that SREBP1c and ELOVL6 were 
correlated with rHPCs steatosis development in the 
HSC-T6 or HFF-1 co-culture system.

3.4. The hepatosteatosis is dissociated from insulin 
resistance

Steatosis is strongly associated with insulin resistance 
and there is a mutual cause-and-effect relationship 
between hepatosteatosis and insulin resistance (24). 
Therefore, to better understand the relationship 
between hepatosteatosis and insulin resistance in our 
co-culture model, we examined the level of genes 
of PCK1, encoding the main checkpoint enzyme for 
the control of gluconeogenesis, PDK4, and G6pase, 
encoding an important enzyme for glycogenolysis and 
glucose production. The analysis results showed that 
gene expression of PCK1, PDK4, and G6pase were 
significantly decreased compared to normal hepatocytes 
in all rHPCs and HSC-T6 or HFF-1 co-culture systems, 
(Figure 7) suggesting that in those developed models, the 

Figure 6. The de novo lipogenesis genes expression in developed steatosis model. A, B: the mRNA levels of SREBP1c and ELOVL6 gene, as 
quantified by qRT-PCR, in hepatocytes. C: the other genes expression, including ChREBP, Dgat2, FASN, Fads2, SCD1 and ACC2, in hepatocytes. 
All values are shown as mean ± standard deviation. (*P < 0.05, **P < 0.01).

Figure 7. The genes expression of PCK1, PDK4 and G6pase in developed steatosis model. All values are shown as mean ± standard deviation. 
(*P < 0.05, **P < 0.01).
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hepatosteatosis is dissociated from insulin resistance.

4. Discussion

Epidemiology studies have reported that there is a mutual 
cause-and-effect relationship between hepatosteatosis 
and insulin resistance (3,11-14). However, this 
relationship in NAFLD was challenged by some genetic 
animal models and clinical patients (15-19,25,26), 
and the exact mechanistic basis of this dissociation 
relationship is still incompletely understood due to the 
lack of an ideal and simplistic setup model to elucidate 
this dissociation mechanism. Therefore, in this study, we 
used a co-culture system to develop an in vitro hepatic 
steatosis cell culture model. We found that the rHPCs 
and HSC-T6 or HFF-1 cells (5:1 ratio) co-culture can 
protect hepatocytes function and significantly promote 
rHPCs intracellular lipid droplets accumulation. Also, 
the developed hepetasteatosis was correlated with gene 
expression of SREBP1c and ELOVEL6 and, importantly, 
was dissociated from insulin resistance due to the down-
regulation of gene expression of PCK1, PDK4 and 
G6pase. All results suggest that our approach used would 
be an ideal and simplistic method to develop an insulin 
resistance dissociated hepatosteatosis model, which will 
be a suitable in vitro model to elucidate the dissociation 
mechanism.
 Generally, the disease of NAFLD happening and 
progression is a complex and multicellular event, 
because the liver fat accumulation, and inflammation 
or fibrosis is a result of the interaction between two or 
more cells (13). Therefore, in this study, we cultured 
rHPCs and HSC-T6 to develop steatosis and explore 
this interaction. As well to declare that the induced 
results such as the gene expression of DNL, PCK1, 
PDK4, G6pase, and CYPs were not coming from 
HSC-T6 cells, the heterogenous HFF-1cells were 
cultured with rHPCs and set as a control for HSC-T6 
developed models. Then the results showed that the 
co-culture can prolong rHPCs culture in vitro to 15d 
compared to rHPCs culture alone (data not shown). 
In addition, the co-culture can protect hepatocyte 
functions, which may be due to cell contact and soluble 
factors production from HSC-T6 or HFF-1. Previous 
studies have proved that co-culture hepatocytes with 
HSC can maintain hepatocyte liver-specific functions 
and structure through cell contact and soluble factors 
(21,27). Similarly, previous study also showed that 
HFF-1 was a feeder cell that can maintain stem cell 
features (i.e., pluripotency, immortality, and unlimited 
undifferentiated proliferation capability) when they 
were cultured with stem cells (28). Moreover, in this 
study we used high insulin and glucose medium, not 
free fatty acid (13,29,30), to develop steatosis, which 
was enlightened by developing animal NAFLD models 
through dieting low fat/high carbohydrate to mimic 
clinical patients hyperglycemic-hyperinsulinemic 

pathogenicity environment, and also to avoid free 
fatty acid to cause a negative effect on hepatocytes 
by generating cytotoxicity and caspase-dependent 
apoptosis (31,32).
 Hepatic DNL plays a vital role in contributing to 
steatosis. As well, in this successful developed model, 
we proved that its steatosis development was regulated 
by gene expression of SREBP1c and ELOVL6, which 
is in line with previous reports, which showed that 
SREBP1c is a key transcription factor regulating lipid 
metabolism (33,34). However, those studies have 
shown that its regulation is through increasing its 
downstream fatty acid synthesis genes including ACC, 
FASN, SCD1 and ELOVL6 (35,36). While in our model, 
we only found the ELOVL6 gene was up-regulated, and 
the other lipogenesis genes such as ACC, FASN, SCD1, 
Fasd and Dgat2 were not increased. Consistent with 
those gene expressions, ChREBP, another major factor 
that regulates fatty acid synthesis, also showed down-
regulation, which means that the down-regulation of 
ACC, FASN, SCD1, Fasd and Dgat2 may be regulated 
by ChREBP. Because previous studies have reported 
that ChREBP is also the upstream regulator of ACC, 
FASN, SCD1 and Fasd (35,36). Therefore, in our 
model, hepatosteatosis development may be regulated 
through SREBP1c and ELOVL6 gene expression, not 
ChREBP, ACC, FASN, SCD1 and Fasd. While its exact 
mechanism needs to be further explored.
 Insulin resistance has been characterized as 
the crucial pathophysiological factor and tightly 
associated with every stage of NAFLD (3,6-8). 
However, this association was challenged by clinical 
and genetic animal studies (15-19,25,26), showing 
that hepatosteatosis is dissociated from insulin 
resistance. As well, in this study, we used the co-
culture system successfully to develop hepatosteatosis, 
and further gene detection of SREBP1c, ELOVEL6, 
PCK1, PDK4 and G6pase evidence confirmed that 
hepatosteatosis was dissociated from insulin resistance. 
The dissociation in this model was strongly confirmed 
by down-regulation of DGAT2. Because in previous 
studies, they found overexpression of DGAT2 can 
cause hepatic insulin resistance in mice models of 
severe hepatic steatosis (37,38). Moreover, in insulin 
resistance obesity, the study also found that mice with 
deletion of X-box-binding protein-1(XBP-1) can lead 
to develop insulin resistance in HFD-dieted conditions 
(39), and the other study further found that the up-
regulation of IκB kinase beta (IKKβ) activity in the 
liver of obese mice can increase XBP1s activity and 
reduce ER stress, resulting in a significant improvement 
in insulin sensitivity (40). In line with the above 
results, we also found that the gene expression of XBP-
1s was up-regulated and the other ER stress-related 
genes were down-regulated in our developed model 
(data not shown). Therefore, we hypothesize that the 
mechanism of this insulin resistance dissociated from 
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hepatosteatosis might be caused by up-regulated XBP-1 
or even by XBP-1 regulating its downstream pathways. 
Hence, the exact mechanism of this developed model 
should be further investigated in subsequent studies.
 Cytochrome P450, mainly in families CYP1, 
CYP2, and CYP3, is the majority of enzymes in the 
liver to metabolize hepatically cleared drugs (41). 
Noteworthily, 75% of enzymatic reactions that occur 
in the metabolism of drugs are related to cytochrome 
P450s. As well, five genes of P450 are involved 
in the metabolism of more than 90% of the small-
molecule drugs in use today (42), which suggests that 
P450s play a crucial role in considering new drug 
development. Therefore, in this study, we detected the 
genes expression of P450 including CYP3A, CYP1A2, 
and CYP2E1. The results showed that the expression 
of CYP3A was up-regulated, which was in line with 
the Onni Niemela et. al. clinical study results (43). 
However, this result is contrary to other recent clinical 
studies (44), leading to this opposite finding which 
may potentially be due to the two cells co-culture or 
insulin used in the culture system. Because previous 
studies have reported that co-cultured hepatocytes with 
endothelial cells can provide an optimal trophic support 
for the hepatocytes, which can improve functionality 
of hepatocytes such as cytochrome P450 activity and 
albumin secretion (45,46). As well, the other studies 
also have reported that the increase of CYP3A was 
caused by up-regulating of NR1I2 (nuclear receptor 
subfamily 1, group I, member 2, also known as 
pregnane X receptor or PXR) transcript which could be 
overexpressed by induced insulin (47,48). Hence, the 
CYP3A increased in our developed model may be due 
to HSC-T6 of HFF-1 cells support or overexpression of 
PXR by induced insulin. On the contrary to expression 
of CYP3A, CYP1A2 and CYP2E1 were significantly 
down-regulated, and this result is in line with in vitro 
and clinical studies which showed that mRNA levels of 
CYP1A2 and CYP2E1 were decreased in hepatocytes or 
humans with progressive stages of NAFLD  (29,30,49). 
Therefore, the expression characteristics of P450 in 
this developed model could guide development of 
novel therapeutic drugs for treating NAFLD, which is 
dissociated fatty accumulation from insulin resistance.

5. Conclusion

This study describes a co-culture approach to develop 
an in vitro model of steatosis, and validates that the 
hepatosteatosis was dissociated from insulin resistance. 
By co-culture rHPCs with HSC-T6 or HFF-1 in high 
insulin and glucose medium, we developed a simplistic 
set up of an in vitro hepatosteatosis model, and genes 
expression of SREBP1c, ELOVL6, PCK1, PDK4 
and G6pase validated that the model is successful 
and deeply shows that the steatosis is dissociated 
from insulin resistance. Taken together, these studies 

evidence that a high insulin and glucose stimulated co-
culture system is a valuable approach for developing 
an in vitro hepatosteatosis model, which is dissociated 
from insulin resistance. In addition, this developed 
model will be a potential tool for investigating the 
molecular mechanism of the case of NAFLD, which 
dissociated from insulin resistance, thereby finding an 
effective and accurate therapeutic target for treatment.

Funding: This study was supported by Guangdong 
Basic and Applied Basic Research Foundation 
(2020A1515110054), Guangdong Academy of Sciences 
(Grant No. 2020GDASYL-20200102005; Grant No. 
2021GDASYL-20210102004), China Postdoctoral 
Science Foundation (Grant No.2021M690746) and 
President Fund of Nanfang Hospital (2021C024; 
2021C040).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1. Luci C, Bourinet M, Leclere PS, Anty R, Gual P. Chronic 
Inflammation in Non-Alcoholic Steatohepatitis: Molecular 
Mechanisms and Therapeutic Strategies. Front Endocrinol 
(Lausanne). 2020; 11:597648.

2. Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, 
Fukui N, Qiu Y, Burns L, Afendy A, Nader F. The global 
epidemiology of NAFLD and NASH in patients with 
type 2 diabetes: A systematic review and meta-analysis. J 
Hepatol. 2019; 71:793-801.

3. Willebrords J, Pereira IV, Maes M, Crespo Yanguas S, 
Colle I, Van Den Bossche B, Da Silva TC, de Oliveira CP, 
Andraus W, Alves VA, Cogliati B, Vinken M. Strategies, 
models and biomarkers in experimental non-alcoholic 
fatty liver disease research. Prog Lipid Res. 2015; 59:106-
125.

4. Wang XJ, Malhi H. Nonalcoholic Fatty Liver Disease. 
Ann Intern Med. 2018; 169:ITC65-ITC80.

5. Thyfault JP, Rector RS. Exercise Combats Hepatic 
Steatosis: Potential Mechanisms and Clinical Implications. 
Diabetes. 2020; 69:517-524.

6. Sun Z, Lazar MA. Dissociating fatty liver and diabetes. 
Trends in endocrinology and metabolism: Trends 
Endocrinol Metab. 2013; 24:4-12.

7. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The 
Liver as an Endocrine Organ-Linking NAFLD and Insulin 
Resistance. Endocr Rev. 2019; 40:1367-1393.

8. Moore DD. Nuclear receptors reverse McGarry's vicious 
cycle to insulin resistance. Cell Metab. 2012; 15:615-622.

9. Samuel VT, Shulman GI. Mechanisms for insulin 
resistance: common threads and missing links. Cell. 2012; 
148:852-871.

10. Chavez JA, Summers SA. A ceramide-centric view of 
insulin resistance. Cell Metab. 2012; 15:585-594.

11. Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, 
Chu X, Still CD, Gerhard GS, Han X, Dziura J, Petersen 
KF, Samuel VT, Shulman GI. Cellular mechanism of 
insulin resistance in nonalcoholic fatty liver disease. Proc 
Natl Acad Sci U S A. 2011; 108:16381-16385.



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):257-266.BioScience Trends. 2022; 16(4):257-266.

12. Samuel VT, Petersen KF, Shulman GI. Lipid-induced 
insulin resistance: unravelling the mechanism. Lancet. 
2010; 375:2267-2277.

13. Gomez-Lechon MJ, Donato MT, Martinez-Romero 
A, Jimenez N, Castell JV, O'Connor JE. A human 
hepatocellular in vitro model to investigate steatosis. 
Chem Biol Interact. 2007; 165:106-116.

14. Peng C, Stewart AG, Woodman OL, Ritchie RH, Qin 
CX. Non-Alcoholic Steatohepatitis: A Review of Its 
Mechanism, Models and Medical Treatments. Front 
Pharmacol. 2020; 11:603926.

15. Biddinger SB, Hernandez-Ono A, Rask-Madsen C, Haas 
JT, Aleman JO, Suzuki R, Scapa EF, Agarwal C, Carey 
MC, Stephanopoulos G, Cohen DE, King GL, Ginsberg 
HN, Kahn CR. Hepatic insulin resistance is sufficient to 
produce dyslipidemia and susceptibility to atherosclerosis. 
Cell Metab. 2008; 7:125-134.

16. Taniguchi CM, Kondo T, Sajan M, Luo J, Bronson R, 
Asano T, Farese R, Cantley LC, Kahn CR. Divergent 
regulation of hepatic glucose and lipid metabolism by 
phosphoinositide 3-kinase via Akt and PKClambda/zeta. 
Cell Metab. 2006; 3:343-353.

17. Sopasakis VR, Liu P, Suzuki R, Kondo T, Winnay J, 
Tran TT, Asano T, Smyth G, Sajan MP, Farese RV, Kahn 
CR, Zhao JJ. Specific roles of the p110alpha isoform of 
phosphatidylinsositol 3-kinase in hepatic insulin signaling 
and metabolic regulation. Cell Metab. 2010; 11:220-230.

18. Leavens KF, Easton RM, Shulman GI, Previs SF, 
Birnbaum MJ. Akt2 is required for hepatic lipid 
accumulation in models of insulin resistance. Cell Metab. 
2009; 10:405-418.

19. Stiles B, Wang Y, Stahl A, Bassilian S, Lee WP, Kim YJ, 
Sherwin R, Devaskar S, Lesche R, Magnuson MA, Wu H. 
Liver-specific deletion of negative regulator Pten results 
in fatty liver and insulin hypersensitivity [corrected]. Natl 
Acad Sci U S A. 2004; 101:2082-2087.

20. Gori M, Simonelli MC, Giannitelli SM, Businaro L, 
Trombetta M, Rainer A. Investigating Nonalcoholic Fatty 
Liver Disease in a Liver-on-a-Chip Microfluidic Device. 
PloS One. 2016; 11:e0159729.

21. Krause P, Saghatolislam F, Koenig S, Unthan-Fechner K, 
Probst I. Maintaining hepatocyte differentiation in vitro 
through co-culture with hepatic stellate cells. In Vitro Cell 
Dev Biol Anim. 2009; 45:205-212.

22. Gu R, Huang T, Xiao J, Liao Z, Li J, Lan H, Ouyang J, Hu 
J, Liao H. The IRE1alpha Arm of UPR Regulates Muscle 
Cells Immune Characters by Restraining p38 MAPK 
Activation. Front Physiol. 2019; 10:1198.

23. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. 
Increased de novo lipogenesis is a distinct characteristic 
of individuals with nonalcoholic fatty liver disease. 
Gastroenterology. 2014; 146:726-735.

24. Khan RS, Bril F, Cusi K, Newsome PN. Modulation of 
Insulin Resistance in Nonalcoholic Fatty Liver Disease. 
Hepatology. 2019; 70:711-724.

25. Kantartzis K, Peter A, Machicao F, Machann J, Wagner 
S, Konigsrainer I, Konigsrainer A, Schick F, Fritsche A, 
Haring HU, Stefan N. Dissociation between fatty liver 
and insulin resistance in humans carrying a variant of 
the patatin-like phospholipase 3 gene. Diabetes. 2009; 
58:2616-2623.

26. Peter A, Kovarova M, Nadalin S, Cermak T, Konigsrainer 
A, Machicao F, Stefan N, Haring HU, Schleicher E. 
PNPLA3 variant I148M is associated with altered 
hepatic lipid composition in humans. Diabetologia. 2014; 

57:2103-2107.
27. Thomas RJ, Bhandari R, Barrett DA, Bennett AJ, Fry 

JR, Powe D, Thomson BJ, Shakesheff KM. The effect of 
three-dimensional co-culture of hepatocytes and hepatic 
stellate cells on key hepatocyte functions in vitro. Cells 
Tissues Organs. 2005; 181:67-79.

28. Amit M, Margulets V, Segev H, Shariki K, Laevsky I, 
Coleman R, Itskovitz-Eldor J. Human feeder layers for 
human embryonic stem cells. Biol Reprod. 2003; 68:2150-
2156.

29. Donato MT, Jimenez N, Serralta A, Mir J, Castell 
JV, Gomez-Lechon MJ. Effects of steatosis on drug-
metabolizing capability of primary human hepatocytes. 
Toxicol In Vitro. 2007; 21:271-276.

30. Donato MT, Lahoz A, Jimenez N, Perez G, Serralta A, 
Mir J, Castell JV, Gomez-Lechon MJ. Potential impact 
of steatosis on cytochrome P450 enzymes of human 
hepatocytes isolated from fatty liver grafts. Drug Metab 
Dispos. 2006; 34:1556-1562.

31. Malhi H, Bronk SF, Werneburg NW, Gores GJ. Free fatty 
acids induce JNK-dependent hepatocyte lipoapoptosis. J 
Biol Chem. 2006; 281:12093-12101.

32. Gentile CL, Pagliassotti MJ. The role of fatty acids in the 
development and progression of nonalcoholic fatty liver 
disease. J Nutr Biochem. 2008; 19:567-576.

33. Goldstein JL, DeBose-Boyd RA, Brown MS. Protein 
sensors for membrane sterols. Cell. 2006; 124:35-46.

34. Han Y, Hu Z, Cui A, et al. Post-translational regulation 
of lipogenesis via AMPK-dependent phosphorylation of 
insulin-induced gene. Nat Commun. 2019; 10:623.

35. Hodson L, Gunn PJ. The regulation of hepatic fatty acid 
synthesis and partitioning: the effect of nutritional state. 
Nat Rev Endocrinol. 2019; 15:689-700.

36. Sanders FW, Griffin JL. De novo lipogenesis in the liver 
in health and disease: more than just a shunting yard for 
glucose. Biol Rev Camb Philos Soc. 2016; 91:452-468.

37. Zhang Q, Huang Y, Li X, Liu H, He B, Wang B, Ma Y, 
Zhou X, Liu Y, Wu S. Tangduqing Granules Attenuate 
Insulin Resistance and Abnormal Lipid Metabolism 
through the Coordinated Regulation of PPARgamma and 
DGAT2 in Type 2 Diabetic Rats. J Diabetes Res. 2019; 
2019:7403978.

38. Jornayvaz FR, Birkenfeld AL, Jurczak MJ, Kanda S, 
Guigni BA, Jiang DC, Zhang D, Lee HY, Samuel VT, 
Shulman GI. Hepatic insulin resistance in mice with 
hepatic overexpression of diacylglycerol acyltransferase 2. 
Natl Acad Sci U S A. 2011; 108:5748-5752.

39. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, 
Ozdelen E, Tuncman G, Gorgun C, Glimcher LH, 
Hotamisligil GS. Endoplasmic reticulum stress links 
obesity, insulin action, and type 2 diabetes. Science. 2004; 
306:457-461.

40. Liu J, Ibi D, Taniguchi K, Lee J, Herrema H, Akosman 
B, Mucka P, Salazar Hernandez MA, Uyar MF, Park 
SW, Karin M, Ozcan U. Inflammation Improves Glucose 
Homeostasis through IKKbeta-XBP1s Interaction. Cell. 
2016; 167:1052-1066 e1018.

41. To r n i o A , B a c k m a n J T. C y t o c h r o m e P 4 5 0 i n 
Pharmacogenetics: An Update. Adv Pharmacol. 2018; 
83:3-32.

42. Guengerich FP, Waterman MR, Egli M. Recent Structural 
Insights into Cytochrome P450 Function. Trends 
Pharmacol Sci. 2016; 37:625-640.

43. Niemela O, Parkkila S, Juvonen RO, Viitala K, Gelboin 
HV, Pasanen M. Cytochromes P450 2A6, 2E1, and 3A 

265



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):257-266.BioScience Trends. 2022; 16(4):257-266.

and production of protein-aldehyde adducts in the liver of 
patients with alcoholic and non-alcoholic liver diseases. J 
Hepatol. 2000; 33:893-901.

44. Jamwal R, de la Monte SM, Ogasawara K, Adusumalli 
S, Barlock BB, Akhlaghi F. Nonalcoholic Fatty Liver 
Disease and Diabetes Are Associated with Decreased 
CYP3A4 Protein Expression and Activity in Human Liver. 
Mol Pharm. 2018; 15:2621-2632.

45. Lasli S, Kim HJ, Lee K, Suurmond CE, Goudie M, 
Bandaru P, Sun W, Zhang S, Zhang N, Ahadian S, 
Dokmeci MR, Lee J, Khademhosseini A. A Human Liver-
on-a-Chip Platform for Modeling Nonalcoholic Fatty 
Liver Disease. Adv Biosyst. 2019; 3:e1900104.

46. Beckwitt CH, Clark AM, Wheeler S, Taylor DL, Stolz 
DB, Griffith L, Wells A. Liver 'organ on a chip'. Exp Cell 
Res. 2018; 363:15-25.

 47. Davidson MD, Ballinger KR, Khetani SR. Long-
term exposure to abnormal glucose levels alters drug 
metabolism pathways and insulin sensitivity in primary 
human hepatocytes. Sci Rep. 2016; 6:28178.

48. Yang X, Zhang X, Liu Y, Xi T, Xiong J. Insulin 
transcriptionally down-regulates carboxylesterases 
through pregnane X receptor in an Akt-dependent manner. 

Toxicology. 2019; 422:60-68.
49. Fisher CD, Lickteig AJ, Augustine LM, Ranger-Moore 

J, Jackson JP, Ferguson SS, Cherrington NJ. Hepatic 
cytochrome P450 enzyme alterations in humans with 
progressive stages of nonalcoholic fatty liver disease. 
Drug Metab Dispos. 2009; 37:2087-2094.

Received June 1, 2022; Revised July 25, 2022; Accepted 
August 5, 2022.

§These authors contributed equally to this work. 
*Address correspondence to:
Botao Gao, Institute of Biological and Medical Engineering, 
Guangdong Academy of Sciences, Guangzhou 510632, China.
E-mail: gaobotao1984@outlook.com

Lingjian Zhuo, Department of Emergency Medicine, Nanfang 
Hospital, Southern Medical University, Guangzhou 510515, 
China.
E-mail: 277682948@qq.com

Released online in J-STAGE as advance publication August 
13, 2022.

266


