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Abstract

Background and Aim

Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease worldwide, ranging from

simple steatosis to nonalcoholic steatohepatitis, which may progress to cirrhosis, eventually

leading to hepatocellular carcinoma (HCC). HCC ranks as the third highest cause of can-

cer-related death globally, requiring an early diagnosis of NAFLD as a potential risk factor.

However, the molecular mechanisms underlying NAFLD are still under investigation. So far,

many in vitro studies on NAFLD have been hampered by the limitations of 2D culture sys-

tems, in which cells rapidly lose tissue-specific functions. The present liver-on-a-chip

approach aims at filling the gap between conventional in vitromodels, often scarcely predic-

tive of in vivo conditions, and animal models, potentially biased by their xenogeneic nature.

Methods

HepG2 cells were cultured into a microfluidically perfused device under free fatty acid (FFA)

supplementation, namely palmitic and oleic acid, for 24h and 48h. The device mimicked the

endothelial-parenchymal interface of a liver sinusoid, allowing the diffusion of nutrients and

removal of waste products similar to the hepatic microvasculature. Assessment of intracel-

lular lipid accumulation, cell viability/cytotoxicity and oxidative stress due to the FFA over-

load, was performed by high-content analysis methodologies using fluorescence-based

functional probes.

Results

The chip enables gradual and lower intracellular lipid accumulation, higher hepatic cell via-

bility and minimal oxidative stress in microfluidic dynamic vs. 2D static cultures, thus mim-

icking the chronic condition of steatosis observed in vivomore closely.
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Conclusions

Overall, the liver-on-a-chip system provides a suitable culture microenvironment, represent-

ing a more reliable model compared to 2D cultures for investigating NAFLD pathogenesis.

Hence, our system is amongst the first in vitromodels of human NAFLD developed within a

microfluidic device in a sinusoid-like fashion, endowing a more permissive tissue-like micro-

environment for long-term culture of hepatic cells than conventional 2D static cultures.

Introduction
In spite of their generally recognized value in biological research, conventional two-dimen-
sional (2D) in vitro cell culture models still fail to provide accurate prediction of the in vivo
pathophysiological behavior of tissues and organs. Hence, the development of three dimen-
sional (3D) models with increased spatial and chemical complexity is being pursued, in order
to better recreate cell-cell interactions within their own microenvironment [1,2]. This is due to
the limits of 2D culture systems that demonstrate a loss or alteration in most of the cell behav-
iors observed in native tissues [3,4]. To date, however, the study of chronic pathophysiological
states in clinically relevant models and time scales, remains the main challenge [5]. Organs-on-
chip arise from this necessity, integrating biology and engineering on a single device and taking
advantage of microfluidic technology to improve control over experimental conditions [6].
Microfluidic devices may also have a solid support from live cell microscopy, high-content
analysis (HCA), and computational modeling, which constitute powerful tools for cell analysis.
Current research in the field aims to reproduce living systems on a chip [7,8] without the pre-
sumption to totally replace animal testing, but certainly to reduce it and provide novel and
more reliable disease models [9]. Recent reviews [10–16] and research articles [17,18] under-
line the importance of microfluidics integrated to 3D tissue engineering models as robust pre-
clinical platforms.

Also in the study of liver diseases, many efforts have been made to improve the physiological
mimicry and diagnostic power of conventional in vitromodels, and different liver-on-a-chip
platforms have been fabricated for drug screening [19–24]. However, there is still a lack of in
vitromodels of chronic liver diseases, such as nonalcoholic fatty liver disease (NAFLD).

NAFLD is the most common form of chronic liver disease worldwide, with particular inci-
dence in developed countries [25,26]. NAFLD is considered the hepatic manifestation of the
metabolic syndrome, and a risk factor for type 2 diabetes mellitus, dyslipidemia, and hyperten-
sion [27,28]. Being associated with increased cardiovascular- and liver-related mortality, it is
now widely recognized as a public health issue [29]. NAFLD encompasses a broad spectrum of
liver pathologies ranging from simple steatosis to nonalcoholic steatohepatitis (NASH),
advanced fibrosis and cirrhosis with related complications, eventually leading to the develop-
ment of hepatocellular carcinoma (HCC). HCC ranks as the third highest cause of cancer-
related death globally, requiring an early diagnosis of NAFLD as a potential risk factor [25,30].

Steatosis is characterized by enhanced fatty infiltration within the liver in the absence of
alcohol consumption, which may promote the progression to the more severe NASH, featured
by mixed inflammatory-cell infiltration, hepatocyte ballooning and necrosis, portal hyperten-
sion and fibrosis [30,31]. However, the exact molecular mechanisms underlying NAFLD path-
ogenesis and progression are far from clear, and need to be further elucidated. At present, it is
not yet possible to diagnose NAFLD solely on the basis of routine blood tests and tissue bio-
markers (such as the detection of elevated liver enzymes) or by ultrasound imaging. Thus, an
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invasive, potentially dangerous, and expensive liver biopsy still represents the gold standard for
the diagnosis and staging of NAFLD, mandating for the search for alternative non-invasive
biomarkers as recently suggested [32,33]. HepG2 cells, a human hepatoblastoma cell line that
retains many characteristics of normal differentiated and quiescent hepatocytes, including
some liver-specific metabolic functions, have been frequently used as a human-derived in vitro
model system for investigating basic hepatic metabolism and drug hepatotoxicity as well as
liver steatosis [20,34–37]. So far, despite the use of such reliable hepatic cell models, many in
vitro studies on NAFLD have been hampered by the intrinsic limitations of 2D culture systems,
in which cells rapidly lose tissue-specific functions. Although, as mentioned above, several
works have exploited the technical advantages provided by a 3D microfluidic environment
with cultures of hepatocytes and hepatic cell lines mostly for in vitro liver metabolism and toxi-
cological studies [19,20,38], none of them have so far used these platforms for developing novel
models of NAFLD.

Our work addresses this issue for the first time, establishing a HCA methodology that suc-
cessfully couples a microfluidically perfused liver sinusoid model with fluorescence-based func-
tional assays, in order to characterize the pathogenesis of NAFLD in terms of i) intracellular
triglyceride accumulation, ii) cell viability/cytotoxicity, and iii) cellular levels of reactive oxygen
species (ROS).

Materials and Methods

Microfabrication
The geometry of the microfluidic device was designed using a CAD suite (Layout Editor, Jus-
pertor UG, Unterhaching, Germany), slightly modifying the original design of Lee et al. [19] by
augmenting the size of the cell culture chamber, to host a higher number of cells. The device
geometry was then transferred onto a chrome on soda-lime glass mask (JD Photo-Tools,
Hitchin, UK), which was used for a 2-layer photolithographic process. First, a 5 μm-thick layer
of SU-8 2005 negative resist (MicroChem Corp, Newton, MA) was patterned on a 3 in. silicon
wafer to define the microfluidic endothelial-like barrier. Afterwards, SU-8 2015 resist was spin-
coated on top of the first layer with a thickness of 30 μm, and the cell culture microchamber
together with the transport channels were patterned. The SU-8 on silicon master was then used
for the soft-lithographic process. Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
Midland, MI) was cast on the master with a 10:1 (v/v) mixture of monomer and curing agent,
using the replica molding technique. After degassing for 45 min. in a vacuum chamber, PDMS
was cured at 70°C for 2h, followed by 1h at 100°C. Inlets and outlets for media and cell loading
were manually punched out using a 6 mm biopsy puncher. PDMS devices were bound to
microscope glass slides (52 × 76 mm), previously cleaned with piranha solution (H2SO4/H2O2

3:1), by means of O2 plasma bonding (FEMTO plasma cleaner, Diener Electronic, Ebhausen,
Germany, 10 W, 1.0 mbar, 36 sec).

Cell culture and microfluidic operation
Cell culture. Human hepatoma HepG2/C3A cells (CRL-10741) were purchased from the

American Type Culture Collection (ATCC). Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL
streptomycin (Lonza, East Rutherford, NJ, USA), 10% fetal bovine serum (FBS, Gibco, Milan,
Italy), and incubated in a humidified 37°C incubator with 5% CO2.

Microfluidic operation. HepG2 cells were cultured in quasi-3D fashion under microflui-
dic perfusion, through a system of parallel microchannels that mimics the endothelial barrier
of a liver sinusoid, allowing for continuous diffusion of nutrients and removal of waste
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products [19]. This microarchitecture provides a neglectable shear stress to the cells, as already
demonstrated in the literature [19], in which the high fluidic resistance of the microchannel
barrier prevents the cell damage due to the shear stress. Prior to cell loading, devices were UV-
sterilized, filled with complete culture medium, and left at 37°C in a cell culture incubator for
30 min. After gently removing the medium, 20 μL of HepG2 suspension at a concentration of
2.0×106 cells/mL (corresponding to 4.0×104 cells/chip), was pipetted into the cell culture area
of the chip via the central cell loading channel. The chip was placed on an incline to let the cell
culture chamber fill by gravity flow, and the process was monitored under a Leica DM IL
inverted phase-contrast microscope (Leica Microsystems, Wetzlar, Germany) to determine
when the microchamber was completely filled. During the cell loading process, a positive flow
of the cell suspension was observed, enabling cells to continuously pack into the culture cham-
ber, and no membrane deformation was visible.

Perfusion was achieved by applying a difference in the level of culture medium in each of
the two plastic reservoirs glued on top of the inlet and outlet ports, such that a flow of 18 μL/
day was provided through the mass transport channel, in agreement with the literature [19,20].
Afterwards, the microfluidic devices were transferred into 150 mm sterile Petri dishes in a stan-
dard cell culture incubator (37°C, 5% CO2). Fresh medium was refilled daily in order to pre-
serve constant head pressure throughout the culture period. In parallel, 2D static cultures of
HepG2 cells were plated into 96-well multiwell plates (BD Falcon, BD Biosciences, Italy) at a
density of 5.6×104 cells/cm2.

Growth of HepG2 cells in chips and 2D cultures was monitored daily up to 8 days, after
which Live/Dead assay (Thermo Fisher Scientific, USA) was performed to qualitatively assess
cell viability.

For steatosis induction experiments, freshly seeded liver-on-a-chip devices and 2D control
cultures were incubated overnight at 37°C in standard culture medium, before initiating the
treatments with free fatty acids (FFAs) in steatosis induction medium (see next section) on the
following day.

Induction and evaluation of steatosis
For cell treatments, a combination of long-chain FFAs, namely palmitic acid (PA; 16:0) and
oleic acid (OA; 18:1 cis-9) (Sigma-Aldrich, Milan, Italy) was dissolved in methanol (vehicle)
and added to the medium. PA and OA were chosen as they are the most abundant FFAs in
western diets and liver triglycerides in both normal subjects and patients with NAFLD [39,40].
Steatosis was induced by modifying the method previously described [41]. Briefly, HepG2 cells
were incubated with a mixture of PA (0.33 mM) and OA (0.66 mM) for 24h and 48h. To
induce fat-overloading of HepG2 cells, stock solutions of the FFAs were diluted in DMEM sup-
plemented with 1% L-glutamine (Lonza, USA), 1% bovine serum albumin (BSA) Cohn fraction
V (Sigma-Aldrich, Italy), 10% charcoal-stripped FBS (Hyclone, GE Healthcare, USA). Internal
controls were represented by both liver-on-a-chip devices and 2D static cultures in medium
with vehicle only. The effects of FFA treatment in terms of intracellular lipid accumulation, cell
viability and oxidative stress were evaluated at each timepoint with HCA routines using fluo-
rescence-based functional assays on a fully motorized epifluorescence inverted microscope
(Eclipse Ti-E, Nikon, Tokyo, Japan), equipped with a high sensitivity camera (Neo 5.5, Andor,
Ireland) and automated acquisition/analysis software (NIS Elements AR, Nikon).

Measurement of intracellular lipid accumulation
Total intracellular triglyceride accumulation was measured by the AdipoRed assay (Lonza,
Basel, Switzerland), according to the manufacturer’s instructions. After rinsing with PBS,
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incubation with AdipoRed reagent was performed at room temperature (RT) for 10 min, and
mean fluorescence intensity (MFI) of the regions of interest (ROIs) occupied by the cells was
measured (FITC filter set). In the microfluidic device, the whole cell culture chamber was ana-
lyzed, while in the 2D culture plates, fluorescence intensity was evaluated by counting at least 3
randomly selected, non-overlapping microscopic fields per well in four different wells. Values
were normalized against their internal controls.

Analysis of cell viability/cytotoxicity
After incubation with FFAs for 24h and 48h, chips and 2D cultures were rinsed in PBS and
incubated with the blue-fluorescent Hoechst 33342 ubiquitous nuclear dye (Thermo Fisher Sci-
entific, 5 μg/mL in PBS) and the red-fluorescent propidium iodide dye (PI, Thermo Fisher Sci-
entific, 1 μg/mL in PBS) that is selective to dead cells. Z-stack micrographs (1.4 μm z-step)
were acquired and post-processed with a 3D deconvolution algorithm (AutoQuant 3D decon-
volution package in NIS-Elements AR) for the identification of nuclei laying at different
heights. Results were plotted as a percentage of live cells in FFA-treated vs. control cultures for
both chips and 2D cultures after 24h and 48h.

Analysis of oxidative stress
Oxidative stress was measured by assessing intracellular ROS levels generated after exposure
for 24h and 48h with FFAs, through the green-fluorescent ROS detection reagent 6-carboxy-
20,70-dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (carboxy-H2DCFDA,
Thermo Fisher Scientific), according to the manufacturer’s instructions. Briefly, cells were
rinsed in PBS and loaded with 10 μM of the cell-permeant probe carboxy-H2DCFDA for 30
min at 37°C in complete FluoroBrite DMEM (Gibco, Thermo Fisher Scientific), to exclude
hydrogen peroxide generation in phenol red containing medium, before fluorescence analysis.
Incubation with 400 μMH2O2 (Sigma-Aldrich) was used as a positive control for ROS. The
ROIs occupied by cells were identified from phase contrast micrographs, and used for the fluo-
rescence analysis. Fluorescence intensity (FITC filter set) of positive cells was quantified and
expressed in relative fluorescence units (RFUs). All treated cells were normalized to their own
internal controls.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) of three independent experi-
ments. Data were analyzed using Origin ver. 9 (OriginLab Corp. Northampton, MA) software
suite. One-way analysis of variance (ANOVA) was used for multiple means comparisons, fol-
lowed by post hoc testing (Tukey). Significance was at the 0.05 level.

Results

The microfluidic device enables long-term dynamic culture of HepG2
cells
The study of liver pathophysiology is essential to understand the initiating events and the pro-
gression of NAFLD, to facilitate its diagnosis and to develop novel therapeutic approaches.
Nevertheless, the traditional culture systems present limitations essentially related to the 2D
microenvironment of the culture, which is far from the in vivo conditions, and determines a
rapid loss of the tissue-specific cell functions.

Therefore, the geometric configuration of our chip, and the microfluidic mass transport sys-
tem were designed and fabricated slightly modifying the model developed by Lee et al. [19]
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(Fig 1), in order to reproduce the typical human liver micro-unit, the hepatic sinusoid. This
micro-unit consists of a cord of hepatocytes bordered by highly fenestrated and permeable
endothelial cells, represented by a grid of closely spaced and parallel microchannels that mimic
an endothelial-like barrier and, as such, the tissue microvasculature (Fig 1). Hence, this micro-
architecture is similar to a human liver sinusoid, in which each micro-unit consists of approxi-
mately 420 tightly packed HepG2 cells surrounded by the transport channel that is filled with
culture medium. The channel communicates with the cell microchamber via the array of
microchannels that ensure the diffusion of nutrients and the removal of metabolic waste prod-
ucts. Thus, this microfluidic chip design mimics the interface between the endothelium and
parenchyma observed in the native liver and, similar to the in vivomicrovasculature, HepG2
cells confined within the culture microchamber sense a negligible shear stress that may cause
damage to the hepatocyte membrane.

Initially, with the aim to analyze the suitability of the microfluidic device to allow HepG2
cell growth and proliferation, and evaluate their morphology, cells were grown under perfusion
within the chip for one week and compared to standard 2D monolayer cultures (Fig 2a and
2b). To this purpose, at day 0, the chip was loaded until approximately half of the microcham-
ber area was filled with cells at high density, over 2.0x108 cells/cm3 (Fig 2a). Cell growth was
monitored daily for proliferation ability within the chip. By day 5, the whole chamber was colo-
nized by the proliferating cells that reached confluence and were distributed in two overlapped
layers, showing a densely packed tissue-like morphology with extensive cell-cell contacts. Thus,
the geometric configuration and design features of the chip allowed a high-density micromass
culture of HepG2 cells in a quasi-3D microenvironment, replicating many aspects of the true
in vivo hepatic physiology. Notably, at day 8, cells were stained with Live/Dead reagent for cell
viability/cytotoxicity, showing HepG2 viability as high as 95% (green cells in Fig 2a). Instead,
in control 2D cultures (Fig 2b) the percentage of live cells after 8 days was around 79% (green
cells in Fig 2b). Unlike the on-chip cultures, cells in the plate acquired a more spread and
adherent morphology after a week, showing lower density and the characteristic HepG2 small
aggregates that did not cover the whole plate surface. Hence, these results highlight that
dynamic cultures of HepG2 with confluent and high-density cell morphology in the

Fig 1. Microarchitecture and geometric configuration of the NAFLD-on-a-chip device. Top (a) and 3D
(b) schematic view of the microfluidic device, showing the high-density culture of hepatic cells. Legend: m.t.c.
(mass transport channel); c.c.m. (cell culture microchamber). Dimensions are in μm.

doi:10.1371/journal.pone.0159729.g001
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microfluidic device, which provides a more physiological microenvironment, enable higher cell
viability compared to static cultures in standard tissue culture plates.

Gradual and lower intracellular lipid accumulation in liver-on-a-chip
devices vs. 2D static controls
Fig 3 shows the results of intracellular lipid accumulation measured through the AdipoRed
assay. After 24h, the increase in lipid accumulation, in terms of triglyceride content of treated
cells vs. internal controls, was statistically significant only for the 2D static cultures. At 48h, a
further increase in lipid content was measured for the 2D cultures, which was even more statis-
tically significant compared to that at 24h; interestingly, also the lipid accumulation detected in
the on-chip cultures became statistically significant vs. their internal controls. Furthermore, the
difference between FFA-treated chip and plate after 48h was more pronounced than that
showed after 24h, as also observable in the corresponding micrographs (Fig 3b and 3c), thus
indicating a slower and chronic intracellular triglyceride accumulation in the microfluidic
device compared to a more acute triglyceride overload in the 2D static cultures.

Fig 2. Analysis of cell viability/cytotoxicity and cell morphology over a week in culture. (a) Phase
contrast micrographs of HepG2 cell growth inside the microfluidic sinusoid over a week in culture (Day 0, 1, 3,
5 and 7 are shown). Scalebar: 100 μm. On the right, fluorescence micrograph of Live/Dead assay performed
at Day 8 (living cells in green, calcein dye; dead cells in red, EthD-1 dye; scalebar: 50 μm). (b) Phase contrast
micrographs of HepG2 2D cultures on standard 96-well tissue culture plates at the same timepoints.
Scalebar: 200 μm. On the right, fluorescence micrograph of Live/Dead assay performed at Day 8 (scalebar:
200 μm). Live/Dead assay revealed higher cell viability for the on-chip cultures compared to standard tissue
culture plate. Differences in cell morphology between the two culture systems can be observed.

doi:10.1371/journal.pone.0159729.g002
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Fig 3. AdipoRed assay for the analysis of intracellular triglyceride accumulation. (a) Histogram showing the mean fluorescence
intensity (MFI), expressed as the ratio between FFA-treated cells and internal controls, for both on-chip and 2D cultures after 24h and 48h.
Values are reported as mean ± SEM; n = 3; * p<0.05, ** p<0.01, *** p<0.001. (b, c) Representative epifluorescence micrographs of the lipid
overload (green cells) for on-chip (b) (ROIs of the cell culture microchamber are shown) and 2D cultures (c) after 24h and 48h. Scalebars:
50 μm in (b) and 200 μm in (c).

doi:10.1371/journal.pone.0159729.g003
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Higher cell viability of on-chip cultures compared to 2D controls under
conditions of hepatic steatosis
The cytotoxicity of the FFA treatment for both liver-on-a-chip devices and 2D cultures was
investigated using the differential fluorescent labeling of live and dead nuclei (Fig 4). As shown
in Fig 4a and in the representative micrographs in Fig 4b, 2D cultures showed a marked
decrease in cell viability following treatment with FFAs, whereas high cell viability was main-
tained by on-chip cultures, in which the FFA overload appears to be much better tolerated.
Importantly, after both 24h and 48h, on-chip cultures showed a significantly higher viability vs.
2D ones, for both the FFA-treated and control conditions. This outcome is in line with the dif-
ferent intracellular lipid accumulation, previously observed in Fig 3, between plate and chip.
Overall, under conditions of steatosis, the microfluidic culture model allows a higher hepatic
cell viability than traditional 2D adherent cultures.

Comparable levels of oxidative stress between on-chip and 2D cultures
in the setting of steatosis
It is known that in response to metabolic stress—such as the FFA overload induced herein—
hepatic cells produce ROS as intermediates of lipid oxidation reactions, which may have harm-
ful effects provoking cellular damage, oxidative stress and DNA damage, leading to apoptosis
[42]. With the purpose to investigate the oxidative stress caused by the exogenous lipid accu-
mulation, we evaluated cellular ROS levels in both on-chip and 2D cultures after 24h and 48h
(Fig 5). Cells exposed to 400 μMH2O2 [43,44] for 24h and 48h were considered as positive con-
trols (data not shown). ROS levels in FFA-treated cells, normalized to their internal controls,
were very low after both 24h and 48h, and comparable between on-chip and 2D cultures (Fig
5). The reported low ROS production is in agreement with previous literature reports [37,44].

Discussion
To our knowledge, the “NAFLD-on-a-chip” system presented in this work is amongst the first
in vitromodels of human NAFLD developed within a microfluidic device in a sinusoid-like
fashion and dynamic conditions, representing a more permissive tissue-like microenvironment
for long-term culture of hepatic cells than conventional 2D static cultures, owing to its quasi-
3D and perfusable design. The developed model enables gradual and milder intracellular tri-
glyceride accumulation and higher hepatic cell viability compared to 2D static counterparts,
thereby mimicking more tightly the chronic condition of steatosis observed in vivo.

Extensive cell-cell contacts are known to be essential in in vitro hepatic cultures to preserve
high cell viability and retain liver-specific metabolic activity, also after several weeks in culture
as demonstrated in previous works [45,46]. Indeed, close contact among membrane proteins
[47] and intercellular communications between adjacent gap junctions [48] are necessary to
regulate the expression of liver-specific genes, thereby triggering essential intracellular signal-
ing pathways involved in hepatic metabolism. Likewise, the better performance provided by
our on-chip system compared to traditional 2D static cultures, is most likely due to the high
cell-density culture and cell contacts combined with the microfluidic mass transport. This
microarchitecture is closer to the native liver tissue in comparison to monolayers of static cul-
tures. In line with this, the lower degree of intracellular fat accumulation observed in on-chip
cultures when compared to 2D static cultures, might implicate an enhanced activity of some
pathways involved in hepatic lipid metabolism, such as the fatty acid β-oxidation (FAO) [49],
and lipolysis, a biochemical pathway responsible for the catabolism of triacylglycerol stored in
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Fig 4. Cell viability/cytotoxicity following the treatment with FFAs. (a) Histogram showing the percentage of living cells for control (white
bars) and FFA-treated (black bars) groups for on-chip and 2D cultures after 24h and 48h. Values are reported as mean ± SEM; n = 3; * p<0.05,
** p<0.01, *** p<0.001. (b, c) Representative epifluorescence micrographs showing nuclei of dead cells (in red) vs. total nuclei (in blue) for
chips (b) (ROIs of the cell culture microchamber are shown) and plates (c) after 24h and 48h. Scalebars: 50 μm.

doi:10.1371/journal.pone.0159729.g004
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Fig 5. ROS detection assay for the analysis of oxidative stress levels, using carboxy-H2DCFDA, following the treatment with FFAs.
(a) Plot showing the mean fluorescence intensity (MFI), expressed as the ratio between FFA-treated cells and internal controls for on-chip and
2D cultures after 24h and 48h. Values are reported as mean ± SEM; n = 3. (b, c) Representative epifluorescence micrographs of intracellular
ROS (green cells stained via carboxy-H2DCFDA dye) for on-chip (b) (ROIs of the cell culture microchamber are shown) and 2D cultures (c)
after 24h and 48h. Scalebars: 50 μm in (b) and 100 μm in (c).

doi:10.1371/journal.pone.0159729.g005
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cellular lipid droplets [50]. Collectively, these catabolic pathways may metabolize more effi-
ciently the exogenous overload of FFAs, thereby reducing their intracellular accumulation.

Interestingly, all experimental groups showed a nonsignificant increase in ROS generation
vs. their internal controls. This could be reliably due to the chosen FFA ratio (OA:PA = 2:1),
which is known to represent a model of benign chronic steatosis, with OA that exerts a protec-
tive action on PA-induced cytotoxicity [37,40]. Indeed, it has been observed that OA is more
steatogenic but less damaging than PA in hepatic cell cultures [37], whereas high levels of PA
are associated with enhanced β-oxidation of FFAs and increased oxidative stress [51].

Based on our results, further work will be needed for quantifying biomarkers of oxidative
stress more thoroughly, also taking into consideration alternative FFA overload schemes.

The present NAFLD-on-a-chip approach aims at filling the gap between conventional in
vitromodels, often scarcely predictive of an in vivo condition, and animal models that are
potentially biased by their xenogeneic nature; at the same time, this on-chip system leverages
microscope-friendly features to carry out HCA routines. In a long-term perspective, the
advancement of the organs-on-chip technology may boost the evaluation of therapeutic effects,
selection of tailored treatments and targets of drug discovery not only in NAFLD, but also in
other metabolic disorders. This work may therefore represent another step forward to build a
bridge between liver studies and microtechnologies, providing a starting point for researchers
who are interested in genome- or proteome-scale analysis and their crosstalks in the framework
of metabolic diseases. However, further implementations are needed. In fact, an obvious limita-
tion to the present model may be represented by the excessive simplification of the cell popula-
tion used to recapitulate the liver sinusoid. Accordingly, we aim to improve our system,
increasing the complexity of the liver microarchitecture using co-cultures of different hepatic
parenchymal and non-parenchymal cell types to imitate the cell-cell interactions present in
native liver. These cells will include human hepatocytes, endothelial cells [52], Kupffer cells,
liver specialized macrophages that secrete potent mediators of the inflammatory response that
controls liver inflammation [49,52], and hepatic stellate cells, which are involved in the onset
of hepatic fibrosis through collagen production [53,54]. Additionally, diverse FFA concentra-
tions for longer incubation times (e.g., 72h, 96h) in order to imitate more closely the chronic
progression of liver steatosis will be tested in the near future, followed by cell and culture
medium recovery from the chip for gene and protein expression analysis of NAFLD molecular
markers.

In conclusion, this work may represent a starting point for the development of an on-chip
model of NAFLD, which paves the way for a more detailed investigation to further dissect the
cellular, molecular and epigenetic mechanisms that orchestrate NAFLD development.

Author Contributions
Conceived and designed the experiments: MG AR. Performed the experiments: MGMCS.
Analyzed the data: MGMCS SMG AR. Contributed reagents/materials/analysis tools: LB MT
AR. Wrote the paper: MGMCS SMGMT AR.

References
1. Tibbitt MW, Anseth KS. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol Bioeng.

2009; 103(4):655–63. doi: 10.1002/bit.22361 PMID: 19472329

2. Verhulsel M, Vignes M, Descroix S, Malaquin L, Vignjevic DM, Viovy JL. A review of microfabrication
and hydrogel engineering for micro-organs on chips. Biomaterials. 2014; 35(6):1816–32. doi: 10.1016/
j.biomaterials.2013.11.021 PMID: 24314552

3. Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of physical interactions and
mechanical forces in metastasis. Nat Rev Cancer. 2011; 11(7):512–22. doi: 10.1038/nrc3080 PMID:
21701513

NAFLD-on-a-Chip

PLOS ONE | DOI:10.1371/journal.pone.0159729 July 20, 2016 12 / 15

http://dx.doi.org/10.1002/bit.22361
http://www.ncbi.nlm.nih.gov/pubmed/19472329
http://dx.doi.org/10.1016/j.biomaterials.2013.11.021
http://dx.doi.org/10.1016/j.biomaterials.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24314552
http://dx.doi.org/10.1038/nrc3080
http://www.ncbi.nlm.nih.gov/pubmed/21701513


4. Hwang NS, Kim MS, Sampattavanich S, Baek JH, Zhang Z, Elisseeff J. Effects of three-dimensional
culture and growth factors on the chondrogenic differentiation of murine embryonic stem cells. Stem
Cells. 2006; 24(2):284–91. PMID: 16109760

5. Ghaemmaghami AM, Hancock MJ, Harrington H, Kaji H, Khademhosseini A. Biomimetic tissues on a
chip for drug discovery. Drug Discov Today. 2012; 17(3–4):173–81. doi: 10.1016/j.drudis.2011.10.029
PMID: 22094245

6. Beebe DJ, Ingber DE, den Toonder J. Organs on Chips 2013. Lab Chip. 2013; 13(18):3447–8. doi: 10.
1039/c3lc90080k PMID: 23918086

7. Zhang C, Zhao Z, Abdul Rahim NA, van Noort D, Yu H. Towards a human-on-chip: culturing multiple
cell types on a chip with compartmentalized microenvironments. Lab Chip. 2009; 9(22):3185–92. doi:
10.1039/b915147h PMID: 19865724

8. Luni C, Serena E, Elvassore N. Human-on-chip for therapy development and fundamental science.
Curr Opin Biotechnol. 2014; 25:45–50. doi: 10.1016/j.copbio.2013.08.015 PMID: 24484880

9. Benam KH, Dauth S, Hassell B, Herland A, Jain A, Jang KJ, et al. Engineered in vitro disease models.
Annu Rev Pathol. 2015; 10:195–262. doi: 10.1146/annurev-pathol-012414-040418 PMID: 25621660

10. Bhatia SN, Ingber DE. Microfluidic organs-on-chips. Nat Biotechnol. 2014; 32(8):760–72. doi: 10.1038/
nbt.2989 PMID: 25093883

11. Bhise NS, Ribas J, Manoharan V, Zhang YS, Polini A, Massa S, et al. Organ-on-a-chip platforms for
studying drug delivery systems. J Control Release. 2014; 190:82–93. doi: 10.1016/j.jconrel.2014.05.
004 PMID: 24818770

12. Huh D, Hamilton GA, Ingber DE. From 3D cell culture to organs-on-chips. Trends Cell Biol. 2011; 21
(12):745–54. doi: 10.1016/j.tcb.2011.09.005 PMID: 22033488

13. Huh D, Torisawa YS, Hamilton GA, Kim HJ, Ingber DE. Microengineered physiological biomimicry:
organs-on-chips. Lab Chip. 2012; 12(12):2156–64. doi: 10.1039/c2lc40089h PMID: 22555377

14. van der Meer AD, van den Berg A. Organs-on-chips: breaking the in vitro impasse. Integr Biol (Camb).
2012; 4(5):461–70.

15. Yoon No D, Lee KH, Lee J, Lee SH. 3D liver models on a microplatform: well-defined culture, engineer-
ing of liver tissue and liver-on-a-chip. Lab Chip. 2015; 15(19):3822–37. doi: 10.1039/c5lc00611b PMID:
26279012

16. Perestrelo AR, Aguas ACP, Rainer A, Forte G. Microfluidic Organ/Body-on-a-Chip Devices at the Con-
vergence of Biology and Microengineering. Sensors. 2015; 15(12):31142–70. doi: 10.3390/
s151229848 PMID: 26690442

17. Pamies D, Hartung T, Hogberg HT. Biological and medical applications of a brain-on-a-chip. Exp Biol
Med (Maywood). 2014; 239(9):1096–107.

18. Kim HJ, Li H, Collins JJ, Ingber DE. Contributions of microbiome and mechanical deformation to intesti-
nal bacterial overgrowth and inflammation in a human gut-on-a-chip. Proc Natl Acad Sci U S A. 2016;
113(1):E7–E15. doi: 10.1073/pnas.1522193112 PMID: 26668389

19. Lee PJ, Hung PJ, Lee LP. An artificial liver sinusoid with a microfluidic endothelial-like barrier for pri-
mary hepatocyte culture. Biotechnol Bioeng. 2007; 97(5):1340–6. PMID: 17286266

20. Zhang MY, Lee PJ, Hung PJ, Johnson T, Lee LP, Mofrad MR. Microfluidic environment for high density
hepatocyte culture. Biomed Microdevices. 2008; 10(1):117–21. PMID: 17682945

21. Wagner I, Materne EM, Brincker S, Süssbier U, Frädrich C, Busek M, et al. A dynamic multi-organ-chip
for long-term cultivation and substance testing proven by 3D human liver and skin tissue co-culture.
Lab Chip. 2013; 13(18):3538–47. doi: 10.1039/c3lc50234a PMID: 23648632

22. Schütte J, Hagmeyer B, Holzner F, Kubon M, Werner S, Freudigmann C, et al. "Artificial micro
organs"—a microfluidic device for dielectrophoretic assembly of liver sinusoids. Biomed Microdevices.
2011; 13(3):493–501. doi: 10.1007/s10544-011-9517-7 PMID: 21347825

23. Lee J, Kim SH, Kim YC, Choi I, Sung JH. Fabrication and characterization of microfluidic liver-on-a-chip
using microsomal enzymes. EnzymeMicrob Technol. 2013; 53(3):159–64. doi: 10.1016/j.enzmictec.
2013.02.015 PMID: 23830456

24. Esch MB, Prot JM, Wang YI, Miller P, Llamas-Vidales JR, Naughton BA, et al. Multi-cellular 3D human
primary liver cell culture elevates metabolic activity under fluidic flow. Lab Chip. 2015; 15(10):2269–77.
doi: 10.1039/c5lc00237k PMID: 25857666

25. Starley BQ, Calcagno CJ, Harrison SA. Nonalcoholic fatty liver disease and hepatocellular carcinoma:
a weighty connection. Hepatology. 2010; 51(5):1820–32. doi: 10.1002/hep.23594 PMID: 20432259

26. Veteläinen R, van Vliet A, Gouma DJ, van Gulik TM. Steatosis as a risk factor in liver surgery. Ann
Surg. 2007; 245(1):20–30. PMID: 17197961

NAFLD-on-a-Chip

PLOS ONE | DOI:10.1371/journal.pone.0159729 July 20, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16109760
http://dx.doi.org/10.1016/j.drudis.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22094245
http://dx.doi.org/10.1039/c3lc90080k
http://dx.doi.org/10.1039/c3lc90080k
http://www.ncbi.nlm.nih.gov/pubmed/23918086
http://dx.doi.org/10.1039/b915147h
http://www.ncbi.nlm.nih.gov/pubmed/19865724
http://dx.doi.org/10.1016/j.copbio.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24484880
http://dx.doi.org/10.1146/annurev-pathol-012414-040418
http://www.ncbi.nlm.nih.gov/pubmed/25621660
http://dx.doi.org/10.1038/nbt.2989
http://dx.doi.org/10.1038/nbt.2989
http://www.ncbi.nlm.nih.gov/pubmed/25093883
http://dx.doi.org/10.1016/j.jconrel.2014.05.004
http://dx.doi.org/10.1016/j.jconrel.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24818770
http://dx.doi.org/10.1016/j.tcb.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22033488
http://dx.doi.org/10.1039/c2lc40089h
http://www.ncbi.nlm.nih.gov/pubmed/22555377
http://dx.doi.org/10.1039/c5lc00611b
http://www.ncbi.nlm.nih.gov/pubmed/26279012
http://dx.doi.org/10.3390/s151229848
http://dx.doi.org/10.3390/s151229848
http://www.ncbi.nlm.nih.gov/pubmed/26690442
http://dx.doi.org/10.1073/pnas.1522193112
http://www.ncbi.nlm.nih.gov/pubmed/26668389
http://www.ncbi.nlm.nih.gov/pubmed/17286266
http://www.ncbi.nlm.nih.gov/pubmed/17682945
http://dx.doi.org/10.1039/c3lc50234a
http://www.ncbi.nlm.nih.gov/pubmed/23648632
http://dx.doi.org/10.1007/s10544-011-9517-7
http://www.ncbi.nlm.nih.gov/pubmed/21347825
http://dx.doi.org/10.1016/j.enzmictec.2013.02.015
http://dx.doi.org/10.1016/j.enzmictec.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23830456
http://dx.doi.org/10.1039/c5lc00237k
http://www.ncbi.nlm.nih.gov/pubmed/25857666
http://dx.doi.org/10.1002/hep.23594
http://www.ncbi.nlm.nih.gov/pubmed/20432259
http://www.ncbi.nlm.nih.gov/pubmed/17197961


27. Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R, et al. Nonalcoholic fatty liver, stea-
tohepatitis, and the metabolic syndrome. Hepatology. 2003; 37(4):917–23. PMID: 12668987

28. Adams LA, Waters OR, Knuiman MW, Elliott RR, Olynyk JK. NAFLD as a risk factor for the develop-
ment of diabetes and the metabolic syndrome: an eleven-year follow-up study. Am J Gastroenterol.
2009; 104(4):861–7. doi: 10.1038/ajg.2009.67 PMID: 19293782

29. Lazo M, Clark JM. The epidemiology of nonalcoholic fatty liver disease: a global perspective. Semin
Liver Dis. 2008; 28(4):339–50. doi: 10.1055/s-0028-1091978 PMID: 18956290

30. Angulo P. Nonalcoholic fatty liver disease. N Engl J Med. 2002; 346(16):1221–31. PMID: 11961152

31. Marra F, Gastaldelli A, Svegliati Baroni G, Tell G, Tiribelli C. Molecular basis and mechanisms of pro-
gression of non-alcoholic steatohepatitis. Trends Mol Med. 2008; 14(2):72–81. doi: 10.1016/j.molmed.
2007.12.003 PMID: 18218340

32. Yan E, Durazo F, Tong M, Hong K. Nonalcoholic fatty liver disease: pathogenesis, identification, pro-
gression, and management. Nutr Rev. 2007; 65(8 Pt 1):376–84. PMID: 17867371

33. Gori M, Arciello M, Balsano C. MicroRNAs in nonalcoholic fatty liver disease: novel biomarkers and
prognostic tools during the transition from steatosis to hepatocarcinoma. Biomed Res Int. 2014;
2014:741465. doi: 10.1155/2014/741465 PMID: 24745023

34. Javitt NB. Hep G2 cells as a resource for metabolic studies: lipoprotein, cholesterol, and bile acids.
FASEB J. 1990; 4(2):161–8. PMID: 2153592

35. García-Cañaveras JC, Jiménez N, Gómez-Lechón MJ, Castell JV, Donato MT, Lahoz A. LC-MS untar-
geted metabolomic analysis of drug-induced hepatotoxicity in HepG2 cells. Electrophoresis. 2015.

36. Feldstein AE, Canbay A, Guicciardi ME, Higuchi H, Bronk SF, Gores GJ. Diet associated hepatic stea-
tosis sensitizes to Fas mediated liver injury in mice. J Hepatol. 2003; 39(6):978–83. PMID: 14642615

37. Ricchi M, Odoardi MR, Carulli L, Anzivino C, Ballestri S, Pinetti A, et al. Differential effect of oleic and
palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J Gastroenterol Hepatol.
2009; 24(5):830–40. doi: 10.1111/j.1440-1746.2008.05733.x PMID: 19207680

38. Baudoin R, Legendre A, Jacques S, Cotton J, Bois F, Leclerc E. Evaluation of a liver microfluidic bio-
chip to predict in vivo clearances of seven drugs in rats. J Pharm Sci. 2014; 103(2):706–18. doi: 10.
1002/jps.23796 PMID: 24338834

39. Baylin A, Kabagambe EK, Siles X, Campos H. Adipose tissue biomarkers of fatty acid intake. Am J Clin
Nutr. 2002; 76(4):750–7. PMID: 12324287

40. Gómez-Lechón MJ, Donato MT, Martínez-Romero A, Jiménez N, Castell JV, O'Connor JE. A human
hepatocellular in vitro model to investigate steatosis. Chem Biol Interact. 2007; 165(2):106–16. PMID:
17188672

41. Gori M, Barbaro B, Arciello M, Maggio R, Viscomi C, Longo A, et al. Protective effect of the Y220C
mutant p53 against steatosis: good news? J Cell Physiol. 2014; 229(9):1182–92. doi: 10.1002/jcp.
24550 PMID: 24395441

42. Assaily W, Rubinger DA, Wheaton K, Lin Y, MaW, XuanW, et al. ROS-mediated p53 induction of
Lpin1 regulates fatty acid oxidation in response to nutritional stress. Mol Cell. 2011; 44(3):491–501. doi:
10.1016/j.molcel.2011.08.038 PMID: 22055193

43. Sekiya M, Hiraishi A, TouyamaM, Sakamoto K. Oxidative stress induced lipid accumulation via
SREBP1c activation in HepG2 cells. Biochem Biophys Res Commun. 2008; 375(4):602–7. doi: 10.
1016/j.bbrc.2008.08.068 PMID: 18727921

44. Chavez-Tapia NC, Rosso N, Tiribelli C. Effect of intracellular lipid accumulation in a new model of non-
alcoholic fatty liver disease. BMCGastroenterol. 2012; 12:20. doi: 10.1186/1471-230X-12-20 PMID:
22380754

45. Hamilton GA, Westmorel C, George AE. Effects of medium composition on the morphology and func-
tion of rat hepatocytes cultured as spheroids and monolayers. In Vitro Cell Dev Biol Anim. 2001; 37
(10):656–67. PMID: 11776971

46. Landry J, Bernier D, Ouellet C, Goyette R, Marceau N. Spheroidal aggregate culture of rat liver cells:
histotypic reorganization, biomatrix deposition, and maintenance of functional activities. J Cell Biol.
1985; 101(3):914–23. PMID: 2411740

47. Corlu A, Kneip B, Lhadi C, Leray G, Glaise D, Baffet G, et al. A plasmamembrane protein is involved in
cell contact-mediated regulation of tissue-specific genes in adult hepatocytes. J Cell Biol. 1991; 115
(2):505–15. PMID: 1918151

48. Stoehr SA, Isom HC. Gap junction-mediated intercellular communication in a long-term primary mouse
hepatocyte culture system. Hepatology. 2003; 38(5):1125–35. PMID: 14578851

49. Malaguarnera M, Di Rosa M, Nicoletti F, Malaguarnera L. Molecular mechanisms involved in NAFLD
progression. J Mol Med (Berl). 2009; 87(7):679–95. doi: 10.1007/s00109-009-0464-1 PMID: 19352614

NAFLD-on-a-Chip

PLOS ONE | DOI:10.1371/journal.pone.0159729 July 20, 2016 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12668987
http://dx.doi.org/10.1038/ajg.2009.67
http://www.ncbi.nlm.nih.gov/pubmed/19293782
http://dx.doi.org/10.1055/s-0028-1091978
http://www.ncbi.nlm.nih.gov/pubmed/18956290
http://www.ncbi.nlm.nih.gov/pubmed/11961152
http://dx.doi.org/10.1016/j.molmed.2007.12.003
http://dx.doi.org/10.1016/j.molmed.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18218340
http://www.ncbi.nlm.nih.gov/pubmed/17867371
http://dx.doi.org/10.1155/2014/741465
http://www.ncbi.nlm.nih.gov/pubmed/24745023
http://www.ncbi.nlm.nih.gov/pubmed/2153592
http://www.ncbi.nlm.nih.gov/pubmed/14642615
http://dx.doi.org/10.1111/j.1440-1746.2008.05733.x
http://www.ncbi.nlm.nih.gov/pubmed/19207680
http://dx.doi.org/10.1002/jps.23796
http://dx.doi.org/10.1002/jps.23796
http://www.ncbi.nlm.nih.gov/pubmed/24338834
http://www.ncbi.nlm.nih.gov/pubmed/12324287
http://www.ncbi.nlm.nih.gov/pubmed/17188672
http://dx.doi.org/10.1002/jcp.24550
http://dx.doi.org/10.1002/jcp.24550
http://www.ncbi.nlm.nih.gov/pubmed/24395441
http://dx.doi.org/10.1016/j.molcel.2011.08.038
http://www.ncbi.nlm.nih.gov/pubmed/22055193
http://dx.doi.org/10.1016/j.bbrc.2008.08.068
http://dx.doi.org/10.1016/j.bbrc.2008.08.068
http://www.ncbi.nlm.nih.gov/pubmed/18727921
http://dx.doi.org/10.1186/1471-230X-12-20
http://www.ncbi.nlm.nih.gov/pubmed/22380754
http://www.ncbi.nlm.nih.gov/pubmed/11776971
http://www.ncbi.nlm.nih.gov/pubmed/2411740
http://www.ncbi.nlm.nih.gov/pubmed/1918151
http://www.ncbi.nlm.nih.gov/pubmed/14578851
http://dx.doi.org/10.1007/s00109-009-0464-1
http://www.ncbi.nlm.nih.gov/pubmed/19352614


50. Lass A, Zimmermann R, Oberer M, Zechner R. Lipolysis—a highly regulated multi-enzyme complex
mediates the catabolism of cellular fat stores. Prog Lipid Res. 2011; 50(1):14–27. doi: 10.1016/j.plipres.
2010.10.004 PMID: 21087632

51. Li Z, Berk M, McIntyre TM, Gores GJ, Feldstein AE. The lysosomal-mitochondrial axis in free fatty acid-
induced hepatic lipotoxicity. Hepatology. 2008; 47(5):1495–503. doi: 10.1002/hep.22183 PMID:
18220271

52. Zinchenko YS, Schrum LW, Clemens M, Coger RN. Hepatocyte and kupffer cells co-cultured on micro-
patterned surfaces to optimize hepatocyte function. Tissue Eng. 2006; 12(4):751–61. PMID: 16674289

53. Xu L, Hui AY, Albanis E, Arthur MJ, O'Byrne SM, Blaner WS, et al. Human hepatic stellate cell lines,
LX-1 and LX-2: new tools for analysis of hepatic fibrosis. Gut. 2005; 54(1):142–51. PMID: 15591520

54. ChenW,Wu J, Shi H, Wang Z, Zhang G, Cao Y, et al. Hepatic stellate cell coculture enables sorafenib
resistance in Huh7 cells through HGF/c-Met/Akt and Jak2/Stat3 pathways. Biomed Res Int. 2014;
2014:764981. doi: 10.1155/2014/764981 PMID: 25057499

NAFLD-on-a-Chip

PLOS ONE | DOI:10.1371/journal.pone.0159729 July 20, 2016 15 / 15

http://dx.doi.org/10.1016/j.plipres.2010.10.004
http://dx.doi.org/10.1016/j.plipres.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21087632
http://dx.doi.org/10.1002/hep.22183
http://www.ncbi.nlm.nih.gov/pubmed/18220271
http://www.ncbi.nlm.nih.gov/pubmed/16674289
http://www.ncbi.nlm.nih.gov/pubmed/15591520
http://dx.doi.org/10.1155/2014/764981
http://www.ncbi.nlm.nih.gov/pubmed/25057499

