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Research article 
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A B S T R A C T   

Hepatocytes are responsible for maintaining a stable blood glucose concentration during periods of nutrient 
scarcity. The breakdown of glycogen and de novo synthesis of glucose are crucial metabolic pathways deeply 
interlinked with lipid metabolism. Alterations in these pathways are often associated with metabolic diseases 
with serious clinical implications. Studying energy metabolism in human cells is challenging. Primary hepato
cytes are still considered the golden standard for in vitro studies and have been instrumental in elucidating key 
aspects of energy metabolism found in vivo. As a result of several limitations posed by using primary cells, a 
multitude of alternative hepatocyte cellular models emerged as potential substitutes. Yet, there remains a lack of 
clarity regarding the precise applications for which these models accurately reflect the metabolic competence of 
primary hepatocytes. In this study, we compared primary hepatocytes, stem cell-derived hepatocytes, adult 
donor-derived liver organoids, immortalized Upcyte-hepatocytes and the hepatoma cell line HepG2s in their 
response to a glucose production challenge. We observed the highest net glucose production in primary hepa
tocytes, followed by organoids, stem-cell derived hepatocytes, Upcyte-hepatocytes and HepG2s. Glucogenic gene 
induction was observed in all tested models, as indicated by an increase in G6PC and PCK1 expression. Lipidomic 
analysis revealed considerable differences across the models, with organoids showing the closest similarity to 
primary hepatocytes in the common lipidome, comprising 347 lipid species across 19 classes. Changes in lipid 
profiles as a result of the glucose production challenge showed a variety of, and in some cases opposite, trends 
when compared to primary hepatocytes.   

1. Introduction 

Maintaining a stable blood glucose concentration through periods of 
nutrient availability or fasting is an essential physiological equilibrium 
[1]. Much of this balance is orchestrated by hepatocytes in the liver, 
which control several metabolic pathways to regulate glucose blood 
levels, such as glycogenesis, glycogenolysis, glycolysis, and gluconeo
genesis [2]. During periods when a dietary glucose supply is not avail
able, hepatocytes can secrete large quantities of glucose into the blood. 
Glucose is produced and released either via breakdown of stored 
glycogen (glycogenolysis and glycophagy) [3,4] or de novo synthesis 

using carbon substrates such as pyruvate, lactate, and amino acids 
(gluconeogenesis) [5]. 

Lipid metabolism plays a crucial role in maintaining energy ho
meostasis and is deeply interlinked with glucose metabolism [6]. 
Gluconeogenesis is an energy-demanding process, which is primarily 
derived from the beta(β)-oxidation of fatty acids (FAs), stored in hepa
tocytes as triglycerides (TGs) or delivered by the adipose tissue via the 
blood circulation during periods of starvation [7]. The breakdown of 
fatty acids produces molecules such as acetyl-CoA and NADH, which can 
enter the citric acid cycle and the electron transport chain, respectively, 
to generate ATP that is necessary for the production of glucose [7]. 
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While the link between fatty acid β-oxidation and gluconeogenesis is 
widely accepted and characterized, the metabolic connection with other 
lipids, such as phospholipids and sphingolipids is complex and partially 
unknown. 

Unsurprisingly, impaired or dysregulated glucose production and 
lipid metabolism, often associated with pathologies such as diabetes, 
obesity and inborn errors of metabolism, can lead to severe and life- 
threatening medical conditions [8–15]. Studying the process of 
glucose and lipid metabolism during periods of nutrient deprivation is 
crucial to understand how metabolic disorders lead to potentially 
life-threatening scenarios. Consequently, in vitro glucose production 
assays, in which hepatocytes are stimulated to secrete glucose under 
controlled conditions are central biological readouts that hold immense 
importance in the field. These assays rely on metabolically competent 
human hepatocyte models, experimental conditions that simulate the 
physiological nutrient availability oscillations found in vivo and robust 
assay to quantify molecular targets. 

Primary human hepatocytes (PHH) are still considered as the gold 
standard in metabolic disease research but present several limitations, 
such as their limited availability, donor-to-donor variation, rapid de- 
differentiation and high costs. Hence, researchers have been exploring 
the possibility to use alternative hepatocyte sources by comparing their 
metabolic competence to primary cells. Direct comparisons are needed 
for specific assays in order to evaluate the biological response of non- 
primary hepatocytes exposed to a metabolic challenge. 

Glucose production, for example, has been measured for primary 
hepatocytes, iPSC-derived hepatocytes (iPSC-Hep) and hepatoma cell 
lines and typically involve a prolonged period of starvation (3–24 h) in 
which the cells are cultured in absence (or reduced levels) of glucose but 
in presence of gluconeogenic substrates, such as glycerol, lactate or 
pyruvate [16–20]. 

Recently, expandable primary hepatocytes (Upcyte-Hep) have been 
generated by inducing low expression of the human papilloma virus [21, 
22] but their competence for energy metabolism studies remains unclear 
[23]. Furthermore, hepatic organoids (Orgs) emerged as an exciting 
possibility to generate patient-derived expandable cells that can differ
entiate into hepatocyte-like cells and recent progress started to deter
mine their exact application landscape to study liver metabolism and 
disease [24,25]. Yet, more research is needed in order to identify specific 
applications of alternatives to primary hepatocytes in metabolism 
studies. 

With this study, we aimed to characterize and compare the metabolic 
capabilities of various in vitro models of human hepatocytes such as 
iPSC-Hep, HepG2, Upcyte-Hep and organoids with PHH. Specifically, 
we challenged the models with a glucose production assay by measuring 
secreted glucose levels and induction of gluconeogenesis-related genes. 
Finally, we used a highly sensitive targeted lipidomics method to study 
the lipid profile of these hepatocyte models to monitor the modulation of 
intracellular lipid composition as a result of the glucose production 
challenge. This study aimed to further characterize and evaluate alter
natives to primary hepatocyte models for energy metabolism studies. 

2. Material and methods 

2.1. Cell culture 

2.1.1. HpG2 
HepG2 cells (Passage 3) were kindly provided by University of 

Groningen (order number: ATCC-HB-8065, ATCC, Manasses, Virginia, 
USA) and plated at 50000 cell/well in a 24 well plate. Cells were grown 
for 5 days in DMEM (Gibco, 11965092) + 10% Fetal Bovine Serum (FBS, 
Gibco, 16140071) + 1% Penicillin/Streptomycin with a full medium 
change every 2–3 days. 

2.1.2. iPSC-Hep 
iPSC-derived Hepatocytes (iCell Hepatocytes 2.0, Fujifilm) were 

cultured for 5 days in DMEM F12 (Thermo, 11039-021) supplemented 
with B27 (Thermo, 17504-044), 100 nM Dexamethasone (Sigma, 
D4902) and Gentamicin (Thermo, 15750-060). Then, cells were gently 
dissociated with TrypLE™ Express Enzyme (Thermo, 12,604,021) and 
seeded at 100000 cells/well in a collagen-I coated 24 well plates. Cells 
were grown for 5 days with a full medium change every 2–3 days. 

2.1.3. PHH 
Primary human hepatocytes (BIOIVT, M00995, Lot: MLS) were 

seeded at 700000 cells/well in a collagen-I coated 24 well plate after 
thawing in INVITROGRO CP Medium (BIOIVT, Z99029). Cells were kept 
in culture for 5 days in INVITROGRO HI Medium (BIOIVT, Z99009) with 
a medium change every 2–3 days. 

2.1.4. Upcyte hepatocytes 
Human upcyte® Hepatocytes (BIOIVT, CHE002, Lot 

151.03.20180822.1) were thawed in Thawing Medium (Upcyte tech
nologies, MHE001) seeded at a density of 10000 cells/cm2 in collagen- 
type I-coated T75 flasks (Thermo, 156,499) and cultured in High- 
Performance Medium (HPM, Upcyte technologies, MHE003). Cells 
were then dissociated with TrypLE™ Express Enzyme (Thermo, 
12,604,021) and cryopreserved. Cells were then subsequently thawed 
and plated at 100000 cells/well in a collagen-I coated 24 well plate and 
kept in culture for 5 days in High-Performance Medium (HPM, Upcyte 
technologies, MHE003) with a medium change every 2–3 days. 

2.1.5. Organoids 
Primary adult stem cell-derived liver organoids are expanding adult 

bile-duct-derived bipotent progenitor cells that can be differentiated 
into functional hepatocytes [25]. The organoid line (M17-00060) was 
obtained from the Hubrecht Organoid Technology and was isolated from 
a healthy 43-year-old male. Prior differentiation, organoids were 
maintained in HepatiCult™ Growth Medium, here called HepatCult 
OGM (STEMCELL Technologies, 100–0385), in droplets of 70% Matrigel 
GFR (7.2 mg/mL, Corning, 356237) and 30% HepatiCult Organoid 
Growth Medium with 50 μg/mL Primocin® (Invitrogen, ANT-PM-2) in 
24-well suspension plates (Greiner Bio-One, 662102) in a humidified 
incubator at 37 ◦C, 5% CO2. 500 μL of per well of HepatiCult OGM 
medium was refreshed every 2–3 days. Organoids were passaged by 
mechanical dissociation every 7–10 days. For passaging, the Matrigel 
GFR droplets were broken using media from two wells and transferred to 
a 15 mL tube with a P1000 tip pre-coated with DBSA consisting of 
Dulbecco’s Modified Eagle medium +4.5 g/L D-Glucose, L-Glutamine 
(Thermo, 31966047) with additional 1% Penicillin/Streptomycin and 
1:100 v/v of 10% BSA (Sigma-Aldrich, A2153) in DPBS (Thermo, 
14190144). A maximum of 12 wells were pooled in one 15 mL tube 
followed by filling it up to 12 mL with ice-cold DBSA and pipetting up 
and down 10 times using a 10 mL plastic pipette. The organoids were 
centrifuged at 450 RCF for 5 min at 8 ◦C and the supernatant was 
aspirated. The pellets were resuspended in 1 mL of AdDF+++, prepared 
by adding 1:100 v/v of GlutaMAX™ Supplement (Thermo, 35050061), 
1% Penicillin/Streptomycin and 1:100 1 M HEPES (Thermo, 15630080) 
to Advanced DMEM/F-12 (Thermo, 12634028). Organoids were 
sheared mechanically by pipetting up and down 10–20 times depending 
on donor and drop density with a P10 pipette tip fitted on a P1000 tip. 
AdDF+++ was added up to 12 mL and the tube was centrifuged at 450 
RCF for 5 min at 8 ◦C. The supernatant was aspirated, and the pellet 
placed on ice before it was resuspended in OGM followed by addition of 
Matrigel GFR in a 30%–70% v/v ratio respectively, with a total volume 
of 50 μL per well to be seeded. Organoids were seeded in 50 μL droplets 
by pipetting them in the center of 24-well suspension plates that were 
pre-warmed at least 24h in the incubator. After 5 min at room temper
ature (RT) the 24-well plates were placed upside down in the incubator 
for 1h to solidify the droplets. Organoids used for this study were at 
passage 7. Prior differentiation, organoids were cultured for 7 days in 
HepatiCult™ Growth Medium which was then replaced for additional 7 
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days with HepatiCult™ Differentiation Medium (STEMCELL Technolo
gies, 100–0383). Full medium change was performed every 2–3 days. 
The research described here has been performed according to applicable 
Dutch national ethics regulations. The use of liver organoid line was 
approved by the medical ethical committee of the UMC Utrecht, the 
Netherlands in compliance with guidelines from Ethical Committee and 
European Union legislation. 

2.2. Glucose production assay 

2.2.1. 2D cell cultures 
To initiate the glucose production assay, the cell culture medium was 

replaced by pre-starvation medium comprised of DMEM + 2 mg/ml D- 
glucose (Sigma, G7021), 1 mM Sodium Pyruvate (Thermo, 11360070), 
100 nM Dexamethasone (Sigma, D4902) and 1% Penicillin- 
Streptomycin (Sigma, P4333). Cells were cultured in pre-starvation 
medium for 2 h. Cells were then washed 3 times with 1 mL glucose- 
free DMEM (Thermo, A1443001) to remove any residual glucose. 
Cells were then cultured for 12 h in either: Glucose Production medium 
(GP) comprised of glucose-free DMEM supplemented with 2 mM Sodium 
Pyruvate, 20 mM Sodium Lactate (Sigma, L7022), GlutaMAX (Thermo, 
A1286001), 100 nM Dexamethasone (Sigma, D4902), 20 μM Forskolin 
(Tocris, 66575-29-9v), and 1% Penicillin-Streptomycin. Fed medium 
comprised of glucose-free DMEM supplemented with 2 mg/ml glucose, 
1 mM Sodium Pyruvate, GlutaMAX, 1x ITS (Thermo, 41400045), 100 
nM Dexamethasone and and 1% Penicillin-Streptomycin. 

2.2.2. 3D cell culture 
Organoids were extracted from Matrigel domes by mechanical 

dissociation in combination with cold Advanced DMEM/F-12 (Thermo, 
12634028). Organoids were then collected in a 15 mL tube and addi
tional cold Advanced DMEM/F-12 was added for a final volume of 15 
mL. The organoids were then centrifuged for 5 min at 450 g and 8 ◦C. 
Matrigel layer was aspirated without disrupting the organoid pellet. 15 
mL cold Advanced DMEM/F-12 was added to the tube, centrifuged and 
aspirated for a total of 2 washes. Matrigel-free organoids were then 
resuspended in 15 mL pre-starvation medium and incubated at 37 ◦C for 
2 h. After that, organoids were centrifuged, and pre-starvation medium 
was removed and replaced with 15 mL glucose-free DMEM. Organoids 
were washed with 15 mL glucose-free DMEM for 3 times and were then 
distributed across multiple 1.5 mL tubes in 1 mL glucose-free DMEM. 
Tubes were centrifuged at 300 g for 5 min. Organoids were then 
resuspended in 200 μL of Fed or Glucose Production medium for 12 h. 

2.2.3. Glucose measurement 
To measure extracellular glucose, 250 μL of conditioned medium was 

collected in a 96 well-plate. 31.25 μL of 0.6 N HCl was added to inac
tivate endogenous enzyme activity and degrade NAD(P)H. After 5 min, 
31.25 μL of 121 mg/mL Trizma base (Sigma, T1503) was added to 
neutralize the solution. To the remaining cells, 0.6 N HCl was added to 
extract intracellular glucose and was neutralized after 20 min using 121 
mg/ml Trizma Base. Glucose was then measured by using Glucose-Glo 
(Promega, J6021) following manufacturer’s instructions. 

2.3. Protein quantification 

Cells cultured in either GP medium or Fed medium for 12 h were 
lysed using 200 μL RIPA buffer (Thermo, 89900) for 10 min at room 
temperature. Total protein was then quantified using DC™ Protein 
Assay (BIO-RAD, 5000112). 

2.4. qPCR 

Total RNA was isolated from hepatocytes using RNeasy Mini Kit 
(Qiagen) and reverse transcribed using M-MLV Reverse Transcriptase 
(Invitrogen, 28025013) at 37 ◦C for 50 min in a - LightCycler® 96 

Instrument (Roche, 05815916001). qPCR was performed using SYBR 
Green according to manufacturer’s protocol. The primers used for the 
analysis were the following: G6PC forward 5′-GCTGCTCATTTTCCT
CATCAA-3′, reverse 5′-TTCTGTAACAGCAATGCCTGA-3’; PCK1 forward 
5′-GGTCAGTGAGAGCCAACCAG-3′, reverse 5′-AGATGGAGGAAGAGGG 
CATT-3’; FBP1 forward 5′-GAGGCGTACGCTAAGGACTTT-3′, reverse 5′- 
GAGGCGTACGCTAAGGACTTT-3’; ACTB forward 5′-CTCTTCCAGCC 
TTCCTTCCT-3′, reverse 5′-AGCACTGTGTTGGCGTACAG3’; ALB forward 
5′-CTTCCTGGGCATGTTTTTGT-3′, reverse 5′-TGGCATAGCATTCATG 
AGGA’; SOX9 forward 5′- GTACCCGCACTTGCACAAC-3′, reverse 5′- 
GTAATCCGGGTGGTCCTTCT’; AFP forward 5′-CACCTACAATTCT 
TCTTTGGGC-3′, reverse 5′-TGTTGCTGCCTTTGTTTGG’; HNF4a forward 
5′-ATCTTCTTTGACCCAGATGCC-3′, reverse 5′-CGGTCGTTGATGTAG 
TCCTC’. 

2.5. Lipidomics sample preparation 

2.5.1. Sample preparation 
Cells cultured in either GP medium or Fed medium for 12 h were 

washed once with 1 mL cold PBS. Then, 250 μL of cold MeOH:Water 8:2 
(v/v) was added. Adherent cells were scraped from the wells using a 
pipet tip, organoids were resuspended and disrupted and 100 μL was 
transferred to a tube. Samples were immediately frozen at − 80 ◦C. 

2.5.2. LC-MS reagents and materials 
The LC-MS grade acetonitrile and methanol and HPLC grade chlo

roform were purchased from Biosolve (Biosolve Chimie SARL), Dieuze, 
France. The ammonium acetate was of LC-MS grade (LiChropur™) and 
was purchased from Sigma-Aldrich (St.Louis, MO, USA). The Milli-Q® 
reference water purification system (Merck KGaA, Darmstadt, Germany) 
was used for purifying the water. The internal standard for lipidomics 
study was a mixture of splash lipidomix mix (330707-1 EA), lysophos
phatidylserine, LPS(17:1); lysophosphatidylinositol, LPI(17:1); lyso
phosphatidylglycerol, LPG(17:1) purchased from Avanti polar lipids. 
This internal standard mix also contained deuterated hexosyl ceramides, 
Hex-Cer 18:1; O2/16:0-d9 (part no.-5040398); deuterated lactosyl 
ceramides, Lac-Cer 18:1; O2/16:0-d9 (part no.-5040399); deuterated 
dihydroceramides, Cer 18:0; O2/16:0-d9) (part no.-5040397); deuter
ated ceramides, Cer 18:1; O2/16:0-d9 (part no.-5040167) purchased 
from AB Sciex. The splash lipidomics mix contains deuterated internal 
standards mixture of phosphatidylcholine (PC); phosphatidylethanol
amine (PE); phosphatidylserine (PS); phosphatidylglycerol (PG); phos
phatidylinositol (PI); lysophosphatidylcholine (LPC); 
lysophosphatidylethanolamine (LPE); cholesteryl esters (CE); di
glycerides (DG); triglycerides (TG); sphingomyelin (SM). The internal 
standard mixture was prepared in acetonitrile-methanol mixture (3:7 v/ 
v). 

2.5.3. Lipid extraction 
The lipids were extracted using Matyash method [26] with slight 

modifications. Matyash is preferred over other traditional methods of 
lipid extraction like Bligh- Dyer or Folch’s since in Matyash method, the 
non-polar MTBE layer containing the lipid species will be the upper 
phase which makes it easy for sample collection without the interference 
of contaminants. The tubes containing cells have 100 μL of methanol: 
water (80:20, v/v) were used for lipid extraction. 34 μL of the internal 
standard mix was added to each tube followed by the addition of 115 μL 
of methanol and 650 μL methyl tert-butyl ether (MTBE) and vortexed for 
5 min. This mixture was then incubated at room temperature on an 
orbital shaker for 1 h. After the addition of water (143 μL), making the 
final ratio of MTBE:MeOH:Water to 10:3:2.5, v/v/v, the mixture was 
again incubated at room temperature for 10 min and centrifuged at 
15800 rcf for 10 min 550 μL of organic (upper) layer was collected and 
dried in a vacuum concentrator. Samples were then re-constituted with 
150 μL of acetonitrile:methanol (3:7), vortexed and centrifuged for 10 
min. The supernatant was taken and injected in LC-MS for analysis. 
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2.5.4. Lipid profiling through LC-MS analysis 
Hydrophilic interaction chromatography with electrospray 

ionization-tandem mass spectrometry (HILIC-MS/MS) experiments were 
performed on an Exion LC AD (Sciex, Concord, ON,Canada) according to 
our previously published study [27]. The LC was coupled to QTRAP 
6500+ mass spectrometer with a Turbo V source (Sciex, Concord, ON, 

Canada). Separations was performed on Luna amino column (100 mm ×
2 mm, 3 μm,Phenomenex). The organic phase (Mobile Phase A) contains 
1 mM ammonium acetate in choroform: acetonitrile (1:9) and aqueous 
phase (Mobile Phase B) contains 1 mM ammonium acetate in acetoni
trile: water (1:1). The details about the gradient are shown in Table S1. 
The injection volume was kept 5 μL for all the classes except for TG and 

Fig. 1. Experimental procedure and glucose production: (A) Schematic of the experimental procedure. (B) Phase contrast images of the different hepatocyte models. 
(C) Gene expression analysis for hepatocyte phenotype assessment. (D) Albumin vs AFP expression ratio. (n = 3; mean ± SD; *p < 0.05, ns = not significant, One- 
Way Anova, PHH vs Orgs, iPSC-Hep, Upcyte-Hep, HepG2) (E) Glucose production normalized to protein content after 12 h in GP medium. (n = 3–6; mean ± SD; *p 
< 0.05, One-Way Anova, PHH vs Orgs, iPSC-Hep, Upcyte-Hep, HepG2). 
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PE where it was kept at 1 μL. The temperature of the column was 35 ◦C. 
The rinsing solvent for the injector needle was isopropanol:water: 
dichloromethane (94:5:1, v/v/v). This solvent was used to clean the 
needle after each injection. 

The mass spectrometer was operated at ionspray voltage of 5500V 
and − 4500V for positive and negative mode respectively. The curtain 
gas was 20 psi, collision gas was kept at medium. The source tempera
ture was 400 ◦C, GS1 and GS2 were 30 and 35 psi respectively. The data 
acquisition was done in scheduled MRM(sMRM). The details about the 
sMRM window, ion transitions retention times, collision energy (CE) 
and declustering potential are summarized in Table S2, sheet 1. The total 
scan time was set at 0.5 s. 

One internal standard per class has been used for the quantification 
of lipid species. Table S3 shows the concentration of internal standards 
spiked in the samples. Based on these concentrations and response of 
internal standards, the concentration of endogenous lipid species was 
calculated. The concentration was then normalized to the amount of 
total protein of the respective conditions and models. 

2.6. Statistics 

Statistical analysis of glucose production rates was performed using 
GraphPad Prism 6.01. Significant differences at p < 0.05 were deter
mined using One-Way Anova, Dunnett’s multiple comparison test. ‘n’ 
represents different well replicates. 

Gene expression analysis was performed using LightCycler®96. 
Statistical analysis of gene expression was performed using GraphPad 
Prism 6.01. Significant differences at p < 0.05 were determined using 
Two-Way Anova, Šídák’s multiple comparisons test. ‘n’ represents 
different well replicates. 

For lipidomic data, Sciex OS (v2.1.6) was used for peak integration 
and all statistical analyses were performed in R (version 4.2.0), and the 
packages such as ggplots, ggpubr, ComplexHeatmap were used to plot 
the graphs. The statistical significance was calculated using Kruskal- 
Wallis test followed by Dunnett’s test. 

3. Results 

3.1. Hepatocyte glucose production 

To compare the net glucose production of the hepatocyte models, we 
pre-cultured primary hepatocytes (PHH), iPSC-Hep, Upcyte-Hep, HepG2 
and Orgs (Fig. 1A) between 5 and 10 days under normal growth con
ditions. To assess the hepatic phenotype and maturity of the cells, we 
analysed gene expression of albumin (ALB), alpha-fetoprotein (AFP), 
SRY-Box Transcription Factor 9 (SOX-9) and Hepatocyte nuclear factor 4 
alpha (HNF4a) (Fig. 1B). ALB and HNF4a were expressed in all tested 
models, confirming hepatocyte identity of the cells. Expression of SOX-9 
was predominantly observed in HepG2 cells. Ratio between ALB and 
AFP expression, which is indicative of hepatocyte maturity, was 
observed to be the highest in PHH and Orgs, followed by Upcyte-Hep 
and lastly HepG2 and iPSC-Hep (Fig. 1C). For the glucose production 
assay, medium was replaced with serum-free DMEM supplemented with 
2 mg/mL glucose for 2 h prior to glucose production challenge as serum 
starvation has been shown to stimulate the induction of gluconeogenic 
genes [28]. The cells were then incubated with glucose production (GP) 
medium consisting of glucose-free and serum-free DMEM medium 
containing 20 mM lactate, 1 mM pyruvate, glutamine, 100 nM dexa
methasone and 10 μM forskolin for 12 h (Fig. 1C). Glucose levels were 
then measured both extracellularly and intracellularly. While detectable 
levels of extracellular glucose were measured for all hepatocyte models, 
PHH showed greater net glucose production and secretion followed by 
Orgs, iPSC-Hep, Upcyte-Hep and HepG2 (Fig. 1E, left). Similarly, 
intracellular levels were highest in PHH, followed by Orgs and iPSC-Hep 
while glucose concentration was below the detectable limit for 
Upcyte-Hep and HepG2 (Fig. 1E, right). 

3.2. Gluconeogenic genes induction 

Gluconeogenesis is one of the main metabolic pathways for the 
generation of glucose and becomes the dominant source of endoge
nously produced glucose after glycogen storages are depleted [7]. 
Gluconeogenesis is a highly regulated on multiple levels including gene 
transcription [5]. Glucose-6-phosphatase (G6PC) hydrolyses the termi
nal step of gluconeogenesis and glycogenolysis. Phosphoenolpyruvate 
carboxykinase 1 (PCK1) is the rate-limiting enzyme of gluconeogenesis 
[29]. Fructose 1,6-biphosphatase (FBP1) converts fructose-1, 
6-biphosphate to fructose-6-phosphate in another rate-limiting reac
tion [5]. We assessed the gene expression levels of these key enzymes by 
qPCR for each hepatocyte model after 12h of either GP medium or Fed 
medium consisting of DMEM with 5 mg/mL glucose, insulin, 1 mM 
pyruvate, glutamine and 100 nM dexamethasone (Fed medium). Over
all, expression of G6PC, PCK1 and FBP1 was observed in all hepatocyte 
models in Fed condition (Supplementary Fig. 1) with G6PC and PCK1 
being significantly induced in GP condition (Fig. 2A). PCK1 was not 
significantly induced in organoids, but we observed an already higher 
baseline expression compared to the other models (Supplementary 
Fig. 1). FBP1 appears to be the least regulated at a gene expression level 
and has notably low expression in HepG2 cells compared to the other 
glucogenic genes. PHH showed approximately 100-fold induction of 
G6PC and PCK1 when cultured in GP medium compared to Fed medium 
(Fig. 2B). iPSC-Hep and Upcyte-Hep appear to regulate their gene 
expression levels in a comparable way compared to PHH while orga
noids showed overall reduced induction. 

3.3. Lipid profile of hepatocytes 

Lipidomic analysis has been extensively used in metabolic studies of 
hepatocytes to profile entire cells or isolated lipid droplets [30–32]. We 
have used a HILIC-MS/MS method targeting 1200 lipid features for 
lipidomics analysis, where each feature represents one or more lipid 
species with certain chemical (sub)structures (for example including 
possible isomers). Table 1 shows the total number of detected lipid 
species across 19 lipid(sub-)classes in the hepatocyte models cultured 
with Fed or GP medium. These classes include phospholipids (LPE, PC, 
LPC, PI, PS, LPG, LPI, LPS, PG, SM, PE, PE with alkyl ether (PE-O) and 
alkenyl ether substituents (PE-P)), sphingolipids (HexCer, LacCer, Cer), 
glycerolipids (DG, TG) and sterol lipids (CE). We were able to detect 691 
lipid species in PHHs, 624 in Orgs, 433 in iPSC-Hep, 565 in Upcyte-Hep 
and 645 in HepG2 cells. 

First, we compared the total lipidome found in each hepatocyte 
model in Fed medium and divided the lipid species according to their 
chain length and amount of double bonds in glycerolipids and phos
pholipids. Fig. 3A shows abundance of lipid species containing chain 
lengths of 16, 18, 20, and 22 carbon atoms in glycerolipids and phos
pholipids. For glycerolipids, PHH cells exhibit the greatest prevalence of 
FA chain lengths comprising 18 carbon atoms, followed by FA chain 
lengths containing 16 carbon atoms. For iPSC-Hep, the dominant FA 
chain length is 16 carbon atoms, followed by 18 carbon atoms. HepG2, 
Upcyte-Hep, and organoids have comparable levels of abundance for 16 
and 18 carbon containing FA chains. PHH cells also display lipid species 
with longer chain lengths like C20 and C22. Within phospholipids, 
species with 18 carbon chain length emerge as the most abundant across 
all cell types. The FA chain with 20 carbons is the second most abundant 
chain in all the hepatocyte models except HepG2 where 16 carbons is the 
second most abundant. C22 remains the least abundant chain length 
across all cell types, with PHH cells exhibiting the highest prevalence 
among the five hepatocyte models. Fig. 3B illustrates the distribution of 
lipid species in glycerolipids and phospholipids based on the presence of 
monounsaturated fatty acids (MUFA), polyunsaturated fatty acids 
(PUFA), and saturated fatty acids (SFA) across the five cell models. 
Among glycerolipids, all hepatocyte models show higher prevalence of 
MUFA compared to primary hepatocytes and a lower content in PUFA. 
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Fig. 2. Gluconeogenesis gene induction as a result of glucose production challenge: (A) Expression of glucogenic genes in PHH, Orgs, Upcyte-Hep, iPSC-Hep and 
HepG2 cells after 12 h incubation in GP or Fed medium. Genes of interest were normalized to the houskeeping gene ACTB and expression levels are shown as relative 
to G6PC in Fed condition (n = 3; mean ± SD; ****p < 0.0001, **p ≤ 0.01, ns = not significant, 2-way ANOVA with Šídák’s multiple comparisons test. (B) Fold 
change of gene expression relative to the Fed condition for all hepatocyte models (n = 3). 
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For phospholipids, PHH and iPSC-Hep cells shows the highest abun
dance in PUFA, while HepG2, Upcyte-Hep, and organoids have a higher 
presence of MUFA, followed by PUFA. Across all hepatocyte models, SFA 
shows a lower level of abundance. When looking at the combination of 
fatty acids, organoids generally show higher levels of phospholipid 
species with a combination of monounsaturated fatty acids (MUFA)- 
PUFA. However, for species containing a 20:4 chain, PHH display higher 
levels compared to organoids and other hepatocyte models. The phos
pholipid species containing a combination of SFA-MUFA, and MUFA- 
MUFA have the predominantly highest levels in organoids while iPSC- 
Hep mostly have the lowest level. The combination of SFA-SFA does 
not exhibit a consistent trend in terms of species abundance. When 
comparing organoids and PHH with three other matrices, we observe 
that certain species show higher abundance in either organoids or PHH, 
while being lower in the remaining three models. When considering the 
PUFA-PUFA combination, organoids generally exhibit the highest levels 
of species abundance. However, there is an exception when species have 
one of the chains as 20:4 like, for example, PE 18:2_20:4 or those with 
both chains as 18:2, such as PC18:2_18:2, have higher abundance in 
PHH. Another interesting observation was seen for species containing 
18:3 regardless of their combination with SFA, MUFA or PUFA. These 
species have similar abundance in iPSC-Heps, PHH and organoids. 

We also performed this analysis in the GP medium to investigate the 
variation in the composition of fatty acyl chains in lipids under glucose- 

Table 1 
The number of detected lipid species across 19 lipid(sub-)classes in different 
hepatocyte models measured using HILIC-MS/MS.  

Lipid 
class 

HepG2 Upcyte- 
Hep 

iPSC- 
Hep 

PHH Organoids Common 

LPE 16 18 11 24 24 8 
PC 70 56 59 72 57 50 
LPC 4 4 4 11 18 4 
PI 35 26 21 59 48 20 
PS 30 22 9 32 27 9 
LPG 3 3 2 9 9 2 
LPI 3 5 1 10 12 1 
LPS 2 3 1 10 14 1 
PG 47 43 39 55 42 33 
SM 56 53 39 68 55 37 
HexCer 9 10 3 18 14 3 
LacCer 12 12 2 9 3 2 
Cer 9 9 9 18 16 7 
TG 253 207 174 169 171 123 
PE 74 57 39 87 68 34 
PE-O 14 18 8 20 22 6 
PE-P 8 19 12 14 20 7 
DG 0 0 0 4 2 0 
CE 0 0 0 2 2 0 
Total 645 565 433 691 624 347  

Fig. 3. Fatty acyl chain composition of glycerolipids and phospholipids in five hepatocyte models in Fed medium. (A) Abundance (%) of lipids with fatty acid chain 
length containing 16, 18, 20 and 22 carbon atoms.; (B) Abundance (%) of lipids containing monounsaturated fatty acid (MUFA), polyunsaturated fatty acid (PUFA) 
and saturated fatty acid (SFA). 
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deprived conditions. However, we observed a similar abundance of 
species in the GP medium, as depicted in Supplementary Fig. 2. 

Since our aim was to identify similarities and differences of alter
native hepatocyte models to primary hepatocytes, we confined the 
consequent analysis only to the common species across the different 
models and samples reducing the number to 347 lipid species that were 
distributed across 17 lipid(sub-) classes. The concentration of all the 
species in Fed and GP state are specified in Table S2, sheet 2. The ac
curate concentration of endogenous lipid species was calculated based 
on the concentration of internal standards spiked in the samples. The 
relative abundance of each class was calculated based on these con
centrations. For this, we considered the amount of lipids in each distinct 
class divided by the total amount of lipids as the sum of all species across 
all classes. In terms of relative abundance expressed in mol% across all 
common species, we found that in PHH the TG class constitutes the 
largest proportion of lipid species in both Fed and GP conditions total
ling approximately 60% followed by PC with about 22% while PE, PI, 
SM and PS constitute approximately 6%, 5%, 4% and 2.5% of the 
common lipidome, respectively. Other lipid classes account for the 
remaining percentage. A similar ranking is observed for all hepatocyte 
models with the exception of Upcyte-Hep, where we found TGs to ac
count for only 31%, with PC being the most common class (34%). An 
extensive summary of the relative abundance is presented in Table 2. 

Principal component analysis reveals a high degree of agreement 
between replicates but also distinct separation between the different 
models in both experimental conditions (Fig. 4). This analysis suggests 
diverse lipid profiles for PHH and Organoids which appear to be 
distinctly isolated, with iPSC-Hep, HepG2 and Upcyte-Hep clustering 
together in another separate group. Within this group, iPSC-Hep, HepG2 
and Upcyte-Hep HepG2 can further be distinguished from each other 
(Fig. 4, insert) revealing closest similarity between iPSC-Hep and 
Upcyte-Hep, while HepG2 tends to cluster separately. Overall, we 
observe distinct separation between all hepatocyte models. In compar
ison to the difference across separate hepatocyte models, distinction 
between Fed and GP conditions within each model appear to be rela
tively limited. This suggests a small alteration of the lipidome as a result 
of the glucose production challenge compared to changes observed 
across different hepatocyte models. 

Further, we used a heatmap to visualize the abundance of lipid 
species. We confirmed the association between the hepatocytes by per
forming hierarchical clustering on the whole dataset (Fig. 5). Overall, 
organoids show the highest lipid concentration across the lipidome, 
followed by PHH. The heatmap reveals closest similarity between the 
datasets of PHH and Orgs, while confirming the separation of iPSC-Hep, 
HepG2 and Upcyte-Hep as a distinct group. Table S2, sheet 3 presents 
the statistical significance of individual species, indicating the variation 
in their profiles across all four hepatocyte models when compared to 
PHH. 

Experimental conditions, GP and Fed, did not cause drastic changes 
in the lipid profiles. To evaluate significant changes in lipid species 
concentrations resulting from glucose production induction conditions, 
we conducted a statistical analysis (using FC ≥ 1.5 or FC ≤ 0.7 and a p- 
value <0.05). Table 3 shows the lipid species that have been altered 
during fasting (GP) conditions. Here we observed significant reduction 
of 18 TG species and 21 PE species in PHH while there were no signif
icant changes in the other lipid classes. This was in strong contrast with 
the other hepatocyte models where we observed a diverse response to 
the culture conditions. iPSC-Hep show an increase in several classes 
while no change in TG was observed. HepG2 cells revealed only minimal 
significant changes with a possible exception of a few species in PE, LPE, 
PI and PC. Upcyte-Hep show a marked increase in several classes, most 
notably PC and TG. In contrast, Orgs showed a significant decrease 
across most of the species in the lipidome including 18 PC species, 28 TG 
species and 32 PE species. The identity of the species that have been 
altered in the GP medium has been provided in Table S2, sheet 4. We 
noted that GP medium caused a reduction of saturated species in 

organoids like PC 18:0_18:0 and PC 16:0_16:0 which could indicate a 
physiological response as observed in vivo [33]. Conversely, we observed 
an elevation in PC species containing PUFA such as PC 16:0_20:4 and PC 
18:1_20:4 in iPSC-Hep, HepG2 and Upcyte-Hep. This might indicate an 

Table 2 
Composition of the lipidome of the tested hepatocyte models under Fed and GP 
condition expressed as mol% from the accurate amount of common lipid mo
lecular species obtained by HILIC-MS/MS analysis.   

Fed 

mol% PHH iPSC-Hep HepG2 Upcyte- 
Hep 

Orgs 

LPE 0.136 ±
0.003 

0.145 ±
0.018 

0.122 ±
0.005 

0.256 ±
0.018 

0.081 ±
0.007 

PC 21.621 ±
1.038 

15.421 ±
0.221 

30.768 ±
0.758 

33.6 ±
0.449 

11.968 ±
0.501 

LPC 0.141 ±
0.014 

0.144 ±
0.011 

0.086 ±
0.006 

0.157 ±
0.015 

0.102 ±
0.01 

PI 4.725 ±
0.133 

2.527 ±
0.03 

4.833 ±
0.106 

6.895 ±
0.584 

2.656 ±
0.153 

PS 2.455 ±
0.089 

1.57 ±
0.048 

5.39 ±
0.357 

6.75 ±
0.313 

1.578 ±
0.121 

LPG 0.007 ±
0.001 

0.007 ±
0.001 

0.008 ±
0.001 

0.03 ±
0.001 

0.003 ±
0.001 

LPI 0.041 ±
0.01 

0.039 ±
0.004 

0.023 ±
0.003 

0.218 ±
0.035 

0.018 ±
0.005 

LPS 0.065 ±
0.012 

0.034 ±
0.003 

0.015 ±
0.002 

0.123 ±
0.014 

0.044 ±
0.01 

PG 0.745 ±
0.051 

0.6 ±
0.036 

0.992 ±
0.043 

2.189 ±
0.054 

0.909 ±
0.039 

SM 3.578 ±
0.056 

2.279 ±
0.037 

3.318 ±
0.042 

5.579 ±
0.11 

0.897 ±
0.052 

HexCer 0.006 ±
0.001 

0.013 ±
0.001 

0.007 ±
0.001 

0.034 ±
0.001 

0.001 ± 0 

LacCer 0.022 ±
0.003 

0.003 ± 0 0.024 ±
0.001 

0.039 ±
0.003 

0.001 ± 0 

Cer 0.67 ±
0.026 

0.222 ±
0.012 

0.112 ±
0.008 

1.303 ±
0.17 

0.26 ±
0.028 

TG 59.664 ±
0.797 

71.585 ±
0.883 

45.623 ±
0.831 

30.644 ±
0.577 

77.948 ±
2.299 

PE 6.124 ±
0.176 

5.411 ±
0.174 

8.678 ±
0.198 

12.184 ±
0.342 

3.533 ±
0.17 

Glucose production 
mol % PHH iPSC-Hep HepG2 Upcyte- 

Hep 
Orgs 

LPE 0.177 ±
0.004 

0.145 ±
0.018 

0.083 ±
0.001 

0.282 ±
0.009 

0.082 ±
0.008 

PC 23.775 ±
0.374 

15.421 ±
0.221 

31.985 ±
0.929 

34.478 ±
0.199 

11.63 ±
0.503 

LPC 0.202 ±
0.01 

0.144 ±
0.011 

0.105 ±
0.007 

0.163 ±
0.008 

0.113 ±
0.005 

PI 4.993 ±
0.104 

2.527 ±
0.03 

4.723 ±
0.211 

6.547 ±
0.347 

2.874 ±
0.123 

PS 2.547 ±
0.088 

1.57 ±
0.048 

6.872 ±
0.191 

5.974 ±
0.108 

1.414 ±
0.063 

LPG 0.009 ±
0.001 

0.007 ±
0.001 

0.01 ±
0.001 

0.039 ± 0 0.006 ±
0.001 

LPI 0.042 ±
0.006 

0.039 ±
0.004 

0.031 ±
0.001 

0.296 ±
0.041 

0.017 ±
0.005 

LPS 0.083 ±
0.015 

0.034 ±
0.003 

0.017 ±
0.001 

0.124 ±
0.009 

0.045 ±
0.015 

PG 0.804 ±
0.032 

0.6 ±
0.036 

1.018 ±
0.019 

2.064 ±
0.06 

0.908 ±
0.099 

SM 3.636 ±
0.057 

2.279 ±
0.037 

3.518 ±
0.075 

5.672 ±
0.079 

0.869 ±
0.045 

HexCer 0.009 ± 0 0.013 ±
0.001 

0.004 ± 0 0.025 ± 0 0.001 ± 0 

LacCer 0.021 ±
0.001 

0.003 ± 0 0.019 ±
0.002 

0.033 ±
0.001 

0.001 ± 0 

Cer 0.688 ±
0.036 

0.222 ±
0.012 

0.12 ±
0.024 

1.293 ±
0.034 

0.253 ±
0.008 

TG 58.298 ±
2.584 

71.585 ±
0.883 

45.166 ±
1.216 

32.095 ±
0.572 

78.607 ±
1.555 

PE 4.716 ±
0.068 

5.411 ±
0.174 

6.328 ±
0.264 

10.917 ±
0.09 

3.181 ±
0.149  
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overall preference for PUFAs which has been described as a result of 
fasting to preserve essential building blocks for membrane synthesis or 
provide substrate for enzymatic reactions to produce signaling mole
cules [34]. 

4. Discussion 

This study reaffirmed the distinct responses that different hepatocyte 
models may produce under a metabolic challenge in vitro. We challenged 
primary hepatocytes, iPSC-derived hepatocytes, Upcyte hepatocytes, 
hepatic organoids and HepG2 cells with a glucose production condition, 
in which the cells were starved of glucose for 12 h but stimulated with 
forskolin to induce expression of glucogenic genes and supplied with the 
gluconeogenic precursors pyruvate, lactate and amino acids. 

Due to their metabolic competence and despite their limitations, 
primary hepatocytes have been routinely used in energy metabolism 
studies, including in vitro glucose production assays [16]. In this study, 
we confirmed that primary hepatocytes are capable of positive net 
glucose production and showed the highest value compared to all other 
tested models. Hepatoma cell line HepG2, a widely used hepatocyte 
model, showed the least net glucose production of the models tested. 
HepG2 cells have been described having an aberrant phenotype in terms 
of glucose metabolism that doesn’t represent liver energy metabolism 
[35]. For glucose production studies, it is important to consider that in a 
set-up like the one presented in this work, the amount of glucose present 
in the extracellular medium results from a net-positive balance between 
production and consumption. Two opposing metabolic programs may 
play simultaneously, such as glycolysis and gluconeogenesis. Intracel
lular glucose levels could hint at these fluxes as glucose is readily 

Fig. 4. Principal component analysis (PCA) plot showing the separation be
tween hepatocyte models based on their lipid profile. 

Fig. 5. Heatmap of lipid species concentration, divided into their classes and associated dendograms. Each row represents a lipid species and color scale indicates 
log10 of the concentration normalized to protein content. 
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phosphorylated in the first step of glycolysis. High glycolytic flux would 
therefore sequester much of the glucose, lowering intracellular levels. In 
addition to low extracellular glucose, we also observed lowest intra
cellular glucose levels for HepG2 cells [37]. Indeed, a study shows 
14-fold greater glucose incorporation compared to primary hepatocytes 
after incubation with C14 glucose suggesting a much higher consump
tion rate compared to primary hepatocytes [17]. [] 

IPSC-derived hepatocytes emerged as a promising alternative to 
primary hepatocytes as iPSCs are a virtually illimited source of cells, 
they carry the genetic profile of the donor and can differentiate into 
hepatocyte-like cells. Several studies show similarities in metabolic 
competence with primary hepatocytes including glucose production 
[20,31,36]. Yet, concerns remain about iPSC-derived hepatocytes to 
resemble adult hepatocytes and several reports suggest a fetal pheno
type instead [37,38]. In an attempt to improve maturation and differ
entiation efficiency, several protocols and culture settings have been 
proposed but there is yet no consensus on a standardized approach to 
generate functional, mature hepatocytes [39]. In this study, we used a 
commercially available iPSC-derived hepatocyte model which was 
capable of net glucose production, although considerably less than pri
mary hepatocytes. This could indeed be due to a fetal phenotype that 
reflects in a decreased capacity for net glucose production. Indeed, 
gluconeogenesis is known to be absent in the fetal liver but it increases 
rapidly in the liver of newborns [40]. Although in our experimental 
model glucose production arises from a combination of glycogenolysis 
and gluconeogenesis, the reduced net output could be attributed to 
decreased gluconeogenesis compared to primary hepatocytes. Further
more, we observed a lower ratio between the expression of albumin and 
AFP, an indication of a fetal phenotype [41]. 

Upcyte hepatocytes were initially generated to overcome the limi
tations of primary hepatocytes by inducing their proliferation and re- 
differentiation showing many basic hepatocyte markers and function
ality [21,22,42]. Initial comparison to HepG2 cells revealed an increase 
expression of gluconeogenesis-relate genes G6PC and PEPCK and the 
authors hypothesized these cells would be better capable of gluconeo
genesis and glycogen synthesis [42]. A recent study showed that Upcyte 
hepatocytes display similarities with HepG2 in terms of energy meta
bolism including increased glucose uptake and lactate secretion, 
reduced glycogen levels and signalling pathway activation associated 
with hepatocellular carcinoma [23]. This is in line with our observations 
that although Upcyte hepatocytes were capable of glucose net produc
tion, this was at levels similar to HepG2 cells. 

Organoid technology is an emerging field that aims at developing 
three-dimensional organ models and have often been proposed as an 
alternative to primary cells for in vitro studies. In the hepatic context, 
three types of organoids can be established: Multi-tissue organoids, 
epithelial organoids and multi-organ organoids [43]. Multi-tissue 

organoids, comprising several liver-specific cell types alongside with 
the parenchyma can be generated from iPSCs or by self-assembly of 
liver-specific cells as compact spheroid and have been successfully 
deployed for metabolic studies [44–47]. 

Epithelial organoids refer to organoids from a single germ layer with 
self-renewal capacity [43]. These can as well be generated from 
pluripotent stem cells or directly from primary tissue of human livers 
including cholangiocytes or hepatocytes. Hepatocyte organoids, estab
lished from fetal hepatocytes, have been shown to recapitulate key 
features of mature hepatocytes and can be genetically engineered 
allowing for in depth investigation of metabolic diseases as well as 
aiding drug target discovery [48,49]. In this work, we used epithelial 
organoids established from adult intrahepatic cholangiocytes. These 
bipotent cells possess a primarily cholangiocyte phenotype but retain 
the potential to, at least partially, transdifferentiate towards 
hepatocyte-like cells [25]. In this study, we expanded organoids using a 
commercially-available expansion medium formulation followed by a 
differentiation medium to induce differentiation towards 
hepatocyte-like cells. Although a complete biological comparison was 
not within the scope of this study, we did investigate the expression of 
hepatic markers to assess the hepatic phenotype of the models tested. 
We observed lower expression of albumin but similar expression of 
HNF4a compared to primary hepatocytes. This might indicate that 
indeed these constructs comprise a mixed cell population of 
hepatocyte-like cells and bipotent cholangiocyte-like cells as HNF4a has 
been reported to be expressed also in expanding organoids while albu
min is selectively expressed in mature hepatocytes [25]. ,Recently, a 
study showed that under optimized culture conditions, adult-derived 
liver organoid expression levels of G6PC and PCK1 are similar to pri
mary hepatocytes. The same study showed the possibility to perform a 
glucose production assay in Matrigel-embedded HepG2 clusters [50]. 
However, no clear protocol has been established for these measure
ments, as scaffold-embedded organoids cultures present several chal
lenges compared to cells grown as monolayers. The repeated washing of 
the cells prior to glucose production initiation is imperative, as any re
sidual glucose present from the previous culture phase might lead to an 
overestimation of glucose released by the cells. This is especially chal
lenging when culture wells contain Matrigel domes, which could 
potentially release glucose traces also after repeated washing steps. . For 
this reason, we decided to extract the organoids from the scaffold prior 
to the 12 h incubation, which was conducted in Eppendorf tubes after 
repeated washing, from which we could also lyse the cells and measure 
the total protein amount. Despite these challenges, we were capable of 
measuring net glucose production from liver organoids which was 
notably higher than all hepatocyte models, with the exception of pri
mary hepatocytes. Yet, concerns about glucose and Matrigel traces 
during the incubation period remain, and further research needs to be 

Table 3 
Lipidome alterations during fasted (GP) conditions listing the number of lipid species that have been either increased or decreased during the fasting (GP) state.   

Increased Decreased 

PHH iPSC-Hep HepG2 Upcyte- Hep Orgs PHH iPSC-Hep HepG2 Upcyte- Hep Orgs 

LPE 0 0 0 1 0 0 0 4 0 3 
PC 0 6 3 12 0 0 0 0 0 18 
LPC 0 0 0 2 0 0 0 0 0 1 
PI 0 1 0 3 0 0 0 4 0 1 
PS 0 0 1 0 0 0 0 0 0 5 
LPG 0 1 0 1 0 0 0 0 0 0 
LPI 0 0 0 1 0 0 0 0 0 0 
LPS 0 0 0 0 0 0 0 0 0 0 
PG 0 13 0 1 0 0 0 2 0 7 
SM 0 1 0 1 0 0 0 0 0 9 
HexCer 0 2 0 0 0 0 0 2 0 3 
LacCer 0 0 0 0 0 0 0 0 0 1 
Cer 0 2 1 1 0 0 0 1 0 3 
TG 0 0 2 31 0 18 0 1 0 28 
PE 0 3 0 0 0 21 0 9 0 32  
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conducted to establish robust glucose production assays in 
scaffold-embedded organoids. 

Glucose production is a highly regulated process, as hepatocytes 
quickly respond to hormonal stimulation, substrate availability and 
intracellular molecular changes to maintain glucose homeostasis [2,5, 
8]. We observed clear induction of glucogenic genes G6PC and PCK1 
after incubation GP medium compared to Fed medium, in which glucose 
was abundant and in the presence of insulin. This was noticeable in all 
hepatocyte models, with primary hepatocytes increasing the expression 
of both genes approximately 100-fold. This trend was not observed for 
the expression of FBP1, which was upregulated only 2-fold in primary 
hepatocytes and Upcyte hepatocytes, while we observed a down
regulation in organoids and HepG2 cells. This can be explained by the 
fact that FBPase has been shown to be mainly regulated allosterically, 
rather than at the transcription level, such as by AMP mediated inhibi
tion [51]. 

Glucose and lipid metabolism are connected in a multitude of ways 
and disturbances of glucose metabolism can in turn lead to pathological 
changes in lipids. Examples include dyslipidemia often found in patients 
with diabetes [52] or fatty liver disease caused by glycogen storage 
disease [53]. In turn, disorders of lipid metabolism are often associated 
with dysregulation in glucose metabolism [54]. Comparing the total 
lipidome of different hepatocyte models is challenging due to profound 
differences in the starting material, donor-to-donor variations, growing 
and differentiation medium composition and subsequent substrate 
availability that can greatly alter the lipid composition. Furthermore, 
biological differences in metabolic pathways can result in drastic dif
ferences. It has been shown, for example, that de-differentiation of pri
mary hepatocytes as a result of in vitro culture results in marked increase 
in SFA and MUFA with a decrease in PUFA over time [55]. Overall, we 
observed a similar trend in glycerolipids when comparing primary he
patocytes to the other hepatocyte models possibly indicating that they 
possess a de-differentiated phenotype. When comparing individual lipid 
species, it has been shown that iPSC-derived hepatocytes possess a closer 
lipid profile to primary hepatocytes compared to HepG2 [56]. In our 
study, we observed closest similarity with organoids, a model that was 
not tested in that study. We note however that comparing the total lipid 
profile in terms of concentration poses challenges. This is because of the 
uneven abundance of the different classes, where the highest abundant 
ones, primarily triglycerides, are largely responsible for the most pro
nounced differences between the models. In our multivariate analysis, 
we attributed the same weight to each class and lipid species. Different 
multivariate techniques could potentially elucidate other associations 
between the different models. 

The most direct link between lipid and glucose metabolism is re
flected in the hepatic synthesis or breakdown of fatty acids, stored as 
triglycerides, as a response of nutrient availability. Fatty acid β-oxida
tion is a key process to release the energy needed for the production of 
glucose during gluconeogenesis [7]. Alternatively, de novo lipogenesis 
converts excess carbohydrates into fatty acids, later incorporated into 
triglycerides [57]. Overall, our experimental glucose production con
dition seems to induce a downregulation of several TG species in pri
mary hepatocytes and organoids. This could be attributed to an 
activated β-oxidation pathway which could in turn explain the increase 
in net glucose production compared to iPSC-Hep and HepG2s in which 
TG content was minimally altered. However, in this study we did not 
functionally assess β-oxidation and further studied and directed assays 
are needed to provide a functional proof. In contrast to primary hepa
tocytes and organoids, Upcyte-Hep significantly increased several TG 
species under the same conditions. We hypothesize that our glucose 
production condition, which contained no glucose but abundant 
amounts of lactate and pyruvate could lead to a great availability of 
acetyl-CoA, a major lipogenic precursor. Decreased glucogenic flux and 
energy demand could therefore lead Upcyte-Hep to utilize acetyl-CoA 
for de novo lipogenesis, rather than breakdown via the citric acid 
pathway. It is possible, therefore, that decreased glucose production 

rates in iPSC-Hep, HepG2 and Upcyte-Hep correlate with decreased fatty 
acid β-oxidation but functional proof still needs to be investigated. 
Indeed it has been reported that HepG2 possess a significantly lesser 
basal oxidation rate compared to primary hepatocytes rates [17]. 

Triglycerides are stored inside of lipid droplets in the cytoplasm of 
the cells that act as dynamic organelles, alternating between periods of 
growth and consumption [58]. Triglycerides are also secreted by he
patocytes in very low-density lipoproteins (VLDL) in a highly regulated 
process to meet energetic demands of extrahepatic tissues. Indeed, 
glucagon has been reported to decrease VLDL release in hepatocytes 
[59]. It has been observed that changes in cell membrane composition, 
as a result of dietary or environmental factors, can alter cell permeability 
and receptor stability that can contribute to pathologies such as insulin 
resistance and other metabolic disorders. Cell membrane components, 
such as phospholipid and sphingolipids are an integral part of lipid 
droplets and VLDL and their synthesis, breakdown or release is inter
linked with the metabolic processes to maintain energy homeostasis in 
the organism. The two most abundant phospholipids, PC and PE were 
highly abundant in all hepatocyte models compared to other lipid 
classes, with the exception of TGs. Glucose production conditions 
significantly decreased several PE species in primary hepatocytes and, to 
a lesser extent, in HepG2 cells while PC species did not show any sig
nificant change. A change in PE could partially be explained by an 
alteration in VLDL synthesis and release, or structural changes of lipid 
droplets that would result in an alteration of the synthesis and break
down of membrane components. Organoids showed significantly 
decreased PE and PC species in the glucose production condition while 
an increase was observed in iPSC-Hep and Upcyte-Hep. 

Overall, a great diversity of responses was observed across all lipid 
classes, indicating profound differences between the hepatocyte models. 
Further studies and fundamental research is needed to identify the links 
between lipid metabolism in conjunction with energy homeostasis. Our 
data seem to suggest a closer relationship in lipid composition and 
changes between primary hepatocytes and organoids compared to iPSC- 
Hep, Upcyte-Hep and HepG2. This was ultimately also reflected in the 
glucose production rates. Yet, hepatic organoids as presented in this 
study might still reflect a mixed population of epithelial cells, mainly 
cholangiocyte-like and hepatocyte-like cells and new breakthroughs in 
the field of organoid technology need to be made in order to fully replace 
primary hepatocytes for metabolic studies. 

5. Conclusion 

With this study, we aimed at further advancing the scientific com
munity’s pursuit of establishing and characterizing an accurate and 
dependable cellular tool that can substitute primary hepatocytes for in 
vitro studies. Hepatocytes are responsible for a plethora of functions and 
a complete cellular model with in vivo-like accuracy has yet to be 
developed. Hence, researchers are trying to identify and categorize 
different hepatocyte models for their suitability on specific applications. 
Here, we focused on energy metabolism, comparing several hepatocyte 
models to primary hepatocytes on glucose production, gluconeogenic 
gene regulation and lipid content. This study suggests that for glucose 
production studies, liver organoids might possess the highest net pro
duction capacity after primary hepatocytes. Other models also show net 
production but at lower levels. In terms of gene regulation, we observed 
induction of key gluconeogenic genes in all models, suggesting that, 
although net glucose production might drastically differ, all models 
could be useful to study gluconeogenesis gene regulation. Finally, lip
idomic analysis revealed promising similarity between primary hepa
tocytes and liver organoids compared to other models. However, further 
studies need to be conducted to confirm organoid models as represen
tative of fully mature, differentiated and metabolically competent 
hepatocytes. 
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Limitations of this study 

In this section, we would like to explicitly address the limitations of 
this study. The first notable limitation is the use of cells derived from a 
single donor which may limit the extrapolation of some of the conclu
sions to a broader population. Donor-to-donor variation is an important 
variable that can drastically influence cell metabolism. Furthermore, the 
differentiation process of organoids and iPSC-derived hepatocytes can 
vary between donors and experiment. A bigger donor cohort of all he
patocyte models (with exception of HepG2 as it represents a single donor 
line) should be included in future studies. 

Gene expression analysis revealed high degree of regulation, yet this 
was not confirmed at the protein level. Subsequent protein expression 
profile should be addressed in future studies. Similarly, hepatocyte 
phenotype characterization was performed on gene expression. Yet, 
although indicative of the cell’s phenotype, functional proof is not 
included in this work and should be addressed in follow-up 
characterization. 
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