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SUMMARY

Primary sclerosing cholangitis (PSC) and a PSC mouse model
have enhanced endothelin (ET)-1, ET-2, and ET-A expres-
sion. ET-A inhibition reduced ductular reaction, inflamma-
tion, fibrosis, and angiogenesis in the PSC model. ET-A
regulated biliary angiocrine signaling that may influence
endothelial cells.

BACKGROUND & AIMS: Primary sclerosing cholangitis (PSC)
leads to ductular reaction and fibrosis and is complicated by
vascular dysfunction. Cholangiocyte and endothelial cell
crosstalk modulates their proliferation in cholestatic models.
Endothelin (ET)-1 and ET-2 bind to their receptor, ET-A, and
cholangiocytes are a key source of ET-1 after bile duct ligation.
We aimed to evaluate the therapeutic potential of ET-A inhi-
bition in PSC and biliary-endothelial crosstalk mediated by this
pathway.

METHODS: Wild-type and multidrug resistance 2 knockout
(Mdr2-/-) mice at 12 weeks of age were treated with vehicle
or Ambrisentan (ET-A antagonist) for 1 week by daily
intraperitoneal injections. Human control and PSC samples
were used.

RESULTS: Mdr2-/- mice at 4, 8, and 12 weeks displayed angio-
genesis that peaked at 12 weeks. Mdr2-/- mice at 12 weeks had
enhanced biliary ET-1/ET-2/ET-A expression and secretion,
whereas human PSC had enhanced ET-1/ET-A expression and
secretion. Ambrisentan reduced biliary damage, immune cell
infiltration, and fibrosis in Mdr2-/- mice. Mdr2-/- mice had squa-
mous cholangiocytes with blunted microvilli and dilated arterioles
lacking cilia; however, Ambrisentan reversed these alterations.
Ambrisentan decreased cholangiocyte expression of pro-
angiogenic factors, specifically midkine, through the regulation of
cFOS. In vitro, ET-1/ET-A caused cholangiocyte senescence, endo-
thelial cell angiogenesis, and macrophage inflammation. In vitro,
human PSC cholangiocyte supernatants increased endothelial cell
migration, which was blocked with Ambrisentan treatment.

CONCLUSIONS: ET-A inhibition reduced biliary and liver
damage in Mdr2-/- mice. ET-A promotes biliary angiocrine
signaling that may, in turn, enhance angiogenesis. Targeting ET-
A may prove therapeutic for PSC, specifically patients display-
ing vascular dysfunction. (Cell Mol Gastroenterol Hepatol
2023;16:513–540; https://doi.org/10.1016/j.jcmgh.2023.06.005)

Keywords: Midkine; Endothelial Cells; Liver Fibrosis;
Cholangiopathies.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jcmgh.2023.06.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2023.06.005&domain=pdf


See editorial on page 643.

Primary sclerosing cholangitis (PSC) is a cholestatic
disease that targets cholangiocytes leading to biliary

senescence, inflammation, fibrosis and ultimately cirrhosis.1

Bile duct damage leads to cholangiocyte senescence and
ductular reaction, which contribute to hepatic changes
through paracrine signaling.2 Biliary-derived factors pro-
mote immune cell infiltration and hepatic stellate cell (HSC)
activation,2 and the interplay between reactive ductular
cells and endothelial cells is undefined. Understanding
components that mediate angiogenesis is critical because
vascular dysfunction and angiogenic signaling are dynamic
contributors to portal hypertension in cholestatic diseases.3

In cholestatic models, ductular reaction contributes to
vascular remodeling via angiocrine signaling. Specifically, in
models of cholestasis ductular reaction is coupled with an
increase in neovessel presence and angiogenesis.4 This
process was mediated by the angiocrine signal, Slit2,
released specifically by cholangiocytes.4 In humans under-
going liver transplantation, ischemic injury causes peri-
biliary vascular plexus (PVP) (blood supply of the bile
ducts) loss and reduces biliary proliferation.5 Endothelial
cell presence is enhanced in multidrug resistance 2
knockout (Mdr2-/-) mice and human PSC samples.6,7 Arterial
luminal dilation and portal angiogenesis occur in idiopathic
portal hypertension.8 More work is necessary to understand
which biliary-derived components drive angiogenesis.

Endothelin (ET) includes a set of peptides, ET-1, ET-2 and
ET-3, that bind to and activate their specific G-protein
coupled receptors, ET-A (binding affinity ET-1 ¼ ET-2 > ET-
3) and ET-B (binding affinity ET-1 ¼ ET-2 ¼ ET-3).9 ETs are
vasoactive peptides, but ET-A induces vasoconstriction,
growth, and inflammation, whereas ET-B promotes vasodi-
lation and inhibits growth and inflammation in cardiovascu-
lar disease.10 ET-A inhibition reduces liver fibrosis in bile
duct ligated (BDL) rats,11 whereas inhibition of ET-B is
associatedwith increased portal pressure in normalmice and
sinusoidal constriction during cirrhosis.12 ET-1 administra-
tion prolongs bile retention13 and induces cholestasis and
vasoconstriction in isolated perfused rat livers14; however,
ET signaling in PSC is unknown. Therefore, we aimed to
determine how cholangiocytes influence angiogenesis during
cholestasis specifically through ET-A signaling.

Results
Aging Mdr2-/- Mice and Human PSC Samples
Present With Angiogenesis

Progressive liver damage occurs during aging in Mdr2-/-

mice, with ductular reaction occurring at 3 weeks of age15;
however, information on angiogenesis is lacking. Angiogenesis
increased inMdr2-/-mice at 8weeks and 12weeks of age, with
vessel presence (red arrowheads) peaking at 12 weeks
(Figure 1A). Similar staining pattern was found for von Wil-
lebrand factor (vWF) (Figure 1B). Parallel toMdr2-/- mice, we
found enhanced angiogenesis in human PSC (Figure 1C andD).

ET-1, ET-2, and ET-A Expression and Secretion
Increase in Mdr2-/- Mice and Human PSC

Because angiogenesis was highest in Mdr2-/- mice at
12 weeks, we used this age for our studies. Biliary
immunoreactivity of ET-1, ET-2, and ET-A increased in
Mdr2-/- mice compared with wild-type (WT) (Figure 2A).
ET-1, ET-2, and ET-A immunoreactivity in endothelial
cells (pink) and cholangiocytes (red) increased in Mdr2-/-

mice compared with WT (Figure 3A). The secretion
of ET-1 and ET-2 was enhanced in cholangiocyte super-
natants from Mdr2-/- mice compared with WT
(Figure 2B).

PSC patients had increased immunoreactivity of ET-1,
ET-2, and ET-A in cholangiocytes and endothelial cells
(Figure 2C, Figure 3B); however, mRNA expression of
EDN1 and EDNRA increased in cholangiocytes from PSC
patients with no significant change in EDN2 compared
with controls (Figure 2D). ET-1, but not ET-2, levels in bile
and cholangiocyte supernatants increased in human PSC
compared with control (Figure 2E and F). It is important
to note that there may be discrepancies in EDN1, EDN2,
and EDNRA expression, as well as ET-1 and ET-2 secretion,
in the intrahepatic (IH) versus extrahepatic (EH) chol-
angiocytes (Figure 2D); however, because of the limited
number of patient-derived cholangiocytes available we
were unable to analyze heterogeneity and instead looked
at overall changes.

Portal Damage Is Reduced in Ambrisentan-
Treated Mdr2-/- Mice

The ET-1/ET-2/ET-A axis is enhanced in Mdr2-/- mice
and human PSC; therefore, we treated WT and Mdr2-/- mice
at 12 weeks of age with an ET-A antagonist, Ambrisentan,
for 1 week. By H&E, we observed increased periductal
inflammation, lobular inflammation, necrosis, and portal
damage in Mdr2-/- mice compared with WT; however,
Ambrisentan reduced periductal inflammation and portal
damage in Mdr2-/- mice (Figure 4A). No changes in lobular
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inflammation or necrosis were noted in Ambrisentan-
treated Mdr2-/- mice (Figure 4A). We found no significant
alterations of the heart in any groups (Figure 4B). Mdr2-/-

mice presented with tubular dilation of the kidney, which
was unaffected by Ambrisentan (Figure 4C). Mdr2-/- mice
presented with foci of peribronchial inflammation and
alveolar hemorrhage, which were reduced with Ambri-
sentan treatment (Figure 4D). No significant alterations
were found in treated WT mice versus controls or dimethyl
sulfoxide (DMSO)-treated Mdr2-/- mice for any organ
(Figure 4A–D).

Ductular Reaction and Biliary Senescence Are
Decreased in Ambrisentan-Treated Mdr2-/- Mice

Ductular reaction increased in Mdr2-/- mice compared
with WT; however, Ambrisentan treatment decreased
ductular reaction in Mdr2-/- mice (Figure 5A). Biliary
senescence increased in Mdr2-/- mice compared with WT
but was reduced in Ambrisentan-treated Mdr2-/- mice
(Figure 5B and C). Similarly, biliary mRNA expression of
Cdkn1a was enhanced in Mdr2-/- mice compared with
WT but was reduced in Ambrisentan-treated Mdr2-/-

mice (Figure 5D). No changes in ductular reaction or

Figure 1. Angiogenesis in aging Mdr2-/- mice and human PSC. (A) CD31 staining and semiquantification inMdr2-/- mice. (B)
Co-stain for CK-19 and vWF in Mdr2-/- mice. (C) CD31 staining and semiquantification in human samples. (D) Co-stain for CK-
19 and vWF in human samples. Data are mean ± standard deviation. n ¼ 10 portal images per sample imaged from n ¼ 3–6
mice, n ¼ 5 human control, and n ¼ 8 human PSC for CD31. BD, bile duct; red arrowheads, vessels. vWF/CK-19 is 20� and
40�, scale bar ¼ 250 mm. CD31 is 40�, scale bar ¼ 200 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Figure 2. ET-1 and ET-2 expression and secretion and ET-A expression. (A) Staining for ET-1, ET2, and ET-A in mouse
samples. (B) ET-1 and ET-2 levels in cholangiocyte supernatants from mouse samples. (C) Staining for ET-1, ET2, and ET-A in
humansamples. (D)EDN1,EDN2, andEDNRAmRNAexpression in isolatedcholangiocytes fromhumansamples. (E) ET-1andET-
2 levels in bile from human samples. (F) ET-1 and ET-2 levels in cholangiocyte supernatants from isolated human cholangiocyte
cultures. Data are mean ± standard deviation. n¼ 3 reactions per sample for qPCR in n¼ 3 control and n¼ 3 PSC cholangiocyte
samples; n¼ 3 reactions for EIA from cholangiocyte supernatants obtained from n¼ 8mice per group; n¼ 2 reactions per sample
for EIA from n¼ 7–8 control and n¼ 3–4 PSCbile samples; n¼ 2 reactions per sample for EIA in cholangiocytemedium fromn¼ 3
control and n ¼ 3 PSC samples. Staining is 20� and 40�, scale bar ¼ 300 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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biliary senescence were noted in treated WT mice versus
controls or DMSO-treated Mdr2-/- mice versus controls
(Figure 5A–C).

Immune Cell Infiltration and Inflammation Are
Abrogated in Ambrisentan-Treated Mdr2-/- Mice

Macrophage infiltration is associated with angiogenesis
in models of liver fibrosis,16 and macrophage number was
enhanced in Mdr2-/- mice compared with WT; however,
macrophage number decreased in Ambrisentan-treated
Mdr2-/- mice (Figure 6A). Similarly, T-cell (CD3þ) and B-
cell infiltration (CD20þ) increased in Mdr2-/- mice
compared with WT but were significantly reduced in
Ambrisentan-treated Mdr2-/- mice (Figure 6B and C). No
significant changes were found for macrophage, T-cell, or B-
cell infiltration in treated WT mice versus controls or
DMSO-treated Mdr2-/- mice versus controls (Figure 6A–C).
We further confirmed changes in inflammatory signaling
molecules, Ccl2 and Ccl5, which were up-regulated inMdr2-/-

mice compared with WT but reduced inMdr2-/- mice treated
with Ambrisentan (Figure 6D).

Liver Fibrosis Is Reduced in Ambrisentan-Treated
Mdr2-/- Mice

Liver fibrosis is associated with angiogenesis in a model
of cirrhosis.17 Mdr2-/- mice had increased collagen deposi-
tion and collagen, type I, a 1 (Col1a1) levels compared with
WT, which were reduced in Ambrisentan-treated Mdr2-/-

mice (Figure 7A and B). Fibrosis findings were confirmed by
hydroxyproline levels and Masson’s trichrome staining
(Figure 7C and D). Mdr2-/- mice presented with ductular
reaction extending away from the portal tracts and was
embedded in areas of bridging fibrosis; however, this as-
sociation was not noted in Ambrisentan-treated Mdr2-/-

mice (Figure 7E). HSC presence increased in Mdr2-/- mice
compared with WT but reduced in Ambrisentan-treated
Mdr2-/- mice (Figure 7F). Collagen deposition and HSC
presence were unchanged in treated WT mice versus con-
trols and DMSO-treated Mdr2-/- mice versus controls,
although DMSO-treated Mdr2-/- mice had significantly
reduced Col1a1 expression compared with controls
(Figure 7A–F), which may be due to differential mRNA and
protein expression levels due to post-transcriptional
modifications.18

Figure 3. ET-1, ET-2, and ET-A expression in cholangiocytes and endothelial cells. (A) Co-staining for ET-1, ET-2, or ET-A
with CK-19 and vWF in mouse samples. (B) Co-staining for ET-1, ET-2, or ET-A with CK-19 and vWF in human samples.
Staining is 20� and 40�, scale bar ¼ 116 mm.
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Vascular Endothelial Growth Factor-A Expression
and Angiogenesis Are Decreased in
Ambrisentan-Treated Mdr2-/- Mice

Anti-angiogenic treatment reduces vessel density and
liver fibrosis in a model of cirrhosis19; therefore, we eval-
uated changes in angiogenesis in our model. Vascular
endothelial growth factor-A (VEGF-A) expression was
enhanced in the bile ducts of Mdr2-/- mice compared with
WT; however, biliary VEGF-A expression was reduced in

Ambrisentan-treated Mdr2-/- mice (Figure 8A). Similarly, the
bile ducts of human PSC had increased VEGF-A expression
compared with control (Figure 8B). The mRNA expression
of Vegfa was enhanced in Mdr2-/- mice compared with WT
but reduced in Mdr2-/- mice treated with Ambrisentan
(Figure 9A). VEGF-A homodimers were increased in Mdr2-/-

mice compared with WT but reduced in Ambrisentan-
treated Mdr2-/- mice (Figure 9B). Interestingly, we
detected VEGF-A potentially involved in heterodimers with

Figure 4. Tissue histology
after Ambrisentan treat-
ment. H&E staining in (A)
liver, (B) heart, (C) kidney,
and (D) lung in mouse
samples. Staining is 10�,
scale bar ¼ 300 mm.
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placental growth factor (PlGF).20 VEGF-A potential hetero-
dimers with PlGF were reduced in Mdr2-/- mice and un-
changed with Ambrisentan treatment (Figure 9B). Like our
mouse models, VEGF-A potential involvement in PlGF het-
erodimers was reduced in PSC compared with controls;
however, VEGF-A homodimers were significantly increased
in PSC compared with controls (Figure 9C). VEGF-A homo-
dimers induce mitogenesis and angiogenesis via activation
of VEGFR1 and VEGFR2.21 Similarly, VEGF-A-PlGF hetero-
dimers bind to VEGFR1 and VEGFR2 but have lower mito-
genic and angiogenic capabilities.20 These findings suggest
that ET-A activity may modulate VEGF-A synthesis that is
mainly involved in VEGF-A homodimeric signaling.

Vessel number (red arrowheads) increased near bile
ducts in Mdr2-/- mice; however, vessel number was reduced
after Ambrisentan treatment (Figure 8C). Changes in portal
angiogenesis were confirmed by vWF/cytokeratin-19 (CK-
19) immunostaining (Figure 8D). Changes in the above
parameters were not noted in treated WT mice or DMSO-
treated Mdr2-/- mice compared with controls (Figure 8A
and C). Because no significant changes are found in treated
WT mice and Mdr2-/- mice treated with DMSO, we reduced
our models to WT, Mdr2-/-, andMdr2-/ - þ Ambrisentan mice
for the remainder of our studies.

We wanted to understand whether angiogenesis corre-
lated with other parameters of injury, so we used Pearson
correlation to generate a correlation matrix. We found
strong and significant positive correlations between angio-
genesis (CD31), fibrosis (Sirius Red/Fast Green), ductular
reaction (CK-19), and immune cell infiltration (CD3, CD20,
F4/80) in WT and Mdr2-/- mice; no correlations were found
for VEGF-A expression (Figure 8E). Direct correlations be-
tween these factors and angiogenesis or ductular reaction
were plotted on a linear scale (Figure 8F). These findings
suggest that angiogenesis and ductular reaction may worsen
pathologic outcomes during PSC.

Compromised Biliary Epithelial Cell Integrity,
Arteriole Dilation, and Loss of Endothelial Cilia
Are Reversed in Ambrisentan-Treated Mdr2-/-

Mice
We found expansive bile duct branching, indicative of

ductular reaction, in Mdr2-/- mice, which is visualized by the
degree of ink perfusion into the IH biliary tree (Figure 10A).
However, bile duct branching was reduced in Ambrisentan-
treated Mdr2-/- mice, which is demonstrated by less ink
perfusion into the IH bile ducts (Figure 10A). Looking at
ultrastructural components, transmission electron micro-
scopy (TEM) imaging demonstrated that cholangiocytes

(blue) had a squamous appearance with loss of microvilli
and significant detachment from the basement membrane;
however, Ambrisentan-treated Mdr2-/- mice cholangiocytes
demonstrated a columnar structure and reformation of the
microvilli, which is comparable to WT mice (Figure 10B).
Basement membrane detachment was not affected by
Ambrisentan treatment (Figure 10B). Arterioles (pink) were
pushed further from bile ducts and showed loss of endo-
thelial cilia (arrows) in Mdr2-/- mice, but these alterations
were reversed in Mdr2-/- mice treated with Ambrisentan
(Figure 10B). There is an apparent association between
biliary damage and vascular integrity that may promote
damage during cholestasis.

Cholangiocyte-Derived Angiocrine Factors Are
Dependent on ET-A Signaling in Mdr2-/- Mice

We performed an angiogenesis array using cholangiocyte
supernatants to evaluate biliary-derived angiogenic com-
ponents. Cholangiocytes from Mdr2-/- mice had increased
interleukin 6 (IL-6) secretion, which was reduced in
Ambrisentan-treated Mdr2-/- mice (Figure 10C). Endothelial
cells do not express the IL-6 receptor (IL-6R) and undergo
IL-6 trans-signaling, which converges with transforming
growth factor (TGF)-b1 pathways to promote inflamma-
tion.22 Mdr2-/- mice had an increase in pro-angiogenic
angiopoietin (Angpt2) hepatic expression; however, Ambri-
sentan reduced Angpt2 but increased the vascular stabiliz-
ing Angpt1, demonstrating reduced vascular remodeling
associated with angiogenesis (Figure 10D). Ingenuity
Pathway Analysis (IPA) confirmed that ET-A activation re-
duces Angpt1 but enhances Angpt2 (Figure 10E).

Previous work has identified cholangiocytes as a major
source of TGF-b1 and ET-1 in a model of hepatopulmonary
syndrome.23 IPA verified that ET-1/2 modulates TGF-b1 via
ET-A, with no interaction with ET-B noted (Figure 9D).
Tgfb1 expression increased in the total liver and chol-
angiocytes isolated from Mdr2-/- mice and was reduced with
Ambrisentan treatment (Figure 9E and F). TGF-b1 levels in
cholangiocyte supernatants followed a similar trend
(Figure 9G). There was enhanced immunoreactivity of TGF-
b1 in cholangiocytes (white arrows) and endothelial cells
(yellow arrows) in Mdr2-/- mice that was reduced after
Ambrisentan treatment (Figure 9H). PSC patients had
increased TGF-b1 immunoreactivity in cholangiocytes and
endothelial cells (Figure 9I). Confirming this, TGFB1
expression in isolated cholangiocytes is enhanced in PSC
versus control (Figure 9J). During PSC, ET-A activation may
promote TGF-b1 synthesis and secretion.

To demonstrate novel angiogenic factor signaling in
cholangiocytes that is mediated by ET-A, we performed a

Figure 5. (See previous page). Ductular reaction and biliary senescence after Ambrisentan treatment. (A) Staining and
semiquantification of CK-19 in mouse samples. (B) Co-staining for p16 and CK-19 in mouse samples and semiquantification.
(C) SA-b-Gal activity in mouse samples. (D) qPCR for Cdkn1a in isolated cholangiocytes from mouse samples. Data are mean
± standard deviation. n ¼ 4–5 portal areas per mouse imaged from n ¼ 6 mice per group for CK-19; n ¼ 3–5 portal areas
imaged from n ¼ 3–4 mice per group for p16/CK-19; n ¼ 3–5 portal areas per mouse imaged from n ¼ 3–4 mice per group for
SA-b-Gal; n ¼ 3 reactions per group in total RNA isolated from isolated cholangiocytes from n ¼ 8 mice per group. CK-19 is
1� and 10�, scale bar ¼ 300 mm; p16/CK-19 is 20�, scale bar ¼ 250 mm; SA-b-Gal is 20�, scale bar ¼ 200 mm. *P < .05, **P
< .01, ***P < .001, ****P < .0001.
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Figure 6. Immune cell infiltration and inflammation after Ambrisentan treatment. (A) F4/80 staining and semiquantification
in mouse samples. (B) CD3 staining and semiquantification in mouse samples. (C) CD20 staining and semiquantification in
mouse samples. (D) Ccl2 and Ccl5 mRNA expression in total liver. Data are mean ± standard deviation. n ¼ 4–5 portal areas
per mouse imaged from n ¼ 6 mice per group for F4/80; n ¼ 10 portal areas per mouse imaged from n ¼ 6–11 mice per group
for CD3 and CD20. n ¼ 3 reactions per group in total RNA isolated from n ¼ 6 mice per group. F4/80 is 1� and 10�, scale
bar ¼ 300 mm; CD3 and CD20 are 20� and 40�; scale bar ¼ 200 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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polymerase chain reaction (PCR) array in isolated chol-
angiocytes. We found that midkine (Mdk) expression was
significantly up-regulated in isolated cholangiocytes from
Mdr2-/- mice compared with WT, which was reversed with
Ambrisentan treatment (Figure 11A). Because the role of
Mdk has not been studied in cholangiocytes, cholestasis, or
PSC previously, we focused on this gene. We confirmed
biliary changes of Mdk by quantitative PCR (qPCR)
(Figure 11B). Mdk biliary immunoreactivity increased in
Mdr2-/- mice compared with WT but decreased with
Ambrisentan treatment (Figure 11C). Human PSC had
enhanced biliary Mdk immunoreactivity compared with
control (Figure 11D). We found that Mdk expression is
enhanced in cholangiocytes (CK-19), portal vascular endo-
thelial cells (vWF), macrophages (F4/80), and HSCs (des-
min) but not hepatocytes (HNF4a) of Mdr2-/- mice
compared with controls (Figure 12).

Ambrisentan Treatment Reduces Biliary Mdk
Expression Through Fos Proto-oncogene

We first performed IPA to evaluate links between ET-A
and IL-6, TGF-b1, and Mdk. When looking for direct down-
stream factors, we found that the transcription factor FOS
(ie, Fos proto-oncogene [cFOS]) was the only factor to have
multiple connections, specifically to IL-6 and TGF-b1 with a
link to Mdk unknown (Figure 11E). ET-1/ET-A induction of
TGFB1 and IL-6 synthesis has been previously pub-
lished,24,25 and considering that IPA pulls its data from
publicly available information, it may be that cFOS/MDK
binding is unknown. For this reason, we used PROMO to
predict cFOS binding to the promoter region of MDK and
found a binding site within the promoter region of MDK
with low dissimilarity and low chance of random expecta-
tion (Figure 11F). We evaluated changes in cFOS by Western
blotting, and interestingly we found no changes in total
cFOS but increased levels of phospho-Fos proto-oncogene
(p-cFOS) in Mdr2-/- mice compared with WT, but reduced
p-cFOS in Mdr2-/- mice treated with Ambrisentan
(Figure 11G). Interestingly, phosphorylation of cFOS en-
hances its transcriptional ability.26 Changes in biliary p-
cFOS expression were confirmed by immunostaining
(Figure 11H).

ET-1/ET-A Signaling Influence on Different Cells,
In Vitro

In Mdr2-/- mice, Ambrisentan treatment decreased
ductular reaction, portal angiogenesis, immune cell infil-
tration. and liver fibrosis; therefore, we performed in vitro

experiments to understand which cell type is affected by ET-
1/ET-A signaling. In vitro, ET-1 induced human intrahepatic
biliary epithelial cell (HIBEC) senescence, which was
blocked by Ambrisentan pretreatment (Figure 13A and B).
In vitro, human hepatic stellate cells (hHSCs) did not in-
crease fibrogenesis after ET-1 or Ambrisentan treatment
(Figure 13C and D). Interestingly, in vitro treatment of hu-
man umbilical vein endothelial cells (HUVECs) with ET-1
increased angiogenesis, but this was unaffected by Ambri-
sentan pretreatment (Figure 13E and F). In vitro, ET-1 and
Ambrisentan treatment did not induce hHEP senescence or
proliferation (Figure 13G and H), which may explain our
finding that Ambrisentan did not alter lobular inflammation
or necrosis (Figure 4A). Lastly, in vitro treatment of THP-1
(differentiated to macrophages) with ET-1 induced inflam-
mation, which was blocked by Ambrisentan pretreatment
(Figure 13I and J).

Ambrisentan Treatment Blocks HUVEC
Migration, In Vitro

Cholangiocyte purity in control (n ¼ 3) and PSC (n ¼ 3)
samples was confirmed by CK-19 immunostaining
(Figure 14A). Although >70% of cells were CK-19þ, the
expression of CK-19 appears lower in EH cholangiocytes
compared with IH cholangiocytes, and differential CK-19
expression based on location in the biliary tree has been
demonstrated previously.27 We treated control and PSC
cholangiocytes with Ambrisentan or vehicle (DMSO) and
determined that treatment did not alter cellular morphology
(Figure 14B). We stimulated HUVECs with supernatants
combined from all treated cholangiocytes (experimental
outline, Figure 14C) and found that DMSO-treated PSC
cholangiocytes enhanced HUVEC migration compared with
control; however, HUVECs stimulated with Ambrisentan-
treated PSC cholangiocyte supernatants had reduced
migration (Figure 14D). These data demonstrate that
biliary-derived factors promote angiogenic processes in
endothelial cells.

Discussion
ET-A antagonism diminishes biliary and liver damage

associated with cholangitis in Mdr2-/- mice. Reductions in
ductular reaction and biliary senescence suggest that ET-A
may modulate cholangiocyte damage and angiogenesis
through autocrine and paracrine mechanisms. We found
that biliary expression of IL-6, TGF-b1, and Mdk, which are
known to contribute to angiogenesis and vascular remod-
eling, are enhanced, which demonstrates a close

Figure 7. (See previous page). Liver fibrosis after Ambrisentan treatment. (A) Sirius Red/Fast Green staining and semi-
quantification in mouse samples. (B) Col1a1mRNA expression in total liver from mouse samples. (C) Hydroxyproline content in
mouse samples. (D) Masson’s trichrome staining in mouse samples. (E) Co-staining for CK-19 and Sirius Red/Fast Green in
mouse samples. (F) Co-staining for CK-19 and desmin in mouse samples. Data are mean ± standard deviation. n ¼ 4–5 portal
areas per mouse imaged from n ¼ 6 mice per group for Sirius Red/Fast Green; n ¼ 6 reactions per group in total RNA isolated
from n ¼ 6 mice; n ¼ 3 reactions per mouse from n ¼ 6 mice per group for hydroxyproline; n ¼ 3 portal areas per mouse
imaged from n ¼ 3 mice per group for desmin. Sirius Red/Fast Green is 1� and 10�, scale bar ¼ 300 mm; Masson’s trichrome
is 10�, scale bar ¼ 300 mm; CK-19/Sirius Red/Fast Green is 10� and 30�, scale bar ¼ 300 mm; CK-19/desmin is 20�, scale
bar ¼ 116 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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relationship between cholangiocytes and endothelial cells.
Our findings suggest that cholangiocytes contribute to
angiogenesis via ET-A–dependent signaling, and angiogen-
esis may be a pathogenic mechanism in PSC.

ET-A antagonism reduces portal damage, including
ductular reaction, and biliary senescence. After BDL, chol-
angiocytes are the main source of ET-1 and TGF-b1, which
significantly correlate with one another.23 ET-1 induces
cholestasis alongside portal pressure in normal rats.13,14 In
cirrhotic humans, ET-1 levels in hepatic venous blood
significantly correlated with bile duct volume,28 suggesting
that ET-1 promotes ductular reaction. However, the impact
of ET-A inhibition on biliary damage in PSC or other
cholestatic models is unknown. Our findings show that
blocking ET-A inhibits ductular reaction and biliary damage
in Mdr2-/- mice.

An interesting finding in our study was the discrepancy
in ET-1 and ET-2 levels in humans and mice. Secretion of
ET-1 and ET-2 was enhanced in Mdr2-/- mice, but only ET-1
levels increased in human PSC. Murine ET-2 (also termed
vasoactive intestinal contractor) is orthologous to the hu-
man ET-2,29 with the peptide differing by 1 amino acid.30

In vitro studies have shown that vasoactive intestinal
contractor is 40-fold weaker than human ET-2 in inducing
contractions in human vascular smooth muscle cells,31

showing species-specific mechanisms. Colonic ET-2 expres-
sion and secretion are unaffected in humans with ulcerative
colitis or inflammatory bowel disease, but colonic ET-2
levels are enhanced in a mouse model of experimental in-
flammatory bowel disease.32 Species-specific differences in
vasoactive intestinal contractor and human ET-2 function-
ality may lend to differing concentrations in Mdr2-/- mice
and human PSC. In addition, levels of END1, END2, ENDRA,
and TGFB1 vary in our human PSC cholangiocytes, which
may be due to individual variability33,34 or the original
location being IH or EH. It is known that various receptors
and transporters can have differing levels of expression
dependent on location in the biliary tree27; thus work
evaluating heterogenous ET-A signaling in IH versus EH
cholangiocytes is necessary.

ET-1 is a potent vasoconstrictor,35 and overexpression of
ET-1 in BDL rats contributes to portal hypertension.36 ET-1
increases hepatic vascular resistance in a dose-dependent
manner in vivo.37 ET-A antagonist (BQ123) treatment
reduced portal pressure and enhanced hepatic arterial
blood flow in patients with cirrhosis38 demonstrating the
role of ET-A on the hepatic vasculature. In this small cohort,
the administration of selective ET-A antagonists (BQ123 or
Ambrisentan) decreased portal pressure in Child-Pugh B
cirrhotic patients,38 demonstrating the efficacy of ET-A

inhibition in select cirrhotic patients. We found that block-
ing ET-A decreases angiogenesis and ductular reaction in
Mdr2-/- mice, suggesting that ET-A may be important in the
pathophysiology of cholangitis. Considering the above clin-
ical trial and previous reports that Mdr2-/- mice present
with portal hypertension,39 we postulate that targeting ET-
1/ET-A signaling in PSC may be a potential therapeutic,
specifically for patients with cirrhosis or portal
hypertension.

Ductular reaction contributes to damaging phenotypes in
PSC through paracrine cell signaling.2 We found a reduction
in the peribiliary presence of macrophages, T cells, and B
cells, as well as reduced liver fibrosis in Mdr2-/- mice treated
with Ambrisentan. It is plausible that ET-A–mediated effects
on biliary injury and secretion of chemoattractants
contribute to inflammatory events and liver fibrosis. HSCs
can be activated by ET-1 to promote collagen synthesis40;
however, studies suggest that ET-1 preferentially signals
through ET-B on HSCs that show desensitization to ET-A
after activation.41,42 One study found that ET-A antagonist
treatment (LU-135252) reduces liver fibrosis in BDL rats
but did not evaluate the cellular targets.11 We presume that
changes in fibrogenesis after ET-A inhibition in Mdr2-/- mice
may be due to paracrine signaling from cholangiocytes or
endothelial cells. Inflammatory macrophages express ET-
1,42,43 and ET-1 is pro-inflammatory in B cells and T cells via
ET-A and ET-B activity.44 Therefore, ET-A inhibition may act
on immune cells directly to modulate their activation, but
considering their proximity with bile ducts, their influx may
be influenced by biliary ET-A activity as well.

Ductular reaction correlates with angiogenesis and
angiocrine signaling in hepatitis C virus infected patients.45

Cholangiocyte- and myofibroblast-derived VEGF-A laden
microparticles induce angiogenesis in cirrhotic humans.46

Ductular reaction promotes intrahepatic angiogenesis in
3,5-diethoxycarbonyl-1,4-dihydrocollidine–fed mice via Slit-
2/Roundabout-1 signaling.4 In Mdr2-/- mice, progressive
peribiliary fibrosis leads to separation of the PVP from the
bile ducts as early as 4 weeks of age, a phenotype seen in
our models, and PVP separation may contribute to bile duct
atrophy.47 Indeed, bile ducts and the vasculature commu-
nicate closely with one another, and their individual health
is dependent on one another. We propose that biliary-
endothelial crosstalk can be partially attributed to ET-
A–dependent angiocrine signals.

The pathophysiological relevance of angiogenesis during
liver injury is under debate, with its role as a wound-healing
versus pathogenic mechanism argued. We found that inhi-
bition of ET-A was able to increase hepatic Angpt1 (vessel
stabilizing) but reduced hepatic Angpt2 (pro-angiogenic)

Figure 8. (See previous page). Angiogenesis after Ambrisentan treatment and correlation analyses. VEGF-A staining and
semiquantitative score in (A) mouse samples and (B) human samples. (C) CD31 staining and semiquantification in mouse
samples. (D) Co-staining for vWF and CK-19 in mouse samples. (E) Pearson correlation matrix for WT and Mdr2-/- mice. (F)
Pearson correlation for histopathologic parameters versus CK-19 and CD31. Data are mean ± standard deviation. n ¼ 10
portal areas scored from n ¼ 6–8 mice per group, n ¼ 8 human control, and n ¼ 12 human PSC for VEGF-A; n ¼ 6 mice per
group analyzed for correlation; n ¼ 10 portal areas imaged from n ¼ 4–6 mice per group for CD31; n ¼ 3–5 portal areas imaged
from n ¼ 4–5 mice per group for vWF. VEGF-A is 1� and 10�, scale bar ¼ 300 mm; CD31 is 40�, scale bar ¼ 200 mm; vWF/
CK-19 is 20�, scale bar ¼ 75 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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expression through TGF-b1. ET-1 can directly decrease
Angpt1 expression48 but can also promote TGFB1 gene
expression,49 which in turn reduces Angpt1 gene

expression.50 Interestingly, increased TGF-b1 levels are
associated with enhanced VEGF-A,51,52 which in turn pro-
motes Angpt2 expression.53 Last, Angpt1 can down-regulate
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Angpt2 release.54,55 Therefore, in injured Mdr2-/- mice,
blocking ET-A may promote vessel stabilization and block
angiogenesis through differential regulation of Angpt1 and
Angpt2. When further looking at angiogenic signaling, we
found that biliary-derived TGF-b1, IL-6, and Mdk (known to
promote angiogenesis) were increased, and inhibition of ET-
A reduced the expression of these factors. In aortic endo-
thelial cells, TGF-b1 levels are pro-inflammatory and
correspond with loss of endothelial cilia56; therefore, the
loss of endothelial cilia noted in our mice may be suggestive
of damage. Biliary IL-6 is a senescence-associated secretory
phenotype factor in PSC57 and a dynamic component of
portal hypertension development.3 IL-6 promotes abnormal
angiogenesis that may give rise to inflammatory diseases.58

Mdk induces neovascularization under hypoxic conditions59

and enhances arteriogenesis through increased VEGF-A
levels.60 Previous studies demonstrate a connection be-
tween TGF-b1/IL-622; therefore, the convergence of these
pathways demonstrates a biliary-specific angiocrine signa-
ture that may regulate angiogenesis in PSC.

Although our study focused on ET-A–dependent
signaling mechanisms and angiocrine release in chol-
angiocytes, this pathway may be affecting other cell types.
Our in vitro studies found that ET-1 induced cholangiocyte
senescence, HUVEC angiogenesis, and macrophage inflam-
mation; however, changes in cholangiocytes and macro-
phages were blocked by Ambrisentan pretreatment. It has
been shown that ET-1 induces endothelial cell angiogenesis,
specifically VEGF-A expression, via ET-B, which may be why
we did not see changes with Ambrisentan treatment.61

However, it is important to note that HUVECs are derived
from the umbilical vein and may not accurately reflect how
liver-resident endothelial cells may respond to ET-1/ET-A.
Furthermore, the THP-1 cells are circulating monocytes
that were differentiated to macrophages using PMA treat-
ment, so although they may recapitulate how infiltrating
macrophages may respond to ET-1/ET-A, they may have a
different cellular response than what liver-resident macro-
phages may have to ET-1/ET-A signaling. We also found that
ET-1/ET-A did not affect HSC fibrogenesis, which is sup-
ported by findings that activated HSCs reduce ET-A but in-
crease ET-B expression.49 One caveat is that hHSCs are
activated in culture; therefore, although our ET-1 stimula-
tions did not enhance fibrogenesis, it does not determine
whether ET-1 may be able to initiate HSC activation. Future
work with quiescent HSCs and better in vivo tools will
be necessary to tease out the potential initiating role of

ET-1/ET-A on HSCs. Ambrisentan treatment did not change
lobular inflammation or necrosis in Mdr2-/- mice, and
in vitro ET-1/ET-A did not affect hepatocyte senescence or
proliferation. Others have found that ET-A inhibition does
not protect hepatocytes from tumor necrosis factor-a– or
oxidative stress–induced damage in vitro.62 Also, Mdk
expression was enhanced in cholangiocytes, endothelial
cells, macrophages, and HSCs in Mdr2-/- mice but not in
hepatocytes. Macrophage-derived Mdk promotes endothe-
lial proliferation,63 and activated HSCs increase Mdk
expression.64 Changes in Mdk may be directly modulated by
ET-A in some cells but may also be an indirect consequence.
More studies are required for cell-specific changes in ET-A
and Mdk.

Our findings suggest that Ambrisentan, an anti-
angiogenic modulator, may be a therapeutic option for
PSC patients. Telmisartan is an angiotensin II type 1 re-
ceptor antagonist and an anti-angiogenic therapeutic.65 One
study found that Telmisartan was unable to reduce liver
fibrosis in Mdr2-/- mice after 3 months of treatment.65

Oppositely, Telmisartan reduced liver fibrosis but not
inflammation in rats subjected to BDL for 4 weeks.66

Compared with our study, these findings suggest Telmi-
sartan may reduce liver fibrosis, but not inflammation, in
certain models. The integrin aVb3 is mainly expressed on
endothelial cells67 and is important for VEGF-mediated
pathologic angiogenesis.68 Cilengitide is a specific aVb3 in-
hibitor and was shown to reduce angiogenesis but exacer-
bate liver fibrosis in BDL and thioacetamide-treated rats.69

Cilengitide may preferentially target hepatic endothelial
cells, unlike Ambrisentan that may have a role on endo-
thelial cells, cholangiocytes, and infiltrating immune cells,
leading to these differences in outcomes. Considering that
ET-1 induces cholestasis via ET-A on large cholangiocytes,70

there may be other roles for Ambrisentan aside from anti-
angiogenesis that mediate the benefits seen in Mdr2-/-

mice in our study compared with other studies using
angiogenic blockers.

Our study demonstrates that ET-1, ET-2, and ET-A are
enhanced in Mdr2-/- mice and human PSC, but ET-1/ET-A
may be the predominant and conserved mechanism regu-
lating damage. This work suggests that angiogenesis in
Mdr2-/- mice and PSC may be pathologic and promote
damage due to abnormal alterations to the endothelium. We
found that inhibition of ET-A reduced cholangiocyte
expression of angiocrine factors in Mdr2-/- mice; therefore,
targeting ET-A may prove therapeutic for PSC patients,

Figure 9. (See previous page). VEGF-A and TGF-b1 signaling after Ambrisentan treatment. (A) mRNA expression of Vegfa
in total liver. Western blotting for VEGF-A in total liver from mouse models (B) and human samples (C). (D) IPA linking ET and
TGF-b1. (E) Tgfb1 mRNA expression in total liver and (F) isolated cholangiocytes from mouse models. (G) TGF-b1 levels in
cholangiocyte supernatants from mouse models. (H) Co-staining for CK-19, vWF, and TGF-b1 in mouse models. (I) Co-
staining for CK-19, vWF, and TGF-b1 in human samples. (J) TGFB1 mRNA expression in human isolated cholangiocytes.
Data are mean ± standard deviation. n ¼ 3–9 reactions in total RNA isolated from total liver from n ¼ 6 mice per group for
qPCR; n ¼ 3 reactions in total RNA isolated from cholangiocytes isolated from n ¼ 8 mice per group for qPCR. n ¼ 3 reactions
per group in cholangiocyte supernatants pooled from n ¼ 8 mice per group. n ¼ 3 reactions per sample for qPCR in n ¼ 3
control and n ¼ 3 PSC cholangiocyte samples. n ¼ 1 reaction per mouse in protein isolated from n ¼ 4 mice per group for
Western blot. n ¼ 1 reaction per human in protein isolated from n ¼ 5 human control and n ¼ 7 human PSC. Staining is 80�,
scale bar ¼ 25 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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specifically those demonstrating vascular alterations or
portal hypertension.

Materials and Methods
Materials and Equipment

Antibodies are detailed in Table 1. Formalin-fixed,
paraffin-embedded (FFPE) and optimal cutting tempera-
ture (OCT) compound–embedded blocks were sectioned at
4–6 mm. Immunohistochemical stains were performed in
FFPE sections, and immunofluorescent stains were per-
formed in OCT compound–embedded sections. Immuno-
histochemical stains were scanned using the Leica Aperio
AT2 System and imaged using the Leica Aperio ImageScope
Software (Leica Biosystems; Buffalo Grove, IL). Immuno-
fluorescent stains were imaged using the Leica TCS SP5 X
System (Leica Biosystems; Buffalo Grove, IL).

Protein was extracted from snap-frozen total liver using
RIPA buffer, and protein estimation was performed with the
Thermo Scientific Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Protein samples were
mixed with NuPAGELDS Sample Buffer (4�), run on Mini-
PROTEAN TGX Precast Gels, and imaged with a ChemiDoc
Imaging System, all from Bio-Rad Laboratories (Hercules,
CA). Protein bands were visualized by enhanced chem-
iluminescence using Pierce enhanced chemiluminescence
Western Blot Substrate (Thermo Fisher Scientific). Densi-
tometry of bands was calculated with ImageJ (NIH).

Total RNA was isolated using the TRI Reagent from
Sigma-Aldrich (St Louis, MO) and reverse transcribed using
the iScript cDNA Synthesis Kit from Bio-Rad Laboratories
for qPCR analysis. All primers were purchased from Qiagen
(Valencia, CA) (Table 2) and were run using the iTaq Uni-
versal SYBR Green Supermix purchased from Bio-Rad
Laboratories. For the PCR array, total RNA was reverse-
transcribed using the RT2 First Strand Kit, and PCR was
performed with the RT2 SYBR Green qPCR Mastermix both
from Qiagen (Valencia, CA). Quantitative PCR and PCR array
were run using the Applied Biosystems ViiA 7 Real-Time
PCR System (Thermo Fisher Scientific).

Animal Models and Cholangiocyte Isolation
Animal procedures were performed in accordance with

protocols approved by the Indiana University-Purdue Uni-
versity Indianapolis Institutional Animal Care and Use
Committee. Male Mdr2-/-mice (maintained in colony at our
facility) at 12 weeks of age were subjected to daily intra-
peritoneal injections of Ambrisentan (ET-A antagonist, 5
mg/kg BW/day; Sigma-Aldrich) or vehicle (12.5% DMSO)
for 1 week.71 Age- and sex-matched WT (FVB/NJ strain)
were purchased from the Jackson Laboratory (Bar Harbor,

ME) and treated with Ambrisentan or 12.5% DMSO
accordingly. In separate studies, male Mdr2-/- mice at 4, 8,
and 12 weeks were used to analyze vascular changes. From
all mice, the left lateral lobe was collected and divided into 3
pieces to generate snap-frozen, OCT-embedded, and FFPE
liver samples. The section of the left lateral lobe that is most
distal to the common bile duct was used for snap-frozen
samples, the middle portion was used for OCT embedding,
and the section most proximal to the common bile duct was
used for FFPE sections. We collected liver and other organs,
serum, IH cholangiocytes, and isolated IH cholangiocyte
supernatants.7 For cholangiocyte isolation, mouse livers
were perfused with 1� HEPES-buffered saline containing
0.02% (wt/vol) egtazic acid until the liver was pale,
demonstrating blood clearance. Liver perfusion continued
but was then performed with a digestion solution composed
of 1� HEPES-buffered saline containing 0.01% (wt/vol)
MgSO4, 0.02% (wt/vol) collagenase, and 3.4 mmol/L CaCl2.
After perfusion, the liver was collected in 1� HEPES-
buffered saline and manually dissociated on ice with for-
ceps. The liver pieces in 1� HEPES-buffered saline were
then centrifuged at 1600 rpm at 4�C for 5 minutes; the
lysate was discarded. The cell pellet was resuspended in a
digestion buffer containing 5 mg/mL deoxyribonuclease I,
3.125 mg/mL collagenase, and 2.08 mg/mL hyaluronidase
dissolved in RPMI 1640 medium in a shaking 37�C water
bath for 20 minutes. Next, the cell suspension was centri-
fuged at 1600 rpm for 5 minutes at 4�C, and the lysate was
discarded; the remaining pellet was washed with 1�
HEPES-buffered saline and centrifuged again. The lysate was
discarded, and the cell pellet was digested further with a
buffer containing 1 mg/mL bovine pancreas trypsin dis-
solved in 1� phosphate-buffered saline/0.02% EDTA solu-
tion at 7.4 pH in a shaking 37�C water bath for 5 minutes.
After 5 minutes, fetal bovine serum was added, and the cell
suspension was digested in a shaking 37�C water bath for
an additional 5 minutes. Next, the cell suspension was
centrifuged at 1600 rpm for 5 minutes at 4�C, and the lysate
was discarded; the remaining pellet was washed with 1�
HEPES-buffered saline and centrifuged again. The lysate was
discarded, and the pellet was resuspended in RPMI 1640
medium containing 5 mg/mL deoxyribonuclease I. The cell
suspension was passed once through a 19-gauge needle and
twice through a 22-gauge needle to break up clumps; the
resulting cell suspension was filtered through a 100-mm cell
strainer. The cells were then incubated on a rotator at 4�C
for 30 minutes in an RPMI 1640 medium solution contain-
ing 5 mg/mL deoxyribonuclease and antibody-bound mag-
netic beads on a rotator at 4�C; the monoclonal antibody
(IgG2a, from Dr R. Faris, Brown University, Providence,
RI) is against an unidentified antigen expressed by IH

Figure 10. (See previous page). Vascular and angiogenic changes after Ambrisentan treatment. (A) Ink injection of
common bile duct in mouse samples. (B) TEM imaging of mouse samples. (C) Angiogenesis array with cholangiocyte
supernatants from mouse models. (D) Angpt1 and Angpt2 mRNA expression in total liver samples from mouse models.
(E) IPA linking ET-A with Angpt1 and Angpt2. Data are mean ± standard deviation. n ¼ 5 mice per group analyzed for TEM;
n ¼ 3 reactions per group in cholangiocyte supernatant pooled from n ¼ 8 mice per group; n ¼ 9 reactions per group in
RNA isolated from total liver from n ¼ 6 mice per group. TEM is 2500� and 12,500�, scale bar ¼ 2 mm. *P < .05, **P < .01,
***P < .001, ****P < .0001.
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cholangiocytes. Bead bound intrahepatic cholangiocytes
were pulled down with a magnet and washed 3� with 1�
HEPES-buffered saline, and number and viability were
determined with trypan blue exclusion. For supernatant
collection, 1 � 106 cholangiocytes/mL were incubated in 1�
HEPES-buffered saline containing 0.01% (wt/vol) MgSO4

and 3.4 mmol/L CaCl2 for 4 hours in a 37�C shaking water
bath before collecting supernatants.

Human Samples and Cholangiocyte Isolation
Serum, bile, and liver (FFPE- and OCT-embedded) were

obtained from PSC patients with end-stage liver disease and
non-diseased controls as explant from liver transplant or
deceased donors, respectively, by Dr Burcin Ekser under a
protocol approved by the Indiana University School of
Medicine. The protocol was reviewed and approved by the
Veterans’ Administration IRB and R&D committees and by
the Indiana University School of Medicine IRB committee.
Additional human non-diseased control liver samples

(FFPE- and OCT-embedded) were purchased from Sekisui
XenoTech LLC (Kansas City, KS). All human research was
conducted in accordance with both the Declarations of
Helsinki and Istanbul. Demographics of the human samples
are detailed in Table 3. Serum, bile, and liver samples were
not matched and were obtained from separate sets of
patients.

IH and EH cholangiocytes isolated from donors (3 con-
trol and 3 late-stage PSC) were obtained 3–8 hours after
cross-clamp and in situ perfusion and were preserved in
histidine-tryptophan-ketoglutarate solution at 4�C until
further processing. We used both IH and EH cholangiocytes
because of the difficult isolation process for IH chol-
angiocytes and the low number of isolated cells available
for analysis. IH cholangiocytes (n ¼ 1 control, n ¼ 2 late-
stage PSC) were isolated as follows.72 Donor livers were
obtained 3–8 hours after cross-clamp and in situ perfusion
and were preserved in histidine-tryptophan-ketoglutarate
solution at 4�C until further processing. A wedge-cut
liver explant from the right lobe or the whole left lobe

Figure 11. (See previous page). Mdk expression after Ambrisentan treatment. (A) PCR array for angiogenic growth factors
in isolated cholangiocytes from mouse models. (B) qPCR for Mdk in isolated cholangiocytes from mouse models. Staining for
Mdk in (C) mouse models and (D) human samples. (E) IPA for ET-A with TGF-b1, MDK, and IL-6. (F) PROMO predictive binding
for cFOS on theMDK promoter region. (G) Western blotting for cFOS, p-cFOS, and b-actin in mouse samples. (H) p-cFOS/CK-
19 co-staining in mouse models. Data are mean ± standard deviation. n ¼ 3 reactions in total RNA isolated from chol-
angiocytes isolated from n ¼ 8 mice per group for PCR array and qPCR; n ¼ 1 band per mouse from n ¼ 4 mice per group for
Western blotting. Mdk immunohistochemistry is 20� and 40�, scale bar ¼ 200 mm. p-cFOS/CK-19 co-stain is 40� and 120�,
scale bar ¼ 75 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.

Figure 12. Mdk expression in different cells. Co-staining for Mdk and CK-19, vWF, F4/80, desmin, and HNF4a in mouse
models. Co-stains are 80�, scale bar ¼ 25 mm. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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was used for cell isolation, and the Glisson’s capsule was
preserved. Cholangiocytes from human control (n ¼ 1) and
late-stage PSC (n ¼ 2) were obtained using sterile tech-
niques. Fresh liver tissue was manually dissociated with
scissors and rinsed 3 times with 1� phosphate-buffered
saline. Next, liver pieces were digested in 1.66 mg/mL
collagenase type XI (Sigma-Aldrich) diluted in Dulbecco
modified Eagle medium-F12 (Lonza, Walkersville, MD)
containing 10% antibiotic-antimycotic in a 37�C shaking
water bath for 30 minutes. The digested liver tissue was
filtered through gauze, and the resulting lysate was filtered
again with a 100-mm cell strainer. The resulting lysate was
centrifuged at 100g for 4 minutes at 4�C, and the pellet was
discarded. The supernatant was collected and again
centrifuged at 700g for 5 minutes; the supernatant was
discarded, and the pellet (containing non-parenchymal
cells) was washed in DMEM-F12 containing 10%
antibiotic-antimycotic. This cell suspension was centri-
fuged at 700g for 5 minutes at 4�C; the resulting super-
natant was discarded, and the pellet was resuspended in
H69 medium and placed into collagen-coated cellware. The
non-parenchymal cell fraction was grown until confluency,
at which time the cells were trypsinized and chol-
angiocytes purified using EpCAM (HEA125; Progen,
Wayne, PA) tagging and selection by fluorescence activated
cell sorting. EH cholangiocytes were isolated from donor
control (n ¼ 2) and late-stage PSC (n ¼ 1) common bile
ducts, which were preserved in histidine-tryptophan-
ketoglutarate solution at 4�C until further processing, by
gentle scraping. Cells were grown on collagen-coated
cellware until confluent and then trypsinized and chol-
angiocytes purified using EpCAM (HEA125; Progen)
tagging and selection by fluorescence activated cell sorting.
Primary human IH and EH cholangiocytes were immor-
talized by transduction with lentivirus expressing Human
Papillomavirus Type 16 E6 and E7 oncoproteins (Applied
Biological Materials Inc, Richmond, BC, Canada).

Expression and Secretion of ET-1, ET-2, and ET-A
ET-1, ET-2, and ET-A expression was analyzed by

immunohistochemistry in mouse and human liver sections
and by qPCR (gene names EDN1, EDN2 and EDNRA) in hu-
man cholangiocytes. ET-1, ET-2, and ET-A expression was
evaluated in cholangiocytes and endothelial cells by immu-
nofluorescent co-stain with CK-19 and vWF, respectively.
ET-1 and ET-2 levels were measured in isolated mouse
cholangiocyte supernatants and in human bile and chol-
angiocyte supernatants using the Endothelin-1 Quantikine
ELISA Kit (R&D Systems, Minneapolis, MN) and Endothelin-
2 ELISA Kit (LSBio, Seattle, WA).

Histopathology, Ductular Reaction, and Biliary
Senescence

H&E staining was performed in liver, lung, heart, and
kidney sections, because these organs have high ET-A
expression,9 and used to evaluate histopathologic changes
using H&E Stain Kit (Vector Laboratories, Burlingame, CA).
H&E staining was scored in a blinded fashion.

Ductular reaction was evaluated in mouse models using
immunohistochemistry for CK-19 and semiquantitative
analysis using the Image-Pro Analyzer (Media Cybernetics,
Rockville, MD). Macroscopic analysis of biliary network
expansion was visualized by ink injection as described.73

Ink is slowly injected directly into the common bile duct
to allow for complete perfusion of the IH biliary tree73; this
allows us to evaluate bile duct expansion and ductular
reaction.

Biliary senescence was determined by immunofluores-
cence for p16 co-stained with CK-19 and senescence-
associated b galactosidase (SA-b-Gal) activity using the
Senescence b-Galactosidase Staining Kit (Cell Signaling
Technology, Danvers, MA); images were quantified using the
Image-Pro Analyzer. The senescent factor, TGF-b1, was
imaged in bile ducts by co-staining with CK-19, as well as
vWF (to relate with endothelial cells). In addition, mRNA
levels of Cdkn1a and Tgfb1 were measured by qPCR in
isolated cholangiocytes.

Inflammation, Immune Cell Infiltration, and Liver
Fibrosis

Macrophage infiltration was assessed by immunohisto-
chemistry for F4/80, which was semiquantified using the
Image-Pro Analyzer. T-cell (CD3þ) and B-cell (CD20þ)
infiltration was visualized by immunohistochemistry. The
numbers of CD3þ and CD20þ cells were counted in portal
tracts and expressed as the number of cells per high-power
field at 40� magnification. At least 10 different portal tracts
were analyzed per group. The mRNA expression of C-C motif
chemokine ligand 2 (Ccl2) and Ccl5 was determined in total
liver by qPCR.

Collagen deposition was determined by Sirius Red
staining with Fast Green counterstain (Sirius Red/Fast
Green) and Masson’s trichrome staining. Sirius Red/Fast
Green images were quantified using the Image-Pro Analyzer.
Col1a1 were measured by qPCR in total liver. We measured
hydroxyproline levels in total liver (20 mg) using the Hy-
droxyproline Assay Kit (Sigma-Aldrich). HSC presence was
visualized by immunofluorescence for desmin co-stained
with CK-19, and desmin-positive staining was quantified
using the Image-Pro Analyzer. The relationship between
ductular reaction and liver fibrosis was assessed by

Figure 13. (See previous page). In vitro cell response to ET-1/ET-A signaling. (A) qPCR for CDKN1A and TGFB1 and (B)
p16 immunofluorescence in treated HIBECs. (C) qPCR for COL1A1 and FN1 and (D) aSMA immunofluorescence in treated
hHSCs. (E) qPCR for VEGFA and (F) VEGF-A immunofluorescence in treated HUVECs. (G) qPCR for CDKN1A, MKI67, and
TGFB1 and (H) p16 immunofluorescence in treated hHEPs. (I) qPCR for TLR4 and (J) tumor necrosis factor-a immunofluo-
rescence in treated THP-1. Data are mean ± standard deviation. All treatments performed n ¼ 3 times per group. n ¼ 2 re-
actions per treatment for qPCR. n ¼ 3 images analyzed per treatment for staining. Staining is 40�, scale bar ¼ 100 mm. *P <
.05, **P < .01, ***P < .001, ****P < .0001.
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Figure 14. In vitro HUVEC migration assay. (A) CK-19 staining and negative controls in isolated control and PSC chol-
angiocytes. (B) Phase contrast microscopy for control and PSC cholangiocytes before and after treatment. (C) Illustration of
migration assay setup. (D) Crystal violet staining and semiquantification of migration assay. Data are mean ± standard de-
viation. n ¼ 2 wells per HUVEC treatment (supernatants pooled from n ¼ 3 control and PSC cholangiocytes) and n ¼ 5 images
per well for migration assay. Illustration made with BioRender.com. Images are 20�. *P < .05, **P < .01, ***P < .001, ****P <
.0001.
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immunohistochemistry for CK-19 co-stained with Sirius
Red/Fast Green.

Liver Angiogenesis and Angiogenic Signaling
Angiogenesis was visualized by immunofluorescence for

vWF co-stained with CK-19. The vWF staining was semi-
quantified using the Image-Pro Analyzer. CD31 immuno-
staining was performed, and the number of CD31þ vessels
was counted in portal tracts and expressed as vessels per
portal tract (at least 10 different portal tracts were analyzed
for each mouse).

Pro-angiogenic VEGF-A was evaluated by immunohisto-
chemistry. The percentage of VEGF-A–positive chol-
angiocytes was calculated by an algorithm (ImageScope),
and then a semiquantitative score was applied (0, �1%; 1,
1%–10%; 2, 10%–30%; 3, 30%–50%; 4, �50%). The mRNA
expression of Vegfa was determined in total liver by qPCR.

Expression of VEGF-A was validated in protein from total
liver (40 mg) by Western blotting; b-actin was used as the
housekeeping protein. Vessel stabilizing angiopoietin
(Angpt)1 and pro-angiogenic Angpt2 were evaluated by
qPCR in total liver samples. TGF-b1 localization in endo-
thelial cells (pro-angiogenic) was evaluated by co-staining
with vWF. TGF-b1 secretion was measured in mouse chol-
angiocyte supernatants using the TGF-b1 Quantikine ELISA
(R&D Systems). IPA determined a link between ET and
TGF-b1, Angpt1 and Angpt2. Cholangiocyte secretion of
angiogenic factors was determined in isolated cholangiocyte
supernatants using the Mouse Angiogenesis ELISA (Signosis,
Santa Clara, CA).

Angiogenic factor expression was evaluated in isolated
cholangiocytes using the Mouse Angiogenic Growth Factors
RT2 Profiler PCR Array (Qiagen, Valencia, CA). Changes in
Mdk were validated by qPCR in isolated cholangiocytes to
verify the trend. IPA determined the link between ET-A and

Table 1.List of Antibodies

Antibody Use, dilution Reactivity Company Catalog no.

a-Smooth muscle actin (a-SMA) IF, 1:100 Human Abcam ab5694

b-Actin WB, 1:2000 Mouse, Human Santa Cruz SC47778

cFOS WB, 1:1000 Mouse Abcam ab214672

Cluster of differentiation 3 (CD3) IHC, 1:100 Mouse Abcam ab5690

Cluster of differentiation 20 (CD20) IHC, 1:100 Mouse Abcam ab64088

Cluster of differentiation 31 (CD31) IHC, 1:50 Mouse, Human Abcam ab28364

Cytokeratin-19 (CK-19) IHC, 1:200 Mouse Abcam ab52625

Cytokeratin-19 (CK-19) IF, 1:200 Mouse, Human Developmental Studies
Hybridoma Bank

TROMA-III (Krt19)

Desmin IF, 1:200 Mouse Abcam ab15200

Desmin IF (Mdk co-stain) 1:20 Mouse R&D Systems AF-3844

Endothelin-1 (ET-1) IF, 1:500 and IHC,
1:200

Mouse, Human Abcam ab117757

Endothelin-2 (ET-2) IF, 1:100 and IHC,
1:100

Mouse, Human MyBioSource MBS2518418

Endothelin receptor-A (ET-A) IF, 1:100 and IHC,
1:200

Mouse, Human Abcam ab30536

F4/80 IHC, 1:200 Mouse Cell Signaling
Technology

70076S

F4/80 IF, 1:100 Mouse Invitrogen 14-4081-82

Hepatocyte nuclear factor (HNF)4a IF, 1:100 Mouse LS Bio LS-C758303

Midkine (Mdk) IHC, 1:100 and IF,
1:100

Mouse, Human Invitrogen PA5-115560

Phospho-cFOS (p-cFOS) IF, 1:100 Mouse Cell Signaling
Technology

5348

Cyclin-dependent kinase inhibitor
2A (p16)

IF, 1:100 (mouse) and
1:50 (human)

Mouse, Human Abcam ab189034

Transforming growth factor-b1 (TGF-b1) IF, 1:100 Mouse, Human Abcam ab92486

Tumor necrosis factor (TNF)-a IF, 1:100 Human Abcam ab6671

Vascular endothelial growth factor-A
(VEGF-A)

IF, 1:250 and IHC,
1:200

Mouse, Human Abcam ab52917

VEGF-A WB, 1:1000 Mouse, Human Abcam ab214424

vonWillebrand factor (vWF) IF, 1:200 Mouse Abcam ab8822

IF, immunofluorescence; IHC, immunohistochemistry; WB, Western blot.
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Mdk. Hepatic Mdk immunoreactivity in mouse models and
human samples was evaluated by immunohistochemistry.
Cellular expression of Mdk was evaluated in mouse models
by immunofluorescent co-staining with CK-19 (chol-
angiocytes), vWF (portal vascular endothelial cells), F4/80
(macrophages), desmin (HSCs), and HNF4a (hepatocytes);
Mdk expression in each cell type was quantified using
Image-Pro Analyzer.

TEM
Liver tissues (w2 mm3) were fixed in 2% para-

formaldehyde, 2.5% glutaraldehyde, and 100 mmol/L
cacodylate buffer (Electron Microscopy Sciences, Hatfield,
PA) for 2 hours at room temperature and then overnight
at 4�C. Samples were washed in sodium cacodylate buffer
at room temperature and post-fixed in 2% osmium te-
troxide (Ted Pella Inc, Redding, CA) for 1 hour at room
temperature. Samples were rinsed in dH2O, dehydrated in
a graded series of ethanol, and embedded in Eponate 12
resin (Ted Pella Inc). Sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems
Inc, Bannockburn, IL), stained with uranyl acetate and
lead citrate, and viewed on a JEOL 1200 EX transmission
electron microscope (JEOL USA Inc, Peabody, MA) equip-
ped with an AMT 8-megapixel digital camera and AMT
Image Capture Engine V602 software (Advanced Micro-
scopy Techniques, Woburn, MA).

Downstream Signaling
IPA was used to evaluate a mechanistic link between ET-

A and IL-6, TGF-b1, and Mdk. Specifically, in Path Explorer
we looked for direct mechanisms that were downstream of
ET-A (human and mouse species). No miRNA links were
suggested, and when parsing through the transcription
factors, the only one that had multiple links was FOS (ie,
cFOS). Levels of total cFOS and p-cFOS were determined in
protein from total liver (40 mg) by Western blotting; b-actin
was used as the housekeeping protein. Changes in p-cFOS in
bile ducts were determined by immunostaining. To predict
cFOS binding to our gene of interest, MDK, we used PROMO
version 3.0.2.74,75 Specifically, in PROMO we selected human
factors and sites and selected c-FOS (T00123) as the factor
of interest. The promoter region of the MDK gene (from
–100 bp to 10 bp) was parsed for potential binding sites.
The dissimilarity threshold, which determines how similar a
sequence is to the known binding site, was set to 15%.
PROMO calculated the random expectation (RE) that de-
termines the number of matches to occur in a random
sequence; RE equally evaluates the equiprobability for the 4
nucleotides, and RE query estimates the nucleotide proba-
bility as the nucleotide frequencies in the sequence.

In Vitro Effects of Ambrisentan on Various
Hepatic Cells

We wanted to evaluate the cell-specific effect of ET-1/
ET-A signaling on different liver cells. To address this, we

Table 2.List of Primers Used

Primer Species Company GeneGlobe ID

b-actin (Actb) Mouse Qiagen PPM02945B-200

Angiopoietin-1 (Angpt1) Mouse Qiagen PPM03054F-200

Angiopoietin-2 (Angpt2) Mouse Qiagen PPM03729F-200

C-C motif ligand 2 (Ccl2) Mouse Qiagen PPM03151G-200

C-C motif ligand 5 (Ccl5) Mouse Qiagen PPM02960F-200

Cyclin-dependent kinase 1a (Cdkn1a) Mouse Qiagen PPM02901B-200

Collagen, type 1, a1 (Col1a1) Mouse Qiagen PPM03845F-200

Midkine (Mdk) Mouse Qiagen PPM03800D-200

Ribosomal protein s18 (Rps18) Mouse Qiagen PPM28991A-200

Transforming growth factor-b1 (Tgfb1) Mouse Qiagen PPM02991B-200

Vascular endothelial growth factor-a (Vegfa) Mouse Qiagen PPM03041F-200

b-actin (ACTB) Human Qiagen PPH00073G-200

CDKN1A Human Qiagen PPH00211E-200

COL1A1 Human Qiagen PPH01299F-200

Endothelin-1 (EDN1) Human Qiagen PPH00653A-200

Endothelin-2 (EDN2) Human Qiagen PPH02568C-200

Endothelin receptor-A (EDNRA) Human Qiagen PPH00669B-200

Fibronectin 1 (FN1) Human Qiagen PPH00143B-200

Marker of proliferation Ki67 (MKI67) Human Qiagen PPH01024E-200

Transforming growth factor-b1 (TGFB1) Human Qiagen PPH00508A-200

Toll-like receptor 4 (TLR4) Human Qiagen PPH01024E-200

RPS18 Human Qiagen PPH60076B-200

VEGFA Human Qiagen PPH00251C-200
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treated human HIBECs, hHSC (also known as HHSteC; Sci-
enCell, Carlsbad, CA), HUVECs (Lonza; Basel, Switzerland),
human hepatocytes (hHEP) (ScienCell), and human macro-
phages (differentiated from THP-1 cells, TIB-202; ATCC,
Manassas, VA) with Ambrisentan (470 nmol/L) for 24 hours
before treatment with ET-1 (100 nmol/L) for 24 hours,
basal (DMSO) for 24 hours, or ET-1 (100 nmol/L) for 24
hours. Before treatments, THP-1 cells (provided as circu-
lating monocytes) were stimulated with phorbol 12-
myristate 13-acetate (PMA, 200 nmol/L; Sigma-Aldrich)
for 48 hours to allow for full differentiation to

macrophages. To understand if ET-1 induced cellular
changes via ET-A, we measured (1) CDKN1A and TGFB1 by
qPCR and p16 by immunostaining in treated HIBECs; (2)
COL1A1 and FN1 by qPCR and aSMA by immunostaining in
treated hHSCs; (3) VEGFA by qPCR and VEGF-A by immu-
nostaining in treated HUVECs; (4) CDKN1A, MKI67, and
TGFB1 by qPCR and p16 by immunostaining in treated
hHEPs; and (5) TLR4 by qPCR and tumor necrosis factor-a
by immunostaining in differentiated and treated THP-1
cells. All immunofluorescent stains were quantified by
ImageJ (NIH).

Table 3.Patient Demographics and Samples Used

Diagnosis Sample type Source Sex Age (y)

Control Bile IU Female 54

Control Bile IU Female 34

Control Bile IU Female 23

Control Bile IU Female 62

Control Bile IU Female 59

Control Bile IU Male 38

Control Bile IU Male 42

Control Bile IU Male 39

Control Isolated cholangiocytes (IH-Control) IU Male 1.3

Control Isolated cholangiocytes (EH-Control-1) IU Male 24

Control Isolated cholangiocytes (EH-Control-2) IU Male 29

Control Liver sections IU Normal 46

Control Liver sections IU Male 50

Control Liver sections IU Male 25

Control Liver sections Xenotech Female 56

Control Snap-frozen liver Xenotech Female 17

Control Snap-frozen liver Xenotech Female 24

Control Snap-frozen liver Xenotech Male 55

Control Snap-frozen liver Xenotech Female 31

Control Liver sections, snap-frozen liver Xenotech Female 58

Control Liver sections, snap-frozen liver Xenotech Female 52

Control Liver sections, snap-frozen liver Xenotech Male 46

Control Liver sections, snap-frozen liver Xenotech Female 62

PSC (end-stage) Snap-frozen liver IU Male 55

PSC (end-stage) Snap-frozen liver IU Male 60

PSC (end-stage) Snap-frozen liver IU Male 61

PSC (end-stage) Snap-frozen liver IU Male 33

PSC Isolated cholangiocytes (IH-PSC-1) IU Female 56

PSC Isolated cholangiocytes (IH-PSC-2) IU Male 60

PSC Isolated cholangiocytes (EH-PSC) IU Male 55

PSC (end-stage) Bile, liver sections IU Male 38

PSC (Crohn’s disease) Bile, liver sections IU Female 46

PSC (ulcerative colitis) Bile, liver sections IU Female 46

PSC (end-stage) Bile, snap-frozen liver IU Female 56

PSC (end-stage) Liver sections, snap-frozen liver IU Female 45

PSC (not cirrhotic) Bile, liver sections, snap-frozen liver IU Male 32

IU, Indiana University; PSC, primary sclerosing cholangitis.
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In Vitro HUVEC Migration Assay
Human PSC cholangiocytes were treated with Ambri-

sentan (470 nmol/L) or vehicle (DMSO) for 24 hours, and
human control cells were treated with a vehicle to ensure
changes in PSC cells were not due to DMSO-induced dam-
age. HUVECs were plated in the top chamber of the migra-
tion Transwell (3 mM pore size; Corning Inc, Tewksbury,
MA), and the cells were serum starved for 12 hours before
stimulation with 50 mL supernatants (pooled from all
treated control or PSC cholangiocytes) placed in the lower
chamber. After 12 hours, cell migration was evaluated by
0.1% crystal violet staining of the membrane, and the
number of migrated HUVECs was manually counted.

Statistical Analysis
All authors had access to the study data and had

reviewed and approved the final manuscript. Data are
expressed as dot plots showing mean ± standard deviation.
Differences were analyzed by Student unpaired t test (two-
tailed) when 2 groups were analyzed and by one-way
analysis of variance (two-tailed) when more than 2 groups
were analyzed. Two-way analysis of variance (two-tailed)
was used to analyze the angiogenesis array. Tukey’s multi-
ple comparison’s post hoc test was used with one-way and
two-way analysis of variance. Pearson correlation co-
efficients (two-tailed) were used for correlative studies. P <
.05 was considered significant. Statistical analyses were
performed with GraphPad Prism (version 9.2.0; GraphPad
Software, LLC, San Diego, CA).
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