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Introduction
Chronic liver diseases are a major global health 
issue causing approximately two million deaths 
per year worldwide.1 Hepatic fibrogenesis results 
from repeated liver injury due to a large variety 
of factors, such as alcohol abuse, chronic viral 

infections, metabolic syndromes and genetic dis-
orders.1 When injury persists, fibrosis progresses 
into liver cirrhosis and is usually accompanied 
by a broad spectrum of complications such as 
liver failure, hepatocellular carcinoma (HCC) 
and death.1
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Abstract 
Background: Hepatic fibrosis is the result of chronic liver injury that can progress to cirrhosis 
and lead to liver failure. Nevertheless, there are no anti-fibrotic drugs licensed for human use. 
Here, we investigated the anti-fibrotic activity of GNS561, a new lysosomotropic molecule with 
high liver tropism.
Methods: The anti-fibrotic effect of GNS561 was determined in vitro using LX-2 hepatic stellate 
cells (HSCs) and primary human HSCs by studying cell viability, activity of caspases 3/7, 
autophagic flux, cathepsin maturation and activity, HSC activation and transforming growth 
factor-β1 (TGF-β1) maturation and signaling. The contribution of GNS561 lysosomotropism to 
its anti-fibrotic activity was assessed by increasing lysosomal pH. The potency of GNS561 on 
fibrosis was evaluated in vivo in a rat model of diethylnitrosamine-induced liver fibrosis.
Results: GNS561 significantly decreased cell viability and promoted apoptosis. Disrupting 
the lysosomal pH gradient impaired its pharmacological effects, suggesting that GNS561 
lysosomotropism mediated cell death. GNS561 impaired cathepsin activity, leading to defective 
TGF-β1 maturation and autophagic processes. Moreover, GNS561 decreased HSC activation and 
extracellular matrix deposition by downregulating TGF-β1/Smad and mitogen-activated proteine 
kinase signaling and inducing fibrolysis. Finally, oral administration of GNS561 (15 mg/kg per 
day) was well tolerated and attenuated diethylnitrosamine-induced liver fibrosis in this rat 
model (decrease of collagen deposition and of pro-fibrotic markers and increase of fibrolysis).
Conclusion: GNS561 is a new potent lysosomotropic compound that could represent a valid 
medicinal option for hepatic fibrosis treatment through both its anti-fibrotic and its pro-
fibrolytic effects. In addition, this study provides a rationale for targeting lysosomes as a 
promising therapeutic strategy in liver fibrosis.
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Activation of hepatic stellate cells (HSCs) is a  
central event in fibrogenesis and liver fibrosis  
progression.2 In normal liver tissue, HSCs are qui-
escent; however, in injured liver tissue, quiescent 
HSCs transdifferentiate into activated HSCs, which 
exhibit a myofibroblast-like phenotype and generate 
cytokines and growth factors, such as transforming 
growth factor-β1 (TGF-β1).2 Sustained HSC acti-
vation and proliferation lead to excessive accumula-
tion of extracellular matrix (ECM) components. 
Therefore, inhibition of the activated HSC accumu-
lation by modulating either their activation and/or 
proliferation and/or by promoting HSC apoptosis is 
an interesting therapeutic strategy for the resolution 
and the treatment of liver fibrosis.2–4

To date, the most effective approach to prevent 
and treat liver fibrosis is to remove or ameliorate 
the causative agents, such as alcohol abstinence 
after alcoholic liver diseases.4 However, such 
treatments remain unrealistic for patients with 
liver fibrosis due to other causes, such as genetics, 
autoimmune liver diseases or advanced non-alco-
holic steatohepatitis.

Although many advances have been made in 
understanding the pathogenesis of hepatic fibrosis, 
there are no specific Food and Drug Administration-
approved anti-fibrotic drugs and scarcely any 
effective treatments.5 The major encountered 
problem in treating liver fibrosis is hepatic fibrosis 
and cirrhosis progression over a long period of 
time, which modifies liver vascularization, ECM 
composition and drug metabolism. Therefore, any 
anti-fibrotic treatment should be tolerable and spe-
cifically target the liver;6 however, none of the cur-
rent therapeutic arsenal address these issues. 
Consequently, there is an urgent need for new, 
effective and safe therapies.

GNS561, a new orally available anticancer drug 
with high liver tropism,7 is currently being 
assessed in patients with advanced liver cancer in 
a global clinical phase Ib/IIa clinical trial,8 but its 
effect on liver fibrosis has never been addressed. 
In this study, we evaluated the anti-fibrotic activ-
ity of GNS561 both in vitro and in vivo and inves-
tigated its underlying mechanism.

Materials and methods
Details of the materials and employed methods 
are provided in the Supplemental Material 
online.

Cell culture
LX-2 cells (an immortalized human HSC) were 
supplied by Merck Millipore (Burlington, MA, 
USA). Primary human HSCs, liver-specific mes-
enchymal cells, were supplied by iXCells Bio-
technologies (San Diego, CA, USA). These primary 
human HSCs are low passaged-cells and were used 
only at early passages, below 5. LX-2 were cultured 
using DMEM high glucose with stable glutamine 
(Dutscher, Brumath, France) and human HSCs 
were cultured using DMEM high glucose (Life 
Technologies, Carlsbad, USA) supplemented with 
1% L-glutamine (Life Technologies). Both media 
were supplemented with 1% penicillin-streptomycin 
(Dutscher) and 10% fetal bovine serum (HyClone, 
Logan, UT, USA). Cells were maintained at 37°C 
in the presence of 5% CO2 and 95% air in a humidi-
fied incubator.

Rat model
All animals received humane care in accordance 
with the Guidelines on the Humane Treatment of 
Laboratory Animals (Directive 2010/63/EU), and 
experiments were approved by the animal Ethics 
Committee: GIN Ethics Committee n°004. 
Fourteen 6-week-old Fischer 344 male rats 
(Charles River, Wilmington, MA, USA) were 
housed in the Plateforme de Haute Technologie 
Animale animal facility (Jean Roget, University of 
Grenoble-Alpes, France). All rats were treated 
weekly with intra-peritoneal injections of 50 mg/kg 
of diethylnitrosamine (DEN) (Sigma-Aldrich), 
which were diluted in olive oil to obtain a cirrhotic 
liver with hepatocellular carcinoma after 14 weeks.9 
After 6 weeks of treatment with GNS561 or vehi-
cle, animals were anesthetized with isoflurane and 
euthanized with vena cava blood sampling.

Statistical analysis
All statistical analyses were performed using 
GraphPad Prism 8.2.1 (GraphPad Software Inc., 
La Jolla, CA, USA). For small datasets (<5, such 
as western blotting and real-time polymerase 
chain reaction (PCR) datasets), median and 95% 
confidence interval were calculated and used to 
compare different groups. For datasets (>5) with 
normal distribution, means were compared using 
one-way ANOVA with Dunnett’s post hoc analy-
sis. The parametric paired t-test was used to com-
pare two paired groups of data with normal 
distribution. The Mann–Whitney two tailed test 
was used to compare two unpaired groups of data 
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without normal distribution. Data are presented 
as the mean values ± standard error of the mean 
(SEM), except for small data sets (<5, such as 
western blotting and real-time PCR datasets), for 
which data are presented as median values sur-
rounded by upper and lower confidence limits 
(95%). Each p-value is adjusted to account for 
multiple comparisons. Statistical significance was 
defined as p-values < 0.05.

Results

GNS561 decreases cell viability and induces 
apoptosis in HSC
The human HSC line LX-2 has been widely char-
acterized. It is a low-passaged human HSC line 
derived from normal human HSCs that are spon-
taneously immortalized.10 The cells exhibit the 
typical key features of hepatic stellate cytokine 
signaling, retinoid metabolism and fibrogenesis, 
making it a very suitable model of human hepatic 
fibrosis. In addition, the phenotype of this cell line 
is most similar to that of ‘activated’ cells in vivo.10,11

To explore the effects of GNS561, a new potent 
lysosomotropic compound on liver fibrosis, we 
first conducted in vitro studies using LX-2 cells. 
We showed that GNS561 induced death of LX2 
cells in a concentration-dependent manner 
[Figure 1(a), left] after 24 h of treatment. This 
effect of GNS561 on cell viability was confirmed 
in primary human HSCs isolated directly from 
human liver tissues (Figure 1(a), right). The half 
maximal inhibitory concentration (IC50) at 72 h 
was determined to be 2.29 ± 0.11 µM in LX-2 
cells (Supplemental Figure S1).

As HSC apoptosis is described as a vital mecha-
nism that contributes to recovery from hepatic 
fibrosis,3 we investigated apoptosis in the LX-2 
cell line after GNS561 treatment. Specifically, we 
performed western blotting analyses of cleaved 
poly(ADP-ribose) polymerase (PARP) [Figure 
1(b)], which is commonly used as a marker of 
cells undergoing apoptosis.12 Specific bands cor-
responding to full length PARP were clearly 
detected in all tested conditions, while cleaved 
PARP was not visible under the control condition 
(0 µM GNS561) and after 1.5 µM GNS561 treat-
ment. In contrast, cleaved PARP was undoubt-
edly detected in cells treated during 24 h with 
3 µM and 6 µM GNS561. Next, we further exam-
ined whether GNS561-induced apoptosis was 

related to caspase activation. After 8 h of cell 
exposure, GNS561 had little or no effect on the 
activity of caspases 3/7 or on cell viability [Figure 
1(c), left]. In contrast, GNS561 induced the acti-
vation of caspases 3/7 after 24 h of treatment 
[Figure 1(c), middle], and this activation was sus-
tained at 30 h [Figure 1(c), right]. The activation 
of these apoptotic executioner caspases was con-
comitant with a decrease in cell viability [Figure 
1(c)]. In addition, we quantified reactive oxida-
tive species (ROS) after GNS561 treatment of 
LX-2 cells during 24 h. We did not detect a sig-
nificant change in ROS levels after GNS561 
treatment (Supplemental Figure S2), demon-
strating that the pro-apoptotic activity of GNS561 
was not associated with the induction of intracel-
lular oxidative stress in LX-2 cells.

The anti-fibrotic effect of GNS561 depends on 
its lysosomotropism in LX-2 cells
Previously, we showed that the antitumor activity 
of GNS561 against intrahepatic cholangiocarci-
noma was related to its lysosomotropism.7 Here, 
we examined whether its lysosomotropism con-
tributed to its anti-fibrotic properties on HSC. For 
this purpose, LX-2 cells were pre-treated for 2 h 
with a specific vacuolar-type H+-ATPase inhibitor 
(bafilomycin) or with a weak base, NH4Cl, then 
treated with GNS561 during 24 h. Therefore, dis-
rupting the lysosomal pH gradient by either bafilo-
mycin or by NH4Cl partially protected LX-2 
against GNS561-induced cell death (Figure 2). 
These results imply that the GNS561-mediated 
anti-fibrotic properties on HSC is at least partially 
caused by its lysosomotropic properties.

GNS561 inhibits cathepsin activity, which leads 
to impairment of autophagic flux and TGF-β1 
maturation in LX-2 cells
The lysosomal-dependent cell death induced by 
GNS561 prompted us to evaluate the capacity of 
GNS561 to modulate lysosomal functions. We 
therefore examined the enzymatic activity of the 
two prominent and ubiquitous lysosomal cysteine 
proteinases cathepsin B (CTSB) and cathepsin L 
(CTSL), and one aspartic proteinase, cathepsin D 
(CTSD). After 24 h of treatment, GNS561 signifi-
cantly decreased the proteolytic activity of cath-
epsins in a dose-dependent manner [Figure 3(a)].

Cathepsins are synthesized as inactive zymo-
gens, which are converted to their active mature 
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forms by other proteases or by autocatalytic  
processing.13,14 As depicted in Figure 3(b), 
GNS561 did not impact CTSB maturation while 
it impaired the maturation of CTSL and CTSD 
[Figure 3(c) and (d)]. Thus, the abnormal accu-
mulation of pro-cathepsins following treatment 
with GNS561 suppressed normal processing of 
lysosomal enzymes and lysosomal degradation.

As GNS561 induced lysosomal dysfunction, the 
effect of GNS561 on the autophagic process was 
investigated. GNS561-induced accumulation of 
light chain 3 phosphatidylethanolamine conjugate 

was not enhanced in the presence of bafilomycin 
[Figure 3(e)], supporting the ability of GNS561 to 
inhibit degradation of the autophagic content.

TGF-β1, an important pro-fibrogenic cytokine, is 
synthesized in a precursor form that is modified 
intracellularly prior to secretion.15,16 One of the 
most relevant intracellular modifications is the 
cleavage of the C-terminal pro-region, referred to 
as the latency-associated peptide (LAP), from the 
N-terminal portion of the protein, which is thus 
called mature TGF-β1. It has been reported  
that CTSB is implicated in the maturation of 
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Figure 1. GNS561 decreases cell viability and induces apoptosis via caspase activation. (a) Viability percent 
of LX-2 cells (left) and primary human hepatic stellate cells (HSC) (right) against vehicle condition after 
24 h of treatment with GNS561 (mean of three experiments + SEM). (b) Immunoblotting of the cleaved and 
non-cleaved forms of poly (ADP-ribose) polymerase (PARP) after 24 h of GNS561 treatment on LX-2 cells. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) immunoblotting was used as a loading control. (c) 
Cell viability percent (full line) and fold change of activation of caspases 3/7 (dotted line) against vehicle 
condition after 8 h (left), 24 h (middle) and 30 h (right) of treatment with GNS561 of LX-2 cells (mean of three 
experiments + SEM).
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intracellular pro-TGF-β1.17 Therefore, we inves-
tigated the effect of GNS561 treatment on pro-
TGF-β1 processing. As seen in Figure 3(f), 
GNS561 treatment of LX-2 led to a significant 
decrease in the intensity of the bands migrating at 
32.5 kDa, corresponding to LAP. The results 
indicated that GNS561 downregulated the pro-
TGF-β1 processing and the level of mature 
TGF-β1.

GNS561 prevents HSC stimulation and ECM 
deposition
It is well described that inhibition of HSC activa-
tion can be achieved by blockage of the autophagic 
process.18–20 As GNS561 inhibited autophagic 
flux, we next assessed HSC activation in the 

presence of GNS561. To explore whether 
GNS561 treatment suppressed the TGF-β1-
induced fibrogenic response,21–26 we analyzed the 
mRNA and protein levels of phenotypic markers 
of HSC activation including alpha smooth muscle 
actin (α-SMA) and collagen type I alpha 1 chain 
(COL1A1) by real-time quantitative PCR 
(RT-qPCR) and western blotting in serum-
starved LX-2 cells treated with GNS561 for 24 h 
and stimulated with TGF-β1 for 22 h. As 
expected, TGF-β1 increased LX-2 activation, as 
indicated by enhanced mRNA expression of α-
SMA and COL1A1, while this activation was 
suppressed in the presence of GNS561 [Figure 
4(a) and (c)]. A similar effect was observed at the 
protein level in LX-2 cells: GNS561 decreased 
TGF-β1-induced α-SMA and COL1A1 protein 
synthesis in a dose-dependent manner [Figure 
4(b) and (d)]. This drop was observed to a larger 
and significant extent for COL1A1. This effect of 
GNS561 on HSC activation was confirmed using 
primary human HSCs isolated directly from 
human liver tissues (Supplemental Figure S3). 
Interestingly, we showed that GNS561 was able 
to decrease basal activation of LX-2 cells, as indi-
cated by a drop of mRNA expression of α-SMA 
and COL1A1 after treatment with GNS561 
(Supplemental Figure S4).

As it is known that TGF-β1 is a key pro-fibro-
genic cytokine from both paracrine and autocrine 
sources25–27 we investigated whether GNS561 
treatment impacted TGF-β1 mRNA expression 
in LX-2 cells. As seen in Figure 4(e), GNS561 
decreased TGF-β1 mRNA level.

As TGF-β1 provokes the remodeling and accu-
mulation of the ECM by modulating downstream 
target genes such as matrix metalloproteinases 
(MMPs) and tissue inhibitors of MMP (TIMPs), 
16,22,28 we investigated MMP-2, MMP-9, TIMP-1 
and TIMP-3 mRNA expression levels following 
GNS561 treatment [Figure 4(f)]. We found that 
TGF-β1 stimulated MMP-2, TIMP-1 and 
TIMP-3 mRNA levels, but it had no effect on 
MMP-9 mRNA level. In contrast, the addition of 
GNS561 significantly decreased MMP-2 and 
TIMP-3 mRNA levels and induced a biphasic 
response for MMP-9 and TIMP-1 mRNA 
expression: a maximum mRNA level increase 
was observed with a 1.5 µM treatment, but these 
levels then decreased with higher concentration 
treatments [Figure 4(f)].
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Figure 3. GNS561 inhibits cathepsin activity, leading to defective autophagic flux and transforming growth 
factor-β1 (TGF-β1) maturation impairment in LX-2 cells. LX-2 cells were treated with vehicle (0 µM) or with 
the indicated concentrations of GNS561 for 24 h. (a) Peptidase activity of cysteine cathepsins (including both 
cathepsins B and L) (CTSB/L), cathepsin B (CTSB) and cathepsin D (CTSD). Fold change of the peptidase 
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and ****p < 0.0001 significant versus vehicle condition (Dunnett’s test). Western blotting of procathepsin 
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of procathepsin D, intermediate and mature CTSD (d). (e) Western blotting analysis of light chain 3 
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against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level (Norm LC3-II) with Baf and without Baf 
is presented. (f) Western blotting analysis of latency-associated peptide (LAP) in its native pro-TGF-β1 (upper 
bands) and cleaved LAP (lower bands) forms. The LAP cleavage ratio was determined as the ratio between 
the LAP level and the pro-TGF-β1 level for each condition in comparison with the ratio obtained for the vehicle 
condition. The data are presented as median values of three separate experiments surrounded by upper and 
lower confidence limits (95%). For all blots, GAPDH immunoblotting was used as a loading control.
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Figure 4. GNS561 inhibits hepatic stellate cell stimulation and ECM deposition in LX-2. Cell lysates were 
prepared after both GNS561 treatment (24 h) and transforming growth factor-beta 1 (TGF-β1) stimulation (22 h, 
5 ng/μL) and analyzed by real-time polymerase chain reaction (PCR) and western blotting. mRNA (a and c) 
and protein (b and d) fold changes of alpha smooth muscle actin (α-SMA) (a and b) and collagen type I alpha 
1 chain (COL1A1) (c and d) were measured in comparison with the untreated condition (neither GNS561 nor 
TGF-β1 stimulation). The mRNA levels of TGF-β1 (e) and metalloproteinases (MMPs) 2 and 9 (f) and tissue 
inhibitors of MMP (TIMP) 1 and 3 (f) were analyzed using real-time PCR and compared against the untreated 
condition (neither GNS561 nor TGF-β1 stimulation). The data are presented as median values of three 
separate experiments surrounded by upper and lower confidence limits (95%). For all blots, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) immunoblotting was used as a loading control.
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GNS561 decreases TGF-β1-inducted pathways
We observed that GNS561 reduced the mRNA/
protein expression of several hepatic fibrogenic 
markers (α-SMA, COL1A1, TGF-β1, TIMP 
and MMP), implying that its inhibitory effect 
may lie upstream of such gene transcription. 
Thus, to elucidate the mechanism underlying 
the impairment of HSC activation by GNS561, 
we investigated the effect of GNS561 on TGF-
β1-induced pathways. As Smad proteins are the 
major transducers of TGF-β1 signaling through 
receptor-associated phosphorylation,27 we meas-
ured the Smad2/3 phosphorylation after TGF-
β1 treatment in the presence or absence of 
GNS561. As indicated in Figure 5(a) and (b), 
TGF-β1 treatment induced an increase in phos-
phorylated Smad2 and phosphorylated Smad3 
(p-Smad3). These increases were attenuated by 
pre-treatment with GNS561, which was ob- 
served to a larger and significant extent for 
p-Smad3 (Figure 5b).

Localization of Smad4 and its ability to bind 
directly to target gene promoters are crucial for 
TGF-β1 signaling. Indeed, once Smad2 and 
Smad3 are phosphorylated, they both form a 
complex with Smad4 which translocates to the 
nucleus.22 As GNS561 decreased Smad2 and 
Smad3 phosphorylation, we monitored Smad4 
localization in LX-2 cells after GNS561 treat-
ment and TGF-β1 activation using immunofluo-
rescence assays. As seen in Figure 5(c), TGF-β1 
stimulation increased Smad4 nuclear level com-
pared with the untreated condition. In contrast, 
in GNS561 treated cells, the TGF-β1-induced 
Smad4 nuclear localization decreased in a dose-
dependent manner. Concomitantly, an increase 
of Smad4 in cytosolic level can be observed in 
these conditions. For the highest concentration 
of GNS561, Smad4 was detected in cytosolic 
clumps [see arrows in Figure 5(c)]. Thus, our 
results confirm that TGF-β1/Smad signaling was 
influenced by GNS561 treatment.

Canonical Smad-mediated TGF-β1 signaling does 
not always explain all observed effects of TGF-β1. 
Other signaling pathways, such as mitogen-acti-
vated protein kinase (MAPK) signaling, could be 
also implicated.29 Thus, we explored the MAPK 
activation by analyzing p44/42 MAPK (Erk1/2) 
phosphorylation after TGF-β1 treatment in the 
presence or absence of GNS561 in LX-2 cells. 
The results clearly show that GNS561 decreased 

MAPK activation induced by TGF-β1 stimulation 
in a dose-dependent manner [Figure 5(d)].

All these findings indicate that GNS561 prevents 
TGF-β1-induced HSC activation by disruption 
of the TGF-β1/Smad signaling pathway but also 
the MAPK signaling pathway.

GNS561 attenuates DEN-induced fibrosis in 
rats
One of the well-established models that repro-
duces human cirrhosis and that can be employed 
for studying the molecular mechanism of fibro-
genesis is DEN-injured rats.9,30 Therefore, we 
used the DEN-induced fibrosis rat model to test 
the anti-fibrotic effects of GNS561. Food con-
sumption did not differ between the control and 
GNS561-treated (15 mg/kg) groups during the 
last 6 weeks of the experiment, and no body 
weight loss was observed in the GNS561-treated 
rats. GNS561 (15 mg/kg) was thus considered 
well tolerated in these fibrotic rats.

Liver fibrosis was first analyzed by staining of col-
lagen fibers using Sirius red and by α-SMA stain-
ing. As shown in Figure 6(a), the fibrotic tissue 
area was reduced by 41% in the GNS561-treated 
group compared with the control group. The 
decrease of α-SMA staining in the GNS561-
treated group compared with the control group 
indicated a reduction of activation status of HSC 
in the liver. These results were confirmed by the 
determination of gene expression changes using 
RT-qPCR analysis [Figure 6(c)]. As expected, 
GNS561 significantly reduced the α-SMA and 
COL1A1 mRNA expression levels compared with 
the control group. To explore the potential mecha-
nisms of the protective effect of GNS561 in liver 
fibrosis, we investigated the effect of GNS561 on 
MMP-2 and MMP-9 mRNA expression, which 
participate in the regression of liver fibrosis through 
cleavage of the fibrillar ECM. Both MMP-2 and 
MMP-9 were significantly upregulated in the 
GNS561-treated group compared with the control 
group. Accordingly, TIMP-1 was slightly decreased 
compared with the control group. This effect on 
the matrix pathway in the liver was accompanied 
by a weak decrease of TGF-β1 level in the 
GNS561-treated group, but this decrease was not 
significant. Therefore, GNS561 significantly 
reduced hepatic collagen deposition and expres-
sion of pro-fibrogenic markers, as well as increased 
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Figure 5. GNS561 downregulates transforming growth factor-beta 1 (TGF-β1)/Smad and mitogen-activated 
protein kinase signaling in LX-2 cells. Cell lysates were prepared after both GNS561 treatment (24 h) and TGF-
β1 stimulation (22 h, 5 ng/μL). Phosphorylated (p-Smad2) and total Smad2 (a) and phosphorylated (p-Smad3) 
and total Smad3 (b) and phosphorylated (p-Erk2/3) and total Erk2/3 (d) were analyzed by western blotting. For 
all blots, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) immunoblotting was used as a loading control. 
The p-Smad/Smad and p-ERk1/2/Erk1/2 ratios were determined as the ratio between the phosphorylated 
protein and total protein level for each condition in comparison with the ratio obtained for the untreated 
condition (neither GNS561 nor TGF-β1 stimulation). The data are presented as median values of four separate 
experiments surrounded by upper and lower confidence limits (95%). (c) Smad4 localization was determined 
using immunofluorescence assay. Nucleus was stained with Hoechst. Arrows show cytosolic clumps of Smad4. 
Scale bar represents 5 µm.
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pro-fibrolytic proteins. All these GNS561 effects 
led to an improvement of liver fibrosis in these 
DEN-induced fibrotic rats.

Discussion
In this study, we demonstrated that GNS561 
inhibited liver fibrosis in vitro by inducing HSC 
cell death and by preventing HSC activation in 
the LX-2 cell line and in primary human HSCs. 
The anti-fibrotic effect of GNS561 was validated 
in vivo in DEN-induced fibrosis rats, a well-
established cirrhosis model that can be employed 
for studying the molecular mechanism of fibro-
genesis.31,32 In this model, GNS561 induced a 
reduction in collagen deposition, as well as dimin-
ished expression of pro-fibrogenic markers and 
increased pro-fibrolytic proteins level. In addi-
tion, GNS561 was also shown to be safe at the 

active dose in this in vivo model. One limitation 
of this in vivo model is that chronic exposure to 
low doses of DEN, a liver carcinogen, causes 
hepatocellular damage and chronic liver injury 
that lead to HCC development.9,30,33 So, since we 
demonstrated that GNS561 has anti-neoplastic 
actions in intrahepatic cholangiocarcinoma,7 
another rodent model, such as CCl4-induced liver 
fibrosis model, could be used to confirm anti-
fibrotic activity of GNS561 in vivo and to dissoci-
ate the GNS561 effect on fibrosis and on tumor.

Abolition of GNS561-induced cell death by dis-
ruption of the lysosomal pH gradient confirmed 
that GNS561 lysosomotropism is responsible for 
its anti-fibrosis effect. This lysosomal-dependent 
cell death prompted us to evaluate the effects of 
GNS561 on lysosomal related processes. Therefore, 
we demonstrated that GNS561 induced an 
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Figure 6. Effect of GNS561 treatment on liver fibrosis in a diethylnitrosamine (DEN)-injured rat model of fibrosis. 
DEN-injured rats were treated over 6 weeks by daily oral gavages of GNS561 (15 mg/kg of GNS561, GNS561 
group) or vehicle (control group) (n = 8/group). (a) Representative histological images of livers stained with Sirius 
red (left). Data are presented as percent of Sirius red positive area compared with the control group (right). (b) 
Representative images of livers stained with alpha smooth muscle actin (α-SMA) (left). Data are presented as 
percent of α-SMA positive area compared with the control group (right). (c) Fold change of α-SMA, collagen 
type I alpha 1 chain (COL1A1), tissue inhibitor of matrix metalloproteinase 1 (TIMP-1), matrix metalloproteinase 
(MMP) 2 and 9 and transforming growth factor-beta 1 (TGF-β1) mRNA against the control group in liver tissue 
(mean + SEM). n = 7/group. *p < 0.05 and **p < 0.01 (Mann–Whitney two tailed tests).

https://journals.sagepub.com/home/taj


E Bestion, ZM Jilkova et al.

journals.sagepub.com/home/taj 11

impairment of the peptidase activity of three major 
lysosomal proteinases, CTSB, CTSL, and CTSD. 
The abnormal accumulation of the zymogen forms 
of CTSL and CTSD following treatment with 
GNS561 could explain the impairment of their 
activity. Further studies are required to determine 
the causes of the decrease of CTSB activity.

Several studies have demonstrated that autophagy 
is closely linked with hepatic fibrosis.34,35 
Specifically, it was reported that autophagy pro-
motes fibrogenesis through the degradation of lipid 
droplets and that the release of lipids in HSCs pro-
vides energy for HSC activation.18 So, our findings 
that GNS561 inhibited the autophagic process 
combined with those from previous reports indi-
cate that GNS561 may inhibit HSC activation 
through autophagic flux impairment.

TGF-β1 is secreted by activated HSC, which in 
turn stimulates the activation of HSC and pro-
motes fibrosis progression.21–26 Here, we found 
that GNS561 inhibited the pro-TGF-β1 process-
ing. This result is coherent with previous studies 
showing that CTSB is implicated in the matura-
tion of the intracellular pro-TGF-β117,36 and our 
present results showing that GNS561 led to the 
impairment of CTSB activity.

The main downstream mediators of the TGF-β1 
canonical pathway are Smad2 and Smad3.27 
Whereas both Smad2 and Smad3 are strongly acti-
vated in hepatic fibrosis,19 only Smad3 appears to 
be a main factor responsible for TGF-β1-induced 
fibrosis by driving the expression of key ECM 
genes, especially in the induction of collagen 
expression.22,37 According to our results, GNS561 
decreased Smad2/Smad3 phosphorylation, al- 
though this change was greater for Smad3. Smad3 
is primarily responsible for the TGF-β1 autocrine 
production;38 therefore, the Smad3 phosphoryla-
tion impairment by GNS561 treatment could 
explain the downregulated GNS561-induced 
expression of TGF-β1 mRNA. Thus, the inhibi-
tory effect of GNS561 in fibrotic liver tissue may 
be closely related to a decrease in TGF-β1 auto-
crine synthesis and mature TGF-β1 generation. 
The observed decrease of TGF-β1-induced Smad4 
nuclear localization in GNS561-treated cells con-
firmed that canonical TGF-β1/Smad signaling was 
influenced by GNS561 treatment. Moreover, we 
showed that GNS561 also decreased the activation 
of MAPK, a non-canonical TGF-β1 pathway. 

These findings indicate that GNS561 prevents 
TGF-β1-induced HSC activation by disruption of 
the TGF-β1/Smad signaling pathway but also the 
MAPK signaling pathway.

So, based on our results, we could hypothesize 
that GNS561 might partly counteract hepatic 
fibrosis through a decrease in cathepsin activity, 
leading to: (1) weaker TGF-β1 maturation and 
the subsequent downregulation of the TGF-β1/
Smad and MAPK signaling pathways and (2) 
defective autophagy flux and a lack of energy. All 
these GNS561-induced events lead to HSC acti-
vation impairment characterized by GNS561-
induced expression decrease of pro-fibrogenic 
markers in vitro and in vivo. Consistent with this 
hypothesis, studies in several hepatic fibrosis 
experimental models concluded that cathepsins 
have a critical role in HSC activation.39–41 Indeed, 
it was previously shown that CTSB and CTSD 
silencing attenuates liver damage, reduces scar-
ring and decreases HSC proliferation and fibro-
genic gene levels (e.g. TGF-β1 and α-SMA). 
Moreover, in lung fibroblasts, pharmacological 
inhibition and genetic silencing of CTSB led to 
an accumulation of intracellular pro-TGF-β1, 
downregulated α-SMA expression and Smad2/3 
phosphorylation and delayed fibroblast TGF-β1-
driven differentiation.17

A main factor in progressive fibrosis is the ongoing 
loss in the ability to degrade the increased intersti-
tial or scar matrix. Therefore, the balance between 
MMP and TIMP is critical in sustaining the intra-
hepatic homeostasis of the ECM.42–45 Upon HSC 
activation, MMP and TIMP levels change, lead-
ing to increased degradation of the normal liver 
matrix (non-fibrillar collagens) and decreased 
degradation of fibrillar collagens.46 During liver 
fibrosis resolution, the pattern reverses. Hence, in 
vitro, we found that GNS561 treatment signifi-
cantly decreased MMP-2 and TIMP-3 mRNA 
levels and induced a biphasic response in MMP-9 
and TIMP-1 mRNA expression. In the DEN-
induced fibrosis model, both MMP-2 and MMP-9 
mRNA were significantly upregulated in the 
GNS561-treated group compared with the con-
trol group. Accordingly, TIMP-1 was slightly 
decreased compared with the control group. 
These results suggest that GNS561 resolves fibro-
sis in part by inducing fibrolysis. The differences 
observed at the mRNA level between the in vitro 
and in vivo models could be explained by the 
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dynamic regulation of MMP during various stages 
of liver fibrosis.46 We speculate that chronic treat-
ment of animals leads to more advanced liver 
fibrosis resolution in DEN-induced fibrosis rats 
than the acute effects of GNS561 treatment in 
TGF-β1-stimulated LX-2 cells. Further studies 
are required to determine the effects of GNS561 
on this dynamic MMP/TIMP process.

Another part of fibrosis resolution is the elimi-
nation of HSC by apoptosis.3 Thus, our study 
indicated that GNS561 induced the activation 
of pro-apoptotic caspases 3/7 concomitantly 
with a decrease in cell viability in the LX-2 cell 
line and primary human HSCs. Moreover, 
TIMP-1, MMP-2 and MMP-9 proteins have 
also been implicated in the regulation of HSC 
apoptosis: while TIMP-1 can inhibit HSC apop-
tosis, MMP-2 and MMP-9 can promote this 
process.28,47,48 Thus, GNS561 effects of MMP-
2, MMP-9 (increase) and TIMP-1 (decrease) 
level may indirectly contribute to GNS561 anti-
fibrotic activity by accelerating HSC apoptosis. 
In addition, it was reported that HSC apoptosis 
induces MMP-2 activation,49 which emphasizes 
the importance of this MMP in GNS561-
induced fibrolysis.

Therefore, our results demonstrated that GNS561 
has both anti-fibrotic and pro-fibrolytic effects 
(Figure 7). So, not only does GNS561 induce the 

apoptosis of HSC, but also GNS561 prevents 
HSC activation and decreases ECM deposition, 
by impairing cathepsin activity and autophagic 
flux and by disrupting TGF-β1 maturation and 
TGF-β1/Smad and MAPK signaling. GNS561 
mediates a reduction in ECM deposition by both 
directly reducing type I collagen synthesis and 
indirectly removing the scar tissue through an 
increase of the net matrix protease activity 
(decreased TIMP-1 level and increased MMP-2 
and MMP-9 levels). Then, this study provides a 
rationale for considering GNS561 as a potential 
option for hepatic fibrosis treatment and for tar-
geting lysosomes as a promising therapeutic strat-
egy in liver fibrosis. Moreover, results showing 
that GNS561 impairs TGF-β1 (maturation and 
signaling) and recent publications reporting that 
TGF-β blockage improves anti-PD-1- and anti-
PD-L1-induced tumor regression50,51 strongly 
suggest that the combination of GNS561 with 
immunotherapy should be explored as a cancer 
therapy.
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Figure 7. GNS561 has both anti-fibrotic and pro-fibrolytic effects. In injured liver tissue, sustained hepatic 
stellate cell (HSC) proliferation and transforming growth factor-β1 (TGF-β1)-mediated activation of HSCs 
leads to excessive accumulation of extracellular matrix (ECM) components and fibrosis progression. GNS561 
treatment induces the apoptosis of HSC, prevents HSC activation and decreases ECM deposition, by impairing 
cathepsin activity and autophagic flux and by disrupting TGF-β1 maturation and TGF-β1/Smad signaling; this 
leads to fibrosis regression.
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