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Abstract

Primary sclerosing cholangitis (PSC) is characterized by biliary damage and fibrosis. Multidrug resistance-2 gene knockout
(Mdr2 ") mice and PSC patients have increased histamine (HA) levels (synthesized by I-histidine decarboxylase, HDC) and HA
receptor (HR) expression. Cholestatic HDC '~ mice display ameliorated biliary damage and hepatic fibrosis. The current study
evaluated the effects of knockout of HDC ™'~ in Mdr2 ™'~ mice (DKO) on biliary damage and hepatic fibrosis. WT, Mdr2~/~
mice, and homozygous DKO mice were used. Selected DKO mice were treated with HA. We evaluated liver damage along with
HDC expression and HA serum levels. Changes in ductular reaction were evaluated along with liver fibrosis, inflammation and
bile acid signaling pathways. The expression of HIHR/PKC-a/TGF-f1 and H2ZHR/pERK/VEGF-C was determined. In vitro,
cholangiocyte lines were treated with HA with/without H1/H2 inhibitors before measuring: HI/H2HR, TGF-p1, and VEGF-C
expression. Knockout of HDC ameliorates hepatic damage, ductular reaction, fibrosis, inflammation, bile acid signaling and
HIHR/PKC-o/TGF-p1 and H2HR/pERK/VEGF-C signaling. Reactivation of the HDC/HA axis increased these parameters. In
vitro, stimulation with HA increased HR expression and PKC-a, TGF-p1, and VEGF-C expression, which was reduced with HR
inhibitors. Our data demonstrate the key role for the HDC/HA axis in the management of PSC progression.

Introduction

Primary sclerosing cholangitis (PSC) is characterized by
biliary damage, inflammation and hepatic fibrosis [1, 2].
Typically, increased peribiliary inflammation leads to
sclerosis of bile ducts eventually resulting in hepatic
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fibrosis and cirrhosis [3, 4]. PSC can target specific sub-
populations of the biliary tree including small and large
bile ducts; however, large ductal PSC is more common
(~70% of cases) and patients are at a greater risk for
developing cholangiocarcinoma [5, 6]. Coupled with
impaired liver function, patients with PSC also suffer from
severe side effects including chronic itching (pruritus) and
fatigue [3, 4]. Possible causes of pruritus are increased
levels of circulating bile acids and elevated inflammatory
cytokines [3]. Treatment for PSC is currently lacking and
the mechanisms of action which drive PSC are not fully
understood.

Histamine is the major mediator released from activated
mast cells (MCs) and interacts with one of four G-protein
coupled receptors, H1-H4 histamine receptor (HRs) [7, 8].
Histamine is produced following the conversion of histidine
to histamine by the enzyme, l-histidine decarboxylase
(HDC) which is expressed primarily by cholangiocytes in
the liver [9, 10]. Once released, histamine is either used or
rapidly stored within MCs. Our previous study has
demonstrated a differential regulation of H1 and H2HR
in the proliferation of small and large cholangiocytes via
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Ca’>"/PKC-o and cAMP/pERK signaling, respectively [10].
Inhibition of HDC using either pharmacological compounds
(o-methyl-DL-histidine dihydrochloride, a-Me) or genetic
knockdown (global HDC ™'~ mice) results in reversal of
biliary damage and hepatic fibrosis during cholestatic liver
injury induced by extrahepatic bile duct ligation (BDL)
[11]. In addition, depletion of HDC reduces inflammation
and angiogenesis in this chronic model of damage. HDC '~
mice subjected to a high fat, high sugar diet also showed
amelioration of ductular reaction and liver fibrosis [12].

Hepatic fibrosis is a hallmark feature of PSC and a key
regulator of this process is transforming growth factor (TGF)-
p1 [1, 2, 13]. Several studies have demonstrated that TGF-f1
levels increase in Mdr2 ™~ mice [1, 2] and in human PSC
[14]. In addition, we have shown that inhibition of MC-
derived histamine using cromolyn sodium decreases biliary
damage and TGF-f1 expression and secretion, suggesting that
histamine regulates TGF-f1 [1]. The cellular source of TGF-
B1 is controversial, however, recent work has shown that
cholangiocytes may provide a significant amount of TGF-f1
to the liver during PSC progression that mediates biliary
senescence and liver fibrosis through autocrine and paracrine
mechanisms, respectively [1, 2, 14]. It is not fully known how
histamine or histamine receptors may regulate TGF-f1 or
what the relationship between these factors might be.

Vascular remodeling and alterations in the vascular bed
are features of PSC and contribute to overall liver damage.
There is evidence that links new blood vessel formation
around bile ducts in response to chronic inflammatory liver
diseases such as PSC [15]. New vessel growth may be key
in remodeling the tissue after injury, as well as delivering
oxygen and other metabolic nutrients to damaged, hypoxic
areas. In a study from 2014, we found that histamine reg-
ulates vascular endothelial growth factor (VEGF) signaling
[11]. In HDC™'~ mice, VEGF expression and secretion
were significantly reduced along with a downregulation of
hypoxia inducible factor-a (HIF-1a), which is a secondary
signaling molecule between histamine and VEGF [11].
Further, in mice lacking MCs (decreased histamine synth-
esis) or in Mdr2™~ mice treated with cromolyn sodium,
there is a reduction in vascular cell activation and VEGF
signaling [1, 13]. The goal of our current study is to
demonstrate the critical contribution of the HDC/histamine
axis to PSC progression via modulation of TGF-f1 and
VEGF-C signaling via specific HR signaling.

Materials and methods

Materials

All reagents were obtained from Sigma-Aldrich, Co. (St.
Louis, MO) unless otherwise indicated. Reagents and media
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for cell culture were obtained from Invitrogen Corporation
(Carlsbad, CA) [2, 16]. Total RNA was isolated from total
liver tissues and purified cholangiocytes by the TRI Reagent
from Sigma Life Science and reverse transcribed with the
Reaction Ready First Strand cDNA Synthesis kit (Qiagen,
Valencia, CA) [2, 16].

Animal models

Animal experiments were performed according to protocols
approved by the Baylor Scott & White IACUC Committee
and were performed in Temple, Texas prior to relocation to
Indiana University School of Medicine. FVB/NJ, Balb/c
and multidrug resistance 2 knockout (Mdr2~/'~; strain FVB/
NJ) mice were purchased from Jackson Laboratory
(Sacramento, CA). HDC knockout mice (HDC’/ ~; strain
Balb/c) were obtained from Dr J. R. Goldenring (Vanderbilt
University) and are currently breeding in our facility. The
Mdr2~~ and HDC ™~ mouse colonies have been estab-
lished at our animal facility [1, 2, 12].

Generation of homozygote DKO mice

Background crossed FVB/NJ x Balb/c (FVB/Balb) mice
were first generated in order to evaluate strain differences
between our animal groups and were subsequently utilized
and referred to as wild-type (WT) control throughout the
study. Mdr2™/~ and HDC ™~ mice were crossed until a
homozygous Mdr2/HDC double knockout (DKO) strain
was obtained. In the first cross only heterozygotes were
obtained, as predicted. Selected heterozygotes from separate
litters were then selected for breeding and a third generation
was obtained that contained both male and female homo-
zygotes (6.25% of mice bred were DKO homozygote). All
genotyping was confirmed by RT-PCR amplification of
genomic DNA isolated from tail snips; analysis was per-
formed by Charles River Laboratories (Wilmington, MA).
Verified DKO homozygote mice were then bred to generate
a homozygote DKO colony, which was also verified in our
lab by gPCR in total liver RNA, and HDC activity analyzed
by measurement of histamine serum levels [1, 2].

All animal studies were performed in 12-week-old male
WT (n=12), Mdr2™"~ (n=18) and DKO (n= 16) mice
since this age represents striking ductular reaction (DR) and
hepatic fibrosis [2, 17], and in separate experiments selected
male 12-week-old DKO mice were treated with 0.5 mg/kg/
day of histamine [10] for 2 weeks via intraperitoneally
implanted osmotic Alzet" minipumps to reactivate the
HDC/histamine axis (n = 10). Since the aim of the study
was to determine if knockout of the HDC/HA axis ame-
liorates liver damage, all analysis with DKO mice was
performed in comparison to Mdr2~'~ mice since this is the
diseased model of interest. For all staining experiments
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(immunofluorescence and immunohistochemistry), 5-6
mice per group were selected for liver sectioning (three
slides each) and ten images obtained from each slide to
ensure an unbiased evaluation and semi-quantification,
where applicable.

Tissue collection and cholangiocyte Isolation

Animals were housed in a temperature-controlled environ-
ment with 12/12h light/dark cycles and fed ad libitum
standard chow with free access to drinking water. Serum,
snap frozen liver, liver blocks (formalin-fixed, paraffin-
embedded, and OCT-embedded), isolated cholangiocytes,
and cholangiocyte supernatants (following incubation at
37°C for 4h) were collected from all groups of animals
[2, 13]. Cholangiocytes were obtained by immunoaffinity
separation using a monoclonal antibody, rat 1gG,, (a gift
from Dr. R. Faris, Brown University, Providence, RI),
against an unidentified antigen expressed by all mouse
cholangiocytes [18].

Assessment of liver damage

Liver damage was evaluated in our animal groups by
standard H&E staining in paraffin-embedded liver sections.
Sections were evaluated for lobular damage, necrosis and
peribiliary inflammation. Serum levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
were measured using the IDEXX Catalyst One test slides
(IDEXX, Westbrook, ME) [13, 18].

Evaluation of the HDC/Histamine/HR Axis

HDC gene and protein expression were measured in liver
sections (by immunofluorescence co-stained with CK-19 to
mark bile ducts [14, 19]) and total liver gPCR. Serum levels
of histamine were measured using the histamine EIA kit
(Cayman Chemical; Ann Arbor, MI). Hepatic expression of
H1 and H2 HR was evaluated in total liver by gPCR.

Evaluation of intrahepatic bile duct mass, biliary
proliferation, and liver inflammation

Alterations in intrahepatic biliary mass (IBDM) are a hall-
mark feature of PSC and since our studies focus on the role
of cholangiocytes during liver damage, we evaluated the
role of histamine on the promotion of IBDM and biliary
proliferation by semi-quantitative immunohistochemistry
and analysis for CK-19 (biliary-specific marker) and Ki-67,
respectively [2, 13].

Liver inflammation was determined by gPCR in total liver
samples for tumor necrosis factor (TNF)-a. In addition, the
number of Kupffer cells in our animal groups was evaluated

by F4/80 immunohistochemistry and semi-quantitative ana-
lysis using the Visiopharm VIS 2017.2 software (Broomfield,
CO). Furthermore, we evaluated the serum levels of various
pro-inflammatory mediators using the Mouse Cytokine
ELISA Plate Array (Signosis, Inc., Santa Clara, CA). Since
histamine may interact through downstream interleukin sig-
naling, we measured the expression of IL-6 by immunohis-
tochemistry in our animal models.

Assessment of hepatic fibrosis and hepatic stellate
cell number

Hepatic fibrosis was evaluated by (i) Sirius Red staining, (ii)
hydroxyproline content in total liver samples using the
Hydroxyproline Assay Kit (Sigma-Aldrich Co.; St. Louis,
MO), and (ii) gPCR in total liver RNA for collagen type-la
and a-smooth muscle actin (a-SMA). HSCs are the key
contributors to hepatic fibrosis following damage; therefore,
we evaluated HSC activation in our animal groups by gPCR
in total liver RNA and immunofluorescence for
synaptophysin-9 (SYP-9) co-stained with CK-19 (to
visualize bile ducts) [2, 13].

Determination of H19 signaling in DKO Mice

The long non-coding RNA, H19, promotes cholestatic injury
through increased sphingosine-1 phosphate receptor 2
(S1PR2) signaling [20]. We determined the expression H19 by
gPCR in total liver, and its target SIPR2 in total liver by
gPCR. Serum levels of total bile acids (TBAs) were evaluated
using the TBA Assay (Cell Biolabs Inc., San Diego, CA).

Evaluation of H1HR/PKC-a/TGF-B1 and H2HR/pERK/
VEGF-C signaling pathways

To begin to evaluate the potential signaling mechanisms
involved in our study, we performed Ingenuity Pathway
Analysis (IPA, Qiagen Bioinformatics). Our previous work
has demonstrated an interaction between HIHR and Ca*'/
PKC-a signaling and H2HR and cAMP/pERK signaling
[10], therefore we evaluated these pathways in our mice.
PKC-a expression along with pERK signaling was deter-
mined by immunofluorescence (co-stained with CK-19) in
liver tissues from all groups of mice.

Further, we have demonstrated that TGF-p1 expression
and secretion are altered in Mdr2~'~ mice and human PSC
[2, 14], therefore we wanted to understand if this pro-
fibrotic factor would be altered in DKO mice and DKO
mice treated with histamine. We measured the expression of
TGF-f1 by immunofluorescence and gPCR, as well as
measuring TGF-p1 serum level from all mice [2, 13].

Finally, our previous studies have demonstrated that
HDC and histamine influence the vascular bed including
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alteration of VEGF levels and endothelial cell activation
[13]. In our mice we measured the expression of VEGF-R2
and VEGF-C and von Willebrand (vWF) [13] by immu-
nofluorescence and gPCR in total liver.

In vitro studies

In vitro, we used cultured immortalized, mouse cholangio-
cytes [21] for all experiments. Cholangiocytes were treated
with 0.1% BSA (control), histamine (25 uM), an HIHR
antagonist, mepyramine (25 uM) or an H2HR antagonist,
ranitidine (25 uM) and cell smears and cell pellets were
collected after 48 h. In cholangiocyte cell smears we mea-
sured the expression of TGF-f1 and VEGF-C. By ¢PCR,
we measured H1 and H2 HR gene expression.

Statistical analysis

Data are expressed as mean + SEM. Differences between
groups were analyzed by Student unpaired ¢ test when two
groups were analyzed and by two-way ANOVA when more
than two groups were analyzed.

Results

The HDC/histamine axis is depleted in DKO mice and
restored following HA treatment

We have previously shown that Mdr2 ™/~ mice and human
PSC have increased HDC expression and histamine secre-
tion compared with controls [1, 2]; therefore, we evaluated
how genetic knockdown of the HDC/histamine axis may
impact liver phenotypes seen in Mdr2 '~ mice. Further, our
work has shown that (i) cholangiocytes regulate prolifera-
tion and damage via autocrine release of histamine [22] and
(i) HDC ™~ mice have decreased global HDC expression
and histamine levels [23]. Therefore, to deplete the HDC/
histamine axis, we crossed Mdr2~'~ mice with HDC ™/~
mice to create a homozygous, DKO colony (see detailed
methods). We first verified that HDC expression (upregu-
lated in Mdr2~/~ mice compared with WT mice) was
depleted in DKO mice by immunofluorescence in tissue
sections (co-stained with CK-19 to identify bile ducts) and
gPCR in total liver (Fig. 1a, b). Next, we found that serum
histamine levels (increased in Mdr2~~ mice) were
decreased in DKO mice compared with Mdr2~~ mice
(Fig. lc). Although HDC has been genetically removed
from Mdr2~~ mice, there is still expected histamine
secretion that is primarily a result of dietary intake of his-
tidine in the standard chow, and this is consistent with other
reports that demonstrate HDC '~ mice still have some
histamine secretion [2, 23]. As expected, histamine
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treatment in DKO mice restored histamine levels that were
similar to Mdr2 ™~ mice (Fig. 1c¢).

Liver damage is regulated by HDC/histamine
signaling

By H&E, we found that peribiliary inflammation, fibrosis,
lymphocytic infiltration and necrosis, typical of the Mdr2 ™/~
mouse model, was significantly decreased in DKO mice that
lack HDC/histamine signaling. The reintroduction of hista-
mine restored damage in DKO mice inducing similar fea-
tures seen in Mdr2™/~ mice, demonstrating that the HDC/
histamine axis contributes to liver damage (Fig. 2a). Similar
findings were noted for serum AST and ALT levels showing
a decrease in both markers in DKO mice that was exacer-
bated in DKO mice treated with histamine (Fig. 2b). We also
performed H&E in other organs from DKO mice and DKO
mice treated with histamine and found no significant changes
in morphology (data not shown).

Genetic knockdown of HDC/histamine signaling
decreases IBDM, biliary proliferation and liver
inflammation

We have previously demonstrated that histamine
promotes biliary proliferation in models of cholestasis
[1, 2, 10, 13, 24, 25]. In DKO mice, there was a significant
reduction in IBDM (Fig. 3a) and biliary proliferation
(Supplementary Fig. 1) compared with Mdr2~~ mice;
however, treatment with histamine exacerbated these para-
meters even when compared with Mdr2~'~ mice (Fig. 3a
and Supplementary Fig. 1). These findings demonstrate that
the HDC/histamine axis drives biliary damage in Mdr2 "~
mice. These data are significant considering that in human
PSC, characterized by increased biliary proliferation, there
are increased serum histamine levels [1, 2]

We found that in DKO mice there was a significant
decrease in Kupffer cell number shown by F4/80 staining
when compared with Mdr2~~ mice. DKO mice that were
treated with exogenous histamine had a significant increase in
Kupffer cell number (Fig. 3b). Similar trends were noted for
expression of TNF-a, shown by gPCR, and for the expression
of IL-6 shown by immunohistochemistry (Supplementary
Figs. 2A and 2B). Furthermore, we found increased serum
levels of TNF-a, VEGF, FGF-p, IFN-y, leptin, IL-1p, SCF,
PDGEF-BB, IL-17a, IL-4, and IL-10 in Mdr2™'~ mice when
compared with control; however, the expression of these
factors, as well as IL-1a, G-CSF, GM-CSF, MCP-1, MIP-1a,
Rantes, B-NGF, IL-2, and IL-12, was significantly decreased
in DKO mice (Supplementary Fig. 2C). However, DKO mice
treated with exogenous histamine only had increased
expression of leptin and FGF-f when compared with control
treated mice (Supplementary Fig. 2C).
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Fig. 1 Depletion of the HDC/histamine axis. HDC expression was
measured in liver sections by immunofluorescence (a) and in total liver
(b) by gPCR. In Mdr2 ™'~ mice HDC expression increased compared
with WT and was found to be co-localized with CK-19 (white arrows).
As expected, no HDC expression was found in the DKO mouse liver
(a). By qPCR we found that the gene expression of HDC increased in
Mdr2™~ mice, but was mostly ablated in the DKO mouse (b).

Fig. 2 Assessment of liver damage. H&E was performed along with
serum levels of ALT and AST. By H&E we found typical PSC-like
damage in Mdr2~'~ mice compared with WT, which were unre-
markable (a). DKO mice had ameliorated liver damage including less
inflammation, fibrosis, lymphocytic infiltration and necrosis; however,
chronic treatment with histamine to DKO mice restored these features

HSC activation and hepatic fibrosis decrease in DKO
mice

Inhibition of MC-derived histamine via cromolyn sodium or
H1/H2 HR antagonist treatment reduces hepatic fibrosis and
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HSC activation in Mdr2™/~ mice [1, 2]. We evaluated
hepatic fibrosis in our DKO model and found that
collagen deposition shown by Sirius Red/Fast Green
(Fig. 4a), hydroxyproline content (Fig. 4b), and the
expression of pro-fibrotic genes collagen type-la and o-
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Fig. 3 Evaluation of IBDM and inflammation. IBDM was measured
by immunohistochemistry for CK-19 (a) and inflammation by F4/80
(b). IBDM and F4/80 intensity increased in Mdr2 ™~ mice compared
with WT, which was decreased in DKO mice (a, b). When DKO mice
were treated with histamine, IBDM and F4/80 positivity increased and

SMA (Supplementary Fig. 3) were decreased compared
with Mdr2 ™'~ mice. Treatment with exogenous histamine to
DKO mice restored hepatic fibrosis resembling Mdr2~/~
mice (Fig. 4a, b and Supplementary Fig. 3).

We noted similar changes for HSC activation demon-
strated by immunofluorescence and gPCR expression
for SYP-9 showing decreased activation in DKO mice
compared with Mdr2 =/~ mice, that was restored in
DKO mice treated with histamine (Fig. 4c, d). Overall,
these findings conclude that histamine is a key regulator
of HSC activation and subsequent hepatic fibrosis in
Mdr2~’~ mice. However, it is still unknown if histamine
directly impacts HSC activation, or mediates HSC fibro-
genesis via increased neuroendocrine signaling from
cholangiocytes.

Loss of the HDC/histamine axis reduces
H19 signaling in DKO mice

H19 promotes cholestatic injury and cholangiocyte pro-
liferation via S1PR2 activation [26]. Similar to previous
reports, we found an increase in H19 and S1PR2 expression
in Mdr2~'~ mice, which was significantly reduced in DKO
mice (Supplementary Fig. 4A, B). However, DKO mice
subjected to histamine treatments had an increase in H19/
SI1PR2 expression when compared with control treated
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DKO mice (Supplementary Fig. 4A, B). Furthermore,
serum TBA were increased in Mdr2~/~ mice when com-
pared with WT, but reduced in DKO mice when compared
with Mdr2™~~ mice (Supplementary Fig. 4C). However,
administration of histamine to DKO mice significantly
increases serum TBA levels when compared with control
(Supplementary Fig. 4C). S1P, a ligand for SIPR2, pro-
motes histamine release from MCs, demonstrating a link
between histamine and S1PR2 signaling [27]; however,
these findings are the first to show potential interactions
between H19 and histamine signaling.

HDC/histamine signaling targets TGF-B1 signaling
via H1HR/Ca?" signaling

By IPA software we found that there is a relationship
between histamine and TGF-p1 that can be mediated by
HIHR/Ca®" signaling (Supplementary Fig. 5), which we
verified in our models. Since we have previously demon-
strated that HIHR can signal via the Ca®*/PKC-a pathway,
we measured this in our mice. In Mdr2 '~ mice we found an
increase in HIHR expression (Fig. 5a) and PKC-a expres-
sion (Fig. 5b) compared with WT that were decreased
in DKO mice. Further, when DKO mice were treated
with histamine, HIHR and PKC-a expression increased
(Fig. 5a, b).
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Fig. 4 Hepatic fibrosis evaluation. Hepatic fibrosis was measured by
immunostaining for Sirius Red/Fast Green (a); hydroxyproline content
(b) and HSC activation by immunofluorescence (c¢) and real-time PCR
(d) for SYP-9. In Mdr2~'~ mice collagen deposition and HSC acti-
vation are increased compared with WT, which is decreased in the
DKO mice (a-d). When DKO mice are treated with histamine,

By immunofluorescence, we found that TGF-f1 was
upregulated in Mdr2~'~ mice compared with WT. Loss of
HDC/histamine signaling decreased the expression of TGF-
Bl in DKO mice compared with Mdr2 ™'~ mice (Fig. 5c).
This finding was further substantiated by real-time PCR and
EIA which demonstrates that TGF-B1 gene expression and
serum secretion of TGF-P1 significantly increased in
Mdr2™~ mice that was ablated in DKO mice (Supple-
mentary Fig. 6A, B). In DKO mice treated with histamine,
there was a significant increase in TGF-p1 gene expression
and serum TGF-p1 level compared with Mdr2~/~ mice
(Supplementary Fig. 6A, B).

The ablation of the HDC/histamine axis reduces
VEGF signaling via downregulation of H2HR/pERK
signaling

According to the IPA, there are several intermediators
between histamine and VEGF including the H2HR/cAMP/
pERK pathway; therefore, we evaluated these in our mod-
els. Further, our previous work has demonstrated that (i)
H2HR signals primarily through Gog coupling of cAMP/
pERK [2, 10] and (ii) histamine regulates VEGF [11]. By
gPCR and immunofluorescence, we found that H2HR
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[

Mdr2*

SYP9/CK-19/DAPI

Relative gene
expression

WT

Mdr2

DKO DKO +HA

DKO  DKO +HA D

collagen deposition/content and HSC activation are restored (a—d) and
were similar or greater than Mdr2 '~ mice. Data are mean = SEM of
n = 12 experiments for PCR and for staining 10 representative images
from n=6 mice for each group. *p<0.05 vs. WT; *p<0.05 vs.
Mdr2~~ mice and ¥p <0.05 vs. DKO. Representative images x20.

(Fig. 6a) and pERK (Fig. 6b) are upregulated in Mdr2 '~
mice compared with WT, but are reduced in DKO mice.
Further, histamine treatment in DKO mice increased these
factors (Fig. 6a, b). By immunofluorescence we found that
VvWF expression is decreased in DKO mice compared with
Mdr2~~ mice and treatment with histamine restores VWF
expression in DKO mice (Fig. 6¢). By gPCR, we found a
significant increase in VEGF-R2 and VEGF-C expression
in Mdr2™/~ mice compared with WT, which was sig-
nificantly reduced in DKO mice. Further, histamine treat-
ment significantly increased VEGF-R2 and VEGF-C
expression in DKO mice (Fig. 6d).

In vitro inhibition of H1HR decreases TGF-B1
signaling, whereas blocking H2HR decreases VEGF-C
signaling

Histamine treatment increased both HIHR and H2HR gene
expression, which was blocked when respective receptors
were inhibited (Fig. 7a). Further, the expression of TGF-f1
was increased by histamine treatment and reversed when
H1HR is inhibited (Fig. 7b). Finally, VEGF-C expression
increases with histamine treatment which is subsequently
blocked when H2HR is inhibited (Fig. 7c).
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Fig. 5 In vivo relationship between HDC/histamine and TGF-p1
after modulation of the HDC/histamine axis. In Mdr2~~ mice
H1HR expression increases compared with WT that is lost in DKO
mice (a). When DKO mice are treated with histamine, HIHR
expression is restored (a). Expression of PKC-a (shown by immuno-
fluorescence co-stained with CK-19) also increases in bile ducts from
Mdr2 ™~ mice compared with WT, which is reduced in DKO mice (b).

Discussion

PSC is characterized by increased inflammation and bile
duct damage, both of which are aggravated by histamine.
Our previous study has shown that blocking histamine
signaling using pharmacological inhibitors (H1/H2HR
blockers) or genetic models (HDC ™/~ mice) inhibits liver
damage and fibrosis [2, 11]. In the current study, we
demonstrated that genetic knockdown of HDC/histamine
signaling (in DKO mice) ameliorates the typical damage
seen in Mdr2 ™~ mice including liver damage, biliary pro-
liferation, inflammation, hepatic fibrosis, and vascular cell
alterations. When DKO mice were treated chronically with
histamine, damage was recapitulated and similar (or worse)
to that seen in Mdr2~"~ mice. Further, we found that
histamine-mediated HIHR increases biliary TGF-f1 via
PKC-a signaling, whereas H2HR increases cholangiocyte
VEGF-C signaling via pERK activation. Taken together,
these data support the concept that histamine is key to PSC
progression and hepatic damage, and inhibition of this axis
may be a therapeutic tool for patients.

In our previous work, we found that both HDC and
histamine levels are significantly increased in patients with
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Again, treatment with histamine restored PKC-o expression
(b). Immunofluorescence (co-stained with CK-19) shows that biliary
TGF-p1 expression increases in Mdr2~'~ mice, but is lost in DKO
mice (c). When DKO mice are treated with histamine, biliary TGF-f1
expression increased (c). Data are mean + SEM of n = 12 experiments
for real-time PCR. *p <0.05 vs. WT; ¥p <0.05 vs. Mdr2 ™'~ mice and
& <0.05 vs. DKO. Representative images x20.

PSC [1, 2, 13] suggesting that this axis is both a potential
biomarker and also contributes to disease progression. In
fact, serum histamine levels have been shown to be a
potential staging marker for hepatocellular carcinoma
(HCC) since patients with early stage HCC display a sig-
nificant increase in histamine levels compared with controls
[28]. Aside from PSC, patients with biliary atresia (BA)
were also found to present with significantly increased
levels of hepatic histamine which positively correlated with
increased hepatic fibrosis [29]. In addition, both HDC and
HIHR expression were upregulated in BA patient livers
compared with controls [29] suggesting that these may be
potential therapeutic targets for BA.

To examine the role that HDC/histamine plays during
PSC progression, we generated a homozygous double
knockout strain wherein this axis is depleted. Our model is
supported by data showing that HDC expression and his-
tamine secretion are significantly reduced in DKO mice
compared with Mdr2 ™~ mice. Serum histamine levels are
not completely absent since these mice also get histamine in
their diet, which is consistent with our previous findings and
other work from Ohtsu et al. [11, 12, 23]. In DKO mice, the
degree of liver damage was significantly reduced compared
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Fig. 6 Evaluation of VEGF signaling via the H2Z2HR/pERK path-
way after modulation of HDC/histamine axis. The expression of
H2HR (a) and pERK (b) shown by gPCR and immunofluorescence,
respectively increased in Mdr2 ™'~ mice compared with WT, which
was ablated in DKO mice. Treatment with histamine in DKO mice
increased these parameters (a, b). The expression of vVWF (c) shown
by immunofluorescence increased in Mdr2~~ mice compared with
WT, which was ablated in DKO mice. Treatment with histamine in

with Mdr2 ™/~ mice again suggesting that this axis promotes
biliary damage and hepatic fibrosis. Previously we descri-
bed the genetic knockdown of HDC on non-alcoholic fatty
liver disease (NAFLD) progression and found that depletion
of HDC decreases NAFLD-induced biliary damage and
hepatic fibrosis; however, HDC ™~ mice fed high fat diet
had increased steatosis presumably due to the dysregulation
of leptin/histamine signaling [12]. The depletion of HDC
not only affects cholangiocyte proliferation and hepatocyte
ballooning, it also plays a role in critical brain function. A
number of studies have demonstrated that HDC ™'~ mice
have exaggerated features of human Tourette’s Syndrome
[30, 31] thus suggesting a prominent role of histamine
during proper brain function.

Although histamine is not considered a growth hormone,
it has been shown to have trophic effects on cellular pro-
liferation acting via HRs and subsequently activating sec-
ondary signaling pathways [9, 10, 32]. In support of our
current study, it has been demonstrated that histamine
induces proliferation of both human conjunctival fibroblasts
and pterygium fibroblasts [33] which was blocked by
inhibition of HIHR. In a recent study, we found that inhi-
bition of either HIHR or H2HR decreases biliary damage,
inflammation and hepatic fibrosis in Mdr2~~ mice [2].

CK-19

DAPI

C DKO + HA

VEGF-R2

TWT Mdr2”

DKO DKO+ WT Mdr2- DKO DKO +
HA HA

DKO mice increased vVWF expression (c¢). Both VEGF-R2 and VEGF-
C expression increased in Mdr2~'~ mice; however, in DKO mice,
expression was lost (d). Again, treatment with histamine increased
VEGF-R2 and VEGF-C expression in DKO mice. Data are mean +
SEM of n = 12 experiments for real-time PCR. *p <0.05 vs. WT; #p <
0.05 vs. Mdr2”~ mice and ¥p<0.05 vs. DKO. Representative
images x20.

Further, inhibition of H1 or H2 HRs significantly reduced
histamine secretion in Mdr2™~ mice [2] and our current
study supports this feedback loop between HDC/histamine
and HRs by demonstrating that treatment with histamine
activates differential receptor signaling in DKO mice via
HI1HR/PKC-a and H2HR/pERK.

Reintroduction of histamine into DKO mice (that have
ameliorated damage) caused a recapitulation of liver
damage, biliary proliferation, inflammation and hepatic
fibrosis, which are all features of DR. Causes of DR are
primarily related to reactive cholangiocytes that acquire and
secrete a number of neuroendocrine factors including
secretin, angiogenic factors, melatonin and histamine
[34, 35]. Besides, PSC, DR is also a feature of autoimmune
hepatitis as indicated by enhanced portal and lobular
inflammation and centrilobular necrosis in biopsied patients
[36]. In our study we found that ablation of the HDC/his-
tamine axis reduces DR and, as proof that histamine is a key
component of DR, treatment with histamine to DKO mice
restored DR similar to that of Mdr2 ™~ mice. The biliary
tree responds to injury including increased toxic bile acid
content (found in Mdr2 /"~ mice) by increasing the number
of bile ducts to allow for increased bile flow [20, 37].
However, this reparative mechanism can become damaging
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Fig. 7 In vitro, the HDC/histamine axis regulates TGF-f1 and
VEGF signaling via HIHR and H2HR-mediated pathways,
respectively. Histamine treatment increased the expression of HIHR
and H2HR that was subsequently blocked when the respective receptor
was inhibited (a, b). Biliary TGF-p1 expression and VEGF-C

when biliary proliferation becomes exacerbated. Our pre-
vious work demonstrating that histamine increases biliary
mass and proliferation following BDL or after CCl, treat-
ment suggests that increased histamine levels (from both
cholangiocytes and MCs, which infiltrate after liver
damage) may aggravate liver damage, specifically hepatic
fibrosis [24].

H19 promotes biliary proliferation and liver injury via
S1PR2 activation in murine models of cholestasis [20, 26].
Our findings indicate that HDC/histamine signaling pro-
motes H19 and S1PR2 expression. Currently, no studies
exist that indicate a link between H19 and histamine sig-
naling; however, it is known that MCs can be activated by
S1P (a specific ligand for S1PR2) to release histamine
[27, 38]. Aside from S1P, the conjugated bile acid tauro-
cholic acid (TCA) is able to activate SIPR2 signaling [37].
Early work found that TCA is able to induce MC activation
and subsequent histamine release [39]; therefore, there may
be a link between TCA/S1PR2 and histamine signaling.
Signaling between HDC/histamine and H19/S1PR2 has yet
to be elucidated, and future work should evaluate this
potential interaction.

Besides histamine, other factors also contribute to DR
and the progression of liver damage and hepatic fibrosis
including VEGF [40, 41] and TGF-f1 [34]. In fact, we
found that histamine interacts and activates TGF-B1 and

SPRINGER NATURE

Merge el —— 100 um

H2HR

an

Relative gene
expression
O =~ N W H» OO

0.1% BSA + histamine + H2HR antagonist
(control) (25 uM) (25 uM)
B + histamine
MSE cholangiocytes

DAPI VEGF-C ki

0.1% BSA
(control)

+ histamine
(25 pM)
DAPI —_
+H2HR
antagonist
(25 pM)
+ histamine
D DAPI —

expression increased after histamine treatment shown by immuno-
fluorescence (¢, d). Inhibition of HIHR decreased TGF-p1 expression
(c), whereas blocking H2HR decreased VEGF-C expression (d). Data
are mean = SEM of n =9 experiments for gPCR. *p <0.05 vs. basal;
#p <0.05 vs. histamine treatment. Representative images x20.

VEGF-C levels in cholangiocytes. By both IPA and in vitro
work, we found histamine treatment increases TGF-p1, as
well as VEGF-C expression and, in vivo, DKO mice treated
with histamine display elevated levels of both factors. Our
previous study has shown that MC-derived histamine reg-
ulates TGF-f1 [1], but our current study also demonstrates a
link between HIHR and TGF-P1. To support our findings,
during would healing, histamine increased TGF-fl1 in
fibroblasts, which was blocked by pre-treatment with an
HIHR inhibitor [42]. Our studies found that increased
biliary TGF-B1 was induced by histamine treatment both
in vitro and in vivo and, since cholangiocytes express HDC
and secrete histamine [22], we suspect that histamine
treatment in DKO mice may regulate biliary TGF-B1 via
HIHR/PKC-a signaling since TGF-f1 activation was
reduced with HIHR inhibition.

In addition, previous data from our lab showed that
downregulation of miR-125b induces increased HDC/
histamine and VEGF-A and VEGF-C via HIF1-a [11].
In our current study, we find that histamine regulates
VEGEF-C via H2HR/pERK, which are upregulated in our
Mdr2~'~ mice, but decreased in DKO mice. Histamine
treatment to DKO mice increases these angiogenic factors
and signaling pathway. Histamine and VEGF signaling
have long been studied during wound healing [43, 44] and
it’s been shown that specific HR signaling may also
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regulate VEGF response. For example, during colorectal
cancer, inhibition of H2HR decreased angiogenic activity
[45] and we have found that blocking either HI or H2 HR
decreases VEGF in Mdr2 /'~ mice and in nu/nu mice with
xenograft tumors [2]. The link between angiogenesis and
PSC progression is not well known, therefore our studies
provide important information regarding this possible
feature of PSC. A very early study demonstrated that,
during PSC, the duct to vessel ratio remains normal;
however, the capillaries appear pushed away from ducts
due to increased fibrosis and further, new smaller capil-
laries were found within fibrous septa suggesting that
vasopenia and possible angiogenesis (during later stage
PSC) are players during PSC [46].

In summary, our current study supports our previous
work demonstrating that the HDC/histamine axis is a
critical regulator of PSC progression. Ablation of this
axis using a genetically modified mouse model shows that
loss of the HDC/histamine axis ameliorates liver damage
and hepatic fibrosis. Further, treatment with histamine
reactivates the axis via H1 and H2 HRs, thus recapitu-
lating PSC liver damage and hepatic fibrosis. Inter-
mediate players including TGF-f1 and VEGF-C may be
target therapies for PSC via histamine regulation
including using HR blockers and/or other histamine
inhibitors. Further studies are warranted to fully elucidate
the role of HRs in this disease, as well as the contribution
of hepatic MCs, which are the prime source of histamine.
Unpublished data from our lab demonstrates that rein-
troduction of MCs into DKO mice also exacerbates bili-
ary damage and hepatic fibrosis and we are currently
elucidating those mechanisms (Francis and Kennedy,
unpublished data 2018).
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