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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). 
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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 Col11, 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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