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Introduction

The liver carries out a number of essential functions, including blood detoxification, protein
synthesis, regulation of energy balance, and production of other biochemicals to maintain the
whole-body homeostasis'. In addition to these physiological functions, the liver is also the main
site of drug metabolism, making it vulnerable to drug toxicity; indeed, hepatotoxicity is one of the
leading causes for drug failure?. Thus, detecting the potential for hepatotoxicity of a drug at the
early stage of drug development/screening will minimize the failure rate and, therefore, the cost
of bringing a drug into the market. Therefore, hepatic models are invaluable tools in drug discovery

and development.

There are two general families of hepatic models used in research: in vivo and in vitro.
The obvious advantage of the in vivo animal models such as rodents is the conservation of the
organ and system level complexity to observe the overall responses of a liver®. However, animal
models pose other challenges. First, the throughput of animal models is usually low because of
the high time, labor, and monetary costs*. Also, animal models typically test a single drug each
time to avoid interferences, which further limits the throughput®. In addition, very high doses of
compounds, sometimes orders of magnitude higher than those humans are exposed to® are

required for animal experiments to generate more evident results.

In vitro models are tissue/cell culture-based methodologies, which can circumvent the
throughput, cost, and dosing issues of in vivo models®. For example, hepatocytes can be batch
cultured in a multi-well plate treated with various drugs of different doses in one experiment. Three
types of biocomponents are mainly used to fabricate an in vitro hepatic model: liver slices, primary
hepatocytes, and hepatic cell lines. Despite the physiological relevance of liver tissue slices that
retain liver structures and the cell types, the functions of the hepatocytes start decaying after 6
hours of tissue isolation’. Primary hepatocytes have similar enzyme activities as hepatocytes in
whole liver, but the hepatocyte function declines fast during culture, and these cells are not
available to every laboratory®. Immortalized hepatic cell lines such as Huh7 and HepG2 are long-
lasting, retain liver-specific functions, and are easy to maintain®. Therefore, these cell lines have
been widely-used, especially for high throughput initial drug screenings'®. However, a significant
number of findings from cell line-based models were not reproducible in subsequent preclinical

and clinical studies'®, reflecting the inadequacy of the cell line model".

In order for the hepatic cell lines to better simulate liver function, the cellular environment

is critical. However, cell lines are typically cultured as a 2D monolayer in a container (e.g., flasks),



which cannot mimic the 3D microenvironment of the cells in tissue'?. In tissues, cells rest on and
interact with the 3D extracellular matrix (ECM), which contain fibrous microstructures and can
regulate cell behaviors and functions'®. Therefore, incorporating ECMs into tissue culture models
may provide a more physiological environment. With the advancement of material science and
microfabrication technologies, various in vitro 3D hepatic models have been reported'*°.
Hepatocytes naturally aggregate to form spheroids in proper microcontainers'’; thus, microwell
platforms are utilized for 3D hepatic spheroids culture. For example, Bhise et al. fabricated a
microwell array using stamps on polydimethylsiloxane (PDMS) with successful spheroids
formation of ~200 um diameter, which showed consistent production of albumin and appropriate
responses to drugs'®. Hydrogels—networks of polymer chains that are highly hydrated are also
prevailing as a 3D matrix for cell culture' 2. Precursors of hydrogels premixed with cells can be
cured under physical (e.g., UV radiation) and chemical (e.g., crosslinker) conditions with desired
shapes and dimensions via micromolds or bio-3D-printing?'2%. Electrospinning is another
technology to fabricate 3D fibrous ECM, which applies a high voltage (kV range) to turn a polymer
solution to micro-/nano-fibers with tunable fiber and pore sizes?*. A myriad of cell types including
hepatocytes?® have been successfully 3D cultured on electrospun fibers showing improved

functions?6-2°.

These approaches offer a great promise for the development of functional 3D liver models.
However, most of them have only focused on the few fingerprint functions of hepatocytes,
including protein synthesis and secretion (mainly albumin)'®, CYP activities®®, and responses to
certain drugs/toxins''. While these results are meaningful and informative, none of them explores
the impacts of an ECM on the basic metabolic parameters of hepatocytes such as energy and
amino acid production. Here, we present our findings on energy metabolites and amino acid levels
in hepatocytes culture in 3D vs. 2D. We found that the levels of metabolites important for energy
metabolism (glycolysis + Krebs cycle) in Huh7s are significantly lower in those grown on the
fibrous ECM compared to those on a 2D flat surface, suggesting that the ECM decreases energy
metabolism. The mechanism by which the ECM regulates Huh7 basic metabolisms was also
investigated. Fibrous ECM downregulates integrins, the membrane ECM receptor that transduces
ECM biophysical cues to intracellular signaling®!, which in turn reduces energy metabolism by
increasing cAMP (cyclic adenosine monophosphate) production and the activity of its effector
PKA (protein kinase A)*234, Cell morphology analyses also support the role of the integrins in the
ECM effect.



Experimental

Fabrication of silk fibroin fibers. Silk fibroin was extracted from silkworm cocoon
following the well-established method by Rockwood®. Purified and lyophilized silk fibroin was
dissolved in HFP (hexafluoroisopropanol; Millipore-Sigma, MO) at a concentration of 6% (w/v).
The solution was loaded in a 3 mL syringe coupled with a 20-gauge blunt needle. A syringe pump
was used to deliver the fibroin solution at 1mL/hr. A voltage of 25 kV was applied to the syringe
needle to generate electrospun fibers, which was deposited on a grounded stainless-steel plate.

after 2 hours of electrospinning, a layer of silk fibroin fibers of ~100 um thick was collected.

Preparation of the cell-culture plate. The electrospun fibers was peeled off from the
steel plate and spread on a polystyrene sheet (250 um thick). Deionized water was sprayed on
the fibers to further spread the fiber layer on the polystyrene. After over-night drying, the two
layers are bounded likely due to intermolecular forces. The reason to use the polystyrene sheet
is because the thin and flexible electrospun fiber layer can be compromised easily (e.g., by
pipetting liquid onto it) and supporting it on a sturdy stratum (the polystyrene) can circumvent the
issue. A laser cutter was then applied to cut discs of 34.5 mm out of the fiber-polystyrene sheet,
which can fit in a 6-well plate. The cutting edge also fuses the fiber layer onto polystyrene. Three
discs with the fibers were placed in three wells of a 6-well plate, while the remaining three well
contain discs of flat polystyrene as controls for 2D monolayer culture. All discs were sterilized by
being soaked in 70% ethanol for 30 min, followed by air drying in UV. Conducting control
experiments on the same plate under identical cell seeding, culture, and sampling conditions will

reduce variance.

Huh7 cell culture and sampling. Huh7 cells (ATCC, VA) with passage numbers between
2 and 5 were used. DMEM media supplemented with 10% FBS and 1% pen-strep was applied
for culture. A flask (T-75) of cells was trypsinized, centrifuged, and resuspended at a density of
0.5 million cells/mL. Next, 2 mL of the cell suspension was added to each well containing either
fibrous or flat ECM. This step was to seed the cells on the discs; after 2 hours, 4 mL of fresh

media was added to each well. Media was changed every 24 hours until confluency (3 days).

To take cell lysates for intracellular metabolites quantitation, the media was aspirated in
each well, followed by washing 3 times using PBS buffer (Millipore-Sigma, MO). After that, 400
pL of LCMS grade water at 0 °C (Millipore-Sigma, MO) was added to each well. An ultrasonic
homogenizer probe was used to lyse the cells in each well for 1 min. An aliquot of 200 uL of the

lysate was taken for BCA protein assay, as a measurement of cell numbers in each well for



subsequent data normalization. The remaining lysates was mixed with 800 pL
acetonitrile/methanol (50/50; v/v) containing 10 uM "*C-threonine (as internal standard for LC-MS
analyses, purchased from Cambridge Isotope Laboratories, Inc. Tewksbury, MA) and vortex
mixed for 30s. Then samples were incubated for 1h at -20 °C to precipitate proteins, which were
then centrifuged at 14,000 rpm (Eppendorf, Centrifuge 5424R, Hauppauge, NY) at 4 °C. The
supernatant was transferred to another clean vial, followed by lyophilizing (Savant from Thermo
Scientific, Waltham, MA). The dry extracts were reconstituted in 15 pL in 0.1% Formic acid LCMS

grader water and transfer to LCMS analysis.

LC-MS analyses of the intracellular metabolites of interest. LCMS analysis was
performed with an Agilent G6530C LC QTOF system equipped with the capillary HPLC 1260
Infinity series. For both positive and negative detection modes, a full scan range of 50 to 1000
m/z with mass accuracy of 2 ppm was performed. For the positive mode, ESI ion source
parameters are: gas temperature 320 °C, drying gas 10 L/min, nebulizer 30 psi and capillary
voltage 3500 V. The fragmentor, skimmer and OCT1 RF Vpp were set to 110, 65 and 750 volts,
respectively. For the negative mode, ESI ion source parameters are: gas temperature 300 °C,
drying gas 10 L/min, nebulizer 30 psi, and capillary voltage 2700 V. The fragmentor, skimmer and
OCT1 RF Vpp was set to 90, 65 and 750 volts, respectively.

A C18 column (Luna® Omega 1.6 uym, PS 100 A with inner diameter of 100 x 2.1 mm)
was used via the following gradient: mobile phase A was 0.1 % formic acid in water, mobile phase
B was LCMS grade methanol (fisher scientific, Hampton, NH). At positive mode, gradient started
with 100% A at 0 min, and decreased to 0% A at 15 min. The A phase was remained at 0% till 25
min, followed by being increased to 100% at 30 min and hold until 45 min. Flow rate was set at
30 yL/min. For negative mode, the gradient was same but with a flow rate of 40 uL/min. An aliquot

of 5 uL of samples was injected to the column by an autosampler, followed by MS measurement.

Immunoblotting. Cell lysate were harvested by adding 100 pL of RIPA buffer
(radioimmunoprecipitation assay buffer with 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS and 50 mM Tris, pH 8.0) with complete protease inhibitor cocktail
( Abcam, Cambridge, MA, USA), sonicated on ice on the day of analysis. The protein
concentration of the lysates was determined by Coomassie protein assay kit following to the
manufacturer’s recommendation (Thermo Scientific, USA). Cell lysates with 25 ug of total protein
were subjected to 7 % SDS-polyacrylamide gels (Bio-Rad, Hercules, CA, USA). After
electrophoresis, proteins were transferred into nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA). The membranes were blocked in PBST buffer (PBS with 0.1% Tween-20) containing 2%



non-fat dry milk power for 30 min at room temperature. Subsequently the membranes were
incubated over night with rabbit-monoclonal anti- Phospho-CREB (Ser133), rabbit-polyclonal anti-
Integrin B1 and rabbit-polyclonal anti-B-Actin (1:1000) at 4°C. After washing in PBST buffer, the
membranes were incubated with horseradish peroxidate-conjugated anti-rabbit antibodies
(1:1000). Immunoreactivity was detected using an Amersham Imager (GE Healthcare, MA, USA).

The band intensity was related to B-Actin.

Data analyses. Peak areas of the analytes of interest was analyzed by MassHunter
Qualitative Analysis Version B.10, which will first be normalized to the internal standard (*C-
threonine). The data were further normalized by cell numbers in each culture well (by the gross
protein assay). Next, the normalized peak area of a metabolite from cells cultured on the fibrous
ECM was divided by that from cells on the flat surface, so that percentage of change of each
metabolite can be elucidated. A total of 15 replicates were conducted, and significant difference

was considered only when p values are smaller than 0.05.



Results and discussion

Human liver cell lines derived from hepatic carcinomas such as HepG2 and Huh7 have
been widely applied in toxicity test, drug screening, and physiological studies®¢-3¢. However,
discrepancies exist between the cell lines and hepatocytes in the liver, making many in vitro
results irreproducible in subsequent animal and clinical trials®® 4°. Accumulating evidence
indicates that the way the cells are cultured in vitro can be a cause of the discrepancies'® *'. Cells
grown in a 2D monolayer in a container (e.g., flasks) or on a surface (e.g., porous membrane)
cannot recapitulate the in vivo microenvironment*2. Cell in vivo are on 3D microfibrous ECMs,
which can modulate cell behaviors and functions via two mechanisms*®: 1) enhancing cell-cell
interactions by defining the physical space between cells; 2) directly affecting cellular pathways
via ECM receptors such as integrins. A considerable volume of literature has demonstrated the
importance of 3D ECM for in vitro hepatocyte cultures/studies*—“the third dimension bridges the
gap between cell culture and live tissue™*. Here, we report our findings that a 3D fibrous ECM
can modulate Huh7 cell lines towards physiological relevance by modulating basic metabolism

and integrins expression.

The ECM, controls, and research design

Electrospun fibers have been successfully utilized as the ECM in 3D cell culture® 27 4°,
Therefore, we used microfibers electrospun from silk fibroin?* %> as the hepatic ECM here. We
deposited a layer of fibers (50 um thick) on a polystyrene sheet, which was laser cut to discs that
fit in a 6-well plate (Fig. 1A). The laser cutting can also fuse the edges of the fibers and the
polystyrene to permanently bind the two layers. The polystyrene acts as a support structure so
that the flimsy/flexible fibers will not be compromised when adding and/or removing media. Fig.
1B is an SEM (scanning electron microscope) view of the microfibers, the average diameter of
which is 0.78+0.37um (mean + stdev), with most fibers distributed in the 0.50-1.00 um range (inset
histogram). Although microtiter plates with embedded fibrous bottoms are available, our modular
protocol has unique advantages: 1) as Fig.1C shows, both experimental (3D fibrous) and control
(2D flat) ECMs can be included in the same plate, so that cells from the same parental flask can
be seeded, cultured, and studied in the same environment, reducing possible culture variances;
2) the fibrous discs can be batch prepared from one electrospinning for a whole study to ensure
exactly identical ECM conditions; and 3) with an all-in-one plate, the whole plate has to be
discarded even only a few wells were used while our modular design is more cost-efficient

because the well numbers and the properties of the ECMs are customizable.



The ECM modulates energy metabolism in Huh7 cells toward physiological relevance

A major difference between the Huh7 cell line and hepatocytes in vivo is energy
metabolism*®. As a carcinoma cell line, Huh7 has high glycolysis and highly active Krebs cycle*’,
which is the central route for intracellular oxidative phosphorylation, and is important for cellular
bioenergetic, biosynthetic, and redox homeostasis*®. Moreover, elevated glycolysis can perturb
other cellular functions such as de novo fatty acid synthesis and ribose 5-phosphate for nucleotide

synthesis*.

The metabolic changes in Huh7 cells may be a contributor to the discrepancies between
the cell line and hepatocytes in vivo*. Since the ECM can alter metabolisms in carcinoma cells
including the energy pathways®°, we compared main metabolites of glycolysis and the Krebs cycle
by LC-MS quantitation. As shown in Fig. 2, glucose-6-phosphate, fructose-6-phosphate, and
glyceraldehyde-3-phosphate, three key metabolites in glycolysis, are significantly decreased in
cells on the fibrous ECM, indicating reduced glycolysis. Malate, succinate, and a-ketoglutarate,
three major metabolites in the Krebs cycle are also decreased. Perhaps due to the decreased
glucose metabolism (i.e. glycolysis and the Krebs cycle), the glucose level in cells cultured on the
ECM is higher. These data indicate that the ECM reduces energy metabolism in Huh7 cells,
consistent with the notion that Huh7 cells cultured in 3D with the ECM take on the metabolic

phenotype of hepatocytes in the liver.

The ECM changes amino acids bioavailability in Huh7 cells

Availability of amino acids, the building block of proteins, may also be affected by the ECM
and the 3D culture. Indeed, compared to Huh7 cells cultured on a flat surface, those cultured on
the ECM tend to have higher levels of amino acids, particularly tryptophan which is increased
by >200% (Fig. 3). On the other hand, Huh7 cells cultured on the ECM have lower levels of
spermine and methionine and similar levels of proline, creatine, and creatinine compared to those
on a flat surface. Interestingly, indoleamine 2, 3-dioxygenase1, which degrades tryptophan and
thus reduces tryptophan bioavailability, is overexpressed in human carcinoma hepatocyte cell
lines including Huh7 compared to normal liver tissues®' °2. This may explain, at least in part, why
tryptophan levels are lower in Huh7 cells grown on a flat surface. The concentrations of branched
chain amino acids (BCAAs) including leucine, isoleucine, and valine are lower in carcinoma
hepatocytes than in normal cells®3. Other studies also suggest that increasing intracellular BCAAs
can suppress the over-proliferation of carcinomic hepatocytes®6. Our results show that the

bioavailability of the three amino acids is increased in the cells culture on the fibrous ECM.



Methionine metabolism was found impaired in diseased hepatocytes including carcinoma,
causing excessive methionine in both hepatocytes and in serum®-°. Our data in Fig. 3
demonstrate that the fibrous ECM promotes methionine metabolism with reduced concentration
of the molecule. Thus, at least for tryptophan, leucine/isoleucine, valine, and methionine, we
conclude that the fibrous ECM modulates the bioavailability of these amino acids towards

physiological relevance in Huh7 cells.

The ECM affects integrins expression

Protein kinase A (PKA), which is activated by cAMP, phosphorylates and inactivates key
enzymes in glycolysis such as phosphofructokinase-2 and pyruvate kinase®, thereby decreasing
glycolysis. Also, Massimi et al. reported that increasing intracellular cAMP in a hepatic carcinoma
cell line can repress its carcinomic characteristics®’. Since glycolysis appears to be elevated in
Huh7 cells on the flat stratum (Fig. 2), we first hypothesized that cAMP signaling may be
suppressed in the cells cultured on the flat surface. Indeed, both cAMP level (Fig. 4A) and PKA
activity, as measured by phosphorylation of the PKA substrate CREB (cCAMP response element
binding protein) (Fig. 4B), are reduced in Huh7 cells on the flat stratum.

The Huh7 cells from the same parental flask but cultured on the fibrous or flat ECMs have
different morphologies. As shown in Figs. 5A and 5B, the cells tend to grow into patches on both
ECMs, but cells on the fibrous ECM appear to be larger with tighter junctions. The ECM fibers
can also induce the formation of pseudopodia from the cells (Fig. 5C). Further analyses of the
images reveal that the intercellular gaps between cells on the fibers is ~85% smaller than those

on flat (Fig. 5D) while the cell size (area) ~15% larger (Fig. 5E).

It is not known how the fibrous ECM modulates intracellular cAMP levels and the cell
morphology. We hypothesized that integrins may play a role because 1) integrins are the
transmembrane receptor for ECMs which can transduce ECM signals; 2) overexpression of
integrins can repress the cAMP levels in cytoplasm, reducing PKA activity®>3* which was
observed by us (Fig. 6A); 3) integrins overexpression increases actin polymerization, stress fiber
formation and cellular contractility, which can reduce cell sizes and enlarge intercellular gaps®% 3,
correlating to our results in Fig. 5; and 4) integrins are mainly localized to the sites where cells

bind the ECM (focal adhesion)®, and the ECM microstructures affect focal adhesions®.

Among the eight  subunits of integrin, B1 binds to the regular ECM components such as
collagen and collagen-similar compounds®'. As shown in Fig. 6B, Huh7 cells cultured on the ECM

have reduced integrin 1 expression compared to those on the flat surface (Fig. 6C). These



results combined suggest that the fibrous ECM reduces the expression of integrins with increased
downstream cAMP levels and actin depolymerization, which correlate the observed alterations of

the basic metabolism in Huh7 cells.
Conclusion

Our work shows that the microfibrous ECM can reduce energy metabolites and increase
the bioavailability of certain amino acids in Huh7 cell line. This effect of ECM fibers may be a
result of downregulation of integrin expression which may increase the intracellular cAMP levels
and control actin network formation. This is the first study reporting the effects of an ECM on the
metabolites of hepatocytes cultured in vitro, and lays a groundwork for future hepatic modeling.
Thus, this work enhances our understanding of the roles of ECM in controlling the integrin
expression. The modular and translational cell culture technology that we developed should also

facilitate future 3D cell culture research.
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Figures and Captions
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Figure 1.The research design. (A) Microfibers electrospun from silk fibroin were deposited on a
polystyrene sheet, which was then laser cut to discs that can fit in a 6-well plate. (B) An SEM view
of the electrospun fibers. Fiber diameter is 0.78+0.37um (meantstdev). The inset histogram
shows the distribution of the fiber diameters. (C) Three discs with the microfiber ECM were placed
in wells A1-3 while wells B1-3 contained flat-surface discs. Having controls in the same plate with
cells being cultured and studied under the same environment will reduce possible variances.

12



Glucose I
Glucose-6-phosphate
Fructose-6-phosphate

Glyceraldehyde 3 phosphate
Lactate

Pyruvic acid H

Malate

Succinate

a-ketoglutarate

-100 -50 O 50 100 150 200 250 300

% change, on fibers vs. on flat

Figure 2. Energy metabolites in Huh7 cells cultured on the fibers vs. on a flat surface: 3 key
metabolites in glycolysis and 3 key metabolites in the Kreb cycle were significantly decreased,
indicating lower energy metabolism. As a main discrepancy compared to in vivo, Huh7 exibits
extrelly elevated energy metabolism. Therefore, the suppressed energly metabolism on the
fiborous ECM is more physiologically relevant. The glucose level is higher due to the reduced
glycolytic metabolisms. N=15, error bar=S.E.M.
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Figure 3. The bioavailability of most amino acids is higher in Huh7 cells on the fibers compared
to on a flat surface, except for spermine, methionine, proline, creatine, and creatinine. Tryptophan
shows a >200% increase. Studies prove that tryptophan is less abudent in Huh7 cells due to the
over expression of Indoleamine 2, 3-Dioxygenase1. Our fibrous ECM makes intracellular
tryptophan level more physiologically relevant. N=15, error bar=S.E.M.
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Figure 4. The effects of the ECM fibers on cAMP. (A) Huh7 cells cultured on the ECM fibers show
significantly higher intracellular cAMP levels than those cultured on flat. N=6, error bar=S.E.M.,
*p<0.05. (B) The Western blot result of phosphorylated cAMP response element protein (CREP)
in Huh7 cells cultured on flat vs. on the fibers. (C) Quantitation of the Western blot bands.
Significantly more phosphorylated CREP was detected in cells on the fibers. N=8, **p<0.01.
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Figure 5. The effects of the ECM fibers on Huh7 cell morphology. (A) An SEM view of Huh7 cells
on the fibrous ECM. (B) Huh7 cells cultured on a flat stratum. (C) Huh7 cells form pseudopodia
structures to bind the fibers (arrows). (D) Cells on the 3D fibers are packed more tightly with
smaller intercellular gaps. N=25, error bar=S.E.M., **P<0.01. (E) Cells cultured on the fibers and
on flat have different sizes. Cells on the fibrous ECM are significantly larger. N=25, error
bar=S.E.M., **p<0.01.
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Figure 6. (A) Integrins on cell membrane can transduce ECM conditions to intracellular sygnaling.
It has proven that overexpression of integrins can supress cAMP and its effector PKA, which in
turn activates glycolytic enzymes and thus promotes glycolysis. Integrins overexpression can also
lead to actin polymerization, causing cell contractility and thus enlarged intercellular gaps and
shrank cell sizes. (B) A western-blot result of B-integrin1. Cells cultured on the flat stratum appears
to express more integrins. (C) Quantitation of western-blot results show that the fibrous ECM
significantly reduces the amount of integrins (N=7, *p<0.025).
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