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ABSTRACT

Histamine is a recognized growth factor in melanoma, and exogenous histamine produces a dual effect on
proliferation. We have previously reported that histamine at micromolar concentrations reduces the
proliferation of melanoma cell lines. To investigate the mechanism by which histamine inhibits proliferation
of WM35 human melanoma cells, we have studied the involvement of histamine in reactive oxygen species
production and antioxidant enzyme regulation in these cells. Results indicate that histamine treatment
(10 uM) significantly increased hydrogen peroxide levels, whereas it slightly decreased superoxide levels
associated with an enhancement of superoxide dismutase and a reduction in catalase activity. Additionally,
catalase treatment reversed the inhibitory effect of histamine on proliferation, and various treatments that
reduce hydrogen peroxide formation increased proliferation of these cells. Furthermore, we demonstrate that
the inhibition of proliferation produced by histamine was mediated at least in part by an induction of cell
senescence. We conclude that hydrogen peroxide is involved in histamine-mediated modulation of

Senescence proliferation in malignant melanoma cells.

Free radicals

Published by Elsevier Inc.

Malignant melanoma is an aggressive, therapy-resistant malig-
nancy of melanocytes. The incidence of melanoma has been steadily
growing worldwide, resulting in an increasing public health problem
[1]. In its early stages malignant melanoma can be cured by surgical
resection, but once it has progressed to the metastatic stage it is
extremely difficult to treat and does not respond to current therapies
[2]. The immunoactivating cytokine interleukin 2 (IL-2)! is employed
in the treatment of stage IV melanoma in many European countries
and in the United States. IL-2 therapy, which aims at expanding and
activating tumoricidal lymphocytes, induces complete regression of
melanoma metastases in 3-5% of treated patients, but the toxicity of
many IL-2 regimens limits its use. Clinical trials are being performed
with IL-2 alone or combined with histamine dihydrochloride, which
has been shown to protect tumoricidal lymphocytes from dysfunc-
tion and apoptosis induced by mononuclear phagocytes. Data suggest
that administration of IL-2 and histamine dihydrochloride may
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specifically prolong the survival of melanoma patients with liver
metastases [3-5]. Therefore, it is essential to improve knowledge
regarding the role of histamine in melanoma cell growth.

Melanoma cells constitutively produce various cytokines as well as
growth factors and express their corresponding receptors [6,7].
Melanoma cells, but not normal melanocytes, express the hista-
mine-synthesizing enzyme L-histidine decarboxylase (EC 4.1.1.22) and
contain large amounts of histamine [8,9]. Moreover, H1, H2, and H3
histamine receptors have been described in diverse melanoma cells
and both endogenous and exogenous histamine have the ability to
regulate melanoma cell growth [10-16].

We have previously described that histamine exerts a dual effect
on proliferation of the human primary melanoma cell line WM35,
increasing proliferation at low concentrations through the H2 receptor
while decreasing it at higher concentrations via the H1 receptor
[13,14]. Recently, we have reported that histamine modulates the
proliferation of MDA-MB-231 breast cancer cells in a dose-dependent
manner, producing a significant decrease at 10 uM concentration that
was associated with an increase in hydrogen peroxide levels [17].

Reactive oxygen species (ROS) such as superoxide, hydrogen per-
oxide, and hydroxyl radical are highly reactive and can exert deleterious
effects on cell function and viability, depending on cellular antioxidant
defenses and ability to repair oxidative damage. ROS levels are normally
controlled by the antioxidant defense system including the antioxidant
enzymes manganese-containing superoxide dismutase (MnSOD) and
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copper-zinc-containing superoxide dismutase (CuZnSOD), which cat-
alyze the dismutation of the superoxide radical into hydrogen peroxide,
and catalase and glutathione peroxidase (GPX), which further degrade
hydrogen peroxide [18-20].

To better understand the mechanism by which histamine inhibits
proliferation of WM35 human melanoma cells, we have investigated
the involvement of histamine in ROS production and antioxidant
enzyme modulation in these cells.

Materials and methods
Cell culture

The human melanoma cell line WM35 was kindly provided by
Professor A. Falus (Budapest, Hungary). Cells were cultured in RPMI
1640 supplemented with 10% (v/v) fetal bovine serum, 0.3 g/L
glutamine, and 0.04 g/L gentamicin (Gibco BRL, Grand Island, NY,
USA). Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO,.

Cell growth assays

For clonogenic assay, cells were seeded in six-well plates (1 x 103
cells/well) and incubated for 8 days. The cells were treated with 0.01
to 10 pM histamine, 10 pM forskolin (direct activator of adenylyl
cyclase), 125 units/ml catalase (Sigma Chemical Co., St. Louis, MO,
USA), 10 uM Dimaprit (H2 receptor agonist; Tocris, UK), or 1-5 pM
hydrogen peroxide (Merck, Argentina). Cells were fixed with 10% (v/v)
formaldehyde in phosphate-buffered saline (PBS) and stained with
1% (w/v) toluidine blue in 70% (v/v) ethanol. The clonogenic
proliferation was evaluated by counting the colonies containing 50
cells or more and was expressed as a percentage of the untreated
wells.

Cells were also incubated overnight in six-well plates (8 x 10%
cells/well) and then incubated with or without treatment for up to
72 h. Cells were trypsinized at various periods of time and counted
using a hemacytometer.

Senescence-associated (3-galactosidase staining

Senescence-associated (-galactosidase-positive cells were
detected using the method described by Dimri et al. [21]. Cells were
seeded into 12-well plates in culture medium. After 24 h drugs were
added and the cells were incubated for 48 h. The cells were washed
twice and fixed for 5 min in 4% (v/v) formaldehyde in PBS. They were
then washed and incubated at 37 °C for 6 h with 1 mg/ml 5-bromo-4-
chloro-indolyl--galactoside (USB Corp., Cleveland, OH, USA) dis-
solved in a solution containing 40 mM citric acid (pH 6), 5 mM potas-
sium ferrocyanide, 150 mM NaCl, and 2 mM MgCl,. After incubation,
cells were washed twice with PBS and counterstained with hematox-
ylin and the percentage of B-galactosidase-positive cells was assessed
under light microscopy (Axiolab Karl Zeiss, Gottingen, Germany). At
least 500 cells were scored for each determination. All photographs
were taken at 630 x magnification using a Canon PowerShot G5 cam-
era (Tokyo, Japan).

Measurement of intracellular ROS production

Cells were incubated with either 5 M DCFH-DA (dichlorodihydro-
fluorescein diacetate) or HE (dihydroethidium), a peroxide- or
superoxide-sensitive fluorescent probe, respectively (Sigma Chemical
Co.), for 30 min at 37°C. Cells were then washed, detached by
trypsinization, and suspended in PBS. Levels of intracellular ROS were
measured immediately by flow cytometry (FACSCalibur; Becton-
Dickinson, Rutherford, NJ, USA) and data analysis was performed
using WinMDI 2.8 software (Scripps Institute, La Jolla, CA, USA).

Cell homogenization and protein determination

Cells that were untreated or treated with 10 uM histamine were
washed, scraped, and collected in phosphate buffer (KH,PO,4/K;HPO,4
50 mM, pH 7.8). This was followed by sonic disruption, and the
suspensions were centrifuged at 10,000g for 10 min at 4°C. Protein
concentration was determined by Bradford assay [22].

Measurement of catalase activity

Catalase activity was measured spectrophotometrically by mon-
itoring the disappearance of hydrogen peroxide at 240 nm, as we have
previously described [17].

Measurement of SOD activity

Enzymatic activity of SOD was assayed by competitive inhibition
performed using xanthine-xanthine oxidase-generated superoxide to
reduce the nitroblue tetrazolium (NBT) to blue diformazan at a
constant rate (0.015 to 0.025 absorbance units/min). The rate of NBT
reduction was monitored spectrophotometrically at 560 nm. The
amount of protein that inhibits the NBT reduction to give 50% of
maximum was defined as 1 unit (U) of SOD activity [23].

Measurement of GPX activity

GPX activity was examined indirectly by spectrophotometrically
monitoring the oxidation of NADPH at 340 nm as previously described
by Flohé and Gunzler [24]. The coupled assay system contained
glutathione, glutathione reductase, and t-butyl hydroperoxide as the
substrate. One unit of enzyme was defined as the oxidation of 1 nmol
of NADPH per minute (¢ =6.22 mM~! cm™!) [23].

Western blot analysis

Samples were processed as previously described [17]. Equal
amounts of protein (50 pg) were fractionated on SDS-polyacrylamide
gels (12%) and transferred electrophoretically onto nitrocellulose
membranes (Sigma Chemical Co.). Membranes were blocked and
probed overnight with primary mouse anti-catalase, mouse anti-p-
actin (1:1000; Sigma Chemical Co.), sheep anti-MnSOD, sheep anti-
CuZnSOD, and mouse anti-GPX (1:1000; Calbiochem, San Diego, CA,
USA) antibodies, as stated. Immunoreactivity was detected by using
horseradish peroxidase-conjugated anti-mouse or anti-sheep IgG, as
appropriate, and visualized by enhanced chemiluminescence (Amer-
sham Biosciences, Arlington Heights, IL, USA). Densitometric analyses
were performed using the software Image] 1.32] (NIH, Bethesda, MD,
USA).

Statistical analysis

All determinations were performed in triplicate. Representative
results are presented as means with standard error of mean (SEM).
Statistical evaluations were made by Student t test and analysis of
variance, which was followed by Newman-Keuls multiple comparison
test.

All statistical analyses were performed with GraphPad Prism
version 5.00 software (San Diego, CA, USA).

Results

Histamine modulates formation of intracellular ROS and regulates
antioxidant enzyme activity in WM35 melanoma cells

The intracellular levels of ROS were evaluated by flow
cytometry using specific fluorescent dyes. Histamine (10 pM)
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Fig. 1. Effect of histamine on ROS production. Intracellular hydrogen peroxide (H,0)
and superoxide anion (O, ~) levels were determined by flow cytometry using DCFH-DA
and HE fluorescent probes, respectively. WM35 cells were treated with histamine
(10 uM) for 24 h or were left untreated (control). Data represent the mean percentage
fluorescence intensity with respect to control values. Error bars represent the means
=+ SEM (*p<0.05, ***p<0.001 versus control).

treatment increased hydrogen peroxide levels in WM35 cells to
196 4+ 7%, whereas it slightly decreased superoxide levels to 83+
4% (Fig. 1). Accordingly, histamine significantly enhanced the
activity of SOD and diminished that of catalase (Figs. 2A and C).

V.A. Medina et al. / Free Radical Biology & Medicine 46 (2009) 1510-1515

Although not significant, a slight decrease in GPX activity was
observed (Fig. 2E). These effects did not seem to be mediated by
a modification of protein expression of those enzymes (Figs. 2B,
D, and F).

Histamine inhibition of proliferation is associated with an increase in the
hydrogen peroxide levels

We next investigated the involvement of hydrogen peroxide
levels in WM35 cell growth. Addition of catalase completely
reversed the decrease in colony formation and cell number exerted
by histamine at 10 pM concentration. Furthermore, treatment with
hydrogen peroxide at doses higher than 1 uM remarkably inhibited
proliferation (Fig. 3A). The reduction of proliferation produced by
histamine and hydrogen peroxide was mediated at least in part by
an induction of premature or accelerated cell senescence, a
biological program of terminal growth arrest characterized by
disruption of lysosomal function through enhanced activity of
senescence-associated [3-galactosidase, which is highly associated
with ROS levels [19,25-28].

In agreement with our previous reports [13,14], histamine at low
concentrations as well as H2 receptor agonist and forskolin augmented
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Fig. 2. Effects of histamine on the activity and expression of SOD, catalase, and GPX. (A) SOD, (C) catalase, and (E) GPX activities were determined in WM35 cells that were untreated
or treated with 10 pM histamine for 24 h. Error bars represent the means + SEM (*¥p<0.01, ***p<0.001 versus control). (B) CuZnSOD (16 kDa) and MnSOD (25 kDa), (D) catalase
(60 kDa), and (F) GPX (22 kDa) protein expression was evaluated by Western blot. Lanes: 1, untreated cells; 2, histamine-treated cells. Western blots are representative of three

independent experiments. 3-Actin (42 kDa) was used as loading control.
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Fig. 3. Involvement of hydrogen peroxide in cell proliferation and senescence. WM35 cells were treated with histamine (10 pM), catalase (125 units/ml), histamine plus catalase, or
H,0, (5 uM) or were left untreated. (A) Proliferation was evaluated by the clonogenic assay. Inset: WM35 cells were treated or left untreated, harvested, and counted at 48 h after
treatment. (B) Senescence induction was measured by senescence-associated [3-galactosidase staining after 48 h of treatment. Arrows indicate senescent cells. Pictures were taken at
a 630x original magnification. Scale bar, 20 pm. Error bars represent the means 4+ SEM (*p<0.05, **p<0.01, ***p<0.001 versus control). Results are representative of three

independent experiments.

proliferation of WM35 cells. Furthermore, these treatments, which
increased proliferation, significantly decreased hydrogen peroxide
levels (Table 1).

Discussion

ROS are generated by all aerobic organisms and their production
seems to be needed for signal-transduction pathways that regulate

Table 1
H,0, intracellular levels are inversely correlated with proliferation

% of H,0, levels® % of proliferationb

Histamine 0.01 uM 578 +£82" 135.04+5.0
Forskolin 423497 20004227
Dimaprit 59.8+58"" 1382 +£78"

WM35 cells were treated with 0.01 pM histamine, 10 uM forskolin, or 10 uM Dimaprit or
were left untreated.

¢ Data represent the means+ SEM of the mean percentage fluorescence intensity
with respect to control values.

b Data represent the means & SEM of the percentage of proliferation with respect to
control values.

* p<0.05 versus control.
** p<0.01 versus control.

multiple physiological processes [19,20,29]. A variety of cancer cells
have altered levels of antioxidant enzymes and often express elevated
levels of ROS-responsive proteins compared with their normal
counterparts. Consequently, it is suggested that the alteration in ROS
control may sensitize tumor cells for a better response to selective
treatments [29-31].

It is well documented that histamine modulates the proliferation
of numerous malignant cells [14-17,32,33]. Additionally, we have
previously determined that histamine decreased MDA-MB-231 breast
cancer cells’ proliferation and this effect was related to an increase in
hydrogen peroxide levels [17].

In this study, we showed that exogenous histamine modulated the
activity of the antioxidant enzymes, increasing SOD while decreasing
catalase activity. Accordingly, histamine treatment markedly aug-
mented the levels of hydrogen peroxide and diminished those of
superoxide anion.

Recent data support the notion that increasing the cellular levels of
hydrogen peroxide by using hydrogen-peroxide-generating drugs
may be an efficient way of killing cancer cells [29,34]. Several studies
have demonstrated that the overexpression of SOD can reduce tumor
cell growth, metastasis, and other malignant features of cancer cells.
Because this enzyme catalyzes the conversion of superoxide anion to
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hydrogen peroxide, the anticancer effects induced by SOD over-
expression may be mediated by a decrease in the cellular levels of
superoxide anion or by an increase in the cellular concentration of
hydrogen peroxide. Experimental data suggest that these anticancer
effects can be reversed by overexpression of catalase and glutathione
peroxidase. The antitumoral effect of augmented hydrogen peroxide
levels may be attributed not only to changes in the cellular redox
status but also to the formation of noxious hydroxyl radicals produced
in the Fenton reaction [29,31,35,36].

To determine whether histamine-induced inhibition of prolifera-
tion could be related to the increase in hydrogen peroxide levels, we
investigated the effects of histamine and catalase treatment on WM35
melanoma cell proliferation. Scavenging of hydrogen peroxide with
exogenously added catalase slightly increased the proliferation of
melanoma cells and completely reversed the inhibitory effect on cell
growth exerted by histamine. Additionally, we observed that treat-
ment with histamine at nanomolar concentration, or with forskolin or
an H2 receptor agonist, increased proliferation while reducing
hydrogen peroxide formation. These results provided evidence to
suggest that hydrogen peroxide levels are inversely correlated with
proliferation in WM35 cells, as we have previously determined for
breast cancer cells [17].

There is a large body of experimental evidence that a rise in
intracellular ROS contributes to senescence that is a biological process
associated with permanent growth arrest and lack of proliferative
activity and, therefore, may influence the overall tumor response to
anticancer therapy [25,27,28]. It was reported that Ras proteins
regulate oxidant production and that a rise in intracellular hydrogen
peroxide represents a critical signal mediating replicative senescence
in fibroblast [26]. As a result, we evaluated whether the histamine-
induced reduction in proliferation was associated with an enhance-
ment of cellular senescence. In this study we provide for the first time
evidence that histamine is able to induce cellular senescence in
melanoma cells. This effect was reversed by catalase addition and
mimicked by hydrogen peroxide, indicating the participation of
hydrogen peroxide in this response. In agreement, we have also
determined that histamine enhances senescence in breast cancer cells
(data not shown).

We hypothesize that the histamine-induced imbalance of anti-
oxidant enzymes resulting in an elevation of intracellular hydrogen
peroxide levels leads to inhibition of cell proliferation. This is in line
with reports indicating that the anticancer effect of various
chemotherapeutic agents currently used in the clinic (e.g., paclitaxel,
cisplatin, arsenic trioxide, etoposide, doxorubicin) is mediated, at least
in part, by an increase in the cellular levels of hydrogen peroxide. It has
also been proposed that the identification of compounds that trigger a
significant increase in intracellular peroxide levels and their use in
conjunction with chemotherapy agents could be an attractive strategy
to enhance the sensitivity of tumor cells to drug therapy [29,37].

On the basis of the present results, we conclude that histamine
stimulates the production of hydrogen peroxide, suggesting the
involvement of oxidative stress in the mechanism by which this
biogenic amine induces growth suppression of WM35 melanoma cells.
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