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Abstract Ecto-nucleoside triphosphate diphosphohydrolases
(E-NTPDases) are cell surface-located transmembrane
ecto-enzymes of the CD39 superfamily which regulate
inflammation and tissue repair by catalyzing the
phosphohydrolysis of extracellular nucleotides and modu-
lating purinergic signaling. In the liver, NTPDase2 is re-
portedly expressed on portal fibroblasts, but its functional
role in regulating tissue regeneration and fibrosis is in-
completely understood. Here, we studied the role of
NTPDase2 in several models of liver injury using global
knockout mice. Liver regeneration and severity of fibrosis
were analyzed at different time points after exposure to

carbon tetrachloride (CCl4) or 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) or partial hepatectomy in
C57BL/6 wild-type and globally NTPDase2-deficient
(Entpd2 null) mice. After chronic CCl4 intoxication,
Entpd2 null mice exhibit significantly more severe liver
fibrosis, as assessed by collagen content and histology. In
contrast, deletion of NTPDase2 does not have a substan-
tial effect on biliary-type fibrosis in the setting of DDC
feeding. In injured livers, NTPDase2 expression extends
from the portal areas to fibrotic septae in pan-lobular
(CCl4-induced) liver fibrosis; the same pattern was ob-
served, albeit to a lesser extent in biliary-type (DDC-
induced) fibrosis. Liver regeneration after partial hepatec-
tomy is not substantively impaired in global Entpd2 null
mice. NTPDase2 protects from liver fibrosis resulting
from hepatocellular injury induced by CCl4. In contrast,
Entpd2 deletion does not significantly impact fibrosis sec-
ondary to DDC injury or liver regeneration after partial
hepatectomy. Our observations highlight mechanisms re-
lating to purinergic signaling in the liver and indicate
possible therapeutic avenues and new cellular targets to
test in the management of hepatic fibrosis.
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Introduction

Liver fibrosis is the common pathological consequence of
various chronic liver diseases that ultimately leads to cir-
rhosis and liver failure. This disease state is characterized
by the excessive production of extracellular matrix
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predominantly generated by myofibroblastic cells that
stem from hepatic stellate cells (HSCs) and possibly also
by portal fibroblasts [1]. Irrespective of their cellular ori-
gin, these myofibroblasts are activated and regulated via a
multitude of signaling pathways, inclusive of those in-
volving intracellular (cyclic adenosine monophosphate,
cAMP) and extracellular purinergic mediators, such as
adenosine triphosphate (ATP), adenosine diphosphate
(ADP), and adenosine [2].

The concentrations of extracellular nucleotides and nucle-
osides are tightly regulated by ecto-nucleotide triphosphate
diphosphohydrolases (E-NTPDases), a family of transmem-
brane proteins expressed on the cell surface. NTPDases cata-
lyze the phosphohydrolysis of extracellular ATP to ADP and
that of ADP to AMP. AMP is then converted to adenosine by
CD73.

Also known as CD39, NTPDase1 is the best character-
ized NTPDase. It is expressed on endothelium and im-
mune cells and plays important roles in immunoregulation
and thromboregulation [3–5]. Mice globally null for
CD39 exhibit impaired liver regeneration after partial hep-
atectomy [6].

In contrast, NTPDase2 is expressed predominantly on
perivascular cells, glial cells, and periportal fibroblasts
in the liver [7–9]. This ecto-enzyme is primarily an
ATPase with minimal ADPase activity, which results in
the accumulation of ADP in the extracellular milieu
[10].

In vitro co-incubation studies have linked the expres-
sion of NTPDase2 on periportal fibroblasts to the regula-
tion of cholangiocyte proliferation, a process possibly im-
plicated in liver regeneration and fibrosis [11]. In this
context, it has been hypothesized that NTPDase2 may
inhibit excessive bile duct proliferation by scavenging ex-
tracellular ATP, which is an important ligand of
basolateral P2Y receptors of cholangiocytes that promotes
their proliferation [11].

The contribution of these portal fibroblasts to the
myofibroblast population that produces extracellular ma-
trix in fibrosis remains controversial [12, 13]. A recent
study describes a population of portal myofibroblasts
that promote liver cirrhosis via release of pro-
angiogenic microvesicles [14]. These observations raise
the question whether NTPDase2 is involved in regulat-
ing l iver f ibrosis via i ts expression on portal
myofibroblasts.

Current insights into NTPDase2 function in liver path-
ophysiology have been largely limited to descriptive im-
munohistochemistry analysis and in vitro studies. To bet-
ter define the functional role of NTPDase2 in liver re-
generation and fibrosis, we subjected mice with global
NTPDase2 deletion (Entpd2 null) to well-characterized
models of liver injury and regeneration.

Methods

Animals

The generation of global NTPDase2-deficient (Entpd2
null) mice on a C57BL/6 background has been de-
scribed previously [15]. For all experiments, we used
8- to 12-week-old male mice with age-, sex-, and
strain-matched wild-type mice as controls (Taconic,
Hudson, NY).

Partial hepatectomy

Animals were anesthetized with ketamine and xylazine.
Approximately two thirds of the liver was resected as
described by Mitchell and Willenbring [16]. Briefly, the
liver was exposed by a median laparotomy, and the left
lobe and the median lobes were individually ligated and
resected with a 6-0 silk ligature. Meloxicam was used
for post-surgical analgesia. Mice were euthanized for
tissue harvest at 24 h, 48 h, 72 h, and 5 days after
surgery (n ≥ 5 per genotype and time point). For sham
hepatectomy (n = 3 per genotype and time point), mice
received the same treatment, including anesthesia, lapa-
rotomy, manipulation of the liver, and surgical closure
of the abdomen, without ligation and resection of any
liver lobes.

Carbon tetrachloride treatment

Liver fibrosis was induced in wild-type and Entdp2 null
mice, according to an optimized escalating dose regimen
of carbon tetrachloride (CCl4) (Sigma-Aldrich, St.
Louis, MO) in corn oil by oral gavage three times per
week for 2 and 6 weeks, as previously established [17].
Control mice of each genotype received corn oil by
gavage for the same amount of time (n = 2 per geno-
type and time point). Mice were euthanized at 2 weeks
(n = 9 wild-type and n = 6 Entpd2 null mice) and
6 weeks (n = 14 wild-type and n = 6 Entpd2 null mice)
for tissue harvest and fibrosis assessment.

3,5-Diethoxycarbonyl-1,4-dihydrocollidine feeding

For induction of progressive cholangitis with subsequent bil-
iary fibrosis, Entpd2 null (n = 6) and wild-type control (n = 5)
mice were fed with a diet supplemented with 0.1% 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) (Sigma-
Aldrich, Research Diets) for 3 weeks [18]. Mice on standard
chow were used as controls.
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Measurement of hepatic collagen content

Hepatic collagen deposition was determined biochemically by
measuring the hydroxyproline content. In short, 250–300 mg
liver samples underwent complete acid hydrolysis in 5 ml of
6 N hydrochloric acid (HCl) at 110 °C for 16 h, then hydroxy-
proline was quantitated photometrically as described [19].

RNA isolation and real-time quantitative polymerase
chain reaction

Liver tissue was snap frozen in liquid nitrogen after harvest
and stored at − 80 °C until further processing. The tissue was
homogenized with TRIzol® Reagent (Life Technologies,
Carlsbad, CA) to isolate RNA according to the manufacturer’s
protocol and transcribed to cDNA using the iScript™ cDNA
Synthesis kit (Bio-Rad, Hercules, CA). Real-time quantitative
polymerase chain reaction (qPCR) was performed on a
Stratagene Mx3005P (Agilent Technologies) using standard
protocols. The following Entpd2 primers were used as pub-
lished previously [6]: Fw: TGACTGCCAACTACCTGCTG
and Rev.: CCGCAAATGGACCTCATTAT.

Immunohistochemistry

Formalin-fixed, paraffin-embedded, or frozen murine liver tis-
sues were cut into 6-μm sections. One slide from each block
was stained by hematoxylin and eosin for morphological anal-
ysis. For immunohistochemistry, sections were fixed in ace-
tone and blocked with 7% horse serum (Vector Laboratories,
Burlingame, CA) for 0.5 h. The tissues were first incubated
with primary antibodies overnight at 4 °C. Primary antibodies
were rabbit polyclonal antimouse NTPDase2 (http://
ectonucleotidases-ab.com, as characterized previously [20]),
Thy-1 (Abcam, Cambridge, UK), Ki67 (Dako, Santa Clara,
CA), and A6 (kind gift fromV. Factor, NIH). After peroxidase
and biotin activity blocking, sections were incubated with the
biotinylated secondary antibody for 1 h (goat polyclonal
antirabbit IgG, Vector Laboratories), continued with avidin-
biotin complex HRP, and visualized with ImmPACT DAB
(Vector Laboratories). All slides were mounted on Cytoseal
and examined and recorded on a Nikon microscope. For fluo-
rescent double staining, we used the respective fluorescent
secondary antibodies. Sections were co-stained with Hoechst
and covered with polyvinyl alcohol mounting medium
(Sigma-Aldrich) and examined on a Nikon multiphoton fluo-
rescent microscope.

Statistical analysis

All statistical analyses were performed with GraphPad Prism
5. Two-tailed Student’s t test was used to test for the signifi-
cant difference between groups.

Results

Hepatic expression of NTPDase2 increases after liver
injury and induction of liver fibrosis

NTPDase2 expression in the normal liver is limited to
periportal areas, where a high level of expression is found
on perivascular cells and periductular cells, resembling
periportal myofibroblasts (Fig. 1a), in agreement with prior
studies [7, 9].

Following partial hepatectomy, the expression patterns of
NTPDase2 do not substantively change at the protein level
(data not shown), but NTPDase2 expression levels as mea-
sured by real-time qPCR are significantly upregulated,
reaching median 3.5-fold increments over those of sham-
operated control on day 5 (p < 0.005) (Fig. 2a). After induc-
tion of fibrosis, by both CCl4 treatment and DDC feeding, the
hepatic expression of NTPDase2 as measured by real-time
qPCR is also significantly higher when compared to that of
untreated controls (CCl4, 3 ± 0.6 vs. 1.2 ± 0.3, p < 0.001;
DDC, 11.9 ± 6.6 vs. ± 1.2 ± 0.8, p = 0.015) (Fig. 2b, c).

In the healthy wild-type liver, NTPDase2 expression is
limited to a thin line around the portal vein and bile duct area
(Fig. 1a). However, after 2 weeks of treatment with CCl4,
evolving fibrotic areas start expressing NTPDase2 beyond
the portal triads, in a more diffuse pattern (Fig. 1b). After
6 weeks, there is a distinct expression of NTPDase2 within
the fibrotic areas between portal triads, on or around smaller
groups of cells that appear to be surrounding proliferating bile
duct cells or newly forming pseudo-ducts (Fig. 1c).

After 3 weeks of DDC feeding, there is a strong expression
of NTPDase2 within the thickened portal areas, but we do not
see a broader expansion of NTPDase2 expression into the
areas between portal fields as noted in the CCl4-treated livers
(Fig. 1d).

To better understand the altered expression pattern of
NTPDase2 in CCl4-induced fibrosis, we performed co-
immunostaining of NTPDase2 and Thy-1, a marker of portal
fibroblasts in a healthy liver (Fig. 3a) and CCl4-induced fibro-
sis (Fig. 3b). The staining for both NTPDase2 and Thy-1
demonstrates a similar pattern with a substantial overlap
around the portal structures, consistent with portal fibroblasts.

In fibrotic livers, both NTPDase2- and Thy-1-positive cells
extend further into the parenchyma and fibrous tissue around
the portal fields, with a sustained overlap of both markers.
Selected single cells and groups of comparable-type cells also
display staining for Thy-1, without NTPDase2 (Fig. 3b, aster-
isk). Thy-1 is known to be also expressed by oval cells. To
confirm that the co-expression of NTPDase2 and Thy-1 is
limited to portal fibroblasts, we added co-immunostaining of
NTPDase2 with A6, an oval cell marker that is also expressed
on bile duct epithelia. NTPDase2-positive cells surround these
A6-positive cells and are in close proximity. However, in both
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healthy liver (Fig. 3c) and fibrotic livers after 6 weeks of
induction with CCl4 (Fig. 3d), there is no overlap between
NTPDase2 and A6, suggesting a lack of NTPDase2 expres-
sion on both bile duct epithelium and hepatic progenitor cells.

Deletion of NTPDase2 does not impair normal liver
function or liver regeneration after partial hepatectomy

Entpd2 null mice show normal development and normal liver
morphology and function, when compared to wild-type mice.
In a model of two-thirds hepatectomy, liver weight was re-
stored to 86 ± 11% of the original weight by day 5, which
was comparable to that seen in wild-type mice (94 ± 6%, not
significant) (Fig. 4a). Proliferation rates as determined by the
percentage of Ki67-positive cells do not show a significant
difference at the examined time points (Fig. 4b, c).

NTPDase2 is protective in CCl4-induced liver fibrosis

After experimental fibrosis induction with CCl4, histological
staining of collagen with Sirius Red exhibits a pattern com-
patible with more advanced liver fibrosis in Entpd2 null mice

when compared to wild-type mice (Fig. 5a). In keeping with
histological observations, Entpd2 null mice show more ad-
vanced fibrosis when compared to wild-type mice, as deter-
mined by biochemical analysis of hydroxyproline content
(Fig. 5b).

This difference was significant after 2 weeks of CCl4 treat-
ment with a hepatic hydroxyproline concentration of
35.7 ± 2.9 μg/100 mg liver in Entpd2 null mice compared to
that of 29.3 ± 4.8 μg/100 mg liver in wild-type mice (p = 0.01)
and even more pronounced after 6 weeks (45.5 ± 4.1 μg/
100 mg liver vs. 32.6 ± 8.2 μg/100 mg liver, p = 0.002).

NTPDase2 does not significantly impact biliary fibrosis
induced by DDC.

After 3 weeks of DDC feeding, both Entpd2 null and wild-
type mice developed cholestasis and liver fibrosis.
Histological assessment of connective tissue staining showed
a similar degree of cholangitis and fibrosis (Fig. 6a). There
were no significant differences in hydroxyproline content as a
measurement of hepatic collagen production between Entpd2

a

b

c

d

Fig. 1 NTPDase2 expression in
normal liver and liver fibrosis. a
NTPDase2 in control liver. b
NTPDase2 after 2 weeks of CCl4
treatment. c NTPDase2 after
6 weeks of CCl4 treatment. d
NTPDase2 after 3 weeks of DDC
feeding. Scale bars show 100 μm.
Entpd2 null samples are shown in
a, b, and d as controls for
antibody specificity
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null and wild-type mice (46.8 ± 5.7 vs. 42.6 ± 7.6 μg/100 mg
liver, ns) (Fig. 6b).

We did not observe a significant difference in the rate of
bile duct proliferation between wild-type and Entpd2 null
livers, using cytokeratin 19 (Ck19) or Ki67 staining as
markers. There was a trend towardmore bile duct proliferation
in Entpd2 nul l mice , when us ing both markers
(Supplementary Fig. 1).

The overall number of myofibroblasts and portal
fibroblasts is similar between wild-type and Entpd2 null
livers in fibrosis

To test if the composition of myofibroblast subpopulations
might be altered by different levels of NTPDase2 expression,
we determined the expression of α-smooth muscle actin (α-
SMA) as a general marker for myofibroblasts.

There was no significant difference in the overall expres-
sion of α-SMA in fibrotic livers with or without deletion of
NTPDase2 (Supplementary Figure 2a). The pattern of Thy-1

expression as a marker of the portal fibroblast-derived sub-
population of myofibroblasts is also comparable between fi-
brotic wild-type and Entpd2 null liver tissues (Supplementary
Figure 2b).

Discussion

Purinergic signaling mediates diverse physiological and path-
ological processes in the liver, including inflammation, repair,
and regeneration [21]. In basal states, extracellular concentra-
tions of ATP are in the nanomolar range, but levels can rise
through release from cells or platelets in response to stress [3].
Within 2 h after toxic liver injury, a marked increase in extra-
cellular ATP can be observed in the liver [22]. These pro-
inflammatory signals are rapidly dampened by NTPDases
and other ecto-nucleotidases expressed on the plasma
membrane.

In the liver, CD39 (NTPDase1) is expressed on Kupffer
cells, other sinusoidal immune cells, and vascular endotheli-
um and is known to have immunoregulatory functions in in-
flammatory diseases, such as autoimmune hepatitis [23]. In
contrast to CD39, NTPDase2 expression in the healthy liver
is substantially less abundant and limited to periductal and
perivascular fibrocytic cells in portal areas. The pattern of
localization infers a possible link to bile duct pathophysiology.
This supposition would be in keeping with observations of an
antiproliferative effect of NTPDase2-positive portal fibro-
blasts on cholangiocytes in vitro, which can be abolished after
pharmacological inhibition of P2Y receptors or knockdown of
NTPDase2 [11].

We have previously shown that CD39 expression on endo-
thelial and myeloid cells facilitates liver regeneration by mod-
ulating VEGF and P2Y receptor signaling in sinusoidal endo-
thelial cells [6] and by increasing hematopoietic stem cell
recruitment to the liver [24]. We expected to observe a similar
pro-regenerative effect of the portal fibroblast expression of
NTPDase2.

However, our study demonstrates that the role of
NTPDase2 in liver injury is more complex. After partial hep-
atectomy, we did not observe an impaired liver regeneration,
nor was there endothelial cell damage in Entpd2 null mice as
noted in Cd39 null mice. Furthermore, the percentage of pro-
liferating cells was not altered in Entpd2 null mice. Two-thirds
hepatectomy, an experimental model commonly used to in-
duce liver regeneration, does not trigger a considerable
ductular reaction in the early days, as regeneration here is
largely driven by hepatocyte proliferation [25]. The regulation
of extracellular nucleotides by NTPDase2 in its specific, spa-
tially confined periportal/periductal compartment seems to
play a dispensable role for the stimulation of hepatocyte pro-
liferation in this classic model of liver regeneration.

a

b

c

Fig. 2 Entpd2 is upregulated in liver tissue in different models of hepatic
injury. Entpd2 expression by real-time qPCR in wild-type whole liver
tissue, relative to one sham-operated control liver. a After partial
hepatectomy. b After 6 weeks of CCl4 treatment. c After 3 weeks of
DDC feeding. Error bars represent standard deviation. *p < 0.05;
**p < 0.01; ***p < 0.001. n ≥ 5 per treatment group and time point
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Fig. 3 NTPDase2 expression
extends into scar tissue in fibrosis
but is still predominant on portal
fibroblasts. a Co-immunostaining
of healthy wild-type liver tissue of
NTPDase2 (red) with Thy-1
(green), a marker of portal
fibroblasts. b After 6 weeks of
CCl4 treatment. c Co-
immunostaining of healthy wild-
type liver tissue of NTPDase2
(red) with A6 (green), a marker of
bile duct epithelia and hepatic
progenitor cells. d After 6 weeks
of CCl4 treatment

a c

b

Fig. 4 NTPDase2 deletion does
not impair liver regeneration after
partial hepatectomy. a
Regeneration of liver weight as
the percentage of original weight.
b Proliferation rate as the
percentage of Ki67-positive cells
out of all nucleated cells. c Ki67
staining in wild-type vs. Entpd2
null livers. Error bars represent
standard deviation. n ≥ 5 per
genotype and time point
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Intriguingly, we observed a rather significant protective
effect of NTPDase2 in a model of hepatocellular injury in-
duced byCCl4.Mice deficient in NTPDase2 show significant-
ly faster progression of liver fibrosis, when compared to wild-
type mice. NTPDase2-mediated protection in CCl4-induced
fibrosis may have several explanations. Extracellular ATP
has been shown to have pro-fibrotic effects via activation of
P2Y receptors on hepatic stellate cells [26]. Hence, both CD39
and NTPDase2 can, in theory, be protective, as these ecto-
enzymes catabolize ATP in the extracellular space. However,
NTPDase2 has a lower ADPase activity compared to CD39,
leading to a relative accumulation of ADP, slower conversion

to AMP, and ultimately lower generation of adenosine from
ATP [10]. Adenosine can activate stellate cells through A2A
receptors to induce collagen production [27, 28]. Therefore,
unlike CD39 and its potentially dualistic impact on liver fibro-
sis, NTPDase2 may exert an antifibrotic effect—despite the
more limited expression—as the specific ecto-enzymatic ac-
tivity does not readily lead to the generation of adenosine.

Deletion of NTPDase2 and subsequent decreases in local
extracellular ADP concentrations over boosted ATP levels
might involve changes in the rate of platelet sequestration
and/or alterations in the desensitization of sinusoidal, biliary,
or hepatocyte P2Y receptors. Decreases in platelet recruitment

a

b

Fig. 5 NTPDase2 is protective in
CCl4-induced liver fibrosis. a
Sirius Red staining of hepatic
collagen in wild-type vs. Entpd2
null livers after treatment with
vehicle or CCl4. Scale bars show
100 μm. b Hydroxyproline
content relative to liver weight.
Error bars represent standard
deviation. *p < 0.05; **p < 0.01.
n ≥ 6 per genotype and time point
for CCl4 treatment; n ≥ 2 per
genotype and time point for
vehicle treatment
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would be expected to limit fibrogenesis [29], but this is not
what is observed with Entpd2 deletion. Alternatively, others
and we have demonstrated extracellular nucleotide-mediated
P2Y receptor desensitization in the Cd39 null mouse, e.g., in
the context of platelet activation or smooth muscle contraction
of the vas deferens [3, 30, 31]. In an analogous manner to
aberrant desensitization responses in the Entpd2 null mouse,
inhibition of P2Y receptors by pyridoxal-phosphate-6-
azophenyl-2′,4′-disulfonate (PPADS) has been shown to pre-
vent liver fibrosis induced by CCl4 [27].

Furthermore, although NTPDase2 expression in normal
state is limited to the portal areas, its biological activity via
paracrine signaling can extend further into the liver parenchy-
ma. This is particularly so with liver injury, for example after
CCl4 treatment, as we could show that NTPDase2-positive
cells spread into fibrotic areas and may have a more signifi-
cant impact on levels of ATP in the extracellular milieu.

Such a mechanism may explain the pronounced effect of
NTPDase2 deletion in CCl4-mediated fibrosis whereas af-
ter partial hepatectomy, NTPDase2 expression is limited to
periportal areas, and the effect is negligible. Indeed, after
induction of liver fibrosis, we observed a much broader
NTPDase2 expression pattern on cells penetrating the area
of fibrosis. These cells co-express Thy-1, suggesting these
are at least, in part, comprised of portal fibroblasts. These
NTPDase2-expressing cells are, however, distinct from
cells expressing A6, a marker of oval cells and bile duct
epithelium.

When testing whole liver tissue, we found significant up-
regulation of Entpd2 mRNA after partial hepatectomy and in
both hepatotoxic (CCl4) and biliary (DDC) models of fibrosis.
Interestingly, others have reported changes after CCl4-induced
liver injury, albeit with downregulation of Entpd2 in the set-
ting of late bile duct ligation (BDL) [32, 33]. It has to be noted
that the latter were studies performed in rats and that portal
fibroblasts were isolated first and RNA was extracted selec-
tively from this cell population, while we used whole liver
tissue to encompass other cell types, including stellate cells,
which have been described to express NTPDase2 depending
on their activation state [26].

A recent study by Lua et al. investigated isolated portal
fibroblasts from healthy mouse livers and different models
of liver fibrosis including CCl4 and DDC. These authors noted
that portal fibroblasts significantly downregulated Entpd2 ex-
pression compared to sham controls in all types of liver fibro-
sis [13]. Since we have here determined Entpd2 expression in
whole liver tissue, as opposed to isolated portal fibroblasts,
this discrepancy could be explained by either upregulation of
Entpd2 on different cell types after fibrosis induction or a
significant increase in the number of portal fibroblasts with
lower expression levels in individual cells.

As NTPDase2 was previously shown to be downregulated
in bile duct ligated liver tissue, and given the higher mortality
and inconsistency of this experimental model [34], we chose
DDC feeding as an additional model for liver fibrosis induced
by cholestasis and biliary inflammation [35]. We demonstrate

a

b

Fig. 6 NTPDase2 deletion has a
minimal impact on DDC-induced
biliary fibrosis. a Sirius Red
staining of hepatic collagen in
wild-type vs. Entpd2 null livers
after 3 weeks of DDC feeding.
Scale bars show 100 μm. b
Hydroxyproline content relative
to liver weight. No significant
difference between wild-type and
Entpd2 null mice after 3 weeks of
DDC feeding. Error bars
represent standard deviation.
n = 5 per genotype and time point
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that Entpd2 is upregulated in DDC-induced liver injury.
Interestingly, distinct from CCl4-induced fibrosis, NTPDase2
deficiency does not seem to significantly impact biliary-type
fibrosis induced by DDC feeding. Our data do not rule out
smaller effects that would require a larger number of experi-
mental animals to discern. In fact, we see a consistent trend
toward more bile duct proliferation in Entpd2 null mice after
DDC feeding using both Ck19 and Ki67 as markers, as well as
a trend towardmore fibrosis inEntpd2 null mice. Nonetheless,
these trends do not reach statistical significance, suggesting
the impact of NTPDase2 in the repair and regeneration from
this type of biliary injury is less relevant than that in hepato-
cellular injury induced by CCl4. This is consistent with the
observation that, in a manner different from the CCl4 model,
we do not see the spreading of NTPDase2 expression into the
fibrotic parenchyma after DDC injury.

Our observations highlight the plasticity and the com-
plexity of E-NTPDase-mediated purinergic signaling in
liver injury. While NTPDase2 shows a strong protective
effect in the hepatotoxic model of CCl4, most likely due
to heightened expression into the liver parenchyma
encompassing myofibroblasts in the sinusoids, the effect
in biliary inflammation and fibrosis, as induced by DDC,
is less pronounced. One possible explanation lies in the
different pathological pathways of both models with mas-
sive hepatocyte death occurring after CCl4 treatment,
leading to a substantial release of ATP into the extracel-
lular space when compared to a relatively low rate of cell
death in biliary fibrosis secondary to DDC feeding. The
effect of NTPDase2 as an ATP-scavenging enzyme can
be assumed to be more relevant in the first context.

Furthermore, our results suggest a redundancy of function
between different E-NTPDases: in liver regeneration follow-
ing hepatectomy, a loss of NTPDase2 may be possibly com-
pensated for by CD39 that is more abundantly expressed in
the liver. The latter observation is particularly interesting for
potential pharmacological treatment options for inflammatory
and fibrotic liver disease targeting mediators of purinergic
signaling. It appears that bolstering both CD39 and
NTPDase2 in a combinational manner would have a strong
protective effect in liver inflammation and fibrosis.

Taken together, we evaluated the role of NTPDase2 in liver
regeneration and fibrosis in various mouse models. Our results
demonstrate that despite high-level expression in the
periportal area in a normal liver, NTPDase2 does not signifi-
cantly impact liver regeneration or fibrosis secondary to bili-
ary injury. Rather, NTPDase2 is protective in fibrosis caused
by hepatocellular injury likely due to its unique substrate pref-
erence and altered patterns of expression following liver
injury.
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