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The radioprotective potential of histamine on healthy tissue has been previously demonstrated. The aims of this
work were to investigate the combinatorial effect of histamine or its receptor ligands and gamma radiation in vitro on
the radiobiological response of 2 breast cancer cell lines (MDA-MB-231 and MCF-7), to explore the potential molecular
mechanisms of the radiosensitizing action and to evaluate the histamine-induced radiosensitization in vivo in a triple
negative breast cancer model. Results indicate that histamine significantly increased the radiosensitivity of MDA-MB-
231 and MCF-7 cells. This effect was mimicked by the H1R agonist 2-(3-(trifluoromethyl)phenyl)histamine and the H4R
agonists (Clobenpropit and VUF8430) in MDA-MB-231 and MCF-7 cells, respectively. Histamine and its agonists
enhanced radiation-induced oxidative DNA damage, DNA double-strand breaks, apoptosis and senescence. These
effects were associated with increased production of reactive oxygen species, which correlated with the inhibition of
catalase, glutathione peroxidase and superoxide dismutase activities in MDA-MB-231 cells. Histamine was able also to
potentiate in vivo the anti-tumoral effect of radiation, increasing the exponential tumor doubling time. We conclude
that histamine increased radiation response of breast cancer cells, suggesting that it could be used as a potential
adjuvant to enhance the efficacy of radiotherapy.

Introduction

Breast cancer remains the most frequently diagnosed female
cancer worldwide and the leading cause of cancer death. The
global burden of breast cancer exceeds all other cancers, despite
screening and improvements in adjuvant treatment.1

Radiation is an effective therapy in patients with locally
advanced breast cancer. Tumor control by radiotherapy requires
the use of a maximum dose, which can be delivered while main-
taining a tolerance risk of normal tissue toxicity.2 The ratio of
tumor response to normal-tissue damage is called the therapeutic
index and can be manipulated by the use of drugs that

preferentially either increase the tumor damage (radiosensitizers)
or reduce the biological effects of ionizing radiation on normal
tissue (radioprotectors). The clinical use of radiation protectors
or radiosensitizers is limited due to their toxicity; thus, the devel-
opment of effective and non-toxic agents is yet a challenge for
oncologists and radiobiologists.3,4 In this regard, it was reported
that histamine significantly protects small intestine and bone
marrow, from high doses of ionizing radiation, in 2 models of
rodents.5-7 In addition, histamine has the ability to prevent ioniz-
ing radiation-induced functional and histological alterations of
salivary glands.8 These features make histamine a suitable candi-
date as a radioprotector for patients undergoing radiotherapy.
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Histamine [2-(4-imidazolyl)-ethylamine] is an endogenous
biogenic amine and is a pleiotropic mediator in different (patho)
physiological conditions. It exerts its effects through the activa-
tion of 4 different receptors H1, H2, H3 and H4 (H1R, H2R,
H3R, H4R).

9 Considerable evidence has been accumulated indi-
cating that histamine can modulate proliferation of different nor-
mal and malignant cells.9,10 Histamine is involved in growth
regulation, differentiation and functioning of mammary gland
during development, pregnancy and lactation.9 It has been previ-
ously demonstrated that the 4 histamine receptor subtypes
are expressed in cell lines derived from human mammary
gland.9,11-14 In addition, it has been already reported that hista-
mine is capable of modulating cell proliferation exclusively in the
triple negative breast cancer MDA-MB-231 cells [lacking estro-
gen receptor (ER) a, progesterone and HER-2 receptors] while
no effect on proliferation is observed in non-tumorigenic HBL-
100 cells.11 Furthermore, histamine acts as an anti-proliferative
agent through the H4R in 2 different human breast cancer cells,
MDA-MB-231 and MCF-7 (ER aC).14 H4R agonists inhibited
proliferation by 50%, increasing the exponential doubling time
and the number of apoptotic and senescent cells.14,15 Further-
more, the anti-tumoral effect of histamine and other H4R ago-
nists (clozapine and JNJ28610244) was demonstrated in vivo in
xenograft tumors of MDA-MB-231 cells developed in nude
mice. Histamine also significantly increased median survival of
tumor-bearing animals and tumoral apoptosis.16

In the light of the above mentioned evidences, the aims of this
work were: (1) to investigate the combinatorial effect of hista-
mine or its receptor ligands and gamma radiation in vitro on the
radiobiological response of 2 breast cancer cell lines with different
malignant characteristics, (2) to explore the potential molecular
mechanisms of the radiosensitizing action by evaluating the
effects of histamine receptor ligands on breast cancer cell prolifer-
ation, apoptosis and senescence and also the regulation of reactive
oxygen species (ROS) production, antioxidant enzyme modula-
tion and DNA damage, and (3) to evaluate the histamine-
induced radiosensitization in vivo in a triple negative breast can-
cer model.

Results

Histamine modulates the radiobiological parameters
of MDA-MB-231 and MCF-7 cell lines

In order to evaluate the response to gamma radiation, cells
were treated with histamine or different specific ligands for hista-
mine receptor subtypes, and were irradiated 24 h after treatment
with a single dose of gamma radiation. The radiobiological
parameters that were obtained from the survival curves adjusted
to the linear quadratic model, indicated that histamine and the
H1R agonist (3F-MPHA) produced a radiosensitizing effect on
MDA-MB-231 cells (SF2Gy: 0.06 § 0.02 and 0.04 § 0.01 vs.
0.22 § 0.04, respectively) while this effect was blocked with the
combined treatment of histamine and mepyramine, an H1R
antagonist (Fig. 1A, C). In addition, histamine and the H4R ago-
nist clobenpropit enhanced the radiosensitivity of MCF-7 cell

line (SF2Gy: 0.16 § 0.01 and 0.06 § 0.01 vs. 0.21 § 0.02,
respectively). The combined treatment with the H4R antagonist
JNJ7777120 completely reversed the histamine effect (Fig. 1B,
D). Similar results (SF2Gy: 0.10 § 0.02) were obtained with
another H4R agonist, VUF8430 (data not shown). In agreement
with these results, H1R agonist in MDA-MB-231 cells and H4R
agonist in MCF-7 cells decreased the dose that reduces survival
to 1% (Dose 0.01) and the one that reduces survival to 10%
(Dose 0.10) (Fig. 1C, D). No enhanced radiosensitivity was
observed upon clobenpropit and 3F-MPHA treatments in
MDA-MB-231 and MCF-7 cells, respectively (Fig. 1C, D). Fur-
thermore, the radiobiological parameters were not significantly
modulated by either H2R or H3R agonists in these cell lines
(data not shown).

We further explored the effect of histamine receptor agonists on
proliferation of 2 Gy dose irradiated cells. The incorporation of
BrdU assay showed that gamma radiation reduced the proliferative
capacity of both cell lines. In agreement with the results obtained
from survival curves, histamine treatment significantly intensified
the decrease in proliferation produced by ionizing radiation. Also,
H1R agonist and H4R agonist mimicked histamine effect in
MDA-MB-231 andMCF-7 cells, respectively (Fig. 2A, C).

Flow cytometric analysis disclosed that 48 h treatment with
histamine induced cell cycle arrest in MDA-MB-231 cells as
shown by changes in the percentage of cells in each phase
(Fig. 2B). Furthermore, radiation induced cell cycle accumula-
tion in G2/M phase in MDA-MB-231 cells, while enhanced cell
cycle accumulation in G0/G1 phase in MCF-7 cells (Fig. 2B, D).

Histamine increases apoptosis and senescence of irradiated
cells

We next evaluated whether histamine inhibitory effect on pro-
liferation could be associated with a modulation of the apoptotic
cell death. Therefore, we investigated apoptosis by the TUNEL
assay. Results demonstrated that histamine treatment did increase
the number of apoptotic cells compared to the untreated cells in
both cell lines (Fig. 3A). This assay showed that the number of
apoptotic cells increased in 2 Gy irradiated cells 24 h after being
treated with the H1R agonist in MDA-MB-231 cells and the
H4R agonist in MCF-7 cells (Fig. 3A). Accordingly, these results
were confirmed by evaluating the apoptotic cells by Annexin-V
staining (Fig. 3B).

We have previously reported the ability of histamine and H4R
agonists to induce cell senescence of tumoral cells.14,17 Coinci-
dently, histamine treatment significantly enhanced the number
of senescent cells in irradiated and non-irradiated cells compared
to the untreated ones (Fig. 3C). This effect was mimicked by the
H1R agonist in MDA-MB-231 cells and the H4R agonist in
MCF-7 cells (Fig. 3C).

Histamine modulates antioxidant enzymes’ activity
and ROS levels

The level of intracellular ROS was determined immediately
after irradiation by flow cytometry.11 Histamine and the H1R ago-
nist increased ROS levels in irradiated and non-irradiated cells
(Fig. 4A). This outcome is consistent with the reduction of the
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activity of catalase, GPx and SOD in
irradiated and non-irradiated MDA-
MB-231 cells (Fig. 5A, B, C). The
decreased SOD activity was associated
with a down regulation of CuZnSOD
expression levels. However, non-signifi-
cant modification of catalase and GPx
protein expression was observed
(Fig. 5D). Catalase and GPx activities
were not significantly modified in
untreated MDA-MB-231 cells after
irradiation (Fig. 5A, B), while irradia-
tion induced a reduction of SOD activ-
ity (Fig. 5C).

On the other hand, no modification
was observed in the levels of ROS
(Fig. 4B) and the activity and expression
of catalase in the MCF-7 cells (Fig. 5A,
D), while decreased activities of GPx
and SOD were seen in treated and/or
irradiated MCF-7 cells (Fig. 5B, C).
The lower activity of SOD was related
to a down regulation of the CuZnSOD
enzyme expression after treatment with
clobenpropit or irradiation (Fig. 5D).

We also examined the Lcn-2
expression by western blot. Lcn-2 protein expression was
detected only in MDA-MB-231 cells. Irradiation up-regulated
Lcn-2 protein expression and histamine and H1R agonist
increased Lcn-2 protein expression in non-irradiated and also
in irradiated MDA-MB-231 cells (Fig. 4C).

Histamine enhances radiation-induced DNA damage
We evaluated the formation of 8-OHdG as a marker of DNA

oxidative damage by immunocytochemistry. Histamine signifi-
cantly increased 8-OHdG production in non-irradiated MDA-
MB-231 cells. Also histamine and H1R agonist enhanced radia-
tion-induced 8-OHdG formation (Fig. 6A). Similarly, histamine
and the H4R agonist intensified radiation-induced 8-OHdG for-
mation in MCF-7 cells (Fig. 6B).

gH2AX was further investigated as a marker of DNA double-
strand breaks. Radiation resulted in a significant increase in the
number of gH2AX foci, compared with untreated control cells,
and histamine receptor ligands significantly enhanced radiation-
induced formation of gH2AX foci in MDA-MB-231 and MCF-
7 cells (Fig. 6C, D, E, F) at 20 min. Results were also confirmed
by flow cytometric analysis (data not shown).

Ionizing radiation induced expression of p53 and histamine
receptor agonists enhanced this further in MCF-7 cells while p53
levels were not significantly modified in MDA-MB-231 cells
(Fig. 6G, H).

Histamine potentiates radiation effect on the MDA-MB-231
xenograft tumor

We further explored the effect of histamine in combination
with radiation in vivo on the growth of triple negative breast

tumors induced in nude mice with MDA-MB-231 cells. The
results showed that histamine injected sc from 1 day before irra-
diation until the end of the experiment, potentiated radiation-
induced anti-tumoral effect. Radiation administered as 3 doses of
2 Gy in consecutive days showed only a modest non-significant
reduction of tumor size. On the other hand, histamine treatment
significantly reduced size and increased exponential doubling
time of irradiated tumors (Fig. 7A, B, C). The histological analy-
sis demonstrated that irradiation enhanced neovascularization
with focal areas of extracellular matrix on the tumors of untreated
animals. The tumors of the histamine 2 Gy group displayed
reduced cellularity and large bands of extracellular matrix separat-
ing tumor tissue (Fig. 7D).

Discussion

Radiotherapy represents one of the cornerstones in the treat-
ment of patients with breast cancer. Radiation reduces local
recurrence rates and enhances survival in patients with early-stage
cancer after breast-conserving surgery and in node-positive
patients with mastectomy. However, it is associated with side
effects including an increased risk of cardiovascular disease.18,19

Finding agents that sensitize malignant cells to radiation would
therefore increase tumor response allowing to minimize toxicity
to surrounding organs by lowering effective therapeutic doses.
Numerous conventional chemotherapeutics are known to sensi-
tize cells to the effects of radiation. However, when combined
with radiation, these agents also enhance toxicity to normal
tissue.4

Figure 1. Effect of histamine on the radiosensitivity of breast cancer cells. (A) MDA-MB-231 and (B)
MCF-7 cells were cultured in presence or absence of histamine (HA), H1R Agonist (3F-MPHA), H4R Ago-
nist (Clobenpropit) and/or H1R antagonist (Mepyramine), or H4R antagonist (JNJ7777120, JNJ77) and
clonogenic survival was determined. Radiobiological parameters (SF 2Gy: fraction of surviving cells
after exposure to 2 Gy dose; Dose 0.01: dose that reduces survival to 1%; Dose 0.10: dose that reduces
survival to 10%) for (C) MDA-MB-231 and (D) MCF-7 cells were obtained from the survival curves
adjusted to the linear quadratic model [SF D e¡(aDCbD2)]. Values are means § SEM of 3 independent
experiments performed in triplicates. (ANOVA and Newman-Keuls post test, *P < 0.05; **P < 0.01 vs.
Control. #P< 0.05; ##P < 0.01 vs. Histamine).
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Histamine was safely used in different experimental models as
a radioprotective agent.5-8 Furthermore, we have previously
shown that histamine augments the radiosensitivity of the human
breast cancer cell line MDA-MB-231 but that it has no effect on
the radiosensitivity of the non-tumorigenic HBL-100 cells.11

Therefore, we aimed to elucidate the mechanisms involved in his-
tamine effect by exploring the role of this amine and its receptor
agonists on the radiosensitivity of 2 breast cancer cell lines.

Our study provided evidence that histamine acts as a radiosen-
sitizer of these 2 human breast cancer cell lines. This effect was
exerted via the H1R in MDA-MB-231 cells and via the H4R in
MCF-7 cells. In agreement with these results, a 2 Gy single dose
of ionizing radiation produces a decrease in cell proliferation, an
effect that was intensified when cells were treated with histamine
or H1R agonist and histamine or H4R agonist in MDA-MB-231
and MCF-7 cells, respectively. Also, the radiation-induced
growth suppression was associated with cell cycle arrest.

In order to investigate the mechanisms involved in histamine-
induced radiosensitization, we evaluated whether histamine could

modulate proliferation-associated processes such as cell apoptosis
and senescence. Both seem to be involved in the molecular mech-
anism of radiosensitivity in cancer cells.20 Breast tumor cells are
relatively refractory to apoptosis in response to conventional ther-
apies such as ionizing radiation.21 Therefore, promotion of apo-
ptosis is thought to be critical for the effectiveness of
radiotherapy.

Results demonstrated that the combined treatment of hista-
mine receptor ligands and ionizing radiation leads to enhanced
apoptosis in both cell lines, an effect that can contribute to the
increased radiosensitivity observed. In this regard, other radiosen-
sitizers produced their action by increasing apoptosis of breast
cancer cells.22

Accumulating evidence suggests that apoptosis may not be the
exclusive or even the primary mechanism whereby tumor cells
lose their self-renewal capacity after radiation, particularly in the
case of solid tumors.20 Loss of reproductive capacity of the tumor
cell in response to radiation can occur through alternative path-
ways, including a terminally arrested state similar to replicative

Figure 2. Effect of radiation and/or histamine on cell proliferation and cell cycle distribution. (A,B) MDA-MB-231 and (C,D) MCF-7 cells were cul-
tured in presence or absence of histamine (HA), 3F-MPHA, clobenpropit (Clob) or were left untreated (Control, C), and were irradiated 24 h after treat-
ment. (A,C) The incorporation of BrdU was determined as percentage of positive cells 24 h after irradiation (ANOVA and Newman-Keuls post test, **P <

0.01; ***P < 0.001 vs. Control; #P < 0.05; ###P < 0.001 vs. 2 Gy Control). (B,D) The percentage of cells in different phases of the cell cycle was monitored
as a function of time using flow cytometry. Results represent the mean value of 3 independent experiments. Insets show the data of untreated (control)
and histamine-treated and 24 h post-irradiated cells (HA 2 Gy). ANOVA and Newman-Keuls post test, ***P < 0.001 vs. Control (6 h post-irradiation); #P <
0.05; ###P < 0.001 vs. Control (24 h post-irradiation).
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senescence, which has been termed pre-
mature or accelerated senescence.20 Fur-
thermore, accelerated senescence
appears to mediate the impact of ioniz-
ing radiation on self renewal capacity,
having shown a close correspondence
between the extent of radiation-induced
senescence and radiation sensitivity.22,23

Ionizing radiation significantly aug-
mented the number of senescent cells
compared with the non-irradiated con-
trol cells. Our results show that hista-
mine and the H1R agonist in MDA-
MB-231 cells and the H4R agonist in
MCF-7 cells have the ability to enhance
the number of senescent cells not only
in irradiated but also in non-irradiated
cells.

Together, these data demonstrate the
effect of histamine in combination with
radiation, which was effective in activat-
ing cell apoptosis and senescence, pro-
viding a potential mechanism of
histamine-mediated radiosensitization
of breast cancer cells with different
malignant characteristics.

Radiation-induced damage is intro-
duced into genome, the most sensitive
target, by either a direct action or indi-
rectly via formation of ROS. The latter
mechanism, which accounts for about
75% of radiation-induced damage by
photons, originates a pro-oxidant state
which contributes to cell radiation
injury and can activate apoptosis.4,24

Furthermore, there is a large body of
experimental evidence showing that a
rise in the intracellular ROS contributes
to cell senescence and may influence the
overall tumor response to anticancer
therapy.25,26 The net intracellular con-
centration of ROS is the result of their
production and the ability of antioxi-
dants to remove them. Therefore, in
order to investigate whether histamine-
induced increase in cell apoptosis and
senescence was associated with a modulation of ROS levels, we
further examined ROS levels and the activity of some metaboliz-
ing antioxidant enzymes.

As previously shown, histamine produces a significant
increase in ROS levels in MDA-MB-231 cells,11 an effect that
was mimicked by the H1R agonist. This effect can be related
with a down modulation of catalase, GPx and SOD activities in
this cell line. This is in agreement with previous studies that
showed that histamine modulates antioxidant enzymes activity
in WM35 melanoma cells.17 In line with our results, recent

data support that increasing the cellular levels of ROS by using
hydrogen-peroxide-generating drugs may be an efficient way of
killing cancer cells.27

Lcn-2 is a member of the lipocalin superfamily, with diverse
functions, including the induction of apoptosis, and is abnor-
mally expressed in some malignant human cancers.28-30 Previous
studies indicated that the expression of Lcn-2 is induced under
harmful conditions, where production of free radicals has been
reported, and that it could be a useful biomarker for the detection
of oxidative stress.31

Figure 3. Role of radiation and/or histamine in cell apoptosis and senescence. (A,B,C) MDA-MB-
231 and MCF-7 cells were cultured in presence or absence of histamine (HA), 3F-MPHA, clobenpropit
(Clob) or were left untreated (Control, C), and were irradiated 24 h after treatment. Percentage of apo-
ptotic cells was determined 24 h after irradiation by the (A) TUNEL assay and (B) Annexin-V staining
and flow cytometry (ANOVA and Newman-Keuls post test, *P < 0.05; **P < 0.01; ***P < 0.001 vs. Con-
trol; #P < 0.05; ###P < 0.001 vs. 2 Gy Control). (C) Percentage of senescent cells was determined 24 h
after irradiation. (ANOVA and Newman-Keuls post test, **P < 0.01; ***P < 0.001 vs. Control; #P < 0.05;
###P < 0.001 vs. 2 Gy Control). Results are means § SEM of 3 independent experiments.
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Results show that histamine and H1R agonist increased apo-
ptosis and ROS levels while upregulated Lcn-2 expression in
non-irradiated and irradiated MDA-MB-231 cells. Similar
results were observed in HepG2 cells in which ionizing radiation
exposure and H2O2 treatment induced Lcn-2 expression.31

Interestingly, we were not able to show a significant modula-
tion of ROS levels or catalase activity by ionizing radiation or his-
tamine treatment in MCF-7 cells in the same experimental
conditions. However, a significant reduction of GPx and SOD
activities was observed in irradiated and non-irradiated MCF-7
cells that were treated with histamine receptor ligands. Appar-
ently, the modulation of these enzymatic activities is not enough
to produce an imbalance on ROS levels in MCF-7 cells. Further-
more, Lcn-2 was not detected at the protein level while was
barely detected at the mRNA level (data not shown). These
results are consistent with other studies, which showed that
MDA-MB-231 cells express markedly higher Lcn-2 levels com-
pared to MCF-7 cells.30

DNA is the principal target for the biological effects of radia-
tion, being the double-strand breaks the most relevant lesions
that lead to biological insults, including cell killing.4 Phosphory-
lation of histone H2AX (gH2AX) occurs rapidly in response to
the presence of DNA double-strand breaks and thus, the analysis
of gH2AX has the potential to provide useful information on
tumor and normal cell response to ionizing radiation after expo-
sure to clinically relevant doses of radiation.32

The number of gH2AX foci per
nucleus in MCF-7 and MDA-MB-231
cells increased upon ionizing radiation
exposure, an effect that was enhanced by
the combined treatment with histamine
receptor ligands. After radiation exposure,
the number of gH2AX foci reaches a
peak at around 30 min and then dimin-
ishes after the repair of DNA double-
strand breaks as it was previously
described.33

Oxidative damage from ROS includ-
ing free radicals has been considered to
play a vital role in ionizing radiation-
induced biological effects. 8-OHdG is a
major type of oxidative DNA damage,
and is widely used as a marker of oxida-
tive stress.34 Therefore, formation of 8-
OHdG was further investigated. Results
demonstrate that histamine receptor
ligands significantly increased 8-OHdG
formation in both breast cancer cells.
Therefore, these compounds enhance
radiation-induced genotoxic activity evi-
denced by an enhanced number of
gH2AX foci and also an increased 8-
OHdG formation. p53 is a well-studied
nuclear transcription factor that accumu-
lates in response to cellular stress, includ-
ing DNA damage, and is involved in

processes such as cell cycle arrest, senescence and apoptosis.35

Histamine and clobenpropit increased radiation-induced p53
expression in p53 wild-type MCF-7 cells while p53 levels were
not modified in the p53 mutated MDA-MB-231 cells. It is inter-
esting to point out that constitutive gH2AX expression is higher
in the triple negative and p53 mutated MDA-MB-231 breast
cancer cells compared to MCF-7 cells, as it has been previously
demonstrated.36

Results have shown that these agents produced a radiosensitiz-
ing action involving enhanced radiation-induced DNA damage,
apoptosis and senescence in both human estrogen-dependent and
p53 wild-type MCF-7 cells and estrogen-independent and p53
mutant MDA-MB-231 cells. Furthermore, in MDA-MB-231
cells these effects correlated with the increased intracellular ROS
and inhibition of antioxidant enzymes activity, decreasing antiox-
idant defense. We hypothesize that the different phenotypical
characteristics and differential growth factor requirements could
be involved in the dissimilarities observed between MDA-MB-
231 and MCF-7 cells.

Histamine dihydrochloride is currently safely used in clinical
trials as an adjuvant for the potential treatment of different can-
cers, exhibiting no unexpected or irreversible side effects,37 and
therefore could be an attractive candidate to be used as adjuvant
for breast cancer radiotherapy.

Radiotherapy is a locoregional treatment of all invasive breast
cancers, including triple negative breast cancer, which accounts

Figure 4. Effect of radiation and/or histamine on ROS production. (A) MDA-MB-231 and (B) MCF-
7 cells were cultured in presence or absence of histamine (HA), 3F-MPHA, clobenpropit (Clob) or
were left untreated (Control, C), and were irradiated 24 h after treatment. Intracellular ROS levels
were determined immediately after irradiation by flow cytometry using DCFH-DA fluorescent probe.
Data represent the mean fluorescence intensity in percentage with respect to control values.
(ANOVA and Newman-Keuls post test, *P < 0.05; ***P < 0.001 vs. Control; ###P < 0.001 vs. 2 Gy
Control). Results are means § SEM of 5 independent experiments. (C, D) Lcn2 expression levels
were
evaluated by Western blot in MDA-MB-231 (C) and MCF-7 (D) cells. Lanes: 1, untreated cells; 2, hista-
mine-treated cells; 3, agonist-treated cells; 4, irradiated and untreated cells; 5, irradiated and hista-
mine-treated cells; 6, irradiated and agonist-treated cells; positive control (CC, pig kidney). Data are
representative of 2 independent experiments. b-actin was used as load control to normalize the
expression levels of Lcn2. Semi-quantitative analysis of band intensities for Lcn2 is shown.
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approximately for 15–20% of breast
cancers subtypes.38,39 It is associated
with high proliferative rates, early recur-
rence and poor survival rates. It is also
insensitive to widely used targeted thera-
pies, highlighting the need to develop
novel therapies and/or treatment strate-
gies to reduce the mortality associated
with this breast cancer subtype. In this
regard, we have recently reported that in
vivo H4R ligands’ administration pro-
duced a significant decrease in tumor
growth rate in a triple negative breast
cancer experimental model.16 Interest-
ingly, histamine was able to potentiate
in vivo the anti-tumoral effect of gamma
radiation, increasing the exponential tumor doubling time, sug-
gesting that histamine could also be investigated as a potential
adjuvant to cancer radiotherapy.

Based on the presented evidence, we conclude that hista-
mine through different receptor subtypes modulates radiosen-
sitivity of breast cancer cell lines, suggesting that it qualifies
as a promising radiosensitizer. Therefore, the combined use
of histamine and radiation could be an attractive strategy to
enhance the efficacy of radiotherapy for both estrogen-depen-
dent and estrogen-independent breast cancers. Prospective

clinical trials are warranted to confirm the selective and effec-
tive histamine-induced radio-potentiation of breast cancer
tumors.

Materials and Methods

Cell culture and treatments
The human breast cancer cell lines MDA-MB-231 and MCF-

7 (American Type Tissue Culture Collection, VA, USA) were

Figure 5. Role of radiation and/or hista-
mine in the expression and activity of
antioxidant enzymes. MDA-MB-231 and
MCF-7 cells were cultured in presence or
absence of histamine (HA), 3F-MPHA, clo-
benpropit (Clob) or were left untreated
(Control, C), and were irradiated 24 h after
treatment. (A) Catalase, (B) GPx and (C)
SOD activities were evaluated by spectro-
photometric techniques 6 h post-irradia-
tion. Data represent the mean in
percentage with respect to control values
(ANOVA and Newman-Keuls post test,
*P < 0.05; **P < 0.01; ***P < 0.001 vs. Con-
trol; #P < 0.05; ###P < 0.001 vs. 2 Gy Con-
trol). Values are means § SEM of 3
independent experiments. (D) Catalase,
GPx, CuZnSOD expression levels were eval-
uated by Western blot. MDA-MB-231 cells
lanes: 1, untreated cells; 2, histamine-
treated cells; 3, 3F-MPHA-treated cells; 4,
irradiated and untreated cells; 5, irradiated
and histamine-treated cells; 6, irradiated
and 3F-MPHA-treated cells. MCF-7 cells
lanes: 1, untreated cells; 2, histamine-
treated cells; 3, clobenpropit-treated cells;
4, irradiated and untreated cells; 5, irradi-
ated and histamine-treated cells; 6, irradi-
ated and clobenpropit-treated cells. Data
are representative of 3 independent experi-
ments. b-actin was used as load control to
normalize the expression levels of CuZn-
SOD. Semi-quantitative analysis of band
intensities for CuZnSOD is shown.
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cultured in RPMI 1640 supplemented
with 10% (v/v) fetal bovine serum
(FBS), 0.3 g¢L¡1 glutamine, and
0.04 g¢L¡1 gentamicin (Gibco BRL,
NY, USA). Cells were maintained at
37�C in a humidified atmosphere con-
taining 5% CO2. Histamine and recep-
tor ligands were used at 10 mmol¢L¡1

concentration according to what was
previously described.11,14,15

Radiation dose-response curves
For the radiosensitivity studies,

MCF-7 and MDA-MB-231 cells were
seeded in 6-well plates and were treated
with histamine (Fluka, MO, USA),
VUF8430 (Tocris Bioscience, MO,
USA), JNJ7777120 (H4R antagonists,
Johnson & Johnson Pharmaceutical
Research and Development, USA), clo-
benpropit (H3R antagonist and H4R
agonist), 2-(3-(trifluoromethyl)phenyl)
histamine (3F-MPHA, H1R agonist),
mepyramine (H1R antagonist) (Sigma
Chemical Co., MO, USA) or remained
untreated. The radiobiological parame-
ters (SF 2Gy: fraction of surviving cells
after exposure to 2 Gy dose; Dose 0.01:
dose that reduces survival to 1%; Dose
0.10: dose that reduces survival to 10%)
were calculated from the clonogenic sur-
vival curves as it was previously
described.11

Cell proliferation assay
Quantification of cellular DNA syn-

thesis was performed by BrdU (Sigma
Chemical Co., MO, USA) incorpo-
ration using the previously described
assay.15 Briefly, treatments were added
to cell cultures 24 h before irradiation
with a single dose of 2 Gy, and were
maintained up to 24 h after. After that,
BrdU (30 mmol¢L¡1) was added for
2 h. The cells were then washed twice
and fixed for 15 min in 4% (v/v) form-
aldehyde in PBS. To denature the DNA
into single-stranded molecules, cells
were incubated with 3 N HCl, 1% Tri-
ton X-100 (v/v) in PBS for 15 min at
room temperature. Cells were washed in
1 ml of 0.1 mol¢L¡1 Na2B4O7 (Sigma
Chemical Co., USA), 1% (v/v) Triton
X-100 in PBS, pH 8.5. After inactivat-
ing the endogenous peroxidase activity
with 3% (v/v) H2O2 in distilled water

Figure 6. Effect of histamine on radiation-induced DNA damage. (A,C,E,G) MDA-MB-231 and (B,D,F,H)
MCF-7 cells were cultured in presence or absence of histamine (HA), 3F-MPHA, clobenpropit (Clob) or
were left untreated (Control, C), and were irradiated 24 h after treatment. (A,B) Oxidative DNA damage
was evaluated as percentage of nuclear 8-OHdG positive cells 6 h after irradiation. (C,D,E,F) DNA double-
strand breaks were evidenced by gH2AX foci formation. (C,D) The average number of foci per cell was
determined 20 min after irradiation. Values are means § SEM of 3 independent experiments (ANOVA
and Newman-Keuls post test, *P < 0.05; **P < 0.01; ***P < 0.001 vs. Control; #P < 0.05; ##P < 0.01;
###P < 0.001 vs. 2 Gy Control). (E,F) Representative pictures are shown (630£ magnification. Scale bar
D 20 mm). (G, H) p53 expression levels were evaluated by Western blot in MDA-MB-231 (G) and MCF-7
(H) cells. Lanes: 1, untreated cells; 2, histamine-treated cells; 3, agonist-treated cells; 4, irradiated and
untreated cells; 5, irradiated and histamine-treated cells; 6, irradiated and agonist-treated cells. Data are
representative of 2 independent experiments. b-actin was used as load control to normalize the expres-
sion levels of p53. Semi-quantitative analysis of band intensities for p53 is shown.
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and blocking with 5% (v/v) FBS in
PBS, cells were then incubated with
anti-BrdU mouse monoclonal antibody
diluted 1:100 in 1% BSA (w/v) in PBS
(Sigma Chemical Co., USA) and 1:100
horseradish peroxidase-conjugated anti-
mouse IgG and visualized by diamino-
benzidine staining (Sigma Chemical
Co., St. Louis, MO, USA). Light
microscopy was performed on an Axio-
lab Karl Zeiss microscope (G€ottingen,
Germany). Photographs were taken at
630£ magnifications using a Canon
PowerShot G5 camera (Tokyo, Japan).
At least 500 cells were scored for each
determination.

Cell cycle analysis
Cells were plated, cultured for 24 h

and serum-starved for an additional
24 h. Treatments were added to syn-
chronized cell cultures 24 h before irra-
diation with a single dose of 2 Gy, and
were maintained up to 24 h after. Cells
were harvested at indicated time points
by trypsinization, fixed with ice-cold
methanol, centrifuged and resuspended
in 0.5 ml of propidium iodide (PI)
staining solution (50 mg¢mL¡1 in PBS
containing 0.2 mg¢mL¡1 of DNase-free
RNase A; Sigma Chemical Co., MO,
USA). After incubation for 30 min at
37�C, samples were evaluated by flow
cytometry. Cell cycle distribution was
analyzed using Cylchred version 1.0.2
software (Cardiff University, UK).

Western blot analysis
Samples were processed and protein gel blot analysis was per-

formed as previously described.11,15 The primary antibodies were
diluted as follows: mouse anti-catalase, mouse anti-b-actin, goat
anti-glutathione peroxidase (GPx) (1:1,000, Sigma Chemical
Co. MO, USA), sheep anti-copper-zinc-containing superoxide
dismutase (1:1,000, CuZnSOD; Calbiochem, San Diego, CA,
USA), mouse anti-P53 (1:500, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and rabbit anti-lipocalin 2 (1:500, Lcn2, Milli-
pore, Temecula, CA, USA). Immunoreactivity was detected by
using horseradish peroxidase-conjugated anti-mouse, anti-sheep,
anti-goat, anti-rabbit as appropriate (Sigma), and visualized by
enhanced chemiluminescence (Amersham Biosciences, Arlington
Heights, IL, USA). Densitometric analyses were performed using
the software ImageJ 1.32J (NIH, Bethesda, MD, USA).

Senescence-associated b-galactosidase staining
Senescence-associated b-galactosidase-positive cells were

detected using the method described by Dimri et al.40 and also

previously by us.17 In brief, cells were treated and irradiated 24 h
later and maintained up to 24 h. Cells were then fixed and incu-
bated at 37�C for 6 h with 1 mg¢mL¡1 of 5-bromo-4-chloro-
indolyl-b-galactoside (USB Corp., Cleveland, OH, USA) in an
appropriate buffer. The percentage of b-galactosidase-positive
cells was assessed under light microscopy (Axiolab Karl Zeiss,
G€ottingen, Germany). All photographs were taken at 630£ mag-
nification using a Canon PowerShot G5 camera (Tokyo, Japan).

Determination of apoptosis
Cells were treated and irradiated 24 h later and maintained up

to 24 h. Apoptotic cells were determined by TdT-mediated
UTP-biotin Nick End labeling (TUNEL) assay according to the
manufacturer’s instructions (CHEMICON International, CA,
USA). Cells were visualized using Axiolab Karl Zeiss microscope
(G€ottingen, Germany).

Phosphatidylserine exposure on the surface of apoptotic cells
was detected by flow cytometry after staining with Annexin V-
FITC (BD biosciences, USA), and PI (50 mg¢mL¡1). Data were

Figure 7. Combined effect of radiation and histamine on the triple-negative breast tumor
induced in nude mice. (A) Evaluation of relative tumor volume in untreated, untreated and 2 Gy irra-
diated and histamine-treated and 2 Gy irradiated animals. Tumor volumes were measured by day and
a non-linear regression fit was performed to evaluate the exponential growth (*P< 0.05 vs. Untreated;
#P < 0.05 vs. Untreated 2 Gy; T-test). (B) Comparison of tumor size at the end of the experimental
period. Data are shown as means § SEM of 2 independent experiments. (*P < 0.05 vs. Untreated; #P
< 0.05 vs. Untreated 2 Gy; T-test). (C) Median tumor doubling time of each group is depicted numeri-
cally (**P < 0.01 vs. Untreated; #P < 0.05 vs. Untreated 2 Gy; ANOVA and Newman–Keuls Multiple
Comparison Test). (D) Representative H&E stained images of paraffin-embedded tumor specimens.
630£ original magnification. Scale bar D 20 mm.
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analyzed using WinMDI 2.8 software (Scripps Institute, CA,
USA).

Measurement of intracellular ROS production
Cells untreated or treated with histamine or its receptor

ligands and irradiated or not with a 2 Gy dose were incubated
with 5 mmol¢L¡1 dichlorodihydrofluorescein diacetate
(DCFH2-DA), a ROS sensitive fluorescent probe (Sigma Chem-
ical Co., MO, USA) for 30 min at 37�C. Cells were then
washed, detached by trypsinazation, and suspended in PBS. Lev-
els of intracellular ROS were measured immediately by flow
cytometry on a FACSCalibur flow cytometer (Becton Dickinson,
CA, USA), and data analysis was performed using WinMDI 2.8
software (Scripps Institute, CA, USA).

Measurement of antioxidant enzymes activity
Cells treated or untreated, irradiated or not with a 2 Gy dose

were washed, scraped and collected in phosphate buffer
(50 mmol¢L¡1 KH2PO4/K2HPO4, pH 7.8). This was followed
by sonic disruption and the suspensions were centrifuged at
10,000 g for 10 minutes at 4�C. Protein concentration was
determined by Bradford assay.41

Catalase activity was measured spectrophotometrically by
monitoring the disappearance of hydrogen peroxide at 240 nm,
as previously described.17,42

GPx activity was examined indirectly by spectrophotometri-
cally monitoring the oxidation of NADPH at 340 nm as previ-
ously described by Floh�e and Gunzler.43 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 (e D
6.22 mmol¢L¡1¢cm¡1).42,43

Superoxide dismutase (SOD) activity was assayed by inhibi-
tion of adrenochrome formation rate at 480 nm. One unit in the
SOD assay is determined as the amount of enzymatic protein
required to inhibit 50% epinephrine auto-oxidation.44

Immunocytochemistry
Cells were seeded on coverslips in 12-well plates and allowed

to grow overnight. Cells were treated and irradiated 24 h after
with a single dose of 2 Gy and were then fixed with methanol at
¡20�C for 10 min followed by washing with PBS. Fixed cells
were treated with RNase (100 mg¢mL¡1) for 1 h at 37�C and
proteinase K (10 mg¢mL¡1) (Sigma Chemical Co., MO, USA)
for 10 min at room temperature. After rinsing with PBS, DNA
was denatured by treatment with 4 nmol¢L¡1 HCl for 10 min
followed by pH adjustment with 50 mmol¢L¡1 Tris (pH 10) for
5 min at room temperature. After blocking in 5% (w/v) BSA,
cells were incubated overnight at 4�C in a humidified chamber
with goat anti-8-hydroxy-20-deoxyguanosine antibody (8-
OHdG, 1:100, Millipore, Temecula, CA, USA). Cells were
washed with PBS and incubated for 2 h with 1:400 fluorescein
isothiocyanate (FITC)-conjugated anti-goat Immunoglobuline
G (IgG) and 40-6-diamidino-2-phenylindole at room tempera-
ture (Dapi, Sigma Chemical Co., MO, USA). Coverslips were
mounted with FluorSaveTM Reagent (Calbiochem, USA) and

fluorescence was observed under Axiolab Karl Zeiss microscope
(G€ottingen, Germany).

Immunofluorescent gH2AX staining
Cells were seeded on coverslips in 12-well plates and allowed

to grow overnight. Cells were treated and irradiated 24 h after
with a single dose of 2 Gy. Cells were washed and fixed with 4%
(v/v) paraformaldehyde at 0 or 20 min after irradiation. After
blocking in 10% normal blocking serum at room temperature
for 10 min, slides were incubated with rabbit anti-phosphorilated
histone H2AX antibody (gH2AX, Cell Signaling Technology,
Beverly, MA) at 48C overnight and then incubated with goat
anti-rabbit IgG conjugated with FITC and Dapi at room temper-
ature (Sigma Chemical Co., MO, USA). Coverslips were
mounted with FluorSaveTM Reagent (Calbiochem, USA) and
fluorescence was observed under Axiolab Karl Zeiss microscope
(G€ottingen, Germany). For quantification of foci, a minimum of
100 cells were analyzed for each time point.

Animals and treatments
Histamine was diluted in saline solution. Specific pathogen-

free athymic female nude (NIH nu/nu) mice were purchased
from the Division of Laboratory Animal Production, School of
Veterinary Sciences, University of La Plata, Buenos Aires (Argen-
tina), and maintained in sterile isolated conditions. Mice were
kept 3 per cage and maintained in our animal health care facility
at 22 to 24�C and 50% to 60% humidity on a 12 h light/dark
cycle with food and water available ad libitum. Animals with an
age of 8–10 weeks and an average weight of 25–30 g were used.
Animal procedures were in accordance with recommendations
from the Guide for the Care and Use of Laboratory Animals of
the National Research Council, USA, 1996, and protocols were
approved by the Ethical Committee for the Use and Care of Lab-
oratory Animals of the School of Pharmacy and Biochemistry.
Tumors of MDA-MB-231 cells were developed as previously
described.16 When the tumor volumes reached 8 mm in diame-
ter (on day 22 after surgery) xenografted mice were separated
into 3 groups, the Untreated group received a subcutaneous (sc)
daily injection of saline solution (n D 6), Untreated 2 Gy group
received a sc daily injection of saline solution (untreated and irra-
diated animals, n D 6) or Histamine 2 Gy group received a sc
daily injection of histamine 5 mg/kg (treated and irradiated, n D
6). One day after treatment began, animals were irradiated with a
2 Gy dose per day for 3 consecutive days. Mice were anesthetized
with a combination of xylazine (10 mg/kg) and ketamine
(100 mg/kg) and fixed on an acryl plate. Xenografts were locally
irradiated with a 60Co g-radiation source (Teradi 800; Hospital
Municipal de Oncolog�ıa “Marie Curie”), while other body parts
were protected with lead blocks.

The length and width of the tumors were measured using a
caliper 3 times a week. The tumor size was calculated as sphere
volume according to the following formula: Tumor volume
[mm3] D 4/3p £ [(large diameter C small diameter)/4]3. Tumor
growth data analysis was carried out using GraphPad Prism ver-
sion 5.00. Animals were euthanized by cervical dislocation
40 days after surgery to perform the ex vivo histological studies.
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Histopathological studies
Tumors were excised, fixed with 10% (v/v) neutral buffered for-

malin, paraffin embedded and cut into 4 mm thick serial sections.
Tumor morphology and histopathological characteristics were
examined on tissue sections after hematoxylin-eosin staining. Light
microscopy was performed on an Axiolab Karl Zeiss microscope
(G€ottingen, Germany). Photographs were taken at 630£ magnifi-
cations using a Canon PowerShot G5 camera (Tokyo, Japan).

Statistical analysis
Results are presented as means with standard error of mean

(SEM). Statistical evaluations were made by analysis of variance
(ANOVA), which was followed by Newman-Keuls multiple
comparison test or by Student’s t-test. All statistical analyses were
performed with GraphPad Prism version 5.00 software (San
Diego, CA, USA).
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