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Abstract
Carbonic anhydrase XIV (Car14) is highly expressed in the hepatocyte, with predominance in the canalicular membrane 
and its active site in the extracellular milieu. The aim of this study is to determine the physiological relevance of Car14 for 
biliary fluid and acid/base output, as well as its role in the maintenance of hepatocellular and cholangiocyte integrity. The 
common bile duct of anesthetized car14−/− and car14+/+ mice was cannulated and hepatic HCO3

− output was measured by 
microtitration and bile flow gravimetrically before and during stimulation with intravenously applied tauroursodeoxycholic 
acid (TUDCA). Morphological alterations and hepatic damage were assessed histologically and immunohistochemically in 
liver tissue from 3- to 52-week-old car14−/− and car14+/+ mice, and gene and/or protein expression was measured for pro-
inflammatory cytokines, fibrosis, and cholangiocyte markers. Biliary basal and more so TUDCA-stimulated HCO3

− output 
were significantly reduced in car14−/− mice of all age groups, whereas bile flow and hepatic and ductular morphology were 
normal at young age. Car14−/− mice developed fibrotic and proliferative changes in the small bile ducts at advanced age, 
which was accompanied by a reduction in bile flow, and an upregulation of hepatic cytokeratin 19 mRNA and protein expres-
sion. Membrane-bound Car14 is essential for biliary HCO3

− output, and its loss results in gradual development of small bile 
duct disease and hepatic fibrosis. Bile flow is not compromised in young adulthood, suggesting that Car14-deficient mice 
may be a model to study the protective role of biliary canalicular HCO3

− against luminal noxi to the cholangiocyte.

Keywords  Biliary bicarbonate umbrella · Bile acids · Bicarbonate · Liver · Acid–base balance · Carbonic anhydrases · 
Electrolyte transport · Sclerosing cholangitis

Introduction

Carbonic anhydrases (CAs) are a family of func-
tionally related proteins that catalyze the reaction 
H+  + HCO3

−  ↔ CO2 + H2O, albeit with highly variable 
enzymatic activity. The mammalian organism expresses 11 
enzymatically active α-CAs, some of which are ubiquitous 
but with strongly variable expression levels, while others are 
highly organ- or cell-type-specific [29, 37, 39]. The localiza-
tion is either cytoplasmic, organellar, or membrane-bound, 
and different types of membrane association have been 
described. Both cytoplasmic and membrane-bound CAs 
are important for the supply of protons or base to acid/base 
transporters, and may increase their transport rates several 
fold if existing in a “HCO3

− transport metabolon” with the 
respective transporter [34]. In addition, membrane-bound 
carbonic anhydrases may help to dissipate proton gradients 
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at the intra- as well as extracellular membrane and thus 
improve buffering both in the intra- and extracellular space 
[7]. Lastly, a mere increase in the pool of available protons/
base moieties may also increase the transport rate of acid/
base transporters[10, 36].

Carbonic anhydrase XIV (CAXIV, Car14) is one of the 
most recently identified CA with predominant expression in 
the brain, kidney, liver, skeletal muscle, heart, and lung [19]. 
Full-length Car14 is a transmembrane protein composed of 
an extracellular catalytic domain, a single transmembrane 
helix, and a short intracellular polypeptide segment [1, 52]. 
Car14 is expressed in the hepatocyte with canalicular mem-
brane predominance, but also with basolateral localization, 
supposedly with its active site in the extracellular milieu 
[38, 52]. Its role for hepatocyte function has not been stud-
ied. However, a 4-week application of the dual farnesoid 
receptor agonist INT-767 was tested in the mdr2−/− mouse 
model, in which the absence of the canalicular phospholipid 
flippase MDR2 (MDR3 in humans) results in a decrease in 
mixed micelles and an increase of monomeric bile acid, fol-
lowed by bile acid–mediated hepatic injury [18, 19, 52]. The 
treatment was associated with both a decrease in bile acid 
synthesis, an increase in HCO3

− rich choleresis, an increase 
in Car14 expression, and significant hepatoprotection [6]. 
These interesting data suggest that the function of Car14 in 
hepatobiliary acid/base balance and hepatoprotection war-
rants further study.

Early studies of hepatic acid/base transport and bile 
secretion have employed isolated liver perfusion [30, 42], 
isolation of canalicular membrane vesicles [35], and the 
isolation of hepatocyte couplets (in which a distinct baso-
lateral and canalicular membrane is preserved) to investigate 
the expression and importance of acid/base transporters in 
hepatocyte homeostasis and their involvement in bile forma-
tion [22, 48]. Since then, a multitude of transport proteins 
for a large variety of organic anions and cations have been 
identified in the canalicular membrane, some of them cou-
pled to the transport of protons, in addition to Na+/H+ and 
Cl−/HCO3

− exchange proteins [11, 12] suggesting that a can-
alicular membrane–bound carbonic anhydrase may enhance 
proton gradient dissipation, CO2 recycling, and base flux by 
functionally interacting not only with Cl−/HCO3

− exchang-
ers but also with an organic anion transporters [7, 18]. 
Basolateral acid extruders like Na+/H+ exchangers and 
base uptake mechanisms like Na+/HCO3

− cotransporters 
have also been described in hepatocytes [32] and function-
ally linked to bile acid–dependent bile flow and hepatic 
HCO3

− output [3, 30, 42]. Car14 expression is also evident 
in the hepatocyte sinusoidal membrane [38], and may play 
a role in providing HCO3

− and removing extruded protons 
from the extracellular leaflet, thus aid in the maintenance 
of an alkaline intracellular pHi, a requirement of biliary 
HCO3

− output.

We therefore investigated basal and tauroursodeoxycholic 
acid (TUDCA)–stimulated biliary fluid and HCO3

− secre-
tion in anesthetized car14−/− mice and car14+/+ littermates 
at different age. We also studied liver histology and meas-
ured protein and/or gene expression for pro-inflammatory 
cytokines and pro-fibrotic and proliferative markers in the 
livers of mice from 3 to 52 weeks/age.

Materials and methods

Animals

All mice were bred on the C57BL/6 background in the 
animal facility of Hannover Medical School (MHH). Mice 
were maintained with controlled light/dark cycles and free 
access to water and food. All experiments were approved by 
the Local Institutional Animal Care and Research Advisory 
Committee at the Hannover Medical School and author-
ized by the Niedersächsisches Landesamt für Verbrauch-
erschutz und Lebensmittelsicherheit (LAVES) (TVA Nr. 
33–12-42,502–04-15–1847). The experimental procedures 
performed and the type of anesthesia used were according to 
university and national guidelines and are explained below. 
The car14−/− (B6.129S1-Car14tm1sly) mice were originally 
created in the group of William Sly in the Edward A. Doisy 
Department of Biochemistry and Molecular Biology [45] 
and provided by Prof. Gerolf Gros, Institute of Physiol-
ogy, MHH. For the experimental groups, similar number of 
female and male mice were used.

Reagents

TUDCA (Tauroursodeoxycholic acid) (Calbiochem/Merck-
Biosciences), Mayer’s hematoxylin, Eosin Y solution, Picric 
acid, Direct Red 80, 30% H2O2, EDTA (Sigma-Aldrich), 
Xylene (J.T. Baker GmbH), Permount, Fast Green FCF 
(Thermo Fisher GmbH), Goat Serum (Vector Laboratories), 
anti-CK19 antibody (DSBH of Iowa University), AEC (red) 
substrate Kit, phosphate-buffered saline, goat anti-mouse 
IgG (Life Technologies GmbH). All other chemicals were 
obtained from Applichem GmbH, Germany, unless men-
tioned otherwise.

In vivo biliary secretion experiments

Mice were anesthetized by isoflurane (Forene; Abbott Ger-
many, Wiesbaden, Germany) under spontaneously breath-
ing. After induction of anesthesia, the mice received tracheal 
intubation, and mechanical ventilation was initiated with 
an anesthesia unit which was constituted of an isoflurane 
pump (Univentor 1250 Anaesthesia Unit; AgnTho, Lidingö, 
Sweden) and a ventilator (MiniVent Type 845; Hugo Sachs 
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Electronik, March-Hugstetten, Germany). After anesthesia, 
the mice received 50 mg/kg metamizol in 50 µl H2O. The 
isoflurane pump supplied mixed narcotic gas (mixture of 
∼10–15% oxygen, ∼85–90% air, and 2.0 ± 0.2% isoflurane) 
to the ventilator. Mice were ventilated mechanically at a 
rate of 120–160/min with a tidal volume of 6–8 ml/kg body 
weight and kept on a rectal thermistor-controlled heating 
pad, to maintain the core body temperature between 37 and 
38 °C, for the duration of the surgery and the experiment. 
A catheter was then placed into the left carotid artery and 
was connected with a blood pressure transducer operating 
with PowerLab system (AD Instruments, Hastings, UK), 
for a continuous monitoring of blood pressure and continu-
ous injection. An alkaline solution was infused into carotid 
artery at a rate of 0.1 ml/h to correct the systemic acid–base 
balance as following composition: 200 mM Na+, 100 mM 
CO3

2−, 5 mM K+, and 5 mM Cl−. The left jugular vein was 
also intubated for infusion of TUDCA dissolved in PBS at 
the rate of 0.2 ml/h PBS and 600 nmol/min TUDCA [14, 
40]. The mouse was placed under the operating microscope 
(Wild M3Z, Wetzlar, Germany), and the abdomen was 
opened with a short (2–3 cm) mid-ventral celiotomy and 
the neck of the gallbladder was ligated with a suture. The 
common bile duct was then cannulated with a polyethylene 
tubing made very thin at the tip over a flame, for continuous 
collection of bile. Finally, the abdominal cavity was closed 
with a continuous suturing and the animal was allowed to 
rest for ∼ 20 min, before the start of the experiment. Baseline 
values were collected for 40 min, after which the mice were 
infused with TUDCA via carotid vein for another 60 min. 
Mice were killed by cervical dislocation at the end of the 
collection period. Livers were excised, weighed, dissected, 
and processed for histology and laboratory examinations.

During the experiment, blood pressure was continuously 
monitored and if too low, either the isoflurane concentra-
tion was adjusted, or the infusion speed of a Ringer electro-
lyte solution via the vein was increased, or both. Sequen-
tial blood samples were taken for blood gas analysis and 
adjustments were made by increasing the infusion speed, 
or by giving a solution with less NaCO2 (rarely necessary). 
The sample for blood gas was taken from the carotid artery 
into a heparinized glass capillary (Clinitubes, Radiometer, 
Copenhagen, Denmark) during the experiment if necessary. 
The blood sample was analyzed in a Radiometer blood gas 
analyzer (ABL-5 Blood Gas Analyzer, Radiometer, Copen-
hagen, Denmark) immediately before coagulation.

Measurement of biliary bicarbonate secretion

The rate of luminal alkalinization was determined via back 
titration of the bile sample to pH 4.5 with 5 mM HCl under 
continuous N2 gassing using pH–stat equipment (PHM82 
Standard pH meter, Radiometer, Copenhagen, Denmark) 

[46, 47]. The pH electrode was routinely calibrated with 
standard buffers before the initiation of the titration. The 
amount of titrated HCl was considered equivalent to the bil-
iary bicarbonate secretion. The rates of bile alkalinization 
are expressed as micromoles of the base secreted per hour 
(µmol/h).

Measurement of bile flow

Bile flow was measured gravimetrically. Bile juice was col-
lected in a pre-weighed plastic tube and was weighed again, 
immediately after the end of the collection period. The dif-
ference in measured weight was considered the bile flow 
for that collection period. All volume measurements were 
calculated from weight, with the density of normal saline 
set arbitrarily to 1.0. The rates of bile flow are expressed as 
microliter of the base secreted per hour (µl/h).

We also evaluated the effect of i.v. secretin (17 nmol/kg 
porcine secretin as bolus injection into the vein) stimula-
tion on bile flow and biliary HCO3

− secretion, which stimu-
lates via exclusively on cholangiocytes expressed secretin 
receptors [26], both in young and in adult mice. While some 
stimulation of bile flow and HCO3

− output was observed 
after i.v secretin stimulation, the degree of stimulation over 
baseline was low (Jiajie Qian and Taolang Li, unpublished, 
2014). This was in contrast to a strong stimulation of pan-
creatic ductal bicarbonate output, demonstrating that the 
secretin was biologically active and that the dose was suf-
ficient [31]. Therefore, we did not consider it possible to 
study a selective effect of Car14 deletion on cholangiocyte-
mediated HCO3

− output, and the major contribution of the 
TUDCA-stimulation HCO3

− output will originate from the 
hepatocytes.

Liver tissue work‑up

We followed the guidelines for standardized work-up 
for mouse models of the International PSC Study Group 
(IPSCSG) [17]. Liver tissue was collected immediately after 
the carotid dissection, at the conclusion of the experiment. It 
was flushed in 1X PBS solution, weighed, and was separated 
into different sections, for different analyses. The whole sep-
arating process was done in 1X PBS solution. For mRNA 
expression analysis, we used the whole lobe 3, and for West-
ern analysis, we used the whole lobe 1, or 1 + 4, to avoid bias 
by purposely selecting the peripheral liver sections, which 
show stronger histological alterations, despite the fact that 
this may underestimate the inflammatory, fibrotic, and pro-
liferative changes at the mRNA and protein expression level.

For routine histological stains, tissue was drop-fixed in 
5% paraformaldehyde (PFA) for 24 h. The excess PFA was 
removed with PBS rinse; and the sample was put in 1X 
PBS at least 12 h after paraffin infiltration; the tissue was 
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embedded into paraffin blocks which were cut into 2 µm 
sections.

Histological and immunohistochemical analyses

H&E staining and Sirius Red staining were performed 
according to the suggestions of the manufacturer’s instruc-
tions (Sigma-Aldrich, USA). The CK19 immunohistochemi-
cal analysis was performed as described for Ki67 immuno-
histochemistry staining protocol, described by Vector Labs 
Company (Germany) with the following changes. Sections 
were placed in small metal containers, containing hot EDTA 
antigen retrieval buffer. The container was heated in a water 
bath for 30 min at 96–98 °C, blocked with 5% goat serum 
in PBST for 60 min, and incubated with anti-cytokeratin 
19 (CK19) 1:200 overnight at 4 °C. The sections were then 
thawed at room temperature for 30 min, incubated with goat 
anti-rat IgG 1:500 for 60 min, and stained by AEC substrate 
Kit. Finally, the slides were mounted with medium.

qPCR protocol

Total RNA was extracted from ≤ 50 mg mouse liver tissue 
using RNeasy Mini Kit (QIAGEN) according to the manu-
facturer’s instructions. For cDNA synthesis, 1 µg RNA was 
mixed with 50 ng Random Hexamer and 125 ng Oligo(dT)18 
primers, 2 µl of 5 × M-MLV RT buffer, 100 units of M-MLV 
Reverse Transcriptase, 10 units of RiboLock RNase Inhibi-
tor (all from Thermo Scientific), 2 µl of 10 mM dNTP-Mix 
(Bioline), and RNase-free H2O in 10 µl total volume. The 
mixture was then incubated at 25 °C for 10 min, 42 °C for 
60 min for reverse transcription, and then 70 °C for 10 min 
to denature the enzyme in a thermal cycler (Applied Bio-
systems). cDNA was diluted 1:50 with DNase-free H2O for 
qPCR. Four microliters of diluted cDNA in combination 
with 5 µl 2X qPCRBIO SyGreen Mix Lo‐ROX (PCR Bio-
systems) and 0.5 µl of each forward and reverse primers 
at 10 µM concentration for the target genes (Supplemen-
tary Table. 1) was used for qPCR in a Rotor-Gene Q device 
(QIAGEN).

Western analysis

Mouse liver tissue was homogenized in RIPA lysis buffer 
(25 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 
deoxycholate, 0.1% SDS, pH 7.5) supplemented with a 
cocktail of protease inhibitors (40 µg/ml PMSF, 20 µg/ml 
leupeptin, 20 µg/ml pepstatin A, 20 µg/ml antipain, 4 mM 
benzamidin, 1 mM DTT) using an Ultra‑Turrax homogenizer 
(IKA) set for 3 times each 10 s by means of at speed 4, 
with 10 s intervals on ice. The homogenate was further cold-
treated by 10 up and down strokes with a Potter homogenizer 
at 1000 rpm (Braun Biotech International) and the debris 

was sedimented by centrifugation at 10,000 rcf at 4 °C for 
10 min. The protein content of the lysate was determined 
by the Bradford method (Bio-Rad). Thirty micrograms 
total protein was resolved by 10% SDS-PAGE (Mini PRO-
TEAN Tera Cell system; Bio-Rad) and wet-transferred to 
PVDF membrane (Mini Trans-Blot Cell system; Bio-Rad) 
at 300 mA for 120 min. The membrane was then blocked 
in the TBS containing 0.1% Tween 20 and 5% non-fat milk 
(Bio-Rad). Primary antibodies against Cytokeratin 19 (clone 
TROMA-3; DSHB) at 1:5000 dilution or Vinculin (V9131, 
Sigma-Aldrich) at 1:10,000 dilutions were prepared in 
blocking buffer and exposed to the membrane overnight at 
4 °C. After proper washing steps before and after incubating 
the membrane with HRP-goat anti-mouse secondary anti-
body (Thermo Scientific) at 1:10,000 dilution for 40 min at 
room temperature, the corresponding protein signals were 
visualized by ECL Western Blotting Detection Reagents (GE 
healthcare #RPN2209) and developed on an X-ray film. The 
bands were scanned and quantified using ImageJ software.

Statistical analysis

Statistical analyses were performed using the Prism analy-
sis program (GraphPad 8.0, San Diego, CA, USA). The 
statistical significance of data was tested via repeated-
measures analysis of variance. To test differences within 
a group, one-way ANOVA was used followed by a Tukey 
post hoc test. Between groups, two-way ANOVA was 
used followed by a Bonferroni post hoc test. A p-value 
of less than 0.05 was considered significant. All data are 
presented as means ± standard error of the means (SEM).

Results

Biliary HCO3
− output in car14−/− and car14+/+ 

littermates at different age

Biliary HCO3
− output was measured in anesthetized 

car14−/− mice aged 11, 20, and 52 weeks, and the respec-
tive car14+/+ littermates, by pH–stat titration of the 
sequentially collected bile samples over the course of 
the experiment. Biliary HCO3

− output was measured in 
µMol/h, and both basal HCO3

− output and the degree 
of stimulation by TUDCA were higher in young com-
pared to aged mice, in both genotypes. The TUDCA-
stimulated biliary HCO3

− output was significantly 
reduced in car14−/− compared to car14+/+ at all age 
groups (Fig. 1A–C). TUDCA completely failed to stim-
ulate biliary HCO3

− output significantly in 1-year-old 
car14−/− mice (Fig. 1C).
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Bile flow was not different in young and adult 
car14−/− and car14+/+ littermates and became 
compromised at advanced age

Figure 2A displays a typical time course for biliary fluid 
output in the basal state and after TUDCA application 

(600 nmol/min intravenously) in car14−/− mice and car14+/+ 
littermates at 11 weeks of age. While TUDCA application 
significantly stimulated bile flow, no difference was observed 
between car14-/- and car14+/+ mice. These experiments 
demonstrate that the absence of Car14 interferes with a 
biliary alkalinization process that is not coupled to fluid 

Fig. 1   Biliary HCO3
− output 

in µMol/h in anesthetized 
car14−/− mice aged 11 (A), 20 
(B), and 52 (C) weeks, and the 
respective car14+/+ littermates. 
Both basal HCO3

− output and 
the degree of stimulation by 
TUDCA were higher in young 
compared to aged mice, in 
both genotypes. The TUDCA-
stimulated biliary HCO3

− out-
put was significantly reduced in 
car14−/− compared to car14+/+ 
at all age groups (A–C). n = 4–8 
in each group

Fig. 2   Biliary fluid output in the 
basal state and after TUDCA 
application (600 nmol/min 
intravenously) in car14−/− mice 
and car14+/+ littermates, at 
11 weeks (A), 20 weeks (B) 
and 52 weeks (C). In all mice, 
TUDCA application sig-
nificantly stimulated bile flow 
(indicated by the # signs). In 
11-week mice, no difference 
in bile flow rates was observed 
between car14−/− and car14+/+ 
mice (A). In 20-week mice, 
TUDCA-induced bile flow was 
non significantly reduced in 
car14−/− compared to car14+/+ 
mice, while it was significantly 
reduced in 1-year-old car14−/− 
mice compared to the respective 
littermates (B, C). n = 4–8 in 
each group
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secretion (i.e., a proton or base exchangers rather than anion 
channels, because HCO3

− secretion via the latter (either as 
a Cl− conductance coupled to an anion exchanger, or via 
a Cl−/HCO3

− channel, or both) is accompanied by fluid 
secretion.

In 20-week-old car14−/− littermates, TUDCA-induced 
bile flow was non significantly reduced in car14−/− com-
pared to car14+/+ mice, while it was significantly reduced 
in 1-year-old car14−/− mice compared to the respective lit-
termates (Fig. 2B, C).

Car14 deficiency induces a mild peripheral bile duct 
proliferation and fibrosis at advanced age

The progressive nature of the reduction in HCO3
− output 

as well as bile flow in the absence of Car14 suggests struc-
tural changes as a potential cause. At young age, histologi-
cal evaluation revealed no differences between car14−/− and 
car14+/+ mice (Fig. 3A–F). Even at advanced age, no obvi-
ous differences in H&E staining in car14−/− and car14+/+ 

mice were seen (Fig. 3A–F). However, staining for cytokera-
tin 19, a marker for bile ducts, showed an increased staining 
of the small bile ducts in the liver periphery in 1-year-old 
mice (Fig. 4A–F). In addition, in the Sirius Red staining 
for collagen, mild fibrosis was seen in the liver periph-
ery of 1-year-old car14−/− compared to car14+/+ mice 
(Fig. 5A–F). Thus, a reduction of small bile duct frequency 
and diameter may be a reason for the reduction in bile flow 
in car14−/− compared to car14+/+ mice at advanced age.

In order to verify the histological results biochemically, 
we performed Western analysis of liver tissue (lobe 1 + 4) 
from 3, 6, 11, and 52 weeks of car14−/− and car14+/+ lit-
termates. Figure 6A displays a representative image and the 
summary of a total of 6 individual samples for lobe 1b + 4 
(probably more material from the liver periphery than in 
Fig. 5B) at different age, and Fig. 6B a representative and the 
summary of a total of 6 whole liver homogenates at 1 year. 
In both instances, a significant upregulation of cytokeratin 
19 in car14−/− liver compared to that of car14+/+ littermates 
is seen at 1 year of age.

Fig. 3   Normal liver histology 
by hematoxylin and eosin stain-
ing in car14−/− and car14+/+ 
littermates. (A–F) H&E staining 
of liver sections did not reveal 
conspicuous abnormalities over 
the observed lifespan of the 
mice. BD bile duct, PA portal 
artery, PV portal vein. Repre-
sentative images of n = 4–7 in 
each group

Fig. 4   Immunohistochemical 
staining of cytokeratin 19 did 
not show obvious differences 
of the liver sections of car14−/− 
and car14+/+ littermates at 
11 weeks (A, D) and 20 weeks 
(B, E). (C) Compared to the 
levels in the car14+/+, Cytokera-
tin 19 staining showed increased 
staining (F) of small ducts in 
the liver periphery at 52 weeks. 
Representative images of 
n = 4–7 in each group
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Car14 deficiency does not result in an increase 
in pro‑inflammatory cytokine production

Intraluminal acidity in conjunction with bile acids is con-
sidered to damage epithelia. We therefore measured the 
expression for Tnf-α and Mcp-1 (monocyte chemotac-
tic protein 1, CCL2), which is elevated early in the liver 
of mdr2−/− mice. There was no significant difference in 
mRNA expression of the two cytokines in car14−/− and 
car14+/+ mice from 3 weeks to 1 year of age (Fig. 7A, B).

Discussion

Bile acids form mixed micelles with phospholipids and cho-
lesterol in hepatic bile, which greatly reduces their ability 
to damage membranes. In addition, the formation of mixed 
micelles enables the hepatocytes to excrete the water-insol-
uble cholesterol into bile and thus into the intestine [24]. 
The “critical micellar concentration” of bile acids is pH-
dependent [25]. Therefore, the regulation of the biliary pH 
is of great physiological relevance. Soon after fluorescent 

Fig. 5   Sirius Red stain for liver 
fibrosis did not show obvious 
differences of the liver sections 
of car14−/− and car14+/+ lit-
termates at 11 weeks (A, D) and 
20 weeks (B, E). (C) Unlike 
in the car14+/+, a significant 
increase of the magenta staining 
indicating increased collagen 
content (F) was observed in the 
liver periphery at 52 weeks. 
Representative images of 
n = 4–7 in each group

Fig. 6   Car14 deficiency induces 
a mild peripheral bile duct 
proliferation and fibrosis at 
advanced age. Western analysis 
of liver tissue (lobe 1 + 4) 
from 3, 6, 11, and 52 weeks/
age of car14−/− and car14+/+ 
littermates. (A) Representative 
image and the summary of a 
total of 6 individual samples for 
lobe 1b + 4 at different age, and 
(B) representative and the sum-
mary of a total of 6 whole liver 
homogenates at 1 year of age. 
In both instances, a significant 
upregulation of cytokeratin 19 
in car14−/− liver compared to 
that of car14+/+ littermates is 
seen at 1 year of age
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pHi indicators had been discovered, the mechanisms of acid/
base transport and intracellular pH regulation were studied 
in isolated and cultured hepatocytes or “hepatocyte cou-
plets,” which still express a distinct canalicular membrane 
[21, 23, 43].

Biliary alkaline output requires acid and base extru-
sion mechanisms both the sinusoidal and the canalicular 
membrane of the hepatocyte. Early work in isolated can-
alicular membrane vesicles described the presence of a 
Cl−/HCO3

− exchanger [35], a finding that has been verified 
in hepatocyte couplets [8]. In addition, hepatocyte basolat-
eral membrane vesicles were isolated to functionally dem-
onstrate the presence of Na+/H+ exchangers [5] as well as 
Na+/HCO3

− cotransporters [44] in the hepatocyte basolat-
eral membranes. Interestingly, this hepatocyte apical anion 
exchanger was characterized as AE2 (SLC4A4), which is 
basolaterally sorted in other epithelia [4, 33]. However, the 
presence of anion exchangers from the SLC26 family of 
multifunctional anion transporters in the canalicular mem-
brane has also been described [9, 27]. In addition, the CFTR 
anion channel, as well as Ca2+-dependent anion channels, 
is believed to be involved in the regulation of biliary fluid 
and HCO3

− output [2]. CFTR has been localized in chol-
angiocytes but not hepatocytes [13]. Studies in the mouse 
liver revealed an expression of CFTR, secretin receptors, 
and AE2 anion exchanger in large hepatobiliary ducts [20]. 
While secretin-stimulated bile flow is CFTR-dependent, bile 
acid–stimulated bile flow is not [15].

In pilot experiments, we had measured basal, secretin-
stimulated, and TUDCA-stimulated bile flow and biliary 
HCO3

− output. TUDCA infusion stimulated a markedly 
higher rate of bile flow and HCO3

− output than secre-
tin in the applied doses, suggesting that the origin of the 
HCO3

− and fluid that we measure is predominantly hepato-
cellular. This is in accordance with the view that ∼ 90% of 
hepatic bile in rodents originates from the hepatocytes, and 
only ∼ 10% is of cholangiocellular origin [13].

Because strong, predominantly canalicular Car14 expres-
sion was shown in murine hepatocytes [38], we chose to 
study the effect of Car14 deletion on basal and taurocho-
late-induced HCO3

− output and bile flow rates in young, 
middle age and aged mice. Biliary HCO3

− output rates 

were highest in young mice, and Car-14 deletion resulted 
in significantly lower TUDCA-induced increase in biliary 
HCO3

− output compared to that in car14+/+ littermates in 
all age groups (Fig. 1). Interestingly, bile flow rates were not 
affected by Car14 deletion at young age (Fig. 2A), suggest-
ing that the presence of Car14 enhances HCO3

− output via 
an anion exchanger rather than an anion channel, most likely 
expressed in the canalicular membrane. However, Car14 
immunostaining was also detected in the sinusiodal mem-
brane, albeit with weaker intensity [40]. A basolateral Car14 
with its catalytic site in the extracellular mileau may serve to 
enhance proton dissipation from the external binding site of 
Na+/H+ exchangers and enhance the rate of proton extrusion. 
This will facilitate the maintenance of an alkaline intracel-
lular pH and thus a higher rate of apical HCO3

− export [38]. 
In addition, it is feasible that Car14 operates in conjunc-
tion with basolateral OATPs, which absorb TUDCA (and 
other organic anions) in conjunction with HCO3

− or gluta-
tion (GST) exchange [49]. A rapid removal of HCO3

− from 
the external transport site of OATPs may also increase the 
transport rate through these transporters; however, this is 
speculative. The same holds true for other hepatic transport-
ers. A schematic diagram is given in Fig. 8.

At higher age, the basal and TUDCA-stimulated 
HCO3

− output rates decreased in both car14−/− and 
car14+/+ mice, but also the percentage of TUDCA-induced 
increase in HCO3

− output rate decreased significantly in 
car14−/− compared to car14+/+ mice (Fig. 1B, C). In addi-
tion, the TUDCA-stimulated bile flow rates also decreased 
with advanced age (Fig. 2B, C). One potential explanation 
for this finding was the development of structural changes 
in the liver and/or biliary system. We therefore investigated 
the liver histology. We could not detect histological altera-
tions in H&E staining between car14−/− and car14+/+ liver 
(Fig. 3), but immunohistochemical staining for cytokera-
tin 19, a marker for the cholangiocytes, revealed increased 
staining at the liver lobe periphery, seen in 1-year-old mice 
(Fig. 4F). In addition, peripheral mild fibrotic changes were 
observed in the Sirius Red stain. Western analysis con-
firmed the increase in cytokeratin-19 expression and thus a 
mild proliferation of small bile ducts in the liver periphery 
(Fig. 6). This suggests that the absence of Car14, possibly 

Fig. 7   Car14 deficiency does 
not result in an increase in pro-
inflammatory cytokine produc-
tion. Tnfα mRNA (A) and Mcp1 
mRNA (monocyte chemotactic 
protein 1, CCL2) (B) expression 
in car14−/− and car14+/+ livers 
from 3 weeks to 1 year of age. 
No significant differences were 
observed in any age group
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via a chronically low biliary HCO3
− output, results in the 

development of a mild fibrotic phenotype in the liver.
Cholangiocyte proliferation and fibrosis is also a fea-

ture of mouse models of sclerosing cholangitis such as the 
mdr2−/− mouse [51]. Consistent with previous publications 
[16, 28, 41], the changes that we observed in the liver of 
mdr2−/− mice on the same genetic background and with the 
same breeding conditions were observed much earlier and 
were much more severe than in the car14−/− liver. In a recent 
review, Trauner et al. list the various causes for “toxic” bile 
formation, among them an increased bile acid/phospholipid 
ratio, as is the case in patients with MDR3 mutations or the 
mdr2−/− mouse, or a decreased HCO3

− concentration and 
bile hydration, such as in cystic fibrosis patients and in the 
cftr−/− mouse, or possibly due to AE2 downregulation in 
primary biliary cirrchosis [50]. The car14−/− mouse model 
belongs to the latter category, but displays a mild phenotype. 
Disease-causing mutations in human carbonic anhydrase 
isoforms are known, but not yet for Car14.

In summary, the car14−/− mouse model displays a selec-
tive decrease in biliary HCO3

− concentration at young age, 
prior to the development of a mild sclerosing cholangiopa-
thy. Due to its staining pattern, the membrane-bound Car14 
may serve to enhance acid/base transport both in the sinusoi-
dal, but particularly at the canalicular hepatocyte membrane. 

This may serve to optimize the maintenance of hepatocyte 
steady-state pHi, but also, importantly, may serve to rapidly 
remove acid moieties in the lumen and thereby alkalinize the 
biliary pH. The higher acidity of the car14−/− bile is able to 
slowly induce structural changes in the liver and a reduction 
in bile flow.

Authorship contributions

Z.Z., J.Q., B.R., and U.S. designed, analyzed, and per-
formed experiments, A.K. analyzed data and constructed 
the graphic layout, D.R and U.S planned and supervised the 
mouse breeding, G.G. provided the Car14-deficient mouse 
strain and made insightful suggestions, and U.S wrote the 
manuscript.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00424-​021-​02659-3.

Acknowledgements  The help of Brigitte Rausch for genotyping and 
of Denise Renner for mouse care is gratefully acknowledged. We are 
also grateful to Weiliang Xia, Department of Hepatobiliary Surgery, 
First Affiliated Hospital, College of Medicine, Zhejiang University, for 
sharing his expertise on the mouse intubation, anesthesia, and acid/base 
control, with the co-first author.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. These studies were funded by DFG grant Se460/19–1, 21–1, 
and 22–1, and by the Volkswagen Foundation ZN 1953.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Alterio V, Pan P, Parkkila S, Buonanno M, Supuran CT, Monti 
SM, De Simone G (2014) The structural comparison between 
membrane-associated human carbonic anhydrases provides 
insights into drug design of selective inhibitors. Biopolymers 
101:769–778. https://​doi.​org/​10.​1002/​bip.​22456

Fig. 8   Cartoon depicting the speculative role of Car14 (CAXIV) in 
the maintenance of biliary alkalinity. At the sinusoidal membrane, 
Car14 may increase the rate of proton dissipation from the exter-
nal binding site of the Na+/H+ exchanger and thus serve in stabiliz-
ing an alkaline intracellular pH (pHi). Car14 may also increase the 
rate of TUDCA/HCO3

− exchange (speculative). At the canalicular 
membrane, Car14 may increase the rate of canalicular AE2-medi-
ated HCO3

− export to the lumen by rapidly removing HCO3
− from 

the external transport site. Intracellular carbonic anhydrases, most 
likely Car 2 (CAII), will be tethered to the respective membranes and 
increase the rate of supply of protons or base to the intracellular bind-
ing site of the Na+/H+ and Cl−/HCO3

− exchanger, and will increase 
the rate of HCO3

− removal from the intracellular binding site of Na+/
HCO3

− cotransporters

Pflügers Archiv - European Journal of Physiology (2022) 474:529–539 537

https://doi.org/10.1007/s00424-021-02659-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/bip.22456


	

1 3

	 2.	 Alvaro D, Gigliozzi A, Fraioli F, Romeo R, Papa E, Monache 
MD, Capocaccia L (1997) Hormonal regulation of bicarbonate 
secretion in the biliary epithelium. Yale J Biol Med 70:417–426

	 3.	 Anwer MS, Atkinson JM, Zimniak P (1990) Amiloride and taurine 
inhibit cholate-induced HCO3(-)-rich choleresis in perfused rat 
livers. Am J Physiol 259:G453-461. https://​doi.​org/​10.​1152/​ajpgi.​
1990.​259.3.​G453

	 4.	 Aranda V, Martínez I, Melero S, Lecanda J, Banales JM, Prieto 
J, Medina JF (2004) Shared apical sorting of anion exchanger 
isoforms AE2a, AE2b1, and AE2b2 in primary hepatocytes. Bio-
chem Biophys Res Commun 319:1040–1046. https://​doi.​org/​10.​
1016/j.​bbrc.​2004.​05.​080

	 5.	 Arias IM, Forgac M (1984) The sinusoidal domain of the plasma 
membrane of rat hepatocytes contains an amiloride-sensitive 
Na+/H+ antiport. J Biol Chem 259:5406–5408. https://​doi.​org/​
10.​1016/​s0021-​9258(18)​91024-0

	 6.	 Baghdasaryan A, Claudel T, Gumhold J, Silbert D, Adorini L, 
Roda A, Vecchiotti S, Gonzalez FJ, Schoonjans K, Strazzabosco 
M, Fickert P, Trauner M (2011) Dual farnesoid X receptor/TGR5 
agonist INT-767 reduces liver injury in the Mdr2 -/- (Abcb4 -/-) 
mouse cholangiopathy model by promoting biliary HCO3- output. 
Hepatology 54:1303–1312. https://​doi.​org/​10.​1002/​hep.​24537

	 7.	 Becker HM, Klier M, Deitmer JW (2014) Carbonic anhydrases 
and their interplay with acid/base-coupled membrane trans-
porters. Subcell Biochem 75:105–134. https://​doi.​org/​10.​1007/​
978-​94-​007-​7359-2_7

	 8.	 Benedetti A, Strazzabosco M, Ng OC, Boyer JL (1994) Regulation 
of activity and apical targeting of the Cl-/HCO3/- exchanger in rat 
hepatocytes. Proc Natl Acad Sci U S A 91:792–796. https://​doi.​
org/​10.​1073/​pnas.​91.2.​792

	 9.	 Bissig M, Hagenbuch B, Stieger B, Koller T, Meier PJ (1994) 
Functional expression cloning of the canalicular sulfate transport 
system of rat hepatocytes. J Biol Chem 269:3017–3021. https://​
doi.​org/​10.​1016/​s0021-​9258(17)​42040-0

	10.	 Boron WF (2010) Evaluating the role of carbonic anhydrases in 
the transport of HCO3–related species. Biochim Biophys Acta 
1804:410–421. https://​doi.​org/​10.​1016/j.​bbapap.​2009.​10.​021

	11.	 Boyer JL (2013) Bile formation and secretion Compr Physiol 
3:1035–1078. https://​doi.​org/​10.​1002/​cphy.​c1200​27

	12.	 Boyer JL, Soroka CJ (2021) Bile formation and secretion: an 
update. J Hepatol 75:190–201. https://​doi.​org/​10.​1016/j.​jhep.​
2021.​02.​011

	13.	 Cohn JA, Strong TV, Picciotto MR, Nairn AC, Collins FS, Fitz 
JG (1993) Localization of the cystic fibrosis transmembrane con-
ductance regulator in human bile duct epithelial cells. Gastroen-
terology 105:1857–1864. https://​doi.​org/​10.​1016/​0016-​5085(93)​
91085-V

	14.	 Dikkers A, Freak de Boer J, Annema W, Groen AK, Tietge UJF 
(2013) Scavenger receptor BI and ABCG5/G8 differentially 
impact biliary sterol secretion and reverse cholesterol transport 
in mice. Hepatology 58:293–303. https://​doi.​org/​10.​1002/​hep.​
26316

	15.	 Erlinger S (1996) Review article: New insights into the mech-
anisms of hepatic transport and bile secretion. J Gastroenterol 
Hepatol 11:575–579. https://​doi.​org/​10.​1111/j.​1440-​1746.​1996.​
tb017​05.x

	16.	 Fickert P, Fuchsbichler A, Wagner M, Zollner G, Kaser A, Tilg 
H, Krause R, Lammert F, Langner C, Zatloukal K, Marschall HU, 
Denk H, Trauner M (2004) Regurgitation of bile acids from leaky 
bile ducts causes sclerosing cholangitis in Mdr2 (Abcb4) knockout 
mice. Gastroenterology 127:261–267. https://​doi.​org/​10.​1053/j.​
gastro.​2004.​04.​009

	17.	 Fickert P, Pollheimer MJ, Beuers U, Lackner C, Hirschfield G, 
Housset C, Keitel V, Schramm C, Marschall HU, Karlsen TH, 
Melum E, Kaser A, Eksteen B, Strazzabosco M, Manns M, 
Trauner M (2014) Characterization of animal models for primary 

sclerosing cholangitis (PSC). J Hepatol 60:1290–1303. https://​doi.​
org/​10.​1016/j.​jhep.​2014.​02.​006

	18.	 Forero-Quintero LS, Ames S, Schneider HP, Thyssen A, Boone 
CD, Andring JT, McKenna R, Casey JR, Deitmer JW, Becker 
HM (2019) Membrane-anchored carbonic anhydrase IV interacts 
with monocarboxylate transporters via their chaperones CD147 
and GP70. J Biol Chem 294:593–607. https://​doi.​org/​10.​1074/​jbc.​
RA118.​005536

	19.	 Fujikawa-Adachi K, Nishimori I, Taguchi T, Onishi S (1999) 
Human carbonic anhydrase XIV (CA14): cDNA cloning, mRNA 
expression, and mapping to chromosome 1. Genomics 61:74–81. 
https://​doi.​org/​10.​1006/​geno.​1999.​5938

	20.	 Glaser SS, Gaudio E, Rao A, Pierce LM, Onori P, Franchitto A, 
Francis HL, Dostal DE, Venter JK, Demorrow S, Mancinelli R, 
Carpino G, Alvaro D, Kopriva SE, Savage JM, Alpini GD (2009) 
Morphological and functional heterogeneity of the mouse intra-
hepatic biliary epithelium. Lab Invest 89:456–469. https://​doi.​org/​
10.​1038/​labin​vest.​2009.6

	21.	 Gleeson D, Smith ND, Boyer JL (1989) Bicarbonate-dependent 
and -independent intracellular pH regulatory mechanisms in rat 
hepatocytes. Evidence for Na+-HCO3- cotransport. J Clin Invest 
84:312–321. https://​doi.​org/​10.​1172/​JCI11​4156

	22.	 Graf J, Gautam A, Boyer JL (1984) Isolated rat hepatocyte cou-
plets: a primary secretory unit for electrophysiologic studies of 
bile secretory function. Proc Natl Acad Sci U S A 81:6516–6520. 
https://​doi.​org/​10.​1073/​pnas.​81.​20.​6516

	23.	 Henderson RM, Graf J, Boyer JL (1987) Na-H exchange regulates 
intracellular pH in isolated rat hepatocyte couplets. Am J Physiol 
252:G109–G113. https://​doi.​org/​10.​1152/​ajpgi.​1987.​252.1.​g109

	24.	 Hofmann AF, Hagey LR (2008) Bile acids: chemistry, pathochem-
istry, biology, pathobiology, and therapeutics. Cell Mol Life Sci 
65:2461–2483. https://​doi.​org/​10.​1007/​s00018-​008-​7568-6

	25.	 Hofmann AF, Mysels KJ (1992) Bile acid solubility and precipita-
tion in vitro and in vivo: the role of conjugation, pH, and Ca2+ 
ions. J J Lipid Res 33:617–626. https://​doi.​org/​10.​1016/​s0022-​
2275(20)​41426-9

	26.	 Kanno N, LeSage G, Glaser S, Alpini G (2001) Regulation of 
cholangiocyte bicarbonate secretion. Am J Physiol Gastrointest 
Liver Physiol 281:G612–G625. https://​doi.​org/​10.​1152/​ajpgi.​
2001.​281.3.​g612

	27.	 Karaica D, Breljak D, Lončar J, Lovrić M, Micek V, Madunić 
IV, Brzica H, Herak-Kramberger CM, Dupor JI, Ljubojević M, 
Smital T, Vogrinc Ž, Burckhardt G, Burckhardt BC, Sabolić I 
(2018) Sex-independent expression of chloride/formate exchanger 
Cfex (Slc26a6) in rat pancreas, small intestine, and liver, and 
male-dominant expression in kidneys. Arh Hig Rada Toksikol 
69:286–303. https://​doi.​org/​10.​2478/​aiht-​2018-​69-​3157

	28.	 Kennedy L, Meadows V, Kyritsi K, Pham L, Kundu D, Kulkarni 
R, Cerritos K, Demieville J, Hargrove L, Glaser S, Zhou T, Jaeger 
V, Alpini G, Francis H (2020) Alemiroation of large bile duct 
damage by histamine-2 receptor vivo-morpholino treatment. Am 
J Pathol 190:1018–1029. https://​doi.​org/​10.​1016/j.​ajpath.​2020.​01.​
013

	29.	 Kivelä AJ, Kivelä J, Saarnio J, Parkkila S (2005) Carbonic 
anhydrases in normal gastrointestinal tract and gastrointestinal 
tumours. World J Gastroenterol 11:155–163. https://​doi.​org/​10.​
3748/​wjg.​v11.​i2.​155

	30.	 Lake JR, Renner EL, Scharschmidt BF, Cragoe EJ Jr, Hagey LR, 
Lambert KJ, Gurantz D, Hofmann AF (1988) Inhibition of Na+/
H+ exchange in the rat is associated with decreased ursodeoxy-
cholate hypercholeresis, decreased secretion of unconjugated 
urodeoxycholate, and increased ursodeoxycholate glucuronida-
tion. Gastroenterology 95:454–463. https://​doi.​org/​10.​1016/​0016-​
5085(88)​90504-5

	31.	 Li T, di Stefano G, Raza GS, Sommerer I, Riederer B, Römermann 
D, Tan X, Tan Q, Pallagi P, Hollenbach M, Herzig KH, Seidler U 

538 Pflügers Archiv - European Journal of Physiology (2022) 474:529–539

https://doi.org/10.1152/ajpgi.1990.259.3.G453
https://doi.org/10.1152/ajpgi.1990.259.3.G453
https://doi.org/10.1016/j.bbrc.2004.05.080
https://doi.org/10.1016/j.bbrc.2004.05.080
https://doi.org/10.1016/s0021-9258(18)91024-0
https://doi.org/10.1016/s0021-9258(18)91024-0
https://doi.org/10.1002/hep.24537
https://doi.org/10.1007/978-94-007-7359-2_7
https://doi.org/10.1007/978-94-007-7359-2_7
https://doi.org/10.1073/pnas.91.2.792
https://doi.org/10.1073/pnas.91.2.792
https://doi.org/10.1016/s0021-9258(17)42040-0
https://doi.org/10.1016/s0021-9258(17)42040-0
https://doi.org/10.1016/j.bbapap.2009.10.021
https://doi.org/10.1002/cphy.c120027
https://doi.org/10.1016/j.jhep.2021.02.011
https://doi.org/10.1016/j.jhep.2021.02.011
https://doi.org/10.1016/0016-5085(93)91085-V
https://doi.org/10.1016/0016-5085(93)91085-V
https://doi.org/10.1002/hep.26316
https://doi.org/10.1002/hep.26316
https://doi.org/10.1111/j.1440-1746.1996.tb01705.x
https://doi.org/10.1111/j.1440-1746.1996.tb01705.x
https://doi.org/10.1053/j.gastro.2004.04.009
https://doi.org/10.1053/j.gastro.2004.04.009
https://doi.org/10.1016/j.jhep.2014.02.006
https://doi.org/10.1016/j.jhep.2014.02.006
https://doi.org/10.1074/jbc.RA118.005536
https://doi.org/10.1074/jbc.RA118.005536
https://doi.org/10.1006/geno.1999.5938
https://doi.org/10.1038/labinvest.2009.6
https://doi.org/10.1038/labinvest.2009.6
https://doi.org/10.1172/JCI114156
https://doi.org/10.1073/pnas.81.20.6516
https://doi.org/10.1152/ajpgi.1987.252.1.g109
https://doi.org/10.1007/s00018-008-7568-6
https://doi.org/10.1016/s0022-2275(20)41426-9
https://doi.org/10.1016/s0022-2275(20)41426-9
https://doi.org/10.1152/ajpgi.2001.281.3.g612
https://doi.org/10.1152/ajpgi.2001.281.3.g612
https://doi.org/10.2478/aiht-2018-69-3157
https://doi.org/10.1016/j.ajpath.2020.01.013
https://doi.org/10.1016/j.ajpath.2020.01.013
https://doi.org/10.3748/wjg.v11.i2.155
https://doi.org/10.3748/wjg.v11.i2.155
https://doi.org/10.1016/0016-5085(88)90504-5
https://doi.org/10.1016/0016-5085(88)90504-5


1 3

(2021) Hydrokinetic pancreatic function and insulin secretion are 
moduled by Cl - uniporter Slc26a9 in mice. Acta Physiol (Oxf) 
15:e13729. https://​doi.​org/​10.​1111/​apha.​13729

	32.	 Lidofsky SD, Fitz JG, Scharschmidt BF (1993) Mechanisms and 
functional role of intracellular pH regulation in hepatocytes. Prog 
Liver Dis 11:69–83

	33.	 Martínez-Ansó E, Castillo JE, Díez J, Medina JF, Prieto J (1994) 
Immunohistochemical detection of chloride/bicarbonate anion 
exchangers in human liver. Hepatology 19:1400–1406. https://​
doi.​org/​10.​1002/​hep.​18401​90613

	34.	 McMurtrie HL, Cleary HJ, Alvarez BV, Loiselle FB, Sterling D, 
Morgan PE, Johnson DE, Casey JR (2004) The bicarbonate trans-
port metabolon. J Enzyme Inhib Med Chem 19:231–236. https://​
doi.​org/​10.​1080/​14756​36041​00017​04443

	35.	 Meier PJ, Knickelbein R, Moseley RH, Dobbins JW, Boyer 
JL (1985) Evidence for carrier-mediated chloride/bicarbonate 
exchange in canalicular rat liver plasma membrane vesicles. J 
Clin Invest 75:1256–1263. https://​doi.​org/​10.​1172/​JCI11​1824

	36.	 Moss FJ, Boron WF (2020) Carbonic anhydrases enhance activ-
ity of endogenous Na-H exchangers and not the electrogenic Na/
HCO3 cotransporter NBCe1-A, expressed in Xenopus oocytes. J 
Physiol 598:5821–5856. https://​doi.​org/​10.​1113/​JP280​143

	37	 Nocentini A, Supuran CT (2019) Advances in the structural anno-
tation of human carbonic anhydrases and impact on future drug 
discovery. Expert Opin Drug Discov 14:1175–1197. https://​doi.​
org/​10.​1080/​17460​441.​2019.​16512​89

	38.	 Parkkila S, Kivelä AJ, Kaunisto K, Parkkila AK, Hakkola J, 
Rajaniemi H, Waheed A, Sly WS (2002) The plasma mem-
brane carbonic anhydrase in murine hepatocytes identified as 
isozyme XIV. BMC Gastroenterol 2:13. https://​doi.​org/​10.​1186/​
1471-​230X-2-​13

	39.	 Pastorekova S, Parkkila S, Pastorek J, Supuran CT (2004) Car-
bonic anhydrases: current state of the art, therapeutic applications 
and future prospects. J Enzyme Inhib Med Chem 19:199–229. 
https://​doi.​org/​10.​1080/​14756​36041​00016​89540

	40.	 Plösch T, Van Der Veen JN, Havinga R, Huijkman NCA, Bloks 
VW, Kuipers F (2006) Abcg5/Abcg8-independent pathways 
contribute to hepatobiliary cholesterol secretion in mice. Am J 
Physiol Gastrointest Liver Physiol 291:G414–G423. https://​doi.​
org/​10.​1152/​ajpgi.​00557.​2005

	41.	 Popov Y, Patsenker E, Fickert P, Trauner M, Schuppan D (2005) 
Mdr2 (Abcb4)-/- mice spontaneously develop severe biliary fibro-
sis via massive dysregulation of pro- and antifibrogenic genes. 
J Hepatol 43:1045–1054. https://​doi.​org/​10.​1016/j.​jhep.​2005.​06.​
025

	42.	 Renner EL, Lake JR, Cragoe EJ Jr, Van Dyke RW, Scharschmidt 
BF (1988) Ursodeoxycholic acid choleresis: relationship to biliary 
HCO-3 and effects of Na+-H+ exchange inhibitors. Am J Physiol 
254:G232-241. https://​doi.​org/​10.​1152/​ajpgi.​1988.​254.2.​G232

	43.	 Renner EL, Lake JR, Persico M, Scharschmidt BF (1989) Na+-
H+ exchange activity in rat hepatocytes: role in regulation of 

intracellular pH. Am J Physiol 256:G44-52. https://​doi.​org/​10.​
1152/​ajpgi.​1989.​256.1.​g44

	44.	 Renner EL, Lake JR, Scharschmidt BF, Zimmerli B, Meier PJ 
(1989) Rat hepatocytes exhibit basolateral Na+/HCO3- cotrans-
port. J Clin Invest 83:1225–1235. https://​doi.​org/​10.​1172/​JCI11​
4005

	45.	 Shah GN, Ulmasov B, Waheed A, Becker T, Makani S, Svichar 
N, Chesler M, Sly WS (2005) Carbonic anhydrase IV and XIV 
knockout mice: roles of the respective carbonic anhydrase in buff-
ering the extracellular space in brain. Proc Natl Acad Sci U S A 
102:16771–16776. https://​doi.​org/​10.​1073/​pnas.​05084​49102

	46.	 Singh AK, Sjöblom M, Zheng W, Krabbenhöft A, Riederer B, 
Rausch B, Manns MP, Soleimani M, Seidler U (2008) CFTR and 
its key role in in vivo resting and luminal acid-induced duodenal 
HCO3- secretion. Acta Physiol (Oxf) 193:357–365. https://​doi.​
org/​10.​1111/j.​1748-​1716.​2008.​01854.x

	47.	 Sommansson A, Saudi WSW, Nylander O, Sjöblom M (2014) The 
ethanol-induced stimulation of rat duodenal mucosal bicarbonate 
secretion in vivo is critically dependent on luminal Cl-. PLoS 
ONE 9:e102654. https://​doi.​org/​10.​1371/​journ​al.​pone.​01026​54

	48.	 Strazzabosco M, Boyer JL (1996) Regulation of intracellular pH 
in the hepatocyte. Mechanisms and physiological implications 
J Hepatol 24:631–644. https://​doi.​org/​10.​1016/​s0168-​8278(96)​
80153-x

	49.	 Trauner M, Boyer JL (2003) Bile salt transporters: molecular char-
acterization, function, and regulation. Physiol Rev 83:633–671. 
https://​doi.​org/​10.​1152/​physr​ev.​00027.​2002

	50.	 Trauner M, Fickert P, Halilbasic E, Moustafa T (2008) Lessons 
from the toxic bile concept for the pathogenesis and treatment of 
cholestatic liver diseases. Wien Med Wochenschr 158:542–548. 
https://​doi.​org/​10.​1007/​s10354-​008-​0592-1

	51.	 Van Nieuwkerk CMJ, Elferink RPJO, Groen AK, Ottenhoff R, 
Tytgat GNJ, Dingemans KP, Van den Bergh Weerman MA, Offer-
haus GJA (1996) Effects of ursodeoxycholate and cholate feeding 
on liver disease in FVB mice with a disrupted mdr2 P-glycopro-
tein gene. Gastroenterology 111:165–171. https://​doi.​org/​10.​1053/​
gast.​1996.​v111.​pm869​8195

	52.	 Whittington DA, Grubb JH, Waheed A, Shah GN, Sly WS, Chris-
tianson DW (2004) Expression, assay, and structure of the extra-
cellular domain of murine carbonic anhydrase XIV: implications 
for selective inhibition of membrane-associated isozymes. J Biol 
Chem 279:7223–7228. https://​doi.​org/​10.​1074/​jbc.​M3108​09200

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Pflügers Archiv - European Journal of Physiology (2022) 474:529–539 539

https://doi.org/10.1111/apha.13729
https://doi.org/10.1002/hep.1840190613
https://doi.org/10.1002/hep.1840190613
https://doi.org/10.1080/14756360410001704443
https://doi.org/10.1080/14756360410001704443
https://doi.org/10.1172/JCI111824
https://doi.org/10.1113/JP280143
https://doi.org/10.1080/17460441.2019.1651289
https://doi.org/10.1080/17460441.2019.1651289
https://doi.org/10.1186/1471-230X-2-13
https://doi.org/10.1186/1471-230X-2-13
https://doi.org/10.1080/14756360410001689540
https://doi.org/10.1152/ajpgi.00557.2005
https://doi.org/10.1152/ajpgi.00557.2005
https://doi.org/10.1016/j.jhep.2005.06.025
https://doi.org/10.1016/j.jhep.2005.06.025
https://doi.org/10.1152/ajpgi.1988.254.2.G232
https://doi.org/10.1152/ajpgi.1989.256.1.g44
https://doi.org/10.1152/ajpgi.1989.256.1.g44
https://doi.org/10.1172/JCI114005
https://doi.org/10.1172/JCI114005
https://doi.org/10.1073/pnas.0508449102
https://doi.org/10.1111/j.1748-1716.2008.01854.x
https://doi.org/10.1111/j.1748-1716.2008.01854.x
https://doi.org/10.1371/journal.pone.0102654
https://doi.org/10.1016/s0168-8278(96)80153-x
https://doi.org/10.1016/s0168-8278(96)80153-x
https://doi.org/10.1152/physrev.00027.2002
https://doi.org/10.1007/s10354-008-0592-1
https://doi.org/10.1053/gast.1996.v111.pm8698195
https://doi.org/10.1053/gast.1996.v111.pm8698195
https://doi.org/10.1074/jbc.M310809200

	Loss of luminal carbonic anhydrase XIV results in decreased biliary bicarbonate output, liver fibrosis, and cholangiocyte proliferation in mice
	Abstract
	Introduction
	Materials and methods
	Animals
	Reagents
	In vivo biliary secretion experiments
	Measurement of biliary bicarbonate secretion
	Measurement of bile flow
	Liver tissue work-up
	Histological and immunohistochemical analyses
	qPCR protocol
	Western analysis
	Statistical analysis

	Results
	Biliary HCO3− output in car14−− and car14++ littermates at different age
	Bile flow was not different in young and adult car14−− and car14++ littermates and became compromised at advanced age
	Car14 deficiency induces a mild peripheral bile duct proliferation and fibrosis at advanced age
	Car14 deficiency does not result in an increase in pro-inflammatory cytokine production

	Discussion
	Authorship contributions
	Acknowledgements 
	References




