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Resumo

A sindrome metabdlica, ou sindrome de resisténcia a insulina, afeta cerca de um quarto
da populacdo mundial. Trés tipos celulares estdo envolvidos no desenvolvimento desta doencga,
nomeadamente, adipocitos, miofibroblastos e hepatécitos. Assim, é crucial entender o papel da
interacdo entre estes tipos celulares neste contexto. A utilizacéo de dispositivos de microfluidica
apresenta diversas vantagens, incluindo a possibilidade de estudar a comunicac¢do entre varios
tipos de células. Neste sentido, este trabalho focou-se na adaptacao de células tipo-hepatécito
(HLCs), derivadas de células estaminais mesenquimais da matriz do corddao umbilical (hnMSCs),
a estes dispositivos e na avaliagdo do metabolismo energético destas células.

Neste trabalho, conseguimos adaptar o processo de diferenciacdo hepatico ao
dispositivo de microfluidica e manter HLCs funcionais até duas semanas. Verificou-se ainda a
manutencédo das suas atividades de biotransformacéo de fase | e de fase Il, capacidade de
armazenamento de glicogénio, presenca de marcadores hepaticos (CK-18, ALB, HNF-4a, OATP-
C e MRP-2) e producéo de ureia e albumina, ao longo deste periodo. Além disto, as HLCs
apresentaram niveis de expressdo de genes envolvidos na glicélise/lipogénese (PDK4),
gluconeogénese (PEPCK e G6PASE), metabolismo de acidos gordos (PPARA) e de acidos
biliares (FXR e CYP7ALl) e biogénese mitocondrial (PGC-1A) com tendéncia semelhante a
observada a nivel fisiologico, em resposta a insulina e ao glucagon.

Concluindo, foi possivel adaptar e manter HLCs funcionais num dispositivo de
microfluidica, mantendo as suas caracteristicas ao longo do tempo em paralelo com a
capacidade de resposta a estimulos hormonais. Deste modo, é possivel futuramente utilizar

estas células em estudos de interacéo celular nestes dispositivos de microfluidica.

Palavras-chave: Células tipo-hepatdcito; Dispositivo de microfluidica; Insulina; Glucagon;

Sindrome metabdlico



Abstract

The metabolic syndrome, or insulin resistance syndrome, affects approximately one
quarter of the world population. Three cell types are involved in its pathophysiology: adipocytes,
myofibroblasts and hepatocytes. Therefore, it is crucial to understand the role of cell-to-cell
interactions in the development of this disease. The use of microfluidic devices has several
advantages including the possibility to study the communication between different cell types.
Thus, this work focused on the adaptation of hepatocyte-like cells (HLCs), derived from human
umbilical cord matrix-derived mesenchymal stem cells, to a microfluidic device, and to evaluate
HLCs energy metabolism.

Herein, we were able to adapt the hepatic differentiation procedure to the microfluidic
device and to maintain functional HLCs up to two weeks. Moreover, part of the hepatic
differentiation process was successfully adapted to the microfluidic device. Maintenance of phase
I and Il biotransformation activities, glycogen storage, presence of hepatic markers (CK-18, ALB,
HNF-4a, OATP-C and MRP2) and urea and albumin production were observed throughout this
period. Most importantly, HLCs expressed genes regarding glycolysis and lipogenesis (PDK4),
gluconeogenesis (PEPCK and G6PASE), fatty acid oxidation (PPARA), bile acid metabolism
(FXR and CYP7A1) and mitochondrial function and biogenesis (PGC-1A) with similar trend to that
observed in a physiologic context, in response to insulin and glucagon, and adapt their
metabolism to fasting.

To conclude, it was possible to obtain functional HLCs of human origin in a microfluidic
device that maintained its characteristics throughout culture time protocol. Moreover, the cells
were capable of responding to insulin and to glucagon and to adapt their metabolism to fasting,
setting up the roads for the possibility of using these cells to study cell-to-cell interactions in this

microfluidic device.

Keywords: Hepatocyte-like cells; Insulin; Glucagon; Microfluidic devices; Metabolic syndrome
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List of Figures

Figure 1 - Cell microenvironment in the liver. Hepatocytes can be in contact with sinusoids, uptaking or
secreting substances into the blood, or other hepatocytes through tight junctions, defining bile canaliculi
(from Bettinger C, Borenstein JT, Tao SL, 2013) 1.

Figure 2 - Overview of the fed/fasted states: the effect in hepatocytes metabolism. The fed state is
characterized by insulin release from the pancreatic 8 cells and glucose uptake. Insulin induces anabolic
reactions such as glycogenesis, protein synthesis and fatty acid synthesis. It also induces glycolysis for
basal energy expenditures. In the opposite state, the fasted state, glucagon is released by pancreatic a cells
and catabolic reactions are induced: glycogenolysis, gluconeogenesis and 8 oxidation, in order to produce
energy. Bile acids are synthesized because a lower amount reaches the liver, through the portal vein, in the
fasted state.

Figure 3 - Glucose Metabolism Pathways. Gluconeogenic pathways are marked in blue, and the pentose
phosphate pathway is marked in orange. Insulin inhibits G6Pase, PEPCK and PDKs.

Abbreviations: GCK (glucokinase); G6Pase (glucose-6-phosphatase); G6P (glucose 6-phosphate); G1P
(glucose 1-phosphate); GP (glycogen phosphorylase); GS (glycogen synthase); PFK (6- phosphofructo-1
kinase); FBPase (fructose 1,6 bisphosphatase); F-1,6-P (fructose 1,6-biphosphatase); GAP (glyceraldehyde
3-phosphate); DHAP (dihydroxyacetone phosphate); L-PK (liver pyruvate kinase); PC (pyruvate
carboxylase); PDC (pyruvate dehydrogenase complex); PDKs (pyruvate dehydrogenase kinases); (adapted
from L. Rui 2014) 2,

Figure 4 - Lipogenic Pathway. Insulin stimulates the synthesis of TAG and fatty acids.

Abbreviations: GCK (glucokinase); G6P (glucose 6-phosphate); F6P (fructose-6-phosphate); L-PK (liver
pyruvate kinase); PC (pyruvate carboxylase); PDC (mitochondrial pyruvate dehydrogenase complex);
NADPH (nicotinamide adenine dinucleotide phosphate); ACL (ATP-citrate lyase); ACC (acetyl-CoA
carboxylase); FAS (fatty acid synthase); Elovls (fatty acyl-CoA elongases); LCFAs (long-chain fatty acids);
SCDs (stearoyl-CoA desaturases); TAG (triacylglycerol); (from L. Rui, 2014) 2.

Figure 5 — Mitochondrial and peroxisomal B oxidation pathways. Fatty acid oxidation is induced in the
fasted state. The end products are acyl-CoA and acetyl-CoA.

Abbreviations: ATP (adenosine triphosphate); AMP (adenosine monophosphate); PPi (inorganic
pyrophosphate); FAD (flavin adenine dinucleotide); FADH2 (FAD reduced form); NAD* (nicotinamide
adenine dinucleotide; NADH (reduced form of nicotinamide adenine dinucleotide); SCPX (sterol carrier
protein x); (from Reddy et al, 2001) 35,

Figure 6 - Roles of FXR and CYP7A1 during fasting and refeeding. In the postprandial state, bile acids
are released from gallbladder into the gut to facilitate lipid absorption. Carbohydrates, such as glucose, and
bile acids are reabsorbed and reach hepatocytes, through the portal vein. When bile acids enter hepatocytes,
FXR is activated to inhibit their synthesis by repressing CYP7A.

Abbreviations: FXR (farnesoid X receptor); BAs (bile acids); SHP (small heterodimer partner); CYP7A
(cholesterol 7a-hydroxylase); Ac-CoA (acetyl-CoA); FFAs (free fatty acids); VLDL (very low density proteins);
LPK (L-pyruvate kinase); SREBP (sterol regulatory element-binding protein); ACC (acetyl-CoA carboxylase);
FAS (fatty acid synthase); FGF (fibroblast growth factor); (from Lefebvre et al, 2009) #2.

Figure 7 - Hepatocyte Differentiation Protocol. This protocol consists in three steps: endoderm
commitment/foregut  induction, hepatoblast and liver bud formation and hepatoblast
differentiation/hepatocyte maturation.

Abbreviations: BM (basal medium); FBS (fetal bovine serum); EGF (epidermal growth factor); FGF (fibroblast
growth factor); HGF (hepatocyte growth factor); ITS (insulin-transferrin-selenium); DMSO (dimethyl
sulfoxide); OSM (oncostatin M); BSA (bovine serum albumin); DO — D34 (day 0-34 of the differentiation
protocol).

Figure 8 - Insulin and glucagon stimuli protocol. In the insulin stimuli, a 2-hour exposure to SM was
performed followed by an 8h-incubation with 80 nM of insulin in SM. Negative control was performed in
parallel in which cells were maintained in SM. In the glucagon stimuli, an 8-hour exposure to 100 nM of
glucagon in SM was performed. Negative control was performed in parallel in which cells were maintained
in SM.

Abbreviations: SM (starvation medium).

Figure 9 - Microfluidic Device Diagram (from Xona Microfluidics) 1°°. This microfluidic device is
composed of two channels, allowing the communication between two wells, each. Microgrooves connect the
two channels.

Figure 10 - HLCs' morphology in 2D static culture: a) HLCs in MM at D27; b) HLCs in DM at D27; c)
HLCs in MM at D34; d) HLCs in DM at D34. White arrows indicate binucleated cell and black arrows
indicate lipid droplets. Scale bar = 100 pm.



Figure 11 - PAS staining of HLCs at D27 and D34, maintained in MM and DM revealed glycogen
storage ability throughout culture time. The controls used were hnMSCs, rpHep and HLCs cultured in
DM at D34 incubated with amylase. rpHep was used as a positive control. Scale bar = 100 um.
Abbreviations: hnMSCs (undifferentiated human neonatal mesenchymal stem cells); rpHep (rat primary
hepatocytes); MM (maintenance medium); DM (differentiation medium); D27, D34 (day 27, day 34 of the
differentiation protocol)

Figure 12 - Immunocytochemical staining revealed the presence of specific hepatic markers: HNF-
4a, ALB, OATP-C, MRP2 and CK-18 in HLCs maintained in both media, at D27 and D34. Cell nuclei
were counterstained with DAPI. Scale bar = 50 pm.

Abbreviations: MM (maintenance medium); DM (differentiation medium); D27, D34 (day 27, day 34 of the
differentiation protocol); HNF-4a (hepatocyte nuclear factor-4a); ALB (albumin); OATP-C (organic anion-
transporting polypeptide-C); MRP2 (multidrug resistance protein 2); CK-18 (cytokeratin-18).

Figure 13 - Effect of culture time and medium composition on Phase | and Il activities: a) EROD, b)
ECOD and c) UGT activities. Data is represented as Average + SEM (n=2-4). Undifferentiated hnMSCs
and HepG2 cell line, rpHeps and cryopreserved hpHep are negative and positive controls, respectively
(white bars). *, **, *** Significantly differs among the controls with p < 0.05, p < 0.01 and p < 0.001,
respectively.

Abbreviations: rpHep (rat primary hepatocytes); hpHep (human primary hepatocytes); hnMSC
(undifferentiated human neonatal mesenchymal stem cells); MM (maintenance medium); DM (differentiation
medium); D27, D34 (day 27, day 34 of the differentiation protocol); EROD (7-ethoxyresorufin-O-deethylase);
ECOD (7-ethoxycoumarin-O-deethylase); UGTs (uridine 5’-diphosphate glucuronosyltransferases).

Figure 14 - Genes used for energy metabolism study divided by metabolic pathways: glycolysis and
lipogenesis, gluconeogenesis, fatty acid metabolism, bile acid metabolism and mitochondrial
biogenesis and function.

Abbreviations: PDK4 (pyruvate dehydrogenase kinase 4); SREBP-1C (Sterol regulatory element-binding
protein 1-c); CHREBP (Carbohydrate response element binding protein); GLUT1 (glucose transporter 1);
PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-phosphatase); PPARA (peroxisome
proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1);
FXR (farnesoid X receptor); CYP7Al (cytochrome P450 enzyme cholesterol 7a-hydroxylase); PGC-1A
(peroxisome proliferator y-activated receptor coactivator 1-a); PGC-1B (Peroxisome proliferator y-activated
receptor coactivator 1-8); ERRA (Estrogen-related receptor a); NRF1 (nuclear respiratory factor 1); CYTC
(cytochrome C).

Figure 15 — Gene expression in HLCs throughout culture time in MM and DM regarding a) glycolysis
and lipogenesis; b) gluconeogenesis; c) fatty acid metabolism; d) bile acid metabolism and e)
mitochondrial biogenesis and function. The graphs represent HLCs' evolution in MM and DM relative to
8h-fasting at D34. Data is represented as Average + SEM (n=2-6). *, **, *** Sjgnificantly differs from the
different media composition and the days of differentiation with p < 0.05, p <0.01 and p < 0.001, respectively.
Abbreviations: D27 (day 27 of the differentiation protocol); D34 (day 34 of the differentiation protocol), MM
(maintenance medium), DM (differentiation medium); PDK4 (pyruvate dehydrogenase kinase 4);
GLUT1/SLC2A1 (glucose transporter 1/solute carrier family 2 member 1); PEPCK (phosphoenolpyruvate
carboxylase); G6PASE (glucose-6-phosphatase); PPARA (peroxisome proliferator-activated receptor a);
CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor);
CYP7AL (cytochrome P450 enzyme cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-
activated receptor coactivator 1-a); PGC-1B (peroxisome proliferator y-activated receptor coactivator 1-8);
ERRA (estrogen-related receptor a); NRF1 (nuclear respiratory factor 1); CYTC (cytochrome C).

Figure 16 — HLCs’ adaptive response to fasting at D34. Gene expression of specific genes of a)
glycolysis and lipogenesis, b) gluconeogenesis, c) fatty acid metabolism, d) bile acid metabolism
and e) mitochondrial biogenesis and function. The graphs represent the fold induction of HLCs in
response to 8h- and 10-fasting relative to MM. Grid lines represent fold induction equal to 0.8 and 1.2. Data
is represented as Average + SEM (n=2-6). *, **, *** Significantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, # ## Sjgnificantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: PDK4 (pyruvate dehydrogenase kinase 4); SREBP-1C (sterol regulatory element-binding
protein 1-c); CHREBP1 (carbohydrate response element binding protein); GLUT1/SLC2A1 (glucose
transporter 1/solute carrier family 2 member 1); PEPCK (phosphoenolpyruvate carboxylase); G6PASE
(glucose-6-phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine
palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7A1 (cytochrome
P450 enzyme cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor
coactivator 1-a); PGC-1B (Peroxisome proliferator y-activated receptor coactivator 1-B); ERRA (estrogen-
related receptor a); NRF1 (nuclear respiratory factor 1); CYTC (cytochrome C).

Figure 17 — Gene expression in HLCs in response to insulin and glucagon regarding a) glycolysis
and lipogenesis and b) gluconeogenesis. Grid lines represent fold induction equal to 0.8 and 1.2. Data is
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represented as Average + SEM (n=2-6). *, **, *** Sjgnificantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, #. ## Gjgnificantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: HLCs (hepatocyte-like cells); hpHep (human cryopreserved hepatocytes); PDK4 (pyruvate
dehydrogenase kinase 4); SREBP-1C (sterol regulatory element-binding protein 1-c); CHREBP1
(carbohydrate response element binding protein); GLUT1/SLC2A1 (glucose transporter 1/solute carrier
family 2 member 1); GLUT2/SLC2A2 (glucose transporter 2/solute carrier family 2 member 2); PEPCK
(phosphoenolpyruvate carboxylase); GGPASE (glucose-6-phosphatase).

Figure 18 — Gene expression in HLCs in response to insulin and glucagon regarding a) fatty acid
metabolism, b) bile acid metabolism and c) mitochondrial biogenesis and function. Grid lines
represent fold induction equal to 0.8 and 1.2. *, ** *** Sjgnificantly differs from the different media
composition and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, ## ##
Significantly induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.
Abbreviations: HLCs (hepatocyte-like cells); hHeps (human cryopreserved hepatocytes), PPARA
(peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-
CoA oxidase 1); FXR (farnesoid X receptor); CYP7A1l (cytochrome P450 enzyme cholesterol 7a-
hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a); PGC-1B (peroxisome
proliferator y-activated receptor coactivator 1-8); ERRA (estrogen-related receptor a); NRF1 (nuclear
respiratory factor 1); CYTC (cytochrome C).

Figure 19 — HLCs morphology at D17 and the change from a fibroblast-like shape to a polygonal
shape throughout the day of inoculation, in the microfluidic device: a) HLCs before trypsinization
(scale bar =500 um); b) HLCs 20 minutes after device inoculation (scale bar = 500 um); ¢) HLCs 1 hour
after device inoculation (scale bar = 500 um); d) HLCs 2 hours after device inoculation (scale bar = 100

pm).

Figure 20 - HLCs' morphology throughout culture time in the MD: a) HLCs at D27 in MM (scale bar =
500 pm); b) HLCs at D27 in DM (scale bar = 100 um); ¢) HLCs at D34 in MM (scale bar = 100 um); d)
HLCs at D34 in DM (scale bar = 100 pm).

Figure 21 - Effect of culture time on a) urea and b) albumin production HLCs cultured in MM and DM
at D27 and D34. Data is represented as Average + SEM (n=4-5). Undifferentiated hnMSCs and HepG2 cell
line, rpHeps and hpHeps are negative and positive controls, respectively (white bars). *, **, *** Significantly
differs among the controls with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: rpHep (rat primary hepatocytes), hpHep (human primary hepatocytes) and hnMSC
(undifferentiated human neonatal mesenchymal stem cells), MM (maintenance medium), DM (differentiation
medium); D27 (day 27 of the differentiation protocol); D34 (day 34 of the differentiation protocol).

Figure 22 - Evolution in gene expression of HLCs in the microfluidic device and in plates throughout
culture time, in a) MM and b) DM. The graphs represent the fold induction regarding gene expression of
HLCs in MM and DM at D34 relative to D27. Grid lines represent fold induction equal to 0.8 and 1.2. Data is
represented as Average = SEM (n=2-4). *, ** *** Sjgnificantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, # ## Significantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7ALl (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).

Figure 23 - Comparison of microfluidic devices relative to plates in a) MM and b) DM, in both days.
The graphs represent the fold induction of HLCs cultured in MD relative to plates. Grid lines represent fold
induction equal to 0.8 and 1.2. Data is represented as Average + SEM (n=2-4). *, **, *** Sjgnificantly differs
from the different media composition and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001,
respectively. #, # ## Significantly induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001,
respectively.

Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7ALl (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).

Figure 24 - Gene expression levels in HLCs cultured in the microfluidic device or in 2D static cultures
in a) D27 and b) D34. Fold induction of gene expression in HLCs cultured in MM relative to HLCs cultured
in DM. Grid lines represent fold induction equal to 0.8 and 1.2. Data is represented as Average + SEM (n=2-
4). *, ** *** Gignificantly differs from the different media composition and the days of differentiation with p <
0.05, p < 0.01 and p < 0.001, respectively. # # ## Significantly induced or repressed expression with p <
0.05, p < 0.01 and p < 0.001, respectively.
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Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7A1l (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).
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List of Abbreviations

2D Two-dimensional cell culture

4-MU 4-methylumbeliferone

5-AZA 5-azacytidine

a-MEM Minimum essential medium Eagle with alfa modification
ABC Adenosine triphosphate-binding cassete

ACC Acetyl-CoA carboxylase

ACOX1 Acyl-CoA oxidase 1
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l. Introduction

[. 1. Liver Function and Structure

Liver is an important organ that regulates the metabolism of the whole body and
homeostasis. It is located under the lower ribs, in the right-hand side and weights between 1.2
and 1.6 kg *. Upon food digestion in the gastrointestinal tract, glucose, amino acids and fatty acids
are absorbed into the bloodstream and through the portal vein circulation system, before reaching
the liver 2. The hepatic artery provides nutrients and oxygen while the portal vein carries
substances absorbed by the small intestines. Liver functions include the uptake of nutrients and
storage of important molecules, such as glycogen and glucose. The liver is also involved in
processes of biotransformation and excretion, through bile secretion, granting its protection role
against exogenous and potentially toxic substances 2. It synthesizes urea as a mean of ammonia
detoxification 4 and protein synthesis, such as albumin and coagulant proteins.

The human liver is arranged in 4 lobules composed of 60 % of hepatocytes (parenchymal
cells), which represent approximately 80 % of the total liver mass 5. The non-parenchymal cells
(40 %) consist of sinusoidal endothelial cells (form the lining of the blood vessels), a population
of macrophages termed Kupffer cells, Ito or stellate cells (fat storing cells), biliary epithelial cells
and immune cells, such as lymphocytes and leukocytes ©. The hepatic acinus is the liver structure
of 1-2 mm in length 7, defined as the population of hepatocytes supplied by one portal triad, i.e.,
a microcirculatory functional unit influenced by the flow of blood from the microcirculation (Figure
1) to the central vein 7.

\_/ NI
—p
—> Liver sinusoid
—> Diffusive
Endothelial barrier transport
= & ) =

Parallel sinusoid

Figure 1 - Cell microenvironment in the liver. Hepatocytes can be in contact with sinusoids, uptaking or
secreting substances into the blood, or other hepatocytes through tight junctions, defining bile canaliculi
(from Bettinger C, Borenstein JT, Tao SL, 2013) .



Hepatocytes are epithelial cells organized into plates that are separated by sinusoids
(vascular channels) 5. Between hepatocytes and endothelial cells is the space of Disse. The blood
from the portal vein and hepatic artery mixes together and its subsequent capillaries flows through
the space of Disse, where hepatocytes are exposed and are able to extract toxins and nutrients.
Ito cells can also be found in the space of Disse. These cells are responsible for the production
of collagen. Finally, Kupffer cells are liver macrophages found within the liver sinusoid 5. These
cells can convert heme into bilirubin 89,

Mature hepatocytes have a polygonal shape and can be binucleated 1°. They have a
polarized organization, forming a cell layer that separates sinusoidal blood from the canalicular
bile 11, therefore they contact with two flow systems involving i) uptake, processing and secretion
of blood components and ii) synthesis and secretion of bile 2. Hepatocyte functions such as
transformation of carbohydrates; protein, bile salts, phospholipids and cholesterol synthesis;
biomolecules storage; modification and excretion of exogenous and endogenous substances

make them the most relevant cells for hepatic in vitro studies.

I. 1. 1. Biotransformation

In drug development the liver is one of the key organs to be considered since it is highly
exposed to xenobiotics due to entrance of compounds directly to portal circulation, contributing
to the first pass effect. This effect avoids the systemic exposure to high concentration of
xenobiotics, protecting the whole body from potential toxic effects. Most of oral drugs are poorly
hydrosoluble to facilitate its absorption. However, in order to be excreted, molecules need to be
converted into more hydrophilic species, through a biotransformation process. Thus, hepatocytes
present important mechanisms for molecules’ biotransformation into metabolites and its
elimination. Although more abundant in the liver, biotransformation is a ubiquitously process. It is
divided in three different phases. Phase | reactions include oxidation, reduction or hydrolysis
resulting in an increase of compound polarity. Most phase | reactions are catalysed by cytochrome
P450 (CYP450) enzymes. Phase Il reactions allow to conjugate polar compounds to water-
soluble groups. These conjugation reactions are mainly performed by uridine 5’-diphosphate-
glucuronosyltransferases (UGTs), sulfotransferases (SULTs) and glutathione transferases
(GSTs). These derivatives can then be excreted through kidney or bile. Phase Il reactions involve
active membrane transporters. These transporters can be of two types, namely influx and efflux.
Influx transporters are responsible for the uptake of molecules into hepatocytes and are located
on sinusoidal/basolateral membrane, comprising OATPs (organic anion-transporting
polypeptides particularly important for drug transport), OATs (organic anion transporters) and
OCT (organic cation transporters); and efflux transporters relevant for bile secretion, located on
canalicular/apical membranes, including members of adenosine triphosphate-binding cassete
(ABC), such as multidrug resistance proteins 3. Liver also regulates glucose homeostasis and
there are two important glucose transporters expressed in this organ. GLUT1, in hepatocytes
proximal to the hepatic venule, and GLUT2, in hepatocytes’ sinusoidal membrane 3. GLUT1 is

expressed in all mammalian cells and is responsible for basal glucose uptake, in the fed state 4.



GLUT2 has a higher Km and is expressed in hepatocytes, promoting glucose efflux, following
gluconeogenesis, in fasted state '3 4, Hepatocyte-specific deletion of GLUT2 blocks glucose
uptake but does not affect glucose release in the fed state, suggesting that it can be released
through other transporters, such as GLUT1 2.

Thus, a hepatic in vitro model which is competent regarding biotransformation allows to

assess therapeutic and toxic profile of a drug candidate.

I. 1. 2. Metabolic Homeostasis

There are several gene pathways regulating the metabolic homeostasis of our body,
which are activated or inhibited according to the levels of glucose in the blood that, in a physiologic
context, are kept between 4 and 7 mM 15, Glucose control is crucial since it is the “fuel” for all
organs, especially the brain where prolonged hypoglycaemia can cause acute brain damage. On
the other hand, hyperglycaemia is a serious consequence of diabetes and the hyperosmolar
hyperglycaemic state can be fatal due to electrolyte imbalance and dehydration 15.

Within the human body, glucose concentration is regulated mainly by two pancreatic
hormones, insulin and glucagon, with antagonist effects. Insulin is secreted by pancreatic 3 cells.
It is stored in secretory vesicles and is released, according to the intracellular adenosine
triphosphate/ adenosine diphosphate (ATP/ADP) ratio that is related to the glucose availability in
pancreatic B cells, particularly elevated after feeding. On the other hand, when glucose levels are
low, glucagon, which is processed in pancreatic a-cells, and glucocorticoids are released.
Glucose is both a substrate and an end product for cells. Therefore, two opposite states need to

be considered: high glucose (fed state) and low glucose (fasting or starvation) 5 (Figure 2).
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Figure 2 - Overview of the fed/fasted states: the effect in hepatocytes metabolism. The fed state is
characterized by insulin release from the pancreatic  cells and glucose uptake. Insulin induces anabolic
reactions such as glycogenesis, protein synthesis and fatty acid synthesis. It also induces glycolysis for
basal energy expenditures. In the opposite state, the fasted state, glucagon is released by pancreatic a cells
and catabolic reactions are induced: glycogenolysis, gluconeogenesis and 8 oxidation, in order to produce
energy. Bile acids are synthesized because a lower amount reaches the liver, through the portal vein, in the
fasted state.

In the fed state, nutrients absorbed into the bloodstream (glucose, fatty acids and amino

acids) reach the liver through the portal vein. Glucose is converted into pyruvate, through

3



glycolysis, in the cytoplasm, being oxidized, through the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation in the mitochondria, to produce ATP. If energy is not needed, glucose
is stored as glycogen or converted into fatty acids and amino acids in the liver. Hepatocytes
generate triacylglycerol (TAG) through free fatty acid esterification. TAG is then stored in lipid
droplets or secreted as very low density lipoproteins (VLDL), into circulation. Amino acids are
used to synthesize proteins, glucose or other biomolecules 2. These functions are controlled by
insulin, which stimulates the uptake of glucose by peripheral tissues, causing a quick removal of
glucose from blood. It induces energy storage and anabolic reactions, namely glycogen synthesis
(glycogenesis) in liver and muscle, and fatty acid synthesis in liver and adipose tissue, in the fed
state 15 Insulin also stimulates glycolysis and in the liver, insulin blocks glycogenolysis
(hydrolization of glycogen to generate glucose) and gluconeogenesis 16,

In the fasted state, fuel substrates are released into the circulation, from the liver, to be
metabolized, in peripheral tissues, according to the body’s needs. Glucagon release provokes a
rise in intracellular cyclic adenosine monophosphate (cAMP), in the liver. Liver provides glucose
when nutrients are scarce and the alteration of CAMP levels is the main mechanism by which liver
releases glucose in the blood, through the induction of gluconeogenesis and glycogenolysis 7. 8
oxidation of fatty acids is unable to produce gluconeogenic substrates. However, it produces ATP,
which is necessary for gluconeogenesis. Protein degradation occurs during prolonged starvation,

releasing amino acids, which can serve as gluconeogenic substrates 2.

I. 1. 2. 1. Glucose Metabolism - Glycolysis and Gluconeogenesis

Liver selects metabolic fuels (glucose or fatty acids) according to nutrient availability and
hormonal signalling.

Glucose enters hepatocytes, via GLUT2 and is phosphorylated by glucokinase (GCK),
generating glucose-6-phosphate (G6P). G6P can be used as a precursor for glycogen synthesis,
can be metabolized to pyruvate through glycolysis and then enter the TCA cycle to be completely
oxidized to generate ATP or it can generate nicotinamide adenine dinucleotide phosphate
(NADPH) via the pentose phosphate pathway, required for lipogenesis and biosynthesis of other
molecules. In the fasted state, G6P in the endoplasmic reticulum is dephosphorylated by glucose
6-phosphatase (G6Pase), releasing glucose 2.

Glycolysis is mainly controlled by the kinases GCK, 6-phosphofruto-1 kinase (PFK), liver
pyruvate kinase (L-PK) and pyruvate dehydrogenase kinases (PDKs) (Figure 3). These enzymes
present low levels of activity in the fasted state, increasing in the postprandial state. Insulin and
carbohydrates, in the fed state, stimulate the kinase activity of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (PFK-2/FBP-2), inducing the glycolytic pathway 2. However, insulin
suppresses PDK4, which is a negative regulator of the mitochondrial pyruvate dehydrogenase
complex (PDC), by phosphorylation, thus increasing pyruvate consumption and glycolysis 18. In
fact, fasted PDK4 knockout mice present hypoglycaemia, since PDC activity is increased and
pyruvate enters TCA cycle for complete oxidation, thus not being available as a gluconeogenic

substrate 19,
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Figure 3 - Glucose Metabolism Pathways. Gluconeogenic pathways are marked in blue, and the pentose
phosphate pathway is marked in orange. Insulin inhibits G6Pase, PEPCK and PDKs.

Abbreviations: GCK (glucokinase); G6Pase (glucose-6-phosphatase); G6P (glucose 6-phosphate); G1P
(glucose 1-phosphate); GP (glycogen phosphorylase); GS (glycogen synthase); PFK (6- phosphofructo-1
kinase); FBPase (fructose 1,6 bisphosphatase); F-1,6-P (fructose 1,6-biphosphatase); GAP (glyceraldehyde
3-phosphate); DHAP (dihydroxyacetone phosphate); L-PK (liver pyruvate kinase); PC (pyruvate
carboxylase); PDC (pyruvate dehydrogenase complex); PDKs (pyruvate dehydrogenase kinases); (adapted
from L. Rui 2014) 2.

In short periods of fasting, liver uses glycogenolysis to produce and release glucose. In
contrast, during longer periods, after glycogen being depleted, hepatocytes synthesize glucose
through gluconeogenesis, using lactate, pyruvate, glycerol and amino acids. Prolonged periods
of fasting increase cAMP levels in liver 20, cAMP response element-binding protein (CREB), a
gluconeogenic transcription factor, is activated by protein kinase A (PKA)-mediated
phosphorylation, inducing the expression of G6PASE, cytoplasmic phosphoenolpyruvate
carboxylase (PEPCK) and peroxisome proliferator y-activated receptor coactivator 1-a (PGC-1A)
2. Herein, hepatocytes use other sources for gluconeogenesis, e.g. lactate, which can be
generated in the liver or delivered from extrahepatic tissues through circulation. Lactate is
oxidized to generate pyruvate by lactate dehydrogenase. Afterwards, in the mitochondria,
pyruvate is converted to oxaloacetate by pyruvate carboxylase. PEPCK converts cytoplasmic

oxaloacetate to phosphoenolpyruvate, which is a key step in gluconeogenesis (Figure 3). Mice



with liver-specific deletion of PEPCK are unable to produce glucose via gluconeogenesis from
lactate and amino acids, leading to accumulation of TCA cycle intermediates and hepatic
steatosis 21, which demonstrates the role of PEPCK in maintaining equilibrium in fuel substrates.
Phosphoenolpyruvate ultimately is converted to fructose-6-phosphate (F6P). F6P generates G6P,
which is transported into the endoplasmic reticulum and dephosphorylated by G6Pase to
generate glucose (Figure 3). Specific deletion of G6Pase in mice leads to hepatomegaly with
glycogen accumulation and steatosis 22, showing the importance of G6Pase in the conversion of
glycogen into glucose. PGC-1a was shown to be elevated in the fasted state and in disease
models of diabetes and insulin resistance 23, stimulating gluconeogenesis by coactivating
hepatocyte nuclear factor 4a (HNF-4a) 2. This is an interesting fact since it correlates a tissue
that is highly enriched in HNF-4a with the primarily place where gluconeogenesis takes place, the
liver. Insulin release in response to increasing glucose levels, phosphorylates Akt (or Protein
kinase B), stimulates the phosphorylation of PGC-1a and decreases the ability of PGC-1a to

activate gluconeogenic genes 24,

I. 1. 2. 2. Fatty Acid Metabolism — Lipogenesis and Fatty Acid Oxidation

In the fed state, when carbohydrates are abundant, glucose is used as the main metabolic
fuel whereas the liver uses it to synthesize fatty acids. Carbohydrates provided in meals drive
lipogenesis (Figure 4). Pyruvate is the link between glycolysis and lipogenesis, providing a carbon
source. Pyruvate can be originated from glucose through glycolysis, converted back
to carbohydrates via gluconeogenesis, or to fatty acids through a reaction with acetyl-CoA
(lipogenesis). In the mitochondria, pyruvate generates acetyl-coA and oxaloacetate and when
these molecules react with each other citrate is formed and is exported to cytoplasm. Citrate is
then split into oxaloacetate and acetyl-CoA, being the last carboxylated to form malonyl-CoA.
Both malonyl-CoA and NADPH, obtained from the conversion of malate (after reduction of
oxaloacetate) into pyruvate by malic enzyme, are precursors of palmitic acid. This is elongated
by fatty acyl-CoA elongases, generating long-chain fatty acids (LCFAs — with more than 16-
carbon-chain). LCFAs can then produce TAG or unsaturated fatty acids 2.

Fatty acids can also be obtained from the bloodstream, after nutrient absorption or after
being released from adipose tissue. Fatty acids are either esterified with glycerol 3-phosphate,
generating TAG or, with cholesterol, producing cholesterol esters. These products can be stored
in hepatocytes as lipid droplets or released as VLDL into circulation. Fatty acids are also used for

phospholipids synthesis that contribute to cell membranes composition 2.
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Abbreviations: GCK (glucokinase); G6P (glucose 6-phosphate); F6P (fructose-6-phosphate); L-PK (liver
pyruvate kinase); PC (pyruvate carboxylase); PDC (mitochondrial pyruvate dehydrogenase complex);
NADPH (nicotinamide adenine dinucleotide phosphate); ACL (ATP-citrate lyase); ACC (acetyl-CoA
carboxylase); FAS (fatty acid synthase); Elovls (fatty acyl-CoA elongases); LCFAs (long-chain fatty acids);
SCDs (stearoyl-CoA desaturases); TAG (triacylglycerol); (from L. Rui, 2014) 2,

Transcriptional factors and coregulators of glycolytic and lipogenic genes are important
for the control of these pathways. Carbohydrate response element binding protein (ChREBP)
stimulates the expression of lipogenic genes (e.g. malic enzyme) 25. An isoform of the sterol
regulatory element-binding protein (SREBP) family of transcription factors, SREBP-1c, is
responsible for the insulin-dependent increase in gene expression of lipogenic enzymes required
for fatty acid and triglyceride synthesis 25,

In the fed state, insulin stimulates i) hepatic lipogenesis, inducing SREBP-1c 26 and ii)
glycolysis, thus providing lipogenic precursors. Insulin induces PGC-1a phosphorylation by Akt,
impairing the ability of PGC-1a to stimulate B oxidation 2.

On the other hand, B oxidation is induced in the fasted state, which provides energy for
hepatocytes and ketone bodies, serving as substrates to be metabolized in peripheral tissues.
Glucagon interacts with peroxisome proliferator-activated receptor a (PPARa) 27, the main
regulator of 3 oxidation and promotes it both in mitochondria and peroxisomes (Figure 5). In fact,
deletion of PPARa in mice showed a massive lipid accumulation in the liver, hypothermia,
hypoglycaemia and elevated plasma levels of free fatty acid 28, impairing fatty acid oxidation.
PGC-1a is also a coactivator of PPARa 2°. B oxidation takes place in the mitochondria, thus
LCFAs must be translocated from cytoplasm. This transport is mediated by carnitine
palmitoyltransferase 1 (CPT1), which is inhibited by malonyl-CoA 2, a rate-limiting step in this
pathway.



Nevertheless, PGC-1B is reported to have opposite effects. Some authors state that it is
another PPARa coactivator and its liver-specific overexpression increases the expression of 8
oxidative genes 3° while other authors observed that the expression PGC-1B in the liver induces
hepatic lipogenesis, increasing TAG synthesis and VLDL secretion 32, In fact, whole-body ablation
of PGC-1B in mice resulted in impaired mitochondrial function and hepatic steatosis 32. Acyl-CoA
oxidase (ACOX) is a rate-limiting enzyme of 3 oxidation in peroxisomes, being targeted by PPARa

33, ACOX null mice result in hepatic steatosis 4.
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Figure 5 — Mitochondrial and peroxisomal B oxidation pathways. Fatty acid oxidation is induced in the
fasted state. The end products are acyl-CoA and acetyl-CoA.

Abbreviations: ATP (adenosine triphosphate); AMP (adenosine monophosphate); PPi (inorganic
pyrophosphate); FAD (flavin adenine dinucleotide); FADH2 (FAD reduced form); NAD* (nicotinamide
adenine dinucleotide; NADH (reduced form of nicotinamide adenine dinucleotide); SCPx (sterol carrier
protein x); (from Reddy et al, 2001) 35,

I. 1. 2. 3. Bile Acid Metabolism

Bile acids regulate cholesterol homeostasis and contribute to the digestion and lipid
absorption. Cholesterol is an essential component of membranes and a precursor for steroids
and bile acid synthesis whose uptake is performed in the intestine through lipoprotein particles,
designated as chylomicrons. Such particles consist of triglycerides, phospholipids, cholesterol
and proteins. After the delivery of TAG to peripheral tissues, the cholesterol remnants of
chylomicrons reach the liver where they are used for bile acid synthesis or incorporated in VLDL,
which are redirected to blood circulation. When cholesterol is in excess, its conversion into bile
acids is increased to allow its elimination (in the faeces). An important part of the bile acids
pathway is the enterohepatic cycle, which consists on its secretion into the gut, followed by

reabsorption in the small intestine and redelivery to the liver, avoiding the loss of these energy-



costly molecules, cholesterol and bile acid derivatives. 90 % of bile acids are reabsorbed in the
intestine and return to the liver. Therefore, in the fed state, high amounts of bile acids reach the
liver through the portal vein. Upon starvation, there is a decrease in the levels of circulating bile
acids 3. On the other hand, when there is cholesterol demand, de novo synthesis occurs in liver
and intestine 5.

The synthesis of bile acids consists in a series of enzymatic reactions which take place
in the liver and contribute to the conversion of the hydrophobic cholesterol to a more water-soluble
molecule. The first and rate-limiting step in the bile synthesis pathway is that catalysed by the
cytochrome P450 enzyme cholesterol 7a-hydroxylase (CYP7A) 37. The size of the bile acid pool
is controlled tightly, in a feedback system 37. Farnesoid X receptor (FXR) senses bhile acids and it
responds by inhibiting its synthesis 1°, since its accumulation beyond a certain level becomes
cytotoxic 37. FXR downregulates a CYP7A isoform, CYP7A1, limiting liver bile acid accumulation
37_

In rat hepatocytes, insulin was shown to negatively regulate FXR gene expression 3. On
CYP7AL, insulin was shown to have a dual effect. Physiological insulin concentrations rapidly
induce CYP7AL expression while prolonged insulin treatment represses it °. However, there is
no consensus regarding bile acids regulation by PGC-1a. There are reports that FXR is induced
by PGC-1a 4041 and the latter is elevated in fasting conditions, stimulating gluconeogenesis.
Therefore, CYP7AL expression is decreased due to inhibition by FXR. On the other hand, some
authors claim that PGC-1a interacts with CYP7A1 promoter 36, Thus, after prolonged fasting,
CYP7AL transcription increases and this may help to prepare the gastrointestinal tract for

absorption of fats in a future meal 6.
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Figure 6 - Roles of FXR and CYP7A1 during fasting and refeeding. In the postprandial state, bile acids
are released from gallbladder into the gut to facilitate lipid absorption. Carbohydrates, such as glucose, and
bile acids are reabsorbed and reach hepatocytes, through the portal vein. When bile acids enter hepatocytes,
FXR is activated to inhibit their synthesis by repressing CYP7A.

Abbreviations: FXR (farnesoid X receptor); BAs (bile acids); SHP (small heterodimer partner); CYP7A
(cholesterol 7a-hydroxylase); Ac-CoA (acetyl-CoA); FFAs (free fatty acids);VLDL (very low density proteins);
LPK (L-pyruvate kinase); SREBP (sterol regulatory element-binding protein); ACC (acetyl-CoA carboxylase);
FAS (fatty acid synthase); FGF (fibroblast growth factor); (from Lefebvre et al, 2009) 2.



l. 2. Metabolic Syndrome

The International Diabetes Federation estimates that a quarter of the adults worldwide
suffers from metabolic syndrome. This disease increases the heart attack risk by 2-fold with an
associating 3-fold higher mortality. It represents a higher risk of developing cardiovascular
diseases and the risk of developing type Il diabetes is five times higher in diseased people,
compared with healthy people 43.

The metabolic syndrome is a combination of obesity, dyslipidaemia (elevation of
triglycerides in plasma), insulin resistance and hypertension, which are interrelated 44. The main
mechanism of its pathophysiology is insulin resistance (metabolic syndrome is also known as
insulin resistance syndrome) where liver, skeletal muscle and adipose tissue cells become
progressively less sensitive to insulin. Ultimately, glucose absorption no longer occurs 4. The
cause for insulin resistance is an increase in circulating free fatty acids, released from an
expanded mass of adipose tissue. These free fatty acids decrease insulin-mediated glucose
uptake in muscle tissue, leading to a reduction in insulin sensitivity. Insulin resistance results in
hyperinsulinaemia, as a compensation mechanism for the defect in insulin action to maintain a
normal level of blood glucose, which is elevated since it is not removed by the cells. The lack of
insulin action causes failure to suppress gluconeogenesis in the liver and to mediate glucose
uptake in muscle and adipose tissue, causing glucose intolerance. The pancreatic B cells,
responsible for the production of insulin, become worn out. Once the pancreas reaches a state
where it can no longer produce enough insulin, high glucose levels are observed in the blood
(hyperglycaemic) and type Il diabetes is diagnosed. In the liver, free fatty acids increase the
production of TAG, glucose and secretion of VLDL 3. Since insulin, under a physiologic state,
should stimulate glycogen synthase in the fed state 2, in a pathologic situation, in the liver, glucose
conversion to glycogen is reduced and lipid accumulation through TAG is increased. In fact,
insulin has an antilipolytic function but when insulin resistance occurs, insulin can no longer act
as antilipolytic and there is an increased level of lipolysis of triacylglycerol in the adipose tissue,
producing even more fatty acids. This may create further lipolysis due to additional inhibition of
the antilipolytic effect of insulin. Therefore, hypertriglyceridemia is an important criterion for the
diagnosis of the metabolic syndrome since it reflects insulin resistance. Other characteristic
presented in the metabolic syndrome is dyslipidaemia 44, i.e., there is an increase in secretion of
VLDL into the systemic circulation due to increased free fatty acid flux to the liver. Hypertension
is another symptom in people with metabolic syndrome, since insulin is a vasodilator in people
with normal weight. It also affects the reabsorption of sodium in the kidneys. When insulin
resistance occurs, insulin loses its vasodilatory effects but the effect on renal reabsorption of
sodium continues. In addition, the increase of fatty acids in circulation can cause vasoconstriction,
all leading to hypertension 44.

Abdominal obesity and increased waist circumference are key causative factors of the
metabolic syndrome, according to the International Diabetes Federation 43. However, there are
also people with normal weight who can be metabolically obese, presenting increased amount of

visceral adipose tissue. This type of adipose tissue is related with a higher flux rate of fatty acids
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to the liver, through the splanchnic circulation, while abdominal fat is related with the release into

the systemic circulation of lipolysis products.

l. 3. Stem Cells

Stem cells are an important resource for biomedical applications due to their ability to
continuously self-renew in culture (maintaining its undifferentiated state), to differentiate into
distinct cell types, and to secrete several molecules such as immunomodulatory factors 4546,
These cells can be divided into embryonic, fetal, neonatal and adult, according to their origin.
Other possible categorization of stem cells is the division through their differentiation potential:
totipotent (can give rise to an entire organism), pluripotent (the epiblast which is capable of giving
rise to cells from the three germ layers, through gastrulation, such as mesoderm, endoderm and
ectoderm), multipotent (which can only differentiate into cells from a particular germ layer) and
unipotent cells (which can only differentiate into one cell type). Embryonic stem cells present a
pluripotent potential. However, the access to these cells poses ethical, technical and legal
concerns. More recently, Yamanaka et al 47 were able to generate induced pluripotent stem cells
(iPSCs), with a combination of four transcription factors: Oct3/4, Sox2, KlIf4 and c-Myc. iPSCs
may be derived from somatic tissues of patients and allows the use of human cells with the same
genetic makeup as the patients. However, the reprograming protocols still have very low yields
48, iPSCs also present safety issues regarding teratoma formation and genetic stability 4°.

An alternative source of stem cells is the umbilical cord. This source does not raise such
ethical issues, since after birth this tissue was discarded *°. It contains mesenchymal stem cells,
hematopoietic stem cells, which are more primitive than those found in bone marrow or in adipose

tissue 51,

l. 4. Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are a subset of multipotent stem cells that can be
isolated from fetal blood, liver and bone marrow %2, adult bone marrow 353, amniotic fluid and
placenta %4, adipose tissue 5%, peripheral blood 56, umbilical cord blood 57 and umbilical cord matrix
58, 59_

The International Society for Cellular Therapy defined the following parameters for the
characterization of MSCs: plastic-adherence when in culture; expression of CD105, CD73 and
CD90 surface markers and lack of the expression of CD45, CD34, CD14 or CD11b, CD79a or
CD19 and HLA-DR. Finally, since they are considered to be multipotent, they should be able to
differentiate into mesodermal lineages derivatives, such as adipocytes, chondrocytes and
osteoblasts ©°.

MSCs were firstly harvested from bone marrow (bmMSC) 6! which are the most well
studied source of MSCs. However, the harvesting constitutes an invasive procedure with low
yields. Neonatal tissues such as placenta and umbilical cord blood or matrix have awakened

interest due to its more primitive origin and non-invasive method of harvesting. Neonatal MSCs,
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in particular, present less of donor variability compared with other sources of MSCs due to donor
age, clinical history or lifestyle. By analysing MSC karyotype during the culture process, it was
concluded that MSCs maintained a normal karyotype, as oppose to embryonic stem cell lines,
which accumulated mutations 2. When comparing MSC recovery from umbilical cord blood with
umbilical cord matrix, results showed that the latter is a richer source of MSC, the isolation
efficiency is higher and the growth kinetics are higher as well, compared with bmMSCs €2,
Furthermore, the presence of early endodermal markers in MSCs derived from the
umbilical cord matrix such as GATA-4 and HNF-4a allows to hypothesize that these cells may
undergo endoderm-specific differentiation, possibly originating liver cells 62 and not only
adipocytes, chondrocytes and osteoblasts. Most importantly, transcription factors important for
the liver development (GATA-6, SOX9 and SOX17) and liver progenitor markers (DKK1, DPP4,
DSG2, CX43 and K19) were demonstrated to be higher expressed in this type of MSCs compared
with other MSC sources 58, These results provide evidence that human umbilical cord matrix could
be a promising MSC source to generate hepatocyte-like cells (HLCs) for in vitro applications, such
as disease modelling, drug screening, toxicological studies and, ultimately, regenerative medicine

applications.

l. 5. Deriving human hepatocyte-like cells (HLCs) from stem cells by

mimicking liver embryogenesis

There are several sources of hepatocytes that can be used in in vitro models, such as the
use of primary hepatocytes (either from human or animal sources), post-mortem tissues or
immortalized cell lines. The use of primary hepatocytes poses problems due to its availability and,
once in culture, there is a decrease in expansion capacity and rapid loss of functionality 6. On the
other hand, post-mortem tissues usually only represent the late-stage characteristics of pathology
progression. Animal models are also frequently used in studies but they fail to describe efficiently
the human body complexity and raise obvious ethical issues. Immortalized cell lines (e.g. HepG2)
have a great expansion capacity. However, these lines are derived from tumours and may contain
genetic and metabolic abnormalities. Thus, they do not represent accurately liver physiology.
These drawbacks demonstrate the need for reliable physiological hepatic models for biomedical
applications or pharmaceutical industry. Stem cells are a fundamental source for these purposes
due to its ability to self-renew and differentiate into mature cells .

Hepatocyte differentiation has been described from human bmMSCs 64 65, MSCs derived
from human adipose tissue % and MSCs derived from human umbilical cord matrix (hnMSCs) 7.
In vitro stem cell differentiation aims at mimicking embryonic organogenesis. Thus, liver
development can be divided into four stages: i) endoderm induction; ii) foregut and hepatic
competence induction; iii) hepatoblast and liver bud formation and iv) differentiation of hepatoblast
into hepatocyte. These steps involve the interaction of multiple signalling pathways and other
developing structures of the embryo. The differentiation protocols include mainly the addition of

cytokines and growth factors.
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During gastrulation, the definitive endoderm emerges as a sheet of cells from the anterior
end of the primitive streak. Endoderm forms the primitive gut which is subdivided into foregut,
midgut and hindgut 8. Liver originates from the ventral foregut endoderm ©°,

Nodal is an important signalling pathway for the pattern formation and differentiation
processes during gastrulation, stimulating the expression of a group of endoderm transcription
factors (e.g. SOX17 and Foxal-3), in a concentration-dependent manner where high doses of
Nodal induce endoderm 7°. Endoderm starts to acquire the shape of a gut tube epithelium,
surrounded by mesoderm. This new structure is further patterned into foregut, midgut and hindgut.
Foregut is a precursor of the liver and expresses the transcription factor Hhex 8. In vitro, this
phase is mimicked by exposure to fibroblast growth factor (FGF) and epidermal growth factor
(EGF), which induce Hhex gene expression 7272, Regarding Wnt/B3-catenin signalling, the correct
temporal sequence is essential for liver development. During gastrula, low levels of B-catenin are
observed in the anterior endoderm and are important to maintain foregut identity. However, later
in development, Wnt and FGF signalling promote hepatic development, having the opposite effect
73, The developing heart and septum transversum mesenchyme (STM) release FGF and bone
morphogenic protein (BMP) respectively, inducing hepatic fate in the ventral foregut endoderm
7475 The first sign of the embryonic liver is the hepatic diverticulum. After hepatic fate commitment
by FGF and BMP signals, hepatoblasts begin to express liver markers (Hhex, GATA-4 and GATA-
6) and there is a transition in the hepatic epithelium from a columnar to a pseudostratified
epithelium, promoted by the homeobox gene Hhex 76. The hepatic epithelium is surrounded by a
laminin rich basement membrane and endothelial precursors, embedded in the STM. At this point,
basal lamina breaks down. Hepatoblasts form the liver bud, invading the STM 8. Liver bud then
becomes the major fetal hematopoietic organ since it is vascularized and colonized by
hematopoietic cells, inducing a period of fast tissue growth. Liver genes, such as HNF-4A,
albumin (ALB), cytokeratin19 (CK-19) and a-fetoprotein (AFP) are expressed shortly after hepatic
specification 8. STM and hepatic mesenchyme promote hepatoblast proliferation and survival
through secretion of FGF, BMP, retinoic acid and hepatocyte growth factor (HGF) 7%77-79_ In order
to promote in vitro hepatoblast formation, HGF combined with insulin-transferrin-selenium (ITS),
nicotinamide and dexamethasone are added to cell culture medium since they are liver-specific
factors reported to act synergistically .

Hepatoblasts are bipotent cells. They can either differentiate into hepatocytes or into
biliary epithelial cells. These cells express genes associated with both adult hepatocytes (HNF-
4A, ALB, and cytokeratin-18, CK-18) and biliary epithelial cells (CK-19). Hepatoblasts in contact
with the portal vein increase CK-19 expression while those which are not in contact with portal
veins differentiate into mature hepatocytes . Hematopoietic cells in liver, during mid-gestation
produce a cytokine called oncostatin M (OSM), which promotes hepatocyte differentiation. OSM
also induces the expression of G6PASE and glycogen accumulation 8. HGF, which originally
appeared in serum of partially hepatectomized rats, was shown to stimulate proliferation of adult
hepatocytes, being an important factor for liver regeneration 8. OSM and HGF, along with

dexamethasone and Wnt, promote the expression of ALB and HNF-4A 88, |t was shown that
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dexamethasone induces hepatocyte maturation, suppressing growth while HGF and EGF are
associated with cells at the intermediate hepatoblast phase. Dexamethasone, in the absence of
HGF and EGF, induces exclusively hepatocyte maturation 82,

The use of epigenetic modifiers combined with growth factors has also been attempted
in differentiation protocols. Epigenetic modifiers produce changes in genome function without
changing the DNA sequence. In the differentiation protocol used in this work two epigenetic
modifiers have been used: dimethyl sulfoxide (DMSO) and 5-azacytidine (5-AZA). DMSO
[(CH3)2S0] is an amphipatic molecule with two apolar domains and one polar domain, being
soluble in both agueous and organic media 8. DMSO was previously shown to induce hepatic
differentiation of mesenchymal stem cells and fetal liver stem/progenitor cells 88, The
mechanism by which it induces hepatic differentiation is not fully understood but some authors
associate it to histone hyperacetylation-inducing effects 8 which facilitates DNA transcription 28,
Chetty et al studied DMSO in order to improve pluripotent stem cell differentiation . It was shown
that DMSO, by activating a regulator of the G1 phase of the cell cycle, the retinoblastoma protein,
increases the competency of pluripotent stem cells to respond to differentiation signals, across all
germ layers 8. G1 phase has been associated with a differentiated status . 5-AZA is a cytidine
analogue which inhibits DNA methylation and has also been reported to induce hepatic
differentiation from mesenchymal stem cells 91 92, |t is a potent inhibitor of DNA-cytosine
methyltransferases 9. The inhibition of DNA methylation increases the expression of genes in a
selective environment, which is the combination of small molecules used in the differentiation
medium. 5-AZA was the first hypomethylating compound to be approved by the U.S. Food and
Drug Administration to treat myelodysplastic syndrome. Cells must be in a proliferative in order to

allow this cytidine analogue to be incorporated into the DNA %4,

l. 6. Microfluidic Devices

The use of MSCs-derived HLCs is an important breakthrough for liver studies, since, it
does not involve the use of immortalized cell lines or animal models. Thus, it contributes to create
models that resemble human biology more closely and that better predict the efficacy and safety
of new drugs. Ultimately it contributes for implementing the principle of the 3R’s: methods that
replace the use of animal models (replacement); methods that minimise the number of animals
used in an experiment (reduction); and methods that improve animal welfare (refinement) %.

Two-dimensional (2D) models were already proven to fail to predict living tissue
behaviours because they do not mimic in vivo cellular organization, do not involve interaction with
other cell types and do not present media flows as what happens in vivo 8%. Microfluidic devices
are now being used for in vitro applications due to its low reactant consumption, the possibility of
modelling important aspects of microenvironment, such as creating dynamic flows and, according
to its design, it can add an extra level of physiologic complexity, e.g. by allowing co-culture of
different types of cells. These devices are a possibility to overcome the limitations of current
methods, introducing the organ-on-a-chip concept. It combines biology and engineering to

improve control over experimental conditions thus exploring techniques to control substrate
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feature size, shape and topography on the same scale (um or nm) that cells experience within
our body %7. Microfluidics, due to ability to create flows, can be especially useful when studying
pharmacokinetics and pharmacodynamics. Pharmacokinetics (PK) refers to the movement of a
drug within the body overtime, involving absorption, distribution, metabolism and excretion
(ADME) 8. A reported physiologically based pharmacokinetic model has separate compartments,
representing different organs, connected by blood circulation. This will allow to predict the
concentration profile of a drug and its metabolites %. Pharmacodynamics (PD) is related to how
the body processes the drug 1%. It can predict the pharmacological effect of a drug at the target
site %°. A microfluidic device combining PK and PD was created, by Sung JH et al, representing
liver (using HepG2), marrow and tumour %,

Hepatocytes are mostly considered for in vitro drug toxicity testing and disease modelling.
Together with the possibility of creating dynamic interactions between compounds and
hepatocytes and between hepatocytes and other types of cells, brought by the use of microfluidic
devices, the necessary characteristics for a relevant in vitro model are created. Microfluidic
devices can provide a dynamic medium flow similar to blood circulation. There are reports of a
microfluidic design which allows the culture of primary human and rat hepatocytes, mimicking
mass transport features of the human liver sinusoid 1°1; a microfluidic culture system which can
predict hepatic clearance (a relevant pharmacokinetic parameter to be considered in drug
discovery) 192 a microfluidic device which allows to study interactions between hepatocytes
receiving or not receiving HGF (important for liver injury studies, immunology and developmental
biology) 1°3; drug-metabolism studies using a microfluidic hepatic co-culture platform 1%4; and
modelling of nonalcoholic fatty liver disease in a microfluidic device 1%5. Regarding multiple cellular
interactions, there are microfluidic devices designed for culturing different cell types, creating the
called multi-organ-chip 19, TissUse is a German company that developed a platform allowing
different cell types to be in contact through media flow 107, Maschmeyer et al 106108 developed
multi-organ-chips that included liver (using HepaRG cell line), intestine, skin and kidney
equivalents 196108 mainly created to assess systemic toxicity of drugs. These devices contain a
support with temperature control and micro-pumps, which provides a pulsatile fluid flow. However,
these complex features require expertise while working and make them expensive. Nevertheless,
the main advantages of using a microfluidic culture system is the possibility of creating medium
flow, becoming closer to the in vivo conditions, and the bigger control of cell disposition and
architecture. Therefore, these culture systems would be an interesting approach to study cell-to-
cell interactions that can be regulated by secreting cellular factors or direct contact. Besides, cell—-
cell interaction within same or different cell types is another essential part of microenvironment
making these devices important candidates for studying the metabolic syndrome where the
interaction between liver cells, adipocytes and myofibroblasts is essential.

The microfluidic device herein adopted was the Xona Microfluidics Standard Neuron
Device, mainly used in neuroscience field, allowing the fluidic isolation of axons and dendrites 199,
Despite not having pumps for a more controlled fluid flow, these devices are rather simple to use

and can be adapted to other cell types. Herein, we adapted the HLCs differentiation process and
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culturing to this device in order to enable further tests with one of the other cell lines involved in
the metabolic syndrome. In fact, in the future, with some modifications, these platforms will

possibly allow the culture of different cell types, in the context of the metabolic syndrome.

[. 7. Motivation and Aims

The metabolic syndrome is a combination of risk factors, such as dyslipidaemia, insulin
resistance and hypertension, commonly associated with type Il diabetes, which increase the
probability of having cardiovascular problems 43 110, Therefore, the economic burden caused by
these health problems needs to be considered specially, because there is a prediction that the
incidence of diabetes will double by 2025, along with the cardiovascular-related illness 43. In 2003,
it was estimated that for the 25 European Union countries the total direct health care costs of
diabetes in people between 20 and 79 years old represented 7.2 % of the total healthcare
expenditures for these countries (64,9 thousand millions international dollars) 43.

Metabolic syndrome’s pathophysiology involves the interaction of different organs,
namely, liver, adipose tissue and skeletal muscle. The novelty brought by the microfluidic devices
is that it allows to study interactions between different cell types with control of fluid flow, similar
to the blood 1. These characteristics allow in vitro studies to better mimic what happens in vivo.
In the context of the metabolic syndrome, the possibility of studying crosstalk between cells is of
particular interest, namely crosstalk between hepatocytes and the other two cell types. The
increased release of free fatty acids from an expanded mass of adipose tissue induces insulin
resistance, causing the glucose homeostasis dysregulation 43. The lack of insulin sensitivity in the
liver fails to suppress gluconeogenesis, increasing glucose production; reduces glycogen
synthesis and increases the production of TAG and VLDL secretion 43. Therefore, to fully
understand the mechanisms underlying metabolic syndrome, hepatocytes have a relevant role
and studying its behaviour is of utmost importance.

Regarding hepatic in vitro studies, the maintenance of primary hepatocytes in culture is
difficult due to its phenotypic instability over culture time; whereas the availability of human
samples is scarce 6. To overcome these limitations, cell lines may be an alternative, since they
are highly available and present a stable phenotype 6. However, most hepatocyte cell lines may
contain genetic abnormalities are derived from tumours and do not present the same drug-
metabolizing characteristics of human hepatocytes ¢. Therefore, there is still the demand for
functional hepatocyte sources of human origin. HLCs, derived from stem cells, can be an
alternative. hnMSCs represent an ethically acceptable, widely available and safe source,
compared to embryonic stem cells 454662, Furthermore, there are reports showing that MSCs
derived from the umbilical cord present early endoderm markers and that they express
transcription factors related to liver development and liver progenitor markers 5983,

Based on such information, the major objective of this thesis was to adapt HLCs derived
from hnMSCs to a microfluidic device that would enable the in vitro study of the metabolic
syndrome. Traditionally, hepatocytes’ culture medium has high concentrations of dexamethasone

and insulin, which are necessary to induce a more mature phenotype 8. However, these interfere
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with glucose homeostasis 112, Additionally, the collagen coating used in the differentiation process
is of a gel type 8, which may present drawbacks such as the formation of clots of micrometres’
order within the channels of the microfluidic device. In this context, we firstly adapted the HLCs
to both a new medium with lower concentrations of dexamethasone and insulin and to a new
collagen coating.

Secondly, since insulin and glucagon control blood glucose levels and the energy
metabolism of hepatocytes, we studied HLCs’ response to the stimuli of these two hormones,
through gene expression. In addition, HLCs’ adaption to fasting was also studied. Lastly, we
aimed to maintain HLCs in this microfluidic device up to two weeks to demonstrate whether these
could be used in this type of cell culture for further studies regarding the metabolic syndrome.

In sum, the specific questions addressed in this thesis were:

1. Do HLCs in a thin collagen coating and cultured in a medium with lower concentration of
insulin and dexamethasone maintain their biotransformation activity, the presence of
hepatic markers, glycogen storage, urea and albumin production throughout culture time?

2. Are HLCs able to respond to insulin and glucagon stimuli and fasting, altering their energy
metabolism accordingly?

3. Can we maintain HLCs in microfluidic devices over a reasonable culture time, allowing
the development of an alternative in vitro HLC-based culture model for further

mechanistic studies?
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[I. Materials and Methods

Il. 1. Reagents

Cell culture supplements were purchased from Lonza, unless otherwise stated. Trypsin-
EDTA, fetal bovine serum (FBS), insulin-transferrin-selenium solution (ITS), non-essential amino
acids supplement (NEAA), rat-tail type | collagen and human insulin were purchased from
Gibco®/Life Technologies. 7- ethoxyresorufin and 7-ethoxycoumarin were purchase from Alfa
Aesar. Hepatocyte growth factor (HGF), fibroblast growth factors (FGF-2 and FGF-4) and
oncostatin-M (OSM) were purchased from Peprotech. Finally, Iscove's modified Dulbecco's
medium (IMDM), alpha modified Eagle's medium (a-MEM), epidermal growth factor (EGF),
dexamethasone, DMSO, nicotinamide, 5-AZA, trypan blue, periodic acid, Schiff's reagent,
Mayer’s hematoxylin, amylase, Hank’s balanced salt solution (HBSS), 4-methylumbelliferone (4-
MU), B-glucuronidase/arylsulfatase, resorufin, amphotericin B and glucagon were acquired from
Sigma-Aldrich®.

[l. 2. Cell Culture

hnMSCs were isolated as described by Miranda et al 45> and Santos et al 46 and expanded
as undifferentiated cells in a-MEM supplemented with 10 % of FBS (growing medium). Briefly,
cell expansion consisted on passages every 2-3 days, when a 70-80 % confluence was reached.
HepG2 cells (purchased from ATCC (HB-8065; American Type Culture Collection (ATCC) were
cultured in a-MEM supplemented with 10 % FBS, 1 mM of sodium pyruvate and 1 % NEAA.
Cryopreserved human primary hepatocytes (hpHeps; pool of 10 donors) were purchased from
Invitrogen™ (Carlsbad, CA, USA; HEP10, A12176), thawed on cryopreserved hepatocyte
recovery medium (CHRM; CM7000, Invitrogen™) and manipulated according to manufacturer
instructions. Rat primary hepatocytes (rpHeps) were isolated from Wistar rats 3- to 6-month old,
weighting 200 to 400 g, obtained from Charles River Laboratories and cultured according to
Miranda et al 113, Prior to each experiment, the animals were kept in a separate cage for at least
24 hours, with ad libitum access to food and water. All applicable institutional and governmental
regulations concerning the ethical use of animals were followed, according to the European
guidelines for the protection of animals used for scientific purposes (European Union Directive
2010/63/EU) and the Portuguese Law n°® 113/2013. Cell cultures of hnMSCs, HepG2, hpHeps
and freshly isolated rpHeps were maintained at 37 °C in a humidified atmosphere with 5 % CO2

in air. Cell viability was assessed through trypan blue exclusion method.

ll. 3. Collagen Coating

Rat-tail collagen and commercial rat-tail collagen were used in this work. The protocol for
rat-tail extraction was based on Rajan et al 114, Briefly, rat-tails were washed twice in 70 % ethanol
prior to skin removal using surgical material. Tendon fibres were pulled out, separated from bone

and cartilaginous tissue and suspended in PBS. Fibres were then washed three times and
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immersed for 1 hour in 70 % EtOH before being transferred into 0.1 % acetic acid and stirred
during 48 hours at 4 °C, for fibre acid digestion. The solution was centrifuged at 16000xg for 90
minutes at 4°C. The supernatant was collected, lyophilized and the resultant solid stored at -80°
C until further use.

The extracted rat-tail collagen was dissolved in 0.1 % acetic acid to a stock concentration
of 1 mg/mL. The stock solution was diluted in PBS to 0.2 mg/mL in a volume that assures total
culture surface coverage. After 1-hour incubation at 37 °C, cell culture surfaces were washed with
PBS before inoculation. The differentiation process occurred using this collagen coating until day
17 and onwards for energy metabolism studies in well plates.

Coating with commercial type | collagen was used for the microfluidic device and in
parallel for the cover glasses (VWR®) in 24-well plates. Commercial collagen at a stock
concentration of 3 mg/mL was diluted in 0.1 % acetic acid to a final concentration of 0.2 mg/mL.
This collagen was used from day 17 onwards. Coating was performed with three overnights to
guarantee the formation of a collagen film throughout the culture surface. Collagen was allowed
to polymerize each overnight. The device and the well plates were washed three times with PBS
and before inoculation, the microfluidic device was washed three times with warmed IMDM and

was left at the incubator for medium equilibration.

Il. 5. Hepatocyte Differentiation Protocol

The differentiation protocol was performed as described in Cipriano et al 869, hnMSCs
were seeded at a density of 1.5x10* cells/cm? in plates coated with rat-tail collagen, reaching a
cell confluency of 90 % within 24 hours after inoculation. A three-step differentiation protocol
(Figure 7) was applied using IMDM with 1 % penicillin-streptomycin-amphotericin B (P/S/A) as
basal medium (BM). Briefly, the first step consisted in a 48-hour incubation of BM with 2 % FBS,
10 ng/mL of EGF and 4 ng/mL of FGF-2, for endoderm commitment and foregut induction. In the
second step, cells were maintained for 10 days in BM supplemented with 10 ng/mL of FGF-4, 4
ng/mL of FGF-2, 20 ng/mL of HGF, 1 % ITS and 0.61 g/L of nicotinamide, to induce hepatoblast
and liver bud formation. At day 10 of differentiation (D10), 1 % DMSO was added. In the third
step, at D13, BM was supplemented with 8 ng/mL of OSM, 1 uM of dexamethasone, 1 % DMSO
and 1 % ITS, defined as differentiation medium (DM). At D17, as a proliferative step, cells were
trypsinized, re-inoculated and maintained in this culture medium supplemented with 20 uM of 5-
AZA. At D21, cells could be maintained in DM or changed to maintenance medium (MM), which
was BM supplemented with 8 ng/mL of OSM, 100 nM of dexamethasone, 1 % DMSO, 1 nM of
insulin and 0.2 % bovine serum albumin (BSA). The concentrations of dexamethasone, insulin

and BSA used in MM were based on Estal et al 15, HLCs culture was maintained up to D34.
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Figure 7 - Hepatocyte Differentiation Protocol. This protocol consisted in three steps: endoderm
commitment/foregut  induction, hepatoblast and liver bud formation and hepatoblast
differentiation/hepatocyte maturation.

Abbreviations: BM (basal medium); FBS (fetal bovine serum); EGF (epidermal growth factor); FGF (fibroblast
growth factor); HGF (hepatocyte growth factor); ITS (insulin-transferrin-selenium); DMSO (dimethyl
sulfoxide); OSM (oncostatin M); BSA (bovine serum albumin); DO — D34 (day 0-34 of the differentiation
protocol).

ll. 6. HLCs Response to Insulin/Glucagon Stimuli

The hormone stimuli assays were performed at D34, as described on Figure 8. Before
the insulin stimuli, cells culture medium was changed from MM to starvation medium (SM: DMEM,
1 % P/S, 4 mM of glutamine, 1 % DMSO, 8 ng/mL of OSM and 0.2 % BSA), for an incubation

period of 2 hours, to enhance the response to insulin incubation, as described in Correia et al 116,
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Figure 8 - Insulin and glucagon stimuli protocol. In the insulin stimuli, a 2-hour exposure to SM was
performed followed by an 8h-incubation with 80 nM of insulin in SM. Negative control was performed in
parallel in which cells were maintained in SM. In the glucagon stimuli, an 8-hour exposure to 100 nM of
glucagon in SM was performed. Negative control was performed in parallel in which cells were maintained
in SM.

Abbreviations: SM (starvation medium).

ll. 7. Microfluidic Device Set-up

Il. 7. 1. Set-up

The device herein used was the Xona Microfluidics Standard Neuron Device (SND150)
with a 150 ym microgroove barrier. The device is made of polydimethylsiloxane (PDMS) and has
four wells and two channels connected by microgrooves, as presented on Figure 9. The wells are
8 mm in diameter. The main channel is 7 mm long. The smaller channels (connecting the wells

to the main channel) are 2.07 mm long. All the channels are 100 pm in height and 1.5 mm wide.

Top Left
Well

Figure 9 - Microfluidic Device Diagram (from Xona Microfluidics) 1°°. This microfluidic device is
composed of two channels, allowing the communication between two wells, each. Microgrooves connect the
two channels.

The cover glasses (VWR®) used for plasma bonding were firstly submitted to a cleaning
procedure consisting on sonication in a water bath for 30 minutes, being rinsed in distilled water,
followed by rinsing in 70 % ethanol and three times rinsing in distilled water. As a sterilization
procedure, the cover glasses were allowed to dry in a laminar flow hood cabinet, under ultraviolet

(UV) light exposure. The next step was to place both the microfluidic device and the cover glass
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into a Plasma Cleaner (Harrick Plasma) for plasma bonding procedure, for about 1 minute, at 300
mTorr. The channels were filled with 70 % ethanol until the microfluidic device was used. A
cleaned glass slide was placed on top of the chambers to avoid liquid evaporation. The devices
were stored at 4 °© C, up to 5 months. Before use, the microfluidic channels were washed with

water to remove the ethanol.

[I. 7. 2. HLCs inoculation

At D17 of differentiation, a suspension containing 7.5x10* cells was centrifuged, at 200xg
for 5 minutes, and resuspended in 10 yuL of DM containing 20 % FBS, in order to inoculate one
microfluidic channel. After 1 hour, when most of the cells were adherent, 100 pL of the same DM
was added to each one of the four wells to allow further cell adhesion. Up to 1 hour later, 200 pL
of DM without FBS containing 20 uM 5-AZA, as a proliferative step, was added to each one of

the wells. In parallel, 24-well plates were inoculated at a seeding density of 30 000 cells/cm?.

ll. 8. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Total RNA was isolated from samples with 0.15-1.0 million of cells using Trizol® (Life
Technologies) according to manufacturer instructions and quantified by measuring absorbance
at 260 nm using LVis Plate mode (SPECTROstar Omega, BMG Labtech, Ortengerg, Germany).
260/280 nm and 230/280 nm ratios were used as purity measurements for protein and solvent
presence, respectively, considering ratios between 1.8-2.2.

cDNA was synthesized from 0.5-1 pyg RNA using NZY First-Strand cDNA Synthesis kit
(NZYTech) according to the manufacturer instructions. Quantitative real time PCR was performed
using PowerUp™ SYBR® Green Master Mix (Life Technologies) which was prepared for a final
reaction volume of 15 pL, using 2 pL of template cDNA and 0.333 yM of forward and reverse
primers (Table A in chapter VI). Annexes presents the specific primers used in this work. The
reaction was performed on 7300 Real-Time PCR System (Applied Biosystems® Life
Technologies) consisting of a denaturation step at 95 °C for 10 minutes, 40 cycles of denaturation
at 95 °C for 15 seconds, annealing at 60 °C for 1 minute and extension at 72 °C for 30 seconds.
A dissociation stage was added to determine the melting temperature (Tm) of a single nucleic
acid target sequence as a quality and specificity measure. The comparative Ct method (2-24Ct)

was used to quantify gene expression, which was normalized to a reference gene (B-actin).

Il. 9. Histology
[I. 9. 1. Periodic Acid Schiff's (PAS) Staining

Cultured cells were washed with PBS and fixed with 4 % paraformaldehyde (PFA; Sigma-
Aldrich®) in PBS at room temperature (RT), for 15 minutes. One sample was incubated with
amylase for 15 minutes at 37 °C allowing to distinguish between positive and unspecific staining
since it digests glycogen. Cell surface was oxidized with 1 % Periodic Acid (Sigma-Aldrich®) in
water for 10 minutes. A washing step with distilled water for 5 minutes was followed by incubation

with Schiff's reagent for 15 minutes. Cells were washed again and counterstained with Mayers’
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hematoxylin (Sigma-Aldrich®). The wells were rinsed with distilled water and were observed under

light microscope (Olympus CK30 inverted microscope).

[I. 9. 2. Immunocytochemistry

For immunocytochemistry staining adherent cells were, firstly, washed with PBS and fixed
with 4 % PFA and 4 % sucrose in PBS, at RT, for 15 minutes. The next step was permeabilization
with 0.3 % Triton-100 in PBS, for 15 minutes at RT. Afterwards, blocking buffer containing 2.5 %
BSA, 2 % FBS in PBS was applied for 30 minutes at RT. Incubation with primary antibody was
carried out at 4°C overnight. The following primary antibodies were used: CK-18 (mouse
monoclonal IgG; Santa Cruz Biotechnology®), organic anion-transporting polypeptide-C (OATP-
C; mouse monoclonal IgG; Santa Cruz Biotechnology®), multidrug resistance protein-2 (MRP-2;
rabbit policlonal 1gG; Santa Cruz Biotechnology®), ALB (rabbit polyclonal 1gG; Santa Cruz
Biotechnology®) and HNF-4a (mouse monoclonal IgG; Perseus Proteomics Inc.). 1h-incubation
with secondary antibody was performed at RT. All antibodies were diluted in blocking buffer. The
final step was to apply DAPI (Sigma-Aldrich®) and aqua-poly/mount coverslipping medium
(Polysciences). The coverslides were observed on an inverted fluorescence microscope (Axiovert
200M, Carl Zeiss) coupled with a monochrome camera (AxioCam MNC, Carl Zeiss). Sample
fluorescence was examined in fluorescence at excitation/emission wavelengths of 590/617 nm
(goat anti-rabbit Alexa Fluor 594; Life Technologies), 495/519 nm (donkey anti-mouse Alexa Fluor
488; Life Technologies) and 358/461 (DAPI). Images were acquired using AxioVision Rel. 4.7

software.

[I. 10. Urea and Albumin Quantification

Urea and albumin were quantified in cell culture supernatants using a colorimetric urea
kit (QuantiChrom™ Urea Assay Kit, BioAssay Systems) and ELISA commercial kit (ICL's Human
Albumin ELISA kit), respectively. The absorbance was measured at 520 nm for urea and 450 nm
for albumin ELISA in a microplate reader (SPECTROStar Omega, BMG Labtech), according to
manufacturer instructions. Data is presented as the rate of production: pg/10¢ cells.h (for urea)

and pg/108 cells.h (for albumin).

Il. 11. Biotransformation Activity

Phase | metabolism reactions were assessed by quantification of 7-ethoxyresorufin-O-
deethylase (EROD) and 7-ethoxycoumarin-O-deethylase (ECOD) activities. Phase Il metabolism
reactions were quantified by measuring UGTs activity.

EROD assay allows to assess human CYP1Al and CYP1A2 %7 activity. The protocol
herein used was adapted from Donato et al **® and consisted in a 90-minutes cell incubation with
IMDM containing 8 yM 7-ethoxyresorufin followed by a 2-hour enzymatic digestion with -
glucuronidase/arylsulfatase. The concentration of the product (7-hydroxyresorufin) was

measured at an excitation wavelength of 530 nm and an emission of 590 nm.
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ECOD activity reflects human CYP2B6, 1A2 and 2E1 activity 11711, The protocol consisted on a
90 minutes’ cell incubation with 0.8 mM 7-ethoxycoumarin diluted in IMDM. After 2-hour
enzymatic digestion with B-glucuronidase/arylsulfatase, liquid-liquid extractions, with chloroform
(collecting the organic phase) and a solution of 1.0 M NaCl and 0.1 M NaOH (collecting the
aqueous alkaline phase), the concentration of the product (7-hydroxycoumarin) was measured at
an excitation wavelength of 340 nm and an emission wavelength of 460 nm.

UGTs activity was determined by cell incubation with 4-methylumbelliferone (4-MU). The
substrate was quantified both before and after cell incubation, in order to evaluate the extent of
conversion. The protocol was based on Miranda et al. 119, Briefly, a 1-hour cell incubation with
100 uM 4-MU solution diluted in HBSS was performed. Afterwards, the supernatant was
transferred into a 96-well plate and 4 yL of NaOH at 0.1 M was added per well in order to achieve
pH =11. The fluorescence was measured at an excitation wavelength of 340 nm and an emission

wavelength of 460 nm.

[I. 12. Protein Quantification

Protein concentration was determined by measuring the absorbance at 280 nm, using
LVis plate mode (SPECTROstar Omega, BMG Labtech). Total protein was quantified after cell
lysis with 0.1 M NaOH solution at 37 °C overnight, stored at -20 °C for further analysis and used

to normalise urea and albumin quantification as well as biotransformation activity.

lI. 13. Statistical Analysis

The results are given as the Average + SEM. Statistical data analysis was performed
using PRISM 6.0 (GraphPad Software). The effects on biotransformation activity and the
response of HLCs’ regarding energy metabolism were evaluated by two-way ANOVA with Tukey’s
test in order to determine whether the biotransformation activity of each compound was
significantly altered by the medium composition over culture time, the effect of medium
composition, the effect of fasting and exposure to insulin and glucagon in gene expression and
to evaluate differences between groups and controls. p < 0.05 was considered statistically

significant.
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[1l. Results and Discussion

Metabolic syndrome is a disease commonly associated to type Il diabetes and to a higher
risk of developing heart problems “3. It depends on the interaction between different organs such
as adipose tissue, skeletal muscle, pancreas and liver. However, further understanding of the role
of each organ and the mechanisms leading to this disease is still necessary, namely that of the
liver. Human hepatocytes cannot be maintained in culture during a reasonable time in order to
allow long-term studies of cellular interaction €. Therefore, new hepatocyte models resembling the
human physiology are demanded for disease modelling and for the development of new potential
therapies. These models seek characteristics closer to the human physiology. Despite
immortalized cell lines and animal models being more available those are not the ideal models
for these studies. Differentiation protocols of stem cells are being developed and adopted by the
scientific community to overcome these drawbacks. Moreover, microfluidic devices can be
regarded as an alternative model since these systems allow the study of interactions between
different cell types and even the creation of organ-on-a-chip concept °7. In this study, we
attempted to culture HLCs derived from hnMSCs in a microfluidic device (Xona Microfluidics
Standard Neuron Device - SND150) and checked their competence for energy metabolism
studies.

lll. 1. HLCs could be adapted to commercial rat-tail type | collagen coated

surfaces

With the ultimate goal of adapting the cells to a microfluidic device, the surface coating
was firstly optimized. In vitro cultures of epithelial cells, such as hepatocytes, require specialized
coating of culture surface with extracellular matrix proteins, namely collagen, contributing to a
better attachment and maintenance of differentiated properties 120. Two types of collagen were
used throughout this work: rat-tail type | collagen and commercial type | collagen. Collagen
extracted from a rat tail at a laboratory scale does not present the same purity of a commercial
collagen submitted to purity controls at an industrial scale. Therefore, the use of commercial
collagen as a coating contributes to culture definition and to the development of standard in vitro
methods. The stock solution of rat-tail collagen and the commercial collagen were diluted in acetic
acid. The acid solution allows the fibres to be more flexible 120. However, at an acidic pH, collagen
fibres do not polymerize and this is the reason why acetic acid is used to store collagen, in a liquid
form. When pH is raised achieving a value close to the normal physiological level (in our
laboratory we used PBS, at pH = 7.45) a thick gel layer is formed 2. Our group has previously
optimized a differentiation protocol for deriving HLCs from hnMSCs and characterized them at
morphological, biochemical and biotransformation levels 8%, However, the collagen coating used
in that protocol was optimized using as coating 0.2 mg/mL of rat-tail collagen diluted in PBS. This
coating, although inducing a more polygonal shape in HLCs (data not shown), did not enable a
homogeneous cell inoculation in the microfluidic device, since the formed gel clogs the channels.

An initial step of coating optimization was performed, using cryopreserved HLCs, to assess which
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would be the better commercial collagen concentration. 0.1 mg/mL and 0.2 mg/mL were the
concentrations tested, diluted in PBS or 0.1 % acetic acid. HLCs seeded in 0.2 mg /mL of
commercial collagen diluted in acetic acid provided better morphology, maintaining its adherence
until D34 (data not shown). Therefore, this was the coating used in the microfluidic device and on

the maintenance of HLCs'.

[1l. 2. Different dexamethasone and insulin concentrations do not affect

HLCs’ biotransformation capacity

Our protocol for deriving and culturing HLCs from hnMSCs 869 consists in the use DM
(Figure 7) that contains high concentrations of dexamethasone (1 uM) and insulin (1.72 pM).
Indeed, as abovementioned, dexamethasone is a glucocorticoid that induces hepatocyte
maturation, namely phase | metabolic activity 1?1, However, glucocorticoids may cause insulin
resistance 112 and, therefore, interfere with cell energy metabolism. Being the liver an organ that
controls homeostasis, its cells present functions altered by the surrounding environment. Thus,
to further study the responses of HLCs in terms of energy metabolism, there was the need to
change the medium formulation to closer physiological concentrations by decreasing
dexamethasone and insulin concentrations to 100 nM and 1 nM, respectively, as described by
Estal et al in the culture of primary mouse hepatocytes 15, This medium formulation is referred
as MM (Figure 7). Pascussi et al demonstrated that this range of dexamethasone concentrations
were able to positively control the activation of two nuclear receptors, pregnane X receptor (PXR)
and the constitutive activated receptor (CAR) which in turn activated CYP3A4 transcription 122
yielding the basal expression of CYP3A4 in the absence of xenobiotic inducers, in both MM and
DM.

The influence of the alterations regarding media and collagen coating was evaluated on
HLCs’ morphology, glycogen storage ability, presence of hepatic markers and biotransformation
activity. These assays were performed in HLCs cultured in coated coverslips since HLCs in the
MD would also be in contact with a coated glass cover. D27 and D34 were chosen as time points
for these evaluations because D27 is considered to be the day at which the differentiation process
ends % whereas D34, on the other hand, represents maintenance of cells in culture for one week
long.

We observed that in both MM and DM conditions HLCs presented binucleated cells and
a polygonal shape (Figure 10) throughout time in culture, displayed glycogen storage ability
(Figure 11) and the presence of specific hepatic markers such as HNF-4a, ALB, the influx
transporter OATP-C, located on the sinusoidal membrane, the efflux transporter MRP-2, located
on the canalicular/apical membrane, and CK-18 (Figure 12), at D27 and D34, suggesting the

maintenance of hepatic phenotype in culture.
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Figure 10 - HLCs' morphology in 2D static culture: a) HLCs in MM at D27; b) HLCs in DM at D27; c)
HLCs in MM at D34; d) HLCs in DM at D34. White arrows indicate binucleated cell and black arrows indicate

lipid droplets. Scale bar = 100 um.
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Figure 11 - PAS staining of HLCs at D27 and D34, maintained in MM and DM revealed glycogen
storage ability throughout culture time. The controls used were hnMSCs, rpHep and HLCs cultured in
DM at D34 incubated with amylase. rpHep was used as a positive control. Scale bar = 100 um.
Abbreviations: hnMSCs (undifferentiated human neonatal mesenchymal stem cells); rpHep (rat primary
hepatocytes); MM (maintenance medium); DM (differentiation medium); D27, D34 (day 27, day 34 of the
differentiation protocol)
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D27

D34

Figure 12 - Immunocytochemical staining revealed the presence of specific hepatic markers in HLCs:
HNF-4a, ALB, OATP-C, MRP2 and CK-18 in HLCs maintained in both media, at D27 and D34. Cell
nuclei were counterstained with DAPI. Scale bar = 50 um.

Abbreviations: MM (maintenance medium); DM (differentiation medium); D27, D34 (day 27, day 34 of the
differentiation protocol); HNF-4a (hepatocyte nuclear factor-4a); ALB (albumin); OATP-C (organic anion-
transporting polypeptide-C); MRP2 (multidrug resistance protein 2); CK-18 (cytokeratin-18).

To assess the effect of the media culture condition on HLCs' biotransformation
competence, EROD, ECOD and UGTs activities were also tested. hnMSCs were used as a
negative control, in order to verify the maturation process of HLCs, while HepG2, rat primary
hepatocytes and human hepatocytes were used as positive controls, since these are the most
commonly used cell types for hepatic in vitro models.

Extended in vitro hepatocyte cultures are hampered by loss of CYP activity. Hence, phase
I and Il reactions were analysed at D27 and D34 of the differentiation protocol in both MM and
DM. EROD activity (Figure 13a), covering CYP1A1/2, showed a slight increase from D27 to D34,
in cells maintained in both MM and DM, although not significant (p > 0.05). When compared to
DM, HLCs in MM presented higher EROD activity in both days (non-significant). Dexamethasone
was shown to decrease CYP1AL1 activity in adult human hepatocytes 122 being in accordance with
our results that demonstrated higher EROD activity in HLCs cultured in lower dexamethasone
(MM) than in the DM formulation. In contrast to EROD activity, ECOD assay which covers
CYP2B6/1A2/2E1 activities showed a slight decrease in activity from D27 to D34 (non-significant)
in both media (Figure 13b). At D27, the activity was similar in HLCs in MM and in DM. At D34, the
activity was slightly higher in HLCs maintained in DM, that contains higher concentration of
dexamethasone (non-significant). Indeed, dexamethasone is a known inducer of CYP2B6 124 in
human hepatocytes, suggesting that the higher ECOD activity in DM may be related to the

presence of a higher concentration of this glucocorticoid.



Phase Il enzymes have important roles in the metabolism of xenobiotics 125. Therefore,
their activity was also studied in HLCs exposed to different concentrations of dexamethasone and
insulin. Herein, UGTs activity was evaluated since most phase Il reactions within the human body
are catalysed by these enzymes. Dexamethasone and insulin are known inducers of human
UGTs activity 1%6. UGTs activity in HLCs showed no significant differences when compared to
human hepatocytes (p > 0.05) in all tested conditions, being always higher than all other controls

(Figure 13c) confirming that HLCs maintained its competence throughout culture time under the
different culture media formulations.
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Figure 13 - Effect of culture time and medium composition on Phase | and |l activities: a) EROD, b)
ECOD and c¢) UGTs activity. Data is represented as Average + SEM (n=2-4). Undifferentiated hnMSCs and
HepG2 cell line, rpHeps and cryopreserved hpHep are negative and positive controls, respectively (white
bars). *, ** *** Sjgnificantly differs among the controls with p < 0.05, p < 0.01 and p < 0.001, respectively.
Abbreviations: rpHep (rat primary hepatocytes); hpHep (human primary hepatocytes); hnMSC
(undifferentiated human neonatal mesenchymal stem cells); MM (maintenance medium); DM (differentiation
medium); D27, D34 (day 27, day 34 of the differentiation protocol); EROD (7-ethoxyresorufin-O-deethylase);
ECOD (7-ethoxycoumarin-O-deethylase) ); UGTs (uridine 5’-diphosphate glucuronosyltransferases).

Overall, HLCs’ maintained a hepatic morphology, glycogen storage ability, presence of
hepatic markers and biotransformation activities, in DM and MM, not showing significant
differences. Based on this data, MM was used for further studies since the concentrations of
dexamethasone and insulin are closer to physiological levels and are less probable of interfere

with HLCs’ energy metabolism. In addition, commercial collagen revealed to be adequate in
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maintaining HLCs in culture and it was the coating used for all the studies performed in the

microfluidic device.

[1l. 3. Different dexamethasone and insulin concentrations induce altered
gene expression profiles in HLCs

Being the liver an organ that controls homeostasis its cells present functions altered by
the surrounding environment. Liver contributes to glucose homeostasis by providing glucose in
the fasted state and by storing it as glycogen, in the fed state. When glycogen storages are
saturated, the remaining glucose is stored as lipid droplets or secreted as VLDL 2. As previously
observed, HLCs showed formation lipid droplets (Figure 10) and glycogen storage ability (Figure
11). But to understand how HLCs regulate their energy metabolism, we studied the expression of
key genes involved in glycolysis and lipogenesis regulation, gluconeogenesis, lipolysis, fatty acids
metabolism, bile acids metabolism and mitochondrial function and biogenesis in HLCs cultured
in DM and MM, exposed to insulin and glucagon and in SM. The chosen genes are presented in
Figure 14.
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Lipogenesis g Metabolism

PDK4, SREBP-1C, PPARA, CPTIA,

CHREBP, GLUT1, PEPCK, G6PASE
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BSEP ERRA, NRF1, CYTC

Figure 14 - Genes used for energy metabolism study divided by metabolic pathways: glycolysis and
lipogenesis, gluconeogenesis, fatty acid metabolism, bile acid metabolism and mitochondrial
biogenesis and function.

Abbreviations: PDK4 (pyruvate dehydrogenase kinase 4); SREBP-1C (Sterol regulatory element-binding
protein 1-c); CHREBP (Carbohydrate response element binding protein); GLUT1 (glucose transporter 1);
PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-phosphatase); PPARA (peroxisome
proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1);
FXR (farnesoid X receptor); CYP7A1 (cytochrome P450 enzyme cholesterol 7a-hydroxylase); PGC-1A
(peroxisome proliferator y-activated receptor coactivator 1-a); PGC-1B (Peroxisome proliferator y-activated
receptor coactivator 1-8); ERRA (Estrogen-related receptor a); NRF1 (nuclear respiratory factor 1); CYTC
(cytochrome C).

DM and MM have both equal glucose concentrations (25 mM) but the ratios of insulin to
dexamethasone are 1.72 in DM and 0.01 in MM. Therefore, in DM the insulin effect may overlap
dexamethasone effect while the opposite happens in MM. Besides, the concentrations of
dexamethasone and insulin are also higher in DM. Antagonist effects of dexamethasone and

insulin incubation, together with other molecules, with rat hepatocytes in TAG synthesis was
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previously reported 127, where the presence of both compounds decreased the activity of an
enzyme involved in gluconeogenesis compared with dexamethasone alone.

We studied the gene expression profile of HLCs cultured in MM and DM, in plates, at
different culture time points (D27 and D34) using as a reference HLCs subjected to 8h-fasting at
D34 since this condition has lower glucose concentration (5 mM) and has no dexamethasone or
insulin (Figure 15).

HLCs in DM showed an increased gene expression in all genes tested, except for GLUT1
and ERRA (Figure 15a and e), from D27 to D34, which might be an indicator of HLCs maturation
induced by the dexamethasone and insulin concentrations 80 used in the differentiation protocol.
Indeed, glucose transporter GLUT1 expression decreased from D27 to D34 in both MM and DM
(only significant in DM). This may be explained due to a transition from a foetal phenotype, which
presents higher GLUT1 expression, to a neonatal phenotype, having little expression in neonatal
and adult hepatocytes 122 and HLCs present a similar trend. Regarding, ERRA, this gene
regulates the transition from glycolysis to fatty acid oxidation 12°. Possibly, the decrease in its
expression is related to a continued exposure to high concentrations of insulin, which induces
glycolysis and inhibits fatty acid oxidation 2.

In contrast to DM conditions, as expected, when exposed to MM the expression levels of
PEPCK, G6PASE, ACOX1, FXR and NRF1 presented the opposite trend being higher at D27
(Figure 15b, ¢, d and e).
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Figure 15 — Gene expression in HLCs throughout culture time in MM and DM regarding a) glycolysis
and lipogenesis; b) gluconeogenesis; c) fatty acid metabolism; d) bile acid metabolism and e)
mitochondrial biogenesis and function. The graphs represent HLCs’ evolution in MM and DM relative to
8h-fasting at D34. Data is represented as Average + SEM (n=2-6). *, **, *** Significantly differs from the
different media composition and the days of differentiation with p < 0.05, p <0.01 and p <0.001, respectively.
Abbreviations: D27 (day 27 of the differentiation protocol); D34 (day 34 of the differentiation protocol), MM
(maintenance medium), DM (differentiation medium); PDK4 (pyruvate dehydrogenase kinase 4);
GLUT1/SLC2A1 (glucose transporter 1/solute carrier family 2 member 1); PEPCK (phosphoenolpyruvate
carboxylase); G6PASE (glucose-6-phosphatase); PPARA (peroxisome proliferator-activated receptor a);
CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor);
CYP7AL1 (cytochrome P450 enzyme cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-
activated receptor coactivator 1-a); PGC-1B (peroxisome proliferator y-activated receptor coactivator 1-p);
ERRA (estrogen-related receptor a); NRF1 (nuclear respiratory factor 1); CYTC (cytochrome C).

These results suggested that DM was more adequate for enhancing HLCs’ metabolic
characteristics during culture time, by inducing a continued maturation. However, for the purpose

of studying cells adaptation to fasting and/or the response to insulin and glucagon exposure, a
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lower gene expression profile, as the one observed in HLCs in MM may allow observing cells
adaptation to fasting and/or the response to insulin and glucagon exposure. Therefore, this
condition was used in the fasting adaptation (section Ill. 4) and insulin and glucagon studies

(section 1ll. 5).

lll. 4. HLCs adapt their response to fasting

Liver needs to adapt its metabolism to face changes in nutrient availability. Particularly,
in starvation, liver is able to provide fuel substrates to the rest of the organism. Thus, to possibly
establish a relevant hepatic in vitro model for energy metabolism studies, HLCs were subjected
to fasting.

HLCs at D34 presented metabolic responses more similar to the expected than HLCs in
earlier stages of development (data not shown). This observation further suggested that the
decrease in gene expression throughout time in HLCs cultured in MM allowed the observation of
energy metabolism responses while, in parallel, HLCs display a more mature phenotype.
Therefore, energy metabolism studies (response to fasting and to insulin and glucagon stimuli)
were performed at D34. Hence, the adaptation of HLCs to fasting 13° was studied by evaluating
gene expression of specific genes in HLCs subjected to starvation for a period of 8 and 10 hours
relative to HLCs cultured in MM at D34 in order to study the effect of 25 mM of glucose (in MM)
and 5 mM of glucose (in SM) on the expression levels of the same genes tested above.

Glucose oxidation through glycolysis is downregulated due to the lack of this substrate
during starvation. In our experimental conditions, 8 hours of fasting presented higher expression
of PDK4 than 10 hours of fasting (p < 0.001) (Figure 16a), which may be explained by a time
course of events leading to glucose homeostasis, in which in a first moment PDK4 is induced and
downregulated afterwards. In fact, in an in vivo study by Palou et al, fasting rat revealed a peak
in PDK4 expression at 8 hours of fasting, showing a subsequent decrease 131. Moreover, SREBP-
1C and CHREBP1 induce lipogenesis 2 and upon fasting, it was strongly downregulated (Figure
16a). This is expected since starvation demands the use of fuel substrates and not energy
storage. In addition, glucose activates CHREBP1 transcription 132 and under the condition herein
evaluated, this substrate is lacking. GLUT1 was shown to be upregulated in rat hepatocytes in
both fasting and diabetes 132. However, in HLCs, GLUT1 was downregulated after 8 hours and
maintained its expression, relative to MM, after 10 hours of fasting. Thus, GLUT1 presented an
increase in its expression from 8 to 10 hours of fasting (Figure 16a), suggesting that the expected
gene upregulation might be seen if HLCs were submitted to a longer fasting period.

When glycolysis is downregulated, pyruvate can then be directed to gluconeogenesis,
due to the need for glucose 2. Similarly, as expected, PEPCK was markedly induced (p < 0.05)
after 10 hours of fasting, since this condition induces gluconeogenesis 2 in response to the lack
of fuel substrates (Figure 16b). GBPASE approximately maintained its expression after 10 hours
of fasting (Figure 16b). However, after 8 hours of fasting, both PEPCK and G6PASE showed a
slight decrease in expression compared to MM (non-significant). In fact, MM contains

dexamethasone and as a glucocorticoid, it induces gluconeogenesis 23. The effect of the
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dexamethasone may overlap the duration of starvation and gluconeogenesis is possibly more
induced in MM than after 8 hours of fasting. On the other hand, the effect of 10 hours of fasting
caused HLCs to strongly activate gluconeogenesis, suggested by the induced expression of
PEPCK.

Alternatively to gluconeogenesis, when glycolysis is downregulated due to PDK4
upregulation 18 a switch from glucose to fatty acids utilization 134 may also occur, inducing PPARA.
However, in HLCs, PPARA and ACOX1 were not induced upon starvation (Figure 16c), but
instead a decrease in its expression from 8 to 10 hours of fasting was observed. CPT1A, as a
target of PPARA 2, was progressively induced with increasing duration of fasting (Figure 16 c). A
similar trend was observed in fasting rats where CPT1A expression increased from 8 to 24 hours
of fasting 3L In addition, in the same study, PPARA expression had a peak after 4 hours,
decreasing afterwards while ACOX1 presented an increasing trend 13!, These observations
suggest that, in HLCs, PPARA might have been induced some time before 8 hours of fasting and
that it caused CPT1A upregulation, as a cascade of events downstream. Therefore, it would be
interesting to evaluate, in future studies, other time points of fasting in order to observe the
evolution of PPARA. Regarding ACOX1, the trend in rat livers and in HLCs was contrasting,

suggesting that in HLCs, ACOX1 upregulation may have occurred in an anterior time point.
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Figure 16 — HLCs’ adaptive response to fasting at D34. Gene expression of specific genes of a)
glycolysis and lipogenesis, b) gluconeogenesis, c) fatty acid metabolism, d) bile acid metabolism
and e) mitochondrial biogenesis and function. The graphs represent the fold induction regarding gene
expression of HLCs in response to 8h- and 10-fasting relative to MM. Grid lines represent fold induction
equal to 0.8 and 1.2. Data is represented as Average + SEM (n=2-6). *, **, *** Significantly differs from the
different media composition and the days of differentiation with p < 0.05, p <0.01 and p < 0.001, respectively.
# ## ## Significantly induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.
Abbreviations: PDK4 (pyruvate dehydrogenase kinase 4); SREBP-1C (sterol regulatory element-binding
protein 1-c); CHREBP1 (carbohydrate response element binding protein); GLUT1/SLC2A1 (glucose
transporter 1/solute carrier family 2 member 1); PEPCK (phosphoenolpyruvate carboxylase); G6PASE
(glucose-6-phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine
palmitoyltransferase 1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7A1 (cytochrome
P450 enzyme cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor
coactivator 1-a); PGC-1B (Peroxisome proliferator y-activated receptor coactivator 1-B); ERRA (estrogen-
related receptor a); NRF1 (nuclear respiratory factor 1); CYTC (cytochrome C).

Mitochondrial biogenesis was also evaluated in fasting conditions. PGC-1A was

upregulated upon starvation, having its expression higher after 10 hours of starvation compared
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to 8 hours of starvation (p < 0.01) (Figure 16e). This upregulation was in line with previously
reported in mice 2. PGC-1a induces gluconeogenesis and B oxidation. Upon starvation, HLCs
showed an activation of both pathways, more relevant in gluconeogenesis, through upregulation
of PEPCK, suggesting that the regulation by PGC-1a also occurs in these cells. CYP7A1 (bile
acid metabolism) was upregulated in fasting (p < 0.05) (Figure 16d), which may be related to
PGC-1A activation 135, Our results are in accordance with the reported CYP7A1 activation in livers
of fasted mice 13°, augmenting the synthesis of bile acids. PGC-1A upregulation upon fasting
allows to infer that it may influence CYP7A1 expression. The decrease of CYP7AL expression
with time suggests that this gene follows the same trend of PDK4 and CPT1A. A sequence of
events downstream takes place and the expression is progressively decreased. On the other
hand, contrary to reported 4°41, FXR (bile acid metabolism) was not induced by PGC-1a in HLCs
(Figure 16e), upon fasting. FXR senses bile acids and between 8 and 10 hours of fasting, bile
acid synthesis was induced through CYP7AL activation. Nevertheless, beyond a certain pool size
of bile acids, their synthesis is inhibited due to cytotoxic effects 7. Thus, a longer fasting time
would possibly result in FXR upregulation. PGC-1p is related to mitochondrial biogenesis and
function 136, Opposing to PGC-1A, PGC-1B in fasted rats and mice showed no alteration in its
expression when compared to the fed state 136, Qur results for HLCs showed a downregulation of
this gene after 8 hours of fasting (p < 0.05), followed by an increase in expression (p < 0.05),
maintaining it approximately equal to the one presented in MM after 10 hours of fasting (Figure
16e). PGC-1B is related to lipogenesis 3! and upon fasting, there is a lack of substrates to be used
in this pathway, thus explaining the observed downregulation. Due to its widespread tissue
distribution, PGC-1B may fulfil other functions necessary for the basal cell energy requirements
and these results may not be fully explained just by the response to fasting 1%6. Estrogen-related
receptor a (ERRa) is a nuclear receptor and its functions are related with mitochondrial function.
ERRa null mice showed decreased expression of genes coding for fatty acid oxidation enzymes
and oxidative phosphorylation components 137, A study in mice by Herzog et al revealed that
ERRa interacts with PEPCK promoter, thus inhibiting gluconeogenesis 137. Our results showed
that ERRA was downregulated (non-significant), presenting approximately the same level of
expression, after 8 and 10 hours of fasting (Figure 16e€). This downregulation accompanied by an
induction of gluconeogenesis in HLCs, possibly suggests that ERRa was not activated in order to
gluconeogenesis occur as a source of energy. In addition, ERRa is reported to induce expression
of genes related to mitochondrial biogenesis, such as nuclear respiratory factor 1 (NRF1), and
respiratory chain cytochrome C (CYTC) %7. However, not much is known about the metabolic
regulation of these two genes. Nevertheless, NRF1 and CYTC were downregulated upon fasting
in HLCs (non-significant) (Figure 16e), possibly due to the lack of induction of ERRa.

Based on these results, we observed that all the genes tested regarding glycolysis,
gluconeogenesis, bile acid metabolism and mitochondrial function respond as expected, except
for G6PASE, although showing the expected increasing trend. We could conclude that the
pathway that better responded to starvation in HLCs is gluconeogenesis (namely PEPCK and

PGC-1A which is also involved), which is actually the first pathway to respond in this condition 4.
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In addition, the differentiation protocol is characterized by high concentrations of glucose in the
medium. The marked responses in genes regarding gluconeogenesis in HLCs correlates with
what happens during the gestation period of several animals, including humans. The mother, in
a well fed state, provides glucose and the foetus does not have the need of producing it. However,
fasting mothers can induce premature foetal gluconeogenesis 138, Genes related to fatty acid
metabolism may not present the expected physiological responses, because we only considered
8 and 10 hours of fasting. As suggested by genes expression throughout time, we may be missing
upregulations. Metabolic pathways are regulated by a cascade of events occurring in different
time points. For genes involved in gluconeogenesis regulation, this window of time is adequate
whereas fatty acid metabolism and bile acid metabolism may demand earlier and later time points,

respectively.
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lll. 5. HLCs respond to insulin and glucagon exposure

In addition to adapt their functions to starvation, hepatocytes are expected to stimulate or
inhibit genes controlling glucose metabolism when exposed to insulin or glucagon. In order to
further validate HLCs’ regarding energy metabolism competence, cell response to an insulin or
glucagon stimuli was evaluated. Herein, the effect of insulin and glucagon was evaluated under
SM (5 mM glucose) in cells that were maintained in MM. Human primary hepatocytes maintained

in the same culture conditions were used as controls. Table 1 presents the expected responses

of each of the genes and the response of HLCs and primary human hepatocytes.

HLCs Primary Hepatocytes Expected Response
Insulin Glucagon Insulin Glucagon Insulin Glucagon
PDK4 Down Up No change | No change Down Up
No
SREBP-1C Up Down No change Up Down
Glycolysis change
No
CHREBP1 Down Up No change Up Down
change
PEPCK Down Up No change | No change Down Up
Gluconeogenesis
G6PASE Down Up No change | No change Down Up
PPARA Down Down
Fatty acid
e CPT1A
metabolism
ACOX1
FXR Down No change Down
Bile acid CYP7A1 Down Down Down
metabolism
No
SHP
change
BSEP Down Up No change | No change Down Up
No
PGC-1A Down No change Up Down Up
change
No
PGC-1B Up Up No change | Unknown Unknown
Mitochondrial change
function and No No
) ) ERRA Down No change | Unknown Unknown
biogenesis change change
NRF1 Down Up No change | No change | Unknown Unknown
No
CYTC Down No change Up Unknown Unknown
change

Table 1 - Response to insulin and glucagon: overview of HLCs and primary hepatocytes significant

response compared to the expected response in literature. "Up” indicates upregulation and “Down”

indicates downregulation. Green is associated with responses similar to that of primary hepatocytes or to
the expected, yellow is associated to genes that presented responses similar to that of primary hepatocytes
but was not the expected response and red is associated to the genes that did not respond to the expected
in both HLCs and primary hepatocytes.
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Physiologically, under high glucose concentrations, insulin is released, while glucagon is
released in low glucose concentrations. As mentioned earlier, insulin stimulates glycolysis and
lipogenesis 2. In this work, both HLCs and human hepatocytes when incubated with insulin,
inhibited PDK4 (glycolysis) expression (Figure 17a), indicating increased pyruvate consumption
and glycolysis 2, although only significant in HLCs (p < 0.001). The opposite response was
observed when cells were exposed to glucagon where pyruvate is used to produce energy
through catabolic reactions 34 (Figure 17a). On the other hand, CHREBP1 (lipogenesis pathway)
was downregulated in response to insulin (p < 0.05) while GLUT1 (glycolysis pathway) maintained
its expression in HLCs (Figure 17a). Moreover, SREBP-1C (lipogenesis pathway) was
downregulated (p < 0.05) in the positive control, i.e., human hepatocytes. In fact, SREBP-1c
belongs to a family of transcription factors involved in fatty acid synthesis that are positively
controlled by insulin 139, This gene is activated when senses elevated cholesterol concentration
140 However, in our experimental conditions, the medium did not contain cholesterol, which can
explain why the expression of SREBP-1C was inhibited. In addition, 8 hours of insulin exposure
may not be adequate to observe the expected upregulation, as mentioned above. Indeed, insulin
stimulation in rat hepatocytes with a duration of 6 hours increased SREBP-1C expression 139,
suggesting that a shorter period of insulin incubation with HLCs would be interesting to study.
ChREBP1, on the other hand, is directly activated by glucose 2, and indirectly by insulin since
insulin induces lipogenesis. CHREBP1 was upregulated in primary hepatocytes (p < 0.05) and
downregulated in HLCs (p < 0.05) (Figure 17a) but other mechanisms may induce synergistically
the expression of CHREBP1 towards lipogenesis. Finally, glucose transporter GLUT2 was only
detected in primary hepatocytes, maintaining its expression when exposed to insulin and
glucagon (Figure 17a). Rat hepatocytes demonstrated a transient inhibitory insulin effect on
GLUT2 41 and its expression was decreased after a 24-hour incubation. GLUT2 has a high Kwm
for glucose (15-20 mM) 14, Therefore, after meals, GLUT2 is upregulated for the uptake of glucose
and storage 1. Insulin is suggested to act synergistically with glucose abundance in an early
period upregulating it and afterwards, by an unknown mechanism of autoregulation, GLUT2
expression is decreased to basal levels 141, We can infer that glucagon, acting in a fasted state
by promoting glucose, has a similar effect. Firstly, it upregulates GLUT2 in order to remove
glucose, produced through gluconeogenesis, from hepatocytes and its expression is then
decreased to basal levels. However, the expected responses of this glucose transporter may not
have been observed due to low glucose concentration in the media. In HLCs, the upregulation of
gluconeogenic genes in response to glucagon (Figure 17b) and the inexistent expression of
GLUT?2 could possibly explain the upregulation of GLUT1 (p < 0.001), suggesting that the latter
is used for glucose output, in accordance with previous observations 2.

Gluconeogenesis is upregulated by glucagon in order to produce glucose for extrahepatic
tissues, after glycogen depletioned 2. Therefore, as expected, PEPCK and G6PASE were
upregulated when medium contained glucagon and downregulated in response to insulin, in both
HLCs and primary hepatocytes (Figure 17b). Moreover, HLCs presented more marked changes

in gluconeogenic genes than human hepatocytes, being more downregulated (p < 0.05 for
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PEPCK and p < 0.001 for G6PASE) or upregulated (p < 0.001 for both genes) when incubated
with insulin and glucagon, respectively. This may be due to high glucose concentration of the
medium of the differentiation protocol. On the other hand, hepatocytes have other energy
substrates since they present more lipid droplets than HLCs and its constituents can be directed
to B oxidation 142, Furthermore, 3 oxidation is mainly developed after birth in response to a change
from a high-carbohydrate and low-fat diet to a high-fat and low-carbohydrate diet 3. Thus,
glucose may constitute a stimulus to the development of HLCs’ pathways related to glucose
homeostasis, in particular, gluconeogenesis. Regarding starvation, PEPCK had an increased
upregulation with the course of time and G6PASE had an increased expression when compared
to MM, although the latter was not upregulated (Figure 16b). This result suggests that glucagon
is an important regulator of the G6PASE expression, which is not only induced by fasting.
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Figure 17 — Gene expression in HLCs in response to insulin and glucagon regarding a) glycolysis
and lipogenesis and b) gluconeogenesis. Grid lines represent fold induction equal to 0.8 and 1.2. Data is
represented as Average + SEM (n=2-6). *, **, *** Sjgnificantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, #, ## Significantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: HLCs (hepatocyte-like cells); hpHep (human cryopreserved hepatocytes); PDK4 (pyruvate
dehydrogenase kinase 4); SREBP-1C (sterol regulatory element-binding protein 1-c); CHREBP1
(carbohydrate response element binding protein); GLUT1/SLC2A1 (glucose transporter 1/solute carrier
family 2 member 1); GLUT2/SLC2A2 (glucose transporter 2/solute carrier family 2 member 2); PEPCK
(phosphoenolpyruvate carboxylase); G6PASE (glucose-6-phosphatase).

The oxidation of fatty acids is downregulated by insulin and stimulated by glucagon 27 to
obtain energy and PPARa promotes 3 oxidation 2. Longuet et al reported that glucagon signalling

activates a PPARa-dependent cascade of events, enhancing fatty acid oxidation in mice 0. This
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nuclear receptor targets ACOX1, the rate-limiting enzyme of the partial oxidation of LCFAs in
peroxisomes and CPT1A 33. PPARA was downregulated, in HLCs, in response to insulin (p <
0.05) and upregulated upon glucagon treatment in HLCs and human hepatocytes (non-
significant) (Figure 18a). However, in HLCs just PPARA was responsive while target genes of
PPARa did not show different responses to insulin or glucagon (Figure 18a). This may indicate
that this pathway is not fully developed in HLCs. In fact, hepatocytes isolated from guinea pig
were able to oxidize fatty acids only 12 hours after birth 143, The lack of fatty acids in the medium
could also be the reason why the genes related to fatty acids metabolism do not present the
excepted expression. Interestingly, PPARA expression of HLCs that were subjected to starvation
was downregulated (Figure 16d), suggesting that glucagon regulates its expression.

Regarding bile acids metabolism, insulin downregulated FXR in both HLCs (p < 0.05) and
human hepatocytes (non-significant) while glucagon resulted in its upregulation (non-significant)
(Figure 18b). The downregulation of FXR induced by insulin is in line with previously reported in
rat hepatocytes cultured in low glucose concentrations (5 mM) 28, Small heterodimer partner
(SHP) is a target of FXR 38 (Figure 6), being involved in the inhibition of cholesterol conversion to
bile acids. Since FXR was downregulated by insulin, we may infer that SHP expression will not
be induced, as observed (Figure 18b). CYP7A1 was also downregulated in HLCs (p < 0.01) and
primary hepatocytes (p < 0.05) during prolonged exposure to insulin (Figure 18b), which is in
accordance with previous observations 3°. However, SHP and CYP7A1l expression had no
differences when cells were incubated with glucagon. FXR positively regulates bile salt export
pump (BSEP), excreting bile acids from the hepatocytes into bile canaliculus 5. BSEP was
downregulated when human hepatocytes were exposed to insulin and glucagon (Figure 18b).
However, in HLCs, BSEP was upregulated in response to glucagon, possibly due to induction by
FXR. We may infer that the expected responses were not observed may be due to the lack of
cholesterol and bile acids in the medium 144, CYP7AL synthesizes bile acids from cholesterol and
since this substrate was not available in culture, this enzyme may not be expressed because it is
not necessary. Glucagon induced different responses in FXR and CYP7A1, when compared to
fasting. Several papers suggest that FXR upregulation occurs through the action of PGC-1a upon
fasting 4041, However, in HLCs, FXR was upregulated by glucagon but it was downregulated when
HLCs were in fasting conditions (Figure 16d). Based on this observation, glucagon may have
additional mechanisms for the regulation of FXR.

PGC-1a is a regulator of mitochondrial biogenesis 5. In both HLCs and hepatocytes,
glucagon treatment caused PGC-1A upregulation (p < 0.05 for hepatocytes) whereas insulin
repressed it (p < 0.05 for HLCs) (Figure 18c) as expected 7. PGC-1a is also a transcription factor
relevant for the regulation of liver metabolism in several ways 2 co-activating genes regarding
gluconeogenesis (PEPCK and G6PASE) 5. Therefore, by downregulating PGC-1A, insulin
inhibits gluconeogenesis, which is not needed since this hormone is released in well fed
situations. PGC-1A was upregulated in fasting conditions, as well (Figure 16e). PGC-1f is related
to lipogenesis, among other mitochondrial functions 3. In response to insulin, both HLCs (p <
0.01) and hepatocytes (p < 0.001) presented PGC-1B upregulation (Figure 18c). The
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physiological response of PGC-1f to hormonal signalling has not yet been clarified. However,
since insulin also induces lipogenesis, this may be a possible response. On the other hand,
glucagon caused a decrease in the upregulation of PGC-1B (Figure 18c), allowing to infer that a
longer incubation with this hormone would induce a downregulation, which would be expected
since lipogenesis is repressed by glucagon 130, Upon fasting, this gene was downregulated,
although with an increasing trend (Figure 16e). Due to the involvement in several mitochondrial
functions and wide tissue distribution, it is difficult to explain what should be its role in metabolism
homeostasis 136, Regarding the remaining genes related to mitochondrial function, ERRA, NRF1
and CYTC were mostly downregulated by insulin (Figure 18c). ERRa was shown to repress
gluconeogenesis 146, which might explain the strong repression shown by human hepatocytes. In
HLCs, ERRA essentially presented the same level of expression in response to glucagon and
insulin (Figure 18c). Glucagon mostly induced an increase in expression of these genes when
compared to insulin (Figure 18c). PGC-1a was reported to have stimulatory effects in ERRa, Nrf1
and CytC 147, Therefore, the trend presented in gene expression may reveal a possible
upregulation if the incubation time with glucagon would be longer. The response of this set of
genes to glucagon contrasts with their response to fasting (Figure 16e), in which they were mainly
inhibited. Thus, it is difficult to conclude what would occur in a physiological context, which is a
combination of the two studied conditions: decrease of the levels of glucose (fasting condition)

and release of glucagon (glucagon response).
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Figure 18 — Gene expression in HLCs in response to insulin and glucagon regarding a) fatty acid
metabolism, b) bile acid metabolism and c) mitochondrial biogenesis and function. Grid lines
represent fold induction equal to 0.8 and 1.2. *, ** *** Sjgnificantly differs from the different media
composition and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, ## ##
Significantly induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.
Abbreviations: HLCs (hepatocyte-like cells); hHep (human cryopreserved hepatocytes), PPARA
(peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase 1 a); ACOX1 (acyl-
CoA oxidase 1); FXR (farnesoid X receptor); CYP7Al (cytochrome P450 enzyme cholesterol 7a-
hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a); PGC-1B (peroxisome
proliferator y-activated receptor coactivator 1-f); ERRA (estrogen-related receptor a); NRF1 (nuclear
respiratory factor 1); CYTC (cytochrome C).
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In sum, gluconeogenesis is the pathway where HLCs presented more accentuated and
expected responses, compared with human hepatocytes. Glucose is a medium component
present in high concentrations during all the differentiation process. Therefore, this biomolecule
possibly stimulates pathways that regulate its use. In addition, genes upregulating
gluconeogenesis are functional in foetuses if the mother is submitted to fasting 38, suggesting
the early development of this pathway. PDK4, which is related to glycolysis, also showed
significant downregulation and upregulation when HLCs were exposed to insulin and glucagon,
respectively. Considering fatty acid oxidation, in HLCs just PPARA was responsive, being
downregulated when exposed to insulin. Genes downstream may show a downregulating trend if
the exposure to insulin was prolonged. Genes regarding bile acid metabolism responded to insulin
stimuli but did not show significant responses to glucagon, except for BSEP, suggesting the need
for optimization of hormone concentration or time incubation. PGC-1a induces gluconeogenesis
gene expression and interacts with PPARa, activating fatty acid oxidation 4¢ and is a co-activator
of FXR, inhibiting bile acid synthesis. Our results showed that when PGC-1A was upregulated,
these genes were also. Godoy et al demonstrated that including bile salts in hepatocytes culture
increased expression of mature liver function genes (e. g. BSEP) 144,

Thus, it would be interesting to use a medium containing biomolecules frequently in
contact with hepatocytes such as fatty acids, cholesterol and bile acids and adapt their
concentration to the one found in fasted and fed states. Incubation with these compounds might
produce different responses, possibly bringing this model closer to an in vivo situation.
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lll. 6. HLCs can be maintained up to two weeks in the microfluidic device
The results obtained above suggest a dual effect of MM and DM in HLCs’ culture. MM

enables the observation of responses related to energy metabolism homeostasis, by lowering
gene expression, while DM induces a more mature phenotype in HLCs. In addition, it was noticed
that HLCs were responsive to insulin and glucagon and adapted their metabolism to fasting,
demonstrating their competence for energy metabolism studies. Moreover, HLCs cultured in
coverslips coated with commercial type | collagen maintained their phenotype, biotransformation
activity, glycogen storage ability and presence of hepatic markers throughout time in culture.
Therefore, we proceeded to adapt HLCs to the microfluidic device (MD).

HLCs were inoculated at D17. After 20 minutes, they started to adhere to the microfluidic

channel and, after 1 hour, they acquired a polygonal shape (Figure 19).

c) d)

Figure 19 — HLCs morphology at D17 and the change from a fibroblast-like shape to a polygonal
shape throughout the day of inoculation, in the microfluidic device: a) HLCs before trypsinization
(scale bar = 500 um); b) HLCs 20 minutes after device inoculation (scale bar = 500 um); ¢) HLCs 1 hour
after device inoculation (scale bar = 500 um); d) HLCs 2 hours after device inoculation (scale bar = 100

pm).

Cell loading at high pressures leads to cell damage and death while low pressures cause
low cell-cell contact, an important feature to be considered 7, especially in hepatocytes. To avoid
such effect, most of the works in this field use a pressure pump that allows a controlled cell loading
(always at the same speed and pressure) and a controlled medium flow. However, this was not

possible in this particular MD. Cells were loaded manually, which may not result in equal pressure
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and velocity of loading among all the inoculations. However, no cell damage was observed when
inoculating the cells in our MD and therefore further adopted. The density of cell suspension is
also a parameter to be considered when using MDs since high densities lead to channel blocking
due to clumping while low densities may cause low cell-cell contact 7. Moreover, since cell-cell
interactions are particularly important in maintaining a functional hepatocyte culture 4°, an
inoculum that enabled channel confluency and cell adherence throughout time in culture was
adopted, i.e., 75000 cells in 10 yL of medium. These features present the complexity of
inoculating MDs highlighting the need for controlling these parameters when working at
microscales.

The main goals were to inoculate and verify if HLCs could be maintained in this device
until D34 (in MM and DM) in order to develop a model for energy metabolism studies, in the
context of the metabolic syndrome. HLCs’ morphology at D27 and D34 in the MD is shown in
Figure 20.

c) d)

Figure 20 - HLCs' morphology throughout culture time in the MD: a) HLCs at D27 in MM (scale bar =
500 pm); b) HLCs at D27 in DM (scale bar = 100 pm); c) HLCs at D34 in MM (scale bar = 100 pum); d)
HLCs at D34 in DM (scale bar = 100 pum).



To assess if HLCs in the microfluidic device maintained their phenotype throughout
culture time, urea and albumin production were quantified, at D27 and D34, in MM and DM. HLCs
cultured in MM showed an increase from D27 to D34 in urea production, while HLCs cultured in
DM showed the opposite trend, although non-significant in both media compositions (Figure 21a).
There are reports that insulin stimulates albumin production in rat liver cells 150 and our results
(Figure 21b) showed that albumin production was higher in DM than in MM, in both days (non-

significant). These data suggests the maintenance of a hepatic phenotype in the MD.
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Figure 21 - Effect of culture time on a) urea and b) albumin production in HLCs cultured in the
microfluidic device, in MM and DM at D27 and D34, in the microfluidic device. Data is represented as
Average + SEM (n=4-5). Undifferentiated hnMSCs and HepG2 cell line, rpHep and hpHep are negative and

positive controls, respectively (white bars). *, **, *** Significantly differs among the controls with p < 0.05, p
< 0.01 and p < 0.001, respectively.

Abbreviations: rpHep (rat primary hepatocytes), hpHep (human primary hepatocytes) and hnMSC
(undifferentiated human neonatal mesenchymal stem cells), MM (maintenance medium), DM (differentiation
medium); D27 (day 27 of the differentiation protocol); D34 (day 34 of the differentiation protocol).

Additionally, in order to further understand the evolution of HLCs' characteristics
throughout the culture time in the MD, we compared the level of gene expression of D34 relative
to D27 (Figure 22), in MM and DM. The influence of MM and DM in gene expression profile of
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HLCs cultured in plates was discussed in section Ill. 3. Thus, the traditional 2D static system was
used as a control in this analysis, allowing to compare gene expression in a novel culture system
(MD) to a culture system extensively used and optimized (considering HLCs’ biotransformation
activity and biochemical characteristics) in this laboratory. However, gene expression analysis of
HLCs cultured in the MD considered a smaller group of genes, namely PDK4, G6PASE, PEPCK,
PPARA, CPT1A, ACOX1, FXR, CYP7AL1 and PGC-1A, due to lower sample quantity, since each
microfluidic device has approximately 150 000 cells. Nevertheless, this subset of genes still
includes glycolysis/lipogenesis, gluconeogenesis, fatty acid metabolism, bile acid metabolism and
mitochondrial function and biogenesis.

Regarding MM, we observed a decrease in the level of expression from D27 to D34 in all
the genes tested, in the MD (Figure 22a). Therefore, the MD did not improve maturation when
compared to plates.

In the MD, PEPCK, G6PASE and PGC-1A showed increased expression at D34
compared to D27, when HLCs were maintained in DM (Figure 22b). In particular, GGPASE and
PGC-1A had greater differences (p < 0.001) between the two days when compared to plates.

CYP7AL expression was not detected in HLCs in the device, at D27.
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Figure 22 - Gene expression levels in HLCs in the microfluidic device and in plates throughout
culture time, in a) MM and b) DM. The graphs represent the fold induction regarding gene expression of
HLCs in MM and DM at D34 relative to D27. Grid lines represent fold induction equal to 0.8 and 1.2. Data is
represented as Average £ SEM (n=2-4). *, ** *** Sjgnificantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, #, ## Significantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7A1l (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).

These data suggest that HLCs present different characteristics when cultured in MD or in
standard static 2D cultures. Indeed, in the MD, medium flow is promoted, creating conditions more
similar to what happens in vivo. Moreover, HLCs were seeded in the MD at a much higher
inoculum (450 000 cells/cm? in the MD and 30 000 cells/cm? in plates). These observations,
further highlight the differences between the two culture systems.

As a mean to analyse the differences between these two culture systems, we further
compared expression levels of the genes studied above of HLCs cultured in the MD relative to
the gene expression of HLCs cultured in plates in MM or in DM (Figure 23), in both days.

HLCs in MM presented higher expression of all the genes, in the MD than in plates, at
D27 (Figure 23a). However, at D34, PGC-1A continued to show significantly higher expression in
the MD (p < 0.001) (Figure 23a). PDK4, PEPCK, G6PASE were also higher expressed at D34 in
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the MD than in plates, although not significant. As observed above, CYP7A1 was not detected at
D27 in MM, in MD.

On the other hand, PDK4 and CPT1A had higher expression in MD than in plates, in both
days, when in DM (Figure 23b), although only significant for PDK4 at D27 (p < 0.01). However,
at D34, the difference in expression between MD and plates decreased. The remaining genes
had similar expression in both days, in plates and in MD. CYP7A1 at D27 was not detected in MD

but it was detected in plates, suggesting a possible need for longer adaption of HLCs to the MD.
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Figure 23 - Gene expression levels in HLCs (D27 and D34) in the microfluidic device relative to plates
in a) MM and b) DM, in both days. The graphs represent the fold induction regarding gene expression of
HLCs cultured in MD relative to plates. Grid lines represent fold induction equal to 0.8 and 1.2. Data is
represented as Average + SEM (n=2-4). *, ** *** Sjgnificantly differs from the different media composition
and the days of differentiation with p < 0.05, p < 0.01 and p < 0.001, respectively. #, #, ## Significantly
induced or repressed expression with p < 0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7ALl (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).

Finally, to compare the effect between the medium used to maintain HLCs for energy
metabolism studies with the medium used in the differentiation protocol, gene expression of HLCs
cultured in MM relative to gene expression of HLCs in DM was evaluated in the MD and plates,

in both days (Figure 24).
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At D27, we observed that all the considered genes presented higher expression in MM
compared to DM in the MD, namely PEPCK (p < 0.001), GEPASE (p < 0.001), CPT1A (p < 0.01),
ACOX1 (p < 0.01), PGC-1A (p < 0.001) (Figure 24a). Moreover, these genes and PPARA
significantly differ in its expression in the MD when compared to plates. At D34, genes related to
gluconeogenesis, G6PASE, PEPCK and PGC-1A, continued to be significantly more expressed
in the MD (p < 0.001) while this set of genes was strongly repressed in plates (p < 0.01) (Figure
24b). This observation was possibly due to higher influence of dexamethasone relative to insulin
in MM, inducing gluconeogenesis 23, since the ratio of insulin to dexamethasone is 0.01 in this

medium condition.
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Figure 24 - Gene expression levels in HLCs cultured in the microfluidic device or in 2D static cultures
in a) D27 and b) D34. Fold induction of gene expression in HLCs cultured in MM relative to HLCs cultured
in DM. Grid lines represent fold induction equal to 0.8 and 1.2. Data is represented as Average + SEM (n=2-
4). * ** ** Significantly differs from the different media composition and the days of differentiation with p <
0.05, p < 0.01 and p < 0.001, respectively. # # ## Significantly induced or repressed expression with p <
0.05, p < 0.01 and p < 0.001, respectively.

Abbreviations: MD (microfluidic device); MM (maintenance medium); DM (differentiation medium); PDK4
(pyruvate dehydrogenase kinase 4); PEPCK (phosphoenolpyruvate carboxylase); G6PASE (glucose-6-
phosphatase); PPARA (peroxisome proliferator-activated receptor a); CPT1A (carnitine palmitoyltransferase
1 a); ACOX1 (acyl-CoA oxidase 1); FXR (farnesoid X receptor); CYP7ALl (cytochrome P450 enzyme
cholesterol 7a-hydroxylase); PGC-1A (peroxisome proliferator y-activated receptor coactivator 1-a).
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In summary, some important conclusions can be taken regarding cell culture in this MD:
1. Caell characteristics throughout time in the MD - MM induced higher gene expression at
D27, in all genes tested while in plates PDK4, PPARA, CPT1A and PGC1-A were higher

expressed at D34. On the other hand, HLCs in DM maintained or enhanced expression

of all genes at D34, except for PDK4, CPT1A and ACOX1, while in plates, all genes were
higher expressed at D34;

2. MD vs static 2D cultures — regarding MM, gene expression in MD at D27 was greater in
all genes tested than in plates and at D34, PDK4, PEPCK, G6PASE and PGC-1A (p <
0.001) continued to have greater expression in the MD. On the other hand, at D27, DM
induced greater expression in PDK4 (p < 0.001), CPT1A (non-significant) and ACOX1
(non-significant) in the MD while at D34, just PDK4 and CPT1A continued to have higher
expression in the MD;

3. MM vs DM in the MD — at D34, PEPCK, G6PASE and PGC-1A (p < 0.001) continued to

have greater expression in HLCs cultured in MM than in HLCs cultured in DM.

Overall, MM enhanced gene expression in the MD by comparison to 2D static cultures.
Although a decrease in expression from D27 to D34 was observed, it was not significant. On the
other hand, DM induced higher gene expression in plates from D27 to D34, as seen in chapter
1. 2. for most of the genes tested. Therefore, DM, being used for HLCs maturation, is not suitable
within the MD.

Concluding, there are differences regarding MD and static 2D culture systems. MM induced
higher gene expression in the MD than in plates, at D27. At D34, this trend was not maintained
except for genes that regulate gluconeogenesis such as PEPCK, G6PASE and PGC-1A. In fact,
higher concentrations of dexamethasone (instead of insulin) in MM induces gluconeogenesis 23.
Thus, opposite trends when comparing HLCs cultured (in the MD and plates) in MM or DM were
observed. The differences between these two systems are based on the inoculum and the
possibility of creating a flow, by a daily addition of 30 pL of medium from the bottom wells to the
upper wells. HLCs in the MD were cultured at a higher inoculum than in plates. In fact, high density
cultures (>200 000 cells/cm?) enhance cell function. In a study performed by Zhang et al, HepG2
seeded at high densities in a microfluidic device presented greater albumin production than 2D
static cultures 5%, We can infer that the decrease in concentrations of insulin and dexamethasone
(in MM), which are important in the differentiation protocol, may be supplanted by increased cell-
to-cell contact in the MD. The enhancement of tight junctions mimics the in vivo liver configuration
where high density of hepatocytes is in close contact 151, However, this trend is maintained up to
D34 just for a set of genes regulating gluconeogenesis. In addition, fluid friction and shear stress
are parameters that further approximate this culture system to liver microenvironment, since in
vivo liver regeneration is related to portal pressure 152, Furthermore, cells cultured in MD were
maintained in small medium volumes, where diffusion of growth factors and secreted
biomolecules is limited because surface-to-volume ratio is very high and molecular diffusion

resembles what occurs physiologically 53,
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V. Conclusions and Future Perspectives

To understand the pathophysiological development of the metabolic syndrome, the
regulation of energy metabolism in hepatocytes needs to be studied.

The work presented in this thesis showed that if hnMSCs-derived HLCs were changed
from a medium already proved to induce a more mature phenotype 8 to a medium with less
dexamethasone and insulin (MM), biotransformation activity, glycogen storage, presence of
hepatic markers and urea and albumin production could be maintained throughout culture time.
However, HLCs cultured in MM could not maintain a stable gene expression, decreasing
throughout culture time, from D27 to D34. Indeed, DM induced an increase in gene expression
until D34, in plates, leading to a more mature phenotype. Nevertheless, MM allowed testing HLCs
response to insulin and glucagon stimuli and their adaptation to fasting. Gluconeogenesis was
the pathway that showed more similar responses to the physiological state, being significantly
repressed when incubated with insulin and significantly activated in response to glucagon. Some
of the genes related to fatty acid oxidation and bile acid metabolism did not respond entirely as
expected, although displaying a possible trend of regulation, possibly due to the lack of fatty acids,
cholesterol and bile acids in the culture media 44, In the future, we would like to add these
molecules to the medium. Other interesting parameter to be studied would be gene expression in
other time points, allowing to further understanding trends of response. In addition, all organs in
the human body are in interaction with each other and liver, in particular, is responsible for
regulating homeostasis. Therefore, it needs to receive signals from other sources to regulate its
metabolism accordingly. Thus, crosstalk between different types of cells is important to observe
changes in energy metabolism. Perhaps, this is the reason for most of the studies in the field of
metabolism being made in animal models.

Following the energy metabolism studies, HLCs were successfully inoculated into a MD,
maintaining functionality during culture time. Thus, a future step of this work would be the study
of HLCs response to insulin, glucagon and fasting in the MD. Nevertheless, differences between
2D static culture and MD culture were noticed, namely that most of the genes of HLCs in MM
presented higher gene expression in the MD than in plates, in both days. In addition, genes
related to gluconeogenesis were higher expressed in HLCs cultured in MM than in HLCs in DM,
possibly because MM presents lower insulin effect than DM. However, further information
regarding MD culture will be gathered once the response to fasting and to hormone signalling is
evaluated in the MD culture.

The differentiation process of hnMSCs into HLCs takes approximately one month. For
future studies of cellular interaction, it would also be more convenient to have HLCs ready to be
inoculated. Therefore, we tried to inoculate cryopreserved HLCs 54 into MDs. However, we could
not reproduce the process (data not shown). The process of thawing of HLCs and posterior
inoculation of the MD still needs to be optimized since these cells did not present the same
characteristics as freshly differentiated HLCs. In fact, cryopreserved hepatocytes do not have the

same functional levels and do not demonstrate the same morphology as freshly isolated ones 1%5.
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Cryopreserved cells are more sensitive and need more time to adhere, being not yet compatible
with the timing of the MD operation, at the day of inoculation. In the future, we intend to optimize
the inoculation of cryopreserved HLCs into MDs and also adapt these cells to study metabolic
responses.

In conclusion, this work demonstrates that HLCs obtained by a specific differentiation
protocol are capable of responding to insulin and to glucagon and to adapt their metabolism to
fasting. Although the medium composition should be optimized in order to better mimic the
composition of blood in the human body, containing additional biomolecules 44, we could
successfully inoculate these cells into a MD and maintain them for up to two weeks. We hope that
future studies in the context of metabolic syndrome using HLCs and other relevant cell types,
such as adipocytes and myofibroblasts, in similar MDs, will be useful to create a better

understanding of this pathology and thus designing therapeutic strategies.
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VI. Annexes

VI. 1. Primers List

Name Sequence Meltmg(_;l'grgg)erature
B-actin F CATGTACGTTGCTATCCAGGC 87.80
B-actin R CTCCTTAATGTCACGCACGAT 87.80
PDK4 F TCTGAGGCTGATGACTGGTG 80.60
PDK4 R GGAGGAAACAAGGGTTCACA 80.60
SREBP-1c F TGTTTGTTAGTGGGAGGAGTG 86.20
SREBP-1c R GAGGTGAGAAGGGACAACTGA 86.20
ChREBP1 F GTTCCCTCTCTCTGCTCCTTC 86.80
ChREBP1 R CCACACACACACATCCACAC 86.80
PEPCK F GCTTTTCAGCATCTCCAAGGA 80.30
PEPCK R GCTTCAAGGCAAGGATCTCTC 80.30
G6PASE_F CAGAGCAATCACCACCAAGC 80.30
G6PASE R ACATTCATTCCTTCCTCCATCC 80.30
PPARA F CTGTCATTCAAGCCCATCTTC 81.60
PPARA R TTATTTGCCACAACCCTTCC 81.60
FXR_F AGAACCTGGAAGTGGAACC 81.60
FXR R CTCTGCTACCTCAGTTTCTCC 81.60
CYP7A1 R CCAGAAGCAATGAAAGCAGC 79.30
CYPT7Al F GGATGTTGAGGGAGGGACT 79.30
PGC-1A F GCTGAAGAGGCAAGAGACAGA 80.40
PGC-1A R AAGCACACACACCACACACA 80.40
PGC-1B F GATGCCAGCGACTTTGACTC 85.90
PGC-1B R ACCCACGTCATCTTCAGGGA 85.90
GLUT1 SLC2A1 F | TCTGGCATCAACGCTGTCTTC 83.00
GLUT1 SLC2A1 R | CGATACCGGAGCCAATGGT 83.00
GLUT2 SLC2A2 F | GCTGCTCAACTAATCACCATGC 80.90
GLUT2 SLC2A2 R | TGGTCCCAATTTTGAAAACCCC 80.90
CPTla F TCCAGTTGGCTTATCGTGGTG 80.90
CPTla R TCCAGAGTCCGATTGATTTTTGC 80.90
ACOX1 F ACTCGCAGCCAGCGTTATG 81.60
ACOX1 R AGGGTCAGCGATGCCAAAC 81.60
NRF F AGGAACACGGAGTGACCCAA 83.00
NRF R TATGCTCGGTGTAAGTAGCCA 83.00
ERRA F AGGGTTCCTCGGAGACAGAG 71.60
ERRA R TCACAGGATGCCACACCATAG 71.60
CYTC F CTGATCTGCGGCTACAATTCTG 83.40
CYTC R CCCGGAAGAGGACTTGCTT 83.40

Table A - Primers used for RT-gPCR.
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