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Abstract
Background—In several tumours the endogenous activity of histidine decarboxylase (HDC), the
enzyme stimulating histamine synthesis, sustains the autocrine trophic effect of histamine on
cancer progression. Cholangiocarcinoma is a biliary cancer with limited treatment options.
Histamine interacts with four G-protein coupled receptors, H1–H4 histamine receptors (HRs).

Objective—To determine the effects of histamine stimulation and inhibition of histamine
synthesis (by modulation of HDC) on cholangiocarcinoma growth.

Methods—In vitro studies were performed using multiple human cholangiocarcinoma lines. The
expression levels of the histamine synthetic machinery and HRs were evaluated along with the
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effects of histamine stimulation and inhibition on cholangiocarcinoma proliferation. A xenograft
tumour model was used to measure tumour volume after treatment with histamine or inhibition of
histamine synthesis by manipulation of HDC. Vascular endothelial growth factor (VEGF)
expression was measured in cholangiocarcinoma cells concomitant with the evaluation of the
expression of CD31 in endothelial cells in the tumour microenvironment.

Results—Cholangiocarcinoma cells display (1) enhanced HDC and decreased monoamine
oxidase B expression resulting in increased histamine secretion; and (2) increased expression of
H1–H4 HRs. Inhibition of HDC and antagonising H1HR decreased histamine secretion in Mz-
ChA-1 cells. Long-term treatment with histamine increased proliferation and VEGF expression in
cholangiocarcinoma that was blocked by HDC inhibitor and the H1HR antagonist. In nude mice,
histamine increased tumour growth (up to 25%) and VEGF expression whereas inhibition of
histamine synthesis (by reduction of HDC) ablated the autocrine stimulation of histamine on
tumour growth (~80%) and VEGF expression. No changes in angiogenesis (evaluated by changes
in CD31 immunoreactivity) were detected in the in vivo treatment groups.

Conclusion—The novel concept that an autocrine loop (consisting of enhanced histamine
synthesis by HDC) sustains cholangiocarcinoma growth is proposed. Drug targeting of HDC may
be important for treatment of patients with cholangiocarcinoma.

INTRODUCTION
Cholangiocytes are the target cells in cholestatic liver diseases such as primary biliary
cirrhosis, primary sclerosing cholangitis and cholangiocarcinoma which portray proliferation
and loss of cholangiocytes.1 Cholangiocarcinoma arises from aberrant cholangiocyte
hyperplasia caused by obstruction and inflammation of bile ducts.23 The diagnosis of
cholangiocarcinoma is difficult and late, thus limiting the treatment options.2 Surgical
resection is the only potential ‘cure’ for cholangiocarcinoma and increases long-term
survivability in some patients, but is not always feasible.4 Cholangiocarcinoma is
chemoresistant, limiting traditional pharmaceutical intervention.4 It is therefore imperative
to elucidate the mechanisms of cholangiocarcinoma growth to develop effective treatments.

Histamine is formed after the decarboxylation of histidine by the converting enzyme
histidine decarboxylase (HDC).5 HDC is found in almost all mammalian tissues including
the CNS6 and fetal liver,7 and HDC expression is increased in tumorigenic sites.89 After
release, histamine is stored or degraded by histamine-N-methyltransferase and monoamine
oxidase B (MAO-B).5 Histamine interacts with four G protein-coupled receptors, H1–H4
histamine receptors (HRs),10 that exert differential actions on numerous G proteins.10 In the
liver, activation of H1HR stimulates cholangiocyte growth whereas H3HR inhibits
cholangiocyte hyperplasia in cholestatic rats.11

Histamine and HRs play a key role in tumorigenesis.1213 For example, H3HR inhibits
cholangiocarcinoma growth both in vitro and in vivo by downregulation of vascular
endothelial growth factor (VEGF)-A/C expression,12 growth factors which modulate biliary
function.14 A study has demonstrated that increased HDC activity and the growth of
multiple cancers may be interrelated,15 and that the enzymes responsible for histamine
synthesis are dysregulated in some cancers.15 The endogenous activity of HDC in tumour
cells supports an autocrine regulatory mechanism in which histamine behaves like a growth
factor.15 No data exist regarding the role of histamine and HDC in the autocrine modulation
of cholangiocarcinoma growth. We performed studies to demonstrate that: (1)
cholangiocarcinoma cells express higher levels of HDC and secrete greater amounts of
histamine stimulating cholangiocarcinoma growth by autocrine mechanisms by upregulation
of VEGF-A/C; and (2) pharmacological and molecular downregulation of HDC reduces
cholangiocarcinoma growth.
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METHODS
Materials

All reagents were obtained from Sigma Aldrich (St Louis, Missouri, USA) unless noted
otherwise. Antibodies for immunoblots, immunohistochemistry and immunofluorescence
were purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA) unless
indicated otherwise. Primers, plasmids and reagents for real-time PCR and shRNA
transfection were obtained from SABiosciences (Fredrick, Maryland, USA). Histamine
receptor antagonists for H1HR (terfenadine),11 H2HR (cimetidine)16 and H3/H4HR
(thioperamide)17 were obtained from Tocris Bioscience (Ellisville, Missouri, USA). The
mouse monoclonal antibody detecting endogenous levels of CD31 protein was purchased
from Cell Signalling Technology (Boston, Massachusetts, USA).

Cell culture
Multiple intrahepatic and extrahepatic cholangiocarcinoma lines and non-malignant
cholangiocytes were used. Mz-ChA-1 cells (from human gallbladder) were a gift from Dr J
Fitz (University of Texas Southwestern, Dallas, Texas, USA).1819 HuH-28 and TFK-1 cells
(from human intrahepatic bile ducts)20 were obtained from Cancer Cell Repository, Tohoku
University, Sendai, Japan.18 CCLP1, HuCC-T1 and SG231 cells (from intrahepatic bile
ducts)21 were obtained from Dr A Demetris, University of Pittsburgh (Pittsburgh,
Pennsylvania, USA).22–24 The non-malignant cholangiocyte line H69 was obtained from Dr
G Gores, Mayo Clinic (Rochester, Minnesota, USA).25 The normal human intrahepatic
cholangiocyte line (HIBEpiC) was obtained from ScienCell Research Laboratories
(Carlsbad, California, USA).26

Expression of HDC and MAO-B and H1–H4 histamine receptors
Immunofluorescence—Cells were seeded on coverslips in a six-well plate (500 000 cells
per well) and allowed to adhere overnight. Immunofluorescence was performed11 using
specific antibodies against HDC and MAO-B (Abcam) and affinity purified IgG antibodies
obtained (recognising H1–H4 HRs) from Alpha Diagnostic International, San Antonio,
Texas, USA. Antibodies were diluted 1:50 in 1% BSA/PBST. Species-appropriate non-
immune serum was used for negative controls. Images were visualised using an Olympus
IX-71 confocal microscope (Tokyo, Japan).

Real-time PCR—The RT2 real-time PCR assay from SABiosciences was used.11 Specific
primers designed against human HDC, MAO-B, H1–H4 HRs and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, housekeeping)11 were purchased from
(SABiosciences). Total RNA (1 µg) was extracted using the Qiagen RNeasy mini kit
(Qiagen Inc, Valencia, California, USA) and, after amplification, a ΔΔCT (delta threshold
cycle) analysis was done using H69 as control.2627

Immunoblotting analysis—Immunoblotting analysis was performed in protein (10 µg)
from whole cell lysates from non-malignant and cholangiocarcinoma cells.11 To verify equal
protein loading we used β-actin.11 Band intensity was determined by scanning video
densitometry using the phospho-imager Storm 860 (GE Healthcare, Piscataway, New Jersey,
USA) and the ImageQuant TLV 2003.02 (Little Chalfont, Buckinghamshire, UK) software.

Human tissue array—Using the antibodies mentioned above, immunohistochemistry was
performed in Accumax (US Biomax, Rockville, MD, USA) tissue arrays.26 Each tissue
array contains 48 well-characterised human cholangiocarcinoma biopsy samples from a
variety of tumour differentiation grades as well as four biopsies from non-malignant
controls. Semi-quantitative analysis was performed by three independent observers in a

Francis et al. Page 3

Gut. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



blinded fashion using staining intensity (score 1–5) and abundance of positively stained cells
(score 1–5). The staining index was calculated by multiplying the staining intensity by
abundance.26

Histamine secretion—Histamine secretion was measured in conditioned media from
non-malignant and cholangiocarcinoma cells and from Mz-ChA-1 cells treated with 0.2%
BSA (basal), the HDC inhibitor or the antagonists for H1–H4 HRs by a commercially
available ELISA (Cayman Chemical, Ann Arbor, Michigan, USA). Cells were trypsinised
and the pellet was resuspended in Hank’s balanced salt solution (1×107 cells/ml). Cells were
incubated for 6 h at 37°C28 and the amount of histamine released into the medium was
assayed.

Evaluation of cholangiocarcinoma proliferation—Cells were seeded into 96-well
plates and stimulated for up to 48 h with histamine (0–100 µM) to determine the appropriate
dose. In separate experiments, we evaluated the effects of histamine (10 µM, a concentration
used in other studies),15 histamine receptor antagonists and α-methyl-DL-histidine
dihydrochloride (3 mM)29 on the growth of non-malignant and cholangiocarcinoma lines.
Cell proliferation was evaluated by the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, Wiscosin, USA). Absorbance was measured at 490
nm on a microplate spectrophotometer (Versamax, Molecular Devices Sunnyvale, CA,
USA).12 Data were expressed as the fold change of treated cells compared with vehicle-
treated (0.2% BSA) cells.

Cells were cultured for 24 and 48 h and up to 14 days and treated daily with histamine (10
µM) or the HDC inhibitor (3 mM).29 After stimulation, cells were lysed and prepared for
immunoblots.11 Proliferation was evaluated by immunoblots for proliferating cellular
nuclear antigen (PCNA) and equal protein loading was verified by immunoblots for β-
actin.11 Band intensity was determined by scanning video densitometry using the phospho-
imager Storm 860 and the Image-Quant TL software Version 200.302.

Measurement of VEGF-A/C expression—Cells were cultured for up to 2 weeks and
treated daily with histamine (10 µM) or α-methyl-DL-histidine dihydrochloride (3 mM).
After treatment, cells were trypsinised and prepared for real-time PCR.11 Primers for human
VEGF-A/C (from SABiosciences) were used.

In vivo studies—Eight-week-old male Balb/c nude mice weighing approximately 30 g
(Taconic Farms Inc, Hudson, New York, USA) were kept in a temperature-controlled
environment (20–22°C) with 12-h light/dark cycles with free access to drinking water and
chow. Mz-ChA-1 cells (3×106) were suspended in extracellular matrix gel and injected
subcutaneously into the flanks of these animals.1230 Intraperitoneal injections were
performed as follows: (1) four mice received 0.9% NaCl (100 µl); (2) four mice were treated
with histamine (0.5 mg/kg in 100 µl NaCl)31; and (3) four mice were treated with α-methyl-
DL-histidine dihydrochloride (150 mg/kg in 100 µl NaCl).32 Injections were performed
every other day for 52 days after tumour establishment (day 10). Tumour parameters were
measured twice a week using an electronic caliper and the volume was determined as
follows: tumour volume (mm3) = 0.5×(length (mm)×width (mm)×height (mm)). After 52
days the mice were anaesthetised with sodium pentobarbital (50 mg/kg intraperitoneally)
and the tissues were harvested. All experiments were conducted under the guidelines of the
Scott & White and Texas A&M Health Science Center IACUC. Along with tumours,
samples of heart, liver and kidney were collected to assess organ damage following H&E
staining of paraffin-embedded sections. All analyses were performed in a coded fashion.
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Effect of HDC shRNA transfection on cholangiocarcinoma growth—We
performed experiments to demonstrate that inhibition of HDC expression (by stable
transfection to knockdown the HDC gene) in Mz-ChA-1 cells blocks the proliferation of
these cells in vitro and in vivo when implanted into the flanks of nude mice. SureSilencing
shRNA (SABiosciences) plasmids for human HDC containing a marker for neomycin
resistance were used for the generation and selection of stably transfected cells.33 After
transfection and selection, real-time PCR and immunoblots for HDC expression were
performed to determine the degree of knockdown.33 In Mz-HDC and the neomycin-negative
(Mz-neg) transfected Mz-ChA-1 lines we measured (1) the amount of histamine secreted
into the conditioned media; (2) gene expression of H1–H4 HRs and VEGF-A/C by real-time
PCR; and (3) PCNA expression by immunoblots. Mz-HDC and Mz-neg cell lines were
cultured and prepared for injection into the flanks of nude mice.12 Tumour measurements
began after tumour establishment as described above. After 35 days the mice were
anaesthetised with sodium pentobarbital (50 mg/kg intraperitoneally) and the tissues were
harvested. All experiments were conducted under the guidelines of the Scott & White and
Texas A&M Health Science Center IACUC.

Morphological analysis of tumour tissues—Tumour samples were fixed in 10%
buffered formalin for 2–4 h and embedded in paraffin or in Tissue-Tek OCT compound and
immediately frozen. Portions of tumours were lysed for protein detection by immunoblotting
and prepared for RNA extraction to evaluate gene expression by real-time PCR for changes
in PCNA, HDC and VEGF-A/C. To evaluate angiogenesis we determined, by
immunohistochemistry,12 the expression of the glycoprotein found on endothelial cells,
CD31, in tumour sections from nude mice treated with vehicle, histamine or the HDC
inhibitor.34

Statistical analysis
Data are expressed as mean ± SEM. Differences between groups were analysed by the
Student’s unpaired t test when two groups were analysed and by analysis of variance when
more than two groups were analysed, followed by an appropriate post hoc test. A p value of
<0.05 indicates statistical significance.

RESULTS
HDC and MAO-B are dysregulated in cholangiocarcinoma

By immunofluorescence, all cell lines expressed HDC and MAO-B (figure 1A). Merged
staining for nuclei (blue) and enzyme (red) is shown for each line. Negative controls showed
no specific immunoreactivity (not shown). By real-time PCR and immunoblots (figure 1B),
HDC was expressed at higher levels in several cholangiocarcinoma lines compared with
non-malignant cholangiocytes. MAO-B levels were decreased compared with non-malignant
cholangiocytes, suggesting that cholangiocarcinoma cells produce less of this enzyme which
degrades histamine, enabling them to maintain higher levels of histamine (figure 1B). There
was higher immunoreactivity for HDC and lower immunoreactivity for MAO-B in liver
tumour biopsies compared with non-malignant controls (figure 1C).

Cholangiocarcinoma cells secrete more histamine than non-malignant cholangiocytes
Mz-ChA-1 cells secrete almost twice as much histamine as non-malignant cells (figure 2A).
When Mz-ChA-1 cells were treated with the HDC inhibitor alpha-methyl-DL-histidine
dihydrochloride or the H1HR antagonist terfenadine, histamine secretion significantly
decreased (figure 2B). The H2HR antagonist cimetidine and the H3/H4HR antagonist
thioperamide did not alter histamine secretion from Mz-ChA-1 cells (figure 2B). The
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expression of histamine increased in cholangiocarcinoma biopsies compared with biopsies
from non-malignant tissues (figure 2C).

Histamine receptor expression is increased in cholangiocarcinoma
Non-malignant and cholangiocarcinoma cells express the four HRs H1–H4 (figure 3A).
Merged staining for nuclei (blue) and receptor (red) is shown for each cell line (figure 3A).
Negative controls showed no staining (not shown). By real-time PCR, non-malignant
cholangiocytes and cholangiocarcinoma lines express the mRNA for H1–H4 HRs (not
shown). By immunoblots, the protein expression of H1–H4 HRs was increased in multiple
cholangiocarcinoma lines (including Mz-ChA-1) compared with non-malignant
cholangiocytes (figure 3B). By tissue array analysis, the immunoreactivity for the HRs was
upregulated in tumour liver biopsies compared with controls (figure 3C). The top rows in
figure 3C are from non-malignant liver biopsies including hepatocytes and cholangiocytes.
The bottom row is human cholangiocarcinoma containing neoplastic cholangiocytes.

Short-term effects of histamine and the HDC inhibitor on non-malignant and
cholangiocarcinoma growth

Histamine did not alter the proliferation (by MTS assay and PCNA immunoblots) of non-
malignant and cholangiocarcinoma lines when these cells were treated for a short time (24
and 48 h) at doses of 10–100 µM (not shown). The finding that exogenous histamine has no
short-term effect on cholangiocarcinoma growth is probably due to the fact that
cholangiocarcinoma cells are overproducing histamine and therefore are not affected by
additional histamine stimulation. Further experiments demonstrated that histamine (10 µM
for 48 h, a concentration used in other studies)15 alone has no effect on the proliferation of
Mz-ChA-1 cells, whereas both the HDC inhibitor and the H1HR antagonist terfenadine
decreased Mz-ChA-1 proliferation (figure 4A). There were no effects on the growth of H69
cells after treatment with histamine, the HDC inhibitor or the antagonists of HRs (not
shown). These results demonstrate that HDC and H1HR antagonists inhibit the growth of
Mz-ChA-1 cells (but not non-malignant cells) by inhibition of histamine synthesis by
blocking interaction with H1HR.

Long-term effects of histamine stimulation on the proliferation of non-malignant and
cholangiocarcinoma cells

Since short-term stimulation with histamine did not alter the growth of non-malignant cell
lines (not shown) and cholangiocarcinoma cell lines (figure 4A), we studied the long-term
effects of histamine and the HDC inhibitor on the growth of these cells. Histamine induced a
significant (albeit modest) increase in the proliferation of non-malignant cholangiocytes
after 1 and 2 weeks of treatment (see figure 1 in online supplement). The HDC inhibitor had
no significant effects on the proliferation of non-malignant cholangiocytes at 24 h and up to
2 weeks (not shown).

Mz-ChA-1 cells were treated with histamine (10 µM) or the HDC inhibitor (3 mM) every
day for up to 2 weeks and proliferation was measured. After long-term stimulation (1 and 2
weeks), histamine increased Mz-ChA-1 proliferation as demonstrated by enhanced PCNA
protein expression (see figure 1 in online supplement). Importantly, treatment with the HDC
inhibitor reduced Mz-ChA-1 proliferation at all the time points studied (figure 4B,C).

Effects of histamine and the HDC inhibitor on the expression of VEGF-A/C in
cholangiocytes and cholangiocarcinoma cells

After treatment for 1 and 2 weeks, histamine increased VEGF-A/C gene expression in H69
cells (not shown). No changes in VEGF-A/C mRNA expression were seen in Mz-ChA-1
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cells treated with histamine at 24 and 48 h (not shown). However, after stimulation of Mz-
ChA-1 cells with histamine for 1 and 2 weeks there was increased expression of VEGF-A/C
(figure 5A). No changes were found in the mRNA expression of VEGF-A/C in
cholangiocytes after treatment with the HDC inhibitor at 24 and 48 h and up to 1 and 2
weeks (not shown). In Mz-ChA-1 cells stimulated with the HDC inhibitor there was a
decrease in VEGF-A expression at 24 h but not at 48 h. VEGF-C expression was
significantly decreased at both 24 and 48 h (figure 5B). The HDC inhibitor induced a
decrease in VEGF-A mRNA expression at 1 week and VEGF-C mRNA expression at 1 and
2 weeks in Mz-ChA-1 cells (figure 5C).

Effects of histamine stimulation and inhibition on tumour volume, proliferation and VEGF
expression

In vivo, histamine increased tumour growth compared with vehicle and HDC inhibitor
treatments. This effect was significant at random time points until day 40, where it
continued to be significantly higher than vehicle-treated tumour growth for the duration of
the experiment (figure 6A). Treatment with the HDC inhibitor decreased tumour volume
compared with both vehicle and histamine treatment during early time points (days 15–29).
This effect diminished over extended periods of time compared with vehicle alone, but
tumour volume was still significantly lower than that of the histamine-treated group
throughout the experiment (figure 6A). Treatment with histamine did not change the
immunoreactivity of CD31 in tumour samples compared with mice treated with vehicle or
the HDC inhibitor (see figure 2 in online supplement). The data show that there are no
changes in angiogenesis of the tumour microenvironment after histamine treatment
compared with mice treated with vehicle or the HDC inhibitor. We demonstrated that
histamine increases HDC and PCNA expression compared with vehicle treatment (figure
6B,C). Treatment with the HDC inhibitor decreased protein but not mRNA expression of
HDC and mRNA and protein expression of PCNA compared with both vehicle and
histamine treatment (figure 6B,C). The data suggest that alpha-methyl-DL-histidine
treatment increases protein degradation or instability of HDC (figure 6B). By real-time PCR,
histamine treatment increased VEGF-A/C expression compared with vehicle-treated
tumours (see figure 3 in online supplement). The mRNA levels of VEGF-A/C were lower in
tumour samples from mice treated with the HDC inhibitor compared with histamine-treated
mice (see figure 3 in online supplement).

Effects of knockdown of HDC on the growth of Mz-ChA-1 cells implanted in nude mice
Gene expression was reduced to approximately 50% of normal HDC expression and protein
expression was ablated in the Mz-HDC transfected line compared with Mz-neg cells (see
figure 4A in online supplement). There was decreased secretion of histamine into the
conditioned medium of Mz-HDC compared with Mz-neg cells (see figure 4B in online
supplement). In Mz-HDC cells there was decreased expression of H1–H4 HRs, PCNA and
VEGF-A/C compared with Mz-neg cells (see figure 4C–E in online supplement). The data
demonstrate that HDC directly regulates the expression of H1–H4 HRs and VEGF-A/C
expression in cholangiocarcinoma. The decrease in the expression of the stimulatory HRs
H1–H211 (Alpini, unpublished observations, 2011) following genetic loss of HDC probably
depends on the lack of histamine secretion in cholangiocarcinoma. The downregulation of
H4HR is not surprising as this receptor is inhibitory (similar to the H3HR)12 when activated
so that, without endogenous histamine, the H4HR is unable to prevent proliferation of
cholangiocarcinoma.

Figure 7A shows that, in the Mz-neg group, there was a significant and steady increase in
tumour growth similar to the vehicle group shown in figure 6A, whereas the HDC
knockdown group had little or no change in tumour growth in early time periods but at day
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18 it decreased and remained at a similar level throughout the measurement period
compared with the Mz-neg tumours. By real-time PCR and immunoblots we found a
significant decrease in HDC and PCNA expression in tumours from Mz-HDC mice
compared with Mz-neg tumours (figure 7B,C). There was decreased VEGF-A/C expression
in RNA of tumours from Mz-HDC mice compared with samples from Mz-neg tumours (see
figure 5 in online supplement).

DISCUSSION
We have shown that increased synthesis of histamine (mediated by enhanced HDC
expression) in cholangiocarcinoma increases the growth of this tumour by an autocrine
mechanism and that pharmacological and molecular inhibition of HDC decreases
cholangiocarcinoma proliferation in vitro and in vivo. Supporting an autocrine mechanism,
we found that treatment with histamine did not change the expression of CD31 in tumour
samples compared with mice treated with vehicle or the HDC inhibitor. Malignant
cholangiocytes display enhanced HDC and decreased MAO-B expression resulting in
increased histamine secretion, and also increased expression of H1–H4 HRs compared with
non-malignant cholangiocytes. The over-secretion of histamine increased tumour growth
and expression of VEGF-A/C by enhanced HDC expression. Inhibition of HDC decreased
cholangiocarcinoma proliferation and VEGF expression both in vivo and in vitro. Increased
cholangiocarcinoma growth (induced by enhanced HDC expression and histamine secretion)
is ablated by the H1HR but not the H2HR antagonist. Since the H3HR agonist RAMH12 and
the H4HR agonist clobenpropit35 inhibit cholangiocarcinoma growth, we propose that the
progression of cholangiocarcinoma growth (by histamine) is due mainly to the activation of
H1HR. The fact that the H1HR antagonists have detrimental effects on other organs
including the heart36 strengthens the concept that selective blockage of HDC is an attractive
strategy for treatment of cholangiocarcinoma.

Supporting our findings, the synthesis of dopamine and serotonin is dysregulated in
cholangiocarcinoma, and blocking the rate-limiting enzymes responsible for the production
of these amines decreases cholangiocarcinoma growth.2737 In support of the expression
pattern of H1–H4 HRs in cholangiocarcinoma, H3HRs are expressed by cholangiocytes and
inhibit biliary hyperplasia17 whereas H1HRs increase the proliferation of cholangiocytes.11

In breast cancer cells, HDC is upregulated and identified as a key player in the progression
of mammary carcinogenesis whereas the H4HR decreased breast cancer growth via cell
cycle arrest and induction of cell death.9 Our current finding and the cited studies support
the concept that an autocrine loop (consisting of enhanced histamine synthesis by HDC and
enhanced H1HR expression) sustains cholangiocarcinoma growth. Our hypothesis is
supported by the fact that (1) the HDC inhibitor and only the H1HR antagonist inhibited
histamine production and growth in cholangiocarcinoma cells; and (2) HDC silencing in
Mz-ChA-1 cells directly inhibits the expression of H1HRs in these cells. The fact that the
HDC inhibitor decreases the growth of cholangiocarcinoma (but not normal cholangiocytes)
strengthens the specificity of this enzyme as a key therapeutic approach for managing
cholangiocarcinoma.

Histamine is a trophic factor in many cellular processes including tumorigenesis.9 A
phenotypic profiling study found a positive correlation between histamine and tumour
growth and angiogenesis in melanomas.38 In our study we show that, after chronic
treatment, histamine behaves as a trophic autocrine factor increasing tumour growth and
enhancing VEGF expression. Our in vitro work demonstrates a direct correlation between
cholangiocarcinoma cell proliferation and increased/decreased VEGF expression mediated
by changes in HDC expression. We have shown that there are no changes in angiogenesis in
the tumour microenvironment after histamine treatment. These findings support the concept
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that histamine stimulates cholangiocarcinoma by autocrine mechanisms stimulating VEGF
expression. Studies have shown that biliary hyperplasia in cholestatic rats precedes the
proliferation of the peribiliary vascular plexus39 and is regulated by the VEGF synthesised
by proliferating cholangiocytes by autocrine mechanisms.14

In vivo, we demonstrated that the loss of HDC by pharmacological or genetic modification
inhibits tumour growth compared with histamine-treated mice or mice with normal levels of
HDC. These studies show that histamine plays a critical role by increasing the progression
of cholangiocarcinoma as well as the potential therapeutic value of blocking histamine
production. Histamine is an autocrine growth factor in mammary adenocarcinoma where
overexpression of HDC induces histamine release that changes H1HR and H2HR membrane
density.40 Similar to our study, stimulation of H1 and H2 HRs induced a differential
response in cAMP signalling and tumour cell proliferation.40 We demonstrated that the HRs
induce a differential effect on cholangiocarcinoma growth; importantly, it appears that
blocking the autocrine regulatory loop with the HDC inhibitor may be an efficient mode of
action for inhibiting cholangiocarcinoma growth.

Treatment with antihistamines reduces inflammation after injury4142 and decreases gastric
acid secretion.43 These treatments target specific HRs and therefore do not completely
ablate the effects induced by histamine. H2HR antagonists such as cimetidine and rantidine
have been studied in mammary adenocarcinoma with beneficial results,40 and usage of the
irreversible inhibitor of HDC monofluoro methylhistidine produces 100% remission of these
tumours without changing endogenous histamine levels.44 After knockdown of HDC,
tumour volume did not increase as aggressively as the tumours induced by the mock-
transformed line but remained similar throughout most of the measurement time after an
initial fall in tumour volume. However, our approach did not block whole body histamine
synthesis. As a result, there may be an increase in inflammatory cells (eg, mast cells)
activated during pathological responses producing histamine.45

We propose that increased histamine release increases tumour growth whereas blocking
HDC or inhibition of the H1HR decreases cholangiocarcinoma growth (figure 8). Our
findings suggest that histamine biosynthesis and receptor upregulation play a role in
cholangiocarcinoma, together these findings support the potential therapeutic value of
blocking histamine synthesis (by targeting HDC) during cholangiocarcinogenesis.

Significance of this study

What is already known about this subject?

▶ Histamine, via the H3 histamine receptor (H3HR), decreases
cholangiocarcinoma growth via activation of protein kinase C α (PKCα) and
downregulation of vascular endothelial growth factor (VEGF).

▶ Stimulation of the H4HR inhibits epithelial mesenchymal transition and
cholangiocarcinoma metastasis.

What are the new findings?

▶ Histamine increases cholangiocarcinoma growth by an autocrine mechanism.

▶ Inhibition of the H1HR decreases cholangiocarcinoma growth.

▶ Inhibition of histamine synthesis (by blocking histidine decarboxylase
(HDC)) significantly decreases human cholangiocarcinoma growth.

▶ Modulation of the autocrine loop (HDC → histamine → H1HR) may be
important for the management of cholangiocarcinoma growth.
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▶ No changes in angiogenesis were detected after in vivo treatment with
histamine or the HDC inhibitor.

How might it impact clinical practice in the foreseeable future?

▶ Treatment with the HDC inhibitor may help to reduce histamine levels during
the progression of cholangiocarcinoma.

▶ Pharmacological treatment with the HDC inhibitor and H1HR antagonists
may aid in reducing histamine and VEGF levels during the progression of
cholangiocarcinoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) By immunofluorescence, non-malignant cholangiocytes and cholangiocarcinoma cells
express histidine decarboxylase (HDC) and monoamine oxidase B (MAO-B). Merged
staining for nuclei (blue) and enzyme (red) is shown for each cell line. Bar=10 µm. (B) By
both real-time PCR and immunoblots, HDC was expressed at higher levels in some of the
cholangiocarcinoma lines (whereas MAO-B levels decreased) compared with non-malignant
cholangiocytes. Data are mean±SEM of three experiments for real-time PCR and eight
experiments for immunoblots (*p<0.05 vs the corresponding value of non-malignant
cholangiocytes). (C) HDC immunoreactivity was increased in cholangiocarcinoma (CCA)
samples whereas MAO-B immunoreactivity was significantly decreased compared with
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non-malignant samples (*p<0.05 vs non-malignant). Data are mean±SEM of 10 blinded
evaluations of 10 randomly selected fields of three slides. Original magnification ×40.
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Figure 2.
Histamine levels were evaluated by ELISA in the medium of non-malignant and
cholangiocarcinoma (CCA) cell lines. (A) Histamine levels increased in all
cholangiocarcinoma cell lines except HuCCT-1 compared with non-malignant
cholangiocytes. (B) Mz-ChA-1 cells secreted almost twice as much histamine as non-
malignant cells. In Mz-ChA-1 cells, histamine secretion was inhibited by the histidine
decarboxylase (HDC) inhibitor and the H1 histamine receptor (H1HR) antagonist
terfenadine but not the H2 or H3/4 HR antagonists (*p<0.05 vs H69; †p<0.05 vs bovine
serum albumin (BSA)-treated Mz-ChA-1 cell). Data are mean±SEM of 12 experiments. (C)
Immunohistochemistry in tissue array samples for histamine in human liver biopsies from
healthy controls and patients with cholangiocarcinoma. Histamine immunoreactivity
significantly increased in cholangiocarcinoma biopsy samples compared with non-malignant
samples (*p<0.05 vs non-malignant cells). Data are mean±SEM of 10 blinded evaluations of
10 randomly selected fields of three slides.
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Figure 3.
(A) By immunofluorescence, non-malignant and cholangiocarcinoma (CCA) cells were
positive for four histamine receptors (HRs), H1–H4 HRs. Merged staining for nuclei (blue)
and receptor (red) is shown for each cell line. Bar=10 µm. (B) By immunoblots, the protein
expression of H1–H4 HRs was increased in multiple cholangiocarcinoma lines compared
with normal cholangiocytes. Data are mean±SEM of six experiments (*p<0.05 vs
corresponding values of non-malignant cells). (C) By tissue array analysis, the
immunoreactivity for H1–H4 HRs increased in tumour liver biopsies compared with non-
malignant controls (*p<0.05 vs non-malignant cells). Data are mean±SEM of 10 blinded
evaluations of one randomly selected field of three slides.
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Figure 4.
(A) Short-term effect of histamine, the histidine decarboxylase (HDC) inhibitor and H1–H4
histamine receptor (HR) antagonists on the proliferation of cholangiocarcinoma cell lines.
While histamine alone had no effect on cholangiocarcinoma growth, the HDC inhibitor α-
methyl-D,L-histidine dihydrochloride and the H1HR antagonist terfenadine decreased
cholangiocarcinoma growth. Neither the H2HR antagonist cimetidine nor the H3/H4
antagonist thioperamide affected cholangiocarcinoma growth. (B,C) Mz-ChA-1 cells were
treated with the HDC inhibitor (3 mM) every day for up to 2 weeks before measuring
cellular proliferation by proliferating cellular nuclear antigen (PCNA) immunoblots.
Treatment with the HDC inhibitor reduced Mz-ChA-1 proliferation at all time points studied
up to 2 weeks (*p<0.05 vs corresponding basal values). Data are mean±SEM of eight
experiments.
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Figure 5.
(A) After stimulation with histamine for 1 and 2 weeks there was a significant increase in
the expression of vascular endothelial growth factor (VEGF)-A and VEGF-C. (B) In Mz-
ChA-1 cells stimulated with the histidine decarboxylase (HDC) inhibitor there was a
significant decrease in VEGF-A expression at 24 h but not at 48 h. VEGF-C expression was
significantly decreased at both 24 and 48 h. (C) There was a significant decrease in VEGF-A
mRNA expression at 1 week and VEGF-C mRNA expression at 1 and 2 weeks after
treatment of Mz-ChA-1 cells with the HDC inhibitor. Data are mean±SEM of three
experiments. *p<0.05 vs VEGF mRNA expression of basal-treated cells.
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Figure 6.
In vivo evaluation of xenograft tumour volume/growth over time after chronic histamine
stimulation or inhibition. (A) Using two-way ANOVA analysis, histamine significantly
increased tumour volume at days 13, 34 and 40–49 compared with vehicle (0.9% NaCl) and
the histidine decarboxylase (HDC) inhibitor significantly decreased tumour volume at days
15–29, 36, 40, 42 and 45 compared with vehicle. Inhibition of HDC by α-methyl-DL-
histidine significantly decreased tumour volume at all time points except day 10 compared
with histamine-induced tumour volume. (B,C) Histamine increased HDC and proliferating
cellular nuclear antigen (PCNA) expression compared with vehicle treatment. Treatment
with the HDC inhibitor decreased protein but not mRNA expression of HDC and also
decreased mRNA and protein expression of PCNA compared with both vehicle and
histamine treatment. Data are mean±SEM of three experiments (for real-time PCR) and six
experiments (for immunoblots). *p<0.05 HDC and PCNA expression vs vehicle treatment.
†p<0.05 vs mRNA expression of histamine treatment.
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Figure 7.
(A) Xenograft tumour growth over time after implantation of genetically modified Mz-
ChA-1 cells. After 18 days the Mz-HDC tumours decreased in volume and remained similar
throughout the measurement time compared with the Mz-neg tumours which continued
steadily to increase in volume. By two-way ANOVA, tumour growth in Mz-HDC was
significantly lower (p<0.001) than in Mz-neg at all time points except day 13. (B,C) By real-
time PCR and immunoblots in RNA and protein samples from tumours extracted from both
Mz-neg and Mz-HDC, a significant decrease was found in histidine decarboxylase (HDC)
expression in Mz-HDC tumour cells compared with Mz-neg tumour cells and proliferating
cellular nuclear antigen (PCNA) expression (*p<0.05 vs Mz-neg cells; †p<0.01 vs Mz-neg
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cells). Data are mean±SEM of three experiments (real-time PCR) and eight experiments
(immunoblotting).
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Figure 8.
Schematic diagram of working model. Histamine secretion increases after histidine
decarboxylase (HDC) expression is enhanced during cholangiocarcinogenesis. Increased
HDC and histamine levels induce the growth of cholangiocarcinoma (CCA). Use of the
HDC inhibitor or the H1 histamine receptor (H1HR) antagonist decreases histamine
secretion levels and tumour growth.
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