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Introduction, scope and aim 
 

Wound healing and subsequent scar tissue formation is an essential physiological 

process in response to organ injury. Naturally, most scar tissue can be resolved after the 

injury is halted. However, during chronic injury, persistent scar formation, or fibrosis, 

leads to a pathophysiological state characterized by the excessive formation and 

deposition of fibrous extracellular matrix (ECM) in the affected organ. Since excessive 

deposition of ECM disrupts normal organ architecture and functionality, end-stage 

fibrosis ultimately leads to organ failure. The devastating effect of organ fibrosis is 

clearly illustrated by the fact that fibroproliferative diseases account for up to 45% of 

worldwide mortality. 

   In the liver, viral infections, chronic alcohol abuse, non-alcoholic steatohepatitis and 

chronic cholestatic disorders are the most common causes of fibrosis. Even though the 

pathogenesis of liver fibrosis has been extensively characterized, up to now, no clinically 

approved anti-fibrotic drugs are available. Therefore, the first aim of this thesis is to 

explore the effectiveness of drugs for the treatment of liver fibrosis, mainly using an  

ex vivo model that mimics human pathophysiology, namely precision-cut tissue slices. 

The results of these studies are described in part A.  

 

Part A: Exploring anti-fibrotic drugs for the treatment of liver fibrosis 

Galunisertib, a small molecule inhibitor of the transforming growth factor beta (TGF-β) 

receptor type I kinases, is currently being investigated in clinical trials for the treatment 

of advanced refractory solid tumors, recurrent/refractory non-small cell lung carcinoma, 

glioblastoma and hepatocellular carcinoma. Since the pro-fibrogenic roles of TGF-β  

are widely acknowledged, galunisertib might also possess anti-fibrotic properties.  

In chapter A1, the anti-fibrotic potency of galunisertib and its mechanisms of action was 

systematically evaluated in human and rat precision-cut liver slices (PCLS), an ex vivo 

model of liver fibrosis. 

   Due to the key role of TGF- signaling in numerous pathologies, a myriad of inhibitors 

for this pathway have been developed, including LY2109761. This compound is a small 

molecule inhibitor of TGF- which was not clinically developed due to its relatively low 

solubility and bioavailability when compared to galunisertib. In chapter A2, I tested the 

impact of LY2109761 on TGF-β-dependent and -independent pathway associated with 

fibrogenesis using various in vitro and ex vivo models.  

   Besides TGF-, platelet-derived growth factor (PDGF) is also regarded as an important 

pro-fibrogenic mediator. Therefore, in chapter A3, multiple putative drugs affecting TGF- 

and PDGF, as well as small molecule inhibitors of various other fibrogenic/mitogenic 

pathways, were evaluated for their impact on liver fibrogenesis using human precision-

cut liver slices as a screening tool. 
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   Even though TGF- and PDGF are key players in the fibrotic process, other signaling 

molecules also contribute to disease development and progression. Numerous studies 

have demonstrated that oxidative stress, a common manifestation of unresolved 

harmful stimuli, can ultimately lead to fibrosis. Chapter A4 delineates how oxidative 

stress can trigger liver fibrosis and describes novel therapeutic targets and potential 

anti-fibrotic agents that impact oxidative stress. 

 

In part A of this thesis, the mechanism of liver fibrosis and the anti-fibrotic potency of 

several drugs were successfully evaluated using PCLS. The second aim of this thesis was 

to elucidate whether tissue slices can also be used to study other multicellular diseases, 

such as non-alcoholic fatty liver disease (NAFLD) and renal fibrosis. The results of these 

studies are detailed in part B.  

 

Part B: Development of novel disease models 

Although several in vitro NAFLD models are available today, they fail to mimic essential 

cellular interactions underlying disease development. In addition, these in vitro models 

often do not recapitulate the pathophysiological status of NAFLD patients. In chapter B1, 

an attempt to develop PCLS as a tool for studying NAFLD is described.  

   Furthermore, the development and characterization of precision-cut kidney slices (PCKS) 

as a model for the early-onset of renal fibrosis is described in chapter B2. 

 

In addition, the last section provides a general discussion of the findings described in 

this thesis, placing them in the framework of our current understanding of organ fibrosis 

and details the future perspectives. 
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Supplementary box I 

Transforming growth factors 

 Transforming growth factor (TGF), also known as tumor growth factor, is used to 

describe the polypeptides which possess the capacity to induce phenotype 

transformation of untransformed cells [1].  

 Initially, the TGF was assigned the name sarcoma growth factor (SGF) because it was 

derived from conditioned medium of sarcoma virus-infected mouse fibroblasts. 

Afterwards, two distinctive constituents of SGF were purified: TGF- and TGF- [1, 2].  

 TGF-α is a mitogenic polypeptide belonging to the epidermal growth factor (EGF) 

superfamily. TGF-α mediates signal transduction via the tyrosine kinase EGF 

receptor. Presently, the physiological role of TGF-α remains unknown, but it is 

probably involved in tumorigenesis and embryogenesis [3, 4].  

 TGF- is a pleiotropic polypeptide belonging to the TGF- superfamily. TGF- mediates 

signal transduction via the serine/threonine kinase TGF- receptor. There are three 

isoforms of TGF-: TGF-1, TGF-2 and TGF-3, which play a pivotal role in the 

progression of inflammatory-related diseases, fibrosis and cancer [5].  

1. de Larco, J.E. and G.J. Todaro, Growth factors from murine sarcoma virus-transformed cells. Proc Natl Acad 

Sci U S A, 1978. 75(8): p. 4001-5. 

2. Anzano, M.A., et al., Synergistic interaction of two classes of transforming growth factors from murine 

sarcoma cells. Cancer Res, 1982. 42(11): p. 4776-8. 

3. Han, V.K., A.J. D'Ercole, and D.C. Lee, Expression of transforming growth factor alpha during development. 

Can J Physiol Pharmacol, 1988. 66(8): p. 1113-21. 

4. Salomon, D.S., et al., Transforming growth factor-alpha: an oncodevelopmental growth factor. Cancer Cells, 

1990. 2(12): p. 389-97. 

5. Akhurst, R.J. and A. Hata, Targeting the TGFbeta signalling pathway in disease. Nat Rev Drug Discov, 2012. 

11(10): p. 790-811. 
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Evaluating the anti-fibrotic potency of galunisertib in  

a human ex vivo model of liver fibrosis 
 

 

Abstract 
 

Background and purpose 

Liver fibrosis is a major cause of liver-related mortality. Yet, to date, no effective  

anti-fibrotic drug is available. Galunisertib, a TGF-β receptor type I kinase inhibitor,  

is a potential candidate for the treatment of liver fibrosis. Here, we evaluated the 

potency of galunisertib in a human ex vivo model of liver fibrosis.  
 

Experimental approach  

Anti-fibrotic potency and associated mechanisms were studied ex vivo using both 

healthy and cirrhotic human precision-cut liver slices. Fibrosis-related parameters, both 

transcriptional and translational level, were assessed after treatment with galunisertib.  
 

Key results 

Galunisertib showed a prominent anti-fibrotic potency. Phosphorylation of SMAD2 was 

inhibited while that of SMAD1 remained unchanged. In healthy and cirrhotic human 

livers, spontaneous transcription of numerous gene-encoding collagens including  

pro-collagen 1 (I), collagen maturation, non-collagenous extracellular matrix (ECM) 

components, ECM remodeling and selected ECM receptors was significantly decreased. 

The reduction of fibrosis-related transcription was paralleled by a significant inhibition of 

pro-collagen I C-peptide released by both healthy and cirrhotic human liver slices. 

Moreover, galunisertib showed similar anti-fibrotic potency in humans and rats. 
 

Conclusion and implications 

Galunisertib is an attractive drug to be further investigated for the treatment of liver 

fibrosis. Inhibition of SMAD2 phosphorylation is probably a central mechanism of action. 

In addition, blocking the production and maturation of collagens, as well as promoting 

their degradation are related to the anti-fibrotic action of galunisertib. 

 

 

 

 

 

 

Key words: galunisertib; ex vivo; human; liver fibrosis.  

Abbreviations: TGF-β1, transforming growth factor beta 1; ECM, extracellular matrix; ALK, activin 

receptor-like kinases; PCLS, precision-cut liver slices; HSC, hepatic stellate cells; LDA, low density 

array; PICP, pro-collagen I C-peptide; αSMA, alpha smooth muscle actin; HSP47, heat shock 

protein 47; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; COL1A1, collagen type I, alpha 1; 

PAI-1, plasminogen activator inhibitor 1; FN2, fibronectin;  MMP, matrix metalloproteinases; TIMP, 

tissue inhibitor of metalloproteinases. 
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Introduction 

Advanced liver fibrosis and its end-stage condition, cirrhosis, is characterized by 

aberrant and excessive accumulation of extracellular matrix (ECM) components, with 

architectural and vascular distortion, and an excessive risk for mortality due to 

functional liver failure, variceal bleeding, infection and emerging liver cancer [1-3].  

Liver fibrosis is mainly caused by viral infections, chronic alcohol abuse, non-alcoholic 

steatohepatitis and biliary/autoimmune diseases [3]. To date, liver transplantation 

remains the sole therapeutic option for advanced cirrhosis. However, transplantation is 

an invasive and high-risk surgical procedure and limited to only few patients at need [4]. 

Thus, there is an urgent and unmet need for effective anti-fibrotic drugs. 

   Among the spectrum of mediators possessing pro-fibrotic properties, transforming 

growth factor beta 1 (TGF-β1) has always been recognized as a key pro-fibrogenic 

cytokine in liver fibrosis [5-7]. TGF-β1 affects various liver-specific cells including 

fibrogenic stimulation of hepatic stellate cells (HSC) and portal fibroblasts towards 

excessive ECM producing myofibroblasts, the major effector cells of fibrosis [7-9].  

In hepatocytes, TGF-β1 can induce apoptosis or mitogenic pathways leading to various 

pathological conditions [7, 10]. It is well established that TGF-β1 signaling in liver fibrosis 

is mediated by the transcription factor SMAD2 via activin receptor-like kinase (ALK) 5  

[6, 7, 11]. Recently, it was discovered that TGF-β1 might also activate transcription 

factor SMAD1 via ALK1 signaling in certain cell types; however, the role of this pathway 

in liver fibrosis remains unclear [12, 13].  

   Even though inhibition of TGF-β1 signaling has been studied as a potential therapeutic 

target for fibrosis in the past [5, 6], there is currently no specific inhibitor in clinical 

studies for fibrosis. However, galunisertib, a TGF-β receptor type I kinase inhibitor,  

is presently studied for the treatment of different cancers including hepatocellular 

carcinoma [5, 14-17]. Due to its mode of action and attractive pharmacokinetic/ 

pharmacodynamic properties [14], galunisertib may also qualify as a potential candidate 

for the treatment of liver fibrosis. 

   Previously, rodent and human ex vivo model of liver fibrosis, precision-cut liver slices 

(PCLS), have been successfully used to test the potency of a variety of putative  

anti-fibrotic compounds [18-20]. The main advantages of PCLS pertain to the fact that 

all cell types are preserved in their original environment and the possibility for studying 

in human tissues. Therefore, our study aimed to evaluate the anti-fibrotic potency of 

galunisertib in both early-onset and end-stage of fibrosis in human PCLS, as an 

immediate translation towards further studies. The use of human PCLS therefore 

permitted to study potency and possibly divergent molecular mechanism of action of 

galunisertib between rodent and human livers.  
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Methods  

Human livers 

Early-onset fibrosis was studied in PCLS prepared from surgical excess material of donor 

livers which were regarded as clinically healthy (hPCLS). End-stage fibrosis was studied 

in PCLS prepared from explanted cirrhotic livers of clinically diagnosed end-stage liver 

disease patients undergoing liver transplantation (chPCLS). The experimental protocols 

were approved by the Medical Ethical Committee of the University Medical Center 

Groningen. 

 

Animal livers 

Rat precision-cut liver slices (rPCLS) were prepared from adult male, 12-16 weeks old, 

Wistar rats purchased from Charles River (Sulzfeld, Germany). The experiments were 

approved by the Animal Ethical Committee of the University of Groningen. 

 

Precision-cut liver slices (PCLS) 

PCLS were made as previously described [20]. The slices with an estimated thickness of 

250-300 m were exposed to galunisertib (Selleckchem, Munich, Germany) or solvent 

control (dimethyl sulfoxide; final concentration <0.4%) for 48h (human) and 72h (rat). 

The selected incubation periods correspond to the timeframe in which slices remain 

viable during culture [19]. Galunisertib was first tested at 0.625, 2.5 and 10 µM in 

rPCLS and hPCLS to identify the most effective concentration. Preliminary results 

indicated that 10 μM of galunisertib elicited a maximal effect whilst not influencing slice 

viability. Therefore, 10 µM was used in subsequent experiments including chPCLS.  

For testing the potency of galunisertib in TGF-1-induced fibrosis, the human 

recombinant TGF-1 (Roche Diagnostics, Mannheim, Germany) was added in culture 

medium containing 1 g/mL bovine serum albumin to yield 1 ng/mL TGF-1. Every 24h, 

PCLS were transferred into new plates containing fresh culture medium. 

 

ATP determination 

Viability of PCLS was evaluated by assessing ATP content [21] using a bioluminescence 

kit (Roche Diagnostics). ATP values were corrected for the total protein content, 

estimated by the Lowry assay (Bio-Rad DC Protein Assay, Hercules, US), of each PCLS. 

Values for the treated groups are expressed as relative value as compared to the control 

group. 
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Quantitative real-time PCR and Low Density Array (LDA) 

Gene expression of multiple fibrosis-related markers was assessed by quantitative  

real-time PCR and Low Density Array (LDA). Total RNA was isolated from pooled  

snap-frozen PCLS (rPCLS and hPCLS: 3; chPCLS: 6) using the RNeasy Mini Kit (Qiagen, 

Venlo, the Netherlands). Reverse transcription was performed with 1 µg total RNA using 

the Reverse Transcription System (Promega, Leiden, the Netherlands) at 25 C/10 

minutes, 45 C/60 minutes and 95 C/5 minutes.  

   Gene expression was determined using specific primers (Table 1) and the SensiMixTM 

SYBR Hi-ROX kit (Bioline, Luckenwalde, Germany) on a 7900HT qPCR system (Applied 

Biosystems, California, US) with a cycle at 95 C/10 minutes followed by 45 cycles of  

95 C/15 seconds and 60 C/25 seconds. Expression levels were corrected using 

GAPDH as reference gene (Ct) and compared with the control group (Ct). Results are 

displayed as fold induction (2-Ct). 

 

Table 1: Primers used in quantitative real-time PCR. 

Gene Primer sequence Human Rat 

αSMA 
Forward AGGGGGTGATGGTGGGAA AGCTCTGGTGTGTGACAATGG 

Reverse ATGATGCCATGTTCTATCGG GGAGCATCATCACCAGCAAAG 

FN2 
Forward AGGCTTGAACCAACCTACGGATGA TCTTCTGATGTCACCGCCAACTCA 

Reverse GCCTAAGCACTGGCACAACAGTTT TGATAGAATTCCTTGAGGGCGGCA 

GAPDH 
Forward ACCAGGGCTGCTTTTAACTCT GAACATCATCCCTGCATCCA 

Reverse GGTGCCATGGAATTTGCC CCAGTGAGCTTCCCGTTCA 

HSP47 
Forward GCCCACCGTGGTGCCGCA AGACGAGTTGTAGAGTCCAAGAGT 

Reverse GCCAGGGCCGCCTCCAGGAG ACCCATGTGTCTCAGGAACCT 

COL1A1 
Forward CAATCACCTGCGTACAGAACGCC CCCACCGGCCCTACTG 

Reverse CGGCAGGGCTCGGGTTTC GACCAGCTTCACCCTTAGCA 

PAI-1 
Forward CACGAGTCTTTCAGACCAAG AACCCAGGCCGACTTCA 

Reverse AGGCAAATGTCTTCTCTTCC CATGCGGGCTGAGACTAGAAT 

TGF-β1 
Forward GCAGCACGTGGAGCTGTA CCTGGAAAGGGCTCAACAC 

Reverse CAGCCCGGTTGCTGAGGTA CAGTTCTTCTCTGTGGAGCTGA 

 

   LDA or Custom-made Taqman Array Microfluidic Cards (Applied Biosystems) with 

preloaded primers in 384-wells plates were used to elucidate the effects of galunisertib 

on 40 genes-related to fibrosis [22] (Table 2). 10 ng/µL cDNA was mixed with  

2X Taqman PCR mastermix (Applied Biosystems). Thermal cycling and fluorescence 

detection were performed on a ViiATM 7 Real-Time PCR system (Applied Biosystems) with 

a cycle of 50 C/2 minutes and 95 C/10 minutes followed by 40 cycles of 90 C/ 

15 seconds and 60 C/1 minute. Expression levels were corrected using GAPDH as 

reference gene (Ct) and compared with the control group (Ct). Results are displayed 

as fold induction (2-Ct). 



16          Chapter A1  C 
 

Table 2: Specifications of genes-encoding collagens, collagen maturation, non-collagenous 

ECM components, ECM remodeling and select ECM receptors in Low Density Array (LDA). 

Gene and assay ID Gene name 

Type of collagen 

COL1A1-Hs00164004_m1 

COL1A2-Hs00164099_m1 

COL3A1-Hs00943809_m1 

COL4A1-Hs00266237_m1 

COL5A1-Hs00609088_m1 

COL6A1-Hs01095585_m1 

Collagen, type I, alpha 1 

Collagen, type I, alpha 2 

Collagen, type III, alpha 1 

Collagen, type IV, alpha 1 
Collagen, type V, alpha 1 

Collagen, type VI, alpha 1 

Collagen maturation 

PLOD1-Hs00609368_m1 

PLOD2-Hs00168688_m1 

PLOD3-Hs00153670_m1 

P4HA1-Hs00914594_m1 

P4HA2-Hs00188349_m1 

P4HA3-Hs00420085_m1 

P4HB-Hs00168586_m1 

LEPRE1-Hs00223565_m1 

LEPREL1-Hs00216998_m1 

LEPREL2-Hs00204607_m1 

LOX-Hs00942480_m1 

LOXL1-Hs00935937_m1 

LOXL2-Hs00158757_m1 

LOXL3-Hs01046945_m1 

LOXL4-Hs00260059_m1 

SERPINH1-Hs00241844_m1 

ADAMTS2-Hs00247973_m1 

ADAMTS3-Hs00610744_m1 

ADAMTS14-Hs00365506_m1 

BMP1-Hs00241807_m1 

PCOLCE-Hs00170179_m1 

PCOLCE2-Hs00203477_m1 

FKBP10-Hs00222557_m1 

SLC39A13-Hs00378317_m1 

COLGALT1-Hs00430696_m1 

Pro-collagen-lysine, 2-oxoglutarate 5-dioxygenase 1 

Pro-collagen-lysine, 2-oxoglutarate 5-dioxygenase 2 

Pro-collagen-lysine, 2-oxoglutarate 5-dioxygenase 3 

Prolyl 4-hydroxylase, alpha polypeptide I 

Prolyl 4-hydroxylase, alpha polypeptide II 

Prolyl 4-hydroxylase, alpha polypeptide III 

Prolyl 4-hydroxylase subunit beta 

Leucine proline-enriched proteoglycan (leprecan) 1 

Leprecan-like protein 1 

Leprecan-like protein 2  

Lysyl oxidase 

Lysyl oxidase-like protein 1 

Lysyl oxidase-like protein 2 

Lysyl oxidase-like protein 3 

Lysyl oxidase-like protein 4 

Serpin peptidase inhibitor, clade H (HSP47) 

ADAM metallopeptidase with thrombospondin type 1 motif, 2 

ADAM metallopeptidase with thrombospondin type 1 motif, 3 

ADAM metallopeptidase with thrombospondin type 1 motif, 14 

Bone morphogenetic protein 1 

Pro-collagen C-endopeptidase enhancer 

Pro-collagen C-endopeptidase enhancer 2  

FK506 binding protein 10 

Solute carrier family 39 (zinc transporter), member 13  

Collagen beta (1-O) galactosyltransferase 1 

Extracellular matrix component 

FN1-Hs00365052_m1 

ELN-Hs00355783_m1  

DCN-Hs00370385_m1 

BGN-Hs00959143_m1 

FMOD-Hs00157619_m1 

Fibronectin, type 1 

Elastin  

Decorin 

Biglycan 

Fibromodulin 

Extracellular matrix remodeling 

MMP1-Hs00899658_m1 

MMP13-Hs00233992_m1 

MMP14-Hs00237119_m1 

TIMP1-Hs99999139_m1 

CTSK-Hs00166156_m1 

Matrix metalloproteinase 1  

Matrix metalloproteinase 13 

Matrix metalloproteinase 14 

Tissue inhibitor of metalloproteinases 1 

Cathepsin K 

Extracellular matrix protein receptor 
DDR1-Hs00233612_m1 

DDR2-Hs00178815_m1  

MRC2-Hs00195862_m1 

Discoidin domain receptor tyrosine kinase 1 

Discoidin domain receptor tyrosine kinase 2  

Mannose receptor C, type 2 

Housekeeping protein 

GAPDH-Hs99999905_m1 

B2M-Hs00187842_m1  

YWHAZ-Hs03044281_g1 

 

ACTB-Hs01060665_g1 

Glyceraldehyde-3-phosphate dehydrogenase 

Beta-2-microglobulin  

Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, zeta 

Actin, beta 
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Western blotting 

TGF-β1 signaling proteins, i.e. phosphorylated SMAD1 and SMAD2, and protein 

expression of key fibrosis markers were quantified by Western blotting. Three PCLS were 

pooled, snap frozen and lysed. Total protein (100 µg) of PCLS lysates was separated on 

a 10% sodium dodecyl sulfate polyacrylamide gel and transferred to a polyvinylidene 

fluoride membrane. Immunodetection was performed by incubating the membranes with 

specific antibodies (Table 3). Targeted proteins were visualized with VisiGloTM Prime HRP 

Chemiluminescent Substrate Kit (Amresco, Ohio, US). Equal protein loading was 

confirmed by using GAPDH as internal control protein. Signal intensity was measured 

using ImageJ software (US National Institutes of Health). The data are expressed as 

relative value compared to the intensity of the control group. 

   Western blotting of pro-collagen I C-peptide (PICP) was performed under non-reduced 

conditions by precipitation of culture medium using 90% methanol. The total 

precipitated protein was redissolved and separated on a 7.5% sodium dodecyl sulfate 

polyacrylamide gel. 

 

Table 3: Buffer and antibodies used in Western blotting. 

Buffer ingredient  

 Lysis buffer: 30 mM Tris-HCl pH 7.4; 150 mM NaCl; 1 µM EDTA; 5.4 mg/mL Triton X-100; 1% SDS;  

15 mM sodium orthovanadate; 15 mM sodium fluoride; 1 tablet PhosSTOPTM (Roche Diagnostics)/50 mL  

lysis buffer.  

 SDS sample buffer: 50 mM Tris-HCl pH 6.8; 2% SDS; 10% glycerol; 1% beta-mercaptoethanol; 0.0125% 

bromophenol blue. 

 Blocking buffer: 50 mM Tris-HCL pH 7.6; 150 nM NaCl; 5% non-fat dry milk (Blocking Grade Powder,  

Bio-Rad); 0.1% Tween-20. 

Antibody and dilution Manufacturer 

Anti-α-smooth muscle actin (αSMA), 1:5000 Sigma, Saint Louis, US 

Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:5000 Sigma, Saint Louis, US 

Anti-heat shock protein 47 (HSP47), 1:2000 Abcam, Cambridge, UK 

Anti-pro-collagen I C-peptide antibody (PICP), 1:1000  Thermo Fisher, Rockford, US 

Anti-phospho-SMAD1/5 (Ser463/465), 1:1000 Cell Signaling, Danvers, US 

Anti-phospho-SMAD2 (Ser465/467), 1:1000 Cell Signaling, Danvers, US 

Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 

Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 
 

Statistics 

Three to five livers were individually used for each experiment using triplicate slices from 

each liver. The results are expressed as means ± standard error of the mean (SEM) and 

compared to the control group using either Student’s t-test or ANOVA followed by either 

Dunnett’s or Tukey’s post hoc analysis. A p-value less than 0.05 was considered 

significant. Statistical differences were determined on relative value of ATP, Ct for 

mRNA expression and relative signal intensity of the proteins. 
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Results  

Spontaneous fibrosis in cultured PCLS 

ATP content of the PCLS increased at the start of culture and remained constant for 48h 

(hPCLS and chPCLS) and 72h (rPCLS) (Figure 1A-C) indicating that the viability of the 

PCLS was maintained during culture.  

 

Figure 1: General features of PCLS during incubation. (A-C) ATP level/protein, (D-F) gene, 

and (G-I) protein expression of r(rat)PCLS (A,D,G; n=5-6 per group), h(human)PCLS 

(B,E,H; n=4-8 per group) and ch(cirrhotic human)PCLS (C,F,I; n=3-6 per group), 

respectively. *p<0.05 compared to 0h. Representative sets of Western blots and 

average protein expression (means ± SEM) of all experimental groups shown as bar 

graphs after normalization to GAPDH protein. 
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   Quantitative PCR revealed that at the start of culture (0h) the basal expression of 

COL1A1, SMA and PAI-1 in hPCLS and chPCLS was significantly higher than those of 

rPCLS. Furthermore, the expression of COL1A1 and TGF-1 was significantly higher in 

chPCLS as compared to hPCLS (Figure 2). 

 

Figure 2: Comparison of fibrosis related gene expression at 0h. (A; n=4-8) among rPCLS, 

hPCLS and chPCLS, and (B; n=4-8) between hPCLS and chPCLS. *p<0.05 compared to 

(A) rPCLS or (B) hPCLS. 

 

   Nonetheless, we observed a spontaneous onset of fibrogenesis during culture,  

as revealed by an increase in a multitude of fibrosis markers. In rPCLS, Pai-1 levels were 

markedly elevated at 24h up till 72h. At the latter time point, gene expression of Col1a1, 

Hsp47 and Sma was also significantly increased (Figure 1D). In hPCLS, TGF-1 levels 

increased at 24h up till 48h, at which time COL1A1 and FN2 expression was also  

up-regulated (Figure 1E). In contrast, none of the fibrosis markers were modulated in 

chPCLS (Figure 1F).  

   On a protein level, expression of HSP47 and SMA was markedly increased up to 48h 

in both hPCLS and chPCLS (Figure 1H-I). Moreover, TGF-1 signaling was active in these 

PCLS, as illustrated by the presence of phosphorylated SMAD1 and SMAD2. Conversely, 

no changes were observed in rPCLS (Figure 1G). Taken together, it is clear that fibrosis 

can be induced in different types of PCLS by culture activation. 

 

Figure 3: ATP level/protein of PCLS after treatment with galunisertib. (A; n=5) 72h in rPCLS, 

48h in (B, n=8-9) hPCLS and (C, n=6) chPCLS.  
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Effect of galunisertib on spontaneous fibrosis 

The impact of galunisertib on the fibrotic response in cultured PCLS was subsequently 

investigated. None of the tested concentrations of galunisertib affected PCLS viability 

(Figure 3).  

   In rPCLS, galunisertib appeared to concentration-dependently inhibit gene expressions of 

Col1a1, Hsp47 and Sma, up to 92%, 50% and 83%, respectively, whereas Pai-1, Fn2 and 

Tgf-1 levels remained unchanged. However, statistically significant differences were 

found at the highest tested concentration (10 M; Figure 4A). In hPCLS, COL1A1 and  

TGF-1 gene expression were concentration-dependently inhibited up to 78% and 40%, 

respectively (Figure 4B). Moreover, galunisertib significantly inhibited COL1A1 (81%), 

HSP47 (34%), PAI-1 (54%) and TGF-1 (47%) gene expression in chPCLS (Figure 4C). 

 

Figure 4: Fibrosis-related gene expression after treatment with galunisertib. (A; n=5) for 72h 

in rPCLS, 48h in (B; n=5-8) hPCLS and (C; n=4-6) chPCLS. *p<0.05 compared to control. 
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Effect of galunisertib on TGF-1-induced fibrosis 

Next, we studied whether the anti-fibrotic effect of galunisertib could also be observed in 

the presence of exogenous TGF-1. Exposure to TGF-1 significantly up-regulated the 

expression of Col11, Hsp47 and Sma at least two-fold in rPCLS, and these  

up-regulation were significantly mitigated by galunisertib treatment (Figure 5A). 

Conversely, TGF-1 did not increase the expression of the fibrosis markers in hPCLS 

(Figure 5B) and chPCLS (Figure 5C). Nonetheless, in the presence TGF-1, galunisertib 

still reduced the gene expression of COL1A1, HSP47, SMA and TGF-1 in both hPCLS 

and chPCLS (Figure 5B-C). 

 

Figure 5: Fibrosis-related gene expression after treatment with 10 M galunisertib in the 

presence or absence of 1 ng/mL TGF-1. (A; n=5) 72h in rPCLS, 48h in (B; n=5-6) hPCLS 

and (C; n=4) chPCLS. * and #p<0.05 compared to control and the TGF-1-treated group, 

respectively. 
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   Furthermore, Western blotting revealed that treatment with TGF-1 up-regulated 

Hsp47 and Sma protein expression in rPCLS, which was significantly antagonized by 

galunisertib (Figure 6A). This anti-fibrotic effect was not generally observed in hPCLS 

(Figure 6B) and chPCLS (Figure 6C); however, the effect of TGF-1 and galunisertib in 

human PCLS was extremely variable (Figure 7). 

   Activation of TGF-1 signaling in rPCLS by TGF-1 was illustrated by a marked increase 

of SMAD2 phosphorylation (Figure 6A). Again, this downstream activation was not clearly 

seen in hPCLS (Figure 6B) and chPCLS (Figure 6C). Still, galunisertib clearly inhibited 

SMAD2 phosphorylation in the presence and absence of TGF-1 in rat and human PCLS 

(Figure 6).  

   TGF-1 did not impact SMAD1 phosphorylation in rPCLS, hPCLS and chPCLS (Figure 6). 

Yet, galunisertib concentration-dependently activated SMAD1 phosphorylation in rPCLS 

(Figure 8), in disparity to hPCLS and chPCLS in which galunisertib had no effect on 

SMAD1 activation (Figure 6B-C). 

 

Figure 6: Phosphorylated SMADs and fibrogenic protein expression after treatment with 

10 M galunisertib in the presence or absence of 1 ng/mL TGF-1. (A; n=6) 72h in 

rPCLS, 48h in (B; n=4) hPCLS and (C; n=4) chPCLS. * and #p<0.05 compared to control 

and the TGF-1-treated group, respectively. Representative sets of Western blots and 

average protein expression (means ± SEM) of all experimental groups shown as bar 

graphs after normalization to GAPDH protein. 
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Figure 7: Scatter plots of HSP47 and SMA protein expression after treatment with 10 M 

galunisertib in the presence or absence of 1 ng/mL TGF-1 for 48h. (A; n=4) hPCLS and 

(B; n=4) chPCLS. Exemplary Western blots, averages of all experimental groups and 

scatter plots indicating individual band intensities after normalization to GAPDH protein. 
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Figure 8: Phosphorylated SMADs after treatment with 0.625, 2.5 and 10 M galunisertib.  

(A; n=3) 72h in rPCLS and (B; n=3-4) 48h in hPCLS. *p<0.05 compared to control. 

Representative sets of Western blots and average protein expression (means ± SEM) of 

all experimental groups shown as bar graphs after normalization to GAPDH protein. 

 

Effect of galunisertib on collagens and ECM 

To further determine the effect of galunisertib on collagens and ECM in human PCLS,  

a LDA was performed. Galunisertib significantly inhibited the expression of almost all 

collagen subtypes (collagen I, III, IV, V and VI), as well as numerous genes associated 

with collagen maturation and homeostasis. The expression levels of non-collagenous 

ECM components commonly found in fibrosis were also decreased (Table 4). These  

anti-fibrotic effects of galunisertib were observed in both hPCLS and chPCLS, although 

the impact was more profound in chPCLS. Noteworthy, in chPCLS, galunisertib increased 

the expression of matrix metalloproteinase 13 (MMP13) which is involved in ECM 

degradation (Table 4).  
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Table 4: Expression of transcriptions related to different collagens, collagen maturation, 

non-collagenous ECM components, ECM remodeling and select ECM receptors, by 

hPCLS and chPCLS after treatment with 10 M galunisertib for 48h. Low Density Array 

(LDA), results are expressed as average fold induction ± SEM relative to GAPDH (n=4). 

Gene hPCLS chPCLS 

Type of collagen   

COL1A1 

COL1A2 

COL3A1 

COL4A1 

COL5A1 

COL6A1 

 0.13 ± 0.03* 

 0.40 ± 0.12* 

 0.46 ± 0.01* 

 0.31 ± 0.04* 

 0.37 ± 0.10* 

 0.67 ± 0.07* 

 0.13 ± 0.02* 

 0.26 ± 0.09* 

 0.33 ± 0.06* 

 0.28 ± 0.03* 

 0.20 ± 0.03* 

 0.63 ± 0.14 

Collagen maturation   

PLOD1 

PLOD2 

PLOD3 

P4HA1 

P4HA2 

P4HA3 

P4HB 

LEPRE1 

LEPREL1 

LEPREL2 

LOX 

LOXL1 

LOXL2 

LOXL3 

LOXL4 

SERPINH 

ADAMTS2 

ADAMTS3 

ADAMTS14 

BMP1 

PCOLCE 

PCOLCE2 

FKBP10 

SLC39A13 

COLGALT1 

 0.54 ± 0.07* 

 0.54 ± 0.22 

 0.87 ± 0.17 

 1.16 ± 0.26 

 1.02 ± 0.37 

 0.47 ± 0.13 

 0.78 ± 0.08 

 0.75 ± 0.09 

 0.71 ± 0.13 

 0.60 ± 0.15 

 0.91 ± 0.58 

 0.42 ± 0.13* 

 0.49 ± 0.06* 

 0.81 ± 0.32 

 0.40 ± 0.16 

 0.59 ± 0.12 

 0.70 ± 0.14 

 1.97 ± 1.44 

No expression 

 0.71 ± 0.07* 

 0.75 ± 0.06* 

 0.83 ± 0.15 

 0.47 ± 0.04* 

 0.91 ± 0.08 

 0.78 ± 0.12 

 0.75 ± 0.15 

 0.49 ± 0.15 

 1.12 ± 0.31 

 0.95 ± 0.43 

 1.45 ± 0.18 

 0.22 ± 0.04* 

 1.17 ± 0.34 

 0.55 ± 0.12 

 0.51 ± 0.10* 

 0.82 ± 0.32 

 0.51 ± 0.15 

 0.62 ± 0.19 

 0.34 ± 0.05* 

 0.55 ± 0.16 

 0.31 ± 0.09* 

 0.43 ± 0.04* 

 0.47 ± 0.16 

 0.42 ± 0.09* 

 0.43 ± 0.17 

 0.40 ± 0.07* 

 0.30 ± 0.04* 

 0.84 ± 0.44 

 0.38 ± 0.05* 

 0.79 ± 0.10 

 0.67 ± 0.14 

Extracellular matrix component   

Fibronectin 1 

Elastin 

Decorin 

Biglycan 

Fibromodulin 

 0.13 ± 0.03* 

 0.40 ± 0.12* 

 0.46 ± 0.01* 

 0.31 ± 0.04* 

 0.37 ± 0.10* 

 0.13 ± 0.02* 

 0.26 ± 0.09* 

 0.33 ± 0.06* 

 0.28 ± 0.03* 

 0.20 ± 0.03* 

Extracellular matrix remodelling 

MMP1 

MMP13 

MMP14 

TIMP1 

CTSK 

 1.31 ± 0.44 

No expression 

 0.42 ± 0.02* 

 0.47 ± 0.03* 

 0.70 ± 0.10 

 1.95 ± 0.72 

 6.37 ± 1.47* 

 0.38 ± 0.05* 

 0.40 ± 0.10* 

 0.62 ± 0.15 

Extracellular matrix protein receptor 

DDR1 

DDR2 

MRC2 

 0.65 ± 0.05* 

 1.00 ± 0.21 

 0.24 ± 0.07* 

 0.55 ± 0.07* 

 0.42 ± 0.07* 

 0.15 ± 0.02* 

 indicates down-regulation (fold induction <0.9),  indicates up-regulation (fold induction >0.9), 

 indicates no difference (0.9≤ fold induction ≤1.1), *p<0.05 compared to control. 
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   In addition, galunisertib significantly decreased the release of pro-collagen I C-peptide 

(PICP) by both hPCLS and chPCLS, indicating a reduction in collagen type I production 

(Figure 9). 

 

Figure 9: Pro-collagen I C-peptide (PICP) released after treatment with galunisertib for 24h. 

(A; n=5) hPCLS and (B; n=3) chPCLS. *p<0.05 compared to control. Representative sets 

of Western blots and average protein expression (means ± SEM) of all experimental 

groups shown as bar graphs. 

 

Discussion 

Precision-cut liver slices (PCLS) are an effective ex vivo model to study the potency and 

mechanism of action of putative anti-fibrotic compounds [19, 20]. As shown here, PCLS 

prepared from human and rat tissues are viable up to 48h and 72h, respectively. 

Furthermore, key fibrotic genes and proteins are spontaneously up-regulated during 

culture. Therefore, the potency of anti-fibrotic compounds can be explored on both 

transcriptional and translational level. In addition, PCLS represent a model for the  

early-onset and end-stage of fibrosis, since they can be prepared from both healthy and 

diseased human livers. Results obtained with human PCLS would reasonably to be 

interpreted without concerns regarding species differences, a major caveat of the usual 

animal studies [19, 23].  
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Toxicity of galunisertib 

Systemic inhibition of TGF-β signaling in vivo might interfere with various beneficial 

biological processes, which is an important concern for drug development. A severe 

adverse effect in animals treated with small molecule ALK5 inhibitors was hemorrhagic, 

degenerative and inflammatory lesions in heart valve [24]. Nevertheless, based on 

impressive toxicity profiles in animal [14] and pharmacokinetic/pharmacodynamic 

relationship study [25], galunisertib was selected for clinical investigation.     

   A human pharmacokinetic study showed that, at steady state on day 14, the average 

maximum plasma concentration of galunisertib following 300 mg/day was 990 ng/mL or 

2.68 M [15]. This therapeutic dosage was deemed safe and is currently used in several 

clinical studies for the treatment of cancers. To date, these studies are ongoing without 

premature termination due to galunisertib-related toxicities [16, 17]. And also in our 

study, galunisertib appeared to be non-toxic to the liver as shown by stable ATP levels 

during experiments. Although the ex vivo concentrations cannot be compared to 

physiological portal drug concentrations, the effective concentrations of galunisertib 

used in our study seem to be in line with the actual therapeutic concentrations 

attainable in patients.  

 

Galunisertib mode of action in fibrosis 

Our results demonstrated that galunisertib significantly inhibited TGF-β1 gene 

expression in the absence and especially in the presence of exogenous TGF-1 in both 

hPCLS and chPCLS. In rat PCLS, the inhibitory effect was solely observed in the presence 

of TGF-1. Due to the important role of TGF-β1 in fibrosis development and progression 

[6-9], our findings suggested that galunisertib which pharmacologically inhibits the 

actions of TGF-1 should possess the potency for the treatment of liver fibrosis.  

   Galunisertib acts via inhibition of TGF-β receptor type I kinase activation. Therefore, the 

phosphorylation status of downstream signaling proteins, mainly SMAD1 and SMAD2, 

was used in our study to indicate the activation state of the TGF-β receptor. Galunisertib 

inhibited SMAD2 phosphorylation in rat and human PCLS, and these results are in line 

with previous studies targeting cancer cells [26, 27]. The important role of TGF-β1-

meditated ALK5/SMAD2 phosphorylation in liver fibrosis and HSC activation has been 

acknowledged by others [8, 9]. Thus, as observed in our study, the decrease in SMAD2 

phosphorylation further underlines the anti-fibrotic potency of galunisertib. In contrast, 

after the treatment with galunisertib, SMAD1 phosphorylation was not inhibited in 

human PCLS; while significant up-regulation of phosphorylated SMAD1 was observed in 

rat PCLS. Even though the role of TGF-β1-meditated ALK1/SMAD1 activation in liver 

fibrosis is poorly understood [12], the up-regulation of SMAD1 phosphorylation in rats, 

but not in human, may be a compensatory pathway for the inhibition of ALK5/SMAD2. 

Nevertheless, the activation of ALK1/SMAD1 seems to be less significant for 

fibrogenesis when compared to the net decrease of the fibrosis markers.  
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   As galunisertib clearly showed anti-fibrotic efficacy in presence of exogenous TGF-β1 in 

rPCLS, interestingly, the anti-fibrotic potency of galunisertib was still displayed in human 

PCLS although the exogenous TGF-β1 could not further stimulate the expression levels 

of fibrosis-related markers. In fact, it was anticipated because a previous study showed 

that a further increase of the fibrosis-related markers would not be observed in human 

PCLS in the presence of TGF-β1 [19]. Nevertheless, in our study, we aimed to show that 

galunisertib might exhibit anti-fibrotic potency via the inhibition of pro-fibrotic 

spontaneous SMAD2 expression regardless of augmentative stimuli. On the other hand, 

galunisertib may possibly possess other mechanisms, irrespective of TGF-β1-related 

actions. 

 

Effect of galunisertib on fibrosis markers 

SMA is a well-known marker of activated HSC. A previous study showed that the 

transcription level of SMA did not change during incubation in human PCLS [19]. Here, 

we show for the first time that, in contrast, SMA protein levels are increased during 

culture of PCLS. This controversy needs to be further investigated. Nevertheless, post-

transcriptionally regulation of SMA in activated HSC of human PCLS as observed in 

Dupuytren's nodular cells might be possible [28]. Interestingly, TGF-β1 did not further 

increase gene and protein expression of SMA in human PCLS, nor was the expression 

affected by galunisertib. On the other hand, in rat PCLS, Sma gene and protein 

expression were increased by TGF-β1 treatment, and galunisertib reduced the 

expression both in the absence and presence of TGF-β1. This discrepancy might indicate 

that the activation status of HSC differs in human and rat PCLS at the start of 

experiments. This difference might arise due to partial activation of HSC before or during 

surgery by stress and injury [29]. Importantly, this finding highlights the notion that 

observations in animal models may not be readily translatable to the human liver. 

   Our results further demonstrated that the expression of HSP47, a chaperone protein 

involved in intracellular collagen maturation [30, 31], was also affected by galunisertib. 

In rat PCLS, galunisertib clearly reduced both the gene and protein levels of HSP47, 

while only its gene expression was lowered in human PCLS. This discrepancy might again 

be caused by species differences, but also by a variant exposure to perioperative stress, 

injury, or constitutive expression, of the human samples [32]. It is also possible that 

longer incubation times are needed to see an impact of galunisertib on HSP47 protein 

levels in human PCLS.  

   Most importantly, the anti-fibrotic efficacy of galunisertib was clearly illustrated by the 

reduced collagen type I production in hPCLS and chPCLS both on a transcriptional and 

translational level. Our results indicated that secretion of PICP, a by-product of collagen 

type I production, could be used as a marker of collagen production and fibrosis [32]. 

Although there are many types of collagen present in fibrotic lesions, collagen type I is the 

main ECM protein produced in liver fibrosis [33, 34].  
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   We demonstrated that galunisertib not only down-regulated collagen type I, but also 

collagen type III, IV, V and VI. In addition, the expression of genes that encode enzymes 

associated with collagen maturation and fibril formation such as LOXL2, FKBP10, BMP1 

and PCOLCE was inhibited by galunisertib. These results suggest a unique effect of 

galunisertib on production, maturation and formation of collagen fibrils. Moreover, 

galunisertib decreased the expression of fibronectin, which is recognized as an important 

ECM protein involved in liver fibrosis [35] as well as the levels of non-collagenous ECM 

proteins, i.e. elastin, decorin, biglycan and fibromodulin. In addition, collagen and 

fibronectin receptors: DDR1 and MRC2, were also decreased by galunisertib. These results 

highlight the uniquely broad effect of galunisertib on ECM formation.  

   The imbalance between ECM production and degradation is an important determinant 

in liver fibrosis progression [3]. Following treatment with galunisertib, a marked increase 

in the expression of matrix metalloproteinase-13 (MMP13), an enzyme that promotes 

collagen cleavage [36], was observed in chPCLS. Thus, galunisertib might also 

accelerate the degradation of ECM components in an ECM-rich environment as found in 

cirrhotic livers, which can be beneficial as well as detrimental. On the other hand, 

proteins that are normally increased during liver fibrosis, i.e. tissue inhibitor of 

metalloproteinases-1 (TIMP1) and MMP14 [37, 38], were decreased by the action of 

galunisertib, supporting the beneficial property of this compound in the resolution of 

excessive ECM.  

 

Conclusion 

As illustrated in our human ex vivo study, galunisertib is a promising drug to be further 

investigated for the treatment of human liver fibrosis. Although, species-specific 

biological activity of compounds is widespread and a major hurdle in the development of 

effective therapeutics [19, 39], encouragingly, galunisertib exhibited its anti-fibrotic 

potency not only in rodent but also in humans PCLS. The inhibition of SMAD2 

phosphorylation is probably the main mechanism underlying the anti-fibrotic effect of 

galunisertib. Moreover, the unique anti-fibrotic efficacy of galunisertib seems to be 

related to the production, maturation, formation and degradation of ECM.  
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Supplementary box II 

Small molecule drugs 

 In pharmacology, small molecule drugs are defined as compounds with a low 

molecular weight that can rapidly diffuse across cell membranes to reach 

intracellular sites of action [1]. 

 There is no strict molecular weight cut-off for small molecule drugs. However, in view 

of oral bioavailability, an upper-limit of 500 daltons has been recommended [2]. 

 Although numerous large molecule biologics have been developed, small molecule 

drugs still make up over 90% of the medications on the market today [3].  

 Currently, small molecule compounds are extensively used as research tools to study 

the biological function of enzymes and receptors in order to develop novel 

therapeutic agents [4].  
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In vitro and ex vivo anti-fibrotic effects of LY2109761, 

a small molecule inhibitor against TGF-β 
 

 

Abstract 
 

Background and purpose 

Transforming growth factor-beta (TGF-β) is a central profibrotic mediator, and targeting 

TGF-β is a promising strategy in the development of drugs for the treatment of fibrosis. 

Therefore, effect of LY2109761, a representative of preclinically effective anti-cancer 

small molecule inhibitors against TGF-β, on fibrosis was elucidated.  
 

Experimental approach  

Gene and protein expression of fibrosis-related markers were elucidated in HepG2 cells, 

LX-2 cells, human precision-cut liver slices (PCLS) and rat PCLS in the presence and 

absence of exogenous TGF-β1.  
 

Key results 

Effects of LY2109761 on TGF-β signaling and fibrogenesis were observed in vitro and  

ex vivo. On the TGF-β signaling, inhibition of TGF-β1 expression and SMAD2 

phosphorylation were the TGF-β-dependent effect towards anti-fibrotic efficacy of 

LY2109761. Interestingly, at the high concentration of LY2109761, inhibition of SMAD1 

phosphorylation and gene expression of ID1, a bone morphogenetic proteins-related 

signaling pathway, appeared to be the TGF-β-independent effects. On the fibrosis-related 

markers, LY2109761 clearly inhibited the expression of collagen type 1. 
 

Conclusion and implications 

LY2109761 exhibited anti-fibrotic effects in vitro and ex vivo. Besides anti-fibrotic 

effects, both TGF-β-dependent and -independent pathways were impacted. These results 

illustrate that small molecule inhibitors, directed against TGF-β, might influence 

numerous signaling pathways. 

 

 

 

 

Key words: TGF-β; fibrosis; LY2109761; in vitro; ex vivo.  

Abbreviations: TGF-β, transforming growth factor beta; SMI, small molecule inhibitors;  TR, TGF-β 

receptor; Lck, lymphocyte-specific protein tyrosine kinases; MAPK, mitogen-activated protein 

kinases; MKK, mitogen-activated protein kinase kinases; FYN, proto-oncogene tyrosine-protein 

kinases; JNK, c-Jun N-terminal kinases; HSC, hepatic stellate cells; PCLS, precision-cut liver slices; 

ID1, inhibitor of DNA binding 1; PAI-1, plasminogen activator inhibitor 1; αSMA, alpha smooth 

muscle actin; HSP47, heat shock protein 47; COL1A1, collagen type I, alpha 1; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase; COL1, collagen type I; BMPs, bone morphogenetic 

proteins; GDFs, growth differentiation factors; EMT, epithelial-mesenchymal transition; mTOR, 

mammalian target of rapamycin; PKB, protein kinase B. 
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Introduction 

Since decades, transforming growth factor-beta (TGF-β) has been recognized as a 

central profibrotic mediator [1, 2]. Consequently, TGF-β and the associated signaling 

pathways have been important targets during the development of drugs for the 

treatment of fibrotic diseases [2, 3]; however, none of the identified candidates are 

eligible for clinical use due to the lack of efficacy and/or severe adverse events [4, 5]. 

The search for effective anti-fibrotic compounds is greatly hampered by the complexity of 

the TGF-β signaling pathway and associated networks [6, 7]. 

   Recently, LY2109761, a small molecule inhibitor (SMI) against TGF-β, was developed 

to target cancer angiogenesis and metastasis in which TGF-β plays an essential role [8]. 

Nevertheless, due to its poor pharmacokinetic properties, clinical development of 

LY2109761 was not continued [9]. Selectivity of LY2109761 on diverse kinase enzymes 

was screened in vitro, and it was demonstrated that LY2109761 was relatively selective 

for the TGF-β receptor (TβR) [10]. However, its selectivity was inversely correlated with 

the used concentration. At 20 μM, LY2109761 exhibited weak activity against 

lymphocyte-specific protein tyrosine kinase (Lck), p38-mitogen-activated protein kinase 

(p38-MAPK), mitogen-activated protein kinase kinase 6 (MKK6), proto-oncogene 

tyrosine-protein kinase (FYN) and c-Jun N-terminal kinase 3 (JNK3) [10]. Because of the 

impact on TGF-β signaling, we postulate that LY2109761 might mitigate the onset of 

fibrosis.  

   Currently, the pharmacological activity of putative drugs is preliminary screened using 

in vitro and ex vivo models. For instance, HepG2, a human hepatocellular carcinoma cell 

line which constitutionally expresses components of TGF-β signaling, is commonly used 

to test anti-cancer properties of drugs [11, 12]. In addition, LX-2, a human hepatic 

stellate cell line that retains key features of primary hepatic stellate cells (HSC), has 

been extensively used to study fibrogenesis [13]. Nevertheless, these in vitro models fail 

to capture the intricate cell-cell interactions that underlie the fibrotic process in vivo. 

Recently, precision-cut liver slices (PCLS) have been proven as an effective ex vivo model 

for fibrosis; moreover, it was demonstrated that PCLS can be used to test the efficacy of 

putative anti-fibrotic compounds [14, 15]. Here, we used all these models to investigate 

the impact of LY2109761 on fibrogenesis.  

 

Methods  

Cell cultures 

HepG2 (ATCC, Virginia, US) and LX-2 (kindly provided by Prof. Dr. S. L. Friedman, Mount 

Sinai School of Medicine, New York, US) were cultured in Dulbecco's Modified Eagle's 

Medium (Invitrogen, Bleiswijk, the Netherlands). The culture medium was supplemented 

with 10% fetal bovine serum, 50 U/mL penicillin and 50 ng/mL streptomycin. 
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Precision-cut liver slices (PCLS) 

Human PCLS (hPCLS) were prepared from healthy non-fibrotic liver tissue obtained from 

patients following either partial hepatectomy due to metastatic colorectal cancer or from 

donors, remaining as surgical surplus after reduced-size liver transplantation. The study 

was approved by the Medical Ethical Committee of the University Medical Center 

Groningen. 

   Rat PCLS (rPCLS) were prepared from male, 12-16 weeks old, Wistar rats (Charles 

River, Sulzfeld, Germany). The study was approved by the Animal Ethical Committee of 

the University of Groningen. 

   hPCLS and rPCLS, with an estimated thickness of 250-300 m, were cultured for 48h 

in Williams’ medium E with Glutamax (Invitrogen) supplemented with glucose and 

gentamycin at 37 °C under continuous supply of 80% O2/5% CO2 as previously 

described [16]. 

 

Experimental treatment 

Stock solutions of LY2109761 (Selleckchem, Munich, Germany) were prepared in 

dimethyl sulfoxide (DMSO). During experiments, stocks were diluted in culture medium 

with a final solvent concentration of ≤0.4%. For co-treatment, PCLS were exposed to  

5 ng/mL TGF-1 (Roche Diagnostics, Mannheim, Germany) with 1 g/mL bovine serum 

albumin supplementation. 

 

ATP determination 

Viability was determined by measuring ATP levels as previously described [17]. Briefly, 

cell culture lysates and PCLS were transferred to a solution containing 70% ethanol and 

2 mM EDTA, snap frozen and stored at -80 °C until analysis. ATP of the cell/tissue was 

determined by using the ATP bioluminescence kit (Roche Diagnostics). ATP values were 

corrected for total protein content of each sample estimated by the Bio-Rad DC Protein 

Assay (Bio-Rad, California, US). Values are expressed as relative values compared to the 

control group. 

 

Quantitative real-time PCR 

Gene expression was assessed by real-time quantitative PCR. Cell culture lysates and 

PCLS were snap frozen and stored at -80 °C until analysis. Total RNA was isolated using 

the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands) and reverse transcribed using the 

Reverse Transcription System (Promega, Leiden, the Netherlands) [15, 18]. The mRNA 

levels of TGF-β1, ID1, PAI-1, SMA, HSP47 and COL1A1 were detected using specific 

primer/probe sets (Applied Biosystems, California, US; Table 1) using a 7900HT Real 

Time PCR apparatus (Applied Biosystems) with 1 cycle of 10 minutes/95 °C followed by 

40 cycles of 15 seconds/95 °C and 60 seconds/60 °C. GAPDH was used as reference 

gene and relative expression levels were calculated as fold change using the 2-ΔΔCT 

method. 
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Table 1: Primer/probe sets used in quantitative real-time PCR. 

Gene 
Primer/probe set 

Human Rat 

αSMA (alpha smooth muscle actin) Hs00426835_g1 Rn01759928_g1 

COL1A1 (collagen, type I, alpha 1) Hs00164004_m1 Rn01463848_m1 

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) Hs02786624_g1 Rn01775763_g1 

HSP47 (heat shock protein 47) Hs01060396_g1 Rn00567777_m1 

ID1 (inhibitor of DNA binding 1) Hs03676575_s1 Rn00562985_s1 

PAI-1 (plasminogen activator inhibitor 1) Hs00167155_m1 Rn01400467_m1 

TGF-β1 (transforming growth factor beta 1) Hs00998133_m1 Rn00572010_m1 

 

Western blotting 

Phosphorylated SMAD1 (pSMAD1), pSMAD2, SMA, HSP47 and COL1 protein levels 

were assessed by Western blot. Cell culture lysates and PCLS were snap frozen and 

stored at -80 °C until analysis [15]. Following sample preparation, total protein was 

separated on 10% sodium dodecyl sulfate polyacrylamide gels and transferred using 

Trans-Blot Turbo Mini PVDF Transfer Packs (Bio-Rad). Afterwards, the membrane was 

blocked and incubated with specific antibodies (Table 2). Targeted proteins were 

visualized with Clarity Western ECL Substrate (Bio-Rad). GAPDH was used as internal 

control protein. 

 

Table 2: Buffer and antibodies used in Western blotting. 

Buffer ingredient  

 Lysis buffer: 30 mM Tris-HCl pH 7.4; 150 mM NaCl; 1 µM EDTA; 5.4 mg/mL Triton X-100; 1% SDS;  

15 mM sodium orthovanadate; 15 mM sodium fluoride; 1 tablet PhosSTOPTM (Roche Diagnostics)/50 mL  

lysis buffer.  

 SDS sample buffer: 50 mM Tris-HCl pH 6.8; 2% SDS; 10% glycerol; 1% beta-mercaptoethanol; 0.0125% 

bromophenol blue. 

 Blocking buffer: 50 mM Tris-HCl pH 7.6; 150 nM NaCl; 5% non-fat dry milk (Blocking Grade Powder,  

Bio-Rad); 0.1% Tween-20. 

Antibody and dilution Manufacturer 

Anti-α-smooth muscle actin (αSMA), 1:5000 Sigma, Saint Louis, US 

Anti-collagen type I (COL1), 1:1000 Rockland, Pennsylvania, US 

Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:5000 Sigma, Saint Louis, US 

Anti-heat shock protein 47 (HSP47), 1:2000 Abcam, Cambridge, UK 

Anti-phospho-SMAD1/5 (Ser463/465), 1:1000 Cell Signaling, Danvers, US 

Anti-phospho-SMAD2 (Ser465/467), 1:1000 Cell Signaling, Danvers, US 

Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 

Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 
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Statistics 

Each experiment was performed at least three times. Results are expressed as means ± 

standard error of the mean (SEM). Statistical analysis was performed via Student’s t-test 

or ANOVA followed by Dunnett’s post hoc analysis on relative ATP, Ct and relative 

signal intensity of the proteins. A p-value <0.05 was considered significant. 

 

Results  

HepG2 

We first investigated the impact of LY2109761 on TGF-β signaling in HepG2 cells in the 

absence and presence of exogenous TGF-β1. Our results demonstrated that none of the 

treatment modalities impacted the viability of HepG2 cells (Figure 1A-C).  

   Furthermore, on a gene level (Figure 1D-F), the treatment with exogenous TGF-β1,  

5 ng/mL, significantly increased TGF-β1 (2.46-fold when compared to the control) and 

PAI-1 (2.18-fold) expression. LY2109761, at the highest tested concentration (20 M), 

reduced the gene levels of ID1 (82% inhibition when compared to the corresponding 

control), but increased SMA (3.06-fold) expression. When HepG2 cells were exposed to 

both exogenous TGF-β1 and LY2109761, significantly decreased mRNA levels of ID1 

(81%) and PAI-1 (63%) were observed.     

   On a protein level (Figure 1G-L), we did not observe any effects of exogenous TGF-β1. 

In contrast, treatment with LY2109761 significantly increased SMA expression both in 

the absence (4.79-fold) and presence (2.05-fold) of exogenous TGF-β1. In the latter 

case, pSMAD1 expression was markedly reduced (86%).  

 

LX-2 

In addition to the impact of LY2109761 on TGF-β signaling, we subsequently studied 

whether this compound could mitigate fibrogenesis in LX-2 cells. As assessed by the ATP 

content (Figure 2A-C), treatment with neither 5 ng/mL TGF-β1, LY2109761, nor a 

combination of both affected the viability of LX-2 cells.  

   On a gene level (Figure 2D-F), we demonstrated that exogenous TGF-β1 induced a 

fibrotic response in LX-2 cells as illustrated by an increased expression of TGF-β1  

(3.61-fold), PAI-1 (10.54-fold), SMA (1.49-fold) and COL1A1 (2.53-fold). Additionally, 

qPCR revealed that LY2109761 lowered TGF-β1 expression (53%), while SMA levels 

increased (1.85-fold). Furthermore, our results showed that LY2109761 markedly 

reduced exogenous TGF-β1-induced fibrogenesis.  

   These findings were corroborated by Western blotting (Figure 2G-L), showing that 

exogenous TGF-β1 significantly increased phosphorylation of SMAD1 (2.68-fold) and 

SMAD2 (6.19-fold). In addition, the co-treatment with LY2109761 significantly inhibited 

phosphorylation of SMAD1 (up to 84%) and SMAD2 (up to 92%). 
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Figure 1: Viability and expression profiling of HepG2 cells treated with LY2109761 (LY) 

were compared to the corresponding control (n=4). A-C, ATP level/protein; D-F, gene 

expression; G-I, representative Western blots; J-L, average protein expression of all 

experimental groups shown as bar graphs after normalization to GAPDH. The 

concentration of exogenous TGF-β1 was 5 ng/mL. *p<0.05 compared to either control, 

LY 0 M or LY 0 M + TGF-β1. 
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Figure 2: Viability and expression profiling of LX-2 cells treated with LY2109761 (LY) 

were compared to the corresponding control (n=4-5). A-C, ATP level/protein; D-F, gene 

expression; G-I, representative Western blots; J-L, average protein expression of all 

experimental groups shown as bar graphs after normalization to GAPDH. The 

concentration of exogenous TGF-β1 was 5 ng/mL. *p<0.05 compared to either control, 

LY 0 M or LY 0 M + TGF-β1. 
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Human precision-cut liver slices (hPCLS) 

Next, we investigated the anti-fibrotic efficacy in hPCLS, a multicellular human ex vivo 

model of liver fibrosis. Our results demonstrated that LY2109761 slightly decreased the 

viability of hPCLS; however, the effect was not statistically significant. Moreover,  

5 ng/mL TGF-β1 treatment did not impact viability of hPCLS (Figure 3A-C). 

   qPCR revealed that exogenous TGF-β1 could not elicit a fibrotic response in hPCLS 

(Figure 3D-F), which is in line with previous results [14]. Nevertheless, LY2109761 

significantly inhibited the expression of COL1A1 both in the absence (86%) and 

presence (94%) of exogenous TGF-β1. During co-treatment, significantly reduced mRNA 

levels of TGF-β1 (up to 75%) and HSP47 (up to 67%) were observed.  

   On a protein level (Figure 3G-L), LY2109761 treatment resulted in a diminished 

phosphorylation of both SMAD1 (70%) and SMAD2 (84%), while only SMAD2 

phosphorylation was antagonized in the presence of exogenous TGF-β1. 

 

Rat precision-cut liver slices (rPCLS) 

Because exogenous TGF-β1 (5 ng/mL) could not elicit a fibrotic response in hPCLS, we 

additionally studied the effects of LY2109761 on fibrogenesis and TGF-β signaling in 

rPCLS [15]. As shown in Figure 4A-C, none of the experimental treatments altered the 

viability of rPCLS. 

   In rPCLS (Figure 4D-F), exogenous TGF-β1 significantly increased the expression of Tgf-β1 

(1.86-fold), Sma (4.45-fold), Hsp47 (2.43-fold) and Col1a1 (3.85-fold). Moreover, in the 

absence of exogenous TGF-β1, LY2109761 at both 2.5 and 20 µM significantly decreased 

the expression of Id1 (up to 86%), Sma (up to 82%) and Col1a1 (up to 93%). This inhibitory 

effect persisted in the presence of exogenous TGF-β1 with the treatment of 20 µM 

LY2109761 only.  

   Protein expression in rPCLS appeared to be in line with the gene expression (Figure 

4G-L); however, exogenous TGF-β1 did not increase Hsp47 expression. Exogenous  

TGF-β1 significantly increased Smad2 phosphorylation (3.75-fold), and the up-regulation 

was concentration-dependently antagonized (up to 83%) by LY2109761. Inhibition of 

Smad2 phosphorylation was also observed (up to 96%) in the absence of exogenous 

TGF-β1. Although decreased phosphorylation of Smad1 was observed (up to 84% in the 

absence of exogenous TGF-β1), the effect was however not statistically significant. 
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Figure 3: Viability and expression profiling of human precision-cut liver slices treated with 

LY2109761 (LY) were compared to the corresponding control (n=4-8). A-C, ATP 

level/protein; D-F, gene expression; G-I, representative Western blots; J-L, average 

protein expression of all experimental groups shown as bar graphs after normalization to 

GAPDH. The concentration of exogenous TGF-β1 was 5 ng/mL. *p<0.05 compared to 

either control, LY 0 M or LY 0 M + TGF-β1.  
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Figure 4: Viability and expression profiling of rat precision-cut liver slices treated with 

LY2109761 (LY) were compared to the corresponding control (n=3-4). A-C, ATP level/protein; 

D-F, gene expression; G-I, representative Western blots; J-L, average protein expression of all 

experimental groups shown as bar graphs after normalization to GAPDH. The concentration 

of exogenous TGF-β1 was 5 ng/mL. *p<0.05 compared to either control, LY 0 M or LY 0 M 

+ TGF-β1. 
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Discussion  

TGF-β is a member of the TGF-β superfamily which consists of TGF-β, bone morphogenetic 

proteins (BMPs), growth differentiation factors (GDFs), activin and inhibin [19]. The 

multifunctional proteins of this superfamily possess different physiologic roles; however, 

they all elicit their biological activity via similar transmembrane serine/threonine-protein 

kinase receptors and SMADs [7, 20]. Recently, hampering TGF-β-mediated signaling can 

be achieved by either depleting TGF-β itself, blocking the binding between TGF-β and the 

TβR, or by using SMI [2]. Here, we studied the impact of LY2109761, a SMI against TGF-β 

[8], on the expressions of genes and proteins related to TGF-β pathway activity and 

fibrogenesis.  

 

Effect on TGF-β signaling 

Our results demonstrated that LY2109761 clearly inhibited activation of the TGF-β 

pathway, as illustrated by a decreased expression of TGF-β1 [3], and reduced 

phosphorylation of SMAD2, the master transcription factor mediating fibrogenic 

responses of TGF-β [9], in LX-2, hPCLS and rPCLS. In general, inhibition of TGF-β 

signaling is associated with decreased PAI-1 expression in vitro [21-23]; however, we 

only observed this interplay in LX-2 and HepG2 cells, not in hPCLS and rPCLS. The 

observed effects of LY2109761 in PCLS were in line with a previous study using 

galunisertib, another SMI against TGF-β which elicited anti-fibrotic effects without 

inhibiting PAI-1 expression [15]. These results imply that PAI-1 is not a surrogate marker 

for TGF-β activation, and indeed it is known that this gene can be regulated by multiple 

mediators such as thrombin, plasmin and pro-inflammatory cytokines during 

coagulation, fibrinolysis and inflammatory process [24]. Furthermore, another distinctive 

feature observed in PCLS was the inhibitory effect of LY2109761 on phosphorylation of 

SMAD2 in the absence of exogenous TGF-β1. This finding emphasizes that the activation 

of TGF-β signaling is spontaneous in PCLS, and in contrast to the cell lines, the impact of 

drugs affecting TGF-β pathway can be observed without the additive effect of exogenous 

TGF-β [15].  

   In this study, the expression of TGF-β1 and phosphorylation of SMAD2 were not 

affected by LY2109761 in HepG2 cells. This finding is not consistent with previous 

studies showing that SMAD2 phosphorylation in HepG2 cells was modulated by other 

TGF-β inhibitors: galunisertib and D10, a monoclonal antibody against TβR [12, 25]. 

Nevertheless, drug response inconsistencies have been previously reported in different 

well-controlled studies using cancer cell lines [26]. 
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   Interestingly, LY2109761 also appeared to concentration-dependently inhibit SMAD1 

phosphorylation and ID1 expression which are principally regulated via BMP-mediated 

signaling [7, 19, 27, 28]. Thus, the decrease in SMAD1 phosphorylation and ID1 

expression may be considered as a TβR-independent effect of LY2109761 on other 

members of the TGF-β superfamily including BMPs [7, 19]. Noteworthy, this observed 

inhibition of BMP-related pathways is in line with results obtained using irradiated 

primary human pulmonary fibroblasts [29]. However, the effect of LY2109761 was 

contrary to the effects seen with galunisertib which up-regulated SMAD1 

phosphorylation in rPCLS [15]. In addition, galunisertib did not affect the expression of 

ID1 (Figure 5). Thus, it is clear that individual SMIs against TGF-β particularly at high 

concentrations may elicit diverse effects beyond inhibition of TGF-β signaling.  

 

Figure 5: Effect of galunisertib (10 µM) on the expression of Id1 in rat precision-cut liver 

slices after cultured for 72h in the presence and absence of TGF-β1 (1 ng/mL). Data are 

expressed as means ± SEM (n=3). 

 

Effect on fibrogenesis 

In the present study, LY2109761 regulated the expression of SMA, a marker of 

myofibroblasts, in PCLS in a similar fashion as galunisertib [15]. However, in HepG2 

cells, LY2109761 up-regulated both the gene and protein levels of SMA irrespective of 

the presence of exogenous TGF-β1. Up-regulation of SMA in HepG2 cells was also 

observed following treatment with everolimus, an inhibitor of mammalian target of 

rapamycin (mTOR), resulting in epithelial-mesenchymal transition (EMT) due to activation 

of protein kinase B (PKB) which is a serine/threonine-protein kinase that plays a key role 

in proliferation [30]. These results suggest that LY2109761 can induce EMT in HepG2 

cells via non-selective off-target interference.  

   The effect of LY2109761 on the gene expression of HSP47, a chaperone protein for 

collagen maturation, was solely observed in rPCLS. Note that longer incubation periods 

may be necessary to observe inhibitory effects on protein expression [15, 31]. The fact 

that the inhibitory effect on the expression of HSP47 was not observed in human-derived 

cells and tissues: hPCLS, LX-2 and HepG2 cells, might be due to species differences in 

response to TGF-β and variation in constitutive expression levels of HSP47 [15, 32].  
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   Importantly, treatment with LY2109761 had a remarkable impact on the expression of 

collagen type I, a principal extracellular matrix component in liver fibrosis [33], in LX-2, 

hPCLS and rPCLS. However, due to the lack of spontaneous fibrogenesis in LX-2 [13], 

the anti-fibrotic potency of LY2109761 was only shown in the presence of exogenous 

TGF-β1. It should be noted that due to technical difficulties, the extraction of 

extracellular matrix components from tissue slices was not efficient and therefore highly 

variable [34]; thus, we solely present the protein expression of collagen type I in LX-2 

cells. 

 

Targeting fibrosis using small molecule inhibitors against TGF-β 

As illustrated in our study, LY2109761 may interfere with both TGF-β-dependent and  

-independent signaling in vitro and ex vivo. This dual effect may be extremely beneficial 

for the treatment of fibrosis since numerous proteins of the TGF-β superfamily including 

BMP-2 and BMP-9 are known to play a negative role in fibrogenesis [35, 36]. However, 

interfering with the beneficial roles of BMPs particularly with regard to bone 

healing/regeneration is a concern [37, 38]. 

   Lastly, it is worthwhile to note that LY2109761 was the only representative of SMIs 

that target TGF-β tested in our study. Therefore, the effect of other SMI on fibrogenesis 

might be different. Furthermore, our study illustrated that LY2109761 elicited TGF-β-

independent effects. Thus, possible off-target effects of SMI should be taken into 

account during drug development.  

 

Conclusion 

LY2109761 exhibited anti-fibrotic effects in vitro and ex vivo. In LX-2 cells, a human HSC 

cell line, the activity of LY2109761 was observed only in the presence of exogenous 

TGF-β. In contrast, the anti-fibrotic effect of LY2109761 can be observed in PCLS 

without TGF-β co-treatment. Moreover, in PCLS, cell-cell and cell-matrix interactions are 

preserved; thus, it is likely that the observed anti-fibrotic effect of LY2109761 in slices 

resembles the in vivo efficacy of this compound. Furthermore, our results indicate that 

LY2109761 can also affect BMP-mediated signaling, illustrating that SMI directed 

against TGF-β might influence numerous signaling pathways.  
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Human precision-cut liver slices as a model to test  

anti-fibrotic drugs in the early onset of liver fibrosis 
 

 

Abstract 
 

Background and purpose 

Liver fibrosis is the progressive accumulation of connective tissue ultimately resulting in 

loss of organ function. Currently, no effective anti-fibrotics are available due to a lack of 

reliable human models. 
 

Experimental approach  

Here we investigated the fibrotic process in human precision-cut liver slices (PCLS) and 

studied the efficacy of multiple putative anti-fibrotic compounds.  
 

Key results 

Our results demonstrated that human PCLS remained viable for 48h and the early onset 

of fibrosis was observed during culture, as demonstrated by an increased gene 

expression of heat shock protein 47 (HSP47) and pro-collagen 1A1 (PCOL1A1) as well as 

increased collagen 1 protein levels. SB203580, a specific inhibitor of p38-mitogen-

activated protein kinase (MAPK) showed a marked decrease in HSP47 and PCOL1A1 

gene expression, whereas specific inhibitors of SMAD3 and Rac-1 showed no or only 

minor effects. Regarding the studied anti-fibrotics, gene levels of HSP47 and PCOL1A1 

could be down-regulated with sunitinib and valproic acid, while PCOL1A1 expression was 

reduced following treatment with rosmarinic acid, tetrandrine and pirfenidone. These 

results are in contrast with prior data obtained in rat PCLS, indicating that anti-fibrotic 

drug efficacy is clearly species-specific. 
 

Conclusion and implications 

Thus, human PCLS is a promising model for liver fibrosis. Moreover, MAPK signaling 

plays an important role in the onset of fibrosis in this model, and transforming growth 

factor beta pathway inhibitors appear to be more effective than platelet-derived growth 

factor pathway inhibitors in halting fibrogenesis in PCLS. 

 

 

 

 

 

Key words: human precision-cut liver slices; liver fibrosis; anti-fibrotic; TGF-β.  

Abbreviations: PCLS, precision-cut liver slices; TGF-β, transforming growth factor beta; PDGF,  
platelet-derived growth factor; MAPK, mitogen-activated protein kinase; HSP47, heat shock protein 

47; αSMA, alpha smooth muscle actin; PCOL1A1, pro-collagen 1A1; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; TIMP, tissue inhibitor of metalloproteinases; HDAC, histone 

deacetylase; ROS, reactive oxygen species. 
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Introduction 

Fibrosis is an integral part of the pathophysiological mechanism of a diverse range of 

chronic diseases, such as Crohn’s disease, chronic kidney disease and viral hepatitis. 

The fibrotic process is characterized by augmented production and excessive deposition 

of extracellular matrix proteins resulting in scar formation and the progressive loss of 

organ function. Liver cirrhosis, the end stage of liver fibrosis, is possibly the most 

clinically relevant form of tissue fibrosis in the world due to the high prevalence of viral 

hepatitis [1]. Consequently, liver fibrosis is widely studied, and there is extensive 

knowledge regarding the process of fibrogenesis [2]. And throughout the years a 

plethora of potential therapeutic targets have been described [3]. Nevertheless, an 

effective therapy for liver fibrosis remains elusive, and transplantation remains the sole 

successful treatment modality. Moreover, anti-fibrotic drug discovery is hampered by the 

lack of reliable and reproducible (human) in vitro models. Recently, precision-cut tissue 

slices have been used as a model for incipient and established fibrosis [4, 5]. Of note, 

this model replicates most of the multicellular characteristics of organs, and the 

different cells are retained in their original environment. Previously, rat and murine 

precision-cut liver slices (PCLS) have been successfully used to test the anti-fibrotic 

efficacy of several putative anti-fibrotic drugs [6-9]. Here we report the use of human 

PCLS to test anti-fibrotic compounds. 

   There are several well-known common signaling pathways involved in the fibrotic 

process in all organs, including the archetypical transforming growth factor beta (TGF-β) 

and platelet-derived growth factor (PDGF) pathways as well as the p38-mitogen-activated 

protein kinase (MAPK) pathway [1, 10, 11]. Even though these pathways are generally 

involved in fibrogenesis, there remain tissue-, species- and strain-specific differences  

[1, 12, 13]. In general, TGF-β signaling is associated with an increased deposition of 

collagen, whereas PDGF is a potent mitogen affecting cells of mesenchymal origin, such 

as myofibroblasts [10]. Both growth factors activate a myriad of transcription factors by 

binding to their respective receptors (e.g. type 1 TGF-β receptor or receptor tyrosine 

kinase) [14]. TGF-β acts mainly via SMAD signaling, which can be targeted by the 

specific inhibitor of SMAD3 (SIS3), known to inhibit TGF-β-induced SMAD3 

phosphorylation [15]. PDGF stimulates cell proliferation via a host of downstream 

intracellular signaling cascades involving for instance glycogen synthase kinase 3β or 

Rho GTPases (e.g. Rac1). The latter can be specifically inhibited by NSC23766 [16]. 

MAPK is involved in the regulation of collagen 1A1 gene expression and mRNA stability, 

and can be activated by both PDGF and TGF-β [11]. SB203580 is a known inhibitor of 

MAPK [17]. Thus, next to studying the efficacy of anti-fibrotic compounds, the current 

study was also designed to identify the pathways underlying the (early) fibrotic response 

in healthy human PCLS using these pathway specific inhibitors.  
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Methods  

Ethics statement 

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

Centre Groningen (UMCG), 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 procedures were carried out in accordance with the 

experimental protocols approved by the Medical Ethical Committee of the UMCG.  

 

Chemicals 

All chemicals were obtained from Sigma Aldrich (Zwijndrecht, the Netherlands) unless 

stated otherwise. Stock solutions were prepared in either milli-Q or dimethyl sulfoxide 

(DMSO) and stored at −20 °C. During experiments, stocks were diluted in culture 

medium with a final solvent concentration of ≤1%. 

 

Human liver tissue 

Healthy human liver tissue was obtained either from patients following partial 

hepatectomy due to metastatic colorectal cancer (PH-livers) or from donors, remaining 

as surgical surplus after reduced-size liver transplantation (TX-livers), as described 

previously [18]. Clinical characteristics of study subjects who provided liver tissue are 

listed in Table 1. Of note, donor variability has limited impact on the fibrotic response in 

our model [19].   

 

Table 1: Characteristics of liver donors.  

Characteristic Value 

Source of liver tissue (number of PH/TX) 10/17 

Sex (number of female/male) 20/7 

Average age (range) 51 (10-82) 

PH: tissue obtained from partial hepatectomy, TX: tissue obtained from transplantation liver. 
 

Precision-cut liver slice preparation and experimental treatment 

All liver tissue was perfused with cold University of Wisconsin (UW) organ preservation 

solution (DuPont Critical Care, Waukegan, IL, US) at the time of collection and stored in 

ice-cold UW solution until use [20]. Liver slices were prepared 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, US) and saturated with 

carbogen (95% O2/5% CO2) using a Krumdieck tissue slicer as previously described [20]. 

In addition, slices were kept on ice-cold UW solution before culture, during which time 

viability and metabolic activity was maintained as described before [21]. 
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   PCLS (diameter: 5 mm, thickness: 250 μm) were incubated individually in 1.3 mL of 

Williams medium E (with L-glutamine, Invitrogen, Paisley, Scotland) supplemented with  

25 mM glucose and 50 µg/mL gentamycin (Invitrogen) at 37 °C under continuous 

supply of 95% O2/5% CO2 in 12-wells plates while gently shaken. After 1h of 

preincubation, the slices were transferred to new plates with fresh medium and 

subsequently incubated for 24 or 48h in the presence or absence of anti-fibrotic 

compounds. Medium was refreshed every 24h. PCLS were treated with anti-fibrotics 

demonstrated to be effective in previous studies utilizing animal models, primary human 

cells and/or cell lines [7, 15, 22, 23] i.e. imatinib (Novartis, Basel, Switzerland), 

sorafenib (LC laboratories, Woburn, US), sunitinib (LC laboratories), perindopril, valproic 

acid, rosmarinic acid, tetrandrine, pirfenidone and the specific MAPK inhibitor 

SB203580 (Bio-Connect, Huissen, the Netherlands), the SMAD3 inhibitor SIS3 (Bio-

Connect) and the Rac1 inhibitor NSC23766 (Tocris Bioscience, Bristol, UK). For the 

tested concentrations see Table 2, and to illustrate clinically relevant levels, the 

maximum serum concentration (Cmax) of compounds tested in humans is also provided. 

Furthermore, the PCLS were incubated with the growth factors PDGF-BB (10 and 50 

ng/mL; Recombinant Human PDGF-BB; PeproTech, Bio-Connect) and TGF-β1 (1–5 

ng/mL; hTGF-β1, Roche Applied Science, Mannheim, Germany). Non-specific binding of 

TGF-β1 was prevented by preincubating the culture plates with 10% BSA in milli-Q for  

20 minutes, whereafter the solution was removed and plates were dried at room 

temperature. All experiments were performed in triplicate (technical replicates) using 

liver tissue from 3-5 different subjects. 

 

Table 2: Experimental treatment.  

Inhibitor Compound Concentration (μM) Cmax (μM) 

PDGF Imatinib 1–10 5 [24] 

 
Sorafenib 0.5–2 9 [25] 

 Sunitinib 0.5–5 14 [26] 

TGF-β Perindopril 10–100 0.04* [27]   

 Valproic acid 100–1000 1000 [28] 

 Rosmarinic acid 120–270 - 

 Tetrandrine 1–10 - 

 Pirfenidone 500–2500 85 [29] 

SMAD3 SIS3 0.3–3 - 

MAPK SB203580 5–10 - 

Rac1 NSC23766 5–50 - 

*Perindoprilat is the active metabolite that inhibits angiotensin converting enzyme in vivo. 
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Histomorphological examination 

Integrity of the slices was assessed by immunohistochemistry as previously described 

[30]. In short, PCLS were fixated with 70% ethanol at 4 °C for 24h, and subsequently 

rehydrated in successive baths of xylene and graded alcohols using a Shandon 2LE 

Processor. Afterwards, slices were vertically embedded in paraffin, sectioned (4 μm) and 

stained with hematoxylin and eosin. On microscopical examination, viability was 

determined by estimating the percentage of viable cells in the cross-section, taking 

nuclear shape/staining and cytoplasmatic staining into account. 

 

ATP determination 

The viability of the slices was determined by measuring ATP levels, as reported 

previously [31]. In short, following treatment, PCLS were transferred to 1 mL sonication 

solution, containing 70% ethanol and 2 mM EDTA, snap frozen in liquid nitrogen and 

stored at -80 °C until use. Subsequently, samples were thawed on ice, homogenized for 

45 seconds using a Mini-BeadBeater-8 (BioSpec, Bartlesville, US) and centrifuged for  

2 minutes at 16,000 g. ATP levels were measured in the supernatant with the ATP 

bioluminescence kit (Roche diagnostics, Mannheim, Germany), and corrected for the 

total protein content of the sample estimated via the Lowry assay (Bio-Rad RC DC 

Protein Assay; Bio-Rad, Veenendaal, the Netherlands [32]). 

 

Gene expression of fibrosis markers 

To assess gene expression, total RNA was isolated, from pooled (n=3) and snap frozen 

slices, using an RNeasy Mini kit (Qiagen, Venlo, the Netherlands) according to the 

manufacturers recommendations.  The amount of isolated RNA was measured with the 

ND-1000 spectrophotometer (Fisher Scientific, Landsmeer, the Netherlands), and 2 μg 

RNA was reversed transcribed using the Reverse Transcription System (Promega, 

Leiden, the Netherlands). The RT-PCR reaction was performed in the Eppendorf 

mastercycler gradient at 25 °C/10 minutes, 45 °C/60 minutes and 95 °C/5 minutes. 

The mRNA expression levels of heat shock protein 47 (HSP47), alpha smooth muscle 

actin (αSMA) and pro-collagen 1A1 (PCOL1A1) were detected using specific 

primer/probe sets (Table 3) and the qPCR master mix plus (Eurogentec, Maastricht, the 

Netherlands).  

 

Table 3: Primers used in quantitative real-time PCR. 

Gene Forward  Reverse  Probe 
HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG CTCCCTCCTGCTTCTCAGCG 

αSMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGAGCA 

PCOL1A1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTG 

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA 

PDGF-BB CTGGCATGCAAGTGTGAGAC CGAATGGTCACCCGAGTTT - 

TGF-β1 GCAGCACGTGGAGCTGTA CAGCCGGTTGCTGAGGTA - 

GAPDH CGCTGGTGCTGAGTATGTCG CTGTGGTCATGAGCCCTTCC - 
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   The Real-Time PCR reaction was performed using a 7900HT Real Time PCR (Applied 

Biosystems, Bleiswijk, the Netherlands) with 1 cycle of 95 °C/10 minutes and 45 cycles 

of 95 °C/15 seconds and 60 °C/1 minute. Gene expression levels of PDGF-BB and  

TGF-β1 were determined using the SYBR Green master mix (GC Biotech, Alphen aan den 

Rijn, the Netherlands) and specific primers (Table 3). The PCR reaction was performed 

using the same PCR system (see above) with 1 cycle of 95 ºC/10 minutes and 45 cycles 

of 95 ºC/15 seconds and 60 ºC/25 seconds followed by a dissociation curve (95 ºC/ 

15 seconds: 60 ºC/15 seconds: 95 ºC/15 seconds). GAPDH was used as housekeeping 

gene and relative expression levels were calculated as fold change using the 2-ΔΔCT 

method. 

 

Western blotting 

Collagen 1 protein expression was determined by Western blot. Stored PCLS (see above) 

were lysed for 1h on ice in 250 µL RIPA buffer containing Protease inhibitor cocktail 

tablet (Boehringer Ingelheim, Alkmaar, the Netherlands), 50 mM Tris/HCl pH 7.5,  

150 mM NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholate and 0.1% SDS. The tissue 

was homogenized on ice by a Potter homogenizer and centrifuged (16,000 g) at 4 °C for 

1h. Protein concentrations were determined in the supernatant using a Bio-Rad DC 

protein assay according to the manufacturer’s protocol. Lysates were diluted 4-fold in 

SDS sample buffer (50 mM Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 5%  

β-mercaptoethanol, 0.05% bromophenol blue) and boiled for 2 minutes. Next, 100 μg of 

protein was separated via SDS/PAGE using 7.5% gels and blotted onto an activated 

polyvinylidene difluoride membrane (Bio-Rad). Afterwards, the membrane was blocked 

using Tris-buffered saline supplemented with 5% Blocking Grade Powder (Bio-Rad) and 

0.1% Tween-20 for 1h. Subsequently, membranes were incubated with rabbit-anti-

collagen-1 (1:1000; Rockland, Gilbertsville, US) or mouse-anti-GAPDH (1:5000; Sigma). 

Binding of the antibody was determined using Horseradish Peroxidase and appropriate 

secondary and tertiary antibodies (Dako, Glostrup, Denmark). Protein levels were 

visualized with an imaging system using Western Lightning Plus-ECL (Perkin Elmer, 

Groningen, the Netherlands). Collagen protein expression was corrected for GAPDH 

levels and is displayed as relative values compared to the control. 

 

Statistics 

Three to five livers were used for each experiment, using triplicate slices from each liver. 

Results are expressed as means ± standard error of the mean (SEM). Statistical analysis 

was performed via non-parametric ANOVA followed by a Dunn’s multiple comparisons 

test or using an unpaired two-tailed Student’s t-test. A p-value of <0.05 was considered 

significant.  
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Results  

Viability and expression profile of fibrosis markers in PCLS during 

culturing 

As shown in Figure 1A, ATP levels of the untreated PCLS increase during the 1h 

preincubation as compared to the ATP values directly following slicing (0h). Moreover, 

the levels remain stable for at least 24h with an average ATP content of 7.3 ± 0.6 

pmol/μg protein. After 48h of culturing, there is a small (28%) decrease of the ATP levels 

in untreated slices compared to 24h. Since there is a clear correlation between ATP 

content of the slices and viability as determined by morphological scoring (Figure 2; 

r=0.78, p=0.021), ATP levels can be used as a reliable viability marker. These results 

indicate that the viability of healthy PCLS could be sustained for 48h.  Next, we studied 

the gene expression of several fibrosis markers (e.g. HSP47, αSMA and PCOL1A1) 

during culturing. Figure 1B demonstrates that the expression of HSP47 increases at all 

studied time points in healthy PCLS, PCOL1A1 levels were only elevated after 48h and 

αSMA expression was lower at all time points as compared to the gene level at 0h. 

Moreover, collagen 1 protein expression time-dependently increased 3-fold (24h) and 

10-fold (48h) as compared to 0h (Figure 1C), in line with the observed PCOL1A1 gene 

levels. Quantitative PCR further revealed that after 48h of culture, PCOL1A1 expression 

in PCLS is similar to the level observed in slices prepared from cirrhotic tissue (Figure 

1D). These findings illustrate the spontaneous induction of fibrogenesis in healthy PCLS, 

with HSP47 and PCOL1A1 serving as clear markers for this process. Therefore, these 

two genes were used as markers in the remainder of the study when evaluating the 

potency of anti-fibrotics.  
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Figure 1: Viability of PCLS and expression of fibrosis markers. Human PCLS were 

cultured for 48h. (A) The viability of the slices was assessed by determining the ATP 

content (n=23). (B) After incubation, PCLS were collected and total mRNA was isolated. 

Afterwards, cDNA was synthesized and HSP47 (black bars; n=21), αSMA (white bars; 

n=7) and PCOL1A1 (red bars; n=21) gene expression was studied using qPCR. GAPDH 

was used as housekeeping gene and relative expression levels were calculated using 

the 2-ΔΔCT method. (C) Collagen 1 protein expression was studied by Western blotting. 

Proteins were separated via SDS/PAGE and blotted onto polyvinylidene difluoride 

membranes. Collagen was detected at 130 kD and GAPDH at 37 kD. Band intensities 

were corrected for GAPDH (n=3). (D) PCOL1A1 gene expression was studied in PCLS 

prepared from healthy and cirrhotic liver tissue using qPCR. GAPDH was used as 

housekeeping gene and relative expression levels were calculated using the 2-ΔΔCT 

method (n=3). Results are presented as means ± SEM of minimally three experiments 

performed in triplicate. *indicates p<0.05 compared to 0h.   
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Figure 2: Viability of PCLS. Human PCLS were cultured for 3h. Afterwards, ATP levels were 

determined and viability was assessed by histomorphological examination. Pearson 

correlation analysis revealed a significant association between ATP and viability (r=0.78, 

p=0.021). 

 

Pathways associated with the fibrogenic response in PCLS 

Next, we investigated which pathway underlies the fibrotic response in human PCLS. After 

48h of culturing, expression levels of both PDGF and TGF-β were significantly up-regulated 

compared to control (0h; Figure 3A), 6.2-fold and 2.7-fold, respectively. As shown in Figure 

3B and 3C, addition of either growth factor could not significantly augment the fibrotic 

response in PCLS. Nevertheless, exposure of PCLS to a mixture of PDGF and TGF-β 

resulted in a significant induction of both HSP47 and PCOL1A1 gene expression as 

compared to control by 1.7-fold and 2.4-fold, respectively (Figure 3D). These results 

suggest that both pathways might contribute to the development of fibrosis in PCLS. This 

notion is corroborated by the observed reduction in HSP47 and PCOL1A1 gene expression 

following treatment with the MAPK inhibitor SB203580 (Figure 3E). In contrast, NSC23766 

solely decreased HSP47 expression, while SIS3 had no effect.  
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Figure 3: Pathways involved in fibrogenesis in human PCLS. Human PCLS were cultured for 

48h in the presence or absence of PDGF, TGF-β or several inhibitors. Afterwards, gene 

expression was studied using qPCR. GAPDH was used as housekeeping gene and relative 

expression levels were calculated using the 2-ΔΔCT method. (A) Gene expression of TGF-β 

(black bars) or PDGF (white bars) in human PCLS during culturing (n=5). Impact of (B) PDGF 

(n=4), (C) TGF-β (n=4) or (D) PDGF + TGF-β (n=5) on the gene expression of HSP47 (black 

bars), αSMA (white bars) and PCOL1A1 (red bars) in PCLS. (E) Impact of several inhibitors on 

the gene expression of HSP47 (black bars) and PCOL1A1 (red bars) in PCLS (n=4). Results 

are presented as means ± SEM of minimally three experiments performed in triplicate. 

*indicates p<0.05, #indicates p=0.059. 
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Impact of anti-fibrotic drugs on the gene expression of fibrosis markers 

Since both the PDGF and TGF-β pathway appear to induce fibrogenesis in human PCLS, we 

investigated the capacity of multiple potential anti-fibrotic compounds, associated with 

either pathway, to mitigate the observed increase in expression of the fibrosis markers. 

The inhibitors mainly targeting the PDGF pathway were not toxic for PCLS at the tested 

concentrations, except for the highest concentration of imatinib (10 μM; Figure 4A). 

Quantitative PCR revealed that sunitinib, in a concentration range of 0.5 μM to  

5 μM, reduced the gene expression of HSP47 and PCOL1A1 with more than 27%, and up 

to 65%, compared to the control slices incubated for 48h without inhibitor, whereas, 

imatinib and sorafenib did not influence the gene expression of both markers (Figure 4B). 

 

Figure 4: Impact of PDGF-inhibitors on human PCLS. Human PCLS were treated with 

different PDGF-inhibitors for 48h. (A) The viability of the slices was assessed by 

determining the ATP content (n=4). (B) After treatment, PCLS were collected and total 

mRNA was isolated. Afterwards, cDNA was synthesized and HSP47 (black bars) and 

PCOL1A1 (red bars) gene expression was studied using qPCR (n=5). GAPDH was used as 

housekeeping gene and relative expression levels were calculated using the 2-ΔΔCT 

method. Results are presented as means ± SEM of minimally three experiments 

performed in triplicate. *indicates p<0.05, #indicates p=0.074, $indicates p=0.056. 
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   Regarding the TGF-β-inhibitors, toxicity was only observed for pirfenidone at the highest 

concentrations tested (2.5 mM) illustrated by a reduction in ATP levels of more than 30% 

(Figure 5A). As shown in Figure 5B, 0.5 mM valproic acid decreased the expression level of 

both HSP47 and PCOL1A1 with 64% and 43%, respectively, while rosmarinic acid, 

tetrandrine and pirfenidone reduced the gene expression of PCOL1A1 but not that of HSP47. 

In contrast, perindopril did not affect gene expression levels of any of the fibrosis markers. 

Thus, both classes of anti-fibrotic compounds can influence fibrogenesis in PCLS, yet the 

TGF-β-inhibitors seem to be more effective than the PDGF-inhibitors. 

 

Figure 5: Impact of TGF-β-inhibitors on human PCLS. Human PCLS were treated with 

different TGF-β-inhibitors for 48h. (A) Viability of the slices was assessed by determining 

the ATP content (n=4). (B) After treatment, PCLS were collected and total mRNA was 

isolated. Afterwards, cDNA was synthesized and HSP47 (black bars) and PCOL1A1 (red 

bars) gene expression was studied using qPCR (n=4). GAPDH was used as housekeeping 

gene and relative expression levels were calculated using the 2-ΔΔCT method. Results are 

presented as means ± SEM of minimally three experiments performed in triplicate. 

*indicates p<0.05, #indicates p=0.063, $indicates p=0.055, &indicates p=0.075. 
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Discussion  

Here, we describe the onset and molecular mechanism of fibrosis in healthy human 

PCLS. In addition, we evaluated the antifibrotic efficacy of a broad range of different 

compounds using this unique model. The expected therapeutic targets of the tested 

compounds and the obtained results are summarized in Figure 6.  

 

Figure 6: Overview of drug targets and efficacy of the tested compounds in PCLS. 

Schematic overview of the expected drug targets. Compounds that show anti-fibrotic 

effects in our model are emphasized in bold and underline. Compounds for which the 

molecular targets are not fully elucidated are presented in italic. 

 

SIS3 
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   In this study, we report the early onset of fibrosis in healthy human PCLS during 

culturing, as illustrated by a clear increase in the gene expression of both HSP47 and 

PCOL1A1. However, the fibrotic process in human PCLS was not associated with an 

increased expression of the well-known fibrosis and myofibroblast marker αSMA [33]. 

The observed gene expression profile is in agreement with a previous study from our 

group using human PCLS [34]. As suggested previously, the decrease of αSMA 

expression might indicate a loss of myofibroblasts in human PCLS, since fibulin-2 

expression also decreased while gene levels of the hepatic stellate cell marker, 

synaptophysin, remained stable during culturing [34]. Although PCLS represent a good 

and multicellular model for fibrotic disease, the specific role of myofibroblasts in this 

model requires further study.      

   As mentioned before, there are clear species differences in the fibrotic process as well 

as the effectiveness of anti-fibrotic compounds. For instance, using rat PCLS, we 

previously demonstrated that the early onset of fibrogenesis in this rodent model was 

accompanied by an increased gene expression of HSP47, PCOL1A1 and αSMA [7]. 

Moreover, contrary to the current study, expression of these markers could be 

augmented in rat PCLS by treatment with either PDGF or TGF-β [7]. With regard to anti-

fibrotic compounds, we now report that TGF-β pathway inhibitors are more effective in 

dampening fibrosis in human PCLS as compared to PDGF-inhibitors. This is in disparity 

to rat PCLS, where the early onset of fibrosis could be more effectively countered with 

PDGF pathway inhibitors [7]. These results might explain why several drugs, with proven 

anti-fibrotic effects in animal studies, lack efficacy in man. To illustrate, imatinib, a well-

known PDGF receptor tyrosine kinase inhibitor [35], was demonstrated to be a potent 

anti-fibrotic compound in a broad array of rodent fibrosis models affecting several 

organs such as the lung, kidney and liver [7, 8, 36-38]. Moreover, imatinib has been 

shown to induce apoptosis of hepatic stellate cells in vitro [39]. Yet, in the current study, 

imatinib was ineffective as anti-fibrotic compound in human PCLS. This finding is in 

agreement with a randomized double-blind clinical trial showing that the compound was 

ineffective as anti-fibrotic drug in humans, since the compound did not affect survival or 

lung function in patients with idiopathic pulmonary fibrosis [40]. In addition, it is well 

known that imatinib can induce hepatotoxicity [41, 42], similar to our observations in 

human PCLS. Taken together, it is clear that there are species-specific effects of 

potential anti-fibrotic compounds, further illuminating the pressing need for reliable and 

reproducible human in vitro fibrosis models for, among others, drug development.       
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   Our results further demonstrate that pirfenidone, valproic acid and rosmarinic acid, 

among others, had a clear impact on the gene expression of fibrosis markers in human 

PCLS. These results are in line with our previous observations in rodent PCLS [7, 9]. 

Pirfenidone is a well-established anti-fibrotic compound shown to reduce TGF-β 

expression in a wide variety of animal models of fibrosis [43]. Also, using human LX-2 

cells, it was shown that pirfenidone diminished αSMA and COL1 gene expression [44]. 

Furthermore, Armendariz-Borunda et al. reported that twelve months of pirfenidone 

treatment caused a reduction in both the gene and protein expression of COL1A, TGF-β 

and tissue inhibitors of metalloproteinases (TIMP)-1 in liver biopsies from patients with 

advanced liver fibrosis [45]. Moreover, treatment with pirfenidone was also 

demonstrated to be beneficial in patients with diabetic nephropathy and idiopathic 

pulmonary fibrosis [46, 47]. Yet, in our hands, toxicity was observed with the highest 

tested concentration of pirfenidone, although this did not result in a reduction of HSP47 

gene expression. Therefore, the true anti-fibrotic potential of pirfenidone requires further 

scrutiny; nevertheless, the compound shows great potential as a therapeutic agent 

against fibrotic diseases in humans, partially supported by our results in human PCLS.    

   Valproic acid, an anti-epileptic drug that possess histone deacetylase (HDAC) inhibitory 

activity, markedly decreased gene expression of fibrosis markers in human PCLS, 

although this effect might be due to hepatotoxicity, since a non-significant decrease of 

ATP content was observed at concentrations ≥0.5 mM. Nonetheless, at the lowest 

concentration we also observed a clear reduction in PCOL1A1 gene levels. This suggests 

that valproic acid might be useful as anti-fibrotic drug. This notion is supported by the 

study of Watanabe et al. showing that valproic acid diminished TFG-β-induced collagen 

1A1 gene and protein expression, as well as the number of αSMA fibers in LI90 cells 

[48]. These results warrant further investigation into the use HDAC inhibitors for the 

treatment of (liver) fibrosis.      

   Rosmarinic acid is a caffeic acid ester present in a myriad of plants [49]. Several 

studies report anti-fibrotic effects of this compound [50-52]. Yet, to the best of our 

knowledge, our study is the first to report the anti-fibrotic properties of rosmarinic acid 

using a human fibrosis model. Previously, we demonstrated that rosmarinic acid 

decreased the expression of fibrosis markers in fibrotic rat PCLS as well as healthy 

murine PCLS [7-9]. Therefore, we postulate that anti-fibrotic effects of rosmarinic acid in 

human liver fibrosis may be expected.  
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   Next to testing the efficacy of anti-fibrotics in human PCLS, we also strove to unravel 

the molecular pathways underlying fibrogenesis in the model. Our results indicated that 

the MAPK pathway plays a vital role during the onset of the fibrotic process in human 

PCLS, in agreement with our observations in rat PCLS (unpublished data). This notion is 

further supported by the study from Varela-Rey et al. demonstrating that the specific 

p38-MAPK inhibitor SB203580 abated the induction of COL1A1 gene expression by  

TGF-β in hepatic stellate cells [53]. In addition, our findings suggested that induction of 

fibrosis in human PCLS by TGF-β goes via the MAPK pathway and is independent of 

SMAD3. The SMAD-independent activity of both pathways in regulating collagen gene 

expression has been reported before by Tsukada and colleagues [22]. The trigger for 

MAPK activation in human PCLS remains unclear. It is known that this pathway can be 

induced by reactive oxygen species (ROS) [54], and even though PCLS are cultured in an 

atmosphere with high oxygen levels, prior literature demonstrated that there is no 

evidence for the presence of ROS in the model [55-57]. Moreover, previous work from 

our group revealed that accumulation of waste products or bile salts is not involved in 

the observed fibrotic response in PCLS [34]. Thus, the causative agent(s) for 

fibrogenesis by culture activation in human PCLS remain to be elucidated. Of note, 

culture conditions have a profound impact on PCLS and should be tailored to fit the 

study type (e.g. drug metabolism or toxicity) [58].            

   The current study only delineated the pathways underlying the early onset of fibrosis in 

human PCLS as well as the efficacy of anti-fibrotic compounds during this stage of the 

disease process. To gain more insight in the complete pathophysiological mechanism of 

liver fibrosis, studies are currently underway using PCLS prepared from human cirrhotic 

livers. These studies will hopefully grant us a better understanding of fibrotic disease 

and provide new leads for therapeutic targets.  

   In conclusion, in this study we demonstrate that TGF-β pathway inhibitors effectively 

hamper incipient fibrosis in human PCLS. Moreover, it became apparent that the MAPK 

signaling cascade plays a vital role in the fibrotic process. Our results provide additional 

insight into the mechanism of liver fibrosis and establish human PCLS as a good model 

for this disease.  
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Supplementary box III 

Free radicals  

 A free radical can be defined as an atom, molecule or ion that has an unpaired 

valence electron. Free radicals are highly chemically reactive and spontaneously 

interact with neighboring molecules thereby causing damage to key cellular 

components [1].  

 Reactive oxygen species (ROS) are free radicals that contain oxygen in the molecule 

such as peroxides, superoxide, hydroxyl radical and singlet oxygen. Excessive 

production of ROS can cause oxidative stress [2].  
 Reactive nitrogen species (RNS) are nitric oxide-derived free radicals such as 

peroxynitrite, nitrous oxide, nitrogen dioxide and dinitrogen trioxide. Uncontrolled 

production of RNS is called nitrosative stress [3].  
 ROS and RNS usually act together to damage cells, and oxidative/nitrosative stress is 

a significant contributor to numerous disorders [4].  
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Targeting oxidative stress for the treatment of  

liver fibrosis 
 

 

Abstract 
 

Oxidative stress is a reflection of the imbalance between the production of reactive  

oxygen species (ROS) and the scavenging capacity of the anti-oxidant system.  

ROS-derived oxidative stress generated from various endogenous oxidative biochemical 

enzymes interferes with the normal function of liver-specific cells and presumably plays  

a role in the pathogenesis of liver fibrosis. Once exposed to harmful stimuli, Kupffer cells 

are the main effectors responsible for the generation of ROS which consequently affect 

hepatic stellate cells and hepatocytes. ROS-activated hepatic stellate cells undergo  

a phenotypic switch and deposit an excessive amount of extracellular matrix that alters  

the normal liver architecture and negatively affects liver function. Additionally, ROS 

stimulate necrosis and apoptosis of hepatocytes, which ultimately causes liver injury and 

leads to the progression of end-stage liver disease. In this review, we provide an overview 

on the role of ROS in liver fibrosis, and discuss promising therapeutic interventions related 

to oxidative stress. In addition to anti-oxidant therapy, novel drugs that directly target the 

molecular pathways responsible for ROS generation such as mitochondrial dysfunction 

inhibitors, endoplasmic reticulum stress inhibitors, NADPH oxidase (NOX) inhibitors and 

Toll-like receptor (TLR)-affecting agents are emerging as promising new approaches  

to modulate oxidative stress. Nevertheless, for the treatment of liver fibrosis, the 

consequences of modulating oxidative pathways need to be further elucidated. 
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Reactive oxygen species, oxidative stress and diseases 

Reactive oxygen species (ROS): particularly, superoxide anion (O2−), hydroxyl radical 

(•OH), hydrogen peroxide (H2O2), are important signaling molecules generated by 

specific enzymes or as by-products during different molecular processes [1]. ROS play a 

role in various physiological functions such as signal transduction, cell cycle regulation 

and the defense against microorganisms [1]. However, when the generation of ROS 

surpasses the overall ROS scavenging capacity by anti-oxidant systems, the normal 

redox state is disturbed resulting in oxidative stress [1, 2].  

   ROS are highly reactive, and excessive free radicals can damage all components of the 

cell [3]. Toxic effects include DNA base damage and strand breaks, lipid peroxidation 

and modification of amino acid residues of numerous proteins [4]. If not controlled, 

continuous ROS-induced damage can instigate various pathophysiological conditions 

such as atherosclerosis, diabetes, neurodegenerative diseases and cancers [4].  

In addition, proteins modified by ROS can act as secondary messengers that alter 

normal cell homeostasis leading to pathophysiological conditions as evidenced in the 

pathogenesis of allergic inflammation and asthma [5]. In the liver, ROS are continuously 

generated in various physiological processes, and changes in the redox state are an 

integral part of the development of liver fibrosis [6, 7]. 

   Liver fibrosis is defined as an overproduction and deposition of extracellular matrix 

(ECM) in the liver due to repeated injury such as chronic viral infections, alcohol 

addiction and non-alcoholic steatohepatitis (NASH) [7-9]. To date, eradication of 

suspected causes is the only management to prevent disease progression to liver 

failure, cirrhosis and hepatocellular carcinoma [7-9]. In the case that the injury is not 

properly resolved, liver transplantation remains the sole therapy for the end-stage liver 

disease patients [7-9]. In this review, we provide an overview of the role of ROS in liver 

fibrosis, as well as promising therapeutic interventions related to oxidative stress. 

 

Effects of ROS-derived oxidative stress on liver fibrogenesis  

ROS affect the functionality of several liver-specific cells, and can therefore contribute to 

the development of fibrosis. Figure 1 illustrates the effect of oxidative stress on 

hepatocytes, Kupffer cells (KC) and hepatic stellate cells (HSC) during fibrogenesis.   
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Figure 1: Effects of ROS-derived oxidative stress on liver fibrogenesis (HSC, hepatic 

stellate cells; KC, Kupffer cell; ROS, reactive oxygen species). 

 

Hepatocytes 

Hepatocytes are the central regulators controlling the systemic metabolic demand, 

electrolyte homeostasis and detoxification processes in the liver [10, 11]. In these 

parenchymal cells, organelles and enzymes that produce ROS are abundantly present. 

Once damaged by harmful stimuli, oxidative stress derived from both intracellular ROS 

sources and extracellular phagocytic cells including KC damages the hepatocytes and 

induces necrosis or apoptosis [12, 13]. Following hepatocytes’ death, several mediators 

such as tumor necrosis factor alpha (TNF-α) and transforming growth factor beta (TGF-β) 

are released to amplify inflammatory and fibrogenesis responses in adjacent 

hepatocytes, KC and HSC [6, 10]. The oxidative alterations that induce apoptosis and 

necrosis of hepatocytes have been studied extensively implicating a role of oxidative 

stress in regulating the cell cycle of hepatocytes [11]. Although hepatocytes are not 

considered to be the major effector cells responsible for the progression of fibrosis, 

persistent apoptosis of hepatocytes is sufficient to induce a fibrotic response. This was 

demonstrated in Bcl-xL-deficient mice, an experimental model of spontaneous apoptosis 

of hepatocytes, in which the rate of hepatocytes’ apoptosis correlated with the 

progression of liver fibrosis [14]. In addition, treatment with a pan-caspase inhibitor  

IDN-6556 to inhibit the apoptosis of hepatocytes attenuated liver injury and fibrosis in 

bile-duct ligated (BDL) mice [15].  
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Kupffer cells (KC) 

KC, liver-specific resident macrophages, not only play a central role in the response to 

injury but also act as a ROS-generator, mainly by activity of phagocytic NADPH oxidase 

(NOX) 2 in association with Toll-like receptor (TLR) signaling [16]. Upon activation by  

pro-fibrogenic stimuli such as alcohol and endotoxins, KC release/express biologically 

active mediators (chemokines, cytokines, adhesion molecules and ROS) to adjacent 

hepatocytes and HSC to mediate injury and fibrogenesis [17]. Intercellular 

communication via ROS was demonstrated in a co-culture model using primary rat KC 

and HSC where increased proliferation and activation of HSC was observed in HSC/KC 

co-culture, compared to HSC alone, which was mediated by the production of H2O2 by KC 

[18]. Similarly in a rabbit NASH model, it was found that KC play an important role in  

the generation of oxidative stress leading to liver steatosis [19]. Furthermore, 

measurements of oxidative stress in a rat post-ischemic liver model indicated that the 

paracrine connection between activated KC and hepatocytes was the key event in the 

induction of oxidative stress prior to the development of liver injury [13]. Additionally, KC 

were proven to be the central effectors responsible for oxidative stress induced by 

various pro-fibrogenic toxins such as iron, copper and dichlorobenzene [20, 21]. 

 

Hepatic stellate cells (HSC) 

Activated HSC are the main producers of ECM during liver fibrogenesis. Although TGF-β, 

produced by KC and hepatocytes, is regarded as the main activator of HSC [22], ROS 

also significantly contribute to this process. To illustrate, primary rat HSC proliferation 

and collagen production could be stimulated by treatment with the culture medium of 

pro-oxidant ferric nitrilotriacetate complex-treated hepatocytes [23]. In addition,  

long-term administration of arsenic, which is a metalloid known to induce liver cancer, 

induced liver fibrosis in mice, where oxidative stress was recognized as the key event in 

HSC activation [24]. In carbon tetrachloride (CCl4)-treated rats, expression of alpha 

smooth muscle actin, a marker of HSC activation, was effectively decreased after 

treatment with the anti-oxidant vitamin alpha-tocopherol, while it was increased after 

treatment with ferrous sulfate which is a pro-oxidant agent [25]. Moreover, in isolated rat 

HSC, prostaglandin F2-like compounds, mediators in lipid peroxidation, stimulated HSC 

proliferation and ECM production, supporting the role of oxidative stress in HSC 

activation and fibrogenesis [26]. In addition to the effect of ROS on HSC, it was proposed 

that HSC may be responsible for the generation of an excess of ROS as both the 

phagocytic NOX (NOX2) and the non-phagocytic NOX (NOX1 and NOX4) isoforms are 

expressed in HSC [16, 27]. 

 

Since it is clear that ROS-derived oxidative stress plays a negative role in the 

physiological functions of liver-specific cells (hepatocytes, KC and HSC), which ultimately 

leads to fibrogenesis of the liver; therefore, mitigating oxidative stress could be a 

promising therapy for the treatment of liver fibrosis. 
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Oxidative stress as a therapeutic target  

In order to cease oxidative stress, scavenging of ROS has been a mainstay therapeutic 

strategy for a very long time [28]. Nevertheless, multiple potential intracellular sources 

that generate ROS by specific enzymatic reactions have been currently identified. These 

ROS generators are promising targets for the treatment of liver fibrosis. In this section, 

the molecular and subcellular generators of ROS that play a role in liver injury and may 

become a therapeutic target are introduced.  

   Several organelles, i.e. mitochondria, peroxisomes and endoplasmic reticulum (ER), 

produce ROS during normal physiological processes as illustrated in Figure 2. 

Mitochondria, particularly complex I, II and III of the respiratory electron transport chain, 

are an essential intracellular source of ROS [29]. ROS generated by mitochondria 

mediate the release of cytochrome C and pro-apoptotic proteins to initiate cellular 

inflammation and apoptosis [29]. In addition, mitochondrial -oxidation of long-chain 

fatty acids requires oxidative enzymes, such as acyl-CoA oxidase, that possess ROS-

generating capacities, and therefore may play a role in cellular injury under certain 

conditions [30]. Peroxisomes, which play a major role in metabolism of fatty acids, 

contain similar pro-oxidant enzymes as mitochondria; however, the contribution of 

peroxisome-derived ROS in liver injury remains unclear [30, 31]. The ER contains two  

key enzymes responsible for oxidative protein maturation: endoplasmic reticulum 

oxidoreductin 1 alpha (Ero1) and protein disulfide isomerase (PDI), and disruption of 

these enzymes leads to protein misfolding, which contributes to ER stress-associated 

oxidative stress [32, 33]. ROS-derived oxidative stress in the ER is a consequence of the 

excessive utilization of reduced glutathione (GSH), the most abundant anti-oxidative 

molecule in the ER lumen for reducing oxidized misfolded proteins [33]. In addition, 

improper configured proteins also trigger the release of calcium (Ca2+) from the 

sarcoplasmic reticulum of the ER to induce the generation of ROS in the mitochondria, 

thereby causing apoptosis and injury [32, 33]. 

   Next to ROS production in organelles, ROS-generating enzymes can also be found in 

the cytosol and in the plasma membrane. Enzymes such as NOX, cytochrome P450 

(CYP), xanthine oxidase, lipoxygenases, cyclooxygenases, myeloperoxidase and nitric 

oxide synthases can be a cause of oxidative stress, which also contributes to injury  

[1, 2]. For example, it was shown that ROS-derived oxidative stress generated by various 

isoforms of NOX, a membrane-bound enzyme, are deleterious to the liver [16]. 

Additionally, ROS-generating cytosolic and transmembrane enzymes may work in concert 

with other fibrosis-related pathways to induce oxidative stress and enhance fibrogenesis. 

This is well demonstrated in the crosstalk between NOX and TLR, a group of 

transmembrane receptors responsible for the recognition of microbial components in 

the innate immune response [34, 35]. This crosstalk was further clarified in a molecular 

level that the cytoplasmic tail of TLR interacted with the carboxyl terminal region of NOX 

to mediate ROS production [36]. Interestingly, both NOX and TLR are found in the liver, 

and ROS generation as a result of this crosstalk may negatively affect liver cell function 

and contribute to fibrosis [34, 35].  
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Figure 2: Organelles involved in the generation of ROS (I, II, III, IV, V, mitochondrial 

respiratory complexes I-V; ADP, adenosine diphosphate; CoA, coenzyme A; CytC, 

cytochrome C; Ero1, endoplasmic reticulum oxidoreductin 1 alpha; FADH2, flavin 

adenine dinucleotide; H2O2, hydrogen peroxide; NADH, nicotinamide adenine 

dinucleotide; O2, oxygen; O2
-, superoxide anion; PDI; protein disulfide isomerase).  

 

   Presently, the therapeutic potency of drugs inhibiting ROS generated from 

mitochondria, the ER, NOX and TLR have recently been shown. Therefore, the current 

status of these drugs for the management of liver fibrosis is described in the next 

section. 

 

 

 



76          Chapter A4  C 
 

Drugs targeting ROS generators as possibility for the treatment of liver 

fibrosis  

Although the pathogenesis of liver fibrosis has been extensively studied, and new 

promising therapeutic targets were discovered, to date, none of the potential drugs that 

target signaling pathways in fibrosis have been clinically approved due to the lack of 

efficacy [9]. Therefore, characterization of novel targets for the treatment of liver fibrosis 

is crucial. As oxidative stress plays a significant role in fibrosis progression, inhibiting 

oxidative stress should be further explored as a therapeutic target. Conventionally, 

unspecific alleviation of ROS accumulation can be achieved by using anti-oxidant 

therapy, such as administration of anti-oxidant vitamins; however, their therapeutic 

efficacy for several pathologies including fibrosis remains debatable [28]. Recently, 

specific oxidative molecular components, subcellular processes and oxidative-related 

pathways, such as mitochondrial dysfunction, ER stress, and NOX/TLR activation, have 

been shown to be an important generator of oxidative stress. Therefore, mitigation of 

these contributors would be beneficial in the treatment of liver fibrosis. As illustrated in 

Figure 3, inhibition of these targets may directly or indirectly alleviate oxidative stress 

and thereby halt fibrosis progression. In this section, the possibility and current status of 

drugs affecting these targets for the treatment of liver fibrosis are discussed.  

 

Figure 3: Promising targets for inhibiting oxidative stress in the treatment of liver fibrosis 

(LPS, lipopolysaccharide; NOX, NADPH oxidase; NLRP3, nucleotide-binding domain, 

leucine-rich repeat family, pyrin domain containing 3; PDGF, platelet-derived growth 

factor; ROS, reactive oxygen species; TGF-β, transforming growth factor beta).  
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Mitochondrial dysfunction inhibitors 

Besides their well-known function in cellular energy supply, mitochondria are also 

involved in signaling, differentiation and homeostasis [29]. These functions of 

mitochondria are dependent on mitochondrial membrane permeabilization, which is 

modulated by the concentration of Ca2+ [29]. The loss of function of mitochondria, 

usually characterized as mitochondrial dysfunction, leads to chronic diseases including 

liver fibrosis [37]. 

   Because of the high number and density of mitochondria in the liver, oxidative stress 

derived from mitochondrial dysfunction can lead to the pathogenesis of various chronic 

liver diseases, particularly metabolic disorders, which ultimately cause non-alcoholic 

fatty liver disease (NAFLD) and NASH [37, 38]. In genetically modified obese-diabetic 

mice and choline-deficient diet fed rats, the generation of mitochondrial ROS was 

significantly increased in the liver [39, 40]. In addition, CYP2E1 was up-regulated in 

mitochondria of various tissues including livers of streptozotocin-induced diabetic rats 

indicating a role of CYP2E1 in the generation of mitochondria-derived ROS in the liver 

also [41]. As CYP2E1 is also one of the enzymes responsible for ethanol metabolism,  

not surprisingly, an association between mitochondrial dysfunction and ROS generation 

was found in alcoholic liver disease (ALD) [42]. In addition, mitochondrial ROS 

production was additionally activated due to the increased availability of cytosolic NADH, 

which is the metabolic product of alcohol metabolism [42]. Furthermore, generation of 

ROS as a result of mitochondrial dysfunction also plays an essential role in fibrogenesis 

after HBV and HCV infection [43, 44]. 

   After establishing a role for mitochondrial dysfunction in the pathogenesis of liver 

diseases, treatment strategies were recently developed to directly supplement the 

endogenous components required for proper mitochondrial functioning to prevent ROS 

formation. Coenzyme Q10 (CoQ10), or ubiquinone, is a major component of the 

mitochondrial electron transport chain and is widely used as an anti-oxidant supplement. 

Oral administration of CoQ10 reduced oxidative stress and liver fibrosis in a rat model of 

poor maternal nutrition [45], and in a mice model of dimethylnitrosamine-induced liver 

fibrosis [46]. Since CoQ10 does not directly target the mitochondria, mitoquinone 

mesylate was developed as a mitochondria-targeted anti-oxidant. Preclinical 

experiments showed that mitoquinone mesylate attenuated oxidative stress and liver 

fibrosis in CCl4-treated mice and rats, and also in human precision-cut liver slices, an  

ex vivo model of liver fibrosis [47, 48]. Additionally, mitoquinone mesylate alleviated 

mitochondrial oxidative damage and improved liver function in a phase II study in HCV 

patients [49].  
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   Mitochondrial function can also be controlled by modulating mitochondrial membrane 

permeabilization and mitochondria-cytosol Ca2+ homeostasis. Minocycline, a member of 

the tetracycline-class of anti-microbial drugs, exhibited beneficial effects in rodent 

hepatic ischemia/reperfusion injury model through reducing oxidative stress [50, 51], 

and the protective effect appeared to be related with the modulation of mitochondrial 

membrane potential due to the Ca2+ chelating property of minocycline [52, 53]. 

However, the observed autoimmune hepatotoxicity of minocycline is a concern [54]. 

Furthermore, the anti-fibrotic efficacy of NIM811, a cyclosporin analogue, which is an 

inhibitor of the mitochondrial permeability transition pore, was evaluated. It was 

demonstrated that NIM811 inhibited TGF-β signaling and the expression of fibrosis 

markers in HSC-T6 cells and in CCl4-induced liver fibrosis in rats [55]. In addition, 

treatment of NIM811 in massive hepatectomy mice prevented mitochondrial 

dysfunction, attenuated liver injury and stimulated liver regeneration [56].  

   Thus, mitochondrial dysfunction plays a significant role in various liver diseases, and 

modulating electron transport chain and/or mitochondrial membrane potential could be 

promising strategy for the treatment of liver fibrosis. Nevertheless, mitoquinone 

mesylate appears to be the only drug which was evaluated in patients with chronic liver 

diseases.       

 

ER stress inhibitors 

The ER acts as a cellular machinery to facilitate and regulate protein folding, but 

accumulation of unfolded/misfolded proteins in the ER causes stress and activates the 

unfolded protein response (UPR) pathway [57]. UPR activation mainly reduces ER stress 

by halting protein translation, degrading deformed proteins and increasing the repair of 

unfolded proteins; however, sustained UPR activation leads to ROS formation and 

apoptosis [57]. Ero1α and PDI are essential enzymes responsible for the generation of 

disulfide bonds of proteins in the ER [32, 33]. Together with Ero1 and PDI, reduced 

level of GSH, disruption of the mitochondrial electron transport chain proteins, which 

subsequently affect cytoplasmic/mitochondrial/ER Ca2+ homeostasis, and also NOX4 

play a crucial role in ER stress-induced production of ROS [32, 33]. Disruption of these 

enzymes and corresponding network will contribute to ER stress-associated ROS, which 

is a mediator of signal transduction in various oxidative stress-related diseases including 

liver fibrosis, particularly ALD and NAFLD [58]. In ALD, it was found that the oxidative 

stress markers: GSH utilization and protein glutathionylation, were significantly 

increased in hyperhomocysteinemia, a common manifestation in patients with alcoholic 

steatohepatitis [59]. In NAFLD, the contribution of free fatty acids, a harmful factor in the 

pathogenesis of NAFLD and NASH, to ER stress was recognized. It was demonstrated in 

primary rat hepatocytes and H4IIEC3 cells, a rat hepatoma cell line, that palmitic acid, 

the most abundant saturated fatty acid in the human body, triggered oxidative stress 

and Ca2+ release from the sarcoplasmic reticulum, thereby depleting Ca2+ storage in the 

ER. This alteration of Ca2+ homeostasis impaired the protein folding function of enzymes 

including Ero1 [60, 61]. Additionally, it was found that ER stress and the UPR were 

activated in obese-patients who were diagnosed with NAFLD [62].  
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   ER stress-associated production of ROS can be mitigated by drugs affecting enzymes 

responsible for ROS production in the ER. A specific small molecule inhibitor against 

Ero1α, EN460, was found in a high throughput activity assay to evaluate potential 

inhibitors of mammalian Ero1α. EN460 inhibited Ero1α, promoted the UPR and 

exhibited protective effect during chemically induced ER stress [63]; however, to the 

best of our knowledge, no further studies on EN460 were published in the international 

literature. Interestingly, inhibiting PDI appeared to be deleterious as ER stress was 

increased contributing to apoptosis possibly due to the disruption of the oxidative 

networks in the electron transmission of the ER [64, 65]. Nevertheless, the negative 

impact on ER stress may also derive from unidentified off-target effect of the tested PDI 

inhibitors used, namely oxidized low-density lipoproteins and small molecule CCF642 

[64, 65]. 

   In addition, modulating non-oxidative enzymes via ER stress sensors which mediate 

the UPR can be effective targets to reduce ER stress [66]. GSK2606414 and 

GSK2656157, inhibitors of protein kinase R (PKR)-like endoplasmic reticulum kinase 

(PERK), which is an ER stress sensor, were found to inhibit the UPR-mediated pathway 

and reduce oxidative stress [66]. GSK2606414 showed neuroprotective effects against 

prions in mice; however, weight loss and elevated blood glucose levels indicated  

an adverse effect on pancreatic function [67]. Salubrinol, a direct inhibitor of the PERK-

eIF2α signaling pathway, significantly reduced apoptosis in hepatic cells of brain-death 

rats [68]. Salubrinol was experimentally used to protect against various xenotoxicant-

induced cellular damages [69]; however, this strategy was questioned, as it aggravated 

cisplatin-induced oxidative stress and nephrotoxicity in mice [70]. 4-phenylbutyrate,  

an orphan drug, was approved for the treatment of urea cycle disorders due to its activity 

to modulate protein maturation, and it is also used for the treatment of cystic fibrosis,  

a protein misfolding disease [71]. 4-phenylbutyrate was effective in the prevention of 

steatohepatitis in mice-fed with dietary trans-fatty acid plus fructose through 

amelioration of ER stress [72]. Moreover, 4-phenylbutyrate exhibited protective effect in 

liver ischemia/reperfusion injury models via an ER stress-dependent mechanism  

[73, 74].  

   Nevertheless, at this time, none of the above-mentioned ER stress inhibitors have 

been clinically evaluated for the treatment of liver fibrosis. 

 

NOX-inhibitors 

NADPH oxidases, abbreviated as NOX, are membrane-bound enzymes that generate 

ROS by transferring electrons from NADPH to molecular oxygen. Beyond a role in 

phagocytic cells, physiologic and pathophysiologic roles of NOX have been demonstrated 

[75].  
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   The associations between NOX and liver fibrosis have been studied extensively. NOX1-/- 

and NOX4-/- mice exhibited less oxidative stress, inflammation, injury and fibrosis in the 

liver after CCl4-treatment when compared to wild-type mice [27]. In addition, the 

expression of NOX2 subunits (P22phox, P40phox and P67phox) was increased in 

western diet-induced fatty livers in mice and correlated with the degree of liver steatosis 

[76]. After BDL in rats, NOX4 mRNA was up-regulated, and furthermore in CCl4-treated or 

BDL mice, elevated hepatic NOX1 and NOX2 mRNA and protein levels were found [77]. 

Moreover, phagocytosis of apoptotic bodies in LX-1 cells, a human HSC cell line, 

activated NOX, which in turn is associated with liver fibrosis [78]. This association was 

supported by immunohistochemical analysis showing that NOX4 protein expression was 

dramatically increased in the livers of NASH patients suggesting a role of NOX in the 

pathogenesis of this disease [79]. Thus, HSC appear to play a major role in NOX-

mediated ROS generation, and NOX1, NOX2 and NOX4 are most likely the main isoforms 

associated with liver fibrosis [16, 80].  

   Crosstalk between NOX and other fibrogenesis-related proteins such as TLR, 

angiotensin II, TGF-β, platelet-derived growth factor (PDGF) and nucleotide-binding 

domain, leucine-rich repeat family, pyrin domain containing 3 (NLRP3) has been 

demonstrated. Angiotensin II activation increased NOX4 protein expression and H2O2 

production in mouse primary hepatocytes and in a human hepatocyte cell line [81].  

In primary rat HSC, angiotensin II-induced TGF-β and ROS production appeared to be 

dependent on the activity of NOX [82]. Treatment of rat HSC-T6 cells with PDGF 

increased the expression of NOX2 and ROS [83]. In macrophages, NOX4-mediated fatty 

acid oxidation promoted the formation of a NLRP3 inflammasome, a component of the 

innate immune system that plays a role in fibrosis [84]. Moreover, in human cirrhotic 

livers, NLRP3 and NOX4 were found to co-localize implicating an associated role in the 

progression of liver fibrosis [77].  

   Due to the clear association between NOX and fibrosis, inhibiting NOX has become an 

interesting target to alleviate oxidative stress, and drugs affecting NOX activity have 

been shown to attenuate fibrosis. GKT137831, a dual NOX1/NOX4 inhibitor, suppressed 

the production of chemokines, inhibited HSC activation and attenuated fibrosis after 

lipopolysaccharide (LPS) induced injury in primary mouse HSC [27]. Another study 

confirmed the effect of GKT137831 using multiple in vitro and in vivo models of liver 

fibrosis demonstrating a decrease in ROS production, inflammation and fibrogenesis 

[85]. Also several natural-derived agents were shown to exhibit promising anti-fibrotic 

potency via the interruption of NOX activity. In Ldlr−/− mice, a genetically modified NAFLD 

model, dietary supplementation of microalgae-derived docosahexaenoic acid reversed 

the western diet-induced up-regulation of NOX2 and attenuated hepatic fibrosis [76]. 

Decursin, isolated from roots of Angelica gigas Nakai., decreased HSC activation, 

attenuated liver fibrosis and ameliorated liver injury in CCl4-treated mice via TGF-β- and 

NOX-dependent inhibition [86]. Chlorogenic acid, a phenolic compound found in coffee, 

fruit and vegetables, inhibited PDGF-induced NOX expression and ROS production in 

HSC-T6 cells. Moreover, in CCl4-treated rats, chlorogenic acid attenuated liver fibrosis via 

up-regulation of NFE2L2 which is a transcription factor that regulates the expression of 
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anti-oxidant enzymes [83]. In chronic HCV patients treated with losartan, an angiotensin 

II receptor blocker commonly used for management of hypertension and congestive 

heart failure, expression of pro-fibrogenic and NOX genes were decreased [87]. Thus, 

inhibition of the crosstalk between NOX and other pathways might be beneficial in the 

alleviation of oxidative stress and thereby the treatment of fibrosis.  

   Among known drugs designed to specifically inhibit NOX, GKT137831, named GKT831 

currently, should be considered the most advanced drug in development. Although the 

clinical efficacy of GKT831 was not impressive in patients with diabetic kidney disease, 

this study showed that GKT831 significant reduced liver enzyme and inflammatory 

marker levels, with attractive safety profile (clinicaltrials.gov: NCT02010242). Therefore, 

a phase 2 study is now started to evaluate the therapeutic efficacy of GKT831 in the 

treatment of primary biliary cholangitis (clinicaltrials.gov: NCT03226067).    

 

Drug affecting TLR 

Toll-like receptors (TLR) are a class of transmembrane proteins recognizing structurally 

conserved molecules derived from microorganisms. TLR are usually expressed in 

phagocytic cells including KC to act as a sensor in physical barriers such as the skin and 

intestinal mucosa. Essential roles of TLR in the innate immune system have been clearly 

recognized [34]. There are many subtypes of TLR found in humans, and their association 

with oxidative stress has been demonstrated [35]. As mentioned earlier, crosstalk 

between TLR and NOX is associated with fibrogenesis.  

   ROS may directly activate TLR and induce liver injury. For example, it was shown that 

superoxide acted through TLR4, which subsequently activates NOX, leading to 

inflammation and injury after liver ischemia/reperfusion in mice [88]. Beyond direct 

activation by ROS, lipopolysaccharide (LPS), a membrane component of gram-negative 

bacteria that is an agonist of TLR4, also induced inflammation and oxidative stress 

thereby contributing to liver steatosis as observed in liver samples obtained from NASH 

patient after pancreaticoduodenectomy [89]. The mechanism of LPS-induced ROS 

generation is still unknown; however, it is suggested that NOX4 is essential for LPS-

triggered ROS production and inflammatory response through a direct interaction with 

TLR4 [90]. Moreover, alcohol induced oxidative stress in mouse livers by up-regulating 

TLRs [91]. In addition, high mobility group box 1 (HMGB1) released from hepatocytes in 

response to hypoxia was dependent on TLR4-induced ROS production and downstream 

Ca2+/calmodulin-mediated signaling [92, 93]. 

   Inhibition of TLR-mediated ROS in the mitigation of liver fibrosis was demonstrated 

using various natural-derived agents. Interestingly, the activity of natural-derived agents 

was predominantly on TLR4 inhibition. Curcumin, the principal phenolic compound of 

turmeric, reduced high-fat diet-induced NASH and oxidative stress in mice possibly via 

inhibition of HMGB1-induced TLR4 signaling [94]. Pomegranate extract inhibited sepsis-

induced oxidative stress and liver injury in rats by inhibiting TLR4 signaling and 

inflammation [95]. Quercetin, a natural flavonoid, ameliorated hepatic oxidative stress in 

CCl4-treated mice possibly due to inhibition of the TLR2/TLR4 pathway [96]. In another 
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study, it was found that the anti-inflammatory, anti-oxidative and hepatoprotective 

properties of quercetin in methionine-choline deficient diet-induced NASH mice model 

was due to interference with TLR signaling [97]. Lactobacillus plantarum NDC 75017, a 

potential probiotic, showed hepatoprotective effects against LPS-induced oxidative 

stress and inflammation in mice via inhibition of the TLR4/NF-κB pathway [98]. Similarly, 

bicyclol, an anti-hepatitis drug available in China, also exhibited hepatoprotective effects 

and attenuated oxidative stress during liver injury in mice via inhibiting the TLR4/NF-κB 

pathway [99]. Asiatic acid from Potentilla chinensis attenuated alcohol-induced liver 

injury in rats by reducing oxidative stress and inhibiting KC activation by down-regulating 

TLR4 signaling [100]. (-)-Epigallocatechin-3-gallate, a polyphenolic compound in green 

tea, rescued concanavalin-A-induced liver injury in mice by inhibiting TLR2, TLR4 and 

TLR9 signaling resulting in reduced ROS production and increased anti-oxidant capacity 

[101]. In Otsuka Long-Evans Tokushima Fatty (OLETF) rats, alpha-lipoic acid inhibited 

TLR4/HMGB1 signaling and downstream inflammation, reduced ROS production and 

increased the anti-oxidant capacity of the liver [102]. Although TLR4 signaling was 

closely related to oxidative stress, this association was likely mediated via interleukin-1 

receptor associated kinase-1 (IRAK-1) [103].  

   Besides specific interactions with TLR4, other natural-derived agents also reduced 

oxidative stress via unidentified TLR-subtypes or various TLR-related pathways. 

Agrimonia eupatoria water extract ameliorated chronic alcohol-induced liver injury in rats 

probably via down-regulating TLR-signaling and suppressing oxidative stress [104]. 

Lonicera caerulea berry extract suppressed inflammation via TLR and oxidative stress-

associated mitogen-activated protein kinase signaling in the livers of LPS-treated rats 

[105]. Limonin, from citrus fruits, exhibited hepatoprotective, anti-oxidative and anti-

inflammatory effects by down-regulating TLR-signaling after liver ischemia/reperfusion in 

rats [106]. Aloin, a major anthraquinone extracted from Aloe ferox Mill. and Aloe vera L., 

ameliorated alcoholic liver injury in mice by reducing lipid accumulation, oxidative stress 

and LPS-induced inflammatory responses [107]. Polyenephosphatidylcholine showed 

anti-inflammatory and anti-fibrotic effects in ethanol-fed mice possibly due to inhibition 

of NOX4-mediated ROS production, amplification of LPS-mediated signaling and down-

regulation of TGF- signaling [108].  

   Even though the earlier described natural-derived compounds can inhibit TLR4 or 

associated signaling pathways and attenuate ROS formation, liver inflammation and/or 

fibrosis, unfortunately, these compounds have not been systematically tested in human 

yet. 

 

Challenges for targeting oxidative stress in the management of liver 

fibrosis 

Despite the potential of inhibition of oxidative stress for the treatment of liver fibrosis, 

clinical development of these promising drugs faces several challenges. In this section, 

two major challenges; maintaining physiological needed ROS and monitoring individual's 

redox state, are demonstrated. 
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Maintaining ROS needed for physiological processes 

Even though oxidative stress is involved in the pathogenesis of numerous diseases, ROS 

can also be beneficial. In the innate immune system, neutrophils utilize NOX-derived 

ROS for attacking and killing pathogens [109]; therefore, the effect of NOX inhibitors on 

neutrophil function may be of concern and needs to be further elucidated. Additionally, 

low levels of ROS appear to positively affect aging processes by modulating 

mitochondrial hormesis, also known as mitohormesis. In mitohormesis, ROS were found 

to function as signaling molecules to prevent and delay a number of chronic diseases, 

thereby extending the lifespan of various species including mice [110]. The opposing 

functional roles of ROS complicate the choice of agents to efficiently target oxidative 

stress for the treatment of various diseases including fibrogenesis of the liver. By using 

systemic anti-oxidant therapy for the treatment of liver fibrosis, alleviation of oxidative 

stress in the liver may be accompanied by the inhibition of beneficial ROS in other 

tissues [1-3]. Furthermore, determining the cellular specificity of anti-oxidative agents is 

a challenge. As discussed earlier, availability of mitoquinone mesylate tends to be higher 

in the liver due to the high number and density of mitochondria when compared to other 

tissues where mitochondria are less abundant [47-49]. Thus, liver specific anti-oxidants 

would be a valuable therapy when liver-specific molecular or subcellular targets are 

characterized [111]. Additionally, modern drug delivery technologies such as using 

protein carrier or polymeric nanoparticles containing the active drug inhibiting oxidative 

stress that directly target liver cells might be a successful approach [112, 113].  

 

Monitoring individual's redox state 

Due to the duality of ROS function, an accurate determination of an individual's redox 

state, ideally in the liver, is required to correctly administer drugs that target oxidative 

stress. In order to clinically assess the redox status, easy applicable and non-invasive 

biomarkers are necessary [114]. It seemed that using biomarkers of lipid peroxidation 

such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) were frequently accepted 

for measurements of oxidative stress in clinical practice [115, 116]. Nevertheless, none 

of these promising candidates are acknowledged as a surrogate biomarker [114]. 

Sensitivity, specificity and reproducibility of oxidative stress biomarkers are important 

issues. For instance, in the colorimetric measurements of plasma MDA levels, invalid 

results may be obtained due to the interference with other plasma components [117, 

118]. Recently, unreliable results of MDA measurements were observed in healthy 

people and psychiatric disorder patients illustrating the shortcoming of this popular 

biomarker of oxidative stress [119]. Ideally, identification of biomarkers that exclusively 

reflect the liver redox status would be practical; however, this desire seems difficult  

to achieve since a liver-specific biomarker is unavailable [120]. Therefore, clinical 

manifestations of liver injury should always be simultaneously assessed with biomarkers 

of oxidative stress. This principle was used in the evaluation of the oxidative stress in 

patients with a chronic fascioliasis infection for optimization of individual’s therapeutic 

strategy [121]. 



84          Chapter A4  C 
 

Finally, although numerous studies have been conducted to explore the role of ROS, 

oxidative stress and anti-oxidants in health and disease, proper management for the 

complicated regulation of ROS is still under debate [1-3]. Therefore, more studies must 

be performed to elucidate the optimal redox status of the liver. Also new strategies to 

directly target oxidative stress in the liver need to be further explored. Such studies will 

accelerate the development of therapeutic modalities to reduce oxidative stress and 

consequently liver fibrosis. 

 

Conclusion 

ROS are generated in various molecular processes and organelles. Oxidative stress 

affects several cellular functions of the liver and plays a significant role in the 

progression of liver fibrosis. Today, novel drugs that directly target oxidative pathways, 

particularly ROS generators, that is, inhibitors of mitochondrial dysfunction, endoplasmic 

reticulum stress and NOX, and drugs affecting TLR, are promising new therapies to 

modulate oxidative stress. Nonetheless, the effectiveness of these promising drugs is 

mostly acknowledged in preclinical stage, and systematically evaluation in patients are 

awaiting in the future. In addition, it should be noted that numerous challenges need to 

be overcome before targeting the complicated redox status for the treatment of liver 

fibrosis.  
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Supplementary box IV 

Metabolic syndrome  

 Metabolic syndrome is a cluster of risk factors that can lead to diabetes, heart 

disease, stroke and other serious health problems. Noticeably, prevalence of 

metabolic syndrome is increasing globally [1, 2]. 

 Western diet, increased age, obesity, sedentary lifestyle, insulin resistance, genetics, 

stress and excessive alcohol use can contribute to the development and progression 

of metabolic syndrome [3]. 

 Metabolic syndrome is diagnosed when any three of the following five risk factors are 

present: high blood glucose, low levels of high-density lipoprotein (HDL), high levels of 

triglycerides, large waist circumference and high blood pressure [3]. 

 The first line treatment of metabolic syndrome is lifestyle modification, in particular, 

eating a healthy diet, losing weight (especially reducing central obesity), increasing 

physical activity and treating individual risk factors [3].  

1. Falkner, B. and N.D. Cossrow, Prevalence of metabolic syndrome and obesity-associated hypertension in 

the racial ethnic minorities of the United States. Curr Hypertens Rep, 2014. 16(7): p. 449. 

2. Ranasinghe, P., et al., Prevalence and trends of metabolic syndrome among adults in the asia-pacific 

region: a systematic review. BMC Public Health, 2017. 17: p. 101. 

3. Kaur, J., A comprehensive review on metabolic syndrome. Cardiology Research and Practice, 2014. 2014: 

p. 943162. 
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Pathophysiological model of non-alcoholic fatty liver 

disease using precision-cut liver slices 
 

 

Abstract 
 

Background and purpose 

Current in vitro non-alcoholic fatty liver disease (NAFLD) models fail to capture the 

essential interactions between liver cell-types and do not reflect the pathophysiological 

status of NAFLD patients. Precision-cut liver slices (PCLS) are an effective ex vivo model 

to study multicellular diseases, since the interplay between liver cell-types is maintained. 

Therefore, this study aimed to develop PCLS to study NAFLD.  
 

Experimental approach  

Steatosis was induced by culturing rat PCLS in modified culture media which contained 

pathophysiological serum concentrations of glucose, fructose, insulin and palmitic acid as 

seen in NAFLD patients, for up to 48h. The steatosis was evaluated using Oil Red O 

staining. Furthermore, expression of carbohydrate/lipid metabolism-related genes was 

assessed by quantitative real-time PCR.  
 

Key results 

Liver steatosis, characterized by intracellular microvesicular lipid droplets, was 

successfully induced in PCLS cultured in medium containing insulin. The microvesicular 

steatosis was in line with the down-regulation of genes encoding carnitine 

palmitoyltransferase 1 (Cpt1) which plays a role in fatty acid transport and mitochondrial 

β-oxidation. On the other hand, the up-regulation of markers of de novo lipogenesis: 

acetyl-CoA carboxylase 1 (Acc1), carbohydrate responsive element binding protein 

(Chrebp) and sterol regulatory element binding protein 1c (Srebp-1c), was not always 

paralleled by steatosis observed in the PCLS. 
 

Conclusion and implications 

Steatosis can be induced in PCLS using modified culture media, which reflects  

the pathophysiological development of NAFLD. The disruption of fatty acid transport  

and mitochondrial β-oxidation are probably the main pathways responsible for  

the accumulation of microvesicular steatosis in our PCLS model. This novel 

pathophysiological ex vivo model can be used as an effective tool to study NAFLD-

associated conditions and test the efficacy of anti-NALFD drugs. 

 

 

Key words: NAFLD; non-alcoholic fatty liver disease; ex vivo; pathophysiological model.  

Abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; VLDL, 

very low-density lipoprotein; PCLS, precision-cut liver slices; BSA, bovine serum albumin; Ywhaz, 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta; Acc, acetyl-CoA 

carboxylase; Srebp, sterol regulatory element binding protein; Chrebp, carbohydrate responsive 

element binding protein; Cpt, carnitine palmitoyltransferase. 
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Introduction 

Non-alcoholic fatty liver disease (NAFLD), or hepatic steatosis, is characterized by 

excessive deposition of lipids in the liver in the absence of excessive alcohol intake  

[1, 2]. Although NAFLD, the most common liver disorder worldwide, may be benign, 

chronic and unresolved liver steatosis can progress to non-alcoholic steatohepatitis 

(NASH), cirrhosis and even hepatocellular carcinoma [1-3]. Furthermore, the clinical 

burden of NAFLD is not only confined to liver-related problems, uncontrolled NAFLD can 

aggravate extra-hepatic diseases such as diabetes mellitus, cardiovascular disease and 

chronic kidney disease [4]. To date, no NAFLD- or NASH-specific pharmacological 

interventions are clinically approved, and the only well-established option for the 

management of NAFLD are life-style modifications [5, 6]. 

   The biggest risk factors for NAFLD are metabolic disorders, in particular hyperglycemia 

and insulin resistance [7-11]. Chronic hyperglycemia and hyperinsulinemia disrupt  

the systemic physiological regulation of carbohydrate/lipid metabolism leading to  

the development of NAFLD [10-12]. Recently, several studies have shown that fructose 

also plays a role in the pathogenesis of hepatic steatosis [13-15]. Excessive intake  

of fructose alters carbohydrate/lipid metabolism in the liver, adipose tissue, 

gastrointestinal tract and nervous system [16]. In the liver, fructose activates de novo 

lipogenesis and increases very low-density lipoprotein (VLDL) synthesis, which ultimately 

contributes to the accumulation of lipid droplets [15]. Besides dysglycemia, dyslipidemia 

is an important risk factor in the development of NAFLD [9]. Fatty acids directly promote 

lipotoxicity and play a role in the progression to NASH [17, 18]. The lipotoxicity of fatty 

acids was frequently illustrated in vitro by using palmitic acid, the most abundant 

saturated fatty acid in the human body [19-21]. Palmitic acid is converted to  

palmitoyl-CoA in the cytosol before entering the mitochondrial matrix, via the L-carnitine 

shuttle system, where it undergoes β-oxidation [18]. In addition, disruption of 

mitochondrial -oxidation is key in the progression of NAFLD [11, 22]. 

   Currently, several in vitro models are used to study the pathogenesis of NAFLD [23, 24]; 

however, most of them fail to capture the essential interactions between hepatocytes and 

other cell-types such as hepatic stellate cells and Kupffer cells. In addition, in vitro and 

animal models often do not reflect the pathophysiological status of NAFLD patients  

[11, 22, 25]. Precision-cut liver slices (PCLS) have been proven to be an ideal ex vivo 

model to study multicellular diseases, since the interplay between the various liver  

cell-types is maintained [26, 27]. Therefore, we aimed to develop an ex vivo NAFLD  

model using PCLS, by mimicking pathophysiological risks factors in NAFLD patients.  

 

Methods  

Animals 

Male Wistar rats, 12-16 weeks old, were purchased from Charles River (Sulzfeld, 

Germany). The experiments were approved by the Animal Ethical Committee of the 

University of Groningen. 



94         Chapter B1  C 
 

Precision-cut liver slices (PCLS) 

PCLS, with an estimated thickness of 250-300 m, were prepared and cultured under 

continuous supply of 80% O2/5% CO2 up to 48h, as previously described [27]. Culture 

media was refreshed every 24h. 

 

Modification of culture medium 

Williams medium E with Glutamax (Invitrogen, Bleiswijk, the Netherlands) supplemented 

with gentamycin (50 mg/mL; Invitrogen) was used for PCLS culture. Five different culture 

media were prepared to mimic the pathophysiological concentrations of glucose (Merck, 

Darmstadt, Germany), fructose (Merck), human insulin (Sigma, St. Louis, US) and 

palmitic acid (Sigma) in the serum of NALFD patients (Table 1). 

 

Table 1: Modification of culture medium  

Medium Characteristic 
Component and final concentration 

Glucose Fructose Insulin Palmitic acid 

M1 Unmodified 11.1 mM - - - 

M2 Additional glucose 25 mM - - - 

M3 
Additional glucose 

and fructose 
25 mM 5 mM - - 

M4 
Additional glucose, 

fructose and insulin 
25 mM 5 mM 1 nM - 

M5 

Additional glucose, 

fructose, insulin and 

palmitic acid 

25 mM 5 mM 1 nM 240 µM 

 

   Palmitic acid solutions were prepared via complexation of palmitic acid with bovine 

serum albumin (BSA; Sigma). Briefly, palmitic acid was dissolved in 0.1 M sodium 

hydroxide (Merck) at 70 °C and subsequently mixed with preheated BSA solution at  

55 °C. In addition, BSA solution without palmitic acid was added into M1-M4 to mimic 

the concentration of BSA (0.04%) in M5. 

 

Oil Red O lipid staining 

Steatosis was evaluated by Oil Red O staining. Briefly, 4 μm cryosections of PCLS were 

fixed with 4% formaldehyde/PBS for 10 minutes before staining with Oil Red O solution 

(0.6% Oil Red O in 36% 2-propanol) for 10 minutes at room temperature. The sections 

were counterstained with hematoxylin and examined using light microscopy. Three PCLS 

from each treatment-group were used per experiment. The fat content (fat-ratio) was 

determined by measuring the amount of lipid droplets (red area) per nucleus (blue area) 

using ImageJ software (US National Institutes of Health). 
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Quantitative real-time PCR 

Expression of key genes involved in carbohydrate/lipid metabolism was assessed by 

quantitative real-time PCR. From each experiment, three PCLS were pooled, snap frozen in 

liquid nitrogen and stored at -80 C until analysis. Total RNA was isolated using the RNeasy 

Lipid Tissue Mini Kit (Qiagen, Venlo, the Netherlands). Reverse transcription was 

performed using the Reverse Transcription System (Promega, Leiden, the Netherlands). 

Gene expression was determined using specific primers (Table 2) and the SensiMixTM 

SYBR Hi-ROX kit (Bioline, Luckenwalde, Germany). Quantitative real-time PCR was 

performed using a 7900HT Real Time PCR apparatus (Applied Biosystems, Bleiswijk, the 

Netherlands) with 1 cycle at 95 C/10 minutes followed by 45 cycles of 95 C/15 seconds, 

60 C/30 seconds and 72 C/30 seconds. Ct values were corrected for the Ywhaz (Ct) 

and compared to medium M1 (Ct). Results are displayed as fold induction (2-Ct). 

 

Table 2: Primer sequences used in quantitative real-time PCR. 

Acc1 (Acetyl-CoA carboxylase 1)  

 Forward: GCCATCCGGTTTGTTGTCA 

 Reverse: GGATACCTGCAGTTTGAGCCA 

Acc2 (Acetyl-CoA carboxylase 2)  

 Forward: AATTTGTCACCCGCTTTGGA 

 Reverse: CATACACTTGACCGCAGCGATA 

Srebp-1a (Sterol regulatory element binding protein 1a) 

 Forward: GAGCTACCCTTCGGTGAGG 
 Reverse: CAAATAGGCCAGGGAAGTCA 

Srebp-1c (Sterol regulatory element binding protein 1c)  

 Forward: GGAGCCATGGATTGCACATT 

 Reverse: AGGCCAGGGAAGTCACTGTCT 

Chrebp (Carbohydrate responsive element binding protein) 

 Forward: GAAGACCCAAAGACCAAGATGC 

 Reverse: TCTGACAACAAAGCAGGAGGTG 

Cpt1 (Carnitine palmitoyltransferase 1) 

 Forward: TCTTGCAGTCGACTCACCTT 

 Reverse: TCCACAGGACACATAGTCAGG 

Ywhaz (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta) 

 Forward: TTGAGCAGAAGACGGAAGGT 

 Reverse: GAAGCATTGGGGATCAAGAA 
 

Statistics 

The results are expressed as means ± standard error of the mean (SEM) and compared 

to the control group using ANOVA followed by Dunnett’s post hoc analysis. A p-value less 

than 0.05 was considered significant. Statistical differences were determined on relative 

value of ATP and Ct for mRNA expression. 
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Results  

Liver steatosis 

Oil Red O staining revealed an abundance of small-size lipid droplets in PCLS cultured in 

medium containing additional glucose, fructose and insulin (M4), as well as in PCLS 

cultured in medium containing additional glucose, fructose, insulin and palmitic acid 

(M5) at both 24h and 48h (Figure 1). Conversely, lipid-rich droplets were not observed in 

PCLS cultured in unmodified culture medium (M1), medium containing additional 

glucose (M2) and medium containing additional glucose and fructose (M3).   

 

Figure 1: Representative Oil Red O-stained sections of PCLS cultured in modified culture 

media (400X). 
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   To confirm the microscopic evaluation, liver steatosis was quantified by using a fat-

ratio calculation (Figure 2). As shown, after 24h and 48h, the fat-ratio of PCLS cultured 

in M4 increased with 12.7% and 8.5%, respectively, as compared to M1. Likewise, the 

fat-ratio of PCLS cultured in M5 was 16.3% and 9.1% when compared to M1 after 

culturing for 24h and 48h, respectively. It should be noted that the fat-ratio of PCLS 

cultured in M4 was not statistically different from PCLS cultured in M5. 

 

Figure 2: Fat-ratio of PCLS cultured in modified culture media. The fat-ratio was determined 

by measuring the amount of lipid droplets (red area) per nucleus (blue area) using ImageJ 

software. Data are expressed as means ± SEM (n=3). *p<0.05 compared to unmodified 

culture medium (M1). 

 

Viability 

Next, we elucidated whether the induction of steatosis impacted the viability of PCLS 

(Figure 3). The results showed that the modified media did not influence the viability of 

PCLS at both 24h and 48h. However, at 48h, the viability of PCLS cultured in M4 was 

non-significantly reduced compared to control. 

 

Figure 3: ATP level/protein of PCLS cultured in modified culture medium at 24h and 48h. 

Data are expressed as means + SEM (n=3).  
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Expression of carbohydrate/lipid metabolism-related genes 

Next, we studied change in the expression levels of carbohydrate/lipid metabolism-related 

genes. As shown in Figure 4, the expression of acetyl-CoA carboxylase 1 (Acc1) was 

significantly increased 3.1-, 3.7- and 3.4-fold in PCLS cultured for 24h in M3, M4 and M5, 

respectively. Similarly, the expression of carbohydrate responsive element binding protein 

(Chrebp) gene was up-regulated 3.4-, 3.2- and 3.0-fold in PCLS cultured in M3, M4 and 

M5, respectively. Although the gene expression of sterol regulatory element binding protein 

1c (Srebp-1c) was increased 2.4-, 3.9- and 3.4-fold in PCLS cultured in M3, M4 and M5, 

respectively, the differences were not statistically significant. On the other hand, the mRNA 

level of carnitine palmitoyltransferase 1 (Cpt1) decreased 0.35- and 0.29-fold in PCLS 

cultured in M4 and M5, respectively. Even though the influence of culture medium 

modification on the change of carbohydrate/lipid-related gene expression was not 

statistically different at 48h, the expression profile was similar to the profile at 24h of 

incubation. 

 

Figure 4: Expression of carbohydrate/lipid metabolism-related genes of PCLS cultured in the 

modified culture medium at 24h and 48h. Data are expressed as means + SEM (n=3-5). 

*p<0.05 compared to M1. 
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Discussion  

Pathophysiological model of NAFLD 

To induce liver steatosis, we used supraphysiological concentrations of glucose, fructose, 

insulin and palmitic acid in the modified culture media to mimic pathophysiological serum 

concentrations measured in NAFLD patients [11, 22, 25]. Therefore, in addition to the 

preserved multicellular environment and interplay between various liver cell-types as in the 

intact liver of PCLS [29], the process in the formation and accumulation of lipid droplets in 

PCLS could recapitulate the pathophysiological development of the disease. However,  

it should be noted that it remains to be investigated whether serum levels reflect the portal 

concentration range of each component.  

 

Insulin acts as the master regulator 

Our results demonstrated that insulin is essential for the formation and accumulation of 

lipid droplets in PCLS [30, 31]. Moreover, a pilot study showed that the steatosis was not 

observed in PCLS cultured in the medium containing glucose, fructose and palmitic acid,  

in the absence of insulin (Figure 5). This finding emphasizes again that insulin is the 

master modulator in the formation and accumulation of lipid droplets in our 

pathophysiological PCLS model, and probably not palmitic acid. In addition, it is worthwhile 

to note that palmitic acid did not alter PCLS viability, while clear lipotoxicity was observed 

at the same concentration in other in vitro studies [19-21]. This discrepancy might be due 

to the protective effect of insulin which promotes the conversion of free palmitic acid into 

triglycerides that may accumulate in lipid droplets, thereby decreasing the free fatty acid 

concentration that might induce lipotoxicity [32]. 

 

Disruption of mitochondrial β–oxidation is the main pathway 

In our study, the lipid droplets in PCLS can be characterized as microvesicular steatosis 

which is in line with other in vitro NAFLD studies [33-35]. This differs from the macrovesicular 

steatosis found in various in vivo models of NAFLD [24, 36, 37]. The main reason why the 

size of lipid droplets is different in vitro could be the time-frame for induction of steatosis, 

which in our PCLS, as similar to other in vitro models, are restricted to 48h, and takes many 

months in in vivo studies. Furthermore, this dissimilarity might also be depended on the main 

processes for the formation of lipid droplets: mitochondrial β-oxidation and de novo 

lipogenesis [18, 38]. It was shown in rats-treated with valproate, an anti-epileptic drug, that 

the development of microvesicular steatosis was due to the mitochondrial β–oxidation 

impairment [39]. Additionally in clinical practice, microvesicular steatosis is a manifestation 

in patients who received long-term treatment of various drugs affecting mitochondrial  

β-oxidation such as tetracycline, amiodarone, amineptine and pirprofen [40]. On the other 

hand, macrovesicular steatosis in in vivo models is the result of multiple systemic factors 

such as eating habits and endocrine effects which chronically and synergistically enhance  

de novo lipogenesis [23, 24].  
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Figure 5: Representative Oil Red O stained sections of PCLS cultured in the modified culture 

medium at 48h (400X). 

 

   The association of both mitochondrial β-oxidation and de novo lipogenesis in the 

formation and accumulation of lipids in PCLS was supported by the expression profile of 

gene encoding carbohydrate/lipid-related metabolism. Most importantly, the expression of 

Cpt1, an enzyme responsible for fatty acid transportation from the cytosol to the 

mitochondrial matrix where β-oxidation takes places [41], was down-regulated in steatotic 

PCLS. Furthermore, although the up-regulation of Acc1, Chrebp and Srebp-1c which are 

key enzymes responsible for the de novo lipogenesis [42-44] was observed in PCLS 

cultured in medium containing additional glucose and fructose, steatosis was not observed 

in these liver slices. Taken together, we postulated that the promotion of de novo 

lipogenesis alone may be insufficient to induce microvesicular steatosis, and therefore the 

disruption of fatty acid transport and mitochondrial β-oxidation are probably the main 

pathways responsible for the accumulation of microvesicular steatosis in our PCLS model 

[45]. Nevertheless, future studies are required to confirm these findings. 

 

Conclusion  

Our preliminary study demonstrates that, by mimicking the main risk factors of NAFLD, 

steatosis can be induced ex vivo in PCLS. The developed model can be an effective tool to 

study NAFLD and associated conditions, and could possibly be used to test the efficacy of 

anti-NALFD drugs. Additionally, since PCLS can be prepared from human livers, 

implementation of a human steatotic PCLS model would be able to overcome some of the 

limitations of rodent NAFLD/NASH models.  
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Precision-cut human kidney slices as a model to 

elucidate the process of renal fibrosis 
 

 

Abstract 
 

Background and purpose  

Chronic kidney disease (CKD) is a major health concern and experimental models 

bridging the gap between animal studies and clinical research are currently lacking. 

Here, we evaluated precision-cut human kidney slices (PCKS) as a potential model for 

renal disease. 
 

Experimental approach  

PCKS were prepared from human cortical tissue obtained from tumor-nephrectomies and 

cultured up to 96h. Morphology, cell viability and metabolic functionality (i.e. UDP-

glucuronosyltransferase and transporter activity) were determined to assess PCKS 

integrity. Furthermore, inflammatory- and fibrosis-related gene expression was 

characterized. Finally, to validate the model, renal fibrogenesis was induced using 

transforming growth factor beta 1 (TGF-β1). 
 

Key results 

Preparation of PCKS induced an inflammatory tissue response, while long-term 

incubation (96h) induced fibrogenesis as seen by an increased expression of collagen 

type 1A1 (COL1A1) and fibronectin (FN1). Importantly, PCKS remained functional for 

more than 48h as evidenced by active glucuronidation and phenolsulfonphthalein 

uptake. In addition, cellular diversity appeared to be maintained, yet we observed a clear 

loss of nephrin mRNA levels suggesting that our model might not be suitable to study the 

role of podocytes in renal pathology. Moreover, TGF-β1 exposure augmented fibrosis, as 

illustrated by an increased expression of multiple fibrosis markers including COL1A1, 

FN1 and alpha smooth muscle actin. 
 

Conclusion and implications  

PCKS maintain their renal phenotype during culture and appear to be a promising model to 

investigate renal diseases e.g. renal fibrosis. Moreover, the human origin of PCKS makes 

this model very suitable for translational research. 

 

 

 

Key words: ex vivo; in vitro; human; renal fibrosis.  
 

Abbreviations: 7-HCG, 7-hydroxycoumarin glucuronide; BCRP, breast cancer resistance protein; 

CKD, chronic kidney disease; COL1A1, collagen 1A1; ECM, extracellular matrix; ESRD, end-stage 

renal disease; FN1, fibronectin 1; HSP47, heat shock protein 47; OAT, organic anion transporter; 

OATP4C1, organic anion transporting polypeptide 4C1; PAI, plasminogen activator inhibitor; PCKS, 

precision-cut kidney slices; PDGFB, platelet-derived growth factor subunit B; TGF-β1, transforming 

growth factor beta 1; UGT, UDP-glucuronosyltransferase; αSMA, alpha smooth muscle actin. 
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Introduction 

Chronic kidney disease (CKD) affects approximately 10% of the adult population in 

developed countries [1]. CKD is irreversible and can progress to end-stage renal disease 

(ESRD), demanding renal replacement therapy. Yet, at this time, no effective therapy 

exists to halt CKD progression. Loss of functional tissue due to glomerular and 

tubulointerstitial accumulation of extracellular matrix (ECM) proteins, i.e. fibrosis, is a 

key event in the development and perpetuation of CKD [2]. Currently, therapies for organ 

fibrosis in CKD patients solely focus on the origin of renal failure, e.g. diabetes or 

hypertension, and consequently have limited potential in halting fibrosis [3, 4]. 

Therefore, insight into renal fibrogenesis might aid in the development of therapeutic 

approaches to prevent loss of kidney function [5], or even reverse fibrosis.  

   Fibrosis is a complex pathophysiological process encompassing a myriad of cells and 

signaling pathways. A multitude of triggers can initiate the fibrotic response, including 

proteinuria and glomerular IgA deposition, yet irrespective of the initial insult, it will 

ultimately result in loss of organ architecture and function [4, 6]. Transforming growth 

factor beta 1 (TGF-β1) is one of the key factors involved in fibrogenesis, and activation of 

the TGF-β1 signaling pathway will increase the expression of, among others,  

plasminogen activator inhibitor (PAI)-1. This glycoprotein is a powerful promoter of renal 

fibrosis and is associated with many aggressive kidney diseases [7]. Even though there 

is great body of literature regarding fibrosis, the fibrotic process is still not understood 

completely. To elucidate the mechanisms of renal fibrosis, there is an urgent need for 

reliable models mimicking the human in vivo situation. Results obtained with existing 

animal models differ per strain [8], and in vitro models fail to replicate the multicellular 

nature of the fibrotic process. Recently, Poosti et al., reported the use of murine 

precision-cut kidney slices (PCKS) as a suitable model to investigate renal fibrosis [9]. 

PCKS are ideal to study multicellular (pathological) processes, e.g. fibrosis, since cellular 

diversity as well as organ architecture is maintained in the slices. In the current study, 

we aimed to improve the PCKS model by preparing slices from human tissue, and we 

established and characterized human PCKS as a unique ex vivo/in vitro model for renal 

disease. 

 

Methods  

Ethics statement 

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

Centre Groningen (UMCG), 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 procedures were carried out in accordance with the 

experimental protocols approved by the Medical Ethical Committee of the UMCG.  
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Renal tissue 

Macroscopically healthy renal cortical tissue from tumor-nephrectomies was obtained 

and kept in ice-cold University of Wisconsin solution. Cold ischemia time between 

nephrectomy and culturing was limited to 2h. Patient demographics are presented in 

Table 1. 

 

Table 1: Patient demographics.  

Characteristic Value 

Gender (%, female) 50.0 

Age (mean, years) 55.1 ± 21.3 

Nephrectomy side (%, right) 100.0 

Serum creatinine before nephrectomy (mean, μmol/L) 80.2 ± 11.3 

eGFR before nephrectomy (mean, mL/min/1.73 m²)* 77.8 ± 9.4 

*Calculated using the Modification of Diet in Renal Disease (MDRD) formula. Values are 

presented as means ± standard deviation or otherwise if indicated (n=6). 

 

Preparation/characterization of PCKS 

Workflow of PCKS preparation is shown in Figure 1. In short, cylindrical cores, 6 mm in 

diameter, were obtained from human renal tissue using a biopsy punch. Kidney slices 

were subsequently prepared 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, US) and saturated with carbogen (95% O2/5% CO2), using a 

Krumdieck tissue slicer as previously described [10]. PCKS, with a wet weight of 4-6 mg 

and an estimated thickness of 250-300 μm, were incubated individually in 1.3 mL of 

Williams medium E with Glutamax (Life Technologies, Carlsbad, US) containing 10 μg/mL 

ciprofloxacin and 2.7 g/L D-(+)-Glucose solution (Sigma, Saint Louis, US) at 37°C in a 80% 

O2/5% CO2 atmosphere, while gently shaken [10]. Medium was refreshed every 24h. 

 

 

Figure 1: Workflow preparation of precision-cut kidney slices. Cylindrical cores, 6 mm in 

diameter, were obtained from human renal cortical tissue using a biopsy punch (Step 1, 2). 

PCKS were prepared using the Krumdieck tissue slicer, slices with a wet weight of 4-6 mg 

had an estimated thickness of 250-300 μm (Step 3, 4). Slices were subsequently 

incubated in optimized medium at 37°C and 80% O2/5% CO2 in an incubator shaking at 

90 rpm (amplitude 2 cm). 
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   For immunohistochemistry, PCKS were fixed in 10% formalin, embedded in paraffin 

and sectioned (2 μm) followed by PAS staining to assess morphology or Sirius red 

staining to visualize collagen protein expression. PCKS diameter was measured using 

ImageJ (US National Institutes of Health). 

   Viability was determined by both ATP content as previously described [11] and LDH release 

using the CytoTox-ONE Homogenous Membrane Integrity assay (Promega, Madison, US). 

 

PCKS functionality 

UGT activity was measured by HPLC. Following incubation, PCKS were incubated with 0.5 

mM 7-hydroxycoumarin (7-HC) for 3h at 37°C. Afterwards, aliquots of culture medium were 

centrifuged (12,470 g, 5 minutes) and injected into the HPLC system (PE-Sciex API 3000, 

Concord, Canada) equipped with a C18 column (150 x 2.1 mm, 5 μm, Alltech Associates, 

Deerfield, US). 7-HC metabolites were measured as previously described [12]. 

   To determine phenolsulfonphthalein uptake, slices were cultured as described above and 

subsequently homogenized in sonication solution, containing 70% ethanol and 2 mM EDTA, 

using a Mini-Beadbeater, and extinction of the solution was measured at 558 nm using a 

spectrophotometer (Synergy HT BioTek, Winooski, US).  

 

Quantitative PCR 

Total RNA from untreated or exposed (5 ng/mL human TGF-β1; Roche, Basel, 

Switzerland) PCKS was isolated with the RNeasy mini kit (Qiagen, Venlo, the 

Netherlands), using a Mini-Beadbeater for homogenization. RNA (1 μg) was reverse 

transcribed using the Reverse Transcription System (Promega). Subsequently, cDNA was 

used for RT-qPCR performed with a 7900HT RT-qPCR system (Applied Biosystems). 

Relative expression values were expressed as percentage compared to GAPDH (100%) 

or as fold induction using the 2-ΔΔCt method. Used primers are listed in Table 2.  

 

Table 2: Primers used in quantitative real-time PCR. 

Sequence of primers and probes (Sigma) 

Gene Forward  Reverse  Probe 

αSMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGAGCA 

FN1 AGGCTTGAACCAACCTACGGATGA GCCTAAGCACTGGCACAACAGTTT ATGCCGTTGGAGATGAGTGGGAA 

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA 

HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG CTCCCTCCTGCTTCTCAGCG 

COL1A1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTG 

PAI-1 CACGAGTCTTTCAGACCAAG AGGCAAATGTCTTCTCTTCC _ 
 

Custom primers & TaqMan probes (Applied Biosystems) 

Gene Assay ID Gene Assay ID 
BCRP Hs01053790_m1 OAT1 Hs00537914_m1 

CD31 Hs00169777_m1 OATP4C1 Hs00698884_m1 

E-cadherin Hs01023894_m1 PDGFB Hs00966522_m1 

IL-1β Hs01555410_m1 TGF-β1 Hs00998133_m1 

IL-6 Hs00985639_m1 UGT1A1 Hs02511055_s1 

IL-8 Hs00174103_m1 UGT1A9 Hs02516855_sH 

Nephrin Hs00190446_m1 Vimentin Hs00185584_m1 
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Western blot 

Total protein (100 μg) was separated via SDS/PAGE using 10% gels and blotted onto 

PVDF membranes. Antibodies used are listed in Table 3. Proteins bands were visualized 

using the VisiGlo Prime HRP Chemiluminescent Substrate Kit (Amresco, Solon, US). 

 

Table 3: Antibodies used in Western blotting. 

Antibody and dilution Manufacturer 

Anti-collagen type I (COL1), 1:1000 Rockland, Pennsylvania, US 

Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:5000 Sigma, Saint Louis, US 

Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 

Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1:5000 Dako, Glostrup, Denmark 

 

Statistics 

Statistics were performed using Graphpad Prism 6.0 by either a Kruskal-Wallis test 

followed by Dunn’s multiple comparisons test or the Mann-Whitney test as appropriate. 

Differences between groups were considered to be statistically significant when p<0.05.  

 

Results and discussion 

Characterization of PCKS 

Figure 2A shows the morphology of PCKS during incubation. As demonstrated, general 

morphology remains good between 3-72h with only minor signs of cellular damage  

(e.g. pyknosis and anucleosis). Closing of tubuli was also observed probably due to a lack 

of pre-urine flow. Furthermore, PCKS became smaller during culture (Figure 2B and 2C). 

   Next, viability of PCKS was assessed by ATP content and LDH leakage. ATP levels greatly 

increased at the start of incubation, from 4.1 (0h) to 16.6 pmol/μg (3h; Figure 2D), in line with 

previous observations in liver slices [13]. Furthermore, ATP levels remained fairly stable during 

culture with a content of 11.2 pmol/μg at 96h. LDH levels in the culture medium were also 

constant (Figure 2E) indicating that PCKS remained viable. These finding are in agreement 

with the study from Poosti et al. showing that murine PCKS are viable up to 72h [9]. 

 

Metabolic activity and cell marker expression during incubation 

The kidney contributes greatly to metabolism and (transporter-mediated) solute clearance 

[14]. Therefore, we studied transporter activity and UDP-glucuronosyltransferase (UGT) 

functionality. Uptake of phenolsulfonphthalein, an organic anion transporter (OAT) 

substrate [15], was observed at 3-48h and OAT activity time-dependently decreased with 

94% between 3-96h (Figure 3A), in line with the observed OAT1 gene expression (r=0.68, 

p<0.001). Furthermore, we observed mitigated expression of organic anion transporting 

polypeptide 4C1 (OATP4C1) and breast cancer resistance protein (BCRP) at the start of 

culture (0-24h), after which levels remained stable. These findings are in agreement with 

in vitro studies performed with primary human proximal tubular epithelial cells (PTECs), in 

which functional expression of OATs can be sustained for a limited time [16]. 
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Figure 2: General morphology and viability of PCKS. (A) PAS staining of PCKS during 

culture, magnification 10X; Insets, magnification 20X (B, C) Representative figures and 

quantification of PCKS size during incubation, quantified using ImageJ (n=3). (D, E) 

Viability of PCKS was assessed by ATP content and LDH leakage. Data are presented as 

means ± SEM of minimally five independent experiments performed in triplicate. 

Statistical analysis was performed via a Kruskal-Wallis test followed by Dunn’s multiple 

comparisons, compared to first column. *p<0.05. 
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Figure 3: Functionality and cellular changes during culture of PCKS. (A) Representative 

figures and quantification of phenolsulfonphthalein uptake in PCKS determined by a 

spectrophotometer at 558 nm. (B) Enzyme activity was determined by HPLC. Slices were 

incubated with 7-HC (0.5 mM) for 3h at 37 °C. (A, B, C) Gene expression was studied by 

RT-qPCR. Relative expression was calculated using the housekeeping gene GAPDH 

(100%). Data are presented as means ± SEM of six independent experiments performed in 

triplicate. Statistical analysis was performed via a Kruskal-Wallis test followed by Dunn’s 

multiple comparisons test, compared to first column. *p<0.05. 
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Figure 3: Continued from previous page. 

 

   Furthermore, 7-hydroxycoumarin glucuronide (7-HCG) formation was observed in PCKS for 

more than 48h. Glucuronidation time-dependently decreased from 40.1 (24h) to 13.2 

pmol/3h/μg at 96h (Figure 3B). Moreover, UGT activity clearly correlated with UGT1A9 gene 

expression (r=0.61, p=0.004), a main contributor to renal glucuronidation [17]. In addition, 

similar to OATP4C1 and BCRP, UGT1A1 expression diminished from 0-24h, after which it 

stayed constant. Previously, de Kanter et al. demonstrated UGT activity in human PCKS 

during short-term (3h) incubation [12]. Here, we show long-term functionality of UGTs in 

PCKS, suggesting that the model is suitable for metabolism studies. 
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   Moreover, no clear differences were observed in gene expression  of vimentin,  

e-cadherin and CD31 during culturing (Figure 3C), suggesting that (myo)fibroblasts, 

epithelial cells and endothelial cells, respectively, were not lost during incubation.  

Of note, even though CD31 is a well-established marker for endothelial cells [18], under 

pathological conditions pro-fibrotic renal fibroblasts can also express CD31 [19]. 

Furthermore, we observed a marked decrease in the expression of nephrin, a podocyte 

marker and key component of the slit diaphragm (Figure 3C) [20]. Lower nephrin levels 

indicate dedifferentiation or damage of podocytes, possibly induced by platelet-derived 

growth factor [21], yet it does not necessarily correlate with podocyte apoptosis [22]. 

Thus, the fate of podocytes in our model remains to be fully characterized.   

   Taken together, PCKS behave similar to PTECs during culture, yet the major advantage 

of our model is that it appears to mimic and retain the cellular and architectural 

complexity of the kidney. 

 

Expression of inflammatory and fibrosis markers during incubation 

To assess the effect of slicing on cell stress, IL-6, IL-8 and IL-1β gene expression was 

determined. Expression of all three interleukins markedly increased from 4.5% to more 

than 130% in the beginning of culturing (3-24h), whereafter gene expression decreased 

(Figure 4A). These findings suggest that an early inflammatory response is evoked in 

PCKS, still the trigger for the observed increase remains unclear.   

   With regards to fibrogenesis, we observed a marked increase in the gene expression of 

collagen 1A1 (COL1A1) and fibronectin 1 (FN1) as well as elevated type I collagen 

protein levels during culture (Figure 4B and 4C). The observed effect was concurrent 

with an increased gene expression of TGF-β1. Furthermore, we detected elevated gene 

levels of platelet-derived growth factor subunit B (PDGFB) at 3h. Thus, the observed 

fibrotic response in PCKS is likely caused by a concerted action of the TGF-β1 and PDGF 

pathways possibly activated by interleukins. This notion is in line with previous studies 

showing that mechanical stress and cytokines, among other factors, drive a fibrogenic 

response [23]. In contrast, gene expression of alpha smooth muscle actin (αSMA),  

a marker for matrix producing myofibroblasts [24], first diminished from 38.4% (0h) to 

5.0% (24h) and subsequently increased (12.4%; 96h), while no changes were observed 

in the expression of heat shock protein 47 (HSP47). A similar expression profile is shown 

in human liver slices [13]. Thus, the collagen-producing cells in PCKS remain to be 

identified.  

 

Figure 4: Continued on next page. 
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Figure 4: Expression of inflammatory and fibrosis markers during incubation of PCKS.  

(A, B) Gene expression was studied by RT-qPCR. Relative expression was calculated 

using the household gene GAPDH (100%). Data are presented as means ± SEM of six 

independent experiments performed in triplicate. Collagen type 1 protein expression was 

studied using Western blot (n=3). Statistical analysis was performed via a Kruskal-Wallis 

test followed by Dunn’s multiple comparisons test, compared to 0h. *p<0.05. (C) Sirius 

red staining of PCKS during culture, magnification 20X. 

PDGFB 

SMA 
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Figure 5: Induction of renal fibrosis with TGF-β1. PCKS were treated with 5 ng/mL 

human TGF-β1 for either 48 or 72h. Subsequently, gene expression was studied by  

RT-qPCR, expressed as fold induction using the 2-ΔΔCt method, and viability was assessed 

by ATP content of the slices. Data are presented as means ± SEM of four independent 

experiments performed in triplicate. Groups were compared to control using the Mann-

Whitney test. *p<0.05. 

SMA 
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PCKS as a model for renal fibrosis 

Lastly, we investigated whether the fibrotic response could be augmented in PCKS. 

Therefore, we exposed PCKS to TGF-β1, a key mediator of fibrosis [25, 26]. As shown in 

Figure 5, treatment with TGF-β1 for 48h significantly increased the fibrogenic response, 

resulting in a more than 1.8-fold increase in gene expression of COL1A1 and FN1, 

similar to the observations in murine PCKS [9]. Moreover, exposure to TGF-β1 for 72h 

significantly augmented the gene levels of all the tested fibrosis markers namely 

COL1A1, FN1, HSP47 and αSMA, without affecting PCKS viability (Figure 5). Moreover, 

we observed an increased expression of PAI-1, a downstream signaling molecule of the 

TGF-β1 pathway, indicating successful activation of the TGF-β1 signaling cascade in 

human PCKS. Therefore, our model can be used to investigate renal fibrogenesis and 

the underlying molecular pathways.   

 

Conclusion 

In conclusion, we have characterized a unique ex vivo/in vitro model to investigate 

human renal disease, viz. precision-cut kidney slices. Merits of this model are the human 

origin of the tissue and the fact that original organ architecture is maintained. A 

limitation of the model is that circulating bone marrow-derived cells that contribute to 

the pathogenesis of fibrosis, e.g. macrophages [27], are absent. In addition, the 

observed loss of differentiated podocytes indicates that our model is not suitable to 

study podocyte injury and loss as factors in renal pathology. Still, the current study with 

human PCKS paves the way for a myriad of novel avenues of research including 

unraveling the molecular mechanism of human renal fibrosis and CKD progression as 

well as identifying potential anti-fibrotics. The latter might even be tested in PCKS 

prepared from diseased (i.e. fibrotic) instead of healthy renal tissue. 
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General discussion and perspectives 
 

During the conceptualization of this thesis, I searched “fibrosis” on Google, resulting in more 

than 26,700,000 hits. Interestingly, this number hardly decreased when the search was 

restricted with the addition of “treatment”. Even though Google, the most popular search 

engine in the world, should not be used as a scientific reference, this observation illustrates 

that a treatment for fibrosis is of great interest to the public. Moreover, the scientific 

community has shown great interest in fibrosis research, resulting in more than 20,000 

publications since 2016. Noticeably, despite this fascination, only two anti-fibrotic drugs, 

pirfenidone and nintedanib, are currently approved for the treatment of a single disease, 

idiopathic pulmonary fibrosis (IPF) [1, 2]. The persistence of this unmet clinical need is 

probably due to the greatest hurdle in fibrosis research, that is, the complexity of the disease 

process which involves numerous signaling pathways and cell types [3-5]. Therefore, this 

thesis delineates the use of precision-cut tissue slices as an ex vivo model for the exploration 

of the effectiveness of putative anti-fibrotic drugs.  

 

TGF-: Potent, but complicated, therapeutic target 

Transforming growth factor beta (TGF-) is one of the key factors driving the fibrotic response 

in most organs, and numerous studies, including my own work, have shown that targeting 

this protein and associated signaling pathways can successfully mitigate fibrosis [6]. 

Additionally, in this thesis, the benefits of mitigating TGF- for the treatment of liver fibrosis 

were proven ex vivo. Taken together, TGF- may be a significant therapeutic candidate for 

liver fibrosis. Nonetheless, mitigating TGF- and its corresponding signaling pathway 

emerges with several challenges in clinical practice.   

   The most obvious challenge is how the optimal therapeutic approach should be. In 

mammals, three isoforms of TGF- exist: TGF-1, TGF-2 and TGF-3. These highly 

homologous proteins are synthesized, processed and regulated in a similar fashion; however, 

the isoforms are differently expressed in different organs [6-8]. As illustrated in Figure 1,  

the TGF- pathway can be targeted at various levels, firstly via the inhibition of 

transcription/translation by gene silencing and anti-sense approaches in order to halt protein 

synthesis [9-12]. Prime examples hereof are trabedersen and belagenpumatucel-L, which 

are TGF-2 anti-sense oligonucleotides. Trabedersen exhibited promising therapeutic 

efficacy in patients with glioblastoma [9, 10], and belagenpumatucel-L improved survival of 

non-small cell lung cancer patients [13]. However, targeted drug delivery is needed to avoid 

off-target toxicity of these oligonucleotides. In the case of trabedersen, this was achieved by 

intrathecal administration to directly target the tumor [10]. Following intracellular synthesis, 

TGF- is secreted as an inactive protein complex, which remains in the extracellular matrix 

(ECM). Active TGF- can be released by various activators such as reactive oxygen species 
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(ROS), plasmin, thrombospondin-1 and αvβ6 integrin [6]. A clinical study of STX-100,  

a humanized monoclonal antibody against αvβ6 integrin, for the treatment of IPF was 

completed in March, 2017 (clinicaltrials.gov: NCT01371035); however, the primary outcome 

was not revealed yet. Once active TGF- is released, it can be sequestered using monoclonal 

antibodies such as lerdelimumab, metalimumab and fresolimumab, but the effectiveness of 

these antibodies in human studies was not impressive [14, 15]. Thus, they were not further 

developed for clinical use. In addition to specific sequestering of TGF-, small molecule 

inhibitors such as galunisertib (chapter A1) and LY2109761 (chapter A2) were developed to 

inhibit kinase activity of the TGF- receptor. To date, as described in chapter A1, galunisertib 

is under clinical investigation for the treatment of various cancers. Finally, another possible 

approach is activating SMAD7, which antagonizes TGF- signaling. In a rat unilateral ureteral 

obstruction model, it was shown that SMAD7 gene transfer could inhibit renal fibrosis [16]. 

However, the feasibility of gene therapy for the treatment of fibroproliferative diseases 

requires further investigation [17]. Noteworthy, the majority of compounds that affect the 

TGF- pathway have been developed for the management of cancers, and it remains to be 

studied whether these putative drugs also mitigate fibrosis.  

 

Figure 1: Therapeutic approaches for inhibiting transforming growth factor beta (TGF-) 

signaling. (1) Inhibiting TGF- gene transcription, (2) inhibiting TGF- mRNA translation, (3) 

inhibiting TGF- maturation, (4) sequestering active TGF-, (5) inhibiting TGF- receptor 

kinase activity and (6) up-regulating SMAD7. Only key components are depicted. 
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   Another challenge regarding anti-TGF- therapies is the therapeutic time window, as seen 

with several cancers. In normal cells and early carcinomas, TGF-β generally exerts tumor 

suppressive effects [18, 19]. However, when tumor development progresses, genetic 

alterations of TGF-β signaling components can result in the loss of tumor protective effects 

[20]. Consequently, TGF-β signaling switches to promote cancer progression, invasion and 

metastasis [18-20]. Therefore, it is crucial to inhibit TGF-β signaling during the correct stage 

of tumor development. In a similar fashion, anti-fibrotic therapies should specifically aim at 

blocking the pro-fibrogenic activities of TGF-β during fibrogenesis, without affecting its 

cytostatic effects in normal cells. 

   Furthermore, therapeutic modalities should take into consideration that TGF-β can also 

activate a number of SMAD-independent pathways via alternative ligand-receptors 

complexes or downstream cellular responses; for example, mitogen-activated protein 

kinases (MAPK), phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) and Rho-like 

GTPases [21]. Although the SMAD-dependent pathway is regarded as the main intracellular 

signaling route of TGF-β during fibrogenesis, activation of SMAD-independent pathway can 

also contribute to the fibrotic process [6]. Therefore, mitigating SMAD-independent signaling 

might be additionally required to completely inhibit the pro-fibrogenic activity of TGF-β. 

 

Fibrosis treatment: Single pathway modulation is inadequate 

Even though TGF-β is seen as the master regulator of fibrogenesis, therapies that solely 

target this factor might still lack clinical efficacy due to the influence of other signaling 

routes on disease development. This notion is supported by the fact that antibodies 

against TGF-β failed to elicit clear beneficial effects in several clinical trials [14, 15]. Thus, 

the inhibition of multiple deleterious pathways is probably required to increase the 

effectiveness of anti-fibrotic therapies. 

   Bone morphogenetic proteins (BMPs), a member of the TGF-β superfamily, may be an 

attractive therapeutic target for the treatment of fibrosis. Thus far, more than twenty different 

isoforms of BMPs are identified [22]. As illustrated in Figure 2, BMPs interact with specific 

cell surface receptors to modulate tissue architecture throughout the body via SMAD1, 

SMAD5 or SMAD8 [23, 24]. Recently, it became apparent that BMPs are involved in cell 

proliferation, apoptosis, autophagy, inflammation, angiogenesis and fibrosis [23]. Among 

various isoforms, BMP-7, BMP-2 and BMP-9 appear to play a role in fibrogenesis. BMP-7 was 

shown to be an anti-fibrotic mediator in experimental models of chronic kidney disease [25]. 

In contrast, BMP-2 induced a pro-fibrogenic phenotype in adult renal progenitor cells, thereby 

contributing to renal damage [26]. Similar to BMP-2, BMP-9 was identified as a pro-fibrogenic 

factor in promoting ECM expression in mice embryonic fibroblasts [27]. Due to this duality, 

non-specific inhibition of BMP-related signaling pathways may be deleterious, and specific 

inhibition of BMP-2 and BMP-9 could be a promising approach. However, till now, no data 

has been published showing the impact of BMP-2 or BMP-9 inhibition on fibrogenesis. 

Recently, the fibrogenic role of activated SMAD1, the downstream transcription factor of 

BMP signaling, was shown in hepatic stellate cells (HSC) isolated from carbon tetrachloride 

(CCl4)-treated rats. In these cells, the expression of alpha-smooth muscle actin was positively 

correlated with the gene and protein expression of SMAD1 [28]. In addition, the herbal 
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compound Cpd861 inhibited the activation of LX-2 cells, a human HSC cell line, by inhibiting 

SMAD1 phosphorylation [29]. This was in line with in vitro and in vivo studies of the inhibitor 

of differentiation 1 (ID1), a marker of SMAD1 activation, showing that ID1 was a critical 

mediator in transdifferentiation of HSC in the development of fibrosis [30]. These results, 

together with the data presented in chapter A2, signify that inhibition of SMAD1 and ID1 

could be a promising therapeutic approach for the treatment of fibrosis. Nevertheless, using 

BMPs as therapeutic target should be approached with caution since BMPs have a crucial 

role in coordinating tissue architecture and bone healing/regeneration [23, 31]. 

 

Figure 2: Signaling of bone morphogenetic proteins (BMPs). Only key components are 

depicted. 

 

   Another interesting observation supporting the notion that inhibiting multiple pathways 

might be essential for the treatment of fibrosis was the lack of a fibrotic response in 

human liver slices treated with exogenous TGF-β1. It was shown in chapter A3 that only co-

treatment with TGF-β1 and platelet-derived growth factor (PDGF) could induce fibrogenesis 

in human precision-cut liver slices. This finding emphasizes the role of PDGF, which induce 

proliferation, chemotaxis, migration and survival of activated HSC, in fibrogenesis, and 

shows that various pathways act as a network in the progression of fibrosis [32]. Thus, 

simultaneous inhibition of both PDGF and TGF-β is another attractive therapeutic strategy 

for the management of fibrosis. However, effectiveness of anti-PDGF therapy on fibrosis 

was only seen preclinically [33, 34], and imatinib, a tyrosine kinase inhibitor disrupting 

PDGF signaling, was ineffective to improve lung functions and survival in IPF patients [35]. 

Thus, the clinical benefit of anti-PDGF therapy for the treatment of fibrosis is still 

questionable. To date, multi-targeted kinase inhibitors affecting various tyrosine kinases 

including PDGF receptor, such as sunitinib [36], sorafenib [37] and pazopanib [38], are 

already on the market for the treatment of cancers. Since these inhibitors appear to be 

more capable of inhibiting the PDGF receptor and other fibrosis-related kinases [39], it is 

very attractive to elucidate their anti-fibrotic potential in clinical trials. 
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   As shown in chapter A3, targeting of p38--mitogen-activated protein kinase (MAPK) can 

also mitigate fibrosis. These findings are in line with previous studies demonstrating that this 

pathway can promote fibrogenesis [40, 41]. Currently, several compounds targeting the  

p38-MAPK signaling pathway have entered clinical trials for the treatment of inflammatory-

related diseases, including rheumatoid arthritis (pamapimod) [42], chronic obstructive 

pulmonary disease (PH-797804) [43], atherosclerosis (losmapimod) [44] and neuropathic 

pain (dilmapimod) [45]. However, the efficacy of these compounds was limited, and many 

are reevaluated for other therapeutic purposes, including for the treatment of fibrosis [46].  

   Another therapeutic strategy in the treatment of liver fibrosis is the inhibition of oxidative 

stress, as illustrated in chapter A4. As mentioned earlier, ROS promote the release of 

mature TGF-β from the ECM reservoir. In addition, oxidative stress appears to be a crucial 

modulator of TGF-β signaling in various disorders such as obesity, diabetes, non-alcoholic 

fatty liver disease (NAFLD) and chronic kidney disease [47]. Thus, mitigating oxidative 

stress would be a good add-on to an anti-TGF-β therapy, and this approach is currently 

established as a therapeutic strategy in fibrotic disorders [48]. 

   Even though the multi-target approach, which seems to be pivotal for fibrosis 

treatment, is relatively new, this treatment strategy has been approved for the treatment 

of various chronic diseases such as cancers and rheumatoid arthritis [49-51]. Thus, 

such a therapeutic approach for the treatment of fibrosis could be clinically feasible. 

 

Ideal anti-fibrotic drug: Specificity needed 

For the development of anti-fibrotic drugs, it should be taken into consideration that 

wound healing and scar formation are indispensable physiological processes, and direct 

interference herewith can cause severe adverse side effects [52]. Again, lessons can be 

gleaned from cancer research. To illustrate, paclitaxel, a drug used for the treatment of 

various cancers can cause severe adverse events due to off-target effects. To overcome 

this issue, nanoparticle albumin–bound paclitaxel, nab-paclitaxel, was developed to 

facilitate drug delivery to tumor cells. In clinical trials, the drug-protein complex showed 

greater efficacy and a favorable safety profile compared to unmodified paclitaxel [53]. 

The observed increase in therapeutic outcome of nab-paclitaxel is probably due to 

enhanced active transport via the gp60/caveolin-1 receptor pathway and increased 

binding to SPARC (secreted protein acid and rich in cysteine), which is highly expressed 

in tumor cells [54]. In order to apply a similar strategy for targeted delivery of anti-fibrotic 

drugs, it is essential to identify the unique attributes of fibrotic cells and tissue. Recently, 

it was demonstrated that PDGF receptor beta (PDGFRβ) is highly expressed in activated 

pro-fibrogenic myofibroblasts, and treatment with a construct of PEGylated interferon-

gamma (IFN-γ) conjugated to a PDGFRβ-recognizing peptide could attenuate renal 

fibrosis in an obstructive nephropathy mouse model, while adverse effects were reduced 

as compared to treatment with unmodified IFN-γ [55]. Since activated myofibroblasts are 

the ultimate effector cells in organ fibrosis, they are extremely useful targets for 

selective delivery of anti-fibrotic drugs. 
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Clinical evaluation: Biomarkers required 

Elucidating the anti-fibrotic efficacy of putative drugs in clinical trials is hampered by the 

lack of clinically relevant biomarkers that can be used to monitor disease development 

and progression [56]. Ideally, biomarkers should be easy to detect, reliable and non-

invasive. Unfortunately, for liver fibrosis, liver biopsy is still the golden standard to stratify 

patients [57]. However, several non-invasive biomarkers have been developed as 

illustrated in Table 1. These biomarkers, mostly found in blood, can be divided into 

simple markers, complex markers, ECM remodeling markers and cytokine markers [58]. 

In addition, multiple imaging techniques have emerged as a tool to evaluate liver fibrosis 

(Table 1) [59-61]. Nevertheless, none of these biomarkers and imaging methods prevail 

the diagnostic potential of liver biopsy [58, 62], and the identification of surrogate 

biomarkers of fibrosis remains an urgent and unmet clinical need.  

 

Table 1: Examples of currently well-known non-invasive biomarkers and imaging methods 

for detecting liver fibrosis. 

Characteristic Biomarker/method 

Simple/indirect 

biomarker  

 Alanine transaminase (ALT) [63-65] 

 Aspartate transaminase (AST) and AST/ALT ratio [65] 

 Platelet count (PLT) [66] 

 Pro-thrombin index (PI) [67] 

Complex/indirect 

biomarker*  

 ActiTest (age, sex, ALT, gamma-glutamyl transferase (GGT), 

bilirubin, apolipoprotein A1 (ApoA1), alpha 2-macroglobulin, 

haptoglobin) [68] 

 APRI (AST, PLT) [68] 

 FIB-4 (age, PLT, AST, ALT) [69] 

 FibroTest (age, sex, GGT, bilirubin, ApoA1,  

alpha 2-macroglobulin, haptoglobin) [68] 

ECM remodeling 

biomarker 

 Collagen type IV [63, 70] 

 Hyaluronic acid [71, 72] 

 Laminin [63, 72] 

 Matrix metalloproteinases (MMPs) [72, 73] 

 Pro-collagen I C peptide (PICP) [70] 

 Pro-collagen III N peptide (PIIINP) [70, 71, 73] 

 Tissue inhibitors of metalloproteinases (TIMPs) [71-73] 

 YKL-40 [71, 74] 

Cytokine biomarker  PDGF [72]  

 TGF-β1 [72, 75] 

Imaging method  Computed tomography (CT) [59-61] 

 Magnetic resonance elastography (MRE) [59-61] 

 Transient ultrasound elastography (TE) [59-61] 

*Complex/indirect biomarkers are calculated from multiple simple markers as shown in 

parentheses. 
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Study fibrosis: Choosing the right model 

In general, ideal experimental disease models represent the true pathophysiological 

processes in humans and should be reproducible, reliable, cost effective and easy to 

handle [3-5]. Concerning fibrosis studies in liver and kidney, various in vitro and in vivo 

models have been proposed and applied as illustrated in Table 2. Simplicity and species-

specificity are the most prominent advantage of in vitro models. For example, results 

obtained with primary human HSC or renal human fibroblasts, which are the main cells 

responsible for liver and renal fibrosis progression, can be directly interpreted without 

concerns of species differences. However, due to the lack of complexity, extrapolation of 

in vitro drug effects to the clinic is still a big challenge [76]. On the other hand, in vivo 

models offer several advantages, among others, the possibility to use genetically 

modified animals and the crosstalk between the different organs. Nevertheless, 

dissimilarities between humans and other organisms exist at both pharmacokinetic and 

pharmacodynamic level [77]; therefore, as discussed in this thesis, variations in drug 

responses can be expected. In addition, human diseases often do not occur in animals. 

For instance, the hepatitis C virus cannot infect and cause liver disease in rodents [78]; 

thus, studying anti-HCV drugs in these animals is irrelevant. Furthermore, the pathology 

of animal models might not totally recapitulate human diseases. To illustrate, the 

unilateral ureteral obstruction model is often used to study renal disease. However, this 

model is based on complete obstruction of the ureter, while in patients with congenital 

obstructive nephropathy, the ureter is only partially obstructed [79, 80].  

 

Table 2: Examples of in vitro and in vivo models of liver and kidney fibrosis. 

Liver fibrosis Kidney fibrosis 

In vitro 

 Primary hepatic stellate cells [81]  Primary renal fibroblasts [82] 

 Immortal hepatic stellate cell lines [83]  Immortal renal fibroblasts cell lines [84] 

 Co-cultured of liver-specific cells [85]  Co-cultured of renal-specific cells [86] 

In vivo 

 Autoimmune liver fibrosis [87]  Nephrotoxic serum nephritis [88] 

 Alcohol-induced liver disease [89]  Renal ischemia/reperfusion injury [90] 

 Biliary fibrosis [91]   Subtotal nephrectomy [92] 

 Non-alcoholic fatty liver disease [93]  Toxin-induced kidney fibrosis [94] 

 Toxin-induced liver fibrosis [95]  Unilateral ureteric obstruction [80] 

 

   Even though the existing in vitro and in vivo models are not ideal, information obtained 

with these models may be helpful as long as they are thoroughly validated, and 

shortcomings are taken into account when interpreting results. Therefore, choosing the 

appropriate model to address specific research hypothesis is pivotal. However, as 

discussed in this thesis, more complex human in vitro models are necessary to discover 

new therapeutic targets and to test anti-fibrotic drugs. 
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Precision-cut tissue slices: Promising research tool 

This thesis has provided additional evidence supporting the application of precision-cut 

tissue slices (PCTS) in studying liver and kidney fibrosis (chapter B2). Furthermore, an 

additional value of PCTS was demonstrated for the study of NAFLD, as described in chapter 

B1. Besides the utilization of liver slices for the study of drug-related toxicity [96, 97], PCTS 

might be applicable for studying other multicellular diseases. For example, precision-cut liver 

slices were validated to be an effective tool for testing tumor invasiveness [98]. To date, 

tissue slices can be successfully prepared from intestines [99], heart [100], lung [101] and 

pancreas [102] for studying a variety of physiological/pathophysiological processes. 

Therefore, it seems obvious that PCTS will become a powerful research tool in the future. 

Nevertheless, PCTS still have shortcomings which need to be improved. The main drawback 

is that tissue slices can only be used for short-term experiments, while many diseases, 

including fibrosis, develop over several months/years [52, 103]. Recently, by modifying the 

culture medium, the culture period of liver slices could be extended up to 5 days [103, 104]. 

This promising development will be very useful for studying liver fibrosis. Furthermore, PCTS 

cannot recapitulate the in vivo crosstalk between organs. This limitation may be surmounted 

by the development of a tissue/organ-on-a-chip model, which can mimic the interplay 

between multiple organs in the body [106].  

 

Conclusion 

The results presented in this thesis show the benefit of mitigating TGF- for the treatment 

of liver fibrosis. Furthermore, it is demonstrated that precision-cut tissue slices may 

become a promising tool to advance medicinal research, especially in the development of 

anti-fibrotic drugs. The studies described in this thesis have led to several attractive novel 

research challenges, which await further investigations, particularly the necessity of 

inhibiting multiple fibrogenesis-related pathways for the treatment of fibrosis and the need 

of surrogate biomarkers for clinical trials. These challenges require extensive collaboration 

between researchers from different disciplines within the fibrosis research field. 

Nonetheless, I am hopeful that, when Googling “fibrosis” in the near future, many clinically 

effective drugs will appear on screen. 
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Summary – Samenvatting - สรปุ 
 

Exploring anti-fibrotic drugs: Focusing on an ex vivo model of fibrosis 

Fibrosis is a pathophysiological state characterized by the excessive formation and 

deposition of fibrous extracellular matrix (ECM) in the affected organ due to unresolved 

injury. Since excessive deposition of ECM disrupts normal organ architecture and 

functionality, end-stage fibrosis ultimately leads to organ failure. Currently, clinically effective 

anti-fibrotic drugs remain an unmet clinical need. In this thesis, I strived to explore the anti-

fibrotic drugs for the treatment of liver fibrosis and to develop novel disease models, using 

precision-cut tissue slices. 

 

Exploring anti-fibrotic drugs for the treatment of liver fibrosis 

In chapter A1, the therapeutic efficacy of galunisertib, a small molecule inhibitor of 

transforming growth factor beta (TGF-), was evaluated using human and rat precision-cut 

liver slices. It was clearly shown that galunisertib could mitigate fibrogenesis in both human 

and rat liver slices, mainly via inhibition of SMAD2 phosphorylation. Furthermore, our results 

revealed that the mechanism of action of galunisertib was based on interference with the 

production, maturation, formation and degradation of ECM. Therefore, galunisertib is a 

promising candidate drug for the treatment of liver fibrosis. 

   In chapter A2, I tested the anti-fibrotic potency of another TGF- inhibitor, namely 

LY2109761. Clear anti-fibrotic effects in LX-2 cells, a human hepatic stellate cell line, as 

well as human and rat precision-cut liver slices were observed. Moreover, this effect was 

associated with inhibition of SMAD1 phosphorylation and reduced expression of the 

inhibitor of DNA binding 1 (ID1), which are the components of bone morphogenetic 

protein (BMP) signaling. Interestingly, the impact of LY2109761 on SMAD1 and ID1 was 

opposite to that of galunisertib. Thus, it was obvious that different small molecule 

inhibitors against TGF- can elicit assorted, and sometimes opposing, off-target effects. 

Additionally, these findings suggest that SMAD1 signaling and ID1 are potential 

therapeutic targets warranting further investigation.  

   In chapter A3, the anti-fibrotic efficacy of several putative drugs that target either TGF- 

or platelet-derived growth factor (PDGF) in human precision-cut liver slices was compared. 

As described, compounds affecting TGF- signaling appear to be more effective than PDGF 

inhibitors. Furthermore, this study illustrated that SB203580, a specific inhibitor of p38-

mitogen-activated protein kinase (MAPK), exhibited anti-fibrotic effects. Thus, p38-MAPK 

may play an important role in liver fibrogenesis.  
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   Next to TGF-, reactive oxygen species (ROS) can negatively affect physiological functioning 

of liver cells and induce fibrosis, as delineated in chapter A4. In addition, mitochondrial 

dysfunction, endoplasmic reticulum stress, NADPH oxidases (NOX) and Toll-like receptors 

(TLR) are potential oxidative stress-related therapeutic targets. Nevertheless, all of the 

putative inhibitors targeting ROS-associated processes are still under development. 

Furthermore, it should be noted that ROS also play a key role in physiological processes. 

Thus, targeting oxidative stress for the treatment of liver fibrosis must be accomplished while 

maintaining physiological ROS functions. 

 

Development of novel disease models 

In chapter B1, it is detailed that non-alcoholic fatty liver disease (NAFLD) can be induced in 

rat precision-cut liver slices cultured in specific culture media that mimic the 

pathophysiological causes of NAFLD, as illustrated by the presence of microvesicular 

steatosis. Interestingly, steatosis was associated with a reduction in the gene expression of 

carnitine palmitoyltransferase 1 (Cpt1), which is an essential enzyme responsible for lipid 

transport across the mitochondrial membrane. These findings imply that disruption of 

mitochondrial -oxidation is the main process driving steatosis in this model. This novel 

pathophysiological ex vivo model can be an effective tool to investigate NAFLD-associated 

conditions particularly non-alcoholic steatohepatitis (NASH) and aid in drug discovery. 

Moreover, the tested culture media might possibly induce NAFLD in human liver slices, 

thereby improving the translational character of the model. 

   In chapter B2, tissue slices prepared from human kidneys, namely precision-cut kidney 

slices, were validated as a model of renal fibrosis. In the kidney slices, up-regulation of 

fibrosis-related genes and proteins were apparent during culture. Thus, human precision-cut 

kidney slices are a suitable tool for evaluating putative anti-fibrotic drugs for the treatment of 

renal fibrosis. 

 

Conclusion 

This thesis has greatly improved the understanding of liver fibrosis and has demonstrated 

the applicability of precision-cut tissue slices for drug discovery. Overall, our results 

demonstrated that galunisertib is the most promising drug candidate for the treatment of 

liver fibrosis. However, additional (clinical) studies are needed to fully unveil the therapeutic 

potential of this compound. In addition, other pro-fibrogenic factors such as BMPs, PDGF, 

p38-MAPK and ROS-derived oxidative stress are interesting targets that require further 

investigation. Furthermore, this thesis has clearly shown that precision-cut tissue slices can 

also be used as a model of other pathologies including NAFLD and renal fibrosis. These 

newly established disease models vastly support future research efforts into fibroproliferative 

diseases as well as drug development. 
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OP ZOEK NAAR MEDICIJNEN TEGEN OVERMATIGE LITTEKENVORMING: EEN 

EX VIVO-ONDERZOEKSMODEL 

Fibrose is een pathofysiologische status die wordt gekenmerkt door de overmatige vorming 

van littekenweefsel in een orgaan als gevolg van chronische schade. Op termijn leidt fibrose 

tot orgaanfalen en soms de dood. Helaas zijn er nog geen klinisch effectieve anti-fibrotische 

medicijnen voorhanden. In dit proefschrift onderzoeken we daarom potentiële 

geneesmiddelen voor de behandeling van leverfibrose met behulp van precisie gesneden 

weefselplakken (precision-cut tissue slices). Daarnaast hebben we de slices gebruikt om 

nieuwe ziektemodellen te ontwikkelen.  

 

Potentiele anti-fibrotische geneesmiddelen voor de behandeling van 

leverfibrose 

In hoofdstuk A1 werd de therapeutische werkzaamheid van galunisertib, een remmer van de 

pro-fibrotische factor TGF-, geëvalueerd in humane en ratleverslices. Er kon worden 

aangetoond dat galunisertib in zowel menselijke als ratleverslices het ontstaan van fibrose 

vermindert, voornamelijk door het remmen van SMAD2 fosforylering. Bovendien bleek uit 

onze resultaten dat de werking van galunisertib voornamelijk beruste op het modificeren van 

de productie, vorming en afbraak van extracellulaire matrix eiwitten, het voornaamste 

onderdeel van littekenweefsel. Galunisertib lijkt daarom een veelbelovend geneesmiddel 

voor de behandeling van leverfibrose. 

   In hoofdstuk A2 hebben we de anti-fibrotische effectiviteit van een andere TGF- remmer, 

namelijk LY2109761, getest. We laten zien dat LY2109761 duidelijke anti-fibrotische 

effecten heeft in LX-2-cellen, een menselijke leverstellaatcellijn, evenals in humane en 

ratleverslices. Deze anti-fibrotische effecten waren gerelateerd aan de remming van SMAD1 

fosforylering en de verminderde expressie van inhibitor of DNA binding 1 (ID1), beide 

onderdeel van de bone morphogenetic proteins (BMP) signaalroute. Daarnaast bleek dat het 

effect van LY2109761 op SMAD1 en ID1 tegengesteld is aan het effect van galunisertib. Dit 

maakt eens te meer duidelijk dat verschillende remmers van de TGF- signaalroute diverse 

en soms tegengestelde off-target effecten kunnen hebben. Daarnaast suggereren deze 

bevindingen dat SMAD1-signalering en ID1 potentiële therapeutische doelen zijn die verder 

onderzoek behoeven. 

   In hoofdstuk A3 vergeleken we de anti-fibrotische effectiviteit van verschillende potentiële 

geneesmiddelen die invloed hebben op de TGF- of PDGF (ook een pro-fibrotische factor) 

signaalroute. Zoals beschreven, blijken middelen die de TGF-signalering beïnvloeden 

effectiever te zijn dan PDGF-remmers. Bovendien laat deze studie zien dat SB203580, een 

specifieke remmer van p38-MAPK, anti-fibrotische eigenschappen heeft. Dit betekent dat 

p38-MAPK een belangrijke rol speelt in het ontstaan van leverfibrose. 
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   Naast TGF- kunnen zuurstofradicalen (ROS) het functioneren van levercellen negatief 

beïnvloeden en fibrose induceren, zoals beschreven in hoofdstuk A4. Bovendien zijn 

mitochondriale dysfunctie, endoplasmatisch reticulum-stress, NADPH oxidasen en toll-like 

receptoren potentiële therapeutische aangrijpingspunten gerelateerd aan oxidatieve stress. 

Desalniettemin bevinden alle remmers van ROS-geassocieerde processen zich nog in de 

experimentele fase. Verder moet opgemerkt worden dat ROS ook een sleutelrol spelen in 

normale fysiologische processen. Derhalve moeten eventuele medicijnen voor leverfibrose, 

gericht op oxidatieve stress, ervoor zorg dragen dat de fysiologische functies van ROS niet in 

het geding komen. 

 

Ontwikkeling van nieuwe ziekte modellen 

In hoofdstuk B1 is gedetailleerd beschreven hoe niet-alcoholische leververvetting (NAFLD) 

kan worden geïnduceerd in leverslices door gebruik te maken van een specifiek 

kweekmedium dat de pathofysiologische oorzaken van NAFLD nabootst. In leverslices is 

vervetting geassocieerd met een verminderde genexpressie van carnitine palmitoyl 

transferase 1 (Cpt1), een essentieel enzym dat nodig is om vetzuren in het mitochondrion te 

brengen. Deze bevindingen geven aan dat verstoorde vetzuuroxidatie ten grondslag ligt aan 

de ontwikkeling van vervetting in dit model. Dit nieuwe experimentele model is een effectief 

instrument om NAFLD-geassocieerde aandoeningen te bestuderen, in het bijzonder niet-

alcoholische steatohepatitis (NASH), en geneesmiddelenonderzoek te ondersteunen.  

   In hoofdstuk B2 werden de nierslices, bereid uit menselijke nieren, gevalideerd als model 

van nierfibrose. In de nierslices was er een duidelijke toename van fibrose-gerelateerde 

genen en eiwitten waar te nemen tijdens de kweek. De resultaten beschreven in dit 

hoofdstuk laten zien dat nierslices een geschikt hulpmiddel zijn voor het evalueren van 

potentiële geneesmiddelen voor de behandeling van nierfibrose. 
 

Conclusie 

Dit proefschrift heeft ons begrip van leverfibrose aanzienlijk verbeterd en heeft aangetoond 

dat leverslices gebruikt kunnen worden voor geneesmiddelenonderzoek. Over het geheel 

genomen hebben onze resultaten aangetoond dat galunisertib een veelbelovend kandidaat-

geneesmiddel is voor de behandeling van leverfibrose. Dit werk is een uitstekende fundering 

voor toekomstig onderzoek naar orgaanfibrose.   
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การคน้หายาตา้นการเกดิพงัผดืดว้ยเทคนคิการศกึษาเนือ่เย ือ่ภายนอก

รา่งกาย 

“พังผดื” เป็นพยาธสิภาพทีเ่กดิจากการสะสมสารภายนอกเยือ่หุม้เซลลม์ากกว่าสมดุลปกต ิการสะสมสาร

นอกเยือ่หุม้เซลลน์ี้ส่งผลใหเ้กดิการเปลีย่นแปลงโครงสรา้งของเนื้อเยือ่ ขัดขวางการท างาน และอาจท า

ใหอ้วัยวะทีเ่กดิพังผดืลม้เหลวไดใ้นทีส่ดุ สาเหตุหลักของการเกดิพังผดืคอืความเสยีหายของเนื้อเยือ่และ

อวัยวะเป็นระยะเวลานานโดยทีไ่ม่ไดร้ับการรักษาอย่างเหมาะสม เชน่ พังผดืทีตั่บมักเกดิจากการตดิเชือ้

ไวรัสตับอักเสบ การตดิสุราเรือ้รัง โรคไขมันพอกตับทีม่ภีาวะการอักเสบร่วมดว้ย เป็นตน้ ถงึแมว้่าการเกดิ

พังผดืจะเป็นพยาธสิภาพทีจ่ าเป็นตอ้งไดร้ับการรักษา แต่ในปัจจุบันกลับยังไม่มยีาตา้นการเกดิพังผดืที่

ไดร้ับการยอมรับวา่มปีระสทิธผิลมากเพยีงพอส าหรับใชใ้นผูป่้วย วทิยานพินธฉ์บับนี้จงึมวัีตถุประสงคท์ีจ่ะ

คน้หายาทีม่ีประสทิธผิลส าหรับรักษาพังผดืทีต่ับ รวมถงึการพัฒนาแบบจ าลองโรคใหม่โดยใชเ้ทคนิค

การศกึษาเนือ้เยือ่ภายนอกรา่งกาย 

 

การคน้หายาส าหรับรักษาการเกดิพังผดืทีต่ับ 

บทที ่A1 เป็นการศกึษาประสทิธผิลของ galunisertib ซึง่เป็นยาทีอ่อกฤทธิต์า้นการท างานของ TGF- 

อันเป็นไซโตไคนส์ าคัญทีก่่อใหเ้กดิการสรา้งพังผดื การศกึษานี้ท าโดยเหนี่ยวน าเนื้อเยือ่ตับใหเ้กดิพังผดื

ภายนอกร่างกาย ผลการศกึษาพบว่า galunisertib สามารถลดการเกดิพังผดืไดท้ัง้ในเนื้อเยือ่ตับของ

มนุษยแ์ละหนู โดยมกีลไกการออกฤทธิห์ลักเกีย่วขอ้งกับการยับยัง้โปรตนี SMAD2 ซึง่ท าหนา้ทีค่วบคุม

กระบวนการสรา้งยนีและโปรตนีทีเ่กีย่วขอ้งกับการท างานของ TGF- นอกจากนัน้ galunisertib ยังท าให ้

เกดิการเปลีย่นแปลงสมดลุของสารภายนอกเยือ่หุม้เซลล ์ซึง่สง่เสรมิฤทธิต์า้นการเกดิพังผดือกีดว้ย ดังนัน้ 

galunisertib จงึเป็นยาทีม่ศัีกยภาพในการพัฒนาเพือ่ใชรั้กษาพังผดืทีตั่บตอ่ไป 

   บทที ่A2 เป็นการศกึษาฤทธิต์า้นการเกดิพังผดืของ LY2109761 ซึง่เป็นยาทีอ่อกฤทธิต์า้นการท างาน

ของ TGF- เช่นกัน ผลการศกึษาพบว่ายานี้มฤีทธิ์ตา้นการเกดิพังผดืใน LX-2 ซึง่เป็นเซลลไ์ลน์ของ 

เสตลเลทเซลลท์ีม่หีนา้ทีส่รา้งพังผดืในตับ รวมทัง้ยายังมฤีทธิต์า้นการเกดิพังผดืในเนื้อเยือ่ตับของมนุษย์

และหนูอกีดว้ย นอกจากนี้ฤทธิต์า้นการเกดิพังผดืทัง้ในเซลลไ์ลน์และในเนื้อเยือ่ยังสัมพันธก์ับการยับยัง้

การท างานของโปรตนี SMAD1 และการยับยัง้การแสดงออกของยนี ID1 โดยทัง้โปรตนี SMAD1 และยนี 

ID1 นี้เป็นองคป์ระกอบของการส่งสัญญาณในเซลลท์ีเ่กดิจากไซโตไคน์ในกลุ่ม BMPs ซึง่มบีทบาท

เกี่ยวขอ้งกับการสรา้งกระดูกและเนื้อเยื่อ การศึกษานี้ยังพบอีกว่าฤทธิ์ต่อ SMAD1 และ ID1 ของ 

LY2109761 แตกต่างอย่างสิน้เชงิกับ galunisertib ดังนัน้จงึเห็นไดช้ัดว่าถงึแมย้าทัง้สองตัวจะมกีลไก

หลักในการยับยัง้การท างานของ TGF- เหมอืนกัน แตส่ามารถออกฤทธิต์อ่การท างานของไซโตไคน์อืน่ๆ 

ไดแ้ตกต่างกัน ยิง่ไปกว่านัน้ ผลการศกึษานี้ยังชีใ้หเ้ห็นว่าการยับยัง้การท างานของโปรตนี SMAD1 และ

ยนี ID1 อาจเป็นเป้าหมายทีค่วรศกึษาเพิม่เตมิส าหรับรักษาพังผดืทีตั่บอกีดว้ย 

   บทที ่A3 เป็นการเปรยีบเทยีบฤทธิต์า้นการเกดิพังผดืของยาหลายชนดิที่ออกฤทธิร์บกวนการท างาน

ของ TGF- และยาทีอ่อกฤทธิยั์บยัง้การท างานของ PDGF ซึง่เป็นโกรทแฟคเตอรท์ีส่รา้งจากเกล็ดเลอืด

และมบีทบาทส าคัญในการเกดิพังผดืเชน่กัน ผลการศกึษาในเนื้อเยือ่ตับของมนุษยพ์บว่ายาทีอ่อกฤทธิ์

รบกวนการท างานของ TGF- มแีนวโนม้จะมปีระสทิธผิลมากกว่ายาทีอ่อกฤทธ์ยับยัง้ PDGF การศกึษานี้

ยังพบอกีว่า SB203580 ซึง่เป็นยาทีอ่อกฤทธิยั์บยัง้โปรตนี p38-MAPK มฤีทธิต์า้นการเกดิพังผดื ดังนัน้ 

p38-MAPK จงึน่าจะเป็นโปรตนีทีม่บีทบาทส าคัญในการเกดิพังผดืทีต่ับเชน่เดยีวกัน 
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   นอกจาก TGF- แลว้ บทที ่A4 ไดอ้ธิบายใหเ้ห็นว่าการสะสมของสารอนุมูลอสิระที่มอีอกซเิจนเป็น

องคป์ระกอบเป็นอกีหนึ่งกระบวนการส าคัญทีส่่งผลเสยีต่อการท างานทางของเซลลช์นิดต่างๆ ของตับ 

ดังนัน้จงึมกีารพัฒนายาทีอ่อกฤทธิยั์บยัง้การสรา้งสารอนุมูลอสิระเหล่านี้ขึน้ ไดแ้ก่ ยายับยัง้การท างานที่

ผดิปกตขิองไมโทคอนเดรยี ยายับยัง้ความผดิปกตขิองเอนโดพลาสมกิเรตคิลูัม ยายับยัง้เอนไซม ์NADPH 

ออกซเิดส และยายับยัง้ตัวรับชนดิ Toll-like อยา่งไรก็ตาม ยาทัง้หมดยังอยูใ่นขัน้ตอนการพัฒนาก่อนออก

สู่ตลาดเท่านัน้ อกีหนึ่งประเด็นทีต่อ้งใหค้วามส าคัญในการยับยัง้การสะสมของสารอนุมูลอสิระเหล่านี ้

ไดแ้ก ่การพัฒนายาทีม่คีวามเฉพาะเจาะจงตอ่เนือ้เยือ่พังผดืทีตั่บ โดยทีย่านัน้ควรสง่ผลรบกวนการท างาน

ของอนุมลูอสิระทีม่บีทบาทส าคัญในกระบวนการทางสรรีวทิยานอ้ยทีส่ดุ 

 

การพัฒนาแบบจ าลองโรคใหม ่

การพัฒนาแบบจ าลองภาวะไขมันสะสมในตับซึง่ไม่ไดม้สีาเหตุมาจากแอลกอฮอลไ์ดแ้สดงไวใ้นบทที ่B1 

โดยพบว่าการสะสมไขมันในเนื้อเยือ่ตับของหนูสามารถเหนี่ยวน าไดด้ว้ยการเพาะเลี้ยงในสภาวะทีถู่ก

ดัดแปลงใหค้ลา้ยคลงึกับพยาธสิรรีวทิยาการเกดิโรคของผูป่้วย ผลการศกึษายังพบว่าการสะสมไขมันใน

เนือ้เยือ่ตับสัมพันธก์ับการลดการแสดงออกของยนีทีส่รา้ง Cpt1 ซึง่เป็นเอนไซมท์ีจ่ าเป็นส าหรับการขนส่ง

ไขมันผ่านเยือ่หุม้ไมโทคอนเดรยี ดังนัน้การยับยัง้การขนส่งไขมันเขา้สู่กระบวนการเมแทบอลซิมึใน 

ไมโทคอนเดรยีจงึน่าจะเป็นกระบวนการหลักทีท่ าใหเ้กดิการสะสมไขมันในเนื้อเยือ่ตับของแบบจ าลองนี้  

ส าหรับในอนาคต แบบจ าลองภาวะไขมันพอกตับซึง่ไม่ไดม้สีาเหตุมาจากแอลกอฮอลน์ี้จะเป็นเครือ่งมอืที่

มปีระสทิธภิาพในการศกึษาสภาวะอืน่ๆ ทีเ่กีย่วขอ้ง ไดแ้ก่ โรคไขมันพอกตับทีม่ภีาวะการอักเสบร่วมดว้ย 

รวมทัง้การใชแ้บบจ าลองนี้เพื่อศึกษาฤทธิ์ของยาตา้นภาวะการเกิดไขมันสะสมในตับ นอกจากนั้น  

วธิกีารเหนีย่วน าใหเ้กดิการสะสมไขมันในตับหนูนียั้งน่าจะสามารถน าไปปรับใชไ้ดก้ับเนือ่เยือ่ตับของมนุษย์

อกีดว้ย 

   บทที ่B2 เป็นการพัฒนาแบบจ าลองโรคเพือ่ศกึษาการเกดิพังผดืในไต ซึง่ท าโดยการเพาะเลีย้งเนื้อเยือ่

ไตของมนุษย ์ผลการศกึษาพบว่ายนีและโปรตนีทีเ่กีย่วขอ้งกับการเกดิพังผดืในไตมกีารแสดงออกทีม่าก

ขึน้สัมพันธก์ับระยะเวลาทีใ่ชใ้นการเพาะเลีย้ง แสดงใหเ้ห็นว่าการเกดิพังผดืสามารถเหนี่ยวน าไดด้ว้ยการ

เพาะเลีย้งเนือ้เยือ่ไตนอกรา่งกายมนุษย ์ดังนัน้แบบจ าลองโรคทีเ่ตรยีมจากเนื้อเยือ่ไตของมนุษยน์ี้จะเป็น

เครือ่งมอืทีเ่ป็นประโยชนส์ าหรับศกึษายาตา้นการเกดิพังผดืทีไ่ตตอ่ไป 

 

ขอ้สรปุ 

วทิยานิพนธ์ฉบับนี้ช่วยเพิม่พูนความเขา้ใจในกระบวนการเกดิพังผืดของตับ รวมทัง้ยังแสดงใหเ้ห็นถงึ

ประสทิธผิลของยาตา้นการเกดิผังผดืทีตั่บอกีดว้ย โดยพบว่า galunisertib เป็นยาทีม่ศัีกยภาพมากทีสุ่ด

ส าหรับการศึกษาเพื่อทดสอบประสิทธิผลส าหรับการรักษาพังผืดที่ตับในผูป่้วยต่อไป นอกจากนี ้ 

โปรตนีอืน่ๆ ทีส่่งเสรมิใหเ้กดิการสรา้งพังผดื ไดแ้ก่ BMPs, PDGF, p38-MAPK รวมทัง้ความผดิปกตจิาก

การสะสมของสารอนุมูลอสิระทีม่อีอกซเิจนเป็นองคป์ระกอบ น่าจะเป็นเป้าหมายที่เป็นประโยชน์ส าหรับ

รักษาการเกิดพังผืดเช่นกัน วิทยานิพนธ์ฉบับนี้ยังแสดงใหเ้ห็นถงึความส าเร็จของการใชเ้ทคนิคการ

ทดสอบเนือ้เยือ่ภายนอกของร่างกายเพือ่ใชเ้ป็นแบบจ าลองโรค ไดแ้ก่ ภาวะไขมันสะสมในตับซึง่ไม่ไดม้ี

สาเหตุมาจากแอลกอฮอลแ์ละการเกดิพังผดืของไต แบบจ าลองโรคใหม่ทัง้สองนี้จะเป็นเครือ่งมอืทีช่ว่ย

สนับสนุนการวจัิยในโรคเหลา่นี ้รวมทัง้การพัฒนายาตา้นการเกดิพังผดืตอ่ไป 
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