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Abstract
 
Background: Liver fibrosis results from continuous inflammation and injury. Despite 
its high prevalence worldwide, no approved antifibrotic therapies exist. Omipalisib is 
a selective inhibitor of the PI3K/mTOR pathway that controls nutrient metabolism, 
growth and proliferation. It has shown antifibrotic properties in vitro. While clinical 
trials for idiopathic pulmonary have been initiated, an in-depth preclinical evaluation 
is lacking. We evaluated the effects of omipalisib on fibrogenesis using the ex vivo 
model of murine and human precision-cut tissue slices (PCTS). 
Methods: Murine and human liver and jejunum PCTS were incubated with 
omipalisib up to 10 μM for 48h. PI3K pathway activation was assessed through 
protein kinase B (Akt) phosphorylation and antifibrotic efficacy was determined via 
a spectrum of fibrosis markers at the transcriptional and translational level. 
Results: During incubation of PCTS the PI3K pathway was activated and incubation 
with omipalisib prevented Akt phosphorylation (IC50=20 and 1.5 nM for mouse and 
human, respectively). Viability of mouse and human liver PCTS was compromised 
only at the high concentration of 10 and 1-5 μM, respectively. However, viability of 
jejunum PCTS decreased with 0.1 (mouse) and 0.01 μM (human). Spontaneously 
increased fibrosis related genes and proteins were significantly and similarly 
suppressed in mouse and in human liver PCTS. 
Conclusions: Omipalisib has antifibrotic properties in ex vivo mouse and human 
liver PCTS, but higher concentrations showed toxicity in jejunum PCTS. While the 
PI3K/mTOR pathway appears to be a promising target for the treatment of liver 
fibrosis, PCTS revealed likely side effects in the intestine at higher doses.

Keywords:  precision-cut tissue slices, liver fibrosis, omipalisib, PI3K, Mdr2ko, 
CDAA, jejunum
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Introduction

Liver fibrosis is a chronic disease caused by continuous injury, with a high 
prevalence worldwide. Liver injury can be caused by different factors, such as viruses, 
alcohol, hepatotoxic compounds, and metabolic disorders [1,2]. Chronic injury causes 
liver damage and leads to the replacement of functional tissue with extracellular 
matrix (scarring/fibrosis) [3]. Liver fibrosis has a quiet and gradual pathology, which 
can evolve to cirrhosis during years to decades. When the primary causal factor is 
removed, even advanced fibrosis can reverse, whereas cirrhosis is generally regarded 
as irreversible [4,5]. 

Various pathways, mediators and cells modulate the progression of liver 
fibrosis [6]. A key player in this fibrogenesis process is the activated hepatic stellate 
cell (HSC) and related myofibroblasts (MF). As a result of chronic liver damage, 
HSC lose their physiological role of vitamin A storage, and differentiate into 
extracellular matrix secreting MF [7]. Furthermore, activated HSC/MF show 
increased proliferation, migration, contractility and apoptosis resistance [8]. These 
cellular processes are modulated by different growth factors (platelet-derived growth 
factor (PDGF), transforming growth factor beta (TGFb), epidermal growth factor 
(EGF), vascular endothelial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), which can all activate the Phosphatidylinositol 3-kinase (PI3K) – protein 
kinase B (Akt) signaling cascade. 

The PI3K family consists of three classes, with Class I PI3K being 
the best studied, since it is the only one that can produce phosphatidylinositol 
(3,4,5)-trisphosphate [9], an essential messenger involved in the activation of the 
downstream signaling. Class I PI3Ks are heterodimeric enzymes that have a catalytic 
(p110a, b, g or d) and a regulatory subunit [9]. The pathway is activated as a response 
to numerous stimuli and regulates several cellular functions, such as cell survival, 
proliferation and energy metabolism. As a result, the PI3K pathway is emerging as a 
promising therapeutic target and is currently studied as a target for several conditions, 
such as autoimmune rheumatic diseases [10], idiopathic pulmonary fibrosis (IPF) 
[11], liver fibrosis [12] and malignancies [13].

Several Class I PI3K inhibitors were developed and are currently investigated 
in preclinical or clinical studies. These compounds include pan-isoform inhibitors, 
which can inhibit all four catalytic isoforms of Class I PI3K, and isoform-specific 
inhibitors [14]. Although these compounds show promising results and can be fairly 
well tolerated in patients, there are toxic side effects that have to be taken into account. 
The most frequent side effects encountered in oncologic patients are hyperglycemia, 
skin toxicity and gastrointestinal problems [15]. 

In the current investigation, we evaluated the toxicity and antifibrotic effect 
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of a Class I PI3K pan-inhibitor of the catalytic subunit, omipalisib (GSK2126458, 
GSK458), in murine and human ex vivo precision-cut tissue slices (PCTS), a model 
for early onset and end stage of fibrosis, with human PCTS serving as a bridge 
towards human studies.

Methods

Chemicals
Omipalisib (GSK2126458, GSK458) was purchased from Selleckchem 

(Munich, Germany). The 5 mM stock solution was prepared by dissolving omipalisib 
in DMSO and it was stored at -80°C. The stock solution was diluted in culture media 
with a final DMSO concentration ≤ 0.4%.

Ethics statements
This study was approved by the Medical Ethical Committee of the University 

Medical Centre Groningen, according to Dutch legislation and the Code of 
Conduct for dealing responsibly with human tissue in the context of health research 
(www.federa.org), refraining the need of written consent for ‘further use’ of coded-
anonymous human tissue.

The animal experiments were approved by the Animal Ethics Committee 
of the University of Groningen (DEC 6416AA-001) and by the Animal Care and 
Use Committee of the State of Rhineland Palatinate (approval No. 2317707/G12-1-
007) and Baden-Württemberg (approval No. 13-011-G), Germany.

Human tissue 
Human tissue was obtained from surgical excess material of patients with 

different pathologies. Clinically healthy liver tissue was acquired from donors 
undergoing partial hepatectomy or organ donation. Cirrhotic liver tissue originated 
from patients with end-stage liver disease who underwent liver transplantation. 
Clinically healthy jejunum tissue was obtained from patients who had a 
pancreaticoduodenectomy procedure. 

Mouse tissue – liver and jejunum
Adult male 8 week-old C57BL/6 (BL/6) were obtained from De Centrale 

Dienst Proefdieren, UMCG, Groningen, The Netherlands, and male and female 
9-week-old FVB mice were purchased from Janvier (France). Adult male and female, 
9 week-old, Mdr2(abcb4)-/- mice (FVB background) were bred at the Institute of 
Translational Immunology at Mainz, Germany and have been characterized previously 
[16,17]. FVB mice served as controls. Male BL/6 mice (8 weeks of age, purchased 
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from Janvier Labs) were placed on a choline deficient L-amino acid (CDAA) defined 
diet to produce nonalcoholic steatohepatitis or a choline supplemented L-amino acid 
(CSAA) defined control diet for 12 weeks.

All mice were housed on a 12 hours light/dark cycle, with controlled 
temperature and humidity. Chow and water consumption was ad libitum. All mice 
were sacrificed under isoflurane (Nicholas Piramal, London, UK) anesthesia by 
cervical dislocation or exsanguination. The livers were collected in cold University 
of Wisconsin (UW) preservation solution (DuPont Critical Care, Waukegab, IL, 
USA) and kept on ice until liver PCTS were prepared.

The jejunum was collected only from naïve BL/6 mice and preserved in ice-cold 
Krebs-Henseleit buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH, USA), saturated with carbogen (95% O2/5% CO2) and pH 7.42 until jejunum 
PCTS were prepared. 

Preparation of precision-cut tissue slices
PCTS from liver and jejunum were prepared as previously described [18], 

using the Krumdieck tissue slicer (Alabama Research and Development, USA). 
Liver PCTS (diameter 5 mm, thickness 250-300 μm, weight 4-5 mg) and jejunum 
PCTS (thickness 300-400 μm, weight 3-4 mg) were incubated for 48h with different 
concentrations of omipalisib (Selleckchem, Munich, Germany) or solvent control 
(DMSO; solvent concentration ≤0.4%). Liver PCTS and human jejunum PCTS 
were incubated individually in 12-well plates containing 1.3 ml of Williams Medium 
E (with L glutamine, Invitrogen, Paisley, Scotland) supplemented with 25 mM 
glucose, 50 μg/ml gentamycin (Invitrogen) and exclusively for jejunum PCTS 2.5 μg/
mL amphotericin-B (Invitrogen). Mouse jejunum PCTS were incubated in 24-well 
plates containing 0.5 ml medium with the same composition as for human jejunum 
PCTS. Fig. 1 is a schematic representation of the tissues used for the experiments. 
The slices were cultured under the following conditions: 37°C, 75-90% O2 and 5% 
CO2, horizontally shaken at 90 rpm. The PCTS culture medium containing drug or 
solvent was changed after 24h incubation.

Viability of PCTS
To assess the viability of PCTS, we determined the amount of adenosine 

triphosphate (ATP) using a bioluminescence kit (Roche Diagnostics, Mannheim, 
Germany). The obtained ATP value (pmol) was normalized to the total protein 
content (μg), which was evaluated with the Lowry method (RC DC Protein Assay, 
Bio-Rad, Veenendaal, The Netherlands). The results are presented as relative values 
of the treated groups compared to control.
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Figure 1. Schematic representation of the tissues used for the experiments.

Gene expression analysis
We performed quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) in order to assess the gene expression of several fibrosis-related 
markers. We extracted total RNA from pooled snap-frozen PCTS (liver-3 slices, 
jejunum-6 slices), using the FavorPrep™ Tissue Total RNA Mini Kit (Favorgen, 
Vienna, Austria). The quantity and quality of extracted RNA was assessed using the 
BioTek Synergy HT (BioTek Instruments, Vermont, USA). Next, 1 μg total RNA 
was reverse transcribed to cDNA using the Reverse Transcription System (Promega, 
Leiden, The Netherlands) using the following protocol: 22°C for 10 minutes (min), 
42°C for 15 min and 95°C for 5 min. 

qRT-PCR was performed in a ViiA 7 Real-Time PCR System (Applied 
Biosystems, California, USA) using SYBR Green (Roche) or TaqMan (Roche) 
based detection (with 1 cycle of 10 min 95°C and 40 cycles of 15 seconds(s) 95°C, 
30s 60°C and 30s 72°C for SYBR Green and 1 cycle of 10 min 95°C and 40 cycles 
of 15s 95°C, 60s 60°C for TaqMan). The gene expression of several fibrosis markers 
(Table 1) was determined using the Double Delta Ct analysis, with Actb, Gapdh, 
Hmbs (murine) or GAPDH (human) as reference gene. Healthy BL/6 liver PCTS 
were analyzed using Actb; for Mdr2-/-, FVB liver PTCS and BL/6 jejunum PCTS 
Gapdh was used, while liver PCTS obtained from mice on CDAA and CSAA diets 
were analyzed using Hbms. All human samples PCTS were analyzed using GAPDH. 
We detected and excluded significant outliers with the Grubbs’ test (significance 
level alpha=0.01). The results show the fold induction of each gene (2-ΔΔCt).
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Table 1 – SYBR Green primers used for murine PCTS

Gene Name Forward Reverse

Actb actin, beta atcgtgcgtgacatcaaaga atgccacaggattccatacc

Gapdh glyceraldehyde-3-phosphate 
dehydrogenase acagtccatgccatcactgc gatccacgacggacacattg

Hmbs hydroxymethylbilane synthase atgagggtgattcgagtggg ttgtctcccgtggtggacata

Col1a1 collagen, type I, alpha 1 tgactggaagagcggcgagt atccatcggtcatgctctct

Serpinh1 serine (or cysteine) peptidase 
inhibitor, clade H, member 1 aggtcaccaaggatgtggag cagcttctccttctcgtcgt

Acta2 actin, alpha 2, smooth muscle, 
aorta actactgccgagcgtgagat ccaatgaaagatggctggaa

Fn1 fibronectin 1 cggagagagtgcccctacta cgatattggtgaatcgcaga

Table 2 – Taqman gene expression assay for human PCTS

Gene Name Taqman assay

GAPDH glyceraldehyde-3-phosphate 
dehydrogenase Hs02758991_g1 

COL1A1 collagen, type I, alpha 1 Hs00164004_m1 

SERPINH1 serine (or cysteine) peptidase inhibitor, 
clade H, member 1 Hs01060397_g1 

ACTA2 actin, alpha 2, smooth muscle, aorta Hs00426835_g1 

FN1 fibronectin 1 Hs01549976_m1 

Western blotting 
Western blotting was used to assess phosphorylated Akt, a downstream 

protein kinase of the PI3K pathway. For this measurement, three slices were pooled, 
snap frozen in liquid nitrogen and stored at 80°C until analysis. The samples were 
lysed in Ripa buffer (Thermo Scientific, Waltham, USA) containing protease inhibitor 
cocktail (Sigma-Aldrich, Saint Louis, USA) and phosphatase inhibitor (Roche, 
Mannheim, Germany). 100 μg of proteins were separated with SDS-PAGE using 
10% polyacrylamide gels containing 2,2,2-trichloroethanol (Sigma-Aldrich) for 
total protein quantification and transferred to a polyvinylidene difluoride membrane 
using the Trans-Blot® Turbo™ Transfer System according to the protocols of the 
manufacturer (Bio-Rad). The membranes were blocked with 5% nonfat dry milk 
in TBST, incubated with primary antibody (phospho-Akt (Ser473), #9271, Cell 
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Signaling, Leiden, The Netherlands) overnight, washed, incubated with a secondary 
antibody (GARPO, Dako, Glostrup, Denmark) and washed again. Visualization of 
targeted proteins was done with the Clarity Western ECL Substrate (Bio-Rad) using 
the ChemiDoc Touch Imaging System (Bio-Rad). Signal intensity was processed 
using Image LabTM Software (Bio-Rad). Normalization of the chemiluminescent 
blot was done using total lane protein. The results are presented as relative values of 
the treated groups compared to control.

Hydroxyproline analysis 
We determined hepatic hydroxyproline (hyp) from 110-150 mg FVB liver, 

65-85 mg Mdr2-/- liver and 260-350 mg liver from mice on CDAA and CSAA 
diets. The tissue was hydrolyzed in a 6N solution of HCl overnight at 110°C (volume 
solution: 100 uL for FVB, 500 uL for Mdr2-/-, and 5 mL for CDAA and CSAA). 
We diluted the samples in citric-acetate buffer and treated them with Chloramine 
T (Sigma-Aldrich, Zwijndrecht, Netherlands) and 4-(dimethyl)aminobenzaldehyde 
(Sigma-Aldrich). We measured the absorbance of the samples was measured at 550 
nm. The results are presented as μg hepatic hyp/mg tissue. 

Human Pro-Collagen I a1
We measured the content of human Pro-Collagen I a1 in the incubation 

media of human liver PCTS using an ELISA kit (DY6220-05, R&D Systems, 
Abingdon, UK). The determination was performed on media pooled from three slices 
from the same group and it was done according to the manufacturer’s protocol. The 
results were calculated using a second order polynomial (quadratic) regression for the 
standard curve and they represent the relative values of the treated groups compared 
to control or the average concentration of Pro-Collagen I a1 (pg/ml).

Histopathological analysis 
Formalin-fixed, paraffin-embedded PCTS 4-μm sections were stained with 

hematoxylin and eosin (H&E) for morphology and Picro sirius red (SR) for fibrosis. 
The images were acquired with NanoZoomer S360 (Hamamatsu, Japan).

Data and statistical analysis 
We used 3 to 10 different organs for experiments, using triplicate slices 

for all measurements. The results are expressed as mean ± standard error of the 
mean (SEM). Significance was established using Student’s t-test or ANOVA and 
Dunnett’s multiple comparison test, with significance p<0.05. 
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Results

1. Omipalisib inhibits the activation of the PI3K pathway in liver 
PCTS 
 To determine the activity of the PI3K pathway in murine liver PCTS, we 
evaluated PI3K activation through the phosphorylation of its downstream signaling 
protein – Akt. We assessed pAkt by Western blot before and after 30’, 1h, 2h and 48h 
of incubation in liver PCTS. The PI3K pathway was activated during culture (Fig. 2). 
Phosphorylation increased in the first hour of incubation and decreased afterwards, 
but Akt phosphorylation at the end of the incubation time (48h) was higher than 
after the first hour. Omipalisib 1 μM inhibited the phosphorylation at every tested 
time point. Therefore, the PI3K pathway is activated during culture in liver PCTS 
and omipalisib can inhibit PI3K activation.

Figure 2. Time dependent Akt phosphorylation during incubation of BL/6 liver PCTS. 
(a) Representative immunoblot for five experiments where liver PCTS were treated with 
0.04% DMSO (control) or omipalisib 1 μM and phosphorylated Akt was assessed via WB. 
(b) Average protein expression of phosphorylated Akt in liver PCTS were incubated with 
solvent (0.04% DMSO) or omipalisib 1 μM (n=5). Data represents means ± SEM of all 
experimental groups after normalization to total protein;  **p<0.01 significantly different 
from 0h control; # p<0.05 significantly different from control at the same time point.

 The inhibitory constants of omipalisib for all isoforms were previously 
assessed in cell-free assays and are in the picomolar range [19]. To determine the 
concentration of omipalisib that will results in a 50% decrease of Akt phosphorylation 
in PCTS (IC50), we incubated BL/6 mouse and human liver PCTS with 0.1 nM to 
100 nM omipalisib for 1h. The IC50 of omipalisib was 20 nM for BL/6 liver PCTS, 
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while lower concentrations were necessary for human liver PCTS – 1.7 nM (healthy) 
and 2.9 nM (fibrotic) (Fig. 3).  The concentrations needed for ex vivo PCTS are 102-
103 higher compared to a cell-free assay [19].

Figure 3. Omipalisib inhibits Akt phosphorylation in (a) BL/6 mouse, (b) human healthy 
and (c) human cirrhotic liver PCTS. Liver PCTS were incubated with solvent (Solv) 
(0.004% DMSO) or increasing concentrations of omipalisib for 1h; the phosphorylation of 
Akt was assessed via WB; n=3.

2. Omipalisib reduces fibrosis markers in murine and human 
liver PCTS

2A. Healthy BL/6 liver PCTS
To evaluate the antifibrotic effect of omipalisib and its toxicity in liver, we 

tested three concentrations (0.1, 1 and 10 μM) in PCTS from healthy livers from 
BL/6 mice, based on the IC50 results (Fig. 3), the half-life of 2h and high selectivity 
(more than 10,000 fold compared to other kinases, except mTOR, a class IV PI3K 
protein kinase) [19]. First, we assessed the effect of omipalisib on ATP content. 
Incubation of liver PCTS with omipalisib up to 1 μM for 48h did not decrease ATP 
content (Fig. 4a). At 10 μM, however, ATP content was decreased by 20% compared 
to the control.

We then evaluated the antifibrotic effect of omipalisib on the gene expression 
level. Previous work showed that slicing and incubation of healthy rat [20] and 
human [21] liver PCTS induces fibrogenesis, making this system a model of early 
onset of fibrosis. Compared to the rat and human results, we observe that murine 
liver PCTS similarly upregulate their fibrosis-related gene expression, characterized 
by an increase in expression collagen type I a1 (Col1a1) and fibronectin 1 (Fn1) 
(S1). Omipalisib induced a dose dependent decrease of Col1a1, 47 kDa heat shock 
protein (Serpinh1) and Fn1 (Fig. 4b). 0.1 μM showed only a trend in decreasing the 
expression of Col1a1 and had no effect on the other two markers. At 1 μM Col1a1 
and Serpinh1 were significantly decreased, and at 10 μM all three markers were 
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significantly suppressed. The drug did not affect the expression of the myofibroblast 
activation marker Acta2. Thus, in mouse liver PCTS, omipalisib exerted a clear 
antifibrotic effect at 1 μM. 

2B. Fibrotic Mdr2-/- liver PCTS
The next step was to evaluate omipalisib in diseased, i.e., fibrotic livers. To 

this aim we studied the drug in two models of murine liver fibrosis. Here PCTS 
represent a model of end-stage fibrosis, due to further increase in gene expression of 
fibrosis markers during incubation. 

Mdr2-/- mice (FVB background) develop spontaneous biliary fibrosis 
after birth [16]. At age 9 weeks the Mdr2-/- and FVB mice show a clear difference 
regarding fibrosis markers, with Col1a1, Serpinh1 and Fn1 being highly upregulated 
(Fig. 4e), while Acta2 was increased 2.5-fold (not significant). The presence of 2.2 
fold increase in hepatic hyp content compared to FVB mice, together with SR 
staining and increased liver weight (S2), confirms the presence of fibrosis in Mdr2-
/- mice prior to incubation of PCTS. In Mdr2-/- and FVB control liver PCTS, two 
omipalisib concentrations, 1 and 5 μM, were tested, based on proven viability and 
antifibrotic results in PCTS of healthy BL/6 mice. These concentrations did not 
affect the ATP levels of the Mdr2-/- and FVB liver PCTS (Fig. 4c, d). The effect of 
omipalisib on fibrosis marker gene expression in FVB and Mdr2-/- liver PCTS is 
shown in Fig. 4e. Expression of Col1a1 increased during 48h incubation in both FVB 
and Mdr2-/- PCTS, while Col1a1 expression in FVB PCTS did not reach the gene 
expression level in Mdr2-/- directly after slicing (S3). As with BL/6 liver PCTS, 
Col1a1 expression was strongly reduced by omipalisib. For FVB liver PCTS, both 
concentrations of the drug reduced Col1a1 expression significantly 5 and 30 fold, 
respectively. Furthermore, 5 μM omipalisib reduced Col1a1 expression to a lower 
level than that of the control (FVB PCTS 0h). Moreover, in Mdr2-/- liver PCTS, 
both omipalisib concentrations decreased Col1a1 to lower levels than Mdr2-/- PCTS 
at 0h. Serpinh1 gene expression showed an increase during incubation only for FVB 
PCTS. A significant decrease was seen in FVB PCTS with 5 μM of the drug, while 
in Mdr2-/- PCTS both concentrations reduced Serpinh1 to a similar level. Acta2 did 
not show a significant change during incubation, while 5 μM omipalisib reduced its 
gene expression only in Mdr2-/- PCTS. Fn1 expression increased during incubation 
in both FVB and Mdr2-/- liver PCTS and omipalisib did not further decrease mRNA 
levels in any group; in contrast, a significant upregulation of 1.8 times was observed 
for Fn1 for Mdr2-/- PCTS treated with 5 μM omipalisib. The results showed good 
tolerability of the drug in mouse liver PCTS and similar antifibrotic effects when 
liver PCTS were exposed to 1 or 5 μM.
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significantly suppressed. The drug did not affect the expression of the myofibroblast 
activation marker Acta2. Thus, in mouse liver PCTS, omipalisib exerted a clear 
antifibrotic effect at 1 μM. 

2B. Fibrotic Mdr2-/- liver PCTS
The next step was to evaluate omipalisib in diseased, i.e., fibrotic livers. To 

this aim we studied the drug in two models of murine liver fibrosis. Here PCTS 
represent a model of end-stage fibrosis, due to further increase in gene expression of 
fibrosis markers during incubation. 

Mdr2-/- mice (FVB background) develop spontaneous biliary fibrosis 
after birth [16]. At age 9 weeks the Mdr2-/- and FVB mice show a clear difference 
regarding fibrosis markers, with Col1a1, Serpinh1 and Fn1 being highly upregulated 
(Fig. 4e), while Acta2 was increased 2.5-fold (not significant). The presence of 2.2 
fold increase in hepatic hyp content compared to FVB mice, together with SR 
staining and increased liver weight (S2), confirms the presence of fibrosis in Mdr2-
/- mice prior to incubation of PCTS. In Mdr2-/- and FVB control liver PCTS, two 
omipalisib concentrations, 1 and 5 μM, were tested, based on proven viability and 
antifibrotic results in PCTS of healthy BL/6 mice. These concentrations did not 
affect the ATP levels of the Mdr2-/- and FVB liver PCTS (Fig. 4c, d). The effect of 
omipalisib on fibrosis marker gene expression in FVB and Mdr2-/- liver PCTS is 
shown in Fig. 4e. Expression of Col1a1 increased during 48h incubation in both FVB 
and Mdr2-/- PCTS, while Col1a1 expression in FVB PCTS did not reach the gene 
expression level in Mdr2-/- directly after slicing (S3). As with BL/6 liver PCTS, 
Col1a1 expression was strongly reduced by omipalisib. For FVB liver PCTS, both 
concentrations of the drug reduced Col1a1 expression significantly 5 and 30 fold, 
respectively. Furthermore, 5 μM omipalisib reduced Col1a1 expression to a lower 
level than that of the control (FVB PCTS 0h). Moreover, in Mdr2-/- liver PCTS, 
both omipalisib concentrations decreased Col1a1 to lower levels than Mdr2-/- PCTS 
at 0h. Serpinh1 gene expression showed an increase during incubation only for FVB 
PCTS. A significant decrease was seen in FVB PCTS with 5 μM of the drug, while 
in Mdr2-/- PCTS both concentrations reduced Serpinh1 to a similar level. Acta2 did 
not show a significant change during incubation, while 5 μM omipalisib reduced its 
gene expression only in Mdr2-/- PCTS. Fn1 expression increased during incubation 
in both FVB and Mdr2-/- liver PCTS and omipalisib did not further decrease mRNA 
levels in any group; in contrast, a significant upregulation of 1.8 times was observed 
for Fn1 for Mdr2-/- PCTS treated with 5 μM omipalisib. The results showed good 
tolerability of the drug in mouse liver PCTS and similar antifibrotic effects when 
liver PCTS were exposed to 1 or 5 μM.
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Figure 4. The effect of omipalisib in murine liver PCTS. (a) Healthy BL/6 PCTS viability 
during incubation with omipalisib – relative ATP level/protein compared to control (0 μM 
omipalisib), (n=6); (b) Fibrosis-related gene expression in BL/6 PCTS treated with omipalisib 
or solvent for 48h; Data are presented as relative values to 48h control; (c) Relative ATP level/
protein of FVB (n=6) and (d) Mdr2-/- (n=10); (e) Fibrosis-related gene expression in FVB 
and Mdr2-/- PCTS treated with omipalisib or solvent; Data are presented as relative values 
to FVB 0h PCLS; (f ) Relative ATP level/protein of BL/6 on CSAA diet (n=4) and (g) 
CDAA diet (n=5); (h) Fibrosis-related gene expression in PCTS of BL/6 mice on CSAA 
and CDAA diet treated with omipalisib or solvent; Data are presented as relative values to 
CSAA 0h PCLS; Data represent mean ± SEM; *p<0.05, **p<0.01, ***p<0.001 significantly 
different from control.

2C. CDAA-induced NAFLD PCTS
CDAA-induced NAFLD, where fibrosis is triggered by excess fat 

accumulation and a mild metabolic deficiency (choline) in the liver, served as second 
model of murine liver fibrosis. We assessed the effect of PI3K inhibition in steatotic 
livers with (CDAA) or without (CSAA) liver fibrosis using 1 μM omipalisib, in view 
of the prior Mdr2-/- results. CSAA induced simple liver steatosis in BL/6 mice, 
whereas CDAA induced liver steatohepatitis and fibrosis (S4) coupled with increased 
gene expression of fibrosis markers (Fig. 4h). The CDAA diet significantly increased 
the gene expression of all tested fibrosis markers in comparison to the CSAA diet, 
especially Col1a1 (30-fold). During liver PCTS incubation, the tested concentration 
of 1 μM omipalisib did not affect the ATP content of CSAA or CDAA liver PCTS 
compared to their control (Fig. 4f,g). During the 48h incubation Col1a1, Serpinh1 
and Fn1 increased significantly in both CDAA and CSAA PCTS (S5), while Acta2 
showed an increase only in CDAA PCTS. Omipalisib at 1 μM reduced Col1a1 and 
Serpinh1 gene expression in CSAA liver PCTS, and Serpinh1 and Fn1 in CDAA 
liver PCTS, with a trend of reduction for Col1a1 (p=0.059). The results show that 
the drug has a good tolerability, but a diminished antifibrotic effect in liver fibrosis 
triggered by steatosis/steatohepatitis. 

2D. Healthy human liver PCTS
Next, we assessed if a similar effect of omipalisib would be found for human 

liver PCTS. The possibility of using human tissue for compound testing is a great 
advantage of the PCTS method, serving as a bridge between murine and human 
drug testing for efficacy and side effects, before a clinical study may be initiated. As 
a model for early onset of fibrosis, we used healthy human liver PCTS [21], [22]. 
Four omipalisib concentrations were tested: 0.1, 1, 5 and 10 μM. The two lower 
concentrations showed no reduction of viability (ATP content, Fig. 5a), but from 
5 μM on, the decrease in ATP content became significant (5 μM – 38% and 10 
μM – 49% compared to controls). On the gene expression level, healthy human liver 



PI3K inhibition reduces liver fibrogenesis 

153

5

PCTS showed a higher variation for fibrosis marker expression than murine PCTS 
(Fig. 5c). Nonetheless, there was a trend of low omapilisib concentrations (0.1 and 
1 μM) to lower the gene expression of COL1a1 and SERPINH1. Significant results 
were obtained only with 5 μM (COL1a1, SERPINH1 transcript reduction by 97% 
and 70%, respectively) and 10 μM omipalisib (COL1a1 transcript reduction by 98%). 
We measured the protein concentration of Pro-Collagen I a1 in the incubation 
media to determine if the production of collagen is reduced by omipalisib. All tested 
concentrations of the drug reduced significantly the concentration of this protein in 
the media (Fig. 5e); moreover, the decrease was stronger with higher concentrations, 
going from 70% (0.1 μM) to 85% decrease (10 μM). The results show that the 
viability of human liver PCTS is more sensitive to PI3K inhibition than mouse liver 
PCTS, and that the antifibrotic effect on PCR markers is observed only at higher 
concentrations, while Pro-Collagen I a1 is reduced by all tested concentrations. 

2E. Cirrhotic human liver PCTS
To investigate if omipalisib could reduce fibrosis in end-stage liver disease, 

fibrotic human liver PCTS, as a model for end-stage of fibrosis [23], were incubated 
with the same concentrations of omipalisib as healthy liver. The difference between 
healthy and cirrhotic human liver PCTS regarding gene expression of the investigated 
markers (COL1a1, ACTA2, SERPINH1, FN1) is presented in S6, together with PCTS 
SR staining and the concentration of Pro-Collagen I a1 secreted during culture. In 
fibrotic PCTS, omipalisib was more toxic compared to mouse and healthy human 
tissue, as evidenced by the lower ATP content (Fig. 5b) that decreased similarly (by 
45%) with 1 and 5 μM compared to control, and down by 57% at 10 μM). Notably, on 
the transcript level, omipalisib strongly reduced COL1a1 and SERPINH1, starting 
with the lowest tested concentration. At 0.1 μM, the reduction of COL1a1 was 80%, 
to reach 99% at 10 μM. Only a trend of suppression was found for ACTA2 and 
FN1, which became significant at 5 μM (ACTA2) and 10 μM (FN1). Regarding the 
protein levels of Pro-Collagen I a1 produced and secreted during culture, omipalisib 
treatment decreased it for all tested concentration (Fig 5f ). At 0.1 μM, the decrease 
was 75%, whereas the other concentration led to a decrease higher than 90%. The 
results show that diseased human liver tissue is more susceptible to untoward side 
effects than healthy liver when exposed to omipalisib, but that the antifibrotic effect 
was stronger on PCR, being observed already at 0.1 μM omipalisib, and similar for 
the protein concentration of Pro-Collagen I a1.
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Figure 5. The effect of omipalisib in human liver PCTS. Human liver PCTS viability 
during incubation with omipalisib or solvent – ATP level/protein in (a) healthy and (b) 
cirrhotic. Fibrosis-related gene expression in human liver PCTS treated with omipalisib 
or solvent: (c) healthy and (d) cirrhotic. Pro-Collagen I a1 released by (e) healthy and (f ) 
cirrhotic liver PCTS in culture media during 48h treatment with omipalisib or solvent. Data 
presented as means ± SEM; n=4-5;*p<0.05, **p<0.01, ***p<0.001 significantly different from 
0 μM omipalisib.
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3. Omipalisib shows strong toxicity in murine and human 
jejunum PCTS

Since omipalisib can be administered orally to patients, we assess the 
effects of this drug on the intestine, since intestinal side effects were reported [24]. 
We tested omipalisib on murine and human jejunum PCTS. First, similar to our 
experiments in liver, when we tested 0.1, 1 and 10 μM omipalisib in murine and 
human jejunum PCTS, there was a dose dependent reduction of ATP content (Fig. 
6a, b), with a higher sensitivity of jejunum vs. liver PCTS. We therefore tested a lower 
concentration: 0.01 μM. This concentration had no toxic effect on mouse jejunum 
PCTS, but still compromised ATP content of human jejunum PCTS (43% decrease 
compared to control). We further tested the effect of the non-toxic concentration 
of omipalisib on the gene expression of fibrosis markers in mouse jejunum PCTS 
(Fig. 6c). Col1a1 was the only marker that was decreased after 48h incubation. With 
regard to the human tissue, we evaluated the morphological changes induced by 
0.01 μM omipalisib (Fig. 6d). We observed more necrosis and cellular damage in the 
sections from PCTS treated with omipalisib. Moreover, the crypts were damaged, 
the villi were flattened and massive necrosis was noticeable. All together, these results 
show organ (liver vs. jejunum) and species (mouse-human) differences. They also 
demonstrate that the human PCTS could predict complications that have been 
found in human studies.

Figure 6. The effect of omipalisib on jejunum PCTS - ATP level/protein: (a) BL/6 healthy 
jejunum PCTS (n=3-9), (b) human healthy jejunum PCTS (n=3-5). (c) Fibrosis-related gene 
expression in PCTS BL/6 healthy jejunum PCTS treated with omipalisib or solvent (n=5). 
Data presented as means ± SEM; *p<0.05, ***p < 0.001 different from 0 μM omipalisib. (d) 
Representative H&E staining of human jejunum PCTS treated with omipalisib 0.01 μM or 
solvent (control).



Chapter 5

156

Discussion

Drug development is a decade-long process that can be facilitated by 
preclinical studies performed in a complex system that maintain organ structure and 
reflect cell-cell interactions. In this study, we demonstrated the antifibrotic but also 
toxic effects of omipalisib, a PI3K pan-inhibitor, in a complex murine and human ex 
vivo model (PCTS) mimicking early-onset and end-stage liver fibrosis and normal 
intestine. 

The PI3K pathway is essential for cell activation, proliferation, differentiation 
and survival due to its central role in cell metabolism [25]. For these reasons, an 
increased activity of this pathway is associated with hyperproliferation and various 
types of cancer [26]. PI3K pan-inhibitors were developed as cancer treatment, since 
several PI3K isoforms are expressed in abnormal cells [27]. Although omipalisib 
was initially tested for oncology, Mercer et al. studied its antifibrotic effect in human 
idiopathic pulmonary fibrosis (IPF) PCTS [11] in view of PI3K involvement in IPF. 
In that study, the inhibition of the PI3K pathway with 0.1 μM omipalisib resulted 
in the decreased formation of collagen in human IPF lung PCTS. We showed that 
similar concentrations are necessary in liver PCTS and that these values are 2-3 orders 
of magnitude higher than the concentrations needed in cell-free assays (picomolar 
range [19]). While even the nanomolar concentrations are tolerated in our system, 
we showed species and organ differences regarding drug toxicity. Species differences 
are shown by the higher viability of murine PCTS treated with omipalisib than 
human PCTS (the absolute values of ATP/μg protein for mouse are higher than 
human). Here, also no difference was found between the two mouse stains BL/6 and 
FVB. For instance, 10 μM omipalisib induced a 20% decrease in viability in healthy 
BL/6 liver PCTS, while the viability of healthy human liver PCTS was reduced 
by 50%. This can be explained by the fact that murine liver PCTS need a higher 
concentration of omipalisib to achieve PI3K inhibition, as shown by the IC50 values 
(Fig. 3). Another factor that can contribute to this difference is tissue quality - mouse 
liver is excised directly after sacrifice, whereas the human tissue is usually subject some 
warm ischemia due to required surgical protocol. Furthermore, we illustrated similar 
species differences in jejunum PCTS, where 0.01 μM omipalisib affected human, but 
not murine viability. Further, we showed organ differences regarding PI3K inhibition 
between liver and jejunum in both species. The range of concentrations tested in 
liver PCTS was toxic for jejunum PCTS, confirming the high sensitivity to PI3K 
inhibition of the intestine. These results are in line with in vivo data from oncologic 
patients who received PI3K inhibitors [28] and often presented with gastrointestinal 
problems, such as diarrhea and occasionally intestinal perforation [15] [29]. This 
is a mechanism-related side effect and can be explained by the prime role of the 
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small intestine in nutrient sensing and uptake, and by its high turnover of intestinal 
epithelial cells. Moreover, the inhibition of PI3K in intestinal Caco-2/15 affected 
E-cadherin - a cell adhesion molecule, involved in maintaining the integrity of the 
intestinal barrier [30]. Given these points, and considering that the class of PI3K 
inhibitors is administered orally, the formulation should be improved or another 
pharmaceutical form than oral should be developed. Last, we want to draw attention 
on disease-related differences that influence toxicity of PI3K inhibition. In human 
liver PCTS we observed a 40% decrease in viability starting from 5 μM omipalisib 
for healthy liver, whereas a higher decrease in viability (45%) is observed in cirrhotic 
liver already at 1 μM omipalisib. Still, a 30 to 50% decrease in viability is considered 
medium toxicity [31]. The only concentration that affects viability with more than 
50% was 10 μM omipalisib in human cirrhotic liver PCTS, showing higher toxic 
effects for late stage disease. Altogether, omipalisib shows more toxicity in human 
than murine tissue and jejunum is more sensitive to PI3K inhibition than liver. 

  The second goal of our study was to assess the antifibrotic effect of omipalisib 
in liver PCTS. We studied these effects in a model for early onset of fibrosis using 
both mouse and human healthy tissue. Omipalisib showed an antifibrotic effect on 
healthy BL/6 mouse liver PCTS already at 1 μM by reducing the expression of the 
key extracellular matrix genes Col1a1 and Fn1. However, myofibroblast activation 
(as assessed by the expression of Acta2) did not respond to omipalisib treatment. 
Further, healthy human liver PCTS responded to omipalisib treatment by reducing 
the protein expression of Pro-Collagen I a1, but showed a high variation for the 
analyzed markers on PCR. This can be explained by the above-discussed high patient 
inter-individual differences. Moreover, we have to take into consideration that even 
if all the tissues are considered clinically healthy, patients might have been exposed 
to alcohol, medication or other environmental factors that might cause the observed 
differences in fibrogenic activation. Similarly to mouse liver PCTS, myofibroblast 
activation was not affected by the drug. Thus, omipalisib has an antifibrotic effect in 
healthy murine and human liver PCTS that appears independent of the myofibroblast 
activation marker ACTA2.

An important part of this study was to show the antifibrotic efficacy of 
omipalisib in fibrotic PCTS from both murine and human tissue. The end-stage 
model of fibrosis (using human cirrhotic liver PCTS) allowed us to test omipalisib in 
chronically damaged PCTS that showed an enhanced baseline level of and higher in 
vitro susceptibility to fibrogenic activation. Mouse experiments included two models 
of liver fibrosis, with different etiologies: spontaneous biliary fibrosis in Mdr2-/- 
mice resembling human primary sclerosing cholangitis [32], mere fatty liver (CSAA) 
and steatohepatitis with fibrosis (CDAA) [33]. Ex vivo incubation triggered fibrosis 
in Mdr2-/- (increase in Col1a1 and Fn1) and CDAA PCTS, with an increase in all 
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tested fibrotic markers. We observed a stronger fibrosis induction during culture in 
CDAA than in Mdr2-/- PCTS and this could be explained by the fact that the CDAA 
diet induces steatosis and inflammation [34], which might have a synergistic effect 
on increasing fibrosis markers during incubation in our system. The antifibrotic effect 
of omipalisib was similar in these two models, though stronger in Mdr2-/- PCTS. 
Here, omipalisib decreased the gene expression of all tested fibrosis markers (with the 
exception of Fn1) below baseline prior to incubation (Mdr2-/- PCTS 0h). However, 
an unexpected result was the increased expression of Fn1 caused by 5 μM omipalisib 
in the Mdr2-/- PCTS. As fibronectin is involved in cell adhesion, differentiation 
and migration [35], [36], our results might indicate that a high concentration of 
omipalisib in Mdr2ko fibrotic liver could trigger one of these pathway, resulting in 
increased Fn1 expression. In contrast, gene expression of fibrosis markers in CDAA 
PCTS treated with omipalisib (even if decreased compared to the 48h control) was 
still higher than CDAA PCTS at 0h. The limited effect can be related to the fact 
that omipalisib is a lipophilic compound (partition coefficient - 3.3 [37]) and the 
drug’s intracellular concentration might change as a result of altered transporters 
and hepatic metabolism in NAFLD [38,39]; however, the metabolism of omipalisib 
is not reported in literature. The hepatic metabolism of omipalisib is currently not 
reported in literature. This shows that the pharmacokinetic properties are affected 
by pathology, in this case steatosis [39] that has become the underlying cause of the 
currently most prevalent, serious liver disease worldwide, NASH. Therefore, the effects 
of PI3K inhibition on inflammation, oxidative stress and fat metabolism need to be 
assessed for a better characterization. Moreover, we assessed the effect of omipalisib 
in diseased human liver. We observed less variability than in healthy human liver, and 
the antifibrotic effect of omipalisib was achieved already at 0.1 μM, as shown by PCR 
results and secreted Pro-Collagen I a1. This shows that the drug is more efficient in 
end-stage than early fibrosis, since the concentration needed to achieve a significant 
reduction of COL1a1 was 50 times lower. This efficacy is not related to differences 
between PI3K inhibition in healthy and diseased liver, since the IC50 of omipalisib 
had similar values for these tissues (Fig. 3). An explanation for the lower omipalisib 
concentration needed to reduce the expression of COL1a1 can be the elevated level 
of this key fibrogenic gene prior incubation in diseased compared to healthy liver 
(4-fold higher S6) and the fact that liver PCTS from cirrhotic liver produce more 
Pro-Collagen I a1 during culture in comparison to the ones from healthy donors 
(S6c). However, even though the antifibrotic effect is stronger, toxicity is higher in 
cirrhotic liver. Overall, omipalisib shows a clear antifibrotic effect in diseased murine 
and human livers.

 On the gene expression level, omipalisib showed consistent results throughout 
the models, with COL1a1 already being decreased by the lowest concentrations of the 
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drug (0.1 and 1 μM), showing the importance of this pathway in ECM production. 
The method of PCTS for preclinical drug testing is highly useful due to 

several advantages: 1) the preservation of the three-dimensional structure and 
cellular organization, 2) reproducibility, 3) the possibility to test the human system, 
and compare it to the murine system where whole animal studies can be done, 4) 
the possibility to test different drug concentrations in the same mouse/human tissue 
at the same time and under the same conditions, 5) the exploration of drug effects 
during early onset and end-stage fibrosis, 6) the detection of adverse events due 
to drug toxicity and pharmacokinetic studies in the target but also other organs. 
Moreover, when it comes to rodent testing, a single animal will permit numerous 
reproducible testings for each organ compared to larger groups of animals being 
required for in vivo experiments. However, the method also has disadvantages. These 
include: 1) limitation to short term incubation due to PCTS decrease of viability 
after 48h of incubation [18], 2) major effects being observed on the gene expression 
level, while changes on the level of protein expression of morphology are often 
limited, 3) a lack of blood derived immune cells. Nonetheless, even if not perfect, the 
advantages of the methodology surpass the disadvantages and we are confident that 
ongoing validation and comparison with in vivo data will further confirm that our 
model of PCTS represents a valuable tool for preclinical studies of fibrosis and organ 
toxicity. Importantly, our preclinical testing of the PI3K pan-inhibitor in murine 
(and human) PCTS would predict that omipalisib would not be a good candidate 
for the treatment of NASH induced fibrosis as compared to biliary fibrosis, for the 
above-mentioned reasons.  
 At present, liver fibrosis, as most other fibrotic diseases, is a progressive 
condition incurring a high morbidity and mortality, and currently no available specific 
antifibrotic treatment exists. ECM production has a central role in wound healing, 
but its excessive production in “wounds that do not heal” will lead to remodeling of 
the organ, here liver, architecture and final loss of organ function. To prevent the 
vicious cycle of ECM accumulation and increasing matrix stiffness that further drives 
inflammation and fibrosis [40], a drug that can attenuate the exaggerated ECM 
production and thus interrupt this vicious cycle is needed. The current study shows 
positive results achieved through PI3K pathway inhibition, specifically the decrease 
of fibrosis markers. However, the PI3K pathway is present in all cell types and it 
is involved in many cellular processes, making PI3K pathway inhibiting drugs a 
double-edged sword. The sensitivity of the gastro-intestinal tract to PI3K inhibition 
poses a central problem to high dose systemic PI3K pan-inhibitor therapy. For these 
reasons, cell targeting towards the organ of interest and the ECM producing cells by 
specific drug formulations to protect the gastro-intestinal tract are needed. 
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Supplementary Information

S1. Fibrosis-related gene expression in BL/6 liver PCTS after 48h incubation; n=6; Data 
presented as means ± SEM; **p<0.01, ***p<0.001 significantly different from 0h. 

S2. (a) Sirius Red staining of representative FVB and Mdr2-/- liver PCTS sections at 0h 
(no incubation) with 10x magnification. (b) Liver weight of FVB and Mrd2-/- mice. (c) 
HYP content from FVB and MDR2-/- livers. Data presented as means ± SEM; **p<0.01, 
***p<0.001 significantly different from FVB; n=6-10. 
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S3. Fibrosis-related gene expression in (a) FVB and (b) MDR2-/- liver PCTS after 48h 
incubation; n=6/9; data presented as means ± SEM; *p<0.05, **p<0.01, ***p<0.001 significantly 
different from 0h. 

S4. (a) Sirius Red staining of representative CSAA and CDAA liver PCTS sections at 0h 
(no incubation) with 10x magnification. (b) Liver weight of mice on CSAA and CDAA diets. 
(c) HYP content from livers of mice on CSAA and CDAA diets. Data presented as means ± 
SEM; **p<0.01, ***p<0.001 significantly different from CSAA; n=4-5. 
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S5. Fibrosis-related gene expression in liver PCTS from mice on (a) CSAA and (b) CDAA 
diets after 48h incubation; n=4/5; data presented as means ± SEM; ***p<0.001 significantly 
different from 0h. 

S6. (a) Sirius Red staining of representative healthy and cirrhotic human liver PCTS sections 
at 0h (no incubation) with 10x magnification. (b) Fibrosis-related gene expression in human 
healthy and cirrhotic liver PCTS 0h (no incubation). (c) Pro-Collagen I a1 released in the 
culture media after 48h incubation of healthy and cirrhotic liver PCTS. n=4-5; data presented 
as means ± SEM; *p<0.05, significantly different from healthy liver PCTS.
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