A Biliary HCO; Umbrella Constitutes a Protective
Mechanism Against Bile Acid-Induced Injury
in Human Cholangiocytes
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Human cholangiocytes are continuously exposed to millimolar levels of hydrophobic bile
salt monomers. We recently hypothesized that an apical biliary HCO; umbrella might
prevent the protonation of biliary glycine-conjugated bile salts and uncontrolled cell entry
of the corresponding bile acids, and that defects in this biliary HCO3 umbrella might pre-
dispose to chronic cholangiopathies. Here, we tested iz vitro whether human cholangio-
cyte integrity in the presence of millimolar bile salt monomers is dependent on (1) pH, (2)
adequate expression of the key HCO; exporter, anion exchanger 2 (AE2), and (3) an intact
cholangiocyte glycocalyx. To address these questions, human immortalized cholangiocytes
and cholangiocarcinoma cells were exposed to chenodeoxycholate and its glycine/taurine
conjugates at different pH levels. Bile acid uptake was determined radiochemically. Cell vi-
ability and apoptosis were measured enzymatically. AE2 was knocked down by lentiviral
short hairpin RNA. A cholangiocyte glycocalyx was identified by electron microscopy, was
enzymatically desialylated, and sialylation was quantified by flow cytometry. We found
that bile acid uptake and toxicity in human immortalized cholangiocytes and cholangio-
carcinoma cell lines iz vitro were pH and AE2 dependent, with the highest rates at low pH
and when AE2 expression was defective. An apical glycocalyx was identified on cholangio-
cytes in vitro by electron microscopic techniques. Desialylation of this protective layer
increased cholangiocellular vulnerability in a pH-dependent manner. Conclusion: A biliary
HCOj umbrella protects human cholangiocytes against damage by bile acid monomers.
An intact glycocalyx and adequate AE2 expression are crucial in this process. Defects
of the biliary HCO; umbrella may lead to the development of chronic cholangiopathies.
(HerATOLOGY 2012555:173-183)

ydrophobic bile salts induce cytotoxicity in  phobic bile salts under physiologic conditions’ without
many cell types, including hepatocytes, al- signs of cytotoxicity. This remarkable resistance against
ready at low micromolar concentrations.'™ In  bile-salt—induced toxicity is incompletely understood.
striking contrast, human biliary epithelial cells are Formation of mixed micelles of bile salts with phos-
exposed to high millimolar concentrations of hydro- pholipids’ or “flushing” of bile by secretion of
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HCO;J -rich fluid>® were proposed as protective mech-
anisms, but are unable to sufficiently reduce the con-
centration of free hydrophobic bile salt monomers to
less than low millimolar levels in bile, as recently dis-
cussed in detail.”

Human biliary HCO3 secretion accounts for 25%-
40% of total bile flow and, by far, exceeds that of
rodents.® The physiologic role of the enormous differ-
ence in biliary HCOj secretion between humans and
rodents has remained obscure. We recently hypothe-
sized” that biliary HCOj secretion might constitute a
biliary HCO3; umbrella on the apical cholangiocyte
surface, a, so far, unrecognized protective mechanism
of cholangiocytes against bile-salt—induced toxicity.

Intracellular accumulation of hydrophobic bile salts
is a prerequisite for their cytotoxic effects.” Uncon-
trolled, carrier-independent membrane traffic and cell
invasion of bile salts is determined by their polarity
and degree of protonation.'” Glycine conjugates
account for the majority of bile salts in human bile,
have a pK, of ~4,"' and, at a physiologic pH of
~7.4, are partially protonated, apolar, and thus cell
permeable at micromolar amounts. Even small changes
in local biliary pH close to the apical membrane of
cholangiocytes will thus have a dramatic effect on gly-
cine-conjugated bile salt:bile acid ratio and, thereby, a
sensitivity of cholangiocytes toward glycine-conjugated
bile acids. In rodents, which have a more hydrophilic,
less toxic bile salt pool with mainly taurine conjugates’
(pK, of ~1-2),11 changes in biliary pH would have a
minor, negligible effect on bile salt protonation and
toxicity. pH dependency of carrier-independent cell
entry and toxicity of bile acids has been established in
gastric and esophageal mucosa cells.'*"*

Cholangiocyte apoptosis has been shown to drive
autoimmunity and inflammation in primary biliary
cirrhosis (PBC).'>'® By altering sensitivity toward bile
salt toxicity and increasing frequency of apoptotic
events in cholangiocytes, genetic and acquired defects
disrupting the biliary HCO; umbrella may be a com-
mon pathogenetic factor in various cholangiopathies.
Genetic variants of key modulators of the biliary
HCOj; umbrella’ have been associated with the mani-
festation or progression of chronic cholestasis, as dem-
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onstrated for anion exchanger 2 (AE2) in PBC,720

TGR5 in primary sclerosing cholangitis (PSC),*! or
cystic fibrosis transmembrane conductance regulator
(CFTR)*** in cystic-fibrosis—associated liver disease.
The exterior surface of the cell membrane of eukary-
otic cells carries a glycocalyx, consisting of various gly-
cosylated proteins, proteoglycans, glycosphingolipids,
and membrane-bound and soluble glycosaminogly-
cans.”* This “sugary” layer mediates cell-cell recogni-
tion, receptor-ligand interactions, and adds to the bar-
rier function of the plasma membrane, as best
characterized for the endothelial®
calyx.”*?® This juxtamembranous layer may locally
alter the pH near, but exterior, to the lipid bilayer. In
melanoma cells, the pH measured in the glycocalyx
was reported to be slightly higher than the pH of the
medium, and the absolute number of H* molecules
differed up to 40% between different domains of the
glycocalyx of a single cell.?” HCO; molecules are
effectively trapped in the bile-acid—resistant®® mucus
gel layer of the gastric mucosa, thus establishing a local
environment with a relatively high pH of ~6-7 at the
cell surface, whereas the bulk pH of gastric juice hov-
ers around 1-2.°'2% A similar function may be attrib-
uted to a glycocalyx of the biliary tree. However, an
apical glycocalyx on cholangiocytes has never been
described. This may, in part, be because of the com-
mon use of preparation and staining methods, which

do not allow the visualization of a glycocalyx when
)‘34

and intestinal glyco-

applying transmission electron microscopy (TEM
We hypothesize that cholangiocytes form an apical gly-
cocalyx layer, which stabilizes the alkaline pH microcli-
mate close to the apical membrane, thus contributing
to the biliary HCO; umbrella to prohibit apolar
hydrophobic bile acids from entering the cell.

It was the aim of the present study to test the hy-
pothesis on the human biliary HCO3 umbrella in chol-

angiocytes iz vitro by various experimental approaches.

Materials and Methods

Cell Culture. The human cholangiocarcinoma cell
lines, TFK-1 and EGI-1, were cultured in Roswell
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Park Memorial Institute (RPMI) 1640 medium
(Lonza, Basel, Switzerland) with 4 mM of glutamine
and 10% fetal calf serum (FCS) or Dulbecco’s mini-
mal essential medium (MEM) (Lonza) with 4 mM of
glutamine, 10% FCS, and MEM essential and nones-
sential amino acids (Gibco, Carlsbad, CA), respec-
tively. The immortalized nonmalignant human intrahe-
patic cholangiocyte cell line, H69,%° was cultured in a
DMEM/F12 (3:1)-based medium, enriched with 4 mM
of glutamine, 180 uM of adenin, 865 nM of insulin,
10 pug/L of epidermal growth factor, 5 mg/L of triio-
dothyronin, 1.1 uM of hydrocortisone, and 5 mg/L of
transferrin. All media contained 40 U/mL of penicil-
lin, 40 ug/mL of streptomycin, and 0.1 ug/mL of
amphotericin, and cells were kept at 37°C in a 5%
CO, atmosphere and passaged twice-weekly. Under
these culture conditions, H69 cells consistently formed
a monolayer with clear signs of polarization forming
microvilli, desmosomes, and tight junctions (Support-
ing Fig. 1).

Short Hairpin RNA-Mediated Knockdown of
AE2. Plasmids encoding for short hairpin RNA
(shRNA) against human SLC4A2 (AE2) or nontarget-
ing shRNA, and containing a puromycin resistance
gene, were obtained from the Sigma Mission shRNA
library (Sigma-Aldrich, St. Louis, MO), and recombi-
nant lentivirus was produced as previously described.*®
For lentiviral transduction, H69 cells were grown to
30%-40% confluence and incubated with virus-con-
taining supernatants/ DMEM (1:1) supplemented with
10 pg/mL of diethylaminoethyl-dextran for 4 hours.
Subsequently, medium was refreshed, cells were cul-
tured for 48 hours, and then selected for cells that
integrated the viral DNA by adding 10 ug/mL of pu-
romycin. After two passages, cells were further cultured
without puromycin and knockdown was confirmed by
real-time polymerase chain reaction.

Measurement of Bile Acid Uptake. Confluent
native or AE2 knockdown HG9 cells were washed
three times with Hank’s balanced salt solution (HBSS)
and incubated for 1 hour at 37°C in HBSS containing
100 mM of glycochenodeoxycholate (GCDC) and
“C.GCDC (1 uCi/mL) at indicated pH. Subse-
quently, cells were washed in HBSS containing 1% bo-
vine serum albumin (BSA) to wash away membrane-
bound bile acids and lysed in 0.2 M of NaOH/1% so-
dium dodecyl sulfate. Accumulated bile acids were
determined by liquid and
expressed as disintegrations per minute.

Induction of Cholangiotoxicity. Confluent native
TFK-1, EGI-1, and H69 cells and AE25P- or control-
transfected H69 cells were cultured in the presence of

scintillation  counting
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dimethyl sulfoxide (DMSO) (control), chenodeoxycho-
(CDC), GCDC, taurochenodeoxycholate
(TCDC), or etoposide at indicated concentrations for
4 (bile salts) or 18 hours (etoposide) at a pH of 8.0,
7.4, 7.1, 6.7, or 6.4 (20 mM of HEPES). To study
the role of intact glycocalyx, native confluent H69 cells
were washed twice with HBSS and incubated with
neuraminidase (1U/mL) or hyaluronidase (2,140 U/
mL) in serum-free H69 medium (pH 6.7) for 2.5
hours. Medium was replaced by full H69 medium at a
pH of 7.1 or 8.0 (20 mM of HEPES) containing bile
salts (CDC, GCDC, TCDC) or DMSO and incu-
bated for 18 hours. Subsequent to respective treat-
ments, apoptosis and viability were assessed as previ-
ously described.

Assessment of Cell Viability and Apoptosis. After
the induction of cholangiotoxicity, metabolic activity
was determined as a marker of cell viability by water-
soluble tetrazolium salt (WST)-1 assays (Roche, Basel,
Switzerland) and apoptosis was quantified by activity
assays for the effector caspase-3/-7 in ApoOne assays
(Promega, Madison, WI), following the manufacturer’s
instructions.

Determination of Intracellular pH. Confluent
native HG69 cells were washed 3 times with HBSS
(Lonza) and were subsequently incubated with 5 uM
of [2/,7'-bis(2-carboxyethyl1)-5,6-carboxy-fluorescein-
acetoxy-methyl ester] (Sigma-Aldrich) in HBSS for 30
minutes. Cells were washed and incubated with
DMSO (control), CDC, GCDC, or TCDC at indi-
cated concentrations in indicator-free HBSS buffered
with 20 mM of HEPES to different pH levels to cover
the range from pH 6.4-7.4, as was used for the bile
salt toxicity experiments for 1 hour at 37°C and
atmospheric CO,. For calibration, cells were incubated
in calibration medium (containing 105 mM of potas-
sium gluconate, 5 mM of magnesium chloride, 0.441
mM of potassium phosphate monobasic, 0.345 mM of
potassium phosphate dibasic, 50 mM of N-methyl-d-
glucamine, 10 mM of ethylene glycol tetraacetic acid,
446 mM of D-glucose, and 10 uM of nigericin;
Sigma-Aldrich; buffered with 20 mM of HEPES to
different pH levels to obtain a standard curve. pH lev-
els of all buffers were determined simultaneously dur-
ing the final measurement of fluorescence. Fluores-
cence intensity was measured after 1 hour of
incubation using a Novostar analyzer (BMG Labtech
GmbH, Offenburg, Germany) at excitation wave-
lengths of 490 and 440 nm and emission wavelength
of 530 nm. Intracellular pH was determined from the
ratio of fluorescence intensity obtained at excitation at
490 nm over excitation at 440 nm.>’

late
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Fig. 1. Cholangiocellular bile salt accumulation is pK, and pH dependent. (A) Applying pK, estimates from the Iiterature,11 pH-dependent
bile salt protonation was calculated by the Henderson-Hasselbalch equation (pK, values applied for calculation were 4.5, 4.2, and 2.0 for CDC,
GCDC, and TCDC, respectively). The figure illustrates the variability of unconjugated and glycine-conjugated bile salt protonation in a physiologic
pH range. Because of low pK,, taurine-conjugated bile salts stay virtually unprotonated, even at low pH. (B) Human H69 cholangiocytes were
incubated with **C-GCDC for 1 hour at different pH levels, and intracellular GCDC accumulation was determined via liquid scintillation counting

(n = 3; *P < 0.05 versus pH 7.4; Kruskal-Wallis).

Electron Microscopy of Cultured Cholangiocytes
and Liver Sections. Cultured cells were fixed in
McDowell fixative (4% paraformaldehyde, 1% glutar-
aldehyde, 0.1 M of cacodylate, and 4.4 mM of CaCl,;
pH 7.4), containing 0.2% ruthenium red (Sigma-
Aldrich), and counterstained with 1% OsO4 and
0.05% ruthenium red. Stained cells were embedded in
the epoxy resin, Epon, and analyzed on a Philips
EM420 transmission electron microscope (Philips,
Eindhoven, The Netherlands), equipped with an SIS
Megaview II camera (SIS, Miinster, Germany).

Assessment of Sialylation of Glycocalyx by Flow
Cytometry. To assess the efficiency of desialylation by
neuraminidase on the apical cell surface, cells were
quickly trypsinated after treatment with neuramini-
dase, as described above, and brought into suspension
in serum-containing RPMI medium. Cells were incu-
bated with 5 ug/mL of biotinylated SNA lectin (Sam-
bucus nigra bark agglutinin; Vector Laboratories, Bur-
lingame, CA) or control in TSM buffer (0.5% BSA,
20 mM of Tris-HCI, 150 mM of NaCl, 2 mM of
CaCly, and 2 mM of MgCl,; pH 7.4) for 30 minutes
at 37°C, followed by staining with an Alexa 488—con-
jugated streptavidin (Molecular Probes, Carlsbad, CA)
and analysis on a FACSCalibur (BD Biosciences,
Franklin Lakes, NJ).

Statistical Analysis. All results are expressed as
mean * standard deviation of three to eight independ-
ent experiments. Data were analyzed in GraphPad
Prism (GraphPad Software, San Diego, CA). Data
were not normally distributed, and the Mann-Whitney

or Kruskal-Wallis test were applied, as indicated and
appropriate. A level of P < 0.05 was considered statis-
tically significant.

Results

Bile Salt Entry Into Cholangiocytes Is Determined
by Their pK, and Extracellular pH. Bile salts medi-
ate their toxic, apoptotic effects via specific signaling
pathways, prominently from an intracellular platform.
Carrier-independent membrane permeability of bile
salts largely depends on their polarity, thus their proto-
nation. Protonation of bile salts, as calculated from the
Henderson-Hasselbach equation, is an exponential
function of pH (Fig. 1A). Because of their high pK,,
CDC and GCDC are protonated at considerable
amounts already in the physiologic pH range, whereas
TCDC remains deprotonated. By use of '“C-labeled
GCDC, we tested the concept of pH dependency of
bile salt uptake in biliary epithelial cells: *C-GCDC
uptake increased exponentially with decreasing pH
(Fig. 1B). Measured '*C-GCDC uptake strongly corre-
lated with values calculated from the Henderson-Has-
selbach equation (R?> = 0.996). Thus, bile salt diffu-
sion into human cholangiocytes is pH and pK,
dependent.

Bile-Salt-Induced Cholangiocyte Toxicity Is pH
Dependent. Viability of immortalized human cholan-
giocytes (HG69 cells) was hardly affected by exposure to
even millimolar concentrations of conjugated bile salts

at physiologic pH (pH 7.4) (Fig. 2A). Only
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Fig. 2. Bile-salt-induced toxicity in the human cholangiocyte cell line, H69, is pK, and pH dependent. (A) Cell viability and (B) induction of
apoptosis were determined by WST-1 and caspase-3/-7 activity assays, respectively, in H69 cells stimulated with the bile salts, CDC, GCDC, and
TCDC, or etoposide at indicated concentrations at a physiological pH of 7.4 for 4 hours (*P < 0.05 versus DMSO; Kruskal-Wallis; n = 5-6). (C)
Cell viability and (D) induction of apoptosis were determined at otherwise identical experimental conditions (A and B) when pH was lowered
from 7.4 to 7.1, 6.7, and 6.4 (*P < 0.05 versus pH 7.4; Kruskal-Wallis; n = 5-6). To test PI3K-dependent survival signaling after TCDC stimula-
tion, (E) cell viability and (F) induction of apoptosis were determined in the presence or absence of 100 nM of wortmannin during bile acid stim-
ulation at indicated concentrations for 4 hours at pH 6.7.

unconjugated CDC at a supraphysiologic concentra- 7.4, 100 uM of etoposide caused a 7.2 = 2.9-fold
tion of 750 uM reduced cell viability from 1.1 = 0.1 increase of caspase-3/-7 activity (P < 0.05 versus
to 0.6 = 0.2 (optical density) in WST-1 assays (P < DMSO; n = 6), but bile salts were without effect
0.05 versus DMSO; n = 5). Correspondingly, at pH  (Fig. 2B). These results demonstrate the resistance of
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Fig. 3. pH dependency of bile-salt-induced cholangiotoxicity was confirmed in cholangiocarcinoma cell lines. Cholangiocarcinoma cell lines
EGI-1 (A) and TFK-1 (B) cells were stimulated with CDC, GCDC, and TCDC at indicated concentrations for 4 hours at pH 7.4, 7.1, 6.7, and 6.4,
respectively. Cell viability was determined by WST-1 assays (*P < 0.05 versus pH 7.4; Kruskal-Wallis; n = 3-6).

cholangiocytes against bile salt toxicity at physiologic
pH. Viability of immortalized human cholangiocytes
was progressively reduced when extracellular pH was
lowered to 7.1, 6.7, or 6.4 during incubation with
CDC or GCDC, but not TCDC or vehicle (DMSO),
underlining pH and pK, dependency of bile salt toxic-
ity (Fig. 2C). Apoptosis was a key mechanism of pH-
dependent bile salt cytotoxicity in human cholangio-
cytes: Caspase-3/-7 activity as a readout of apoptosis
was enhanced by CDC and GCGC in a pH-depend-
ent way (Fig. 2D). This effect was virtually absent for
TCDC. Incubation of cells at indicated acidic pH
moderately affected intracellular pH, whereas incuba-
tion with bile salts had no effect (Supporting Fig. 2).
These data support the concept that bile salt cytotoxic-
ity in cholangiocytes is pH and pK, dependent and
depends on the protonation state and diffusion of
hydrophobic bile salts. TCDC has been described to
coactivate  phosphatidylinositol  3-kinase (PI3K)-de-
pendent survival pathways in hepatocytes.”® This mo-
lecular mechanism could be an alternative explanation
for reduced toxicity of TCDC, in comparison to CDC
and GCDC, in cholangiocytes. Therefore, the experi-
ments described above were repeated in the presence
or absence of wortmannin, a potent PI3K inhibitor.
They showed that even millimolar concentrations of
TCDC did not induce pH-dependent toxicity, despite
PI3K inhibition (Fig. 2E,F). For further confirmation,
experiments were repeated in two independent cholan-
giocarcinoma cell lines, EGI-1 and TFK-1. Using
WST-1 viability assays, these experiments confirmed
the pH dependency of bile-salt—induced cholangiotox-
icity (Fig. 3A,B). Together, these data show that

hydrophobic bile salts may damage human cholangio-
cytes in a pH- and pK,-dependent fashion.
Knockdown of AE2 Sensitizes H69 Cells Towards
Bile-Salt-Induced Apoptosis. We proposed that
HCOj -mediated alkalization of bile close to the apical
membrane is a protective mechanism of human chol-
angiocytes against bile salt toxicity.” A candidate trans-
porter for biliary apical HCO3 secretion in humans is
AE2."%%” We knocked down AE2 expression in H69
cells and tested their sensitivity to bile salt toxicity in
comparison to control-transduced cells. We achieved
an 80% knockdown of AE2. This resulted in markedly
increased intracellular bile salt accumulation under
physiologic conditions, indicating that AE2-mediated
HCO;3 secretion protects against uncontrolled bile salt
uptake in cholangiocytes (Fig. 4A). Accordingly, the
apoptotic effect of 500 uM of CDC, 750 uM of
CDC, and 2,000 uM of GCDC was enhanced 2.5 *+
1.0, 3.2 = 1.4, and 2.0 £ 0.9-fold, respectively, under
physiologic conditions (Fig. 4B: P < 0.05 versus con-
trol-transfected cells; n = 5-7). To test the hypothesis
that this increase in bile salt sensitivity correlates with
altered extracellular alkalization, we exposed AE2KD.
HG9 cells to bile salts at pH 8.0. Such treatment res-
cued AE2XP-HG9 cells from bile-salt—induced toxicity:
Apoptosis induced by 750 uM of CDC and 2,000
UM of GCDC was reduced 6.8 = 2.6 and 3.4 = 1.1-
fold, respectively (P < 0.05 versus pH 7.4; n = 5-7)
(Fig. 4C). In AE2*P_HG69 cells, sensitivity toward eto-
poside was increased 1.9 = 0.5-fold (7 < 0.05 versus
control cells; n = 4-5). Up-regulation of the apoptotic
pathway was expected because of the increase of intra-
cellular pH after the knockdown of AE2. However,
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etoposide-induced cell death was not sensitive to
increase in extracellular pH, indicating that the effects
observed on bile-salt-induced damage were bile salt
specific and independent of global up-regulation of ap-
optosis. Together, these data suggest that AE2 has a
crucial function in the protection of cholangiocytes
against bile-salt—induced cytotoxicity.
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Biliary Epithelial Cells Express an Apical Glycoca-
lyx. An apical glycocalyx has barrier function against
the extracellular milieu in various eukaryotic cells,
including intestinal cells. An apical glycocalyx has, so
far, not been described on bile duct epithelia. We
applied electron microscopic techniques known to vis-
ualize this layer, which is translucent in normal elec-
tron microscopic protocols. Using TEM, a ~20-30-
nm-thick glycocalyx layer was consistently identified
on the outer leaflet of the apical membrane of mono-
layers of cultured cholangiocytes. Bridging of glycoca-
lyx material between microvilli was observed, suggest-
ing that the intravillous space may be effectively
dominated by glycocalyx (Fig. 5A). In analogy with
the glycocalyx of the stomach mucosa, the biliary gly-
cocalyx is assumed to form a local environment with
chemical properties different from the bulk bile fluid.

Enzymatic Modification of the Glycocalyx Sensi-
tizes  Cholangiocytes Toward  Bile-Salt-Induced
Apoptosis. We tested whether the newly identified gly-
cocalyx on human cholangiocytes has a barrier func-
tion against toxic bile constituents. We treated mono-
layers of H69 cells with neuraminidase, an established
intervention for investigating the physiologic function
of the glycocalyx.“”*! Neuraminidase cleaves off nega-
tively charged sialic acids, the predominant terminal
residues on complex N-linked glycans and on many
O-linked glycans. Desialylation was confirmed by flow
cytometry for membrane binding of SNA lectin, a
plant sugar-binding protein specifically recognizing o2-
6 linked sialic acid. Flow cytometry showed a
decreased median fluorescence intensity for SNA lectin
binding in neuraminidase-treated cells, as compared to
sham-treated cells, confirming the effectiveness of en-
zymatic desialylation (Fig. 5B). After neuraminidase
treatment, cells were incubated with 500 uM of CDC
and 1,000 uM of GCDC or TCDC at pH 7.1, and
viability was assessed by WST-1 assays after 18 hours.

Neuraminidase treatment increased the susceptibility

Fig. 4. The human cholangiocyte cell line, H69, is sensitized to
increased bile salt load and bile-salt-induced cell death after AE2
knockdown and is rescued by alkalization of medium. The CI~/HCO3
exchanger, AE2, was knocked down via stable shRNA transduction. (A)
AE2 knockdown and control cells were incubated with **C-GCDC for 1
hour, and intracellular accumulation of GCDC was determined via lig-
uid scintillation counting (n = 4; *P < 0.05 versus control; Mann-
Whitney). (B) AE2 knockdown and sham-transduced cells were stimu-
lated with CDC, GCDC, TCDC, and etoposide, as indicated, for 4
hours, and induction of apoptosis was determined by caspase-3/-7
activity assays (*P < 0.05 versus control-transduced cells; Mann-
Whitney; n = 3-7). (C) Identical experiments were conducted after
increase of extracellular pH to 8.0 and were compared to the results
of (B) (#P < 0.05 versus pH 7.4; Kruskal-Wallis; n = 3-7).
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Fig. 5. Enzymatic desialylation of the glycocalyx turns H69 cells vulnerable to bile acid toxicity. (A) An apical glycocalyx is visualized by TEM
on the human cholangiocyte cell line, H69, after staining with ruthenium red (hash: microvillus; white asterisk: glycocalyx; black arrow head: cell
membrane lipid bilayer; bar: 200 nm). (B) Neuraminidase-mediated desialylation of the glycocalyx of H69 cells was assessed using an SNA lec-
tin-binding assay. SNA specifically binds «2-6 bound sialic acid (Sia) and was detected here by applying Alexa 488-conjugated avidin. Efficient
desialylation by neuraminidase was reflected by the strongly reduced median cell fluorescence (FL1-H), as determined by flow cytometry of neur-
aminidase-treated (dark gray) or sham-treated (light gray) cells. (C and D) H69 cells were pretreated with neuraminidase or carrier medium (con-
trol) for 2 hours for desialylation of the glycocalyx. Subsequently, cells were stimulated with CDC, GCDC, and TCDC, at indicated concentrations
for 18 hours at pH 7.1 (C) or pH 8.0 (D), and cell viability was determined by WST-1 assays (*P < 0.05 vs. control; Kruskal-Wallis; n = 4-8).

to CDC- and GCDC-induced toxicity, but not
TCDC-induced toxicity, and decreased H69 viability
by 66% * 5%, as compared to 29% * 11% for con-
trol upon exposure to CDC, and by 49% * 22% as
compared to 14% = 18% upon exposure to GCDC
(Fig. 5C). At pH 8.0, neuraminidase treatment hardly
altered CDC- and GCDC-induced toxicity, indicating
that desialylation sensitized cells to hydrophobic bile-
salt—induced toxicity (Fig. 5D). Neuraminidase treat-
ment alone did not significantly affect cell viability.
Moreover, treatment with hyaluronidase, an enzyme
specifically degrading hyaluronic acid in the glycocalyx
and used as a control, did not induce susceptibility to
bile-salt—induced toxicity (data not shown). These data
suggest that sialic acid residues in the apical glycocalyx
layer on cholangiocytes may contribute to stabilization
of the biliary HCO3 umbrella and to protection
against bile-salt—induced cell injury, possibly by stabili-

zation of the biliary HCO3 umbrella, but it may also
represent an independent mechanism.

Discussion

The present data provide the first experimental evi-
dence in vitro for the presence of a biliary HCO3 um-
brella,” which may protect human cholangiocytes (and
hepatocytes) against bile-acid—induced cytotoxicity.
Our data indicate that carrier-independent penetration
of bile salts/acids into cholangiocytes is dependent on
their protonation, thus pH dependent, as predicted
from their different pK, (Fig. 1). Accordingly, we dem-
onstrate that bile-salt—induced toxicity and apoptosis
in human cholangiocytes is determined by extracellular
pH, and that alkalization of bile close to the apical
membrane of cholangiocytes via secretion of HCO3
may be a key protective mechanism against bile salt
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toxicity (Figs. 2 and 3). Knockdown of the CI™/
HCOJ exchanger, AE2, by shRNA sensitized cholan-
giocytes toward bile acid toxicity, underlining a key
role of AE2 in biliary HCOjJ secretion of humans
(Fig. 4). By TEM, an apical glycocalyx was identified
on the human cholangiocyte cell line, H69 (Fig. 5).
Destabilization of this glycocalyx by enzymatic
desialylation sensitized cholangiocytes to bile acid tox-
icity (Fig. 5). Thus, the biliary HCO3 umbrella may
be a key protective mechanism against bile-acid—
induced injury of cholangiocytes, but, putatively, also
other cell types, such as hepatocytes, delimiting the
body against millimolar bile salt monomers in human
bile.

Our experimental findings delineate, for the first
time, why biliary HCO3 secretion in man by far
exceeds that in rodents®: Protonation of glycine-conju-
gated bile salts with a pK, >4,predominantly found in
the human bile salt pool,"" but not of taurine-conju-
gated bile salts with a pK, of 1-2, predominantly
found in the rodent bile salt pool,11 is sensitive to
changes in biliary pH near the physiologic range. Pro-
tonation led to diffusional penetration and subsequent
apoptotic cell death in the experimental setting used
by us. Thus, glycine-conugated, but not taurine-conju-
gated, bile salts may represent a potential threat for
human cholangiocytes when minor acidification of bil-
iary pH occurs because of genetic, endogenous, or ex-
ogenous factors.

Our hypothesis of a human biliary HCO3 um-
brella,” supported by the data provided here, may pro-
vide a unifying pathogenetic link between various
cholangiopathies. Genetic variants of the CI"/HCOj3
exchanger, AE2, which is regarded as a key HCO3
in humans, have been associated with
improved prognosis of PBC?; genetic variants of the
bile salt sensor, TGR5, which modulates biliary
HCOJ secretion, have been associated with PSC.>!
Alteration of the transmembrane Cl™ gradient, driving
HCO;J secretion, or altered flux of HCOj3 via a dys-
functional cystic fibrosis transmembrane conductance
regulator, CFTR, might be the basis for the develop-
ment of cystic-fibrosis—associated liver disease, which
may resemble sclerosing cholangitis.”> Tschemia-type
biliary lesions and nonanastomotic bile duct strictures
after liver transplantation with denervation in man®?
may be a consequence of disrupted vagal acetylcholine
signaling, a physiologic driving force of biliary HCO3
secretion. Thus, destabilization of the biliary HCO3
umbrella by genetic, endogenous, or exogenous factors
might predispose humans to various types of
cholangiopathies.

exporter
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Our data may have particular impact on the under-
standing of the pathogenesis and treatment of PBC."”
203943 Increasing evidence supports the view that
cholangiocyte apoptosis is a driving force in the patho-
genesis of PBC: It has long been demonstrated that
cholangiocyte apoptosis is associated with ductular
inflammation in PBC, but not PSC.44 Furthermore,
cholangiocytes of small bile ducts expose immunologi-
cally reactive PDC-E2 or PDC-E2-like protein during
apoptosis,'® which might explain, in part, the organ
specificity of the immune reaction in PBC. Most
recently, it has been demonstrated, iz vitro, that apo-
ptotic cholangiocytes, in the presence of anti-PDC-E2
antibodies, drive innate inflammatory response in
PBC."> Based on these observations, genetic  or
acquired dysfunction of protective mechanisms against
bile-salt—induced apoptosis, such as the biliary HCO3
umbrella, may play a key role in the pathogenesis of
PBC. Impaired expression of the CI"/HCO3
exchanger, AE2, and impaired HCOj secretion have
earlier been recognized as potential pathogenetic fac-
tors in PBC."7 %% Our data may provide a missing
pathophysiologic link in the pathogenesis of PBC,
which, in our view, is based on the interplay between
genetic, exogenous, and endogenous predisposing fac-
tors.'/29%?%> Future therapeutic approaches might,
therefore, aim to further strengthen the weakened bili-
ary HCO; umbrella in PBC.”

Advances have been made in understanding the
mechanisms and sites of action of ursodeoxycholic acid
(UDCA) in the therapy of chronic cholangiopa-
thies.*>*® Our data might emphasize its putative bene-
ficial action as a hepatocyte®*® and cholangiocyte®>°
HCO;J secretagogue, particularly for small intrahepatic
bile ductules affected in PBC. Our data may also
explain, in part, the superiority of norUDCA above
UDCA in the treatment of experimental cholangiop-
athy in Mdr2~'~ mice, a disease affecting also me-
dium- and large-sized ducts, such as PSC’": Exogenous
norUDCA has been shown to represent the strongest
biliary HCOj secretagogue, so far, tested in
humans.”

We report, for the first time, on the presence and
potential function of a biliary glycocalyx. We consis-
tently detected a 20-30-nm-thick glycocalyx layer on
the outer leaf of the apical membrane of cholangio-
cytes. In the experimental setup chosen, the intact gly-
cocalyx clearly contributed to the protection of cholan-
giocytes against pH-dependent bile salt toxicity (Fig.
5). The results support our previous speculation that a
cholangiocyte glycocalyx layer may stabilize the alka-
line pH microclimate close to the apical membrane, as
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earlier described for melanoma cells,?® thus contribut-
ing to the biliary HCO3 umbrella to prohibit apolar
hydrophobic bile acids from entering the cell.”

A glycocalyx influences the permeation of charged
proteins over the endothelial wall.”®>* The striking
effect of desialylation of the glycocalyx by neuramini-
dase treatment on pH-dependent cholangiocyte toxic-
ity induced by CDC and GCDC, but not TCDC,
supports the idea that polar, negatively charged bile
salts are prohibited from entering cholangiocytes and
from inducing cell death. We assume that this protec-
tive effect of the intact glycocalyx is the result of local
stabilization of the biliary HCOj umbrella, enabling
the deprotonation of bile acids to bile salts in the close
vicinity to the membrane. In this context, the potential
role of membrane-bound and secretory mucins, partic-
ularly in medium- and large-sized ducts, for stabiliza-
tion of the biliary HCO; umbrella deserves attention,
considering that HCOZ molecules are effectively
trapped in the bile-acid—resistant mucus gel layer of
the gastric mucosa.>® In addition, the recent identifica-
tion of fucosyltransferase 2, an enzyme involved in the
maintenance of the glycocalyx, as a susceptibility gene
for PSC,” deserves further investigation and is a sub-
ject of our future experimental efforts.

In conclusion, our actual data support our hypothe-
sis on the presence of a biliary HCOj3 umbrella,”
which protects human cholangiocytes (and hepato-
cytes) against bile-acid—induced cytotoxicity. These
data may have major implications for future pathoge-
netic and therapeutic considerations related to a variety
of chronic cholangiopathies.
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