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GASTROINTESTINAL, HEPATOBILIARY, AND PANCREATIC PATHOLOGY
Amelioration of Large Bile Duct Damage by
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Histamine binds to one of the four G-proteinecoupled receptors expressed by large cholangiocytes and
increases large cholangiocyte proliferation via histamine-2 receptor (H2HR), which is increased in
patients with primary sclerosing cholangitis (PSC). Ranitidine decreases liver damage in Mdr2�/� (ATP
binding cassette subfamily B member 4 null) mice. We targeted hepatic H2HR in Mdr2�/� mice using
vivo-morpholino. Wild-type and Mdr2�/� mice were treated with mismatch or H2HR vivo-morpholino by
tail vein injection for 1 week. Liver damage, mast cell (MC) activation, biliary H2HR, and histamine
serum levels were studied. MC markers were determined by quantitative real-time PCR for chymase and
c-kit. Intrahepatic biliary mass was detected by cytokeratin-19 and F4/80 to evaluate inflammation.
Biliary senescence was determined by immunofluorescence and senescence-associated b-galactosidase
staining. Hepatic fibrosis was evaluated by staining for desmin, Sirius Red/Fast Green, and vimentin.
Immunofluorescence for transforming growth factor-b1, vascular endothelial growth factor-A/C, and
cAMP/ERK expression was performed. Transforming growth factor-b1 and vascular endothelial growth
factor-A secretion was measured in serum and/or cholangiocyte supernatant. Treatment with H2HR
vivo-morpholino in Mdr2�/�emice decreased hepatic damage; H2HR protein expression and MC pres-
ence or activation; large intrahepatic bile duct mass, inflammation and senescence; and fibrosis,
angiogenesis, and cAMP/phospho-ERK expression. Inhibition of H2HR signaling ameliorates large
ductal PSC-induced damage. The H2HR axis may be targeted in treating PSC. (Am J Pathol 2020, 190:
1018e1029; https://doi.org/10.1016/j.ajpath.2020.01.013)
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Primary sclerosing cholangitis (PSC) is characterized by
inflammation of bile ducts and is most commonly seen in
large bile ducts.1,2 Large bile ducts (>15 mmol/L) are lined
by large cholangiocytes that express secretin receptor and
regulate proliferation via protein kinase A (PKA)/cAMP/
ERK1/2 signaling.3e5 Along with inflammation, during
PSC there is remarkable ductular reaction that is marked
by cholangiocyte proliferation.6e8 On proliferation, chol-
angiocytes take on a neuroendocrine phenotype that con-
tributes to activation of other cells, including Kupffer cells
and hepatic stellate cells (HSCs). HSCs are the prime driver
of hepatic fibrosis, and recent work has found that chol-
angiocytes and HSCs work together during PSC progres-
sion.9,10 The current treatment paradigm for patients with
PSC is very limited and inconsistent. There is a
stigative Pathology. Published by Elsevier Inc
subpopulation of patients with PSC who respond to urso-
deoxycholic acid; however, no reliable therapy is available
in most cases.11,12 The mechanisms that drive PSC pro-
gression are currently being studied by a number of research
groups, but the status quo of the disease remains unchanged.
Thus, there is a great need for novel treatment strategies.
. All rights reserved.
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Figure 1 Pathologic alterations after vivo-morpholino treatment. A and
B: Pathologic changes were evaluated in all livers by hematoxylin and eosin
(H&E) staining (A) and in serum for alkaline phosphatase (ALP) and g-
glutamyl transferase (g-GT) levels (B). A: H&E staining reveals no changes
between wild-type (WT) groups treated with mismatch or histamine-2 re-
ceptor (H2HR) vivo-morpholino, whereas Mdr2�/� (ATP binding cassette
subfamily B member 4 null) mice treated with H2HR mismatch display areas
of lobular damage, inflammation, and necrosis (white arrows). There is no
hepatic damage in multidrug-resistance transporter 2/ABC transporter B
family member 2 knockout Mdr2�/� mice treated with H2HR vivo-
morpholino. B: Serum levels of ALP (top panel) and g-GT (bottom
panel) remain unchanged in WT groups; however, both markers are
increased in serum from Mdr2�/� mice treated with H2HR mismatch. ALP
and g-GT serum levels decrease in Mdr2�/� mice treated with H2HR vivo-
morpholino. Data are expressed as means � SEM. n Z 12 experiments
for IDEXX. *P < 0.05 versus WT mismatch; yP < 0.05 versus Mdr2�/�

mice þ H2HR vivo-morpholino. Original magnification, �20 (A).

H2HR Induces Large Duct Damage in PSC
Numerous studies have found that histamine and histamine
receptors (HRs) regulate ductular reaction and hepatic
fibrosis.9,13e16 Furthermore, histamine levels and histamine-
2 receptor (H2HR) gene expression are increased in patients
with PSC and in the PSC rodent model, multidrug-resistant
gene knockout, which is deficient in ATP binding cassette
subfamily B member 4 (Abcb4�/� alias Mdr2�/�) mice.9

Recently, treatment with an over-the-counter drug, raniti-
dine (H2HR blocker), decreased biliary damage and hepatic
fibrosis in Mdr2�/� mice. Furthermore, pharmaceutical in-
hibition of H2HR specifically targeted large cholangiocytes.9

In healthy rats, treatment with histamine increased large
intrahepatic biliary mass (IBDM) via cAMP/PKA/ERK1/2
signaling, and in vitro studies found that inhibition of H2HR
blocked histamine-induced proliferation.16 The prime source
for circulating histamine is mast cells (MCs), which are im-
mune cells derived from bone marrow. On migration to
desired tissue or organ, MCs will mature and degranulate
when activated.17,18 The largest mediator released from MCs
is histamine, and activation of HRs can induce degranulation
of MCs. Previous studies have found that MCs infiltrate the
damaged liver and are found surrounding large bile ducts in
Mdr2�/� mice, in human PSC, and during cholestatic liver
injury.9,19 Inhibition of MC migration and/or degranulation
decreases biliary damage and hepatic fibrosis in multiple
models of liver injury.9,20,21

Besides ductular reaction, inflammation, and hepatic
fibrosis, angiogenesis may also be a key mediator of PSC
progression.Cholangiocytes andMCs are known to participate
in angiogenesis during PSC and cholangiocarcinoma9,19,20;
however, information on HR-mediated angiogenesis is lack-
ing. Histamine stimulates vascular endothelial growth factor
(VEGF) signaling after bile duct ligation (BDL), and when L-
histidine-decarboxylase knockout mice are subjected to BDL,
VEGF secretion and expression are decreased, thus demon-
strating that histamine may be involved in tissue angiogen-
esis.22,23 In MC-deficient mice (Kitw-sh) subjected to BDL,
there is decreased von Willebrand factor and VEGF signaling
when compared with BDL wild-type (WT) mice.19 Finally,
tumor growth and angiogenesiswere bluntedwhen nu/numice
were treated with the H2HR antagonist ranitidine, suggesting
that HRs may mediate angiogenesis.9

In follow-up to previous work using ranitidine,9 this
investigation performed studies using a liver-specific de-
livery of H2HR vivo-morpholino to block this receptor and
downstream signaling during PSC progression in Mdr2�/�

mice. The studies aimed to demonstrate that blocking H2HR
decreases large biliary damage and hepatic inflammation,
fibrosis, and angiogenesis.

Methods and Materials

Reagents and Other Materials

Chemical grade reagents were purchased from Sigma-
Aldrich Co. (St. Louis, MO) unless stated otherwise. Total
The American Journal of Pathology - ajp.amjpathol.org
RNA was isolated by the TRI Reagent from Sigma Life
Science (St. Louis, MO) and reverse transcribed with the
Reaction Ready First Strand cDNA Synthesis kit (Qiagen,
Valencia, CA).9,24 For staining in liver sections, samples
1019
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Figure 2 Evaluation of histamine-2 receptor (H2HR)/histamine signaling and mast cell (MC) presence. A: There is little expression of H2HR in wild-type
(WT) groups as shown by immunohistochemistry; however, multidrug-resistance transporter 2/ABC transporter B family member 2 knockout [Mdr2�/� (ATP
binding cassette subfamily B member 4 null)] mice treated with mismatch have increased biliary H2HR expression (primarily in large cholangiocytes; red
arrows) that is lost in mice treated with H2HR vivo-morpholino. In Mdr2�/� mice treated with mismatch, there is an increase in histamine serum levels (B) and
MC presence (C; black arrows); however, Mdr2�/� mice treated with H2HR vivo-morpholino have decreased histamine secretion and fewer MCs. D: MC marker
expression, chymase, and c-Kit were determined by quantitative real-time PCR, and there is an increase in Mdr2�/� mice treated with H1HR mismatch compared
with WT mice, whereas expression is decreased in Mdr2�/� mice treated with H2HR vivo-morpholino. No differences were found between WT groups (data not
shown). Data are expressed as means � SEM. nZ 16 experiments for enzyme immunoassay (EIA); nZ 12 experiments for real-time PCR. *P < 0.05 versus WT
mismatch; yP < 0.05 versus Mdr2�/� mice þ H2HR vivo-morpholino. Original magnification: �40 (A and C, main images); �100 (A and C, insets). mMCP-1,
mouse MC protease-1.
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were sectioned at 4 to 6 mm, and 10 fields were analyzed
from 3 samples from at least 4 animals per group.

In Vivo Models

For animal studies, the multidrug-resistant, genetically
modified mouse model of PSC [Mdr2�/� mice raised on
FVB/NJ background (WT)] was used.21,25 Mdr2�/� mice
present with biliary damage, hepatic fibrosis, and inflam-
mation as early as a few weeks of age; however, the most
common time point studied is 12 weeks of age.2,21,25 Male
WT and male Mdr2�/� mice were treated with mismatch
morpholino (50-TAAACCATGCAATTGGACTCAATTC-
30) or an H2HR vivo-morpholino (50-TGAACCGTGC-
CATTGGGCTCCATTC-30) given by tail vein injection 2
times per week for 1 week (4 mg/100 mL sodium chloride)
per previous work.26,27 Mice (8 to 10 mice per group) were
euthanized at 12 weeks of age.12,21 From these groups, liver
blocks (frozen and paraffin-embedded), serum, isolated
cholangiocytes, and cholangiocyte supernatants (1 million
cells per 100 mL) were collected as previously
described.21,24
1020
Morphologic and Chemical Analysis of Liver Damage in
Mdr2�/� Mice

Hematoxylin and eosin (H&E) staining was performed in
livers from WT and Mdr2�/� mice that were treated with
mismatch or H2HR vivo-morpholino to evaluate lobular
damage, necrosis, and inflammation. Serum levels of
alkaline phosphatase (ALP) and g-glutamyl transferase
(g-GT) were measured in all groups of mice using
IDEXX Catalyst One test slides (IDEXX, Westbrook,
ME).9,21

Evaluation of H2HR Protein Expression, Histamine
Secretion, and MC Infiltration and Activation

To demonstrate that H2HR expression was inhibited using
vivo-morpholino, immunohistochemistry was performed for
H2HR in all liver sections. Histamine secretion was evalu-
ated by enzyme immunoassay in serum from all groups of
mice.19e21 The presence of MCs was evaluated by immu-
nohistochemistry for mouse MC protease-1 in Mdr2�/�

mice treated with mismatch and H2HR vivo-
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Evaluation of small and large intrahepatic bile duct mass (IBDM) and inflammation. A and B: With the use of cytokeratin (CK)-19 immuno-
histochemistry, no changes are observed between wild-type (WT) groups with regard to small and large IBDM; however, in multidrug-resistance transporter 2/
ABC transporter B family member 2 knockout (Mdr2�/�) mice treated with mismatch, there is a significant increase in small and large IBDM (with large IBDM
being significantly greater than small IBDM) compared with WT groups. Furthermore, when Mdr2�/� mice were treated with histamine-2 receptor (H2HR) vivo-
morpholino, only large IBDM are significantly reduced (no significant changes are seen in small IBDM). Representative images (red arrows mark CK-
19epositive bile ducts) (A) and semiquantification (B) are provided for all groups. C: Hepatic inflammation was determined by immunohistochemistry for F4/
80 (Kupffer cell marker). The presence of Kupffer cells remains unchanged in WT groups versus Mdr2�/� mice treated with mismatch (WT H2HR
mismatch Z 5.065 � 0.624; WT H2HR vivo-morpholino Z 5.089 � 0.946; Mdr2�/� H2HR mismatch Z 4.904 � 0.636). There is a reduction in mice treated
with H2HR vivo-morpholino (3.182 � 0.835); however, it is not significant when compared with Mdr2�/� mismatch. Data are expressed as means � SEM. nZ
10 representative images; n Z 6 mice for each group. *P < 0.05 versus small and large IBDM from WT mismatch; yP < 0.05 versus large IBDM from
Mdr2�/� þ H2HR mismatch. Original magnification, �40 (A and C).

H2HR Induces Large Duct Damage in PSC
morpholino.19,28 The presence of MCs was not measured in
WT groups because it has been previously reported that WT
mice display few, if any, hepatic MCs.9,20,28 MC marker
(chymase and c-Kit) mRNA expression was determined in
total liver by quantitative real-time PCR (DDCT fold
change29,30) in WT and Mdr2�/� mice treated with H2HR
mismatch along with Mdr2�/� mice treated with H2HR
vivo-morpholino.

Measurement of Ductular Reaction, Proliferation,
Inflammation, and Biliary Senescence

Because stimulation of H2HR enhances large, but not small,
IBDM,16 changes in small and large IBDM and proliferation
were measured in WT and Mdr2�/� mice treated with
mismatch or H2HR vivo-morpholino. Immunohistochem-
istry was performed for proliferating cell nuclear antigen to
detect proliferating small and large cholangiocyte pop-
ulations, and cytokeratin (CK)-19 staining was used to
evaluate alterations in small and large IBDMs.16,19,21 To
determine changes in inflammation, liver sections from WT
The American Journal of Pathology - ajp.amjpathol.org
and Mdr2�/� mice treated with mismatch or vivo-
morpholino were stained for F4/80 to mark Kupffer cells
as previously demonstrated.9 F4/80 staining was semi-
quantified using Visiopharm version VIS 6.7.0.2590 (Vis-
iopharm, Hoersholm, Denmark).

Biliary senescence is also a feature of PSC and is up-
regulated in Mdr2�/� mice.31,32 Biliary senescence was
measured in all groups of mice by immunofluorescence for
p16 (co-stained with CK-19) as described previously and by
senescence-associated b-galactosidase (SA-b-gal) staining
in Mdr2�/� groups.32

Evaluation of HSC Activation and Hepatic Fibrosis

To determine whether blocking H2HR signaling alters HSC
activation, the expression of desmin (co-stained with CK-
19) was measured by immunofluorescence19,21 in all groups
of mice. All groups of mice were evaluated for liver fibrosis
by staining for Fast Green/Sirius Red (and semi-
quantification).19,21 In addition, the expression of vimentin
(mesenchymal marker) and the epithelial markers CK-18
1021
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Figure 4 Expression of biliary senescence. Biliary senescence was determined by immunofluorescence for p16 [co-stained with cytokeratin (CK)-19 to mark
bile ducts] and senescence-associated b-galactosidase (SA-b-gal) staining in liver sections. A: Immunofluorescence shows an increase in co-localization of
p16/CK-19 in multidrug-resistance transporter 2/ABC transporter B family member 2 knockout (Mdr2�/�) mice treated with mismatch in large cholangiocytes
(lining a large bile duct), whereas no large senescent bile ducts are noted in Mdr2�/� mice treated with histamine-2 receptor (H2HR) vivo-morpholino. No
changes in co-localization are seen in wild-type (WT) groups. B: SA-b-gal staining shows a number of large senescent cholangiocytes in Mdr2�/� mice treated
with mismatch that is absent in Mdr2�/� mice treated with H2HR vivo-morpholino. No changes in SA-b-gal staining are noted between WT groups (data not
shown). Original magnification: �40 (A and B, main images); �100 (A and B, higher magnifications).
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and E-cadherin was determined by immunohistochemistry
in all groups of mice.32 Finally, because transforming
growth factor (TGF)-b1 plays a critical role in PSC pro-
gression, HSC activation, and hepatic fibrosis, the expres-
sion of TGF-b1 was evaluated by immunofluorescence
(co-stained with CK-19) and serum levels of TGF-b1 from
all groups of mice by enzyme immunoassay.19,21
Evaluation of VEGF Signaling and Angiogenesis

Because histamine regulates biliary damage via VEGF
signaling,22,23 the effects of inhibition of H2HR on this
pathway were measured. In all groups of mice, VEGF-A/C
and von Willebrand factor (vWF) expression was deter-
mined by immunofluorescence (co-stained with CK-19 to
mark bile ducts). VEGF secretion was determined in
cholangiocyte supernatant and serum from all groups of
mice by enzyme immunoassay.22,23
Determination of Intracellular Signaling

Previous work has found that H2HR signaling occurs pri-
marily through activation of Gas/cAMP/PKA/ERK16;
therefore, this signaling pathway was evaluated in all groups
of mice. cAMP levels and ERK1/2 expression were deter-
mined by immunofluorescence in liver sections (co-stained
with CK-19 to mark cholangiocytes).
1022
Statistical Analysis

All data are expressed as means � SEM. Groups were
analyzed by the unpaired t-test when two groups are
analyzed or a two-way analysis of variance when more than
two groups are analyzed, followed by an appropriate post
hoc test. P < 0.05 was considered significant.
Results

H2HR Vivo-Morpholino Treatment Ameliorates Hepatic
Damage, Inflammation, and Necrosis in Mdr2�/� Mice
but Has No Deleterious Effects on WT Mice

By H&E staining (Figure 1A), WT mice treated with
mismatch or H2HR vivo-morpholinos had no alterations in
hepatic morphologic findings. Furthermore, inflammation
and necrosis were visibly reduced in Mdr2�/� mice treated
with H2HR vivo-morpholino compared with Mdr2�/�

H2HR mismatch mice that had typical PSC damage. Simi-
larly, in Figure 1B, no changes were observed between WT
groups for serum chemistry; however, Mdr2�/� H2HR
mismatch mice had increased levels of ALP and g-GT,
markers of cholangiocyte damage. Blocking H2HR by vivo-
morpholino down-regulated serum levels of ALP and g-GT
compared with mismatch Mdr2�/� mice (Figure 1B).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Determination of hepatic fibrosis and hepatic stellate cell (HSC) activation. HSC activation was determined by immunofluorescence for desmin
[co-stained with cytokeratin (CK)-19 to mark bile ducts] and hepatic fibrosis by staining for Fast Green/Sirius Red (and semiquantification) and immuno-
histochemistry for vimentin. A: The intensity of desmin increases in Mdr2�/� (ATP binding cassette subfamily B member 4 null) mice treated with mismatch
compared with wild-type (WT) mismatch; however, Mdr2�/� mice treated with histamine-2 receptor (H2HR) vivo-morpholino have a reduction in desmin
staining. B: Similar trends are seen for Fast Green/Sirius Red staining that displays significantly increased amounts of collagen deposition around the portal
area in Mdr2�/� mice treated with mismatch compared with WT mismatch. Mdr2�/� mice that were treated with H2HR vivo-morpholino have less collagen
deposition. Fast Green/Sirius Red is also shown semiquantified. C: Vimentin staining reveals a number of vimentin-positive cells surrounding the portal area in
WT groups that is increased in Mdr2�/� mice treated with mismatch; however, there are fewer vimentin-positive cells in Mdr2�/� mice treated with H2HR vivo-
morpholino. *P < 0.05 versus WT mismatch; yP < 0.05 versus Mdr2�/� þ H2HR mismatch. Original magnification: �40 (AeC); �80 (C, insets).

H2HR Induces Large Duct Damage in PSC
Treatment with H2HR Vivo-Morpholino Decreases
Histamine Levels, Biliary H2HR Expression, and MC
Infiltration in Mdr2�/� Mice

Biliary H2HR protein expression increased in Mdr2�/�

mismatch liver shown by immunohistochemistry
(Figure 2A) compared with WT H2HR mismatch treated
mice. No H2HR expression was found in WT or Mdr2�/�

mice treated with H2HR vivo-morpholino (Figure 2A).
Histamine serum levels significantly increased when

Mdr2�/� mice were treated with mismatch morpholino
compared with WT mismatch mice. Treatment with H2HR
vivo-morpholino decreased histamine secretion in Mdr2�/�

mice compared with mismatch treatment; there were no
significant changes in the WT groups (Figure 2B).

MC infiltration was up-regulated in Mdr2�/� mice treated
with mismatch morpholinos (similar to previous studies
reporting an increased in Mdr2�/� mice9,21) as demon-
strated by immunohistochemistry for mouse MC protease-1
but were reduced in Mdr2�/� H2HR vivo-morpholino mice
(Figure 2C). The mRNA expression of chymase and c-Kit
increased in Mdr2�/� mice treated with H2HR mismatch
compared with WT, whereas expression was decreased in
Mdr2�/� mice treated with H2HR vivo-morpholino
The American Journal of Pathology - ajp.amjpathol.org
(Figure 2D). There was no significant difference between
WT mice treated with mismatch or H2HR vivo-morpholino
(data not shown); therefore, only WT mismatch samples
were used for analysis.

Treatment with H2HR Vivo-Morpholino Reduces Large
but Not Small Bile Duct Growth, Inflammation, and
Large Biliary Senescence in Mdr2�/� Mice

In Mdr2�/� mice treated with H2HR vivo-morpholino, there
was a significant decrease in large IBDM (Figure 3A)
compared with Mdr2�/� mismatch; however, small IBDM
did not significantly change in the Mdr2�/� groups
(Figure 3B). Biliary proliferation in large cholangiocytes in
Mdr2�/� mismatch mice was significantly decreased after
H2HR vivo-morpholino treatment (Supplemental
Figure S1). Small proliferation was not changed in
Mdr2�/� groups (data not shown). No changes were seen in
small or large IBDMs or proliferation in WT groups.

The presence of Kupffer cells (marked by F4/80 immu-
nohistochemistry and semiquantified using Visiopharm
software) was unchanged in the WT groups versus Mdr2�/�

mice treated with mismatch (WT H2HR
mismatch Z 5.065 � 0.624; WT H2HR vivo-
1023
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Figure 6 Transforming growth factor (TGF)-b1 expression and secretion. The expression and secretion of TGF-b1 were measured in all groups of mice. A:
Immunofluorescence shows co-localization of cytokeratin (CK)-19 (to mark bile ducts) and TGF-b1 in large cholangiocytes in multidrug-resistance transporter
2/ABC transporter B family member 2 knockout (Mdr2�/�) mice treated with mismatch compared with wild-type (WT) mismatch mice, whereas Mdr2�/� mice
treated with histamine-2 receptor (H2HR) vivo-morpholino have little co-localization. B: Serum secretion of TGF-b1 does not change between WT groups;
however, Mdr2�/� mice treated with mismatch have increased levels of TGF-b1, which were decreased in mice treated with H2HR vivo-morpholino. *P < 0.05
versus WT mismatch; yP < 0.05 versus Mdr2�/� þ H2HR mismatch. Original magnification: �40 (main images); �80 (higher magnifications).
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morpholino Z 5.089 � 0.946; Mdr2�/� H2HR
mismatch Z 4.904 � 0.636). There was a reduction in mice
treated with H2HR vivo-morpholino (3.182 � 0.835);
however, this finding was not significant when compared
with Mdr2�/� mismatch (Figure 3C).

The expression of p16 was increased in large bile ducts
from Mdr2�/� mice treated with mismatch compared with
WT controls; however, inhibition of H2HR decreased large
duct p16 expression as shown by immunofluorescence
(Figure 4A). Staining for SA-b-gal (Figure 4B) resulted in a
number of large senescent cholangiocytes in Mdr2�/� mice
treated with H2HR mismatch; however, no large senescent
cholangiocytes were found in Mdr2�/� mice treated with
H2HR vivo-morpholino; there was no positive SA-b-gal
staining found in WT groups (data not shown). There were
no significant changes in WT groups for biliary proliferation
(Figure 4).

HSC Activation, Fibrosis, and TGF-b1 Are Decreased in
Mdr2�/� Mice Treated with H2HR Vivo-Morpholino
Compared with Mdr2�/� Mismatch Treatment

HSC activation increased in Mdr2�/� mice treated with
H2HR mismatch, which was subsequently decreased in
Mdr2�/� mice treated with H2HR vivo-morpholino as
shown by immunofluorescence desmin (Figure 5A). In
1024
addition, collagen deposition shown by Fast Green/Sirius
Red and semiquantification was reduced in Mdr2�/� mice
treated with H2HR vivo-morpholino compared with Mdr2�/�

H2HR mismatch mice, which was up-regulated compared
with WT H2HR mismatch (Figure 5B). No alterations in
HSC activation or hepatic fibrosis were noted in WT
mismatch mice versus WT mice treated with H2HR vivo-
morpholino (Figure 5, A and B).
The expression of vimentin was up-regulated in Mdr2�/�

H2HR mismatch and was found to be strongly expressed in
the portal area but not by cholangiocytes. In Mdr2�/� mice
treated with H2HR vivo-morpholino, the expression of
vimentin was decreased compared with mismatch
(Figure 5C), and no changes were observed between WT
groups. Because a change in vimentin expression was
observed, the epithelial markers CK-18 and E-cadherin
were also measured by immunohistochemistry. Both
CK-18 and E-cadherin were up-regulated in large chol-
angiocytes from Mdr2�/� H2HR vivo-morpholino mice
compared with Mdr2�/� mice treated with H2HR mismatch
(Supplemental Figure S2). No changes were noted between
the WT groups.
A hallmark feature of increased hepatic fibrosis is

elevated TGF-b1 expression and secretion. Immunofluo-
rescence in liver sections showed that biliary TGF-b1
expression increased in Mdr2�/� mismatch mice
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Evaluation of angiogenesis. Vascular endothelial growth factor (VEGF)-A and -C expression was determined by immunofluorescence in all groups
of mice, and VEGF-A levels were measured in large cholangiocyte supernatant and serum. Wild-type (WT) mice treated with histamine-2 receptor (H2HR) vivo-
morpholino have less biliary expression of VEGF-A (VEGF-C expression was similar in WT groups), and VEGF-A (A) and VEGF-C (B) expression increases in large
bile ducts [stained with cytokeratin (CK)-19] from multidrug-resistance transporter 2/ABC transporter B family member 2 knockout (Mdr2�/�) mice treated
with mismatch that is reduced in Mdr2�/� mice treated with H2HR vivo-morpholino. Cholangiocyte supernatant (C) and serum secretion of VEGF-A (D) increase
in Mdr2�/� mice treated with mismatch that is significantly reduced in Mdr2�/� mice treated with H2HR vivo-morpholino. No changes are seen in the WT
groups. Data are expressed as means � SEM. n Z 9experiments for enzyme immunoassay. *P < 0.05 versus WT mismatch; yP < 0.05 versus Mdr2�/�

mice þ H2HR vivo-morpholino. Original magnification, �40 (A and B).

H2HR Induces Large Duct Damage in PSC
compared with WT mismatch, which was decreased in
Mdr2�/� mice treated with the H2HR vivo-morpholino
(Figure 6A). In addition, serum levels of TGF-b1
increased in Mdr2�/� mismatch mice, which was signifi-
cantly reduced in Mdr2�/� mice treated with H2HR vivo-
morpholino (Figure 6B). Again, no changes were observed
in TGF-b1 expression or secretion in WT mismatch or
H2HR vivo-morpholino mice.

Inhibition of H2HR by Vivo-Morpholino Decreases
Large Cholangiocyte VEGF-A/C Expression and
Secretion and Angiogenesis

By immunofluorescence, WT mice treated with H2HR vivo-
morpholino had less biliary expression of VEGF-A
(VEGF-C expression was similar in WT groups); howev-
er, hepatocyte VEGF-A and VEGF-C are present in WT
mice treated with H2HR vivo-morpholino. VEGF-A/C
biliary expression increased in Mdr2�/� mismatch mice
compared with WT groups that was reduced in Mdr2�/�

mice treated with H2HR vivo-morpholino (Figure 7, A and
B). VEGF-A secretion was evaluated in large cholangiocyte
supernatant and in serum from all animal groups. In WT
mice treated with H2HR vivo-morpholino, there was a
significant decrease in biliary VEGF-A secretion, whereas
The American Journal of Pathology - ajp.amjpathol.org
serum levels between WT groups remained similar
(Figure 7, C and D). In Mdr2�/� mismatch mice there was
an increase in cholangiocytes supernatant and serum VEGF-
A levels, which was decreased in supernatant (Figure 7C)
and serum (Figure 7D) from Mdr2�/� mice treated with
H2HR vivo-morpholino.

In Mdr2�/� mice treated with mismatch, there was an
increase in the intensity of vWF expression primarily
around large bile ducts; however, after H2HR vivo-
morpholino treatment, vWF presence was reduced as
shown by immunofluorescence and co-stained with
CK-19 to mark bile ducts (Supplemental Figure S3) No
changes were noted between WT mismatch and WT
H2HR vivo-morpholino treatment. These data support
our previous work demonstrating that histamine and its
receptors regulate angiogenesis and VEGF
signaling.20,23,24

Inhibition of H2HR Decreases Large Biliary cAMP and
ERK Signaling in Mdr2�/� Mice

Lastly, in Figure 8, large bile ducts have increased
expression of cAMP (Figure 8A) and ERK (Figure 8B) in
Mdr2�/� mice treated with mismatch when compared with
WT groups (no difference between mismatch or vivo-
1025
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Figure 8 Determination of intracellular cAMP/ERK signaling. cAMP and
ERK expression was evaluated by immunofluorescence [co-stained with cyto-
keratin (CK)-19 to mark bile ducts). Both cAMP (A) and phospho-ERK (B)
expression and co-localization increase in large bile ducts (arrows) in Mdr2�/�

(ATP binding cassette subfamily Bmember 4 null) mice treated withmismatch,
which is reduced in multidrug-resistance transporter 2/ABC transporter B
family member 2 knockout (Mdr2�/�) mice treated with H2HR vivo-
morpholino. There are no changes between wild-type (WT) groups. Original
magnification:�40 (A, top row);�80 (A,bottomrow, andB);�100 (A andB,
enlargements).
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morpholino treatment) that was reduced when Mdr2�/�

mice were treated with H2HR vivo-morpholino as shown by
immunofluorescence. Both cAMP and ERK were co-stained
with CK-19 to identify large bile ducts.
Discussion

PSC is associated with large duct damage, and patients with
PSC are also at a higher risk for developing large ductal
CCA; therefore, the investigation of mechanisms regulating
large duct damage are clinically warranted. This study found
that, using the vivo-morpholino technique to inhibit H2HR
(primarily expressed in MCs and cholangiocytes), there was
significant amelioration of biliary damage, hepatic fibrosis,
inflammation, and angiogenesis. Inhibition of H2HR was
regulated through cAMP/ERK1/2 signaling and also altered
biliary senescence. These parameters are features of PSC
progression and are mimicked in the Mdr2�/� mouse
model.2,25

Histamine is a profibrogenic and protumorigenic mole-
cule that is contained primarily in the granules of MCs,
which migrate as immature immune cells from the bone
marrow into the targeted tissue or organ. Histamine regu-
lates its effects via one of four G-proteinecoupled receptors
(H1HR to H4HR), and H1HR and H2HR are primarily
stimulatory receptors that induce cell proliferation and
regeneration,33 whereas H3HR and H4HR are inhibitory
receptors, which typically block cellular growth or tumori-
genesis.13,30 It was previously noted that there is an increase
in hepatic immunostaining for H1HR and H2HR in both
Mdr2�/� mice and human PSC compared with their
respective controls.9,21 Furthermore, in the Mdr2�/� mice,
H2HR expression was more strongly increased than H1HR
and was predominantly found within large bile ducts.9 In a
separate study, hepatic mRNA expression of H1HR to
H4HR increased in Mdr2�/� mice and human PSC
compared with their respective controls.34 It has been pre-
viously demonstrated that blocking H2HR using a phar-
macologic compound, ranitidine, decreases biliary damage,
hepatic fibrosis, and inflammation.9 Vivo-morpholino de-
livery inhibits the protein expression of H2HR in the liver,
specifically in cholangiocytes because H2HR is primarily
found in large bile duct cells.9,16 To support this finding,
other studies have reported that treatment with vivo-
morpholino oligos reduces the expression of
gonadotropin-releasing hormone26 and miR-2435 in the liver
and, subsequently, decreased biliary damage. Vivo-
morpholino delivery did not have any deleterious effects
in WT mice as shown by H&E and serum chemistry;
however, in Mdr2�/� mice, the inhibition of H2HR
decreased necrosis and inflammation. These findings are
consistent with previous work using vivo-morpholino de-
livery.26,35 Considering that H1HR and H2HR stimulate
proliferation, with H3HR and H4HR inhibiting it, it is un-
clear why all four receptors are up-regulated during PSC.
ajp.amjpathol.org - The American Journal of Pathology
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Because histamine levels are up-regulated in patients with
PSC,34 there may be an increase in HR activity to
compensate for increased histamine circulation; however,
further work to evaluate the specific cell types expressing
each receptor is required to understand the role of HR
expression and histamine signaling during PSC
pathogenesis.

Because previous work has found that Mdr2�/� mice
have increased MC infiltration and histamine levels,9,21

these parameters were measured in the current study. This
study found that inhibition of H2HR decreased both MC
presence and histamine serum levels, which is also evidence
that HRs can regulate MCs and histamine release. In support
of this finding, genetic knockdown of H2HR has been found
to decrease histamine-induced anaphylaxis; however, when
both H1HR and H2HR were knocked down, the effect of
histamine was almost ablated.36 Furthermore, a study that
measured histamine output after exercise found that inter-
stitial tryptase and histamine levels increased after exercise;
however, this effect was blunted when H1HR or H2HR
were inhibited,37 supporting the concept that MC degranu-
lation can be regulated by HRs.

Ductular reaction is defined by the proliferation of reac-
tive bile ducts after liver injury. Biliary hyperplasia is also
used to describe the reaction of the biliary tree after insult
and can include an increase in the number of functioning
ducts along with excessive fibrosis.8 Mdr2�/� mice mimic
ductular reaction and therefore can be a useful tool to study
pathologic changes and signaling mechanisms. This study
found that there is an increase in large ductal mass and
biliary proliferation that was also coupled with an increased
in senescent large bile ducts in Mdr2�/� mice treated with
mismatch compared with WT groups. Because PSC is pri-
marily a disease of large ducts,2,11 these findings of a
reduction in large ductular reaction after inhibition of H2HR
may be clinically relevant. Intracellular signaling pathways
regulate cellular response, which may be proliferation or
apoptosis. Because it has been previously reported that
H2HR signals primarily through cAMP/pERK pathways9,16

to decrease proliferation, our study measured these signals
and found that inhibition of H2HR reduced the expression
of both cAMP and pERK, specifically in large chol-
angiocytes. In support of these findings, in Leydig tumor
cells, H2HR expression is up-regulated coupled with
increased levels of cAMP and ERK phosphorylation.38

Biliary senescence increases in PSC (human and rodent
models), and blocking a specific senescence-associated
secretory phenotype factor, stem cell factor, using vivo-
morpholino decreases PSC pathology and progression in
Mdr2�/� mice.29 A study by Moncsek et al31 found that
inhibition of extralarge B-cell lymphoma reduced hepatic
fibrosis by acting on senescent cholangiocytes. The extra-
large B-cell lymphoma inhibitor decreased the survival and
increased apoptosis in senescent cholangiocytes in Mdr2�/�

mice, thus demonstrating a role for targeting senescence
during PSC.31
The American Journal of Pathology - ajp.amjpathol.org
Portal fibrosis and mesenchymal vimentin expression
were also increased around large bile ducts in Mdr2�/� mice
treated with mismatch compared with WT groups, which
was reduced when H2HR was blocked with vivo-
morpholino. In support of this, studies have confirmed
that Mdr2�/� mice present with increased fibrosis at
approximately 8 to 12 weeks of age,1,21,32 and a recent study
that targeted vimentin using vivo-morpholino found that
inhibition of vimentin decreased PSC progression in Mdr2�/�

mice.32 Interestingly, the study by Zhou et al32 also found
that blocking vimentin decrease biliary senescence, thus
demonstrating an alternative avenue for regulating
senescence during PSC.

TGF-b1 has been widely studied during fibrosis pro-
gression, and this growth factor has also been implicated in
promoting cellular senescence and may also have a role in
regulating epithelial-mesenchymal phenotypes during dis-
ease progression. The cellular senescence-inhibited gene,
when activated, can block TGF-b1 signaling,31 and stimu-
lation of TGF-b1 can increase biliary senescence and
fibrosis as reported by Zhou et al.39 In hepatocytes, miR-
146a decreases hepatic fibrosis via TGF-b1/SMAD4
signaling with a subsequent inhibition of epithelial-to-
mesenchymal transition, thus suggesting that TGF-b1
signaling can regulate EMT. This study demonstrates a
reduction in portal fibrosis coupled with decreased large
ductal TGF-b1 expression and serum secretion after inhibi-
tion of H2HR in Mdr2�/� mice. Furthermore, decreased
vimentin expression but increased epithelial marker
expression were observed after H2HR Vivo-morpholino
treatment in Mdr2�/� mice compared with mismatch.
How H2HR might regulate TGF-b1emediated EMT has
not been examined.

The role of vascular cells and/or contribution of angio-
genesis during PSC has not been fully studied or charac-
terized. These experiments reveal that there is decreased
VEGF-A/C expression and VEGF-A secretion coupled with
lower vWF levels that are mediated by H2HR signaling. To
support this, a study by Wu et al40 also found that blocking
miR-200b (which is increased in patients with PSC) de-
creases angiogenesis and subsequent fibrosis; however, the
link between vascular cells and fibrosis-promoting cells,
such as HSCs, is not well known. This study speculates that
H2HR acts on large cholangiocytes to reduce biliary
senescence, which may interact with vascular endothelial
cells or MCs (which also express and secrete VEGF) to
reduce angiogenesis, and because cholangiocytes also ex-
press and secrete VEGF, there may be autocrine and para-
crine interactions at work during PSC. These studies need to
be expanded to fully understand the role of angiogenesis
during PSC progression.

In summary, this work demonstrates an important role for
H2HR signaling in large ductal PSC that regulates ductular
reaction, biliary senescence, fibrosis, and angiogenesis.
Blocking H2HR vivo-morpholino decreased damaging
phenotypes in Mdr2�/� mice and revealed potential
1027
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signaling mechanisms involved in large cholangiocyte
response. Understanding changes in biliary and liver dam-
age based on specifically targeting large ducts is significant
considering that approximately 90% of patients present with
large duct PSC, which is associated with a higher risk of
malignant tumors.41 This study verified previous findings
demonstrating rigor and reproducibility and identified the
mechanistic pathways mediated by H2HR inhibition that
were not discussed in previous work. H2HR is up-regulated
in human PSC, and inhibition of H2HR using over-the-
counter blockers decreases disease progression. Coupled
with findings from the current study, H2HR is a potential
target for the clinical management of PSC.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2020.01.013.
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