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Zusammenfassung (Deutsch):

Das Krankheitsbild der Leberzirrhose geht mit erheblicher Morbiditat
und Mortalitat einher, und die derzeitigen Behandlungsmaoglichkeiten
flr diese Lebererkrankung im Endstadium konzentrieren sich auf das
Management von Komplikationen, wahrend echte Therapieoptionen
zur Behandlung der Zirrhose selbst fehlen. Die Sterblichkeitsraten
durch Leberzirrhose sind in den letzten Jahrzehnten daher weiter ge-
stiegen, und das trotz der Fortschritte, die z. B. bei der Behandlung
von Virushepatitis erreicht wurden. Somit verbleibt im Bereich chroni-
scher Lebererkrankungen ein hoher Bedarf an weiteren Therapieop-
tionen. Hauptursachen fir eine Leberzirrhose sind Virushepatitis, al-
koholische Lebererkrankungen und nichtalkoholische Lebererkran-
kungen. Eine haufige weitere Ursache einer Leberzirrhose sind chro-
nisch cholestatische Lebererkrankungen (CLD). CLD sind durch die
systemische und hepatische Akkumulation von Gallensalzen gekenn-
zeichnet, welcher eine hohe Bedeutung fur die Fibrogenese bei CLD
beigemessen wird. Die Mechanismen, die der Cholestase-induzierten
Fibrogenese zugrunde liegen sind jedoch noch nicht vollstandig ver-

standen.

Wir hatten in friiheren Arbeiten gezeigt, dass die Humanisierung des
Gallensalzpools im Mausmodell der hepatozellularen Cholestase zu
einer fortgeschritteneren Leberfibrose fihrte, was auf einen Einfluss
der Gallensalzzusammensetzung oder einzelner Gallensalze auf die
Leberfibrogenese hindeutet. Aktuell untersuchten wir daher in vivo
weiter die Rolle des menschlichen Gallensalzpools fiir die Entstehung

der Leberfibrose in verschiedenen Krankheitsmodellen.

Als Mechanismus der mit Cholestase verbundenen Fibrogenese

wurde bereits friher die direkte Aktivierung hepatischer Sternzellen
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(HSC) durch akkumulierende Gallensalze vermutet. In anderen Zell-
typen wurde der extrazellulare pH als Modulator der Gallensalz-indu-
zierten Signalgebung identifiziert und konnte bei HSC pathophysiolo-
gisch relevant sein, wenn man bedenkt, dass sie sich in einer bekann-
termal3en leicht sauren ,microenvironment’, dem (perisinusoidalen)
Disse-Raum, befinden. Daher untersuchten wir in vitro den Einfluss
des extrazellularen pH auf den Gallensalzeintritt, die HSC-Aktivierung
und die extrazellulare Kollagenablagerung in der HSC-Zelllinie LX2.
Modulatoren des intrazellularen pH-Werts, der Protonenpumpenhem-
mer (PPI) Pantoprazol (PPZ), der Na+/H+-Austauscher (NHE)-Hem-
mer Amilorid und der vakuolare ATPase-Hemmer Bafilomycin Al,
wurden auf ihre Fahigkeit getestet, den Eintritt von Gallensalzen und
die HSC-Aktivierung zu verhindern. Schlief3lich wurde PPZ im DDC-

Diatmodell der cholestatischen Leberfibrose eingesetzt.

Wir fanden heraus, dass die GCDC-Futterung den Gallensalzpool
humanisierte und die Leberfibrose sowohl bei cholestatischen als
auch bei nicht-cholestatischen Mausmodellen der Leberfibrose ver-
schlimmerte. In vitro erhéhte ein leicht saurer extrazellularer pH-Wert
(pHe 7.3) die intrazellulare Gallensalzanreicherung in LX2 und war
eine Voraussetzung fur die Gallensalz-induzierte Aktivierung und Kol-
lagenablagerung. PPZ fuhrte tGber die Hemmung der NHE-Aktivitat zu
einer Senkung des intrazellularen pH-Werts (pHi) und verhinderte die
Gallensalz-induzierte Aktivierung von LX2. Ahnliche Ergebnisse wur-
den nach pHi-Modulation mit Amilorid und Bafilomycin Al gefunden.

In vivo linderte PPZ (5 mg/kg) die cholestatische Leberfibrose.

Zusammenfassend lasst sich sagen, dass 1) ein humanisierter
Gallensalzpool sowohl bei cholestatischer als auch bei nicht-cho-
lestatischer Leberfibrose fibrogener ist als der Gallensalzpool der

Maus; 2) die direkte, durch Gallensalze induzierte Aktivierung von
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HSCs von dem leicht sauren ,microenvironment’ des perisinusoidalen
Raums abhangt und 3) die Modulation des pHi bei HSC die profibro-
genen Signale bei Cholestase positiv beeinflussen kann. Daher ver-
dienen pharmakologische Wirkstoffe, die speziell auf HSCs zur Mo-
dulation des pHi abzielen, mdglicherweise weitere Untersuchung als

Behandlungsoption bei CLD.

Abstract (English):

Liver Cirrhosis is associated with marked morbidity and mortality,
and current treatment options in this end-stage liver disease are
scarce. As a result, mortality rates in liver cirrhosis have increased
over the past decades and despite the advances made e.g. in the
treatment of viral hepatitis, remains an area of high unmet medical
need. Major causes of liver cirrhosis are viral hepatitis, alcoholic liver
disease and non-alcoholic liver disease. A frequent additional cause
of liver cirrhosis are chronic cholestatic liver diseases (CLD). CLD are
characterized by the hepatic accumulation of bile salts, which are be-
lieved to be a main driver of fibrogenesis. However, mechanisms un-
derlying cholestasis-induced fibrogenesis in cholestasis remain in-

completely understood.

We had previously shown that humanization of the bile salt pool led
to more advanced liver fibrosis in mouse model of hepatocellular cho-
lestasis, hinting towards an influence of bile salt composition or indi-
vidual bile salts for liver fibrogenesis. Here, we investigated further in
Vvivo, into role of the human bile salt pool for the development of liver

fibrosis in various disease models.

As a component of fibrogenesis associated with cholestasis, direct

activation of hepatic stellate cells (HSC) by accumulating bile salts
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has been suggested. In this context, extracellular pH has been iden-
tified as a modulator in bile salt signaling in other cell types and may
be pathophysiologically relevant in HSC, considering that they reside
in a microenvironment known to be slightly acidic, the (perisinusoidal)
space of Disse. Therefore, in vitro, we evaluated the influence of ex-
tracellular pH on bile salt entry, HSC activation and extracellular col-
lagen deposition in the HSC cell line LX2. Modulators of intracellular
pH, the proton pump inhibitors (PPI) pantoprazole (PPZ), Na*/H" ex-
changer (NHE) inhibitor amiloride and vacuolar-ATPase inhibitor
bafilomycin Al, were tested for their ability to prevent bile salt entry
and HSC activation. Lastly, PPZ was employed in the DDC-diet model

of cholestatic liver fibrosis.

We found that GCDC feeding humanized the bile salt pool and ag-
gravated liver fibrosis both cholestatic and non-cholestatic mouse
models of liver fibrosis. In vitro, slightly acidic extracellular pH (pHe
7.3) enhanced intracellular bile salt accumulation in LX2 and was a
prerequisite to bile salt-induced activation and collagen deposition.
PPZ led to a decrease in intracellular pH (pHi) via inhibition of NHE
activity and prevented bile salt-induced activation of LX2. Similar re-
sults were found after pHi modulation with amiloride and bafilomycin

Al. In vivo, PPZ (5 mg/kg) ameliorated cholestatic liver fibrosis.

In conclusion, 1) a human bile salt pool is more fibrogenic than the
murine bile salt pool in both cholestatic and non-cholestatic liver fibro-
sis; 2) direct bile salt-induced activation of HSC may depend on the
slightly acidic microenvironment of the perisinusoidal space; 3) mod-
ulation of pHi in HSC may ameliorate pro-fibrogenic signals in liver
disease. Thus, pharmacological agents specifically targeting HSCs to
modulate pHi may deserve further investigation as treatment options
in CLD.
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1. Introduction to the liver in health and disease

1.1 Liver function in health

Liver, the largest internal organ in human body, plays a critical role in
numerous physiological processes. This includes protein synthesis,
elimination of internal and external toxins via bile, clearance of toxins
from blood, amino acid metabolism, regulation of blood coagulation,
immune balance, storage of vitamins energy storage and glucose me-
tabolism, many of which are vital to human health®. All processes are
tightly regulated in health, and disturbance of any of these processes
may result in detrimental health conditions.

1.2 Liver cirrhosis and consequences of deteriorated liver
function

Liver cirrhosis describes the replacement of healthy liver tissue by
functionally inactive scar tissue. It can be the consequence of various
types of (chronic) liver diseases and conditions, such as non-alcoholic
fatty liver disease, chronic hepatitis B or C infection, harmful alcohol
consumption, (genetically determined) iron or cooper overload, cho-
lestatic diseases and liver autoimmune disease 2. After a long period
of liver damage that triggers inflammation and fibrogenesis, normal
liver parenchymal is replaced by dense fibrotic tissue and diffuse re-
generative nodules, resulting in a gradual loss of liver function 3. Liver
cirrhosis is associated with high morbidity and mortality, leading to
roughly one million deaths annually. Thus, it ranks the 11" most com-
mon cause of death worldwide*. Clinically, liver cirrhosis is diagnosed
on the basis of multiple factors and can be accompanied in late stages
with various complications, such as portal hypertension & variceal
bleeding, hepatic synthetic dysfunction, ascites, hepatic encephalo-
pathy, hepatocellular carcinoma. At this moment, there is no effective
treatment for cirrhosis, except for liver transplantation?3. However,
challenges, such as the complexity of surgical technique, immuno-
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suppression and the shortage of liver sources, hinder patients to eas-
ily benefit from liver transplantation®. During 1990-2017, cirrhosis-led
deaths increased from 0.89 million to 1.32 million globally (Figure 1).
Thus, there is dire unmet medical need for improved therapies to halt
progression of liver disease to liver cirrhosis.

[ Male (number of deaths) — Male (age-standardised death rate)

1000000+ [ Female (number of deaths) Female (age-standardised death rate)

I 1 [L ' 3
)
T

: T Binin NI
;? Goneoo—lﬁ m 1 lﬁ i é—'
;g 400000+ l i l l l l g
;K s g

Year

Figure 1. Numbers and age-standardized rates of cirrhosis-associated
deaths globally during 1990-2017. Cirrhosis-led deaths totally increased from
0.89 million to 1.32 million globally. (Taken from the Global Burden of Disease
Study 2017 Cirrhosis collabortors®)

1.3 Chronic cholestatic liver disease

Cholestasis is a pathological state in which bile-bound elimination
of toxins and other substances is disturbed, associated with an accu-
mulation of these substances in the liver and systemically. Choles-
tasis may occur acutely, e.g. due to biliary obstruction by gallstones,
or may occur chronically, in a diverse group of diseases summarized

as chronic cholestatic liver disease (CLD) ‘. CLD is a pathophysiolog-
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ically rather diverse group of liver diseases, encompassing a spec-
trum of inflammation and damage of large bile ducts, such as primary
sclerosing cholangitis (PSC), destruction of microscopically small bile
ducts, such as primary biliary cholangitis (PBC), and conditions with
defects in bile generation, such as the inborn cholestatic syndromes
progressive familial intrahepatic cholestasis (PFIC) (Figure 2). De-
spite the mostly slow progress of CLD with often merely mild hepatic
dysfunction, in lack of curative treatment option, it may progress to
liver fibrosis and cirrhosis, eventually necessitating for liver transplan-
tation®. Currently, general understanding of CLD epidemiology is lim-
ited. The most abundant of these diseases, PBC has a prevalence
and incidence of 35/100,000 and 2-3/100,000, respectively. In Ger-

many, roughly 30.000 patients are considered to be affected®.

Only in PBC has a pharmacological therapy successfully been es-
tablished. In all other CLD, effective, evidence-based pharmacologi-
cal treatment options are lacking. This explains the continuous unmet
need to better understand the pathophysiology behind CLD-induced

liver fibrosis and to exploration new therapy strategies.

Progressive familial /

intrahepatic cholestasis (PFIC)

—

Hepatocyte

<«—— Primary biliary cholangitis (PBC) — &

Bile ducts

Primary sclerosing cholangitis (PSC)

Ny

<« = Bilesalt transporter
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Figure 2. Different etiologies of cholestatic liver diseases impact different
structures in the biliary tree. (Left panel) PFIC is led by defects in bile salt
transporters; PBC is led by destruction of microscopically small bile ducts; PSC
is led by damage on large small ducts. (Right panel) Representative histology
stainings of PFIC, PBC and PSC (Taken from Gideon M. Hirschfield et al. and
Mohamed A. EI-Guindi et al. 191%)

1.3.1 Pathogenesis of liver cirrhosis in CLD

The pathogenesis of the various CLD is very intricate, involving -
among others - genetic variants, external and internal toxins, or aber-
rations in the immune system. During the long-term course of dis-
ease, all may ultimately progress to liver cirrhosis. Despite their vary-
ing pathogenetic pathways, however, CLDs share the systemic and
hepatic accumulation of bile salts'>'3, For example, PBC patients
were found a 20-fold increase of systemic bile salt levels in advanced

stages?.

Accumulating bile salts have been implicated in fibrogenesis in
CLD, a hypothesis that has been widely accepted since the
1970s*?1% and up to today, therefore, bile salt accumulation is con-
sidered as a driving force of fibrosis in CLD¢-1°, Mechanisms of fibro-
genesis in CLD is summarized in Figure 3. Mechanisms driving bile-
salt induced fibrogenesis may involve hepatocellular apoptosis and
injury!829-25 with uptake of apoptotic bodies or DNA derived from dying
hepatocytes by hepatic stellate cells (HSC) and subsequent activa-
tion?%-2%, However, these proposed mechanisms have mainly been
identified in vitro, have hardly been reproduced and have hardly been

translated into in vivo models.
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In addition, in currently widely used animal models of cholestasis,
such as multidrug resistance protein 2 knockout mice and bile duct
ligation, liver fibrosis may be induced independently of accumulating
bile salts, by biliary damage and inflammation . In the purely choles-
tatic mouse model of the bile salt export pump (BESP)-knockout,
however, bile salt accumulation failed to induce liver fibrosis in mice3.
Therefore, it has been doubted that accumulating bile salts in choles-
tasis truly lead to fibrosis 2. These contradictory findings might partly
be explained by different bile salt pools in humans and mice. Mice
present a highly hydrophilic bile salt pool, where muricholate (MC)
takes the most, while human bile salt pool is more hydrophobic, where
chenodeoxycholate (CDC) predominates!®. We have previously
demonstrated that the presence of glycol-conjugated CDC (GCDC) is
crucial for development of liver fibrosis in a in vivo model of hepato-
cellular cholestasis®*°, which was the first in vivo evidence for the con-
cept that hydrophobic bile salts accumulating in CLD promote liver

fibrosis.

In summary, the pro-fibrogenic mechanisms associated with bile

salt accumulation in CLD still remain incompletely characterized.
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Figure 3. Overview of fibrogenesis in cholestatic liver disease. Various sig-
naling pathways in different cell types are involved in cholestatic liver fibrosis.
Damaged hepatocytes secret chemokines and damage-associated molecular
pattern molecules (DAMPS) to activate cholangiocytes, HSCs and inflammatory
cells. Bile acid accumulation damages tight junctions and basal membrane of
bile ducts, resulting in cholangiocyte activation, inflammation and HSC prolifera-

tion and activation. Lasting chronic liver injury eventually leads to cirrhosis.

(Taken from Anna Bertolini et al. 33)
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1.3.2 Role of bile salt-induced activation of hepatic stellate cells
in fibrogenesis

Activated hepatic stellate cells (HSCs) represent the main source
of extracellular matrix deposition characterizing liver fibrosis. Their ac-
tivation in CLD has been attributed, in part, to pro-fibrotic signals such
as transforming growth factor beta (TGFf), apoptotic bodies or DNA
derived from damaged hepatocytes 262°, While these mechanisms
might elegantly explain fibrogenesis in CLD, respective data were
hardly been independently reproduced, and in vivo evidence for their

contribution to liver fibrosis in CLD remains scarce.

Direct activating, pro-fibrogenic effects of bile salts on HSCs have
been suggested in the past 3*3°. We, too, have recently described a
direct effect of CDC, the predominating bile salt accumulating in cho-
lestatic liver disease, to induce expansion and extracellular matrix
deposition of human and murine HSCs3%26, We could subsequently
show that bile salt-induced activation of HSCs was associated with
activation of Erk/MEK pathway and partly mediated by the phospho-
inositide 3-kinases catalytic subunit p110a3°3’. These results were in
line with previous reports of bile salt-induced activation of pro-prolif-

eratory signaling pathways in HSCs.

In our previous study, only unconjugated CDC but not glycol-con-
jugated CDC (GCDC), directly induced proliferation and collagen dep-
osition by HSCs3%37, This may give important hints towards the mech-
anism of HSCs activation by bile salts. While sodium taurocholate co-
transporting polypeptide (NTCP) is the major bile salt-uptake
transport in hepatocytes®, it is hardly expressed in dormant HSCs**
and its physiologic role in HSCs bile salt homeostasis has been ques-

tioned*°. Given its high hydrophobicity, CDC can passively cross cell
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membranes and enter living cells. As previously shown for cholangi-
ocytes, passive entry of bile salts depends on conjugation and the
resulting pKa value of bile acid as well as extracellular pH*42. Addi-
tionally, HSCs reside in a microenvironment of slightly acidic pH*3
(Figure 4), indicating that bile salts (passive) entry into HSCs may be
modulated by extracellular pH (pHe).

The cholestatic mouse model of the bile salt export pump (BESP)-
knockout showed that bile salt accumulation failed to induce liver fi-
brosis in mice3L. The distinct role of bile salt accumulation in human
and murine might be attributed to their different composition of bile
salt pool. In humans, chenodeoxycholate (CDC) takes majority and in
murine, beta-muricholate (B-MCA) is the biggest part'®. We demon-
strated the presence of glycol-conjugated CDC (GCDC) is crucial for
development of liver fibrosis in a in vivo model of hepatocellular cho-
lestasis®®, suggesting that humanized bile salt pool presents more
pro-fibrotic than murine bile salt pool in the development of cholestatic

liver fibrosis.
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Figure 4. The liver sinusoidal unit.

The liver sinusoid is a capillary formed by sinusoidal endothelial cells separating
an additional space from the portal blood stream within the liver. Hepatic stellate
cells, together with e.g. Kupffer cells, reside in this “space of Disse”. This com-
partment has a slightly more acidic pH compared to the main blood stream 3.

(modified from Kang YB et al.*4)
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2. Aims

In this project, to further elucidate mechanism of bile salt-induced
fibrogenesis and provide new therapeutic strategy, we aim to investi-

gate details as follow:

1) Explore the role of humanized bile salt pool in the development

of liver fibrosis
2) Explore the effect of pHe to bile salt-induced HSC activation

3) Explore the therapeutic effect of pHi modulation to cholestatic

liver fibrosis
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3. Material and methods

3.1 Cell culture

Human HSC line (LX2) was cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Sigma-Aldrich, Taufkirchen, Germany) containing
2% fetal bovine serum (FBS, PAN-Biotech, Aidenbach, Germany)
and 1% antibiotics (Sigma-Aldrich, Germany) as described previ-
ously®”#>-48_ This standard culture medium for LX2 cells, applied in a
standard CO, atmosphere of 5% was found to result in a pH of 7.6.
Cell medium at pH of 7.6-7.2 were made by proportionately mixing
regular DMEM and DMEM without sodium bicarbonate. Cells were
cultivated in a humidified atmosphere with 5% CO. and 21% O. at
37°C. LX2 cells were stimulated with TGF- (Peprotech, Germany),
CDC (Sigma-Aldrich, Taufkirchen, Germany), GCDC (Sigma-Aldrich,
Darmstadt, Germany), pantoprazole (PPZ), amiloride (Sigma Aldrich,
Italy), bafilomycin Al (Bafl A1, CST, Germany), sulfasalazine (Sigma-
Aldrich, Germany), myrcludex B (Sigma-Aldrich, Germany). LX2 were
stimulated with GCDC (100 puM), CDC (20 uM), PPZ (5 uM, 20 pM,
80 uM), amiloride (10 uM, 100 uM), bafilomycin A1 (1nM, 10nM), sul-
fasalazine (10 uM) and myrcludex B (50 nM).

3.2 Viability assay

1.0x10* to 2.0x10* cells were seeded in 96-well plates for overnight
incubation. Stimulation of LX2 with GCDC (100 uM), CDC (20 uM),
PPZ (5 uM, 20 uM, 80 uM), amiloride (10 uM, 100 uM) and Bafl Al
(InM, 10nM), for 24 h. Next, add 10 ul Cell proliferation Reagent
WST-1 assay (Roche, Mannheim, Germany) to each well and incu-
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bate cells for 2 h. Shake thoroughly for 1 min on a shaker. The ab-
sorbance of cells was measured at 450 nm and 690 nm wavelength
with the EASY READER SFplus (SLT-Labinstruments, Salzburg,

Austria).

3.3 pHi measurement in LX2

The pHi of LX2 was measured by using the cell-permeable probe 3'-
O-acetyl-2',7'-bis(carboxyethyl)-5,6-carboxyfuoresceinacetoxymeth-
ylester (BCECF-AM). 1.0x10% to 2.0x10* cells were cultured in a 96-
well plate at 37 °C for overnight incubation, and then co-treatment of
LX2 with GCDC (100 uM), CDC (20 uM), PPZ (5 uM, 20 uM, 80 uM),
amiloride (10 puM, 100 pM) and Bafl A1 (1nM, 10nM) for 24 h. After
that, cells were incubated with BCECF-AM for 30 min at 37 °C in full
humidity with 5% COZ2. Cells were washed twice with the HEPES
buffer, and 100 uL/well of HEPES buffer. pH calibration was made by
high K* solutions (140 mM) at different pH values (7.8, 7.4, 7.0, 6.6,
6.0), buffered with HEPES or MOPS and 10 uM Nigericin (Invitrogen,
USA). The fluorescence intensity was determined using a fluorescent
plate reader with an excitation wavelength of 450nm/490nm, and 535
nm emission wavelength (PerSeptive Biosystems, Framingham, MA,
USA).

3.4 Measurement of bile salt accumulation in LX2

The bile salt accumulation in LX2 was evaluated by fluorometric quan-
tification of Cholyl-Lysyl-Fluorescein (CLF), a bile salt analogue.
1.0x10% to 2.0x10* cells were cultured in a 96-well plate at 37 °C for
overnight incubation, and then co-treatment of LX2 with PPZ (5 uM,
20 uM, 80 pM), amiloride (10 uM, 100 uM), Bafl A1 (1nM, 10nM),
sulfasalazine (10 uM) and myrcludex B (50 nM) for 24 h. Next, cells
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were incubated with CLF (5 uM) at 37 °C for 30 min and washed twice
with HBSS. Fluorescence was measured with 100 pL/well of HEPES
buffer in a plate reader (Cyto Fluor 4000 PerSeptive Biosystems,
Framingham, MA, USA) at wavelength of excitation 485 nm and emis-

sion 530 nm.

3.5 DNA quantification assay

6,000-7,000 cells were cultured in a 96-well plate at 37 °C for over-
night incubation, and then co-treatment of LX2 with GCDC (100 uM),
CDC (20 uM), PPZ (5 uM, 20 uM, 80 uM), amiloride (10 uM, 100 pM)
and Bafl A1 (1nM, 10nM) for 24 h.

(1))Removed medium and added 100 pl 0.1% SDS to each well
and freezed cells in -18°C overnight.

(2)Prepared 10xTE solution: 1 ml 20xTE + 9 ml sterile water

(3)Made Picogreen assay by 1:200 of Picogreen:10xTE

(4)Added 100 pl Picogreen assay into 96-well plate which contains
0.1% SDS and shake for half hour.

(5)The total DNA amount in cells as a surrogate of cell number was
determined by the PicoGreen® dsDNA assay (Invitrogen, Carls-
bad, USA) with a CytoFluor Multi-Well Plate Reader Series
4000 (PerSeptive Biosystems, Framingham, MA, USA).

3.6 Reverse-transcription quantitative polymerase chain
reaction (RT-qPCR)

MRNA gene expression of ACTA2, TGFB1, PDGFB, LOX, COL1al,
TMIP1 and B-ACTIN were measured by RT-gPCR. Total RNA from
mouse liver tissue was isolated with TranszolUp reagent (TransGen
Biotech, China). Total purified RNA was amplified by PerfectStart
Green gPCR SuperMix (TransGen Biotech, China) and translated into
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cDNA by EasyScript® One-Step gDNA Removal and cDNA synthesis
SuperMix (TransGen Biotech, China). Quantitative PCR was per-
formed with CFX ConnectTM Real-Time System (Bio-Rad, USA). All
gPCR premiers used are listed in Table 1. mRNA Expression was
calculated according to AACT method with B-actin as the house-
keeping gene and normalized to the means of the controls.

Table 1. Primers Information for Reverse-Transcription Quantitative Polymerase

Chain Reaction Gene name.

Forward Reverse

ACTA2 GTTCAGTGGTGCCTCTGTCA ACTGGGACGACATGGAAAAG
TGFB1 CTTCAATACGTCAGACATTCGGG GTAACGCCAGGAATTGTTGCTA
PDGFB AAGTGTGAGACAATAGTGACCCC  CATGGGTGTGCTTAAACTTTCG
LOX GACCCCTACTACATCCAGGC AAGTCCGATGTCCCTTGGTT
Col1a1 TAAGGGTCCCCAATGGTGAGA GGGTCCCTCGACTCCTACAT
TMIP1 ACCACCTTATACCAGCGTTATGA GGTGTAGACGAACCGGATGTC
IL1B TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC
B-actin GTTCAGTGGTGCCTCTGTCA ACTGGGACGACATGGAAAAG

3.7 Western blotting

Proteins were loaded in equal amounts, separated by 10% SDS-
PAGE for 1 h at 150 V and transferred onto PVDF membrane (Merck-
Millipore, Darmstadt, Germany). Membranes were blocked in 1% ca-
sein (Carl Roth, Karlsruhe, Germany) for 30 min and incubated with
primary antibodies against a-smooth muscle actin (aSMA, CST, Ger-
many), collagen type | alpha | (collal, Abcam, USA) and GAPDH
(Sigma-Aldrich, Darmstadt, Germany) overnight at 4 -C followed by
incubation with secondary goat anti-mouse IgG-HRP (Bio-Rad, Feld-
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kirchen, Germany). Visualization was performed with Clarity™ West-
ern ECL Substrate (Bio-Rad, Feldkirchen, Germany), detected with
the ChemoCam (INTAS, Goéttingen, Germany)

3.8 Na'/H* activity measurement

Na+/H+ activity was determined as reported earlier *° by studying pHi
change upon removal and re-introduction of extracellular Na*: LX2
suspension was seeded with 24*24 mm glass cover slides in ¢35 mm
petri dish. Cells were divided into control and PPZ (2.5, 5, 10, 20, 40,
80 uM) treatment groups when the cell confluency reached 60%-80%.
After 4 h PPZ treatment, cells were washed twice with Na*-Hepes
buffer. Cells were incubated at 37 °C for 30 min in 1 mL Na*-Hepes
containing 5 yM BCECF-AM. Cells were washed again twice with
Na*-Hepes buffer. Glass slides were placed on the microscope stage
of Ratio Photometry and Imaging Systems (PTIl, USA) and continu-
ously perfused with Na*-free HEPES-buffered solutions by gravity (O-
3 min: Na*-free HEPES buffer; 3-8 min: Na*-containing HEPES buffer
with 10 uM Nigericin; 8-11 min: Na*-free HEPES buffer with 1% BSA,;
11-14 min: Na'-free HEPES-buffer; 14-20 min: Na*-containing
HEPES buffer). BCECF-AM module of PTI was applied to measure
pHi of cells with Na*-free HEPES buffer. The fluorescent dye was ex-
cited at 440 and 485 nm alternatively and recorded every 30 s. pHi
alteration of cells during 14-17 min was calculated to represent Na*/H*

exchanger activity.

3.9 Animals

All animal protocols were conducted following the animal welfare act
and Bavarian state regulations for animal experiment. Male C57BL/6J

mice (8 weeks of age) were maintained at 22°C with a 12-hour:12-
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hour light/dark cycle and had free access to normal chow diet and

water.

Carbon tetrachloride (CCls)-GCDC model: Mice were randomly al-
located into four groups: control diet, GCDC (0.1% w/w) diet, control
diet + CCls, GCDC (0.1% w/w) diet + CCls. Mice were fed a control
diet or a diet enriched GCDC (0.1% wi/w) for 6 weeks to humanize
their bile salt pool. For the last 4 weeks, mice were treated with CCls
(0.93 g/kg) 3 times per week. Mice were sacrificed after 6 weeks. Liver

tissue and plasma were collected.

Bile duct ligation (BDL)-GCDC model: Mice were randomly allo-
cated into four groups: control diet, GCDC (0.1% w/w) diet, control
diet + BDL, GCDC (0.1% w/w) diet + BDL. Mice were fed a control
diet or a diet enriched GCDC (0.1% wi/w) for 4 weeks to humanize
their bile salt pool. at the beginning of the third week, mice were
treated with BDL surgery. Mice were sacrificed after 4 weeks. Liver
tissue and plasma were collected. These experiments (permitted to
use) have been conducted at the Department of Gastroenterology,

Affiliated hospital of Zunyi Medical University, China.

BDL-PPZ model: Mice were randomly allocated into three groups:
the sham, BDL-sterile H.O, BDL-PPZ. The BDL protocol was per-
formed as previously described®®. 1 day after surgery, BDL mice were
injected i.p. by sterile H-O and 5 mg/Kg PPZ dissolved in sterile H20
twice per day for 14 d. Mice were sacrificed after 14 d. Liver tissue
and plasma were collected. These experiments (permitted to use)
have been conducted at the Department of Gastroenterology, Affili-
ated hospital of Zunyi Medical University, China.

3,5-Diethoxycarbonyl-1,4-Dihydrocollidine (DDC)-PPZ model: Mice
were randomly allocated into three groups: the control, 0.01% DDC-
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sterile H.O, DDC-PPZ. Mice were fed a control diet or a diet enriched
0.01% DDC. DDC-diet mice were injected i.p. by sterile H-O and 5
mg/Kg PPZ dissolved in sterile H20 twice per day for 4 weeks. Mice
were sacrificed after 4 weeks. Liver tissue and plasma were collected.
These experiments (permitted to use) have been conducted at the
Department of Gastroenterology, Affiliated hospital of Zunyi Medical

University, China.

3.10 Bile acid analysis

Concentrations of bile acids in serum were measured by LC-MS/MS.
The levels of total bile acids were the sum of all bile acids quantified
in samples. Tauro-w-muricholate (TwMC), Tauro-a-muricholate
(TaMC), Tauro-B-muricholate (TBMC), taurocholate (TC), taurodeox-
ycholate (TDC), taurochenodeoxycholate (TCDC), glycocholate
(GC), glycodeoxycholate (GDC), GCDC were measured to determine

humanized or murine bile salt pool.

3.11 Serum analysis

Serum aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and total bilirubin (TBIL) were measured by Beckman AU5800
Chemistry Analyzer using kits purchased from Beckman Coulter Inc.

(USA). Liver samples were fixed with 4% formaldehyde.

3.12 Liver histology

Liver samples were fixed with 4% formaldehyde. After embedding in
paraffin, 3 yM sections were stained with hematoxylin and eosin
(H&E) for liver damage measurement, Sirius red and Masson staining

for liver fibrosis measurement, according to standard protocols.
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H&E:

(1) Dewax and dehydration

(2)Staining: Hematoxylin for 5 min — water wash for 5 min — hy-
drochloric acid alcohol for 2-3 s — water wash for 10 min —
0.5% Eosin for 1 min — water wash for 5 min.

(3)Dehydration

Sirius red:

(1) Dewax and dehydration

(2)Prepare Sirius red staining solution at 2:1 of Sirius red solution
and Greenfixation solution. Staining for 60 min and then water
wash for 5 min.

(3)Dehydration

Masson trichrome:

(1) Dewax and dehydration

(2)Masson dye solution for 5 min — water wash for 5 min — phos-
phomolybdic acid for 5 min — dry slides — aniline blue for 5 min
— water wash for 5 min

(3)Dehydration

3.13 Immunohistochemistry

Paraffin-embedded sections (3 pM) of liver tissues were used for im-
munohistochemical staining. Anti-a-SMA polyclonal rabbit antibody
(Abcam UK) were applied as primary antibody. HRP-labeled polymer
anti-rabbit antibody (Boster, China) was applied as second antibody.

The specific staining was visualized by light microscopy.
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3.14 Statistical analysis

All in vitro experiments were repeated more than three times. For all
animal experiments, 5 or more than 5 samples were included in each
group. Statistical calculations were performed by using SPSS 25
(IBM, USA) or GraphPad Prism 7 (USA) using analysis of t-Test, anal-
ysis of variance (ANOVA) with appropriate post-hoc tests (Fisher’s
least significant difference (LSD) or Tukey’s). P-values lower than
0.05 were referred to as statistically significant. All data are presented

as mean * standard deviation.
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4. Results

4.1 GCDC feeding induces a humanized bile salt pool in BDL

and CCIl;s mouse models

A humanized bile salt pool by GCDC feeding independently in-
duced liver fibrosis in a model of hepatocellular cholestasis*. To fur-
ther explore the role of humanized bile salt pool in the development
of liver fibrosis, mouse models of general liver fibrosis (CCls) and ex-
trahepatic cholestasis (BDL) were analyzed. A humanized bile salt
pool was induced by feeding a GCDC-enriched diet vs. control.
While GCDC was hardly detected in healthy mice with control diet,
GCDC feeding led to a rise in GCDC plasma level (1.1%) (Figure
5A). GCDC plasma level increased from 0.03% in BDL mice with
control diet to 22.9% in BDL mice with GCDC supplementation (Fig-
ure 5A). For other human major bile salts, GCDC feeding led to a
rise in GC and GDC from 0.4% and 0.01% to 2.7% and 0.2% in BDL
mice, respectively. Furthermore, GCDC feeding decreased murine
major bile salts, including TwMC, TBMC, TC and TDC from 5.4%,
8.9%, 10.3% and 40.6% to 0.3%, 2.5%, 0.03% and 15.8% in healthy
mice, and from 1.4%, 46.6%, 12.6% and 0.2% to 0.4%, 32.1%, 9.1%
and 0.1% in BDL mice (Figure 5A), respectively. Importantly, results
showed no significant increases in total bile salts level between con-
trol diet mice and GCDC-enriched diet mice, with or without BDL
(Figure 5B). In total, these results indicate that GCDC feeding led to
a shift of bile salt composition towards a humanized bile salt pool,
without increasing total bile salt concentrations. In the CCls mouse
model, we also noticed a shift towards a humanized bile salt pool
with CDC-derivates, including CDC, GCDC and TCDC, increasing
from 1.2%, 0%, and 1.4 to 6.7%, 0.6% and 5.4% with GCDC feeding
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(Figure 6A), respectively. However, in this setting, GCDC feeding
also increased total levels of bile salts compared to mice with control

diet, with or without CCl4 injection (Figure 6B).
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Figure 5. GCDC feeding humanized the bile salt pool in the mouse model of
BDL.

wmol/L

C57BL/6 male mice aged 4-6 weeks were fed with control or GCDC diet (0.1%
w/w) for 4 weeks and were performed with or without BDL at the beginning of 3™
week. Bile salt compositions (A) and bile salts total concentrations were deter-
mined (B). (n=5-10; *, p <0.05; **, p <0.01, compared to control; #, p <0.05; ##, p
<0.01, compared to positive model; t-test, ANOVA, post-hoc LSD or Tukey)
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Figure 6. GCDC feeding humanized the bile salt pool in the mouse model of

CCla.
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C57BL/6 male mice aged 4-6 weeks were fed with control or GCDC diet (0.1%

w/w) for 6 weeks and were administered with or without CCls (0.93 g/kg), 3 times

a day, i.p., for the last 4 weeks. Bile salt compositions (A) and bile salts total
concentrations were determined (B). (n=5-10; *, p <0.05; **, p <0.01, compared
to control; #, p <0.05; ##, p <0.01, compared to positive model; t-test, ANOVA,

post-hoc LSD or Tukey)
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4.2 Humanized bile salt pool aggravates liver fibrosis in

mouse models of CLD

To explore the impact of bile salt composition on liver fibrosis in
mice, Masson staining and Sirius red staining were performed, quan-
tifying collagen deposition. In both models, GCDC feeding showed no
promotion for liver fibrosis development in control animals (i.e., no-
BDL, no-CCl4 controls).

Following BDL, GCDC supplementation significantly aggravated
liver fibrosis as evidenced by Masson and Sirius red staining (Figure
7A-B). This observation was confirmed by immunohistochemistry for
aSMA expression (Figure 7C). In serum biochemistry, AST and ALT
as markers for liver damage as well as total bilirubin as a marker of
advanced liver disease showed no changes between control diet mice
and GCDC-enriched diet mice, with or without BDL (Figure 7D-F).

In CCl4 treated mice, too, GCDC supplementation significantly ag-
gravated liver fibrosis as evidenced by Sirius red staining and liver
hydroxyproline measurement (Figure 8A-B). This observation was
confirmed further by Western blotting for aSMA expression (Figure
8E). In serum biochemistry, ALT as markers for liver damage as well
as total bilirubin as a marker of advanced liver disease showed no
changes between control diet mice and GCDC-enriched diet mice,
with or without CCl,4 (Figure 8C and D).

Collectively, GCDC feeding alone, in otherwise control-treated ani-
mals, did not lead to liver damage. Even when BDL or CCl4 treatment
were introduced, no effect on gross liver damage (ALT, AST) could
be observed. Liver fibrosis following BDL and CCl4, however, was
specifically promoted and more advanced in the presence of a hu-

manized bile salt pool.
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In summary, humanization of the bile salt pool following GCDC
feeding not only promotes liver fibrosis development in models of cho-

lestasis, but also in causes of liver fibrosis.
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Figure 7. GCDC feeding-induced human-like bile salt pool aggravated liver

fibrosis in a BDL mouse model.

C57BL/6 male mice aged 4-6 weeks were fed with control or GCDC diet (0.1%
w/w) for 4 weeks and were performed with or without BDL at the beginning of 3
week. Representative images for H&E, Masson staining, Sirius red staining and
IHC for aSMA are given in (A-C). Quantitative assessment (% of total area) is
given for Masson staining (A), Sirius red staining (B) and IHC for aSMA (C) is
presented. From serum biochemistry, levels of ALT (D), AST (E) and total bilirubin
(F) are given. (n=5-10; *, p <0.05; **, p <0.01, compared to control; #, p <0.05;
##, p <0.01, compared to positive model; t-test, ANOVA, post-hoc LSD or Tukey)
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Figure 8. GCDC feeding-induced human-like bile salt pool aggravated liver
fibrosis in a CCla mouse model.

C57BL/6 male mice aged 4-6 weeks were fed with control or GCDC diet (0.1%
w/w) for 6 weeks and were administered with or without CCls (0.93 g/kg), 3 times

a day, i.p., for the last 4 weeks. Representative images for Sirius red staining are
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given in (A). Quantitative assessment (% of total area) is given for Sirius red
staining (A) is presented. Liver hydroxyproline is determined (B). From serum
biochemistry, levels of total bilirubin (C) and ALT (D) are given. aSMA protein
expression was determined by Western Blotting and representative images for
aSMA protein are shown as well as quantitative analysis of aSMA normalized for
GAPDH (E). (n=5-10; *, p <0.05; **, p <0.01, compared to control; #, p <0.05; ##,
p <0.01, compared to positive model; t-test, ANOVA, post-hoc LSD or Tukey)

4.3 CDC, but not GCDC, induces activation of HSC in standard

cell culture conditions

We have previously shown that presence of GCDC, the predomi-
nant hydrophobic bile salt accumulating in chronic cholestatic liver
disease in humans, is a prerequisite for the development of liver fibro-
sis in models of hepatocellular cholestasis *°. As discussed above,
various (indirect) mechanisms have been proposed to explain fibro-
genesis in cholestasis, such as the release of apoptotic bodies from
dying hepatocytes. Here, we tested the ability of (G)CDC to directly
activate HSCs in vitro. While CDC in low micromolar concentrations
(20 — 50 uM), expectedly, induced aSMA expression in LX2 (Figure
9A), GCDC was unable to activate LX2 cells when applied in standard
culture medium in concentrations up to 500 uM (Figure 9B). In light of
the considerable cytotoxicity of GCDC at concentrations from 250 uM
(Figure 9C), we did not test stimulatory effects of higher doses. CDC,
at the stimulatory concentrations applied, did not induce relevant cy-
totoxicity (Figure 9D). Bile salt uptake, i.e., intracellular accumulation,
was tested by use of the bile salt analogue cholyl-lysyl-fluorescein
(CLF). We found that CLF after stimulation for 1 hour accumulated in

LX2 and intracellular fluorescence was dose dependent (Figure 9E).
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In brief, GCDC, unlike CDC, was unable to activate HSC at stand-
ard cell culture conditions. A hypothetical explanation for this differ-
ence is the lower pKa of GCDC compared to CDC, which comes with
a higher protonation rate and thus polarity of the molecule, with re-

duced ability for passive cell entry.

- aSMA
o
s & s\. %1.5
SO o
& Q W k) LN o
F&FP L& o
N U o) S 1.0
@
- 2
aSMA — . 205 D
L4
g
GAPDH | e a i a— — % 0.0 D
S
=-r T T T T
~
& éﬁa Q§ S'?& Q“?
& & v 9.8
9 SEo
&dFL
T aSMA
& P S 8
O
FR L SF E
N M £ 1.0
2
aSMA — N — — — b
205 [I
@
g
GAPDH — — . —— E 0.0
@
-1t T T T T
h Y
SIS
o‘»‘ A QQ ‘,Q h%
4 R
(C R SR <)
LS
[ U )
C WST-1 D WST-1 E Bile salt accumulation
- 15 — 15
a a
= =
> >
£ 10 . s 10
E - i
& ® .
i DI] i Ij
o =1
B B
[ [
= . = o0
—T— T T T —T— T T T
Y h Y
< & STSE &8
& & &S FalS S
[N @ o LS
QO 00 QO 00 00 Q("
00 00 @0 &) oY QO

Figure 9. GCDC, unlike CDC, is unable to activate LX2 cells in standard cul-
ture conditions.

LX2 cells were stimulated with CDC (A) or GCDC (B) for 24 hours at the concen-
trations indicated and aSMA expression was quantified by western blotting in re-

lation to GAPDH. TGFB was used as a positive control. (C, D) Cell viability was



4 Results 42

assessed using WST-1 assays after 24 hours of stimulation. (E) LX2 cells were
incubated with CLF at pHe 7.3 for 1 hour at the indicated concentrations and
intracellular fluorescence was quantified. (n=4-5; * p <0.05, ** p <0.01, compared
to control; # p <0.05, ## p <0.01, compared to (G)CDC groups; t-test, ANOVA,
post-hoc LSD or Tukey)

4.4 Activation of HSC by (G)CDC is crucially determined by

extracellular pH

In consequence of its lower pKa, GCDC compared to CDC requires
a more acidic pH for protonation. This would, theoretically, enable an
increase in passive cell entry. Considering the slightly acidic pH (pH
7.2 — 7.3) in the space of Disse, where dormant HSCs reside, this
might be physiologically relevant 3. To test this hypothesis, we took
a closer look at cell culture medium pH as part of the cellular micro-

environment.

Standard culture conditions for LX2 cells have repeatedly been re-
ported as follows: DMEM containing 2% FBS, cultivated in a humidi-
fied atmosphere with 5% CO, and 21% O, at 37°C 374548 After allow-
ing this standard culture medium (cell free) to adjust in the CO. at-
mosphere for 24 hours, pH was measured and a pH of 7.64 £ 0.1
(n=5) was found. Adjusting the bicarbonate buffer system in the cell
culture medium, pH-controlled medium of pH 7.6, 7.5, 7.4, 7.3 and
7.2 was applied for subsequent experiments. While pH modification
was overall well-tolerated, cell viability started to decline from pH 7.2
(Figure 10D).

While GCDC (100 uM) was unable to activate LX2 in a standard
culture condition, a 1.9+0.4-fold protein expression of aSMA was in-
duced at pH 7.3 (n=4, p<0.01, ANOVA, Tukey) (Figure 10A).
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Picogreen assay was performed to quantify DNA amount as a surro-
gate for cell proliferation. We found GCDC at 100 uM to induce LX2
proliferation at pHe 7.3, while no stimulation was documented at pH
7.6 (Figure 10B). According to our hypothesis, increased activation of
LX2 by GCDC at lower pH would be a result of increased bile salt
uptake or accumulation. To assess whether bile salt uptake in LX2 is
indeed influenced by pHe, we fluorometrically quantified intracellular
accumulation of the bile salt analogue CLF. As predicted, CLF accu-
mulation increased with stepwise reduction of pHe from 7.6 to 7.3
(Figure 10C). If the increase in bile salt-induced activation of LX2 at
lower pH was a general principle based on a pH-dependent increase
in bile salt uptake, the same effect should be detectable for CDC. We
therefore applied a lower dose of CDC (10 uM), which had earlier
been found to be unable to activate LX2 cells at standard culture con-
ditions, and tested its ability to activate LX2 at various pHe conditions.
As seen for GCDC, cells were increasingly activated with lowering
pHe. aSMA expression was increased 1.1+0.1, 1.3+0.2 and 1.5+0.3-
fold at pH 7.5, 7.4 and 7.3, respectively, compared to control (Figure
10E). CDC-induced cell proliferation, too, was dependent on pHe in
LX2 cells (Figure 10F).

The role of active bile salt uptake via specific transporters in HSC
is under debate 3°4°, To exclude transporter-mediated uptake in our
system, inhibitors of NTCP and organic anion transporting polypep-
tide (OATP) were applied, myrcludex B and sulfasalazine, respec-
tively 5152, We found that both inhibitors, sulfasalazine and myrcludex
B, neither altered bile salt, i.e., CLF accumulation nor CDC- or GCDC-
induced activation for LX2 (Figure 10G-I).

Taken together, these results suggest that extracellular pH, known

to be slightly acidic in the natural microenvironment of HSCs, crucially
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determines (passive) bile salt uptake and (G)CDC-induced activation

and proliferation of HSC.
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Figure 10. Extracellular pH determines intracellular bile salt accumulation
and bile salt-induced activation of LX2 cells.

LX2 cells were stimulated with GCDC (100 uM) for 24h in buffered culture me-
dium to test various pHe values (7.6 — 7.2). Subsequently, aSMA protein expres-
sion was determined by Western Blotting and representative images for aSMA
protein are shown as well as quantitative analysis of aSMA normalized for
GAPDH (A). Furthermore, DNA amount as a surrogate of proliferation was quan-
tified by Picogreen assays (B). LX2 cells were incubated in presence of CLF at
various pHe (7.6 — 7.2) for 1 hour and accumulation was determined fluorometri-
cally (C). Cell viability was assessed using WST-1 assays after 24 hours of stim-
ulation (D). LX2 cells were stimulated with CDC (10 uM) for 24h in buffered cul-
ture medium to test various pHe values (7.6 — 7.2). Subsequently, aSMA protein
expression was determined by Western Blotting and representative images for
aSMA protein are shown as well as quantitative analysis of aSMA normalized for
GAPDH (E). Furthermore, DNA amount as a surrogate of proliferation was quan-

tified by Picogreen assays (F). After 24 hours stimulation with sulfasalazine (10
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puM) and myrcludex B (50 nM), LX2 were incubated with CLF for 1 hour to deter-
mine bile salt accumulation. Amiloride was used as positive control, as will be-
come evident in Figure 5 (G). aSMA protein expression was determined by West-
ern Blotting and representative images are shown as well as quantitative analysis
of aSMA, normalized for GAPDH (H-I). (n=4-5; * p <0.05, ** p <0.01, compared
to control; # p <0.05, ## p <0.01, compared to (G)CDC groups; t-test, ANOVA,
post-hoc LSD or Tukey)

4.5 Inhibition of sodium-hydrogen exchanger in HSC leads to
intracellular acidification, prevents bile salt uptake and
(G)CDC-induced HSC activation

While extracellular pH cannot be pharmacologically addressed, the
transcellular pH gradient can be targeted by alteration of intracellular
pH. This might offer a pharmacological target to prevent pro-fibro-
genic signaling of bile salts. PPZ, the most widely used proton pump
inhibitor is known for inactivating H*/K*-ATPase in the gastric mucosa
but may also target alternative proton pumps. In HSC, NHE has pre-
viously been implicated in pHi regulation 3>, We measured NHE ac-
tivity in LX2 cells, and found it to be dose-dependently reduced fol-
lowing incubation with PPZ (Figure 11A). Subsequently, we deter-
mined pHi in LX2 following incubation with PPZ and again found a
dose-dependent decrease (5 uM — 80 uM) (Figure 11B). Next, to as-
sess whether PPZ can affect bile salt accumulation, CLF was used
and was observed to accumulate less as LX2 were pre-treated with
PPZ for 24 hours (Figure 11C). To determine whether PPZ can alter
pHiin LX2 also in the presence of bile salts, LX2 were simultaneously
stimulated with PPZ and GCDC for 24 hours. Following incubation
with GCDC, LX2 cells were found to have a higher pHi compared to
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control treated cells (Figure 11D). This was in line with previous re-
ports showing that activated HSCs had higher pHi in comparison to
dormant HSCs 3. Of note, also in presence of GCDC, PPZ reduced
pHi in a dose-dependent manner (Figure 11D). Decreased pHi and
bile salt uptake in presence of PPZ was associated with an ameliora-
tion of GCDC-induced activation of LX2 cells as indicated by a reduc-
tion in aSMA and collagen type | alpha | (collal) expression (Figure
11E). Furthermore, proliferation induced by GCDC was prevented by
PPZ in a dose-dependent manner, as suggested by Picogreen as-
says (Figure 11F). Importantly, WST-1 assays did not show evidence
of cell toxicity exerted by PPZ plus GCDC (Figure 11G). All effects of
PPZ on pHi, LX2 activation and proliferation could be reproduced
when CDC (20 uM) was applied instead of GCDC (Figure 12A-D).

In summary, we could show that inhibition of intracellular proton
pumps, i.e., the NHE in LX2 cells leads to a decrease in pHi, prevents
bile salt uptake and is associated with an inhibition of bile salt-induced

HSC activation.
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Figure 11. PPZinhibits Na*/H*exchangerto lower pHi and is associated with

protection against bile salt entry and GCDC-induced pro-fibrogenic activa-

tion in LX2.
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LX2 cells were pre-treated with PPZ (2.5-80 uM) for 24 h in buffered culture me-
dium at pHe 7.3. Subsequently, Na*/H* activity (A), pHi (B), and bile salt accumu-
lation (C) were determined. Furthermore, LX2 cells were simultaneously stimu-
lated with GCDC (100 uM) and PPZ (5-80 pM) for 24 h in buffered culture medium
at pHe 7.3. Subsequently, pHi was determined (D), as well as aSMA and collal
protein expression (E, representative blot and densitometric analysis), DNA
amount as a surrogate of proliferation (F) and cell viability, quantified by WST-1
assays (G). (n=4-6; * p <0.05, ** p <0.01, compared to control; # p <0.05, ## p
<0.01, compared to (G)CDC groups; t-test, ANOVA, post-hoc LSD or Tukey)
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Figure 12. CDC-induced activation of LX2 is ameliorated by PPZ, associated

with pHi alteration

LX2 cells were simultaneously stimulated with CDC (20 uM) and PPZ (5-80 uM)
for 24 h in buffered culture medium at pHe 7.3. Subsequently, pHi was deter-
mined (A). aSMA and collal protein expression was determined by Western
Blotting and representative images are shown as well as quantitative analysis of
aSMA and collal, normalized for GAPDH (B). Furthermore, DNA amount as a
surrogate of proliferation was quantified by Picogreen assays (C). Cell viability
was quantified by WST-1 assays (D). (n=4-5; * p <0.05, ** p <0.01, compared to
control; # p <0.05, ## p <0.01, compared to (G)CDC groups; t-test, ANOVA, post-
hoc LSD or Tukey)

4.6 (G)CDC-induced HSCs activation is ameliorated by proton
pump inhibitors targeting NHE and vacuolar(v)-H*-ATPase

Was the anti-fibrotic effect of PPZ attributable to pHi change or
could it be due to pleiotropic effects of PPZ? To further validate a
specific, pHi-mediated effect, an additional, established inhibitor of
NHE was used, amiloride. Since v-H*-ATPase has been established
as an additional potent pHi regulator in HSCs 8, its inhibitor bafilomy-
cin Al was additionally tested. We found that amiloride (10 uM, 100
KUM) and bafilomycin A1 (1nM, 10nM) were effective in lowering pHi
in LX2 in absence (Figure 13A) and presence (Figure 13B) of GCDC,
and inhibited bile salt accumulation in LX2 (Figure 13C). In conse-
quence, both amiloride and bafilomycin A1 ameliorated GCDC-in-
duced activation of LX2 as determined by aSMA and collal at protein
expression (Figure 13D) as well as proliferation as determined by
Picogreen assays (Figure 13E). WST-1 assays showed no toxicity of
the inhibitors used in presence of GCDC (Figure 13F). Identical ef-
fects were found when CDC was applied instead of GCDC (Figure
14A-D).
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To further clarify the role of potential pleiotropic, anti-fibrotic effects
of the inhibitors applied, as opposed to specific action via pHi-altera-
tion, the effects of PPZ, amiloride and bafilomycin A1 on TGF[-in-
duced LX2 activation were determined. Bafilomycin A1 ameliorated
LX2 activation also in this setting, hinting towards an additional plei-
otropic effect. However, we found that amiloride 10-100 uM did not
affect TGFB-induced LX2 activation (Figure 8G), suggesting an anti-
fibrotic effect specific to bile salt-induced HSC activation. PPZ ame-
liorated TGFB-induced activation to some extent, although with lower

efficacy compared to that seen in bile salt-induced LX2 activation.

Thus, pHi modification in LX2 by various proton pump inhibitors

prevented bile salt-induced HSCs activation and proliferation.
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Figure 13. Amiloride and bafilomycin Al alter pHi and inhibit GCDC-induced
activation of LX2.

LX2 cells were stimulated with amiloride (10-100 pM) or bafilomycin A1 (1-10 nM)
for 24h in buffered culture medium at pHe 7.3. Based on results from figures 2
and 3, PPZ (80 uM) was used as a positive control for pHi alteration. Subse-
guently, pHi values (A) and bile salt accumulation (B) were determined. Subse-
quently, experiments were repeated in presence of GCDC (100 uM) and pHi was
determined (C). aSMA and collal protein expression were determined by West-
ern Blotting and representative images are shown as well as quantitative analysis
of aSMA and collal, normalized for GAPDH (D). Furthermore, DNA amount as
a surrogate of proliferation was quantified by Picogreen assays (E). Cell viability
was quantified by WST-1 assays (F). In independent experiments, LX2 cells were
stimulated with TGFB (10 ng/ml) for 24 hours in presence or absence of PPZ (80
M), amiloride (10-100 puM) and bafilomycin Al (1-10 nM), respectively. aSMA
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protein expression was determined by Western Blotting and representative im-

ages are shown as well as quantitative analysis of aSMA, normalized for GAPDH

(G). (n=4-5; * p <0.05, ** p <0.01, compared to control; # p <0.05, ## p <0.01,
compared to (G)CDC groups or TGF; t-test, ANOVA, post-hoc LSD or Tukey)
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Figure 14. Amiloride and bafilomycin Al alter pHi and inhibit CDC-induced

activation of LX2.

LX2 cells were stimulated with amiloride (10-100 uM) or bafilomycin Al (1-10 nM)
for 24h in buffered culture medium at pHe 7.3. Experiments were performed in
presence of CDC (20 uM) and pHi was determined (A). aSMA and collal protein
expression were determined by Western Blotting and representative images are
shown as well as quantitative analysis of aSMA and collal, normalized for
GAPDH (B). Furthermore, DNA amount as a surrogate of proliferation was quan-
tified by Picogreen assays (C). Cell viability was quantified by WST-1 assays (D).
(n=4-5; * p <0.05, ** p <0.01, compared to control; # p <0.05, ## p <0.01, com-
pared to (G)CDC groups or TGF; t-test, ANOVA, post-hoc LSD or Tukey)

4.7 Pantoprazole prevents liver fibrosis in the DDC-diet model

of chronic cholestasis

Since proton pump inhibition in HSC prevented bile salt-induced
fibrogenesis in vitro, we aimed at translating our results into an in vivo
system. Among available proton pump inhibitors, PPZ is the clinically
best established. Therefore, to test its potential to prevent liver fibrosis
in cholestasis in vivo, PPZ was applied in the DDC-diet model. Eval-
uation of H&E stains showed minor tissue damage but significant in-
flammation in DDC-fed mice, which was unaltered upon PPZ admin-
istration (Figure 15A and B). Despite a lack in improvement of liver
inflammation, Sirius red as well as Masson staining detected a de-
crease in DDC-induced liver fibrosis following PPZ treatment (Figure
15A, C, D). This was confirmed by immunohistochemistry for aSMA
(Figure 15A, E). In serum biochemistry, ALT and AST as markers for
liver damage was well as alkaline phosphatase as a marker of cho-
lestasis were markedly increased in DDC-fed mice, as expected. No

improvement in these biochemical markers was observed when PPZ
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was applied (Figure 15F-H), indicating that the severity of primary
liver damage was not altered by PPZ. Total bilirubin, however, repre-
senting a serum marker of advanced liver disease, i.e., fibrosis, was
slightly but significantly improved upon PPZ administration (Figure
151). Furthermore, pro-fibrotic markers TIMP1 and PDGFB were sig-
nificantly downregulated by PPZ on mRNA level (Figure 15J, K).

Taken together, these in vivo data suggest that PPZ does not pre-
vent cholestasis, liver damage or liver inflammation in the DDC
mouse model of chronic cholestasis, but specifically ameliorates acti-

vation of pro-fibrogenic pathways and liver fibrosis.
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Figure 15. PPZ ameliorates DDC-induced cholestatic liver fibrosis in mice.

C57BL/6 male mice aged 4-6 weeks were fed with control or DDC diet (0.1%)
and were administered with H20 as control or PPZ at 5 mg/kg, twice a day, i.p.,

for 4 weeks. Representative images for general macroscopic appearance, H&E,
Masson staining, Sirius red staining and IHC for aSMA are given in (A). Liver
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inflammation was semi-quantitatively assessed (B) and quantitative assessment
(% of total area) is given for Masson staining (C), Sirius red staining (D) and IHC
for aSMA (E) is presented. From serum biochemistry, levels of ALT (F), AST (G),
alkaline phosphatase (H) and total bilirubin (I) are given. For rt-gPCR, mRNA
expressions of pro-fibrotic markers, TIMP1 (J) and PDGFB (K), are reported.
(n=5-7; *, p <0.05; **, p <0.01, compared to control; #, p <0.05; ##, p <0.01, com-
pared to DDC + H20; t-test, ANOVA, post-hoc LSD or Tukey)

4.8 Pantoprazole prevents liver fibrosis in the BDL model of

acute cholestasis

To further evaluate therapeutic effects of PPZ (5 mg/Kg) for cho-
lestatic liver fibrosis, we performed BDL for 2 weeks as a mouse
model for acute cholestasis. We found that BDL mice presented a
general pale and tough appearance of liver compared to the sham
group, but PPZ treatment improved liver general appearance for BDL
mice (Figure 16A). H&E staining showed a damaged liver structure in
BDL mice, while PPZ administration improved liver morphology com-
pared with BDL mice (Figure 16A and B). Moreover, Sirius red stain-
ing and Masson staining were performed to analyze liver fibrosis de-
gree in mice. This showed that severe liver fibrosis was developed in
BDL mice compared to the sham group, while PPZ treatment signifi-
cantly ameliorated liver fibrosis (Figure 16A, C and D). In immuno-
histochemistry, BDL mice demonstrated significant upregulation of
the fibrotic marker aSMA compared to the sham group, which was
also down-regulated significantly by PPZ (Figure 16A and E). Next,
serum biochemistry analysis showed that ALT and TBIL were signifi-
cantly increased in BDL mice compared to sham-treated animals but
were significantly reduced when PPZ was applied (Figure 16F and

H). To further verify the antifibrotic effect of PPZ for cholestatic liver
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fibrosis, we measured the mRNA expression of pro-fibrotic markers,
including aSMA (encoded by ACTA2), TGFB1l, PDGFB, LOX,
COL1al and TIMP1. Our results showed that PPZ significantly inhib-
ited the BDL-induced increases in the mRNA expression of these

markers (Figure 16I-N).

Taken together, these in vivo data suggest that PPZ improves liver
damage and liver inflammation in the BDL mouse model of acute cho-
lestasis and ameliorates activation of pro-fibrogenic pathways and

liver fibrosis.
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Figure 16. PPZ ameliorates BDL-induced cholestatic liver fibrosis in mice.

C57BL/6 male mice aged 4-6 weeks were performed with sham or BDL and were
administered with H20 as control or PPZ at 5 mg/kg, twice a day, i.p., for 2 weeks.
Representative images for general macroscopic appearance, H&E, Masson
staining, Sirius red staining and IHC for aSMA are given in (A). Liver inflammation
was semi-quantitatively assessed (B) and quantitative assessment (% of total
area) is given for Masson staining (C), Sirius red staining (D) and IHC for aSMA
(E) is presented. From serum biochemistry, levels of ALT (F), AST (G) and total
bilirubin (H) are given. For rt-gPCR, mRNA expressions of pro-fibrotic markers,
aSMA (1), col1a1 (J), PDGFB (K), TGFB1 (L), TIMP1 (M) and LOX (M), are re-
ported. (n=5-7; *, p <0.05; **, p <0.01, compared to control; #, p <0.05; ##, p
<0.01, compared to DDC + H20; t-test, ANOVA, post-hoc LSD or Tukey)
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5. Discussion

Accumulation of toxic bile salts in chronic cholestatic liver disease
is believed to drive liver fibrosis. However, underlying mechanisms for
bile salt-induced fibrogenesis remain incompletely characterized. In
this project, we aimed to further investigate into the role of bile salts

in cholestatic liver fibrosis and underlying mechanisms.

We have previously shown that a humanized bile salt pool induced
by GCDC feeding in a mouse model of hepatocellular cholestasis was
a prerequisite for the induction of liver fibrosis *°. Therefore, we further
explored profibrotic properties of a humanized bile salt pool in an-
other, independent mouse model of cholestasis (BDL) and in a model
of gross liver fibrosis without cholestasis (CCls mouse model). In our
experiments, a humanized bile salt pool resulting from GCDC feeding
could again be confirmed in our BDL (Figure 5) and CCls experiments
(Figure 6). Next, we found that GCDC feeding aggravated liver fibro-
sis in BDL mice (Figure 7). Furthermore, GCDC feeding demon-
strated no promotion to liver damage, liver inflammation and choles-
tasis as showed by serum biochemistry (Figure 7). These results in-
dicate that humanization of the bile salt pool by GCDC feeding spe-
cifically promotes fibrogenesis, without inducing additional liver dam-
age. Pro-fibrotic effects were also found following humanization of the
bile salt pool in CCls (Figure 8).

Which mechanisms might translate the humanized bile salt pool
into pro-fibrogenic signals? It has previously been reported that bile
salts might directly induce proliferation and extracellular matrix depo-
sition by HSC 3037, We had observed, however, that GCDC, the pre-
dominant bile salt accumulating in chronic cholestatic liver disease in
man, was less effective in activating HSCs compared to unconjugated

CDC. This led us to reconsider the microenvironment in which HSCs
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reside, the slightly acidic perisinusoidal space, as pH has been shown
to be an important co-factor for bile salt-induced signaling in cholan-

giocytes 41,

In the current study, we confirmed that GCDC, unlike CDC, was
unable to activate LX2 cells in standard culture conditions (Figure 9).
Subsequently, we could demonstrate that a slightly acidic extracellu-
lar pH (pH 7.3) was a prerequisite for GCDC-induced activation of
LX2 (Figure 10). Acidic pHe led to enhanced intracellular bile salt ac-
cumulation and GCDC-induced aSMA expression and proliferation.
Given the microenvironment of a slightly acidic pH in the perisinusoi-
dal space, this observation is of potential pathophysiologic relevance.
Since pHe in the portal blood stream can hardly be targeted thera-
peutically, we investigated into the effects of modifying intracellular
pH in HSC. PPZ as a model PPl was indeed able to lower intracellular
pH in LX2 cells and we could attribute this effect to inhibition of NHE
(Figure 11A). To the best of our knowledge, this is the first report to
show inhibition of NHE by PPZ in HSCs. Lower pHi in LX2 led to a
reduction in bile salt accumulation and inhibited bile salt-induced
aSMA- and collagenlal-expression as well as bile salt-induced pro-
liferation (Figure 11 and 12). These observations could be reproduced
when alternative PPIs were used, namely the NHE inhibitor amiloride
and the vacuolar-ATPase inhibitor bafilomycin Al (Figure 13-14).
Lastly, PPZ was tested in mouse models of chronic and acute choles-
tatic liver fibrosis. PPZ did not alter cholestasis, liver damage or in-
flammation in the DDC-mouse model but ameliorated liver fibrosis,
indicative of a specific antifibrotic effect of PPZ (Figure 15). Further-
more, PPZ significantly improved liver damage, inflammation and liver

fibrosis in the BDL-mouse model (Figure 16).
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Potentially (passive entry of bile salts) is a prerequisite for HSC ac-
tivation. Bile salts can enter cells in the form of protonated, aploar bile
acids, which is critically determined by pHe and bile acid pKa, the
latter being dependent on bile salt conjugation (pKa ~4.2 for GCDC
compared to ~4.5 for CDC). Our findings of pH-dependent bile salt
entry into HSC are in line with previous studies in cholangiocytes “*.
We furthermore showed that pharmacologically addressing pHi in
HSC may serve to prevent bile salt accumulation and HSC activation
in chronic cholestasis. How would lowering the pHi influence intracel-
lular bile salt accumulation? Upon passive entry of a protonated bile
acid into the cell, the acid would be deprotonated to the corresponding
bile salt due to the more alkaline pH present in the intracellular com-
partment. The bile salt, carrying an electronic charge, would then be
unable to passively exit the cell and would be ‘trapped’ intracellularly.

Over time, this would lead to accumulation of bile salts within the cells.

It is well established that bile salts as hydrophobic substances can
passively enter cells as bile acids, i.e., when being protonated and
apolar. In presence of an active bile salt uptake system, however,
passive entry would most likely be of minor relevance. NTCP as the
major bile salt uptake transporter in hepatocytes has been speculated
to be present in HSCs *°, but recent evidence suggests that its ex-
pression might not be associated with relevant bile salt uptake “°. To
further exclude a relevant contribution of active bile salt uptake to bile
salt-induced activation in LX2, we applied inhibitors for NTCP and
OATPs, myrcludex B and sulfasalazine, respectively. We found that
inhibition of both bile salt uptake transporters was without effect on
(G)CDC-induced LX2 activation, suggesting a predominant role for

passive bile acid entry in our system.
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Another means of LX2 activation, independent of passive bile acid
entry, would be activation of membrane receptors. The best charac-
terized bile acid receptor on HSCs, however, TGR5, is primarily ex-
pressed in activated HSCs, but not silent HSCs "8, Furthermore,
TGR5 has a very low affinity for (G)CDC >’. Thus, the role of TGR5

for (G)CDC-induced activation of dormant HSC seems negligible.

In the recent study, we found PPZ to lower intracellular pH in LX2
cells, likely by inhibition of NHE. This was associated with a decrease
in intracellular bile salt accumulation and subsequent activation of
LX2. PPIs are known however, to have effects beyond proton pump
inhibition, e.g., anti-inflammatory and anti-oxidative properties 5%,
Thus, some other, pleiotropic effects of PPZ may have caused the
observed effects on HSC activation other than alteration of pH-de-
pendent bile salt uptake. To exclude a solely anti-fibrotic class effect
of PPIs, we tested additional inhibitors, chemically different from PPZ.
With both the NHE inhibitor amiloride and the v-H*-ATPase inhibitor
bafilomycin Al, pHi was demonstrated to be lowered and for both in-
hibitors, this, too, was associated with reduced bile salt accumulation
and activation of LX2. This supports our view, that proton-pump-inhi-
bition prevents LX2 activation specifically by pHi-alteration and inhi-
bition of intracellular bile salt accumulation. Furthermore, we tested
the effect of PPZ, amiloride and bafilomycin A1 on TGFB-induced LX2
activation. While bafilomycin Al indeed was antifibrotic in this setting,
PPZ was less effective in lowering TGFB-induced LX2 activation than
in lowering bile salt-induced LX2 activation and amiloride was without
antifibrotic properties upon TGFB-stimulation. Thus, while we cannot
completely exclude additional, pleiotropic effects of PPZ and other
PPIs, part of their anti-fibrotic effects in our systems seem indeed to

be attributable to pHi lowering and prevention of bile salt entry.
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To translate our findings into an in vivo system, the DDC-diet and
BDL mouse models were applied. The dosage of PPZ applied in hu-
mans ranges from approximately 0.66 mg/kg body weight in long term
care (40 mg qd for a 60kg person) up to 4 mg/kg in acute upper Gl
bleeding (10 mg per hour for a 60kg person). Given the increased
metabolism in mice, translational mouse models are usually applied
with higher doses compared to humans. Thus, the 5 mg/kg body
weight applied here, are well within a standard therapeutic range. Our
report is the first one to indicate a therapeutic effect of PPZ on liver
fibrosis in mice. Noteworthy, in DDC-diet mouse model, PPZ had little
or no effect on the cholestatic phenotype, liver inflammation or liver
cell damage, but specifically prevented HSC expansion (as deter-
mined by IHC for aSMA) and liver fibrosis and in BDL mouse model,
PPZ not only significantly improved liver inflammation or liver cell, but
liver fibrosis degree. Our results are in line with a recent report by
Zhen-ning Lu et al, who demonstrated an anti-fibrotic effect of PPZ in
bile duct ligation rats . They attributed this finding to increased YAP
degradation, while our results suggest an additional mode of action
via pHi alteration in HSC. However, due to high dosage of PPZ used
in vitro (100-300 uM) and in vivo (150 mg/kg) %, these results need to
be interpreted with caution. In fact, these doses had previously been
associated with pro-fibrogenic rather than therapeutic effects, when
Assalin H.B et al. found that PPZ induced liver fibrosis in mice (150
mg/kg for 60 days) %2

In patients with liver cirrhosis, PPI intake has recently been associ-
ated with an increased probability of decompensation in a retrospec-
tive cohort 3. This possibly can be explained by an increased sensi-
bility towards infections in this highly susceptible cohort and does not

necessarily exclude beneficial effects on fibrogenesis, when PPI are
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applied in early stages of disease. Furthermore, our results suggest
that other pHi modulating agents for specific uptake by HSCs might
deserve further development, which might come without the in-

creased risk of infection which is associated with PPZ administration.

5.1 Conclusion

In conclusion, firstly, we provide further evidence that the bile salt
composition greatly impacts the development in chronic liver disease
both in cholestatic and non-cholestatic etiologies. Secondly, we have
shown that bile salts can directly activate HSCs to induce their prolif-
eration and collagen deposition. We furthermore could demonstrate
for the first time that pHe critically modulates bile salt-induced HSC
activation, highlighting the role of pHe as part of the microenvironment
of HSCs in the Space of Disse. Lastly, we could establish pHi modu-
lation by PPIs as a method to inhibit bile salt entry into HSC and bile
salt-induced HSC activation. At the last, we showed that pantoprazole

significantly ameliorates acute and chronic cholestatic liver fibrosis.

5.2 Outlook

Bile salt-induced HSC activation in cholestatic and other liver dis-
eases may depend on the slightly acidic pH known to be present in
the perisinusoidal space. To further solidify our observation, we are
currently transferring our experiments to additional in vitro models,
using alternative HSC cell lines as well as primary HSC. The current
data established a novel potential therapeutic strategy for targeting
liver fibrosis by modulating pHi in HSCs. This may be possible with
cell-type- targeted drugs in the near future and deserves further in

vitro and in vivo exploration.
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