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Abstract There are multiple lines of evidence suggesting
interplay between histamine and polyamines in several
mammalian cell types. However, the complex metabolic
context makes it difficult to elucidate the mechanisms
involved. Histamine’s effects can be elicited after its
binding to any of the four subtypes of G-protein coupled
histamine membrane receptors. In addition, intracellular
histamine can also interfere with polyamine metabolism,
since there are several metabolic connections between the
synthesis and degradation pathways of both types of
amines. In order to dissect the metabolic effects of intra-
cellular histamine on polyamine metabolism, we chose a
well-known cell culture line, i.e., the human embryonic
kidney 293 cells (HEK-293 cells). Initially, we show that
HEK-293 cells lack a polyamine metabolic response to
extracellular histamine, even over a wide range of hista-
mine concentrations. HEK-293 cells were transfected with
active and inactive versions of human histidine decarbox-
ylase, and changes in many of the overlapping metabolic
factors and limiting steps were tested. Overall, the results
indicate a regulatory effect of histamine on the post-tran-
scriptional expression of ornithine decarboxylase and
suggest that this effect is primarily responsible for the
decrease in polyamine synthesis and partial blockade of
cell-cycle progression, which should affect cell prolifera-
tion rate.
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Abbreviations

BrdU 5'-Bromodeoxyuridine

ECL Gastric enterochromaffin-like cells
o-FMH o-Fluoromethylhistidine

HDC Histidine decarboxylase

HEK-293 Human embryonic kidney 293 cells
HNMT Histamine N-methyltransferase

OoDC Ornithine decarboxylase

PAO Polyamine oxidase

SAM S-Adenosylmethionine

SAMdc S-Adenosylmethionine decarboxylase
SPDS Spermidine synthase

SPMS Spermine synthase

SSAT Spermidine/spermine acetyltransferase
Introduction

Decarboxylation of cationic amino acids produces amines
that play important roles in mammalian physiology. Argi-
nine/ornithine-derived polyamines (putrescine, spermidine
and spermine) are important for processes related to the
cell’s life and death. Spermidine and spermine are essential
for efficient and high-fidelity macromolecular biosynthesis
through direct interaction with nucleic acids (Bachrach
2005b). Polyamine metabolism has been classically con-
sidered to be a secondary module of nitrogen metabolism,
connected with other metabolic modules mainly through
arginine and ornithine (which are necessary for putrescine
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formation), methionine and S-adenosylmethionine (SAM,
necessary for the synthesis of spermidine and spermine)
and acetyl-CoA (required for degradation of spermidine
and spermine) (Rodriguez-Caso et al. 2006). On the other
hand, histamine, the product of histidine decarboxylase
(HDC), is mainly related to inflammation (Garcia-Faroldi
et al. 2009b; Marone et al. 2003; Thurmond et al. 2008).
Nevertheless, it is clear that these two types of biogenic
amines share chemical properties and metabolic reactions
(Medina et al. 2003, 2005). For instance, histamine deg-
radation involves amino oxidases, acting on the amine
itself or its derivative, N-methylhistamine, obtained
through the action of histamine methyltransferase (a SAM-
dependent enzyme). Histaminase, also known as diamine
oxidase, is also able to act on putrescine (Agostinelli et al.
2004; Seiler 2004). Tissue transglutaminase or transgluta-
minase 2 can also use both types of amines as substrates
(Griffin et al. 2002; Qiao et al. 2005). Figure 1 shows a
schematic of polyamine and histamine metabolic pathways,
where the most important regulatory steps and connectors
are drawn.

The pathways shown in Fig. 1 coexist in several human
cell types involved in different physiological processes,
such as the immune response, gastric secretion and
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cancer cells, it has been reported that HDC inhibits the
ERK1/2 signal transduction pathway and, consequently,
cell proliferation, with no mention to polyamine content
(Colucci et al. 2001). However, in this study, the effect was
assigned to an interaction between HDC and another pro-
liferative signal, uncharacterised so far.

In order to approach the characterisation of the effects of
intracellular histamine on polyamine metabolism in a
simpler human model, we chose human embryonic kidney
293 (HEK-293) cells, a proliferating human cell line
extensively used for transfection-based experiments. We
first confirmed that these cells are unable to express HDC
and are insensitive to external histamine at a wide range of
concentrations (even above the physiological concentration
of the amine). HEK-293 cultures were transfected to
transiently express different versions of human HDC,
including an active 1-512 version extensively characterised
by our group (Engel et al. 1996; Olmo et al. 2000, 2002;
Rodriguez-Agudo et al. 2000), an inactive mutant enzyme,
and an unprocessed version of the primary translation
product partially active in vivo. The results, together with
those obtained in the presence or absence of the HDC
inhibitor o-fluoromethylhistidine («-FMH), indicate that
polyamine content is a function of the histamine synthesis
capacity of the cell. The analysis of the most relevant
elements of both metabolic pathways [ODC, SAMdc,
spermidine synthase (SPDS), spermine synthase (SPMS),
SSAT, polyamine oxidase (PAO) and histamine N-meth-
yltransferase (HNMT)] suggests that ODC synthesis is a
major sensor of histamine synthesis. This fact, together
with the well-known role of ODC and polyamines in cell
proliferation, can give insights to explain the inhibitory
role of intracellular histamine in many human cell types.

Materials and methods
Cell culture and treatments

Human embryonic kidney 293 cells, purchased from the
American Type Culture Collection, were cultured at 37°C
in a humidified atmosphere containing 5% CO, in Dul-
becco’s modified Eagle’s medium (Biowhittaker) supple-
mented with 10% foetal bovine serum (Biowhittaker),
50 IU/ml streptomycin (Biowhittaker), 50 IU/ml penicillin
(Biowhittaker) and 1.25 pg/ml amphotericin (Biowhittaker).
The human mast cell line HMC-1, generously supplied by
Dr. J. Butterfield (Mayo Clinic, Rochester), was cultured at
37°C in a humidified atmosphere containing 5% CO, at a
starting density of 1 x 10° cells/ml in Iscove’s medium
(Biowhittaker) supplemented with 10% calf serum (PAA),
2 mM L-glutamine, penicillin (Biowhittaker), streptomycin
(Biowhittaker), Fungizone (Gibco), iron supplement

(Sigma-Aldrich) and 1.2 mM alpha-thioglycerol (Sigma-
Aldrich). Human KU-812-F myelogenous leukaemia lym-
phoblast cells were supplied by the European Collection of
Animal Cell Cultures and maintained in RPMI-1640 med-
ium (Biowhittaker) supplemented with 10% foetal calf
serum, 2 mM glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin and 1.25 pg/ml amphotericin.

Transfections were performed with the FuGENE 6
reagent (Roche Applied Science), according to the manu-
facturer’s recommendations, using 3 pl of FuGENE
reagent per [tg of DNA. For transfection, cells were seeded
on P100 dishes at 2 x 10° cells/ml and transfected cells
were analysed 24-h post-transfection. o-FMH (an irre-
versible inhibitor of HDC, Sigma-Aldrich) was added to
transfected cells 1 h prior to transfection. Cells were
incubated with histamine (Sigma-Aldrich) at the indicated
concentrations for 24 h. For inhibition of amino oxidase
activity, cells were transfected in the presence of 1 mM
aminoguanidine (Sigma-Aldrich). For experiments on
ODC degradation, cells were incubated 24-h post-trans-
fection with 50 pg/ml cycloheximide (Sigma-Aldrich), and
ODC activity was measured after 15, 30 and 45 min.

Plasmids

Constructs expressing different versions of human HDC
(hHDC) were generated by cloning in frame into the
BamHI/EcoRI sites of the pPCMV-TAG 2B vector (Strata-
gene). This allowed for hHDC proteins to be tagged at the
N-terminus with the FLAG® epitope. hHDC inserts were
obtained by reverse transcription-PCR using total RNA
from KU-812-F and HMC-1 cells. Constructs were named
hHDCX, where X represents the last amino acid of the
human HDC protein sequence encoded by the insert. One
of the hHDC512 constructs obtained lacked amino acids
262-277 of the hHDC protein sequence, corresponding to
the boundary between exons 7 and 8 of the human HDC
gene. This construct was named hHDC512A262-277. All
PCR amplifications were performed using a common sense
primer, 5'-AGCCAGAGCGGATCCGAGATGATGGAGC
TTGAG-3', which introduces a BamHI site. The antisense
primer used for hHDC512 was 5-CCTGGCCTGGACT
GAATTCTCCTATGCCCCACTGAC-3'. This  primer
introduces a stop codon after amino acid 512 of the hHDC
protein sequence and an EcoRI site. For hHDC662, the
antisense primer used was 5'-GTTCACAGAATTCC
TGAAGTATATCCTC-3’, which introduces an EcoRI site
after the stop codon of the hHDC cDNA. Reverse tran-
scriptions were performed for 1 h at 42°C in a final volume
of 25 pl, containing 5 pg of total RNA (previously dena-
tured for 10 min at 65°C), 1.3 mM dNTPs, 800 nM anti-
sense primer and 200 units of MMLYV reverse transcriptase
(Promega). After reverse transcription, each PCR was
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carried out in a final volume of 50 pl, containing 5 pl of
reverse transcription product, 200 uM of each primer,
1.5 mM MgCl, and three units of Pfu DNA polymerase
(Stratagene). Thermal cycling was performed in a Gene-
Amp PCR System 2400 (Perkin Elmer) using the following
conditions: denaturing at 95°C for 2 min, 30 cycles of 95°C
for 45 s, 60°C for 45 s and 72°C for 45 s and a final
extension of 2 min at 72°C.

Western blot analysis

Cell extracts were prepared by adding 1 x SDS-sample
buffer (65 mM Tris—HCI containing 2% SDS, 10% glyc-
erol, 5% 2-mercaptoethanol and 0.05% bromophenol blue)
directly to the cell pellets (100 pl per 1 x 10° cells) and
boiling for 5 min. Samples (20 pl) were subjected to SDS-
PAGE on 10% polyacrylamide gels and were subsequently
blotted onto nitrocellulose membranes (Pall Corporation),
followed by blocking overnight in phosphate-buffered
saline (PBS) with 0.1% Tween-20 and 10% non-fat milk at
4°C. All of the following steps were performed at room
temperature. Next, membranes were incubated for 1-2 h
with primary antibodies against the FLAG epitope
(monoclonal anti-FLAG M2-Peroxidase antibody, Sigma-
Aldrich) diluted 1:3,500 in PBS/0.1% Tween 20 containing
2% bovine serum albumin. After extensive washing with
PBS/0.1% Tween-20, membranes were developed with the
SuperSignal West Pico Chemiluminescent Substrate sys-
tem (Thermo Scientific), according to the manufacturer’s
instructions. Normalisation of sample loading was per-
formed by re-probing membranes with an anti-beta actin
mouse monoclonal antibody (Sigma-Aldrich).

Intra- and extracellular contents of amines and SAM

The intracellular contents of spermidine and spermine were
simultaneously determined by fluorimetry after separation
of their dansyl derivatives by reverse-phase HPLC, as
previously described (Garcia-Faroldi et al. 2009a).
Histamine quantification in cell extracts and cell culture
supernatants was performed by ELISA with a kit from
DRG (Germany), following the instructions of the manu-
facturer. Results were normalised to total cell number and
are expressed as pmol of histamine per 10° cells.
Intracellular contents of SAM and SAH were simulta-
neously determined using isocratic HPLC with ultraviolet
detection at 254 nm, as described elsewhere (She et al. 1994).

Enzymatic activities and degradation and synthesis
of ODC

Ornithine decarboxylase and HDC activities were deter-
mined by measuring the release of 14C02 from [1—14C]—
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ornithine and [U-'*C]-histidine, as reported previously
(Urdiales et al. 1992; Fajardo et al. 2001b). The half-life of
ODC was determined by measuring the decline in enzyme
activity after adding 50 pg/ml of cycloheximide to the
medium 24 h after transfection. Protein synthesis rate was
determined as described previously (Urdiales et al. 1992).
Briefly, HEK-293 cells were transfected in six-well plates.
Twenty-four hours after transfection, cells were washed
twice with PBS, and 0.5 ml of culture medium lacking
methionine was added. After 5—-10 min, culture medium
was supplemented with 100 pCi of *>S-methionine (Perkin
Elmer, 1,175 Ci/mmol), and the cells were incubated for
different times, up to 30 min. The incorporation of radio-
labelled methionine into protein was stopped by the
addition of an excess of unlabelled methionine. **S incor-
poration into the acid-insoluble fraction was determined.
For the measurement of relative ODC synthesis, aliquots of
supernatant (containing equal amounts of acid-insoluble
radioactivity) were incubated with an excess of polyclonal
monospecific antibody raised against mouse ODC (kindly
provided by Dr. Lisa M. Shantz, Penn State College of
Medicine).

The histamine N-methyltransferase assay is based on the
methylation of histamine by [methyl-'*C]S-adenosylme-
thionine, as described previously by Dr. H. Schwelberger’s
group (Kufner et al. 2001).

cDNA array and Northern blotting for amine
metabolism-related genes

RNA samples were isolated with the GenElute Mammalian
Total RNA Kit (Sigma-Aldrich), according to the manu-
facturer’s recommendations. They were spectrophotomet-
rically quantified, and only samples with absorbance ratios
(260/280) near 1.9 were used. mRNAs were amplified
using MessageAmpll, a RNA amplification kit (Ambion),
according to the manufacturer’s specifications.

Array hybridisation was performed as described by
Chaves et al. (2007) with minor modifications. Briefly, a
32p_labelled target cDNA mixture was synthesised from
1 pg of amplified mRNA and the reagents provided with
the transcriptor/Ist Strand cDNA Synthesis Kit for
RT-PCR (AMV) (Roche). The final reaction volume was
50 pl, containing random primers, a mix of dATP, dTTP
and dGTP (0.5 nM final concentration) and 50 pCi [o->?P]-
dCTP (Perkin Elmer, 3,000 Ci/mmol). Unincorporated
nucleotides were removed with Sephadex G50 columns
(Sigma-Aldrich). Labelled cDNA was denatured at 95°C
before hybridisation.

For Northern blots, 1 pg of amplified mRNA was sepa-
rated on a 1% agarose gel containing 2.2 M formaldehyde,
transferred to a Nylon membrane and hybridised as descri-
bed previously (Fajardo et al. 2001a; Urdiales et al. 1992).
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Flow cytometry for bromodeoxyuridine incorporation

Incorporation of 5’-bromodeoxyuridine (BrdU) was ana-
lysed using the FITC BrdU Flow kit (BD Biosciences),
according to the manufacturer’s recommendations. For
intracellular labelling of FLAG-tagged HDC, a monoclonal
anti-FLAG M2-Cy3 antibody (Sigma-Aldrich) was used.
Specific fluorescence was detected with a FACSort flow
cytometer (BD Biosciences). Cells were gated according to
FL2-H (FLAG-Cy3) fluorescence into FLAG-positives
(expressing the transfected hHDC clones) and FLAG-
negatives (untransfected cells). Cell-cycle distribution of
gated cells was calculated using plots of FL3-H (7-AAD)
versus FL1-H (BrdU-FITC).

Statistical analysis

Student’s unpaired samples ¢ test (two tailed) was performed
using GraphPad Prism version 5.0b for Mac, GraphPad
Software, San Diego, CA, USA, http://www.graphpad.com.
Values of P < 0.05 were considered to be significant.

Results and discussion

Characterisation of amine-related elements in HEK-293
cells

Human embryonic kidney 293 cells are proliferating cells
widely used for transfection experiments. After transfection
with pPCMV-TAG 2B empty plasmid, HEK-293 cells pre-
sented a doubling time of approximately 14 h. This prolif-
eration rate is consistent with moderately high synthesis of
polyamines. Polyamine levels are the result of a metabolic
bi-cycle (Fig. 1). ODC and SAMdc act as the limiting steps
of polyamine synthesis, and SSAT is the main regulatory
enzyme for polyamine degradation. It has been demonstrated
that this bi-cycle is a very robust system presenting multiple
compensatory mechanisms (Rodriguez-Caso et al. 2006). In
conditions where SAM (or decarboxylated SAM) is not the
limiting step, most of the available putrescine is rapidly
converted into spermidine, a polyamine mainly found bound
to cytosolic RNA. Spermidine is further converted to
spermine, a polyamine described to be mainly located in the
nucleus (Igarashi and Kashiwagi 2000). First, we wanted to
ensure that all of these polyamine-related enzymes were
expressed in our model and that we could detect intracellular
polyamine levels. Expression of polyamine metabolism-
related gene transcripts was confirmed by a cDNA array
previously described by our group (Chaves et al. 2007). This
array revealed that proliferating HEK-293 cells (24 h after
transfection) express all elements necessary for the poly-
amine metabolic pathway shown in Fig. 1. The normalised

signal values (mean =+ standard deviation of two indepen-
dent experiments) with respect to the mean of GADPH and
beta-actin signals were as follows: ODC (52.0 £ 11.0%),
SAMdc (279 £ 10.4%), SPDS (60.2 £ 3.1%), SPMS
(34.7 £7.7%), SSAT (139 £6.0%) and PAO
(11.2 £ 3.0%). Intracellular levels of polyamines were also
measured in these cells by a previously described HPLC
method. Putrescine was not detectable, which is typical of
proliferating cells, where the amine is being rapidly con-
verted to spermidine, a polyamine with a more important role
in macromolecular synthesis (Bachrach 2005b; Igarashi
et al. 1988). The intracellular levels for both detectable
polyamines were 4.77 £ 0.39 pmol/ug protein for spermi-
dine and 12.57 & 1.14 pmol/pg protein for spermine.

On the other hand, we also checked the possibility that
this cell line could act either as a histamine-producing or as a
histamine-handling cell. Both intracellular histamine level
and HDC activity were undetectable in HEK-293 cell cul-
tures. Our previously described cDNA array also contained
probes for histamine receptor subtypes H1, H2 and H4.
HEK-293 cells seem to express histamine receptors at low
levels, with normalised signal values relative to the mean of
GADPH and beta-actin signals of 4.9 4+ 1.3% for HIR,
8.9 &+ 1.1% for H2R and 1.6 + 0.6% for H4R. Initially, this
posed a problem for our experimental strategy, since we
wanted to study the effects of intracellular histamine on
polyamine metabolism with no interference from other
autocrine histamine effects elicited through its binding to
cytosolic membrane receptors. Nevertheless, the presence of
histamine receptor mRNAs in HEK-293 cells did not prove
their functionality or involvement in the regulation of
polyamine metabolism. This was checked by treating
HEK-293 cells with different extracellular histamine con-
centrations (from 10 nM to 0.5 mM histamine), covering all
ranges of concentrations known to activate histamine
receptor responses and even exceeding the highest known
physiological concentration of the amine (Thurmond et al.
2008). No major changes were observed on cell number after
addition of exogenous histamine. Intracellular polyamine
levels were not affected under any of the tested conditions,
as shown in Table 1. In C57.1 cells treated with 0.5 mM
histamine, we observed an increase in intracellular hista-
mine (Fajardo et al. 2001b), but no histamine accumulation
occurred in HEK-293-treated cells. Thus, it seems unlikely
that any effect on polyamine metabolism after transient
expression of HDC in our model is mediated by histamine
receptors and/or intracellular histamine accumulation.

Effects of histamine synthesis on polyamine
metabolism

Human embryonic kidney 293 cells were transfected with
recombinant plasmids encoding different versions of
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Table 1 Intracellular spermidine and spermine concentrations after
24-h treatment with exogenous histamine

Exogenous
histamine (uM)

Spermidine
(pmol/pg protein)

Spermine
(pmol/pg protein)

0 4.95 £ 0.54 17.95 £ 1.34
0.010 522 £ 1.10 13.87 £ 3.03
10 5.49 £ 0.78 15.45 £ 2.35
500 433 £ 0.14 20.06 £ 0.85

Cells were seeded on P100 dishes at 2 x 10° cells/ml and treated
with exogenous histamine for 24 h. Data are mean &= SEM of three
independent experiments

human HDC, as described in the “Materials and methods”.
In the highly homologous rat enzyme, we have demon-
strated that a fragment containing amino acids 1-512 is
fully active in vitro; its kinetic constants and mechanism of
action have been characterised (Moya-Garcia et al. 2005,
2008; Olmo et al. 2002). The primary translation product of
the rat enzyme has no activity in vitro. Nevertheless, in
transfected cells, residual activity of the rat and human
versions can be observed, as also occurred in the present
study. The deletion mutant hHDC512A262-277 is an
inactive version (both in vitro and in vivo) cloned from
KU-812-F leukaemia cells and, most probably, was gen-
erated by an alternative splicing event at the exon 7-8
boundary. This region codes for an internal alpha-helix
close to the catalytic centre, including Asp-273, which is
predicted to contact the pyridine ring of PLP and to be
essential for enzymatic activity (Moya-Garcia et al. 2008).
In fact, other alternative splicing events have been reported
during HDC messenger processing in KU-812-F leukaemia
cells, leading to generation of an inactive version of the
human enzyme (Mamune-Sato et al. 1992).

Histidine decarboxylase protein levels and activities
were measured in the four transfected HEK-293 groups
24 h after transfection (Fig. 2a). All hHDC inserts were
expressed by transfected cells. The hHDC512 construct
was fully active. Lower activity was observed when cells
were transfected to express the full-length hHDC662.
However, no activity was found in cells transfected with
the truncated version hHDC512A262-277 or with the
empty vector pCMV-TAG 2B (FLAG). In our hands, the
full-version hHDC662 and its counterpart of rat are inac-
tive proteins when purified and assayed in vitro. Thus, the
activity observed with the full-length version may be due to
proteolytic processing (similar to the proteolysis required
for maturation of the enzyme) occurring within the cell. In
fact, two clear bands were observed after transfection with
the hHDC662 plasmid, one corresponding to the primary
translation product (apparent molecular weight, 74 kDa)
and another one closer to the major 53 kDa band of the
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Fig. 2 Expression of hHDC constructs in HEK-293 cells. HEK-293
cells were transfected with pCMV-TAG 2B vector containing
different versions of hHDC, as described in “Materials and methods”
(as a negative control, pCMV-Tag 2B empty vector, FLAG, was
used). Twenty-four hours after transfection, cells were harvested and
analysed for HDC protein expression (panel a) by Western blot with
an anti-FLAG M2-peroxidase antibody. HDC activity, expressed as
pmol CO,/h-pug of proteins, of transfected cells is shown below each
lane. Intracellular (panel b) and extracellular (panel c¢) histamine
levels in transfected HEK-293 cells were determined using a
histamine assay kit, as described in “Materials and methods.”
Histamine levels are expressed in nmol per 10° cells and represent the
mean =+ standard error of the mean of three independent experiments.
*P < 0.05, **P < 0.01 compared with negative control cells by
Student’s unpaired sample 7-test (two-tailed)
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mature enzyme (Fig. 2, panel a). Partially active versions
of the enzyme have indeed been reported to migrate with
apparent molecular weights of 69-54 kDa (Dartsch et al.
1998; Fleming et al. 2004). Twenty-four hours after
transfection, we determined the intracellular (Fig. 2b) and
extracellular (Fig. 2c) histamine levels, and both correlate
with the HDC activities observed for the different con-
structs used. It is remarkable that more than 99% of the
histamine produced by these cells was excreted into the
medium, indicating the inability of these cells to store
the histamine produced.

We also determined polyamine levels by HPLC after
transfection. Putrescine was not detectable under any
condition. Spermidine and spermine levels are shown in
Fig. 3, panels a and b. It is remarkable that spermidine
levels inversely correlate with HDC activity and histamine
production capacity in each transfected group. In the cells
transfected with hHDCS512, spermidine levels were
reduced by 73.3 + 13.9% respect to FLAG-transfected
cells. As explained above, even when most of the histamine
produced by these cells is released into the medium,
interference with spermidine production is unlikely to be
due to an autocrine effect of the amine, since the extra-
cellular histamine levels reached by the hHDC512 trans-
fected cells were estimated to be lower than 1.5 pM, and
we did not observe any change in the intracellular poly-
amines after treating the cells with up to 0.5 mM external
histamine (see Table 1). Consequently, the decrease in
total polyamines, particularly spermidine content, is likely
to be caused by either intracellular histamine, called
“nascent histamine” (Schneider et al. 2002), or even by an
interaction of HDC with other cellular components, as
suggested to occur in gastric cancer cells (Colucci et al.
2001). The high inverse correlation degree between HDC
activity/intracellular histamine levels and spermidine levels
suggests that, most probably, it is the histamine produced
by the cells responsible for the observed effect, and not the
enzyme’s structure, since no effect on spermidine levels
was observed upon transfection of inactive versions of
HDC (hHDC512A262-277 or hHDC662). Nevertheless, we
wanted to rule out the possibility that any structural change
in these HDC versions was affecting a putative protein—
protein interaction required for the inhibitory effect on
polyamine levels observed with the active hHDC512 ver-
sion. For this purpose, we treated transfected HEK-293
expressing hHDC512 with the irreversible inhibitor
o-FMH, a substrate analogue, which reacts with HDC and
blocks its catalytic action. Figure 4 shows that the catalytic
inhibition of the enzyme led to restored spermidine levels,
reinforcing the conclusion that the effect on polyamine
metabolism is caused by intracellular histamine and not by
the HDC protein structure.
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Fig. 3 Intracellular polyamine content in transfected HEK-293 cells.
HEK-293 cells were transfected with pCMV-Tag 2B containing
different versions of hHDC, as described in “Materials and methods”
(as a negative control, pCMV-Tag 2B empty vector, FLAG, was
used). Twenty-four hours after transfection, cells were harvested and
analysed for intracellular levels of spermidine (panel a) and spermine
(panel b) by HPLC. Results are expressed as pmol of each polyamine
per pg of protein and represent mean = SEM of three independent
experiments. *P < 0.05 compared with negative control cells by
Student’s unpaired sample 7-test (two-tailed)

Exploring the mechanism responsible for the inhibitory
effect of intracellular histamine on spermidine synthesis

As mentioned above, polyamine metabolism exhibits a
very complex regulation mechanism, where disturbances at
any point can be silenced or transmitted to other elements
in the bi-cycle. Thus, we wanted to consider different
possibilities to explain the effect of histamine on different
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Fig. 4 Effect of o-FMH on HDC activity and intracellular content of
polyamines in transfected HEK293 cells. HEK-293 cells were
transfected with pCMV-Tag 2B containing hHDC512, as described
in “Materials and methods” (as a negative control, pCMV-Tag 2B
empty vector, FLAG, was used). One hour before transfection, the
indicated concentration of «-FMH was added to the culture medium,
and 24 h after transfection, HDC activity (panel a), intracellular
spermidine (panel b) and spermine (panel ¢) concentration were
determined. HDC activity was normalised to the activity in cells
transfected with hHDC512 in the absence of o-FMH. Results shown
are from a representative experiment

elements of the pathway. One of the most intuitive
hypotheses to explain how histamine synthesis could affect
steady-state spermidine levels is to propose that it dimin-
ishes spermidine synthase activity or the availability of

@ Springer

SAM or decarboxylated SAM (the donor of the amino-
propyl-group added to putrescine). In fact, reduced SAM
levels would not be surprising, since intracellular degra-
dation of histamine could involve methylation by HNMT, a
SAM-dependent enzyme. However, we could not get any
evidence supporting any direct effect on the mentioned
possibilities. We could not detect HNMT activity in HEK-
293 cells, nor any significant change in SAM levels (results
not shown), even though SAM levels have been described
as one of the most important limiting factors in polyamine
biosynthesis (Rodriguez-Caso et al. 2006). Moreover, no
significant differences could be detected in our expression
array concerning spermidine synthase or SAMdc tran-
scripts. In addition, any effect on decarboxylated SAM
availability should have been reflected in spermine levels
also, since its synthesis consumes a decarboxylated SAM
molecule. However, spermine levels remained almost
unchanged in our experiments, perhaps due to the fact that
most of this amine is kept bound to DNA, with little
interchange with the cytosolic polyamine pool, as descri-
bed by other authors in the field (Igarashi and Kashiwagi
2000).

Since the decrease in spermidine was determined not to
be due to a reduced availability of one of its precursors
(SAM), we checked the possibility that a reduced avail-
ability of the other precursor, putrescine, could account for
the decreased spermidine levels observed upon expression
of hHDC512. Putrescine could not be detected under any
condition, thus suggesting that either it is rapidly consumed
by degradation systems (e.g. diamine oxidase/histaminase)
(Seiler 2004) or rapidly converted to spermidine, thereby
acting as a limiting factor in spermidine synthesis. To
evaluate if an augmented rate of putrescine degradation by
amino oxidases (which might be induced by the increased
levels of histamine acquired after hHDC512 expression)
could justify the reduced spermidine levels observed in
cells expressing hHDC512, we treated these cells with
1 mM aminoguanidine (a well-known diamine oxidase
inhibitor) and determined polyamine levels. As shown in
Fig. 5, the presence of the histaminase inhibitor does not
alter the polyamine profile. These results, therefore, rule
out an important contribution of part of the degradative
pathways in our model.

Taken together, the observed results pointed to a limit-
ing role of putrescine in spermidine synthesis due to a
reduced synthesis of this diamine even under control con-
ditions, which could be exacerbated in the presence of
intracellular histamine. The activity of ODC, the enzyme
responsible for putrescine synthesis, is indeed the limiting
step in polyamine biosynthesis in most cases (Hayashi
1989; Russel 1989; van Daalen Wetters et al. 1989) as well
as a very good early sensor of any anti-proliferative stimuli
(Urdiales et al. 1996). As shown in Fig. 6a, ODC activity
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Fig. 5 Effect of aminoguanidine on intracellular polyamine content
in transfected HEK-293 cells. HEK-293 cells were transfected with
pCMV-Tag 2B containing hHDC512 in the absence or presence
1 mM aminoguanidine (as a control, pCMV-Tag 2B empty vector,
FLAG, was used in the absence of aminoguanidine). Twenty-four
hours after transfection, spermidine (panel a) and spermine (panel b)
levels were determined by HPLC. Results are expressed as pmol of
each polyamine per pg protein and represent mean += SEM of three
independent experiments. **P < 0.01 compared with control cells by
Student’s unpaired sample 7-test (two-tailed)

was dramatically reduced (by more than 90%) when the
fully active hHDC512 construct was expressed. This effect
was neither attributable to reduced levels of ODC mRNA,
as evidenced by Northern blot experiments (results not
shown), nor assignable to an alteration in ODC degradation
rate, as deduced by the estimated ODC half-life values that
were very similar for both controls and hHDC512-trans-
fected cells (22.43 vs. 25.02 min respectively; Fig. 6b).
Protein steady-state levels are defined by synthesis and
degradation rates. Since the rate of ODC degradation seems
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Fig. 6 Ornithine decarboxylase activity, half-life and >>S-methionine
incorporation in transfected HEK-293 cells. Twenty-four hours after
transfection, cells were harvested and ODC activity was analysed
(panel a). ODC activity is expressed as pmol CO,/h-pg protein and
represents the mean & SEM of three independent experiments. For
determination of ODC half-life (panel b), 50 pg/ml cycloheximide
was added to the culture medium 24 h after transfection, and ODC
activity was determined at the indicated times for cells transfected
with empty pCMV-TAG 2B vector (FLAG, filled circles) or with
hHDC512 plasmid (open circles). ODC activity was normalised to the
activity at time zero; results are mean & SEM of three independent
experiments. Protein synthesis rate was determined (panel ¢) in
control (FLAG, filled circles) and hHDC512-transfected cells (open
circles). See “Materials and methods” for details

to be unaltered by the augmented levels of histamine, we
also investigated the rate of protein synthesis by measuring
33S-labelled methionine incorporation. We observed that
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the expression of hHDC512 protein inhibits total protein
synthesis rate by 38% (Fig. 6¢). Given that ODC exhibits a
rapid turnover rate (as shown above), changes (specific or
not) in protein synthesis can rapidly regulate ODC protein
levels within the cell. We thus also attempted to estimate
specific *S incorporation into ODC by immunoprecipita-
tion, as reported previously (Urdiales et al. 1992). How-
ever, under our experimental conditions (very low ODC

levels and a limited amount of antibody against ODC), a
specific ODC band could not be clearly detected or quan-
tified, even in control cells.

Polyamines are essential for the growth and function of
normal cells (Bachrach 2004; Montaiiez et al. 2007). It has
been known for many years that ODC levels change during
the cell cycle (Heby 1981; Thomas and Thomas 2001), and
that polyamines are modifiers of cell-cycle kinetics

Fig. 7 Bromodeoxyuridine a hHDC512 d hHDC512A262-277
incorporation in transfected 104 104
HEK-293 cells. HEK-293 cells ] e ——
were transfected with active FLAG posmve. FLAG pOSItIVE.
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inactive form hHDC512A262- 19
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added for 45 min to label the T T
cells 24 h after transfection. tj ﬁ' 1024
BrdU incorporation (FL1-H), L w
DNA content (FL3-H) and
transfection status of the cells 10 1
(FL2-H) were analysed by flow
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percentages of transfected cells i FLAG neg. cells s; 1 FLAG neg. cells
(FL2-positive cells). Results ] % ] &0
represent mean = SEM of two 103 ﬂ H 103 g
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positive cells. Insets in panels b, )
¢, e and f show cell-cycle 1014 1014
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(Koomoa et al. 2008; Kramer et al. 2001; Nasizadeh et al.
2005; Oredsson 2003; Ray et al. 1999). Consequently, we
wanted to check if cell proliferation was affected in our
model upon histamine synthesis. HEK-293 cells were
transfected with different versions of hHDC, and cell-cycle
distribution was analysed by flow cytometry using BrdU
incorporation, with transfected cells identified using a
monoclonal anti-FLAG M2-Cy3 antibody. Cells were
gated according to FL2-H (FLAG-Cy3) fluorescence into
FLAG-positives (expressing hHDC versions) and FLAG-
negatives (not expressing hHDC versions). As shown in
Fig. 7a, 20.20 £ 2.70% of the cells were FLAG-positive
when the active enzyme hHDC512 was used. However,
when the inactive hHDC512A262-277 construct was used,
only 11.16 = 0.95% of the cells were FLAG-positive.
Cell-cycle distribution of gated cells was calculated using
FL3-H (7-AAD) versus FL-1 (BrdU-FITC) plots. No dif-
ferences were found in the cell-cycle distribution of FLAG-
negative cells with either hHDC construct (Fig. 7b, e) or
between FLAG-negative cells and cells transfected with
empty pCMV-TAG 2B (results not shown). However,
BrdU incorporation was inhibited in FLAG-positive cells
transfected with the active construct hHDC512
(35.72 £ 1.72% of cells in S-phase, Fig. 7c), compared
with cells transfected with inactive hHDC512A262-277
(61.43 + 3.62% of cells in S-phase, Fig. 7f). On the other
hand, transfection with the active form of hHDC induced
an accumulation of cells in Gl phase (55.63 + 1.52%,
Fig. 7c). These results agree with previously reported
data indicating that depletion of polyamines results in
a cell-growth arrest; e.g., treatment with a-difluoromethy-
lorninithine, an inhibitor of ODC, results in a Gl-phase
block (Koomoa et al. 2008; Kramer et al. 2001; Oredsson
2003; Ray et al. 1999).

Concluding remarks

Only a very limited set of mammalian cells is able to
synthesise histamine. Several of these cells (e.g. mast cells,
neurons and ECL cells) accumulate histamine in specia-
lised granules, and others, such as some immune cells, only
produce histamine in advanced stages of differentiation
(Medina et al. 2003). On the contrary, polyamines are
essential for cell proliferation (Bachrach 2004; Montafiez
et al. 2007). Evidence has accumulated pointing to an
antagonistic relationship between polyamine and histamine
metabolism in several mammalian cell models, as men-
tioned in “Introduction”. However, it is difficult to dis-
tinguish between effects caused by intracellular histamine
and those elicited by the amine through its membrane
receptors. In this paper, we dissected the effects of intra-
cellular histamine on polyamine metabolism, i.e., what
several authors have termed the effect of “nascent

histamine” (Schneider et al. 2002). Protein synthesis, and
consequently ODC synthesis, seems to be a major target of
the inhibitory effects of ‘“nascent histamine.” Conse-
quently, spermidine levels decrease, and cell-cycle pro-
gression is partially blocked. At this point, it is not easy to
discern the first target of this effect. It is possible that
histamine initially alters an unidentified proliferative sig-
nalling element, resulting in a general reduction in protein
synthesis. A reduced protein synthesis rate, together with
rapid ODC turnover, could explain the dramatic decrease in
enzyme activity observed. Nevertheless, it is clear that a
reduction in ODC synthesis itself can exert a positive
feedback, amplifying an antiproliferative signal. It is well
documented that reduced spermidine levels (caused, for
instance, by an ODC inhibitor) affect protein synthesis
machinery and rate. In fact, spermidine is essential for the
formation of proper RNA conformation and synthesis of
hypusine (a component of elF-5A) (Hyvonen et al. 2007;
Igarashi and Kashiwagi 2000; Wolff et al. 2007). It is also
well known that ODC is one of the early sensors of anti-
proliferative stimuli (Bachrach 2005a) and that polyamine
deprivation blocks cell-cycle progression (Koomoa et al.
2008; Kramer et al. 2001; Oredsson 2003; Ray et al. 1999).
Thus, this work implicates ODC and polyamine metabo-
lism as some of the relevant targets of the antiproliferative
effects of “nascent histamine.” Our results can contribute
to the understanding of the physiology of histamine-pro-
ducing cells and their associated pathologies.
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