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CONTROL: cancerized, no-treatment. BNCT induced severe 
mucositis, with an incidence that was slightly higher than in 
“B1” experiments (86 vs 67%, respectively). BO induced 
low/moderate mucositis. Histamine slightly reduced the 
incidence of severe mucositis induced by BPA-BNCT (75 
vs 86%) and prevented mucositis altogether in BO animals. 
Tumor overall response was significantly higher in BNCT 
(94–96%) than in control (16%) and BO groups (9–38%), 
and did not differ significantly from the “B1” results (91%). 
Histamine did not compromise BNCT therapeutic efficacy. 
BNCT radiotoxicity and therapeutic effect at the B1 and B2 
configurations of RA-6 were consistent. Histamine slightly 
reduced mucositis in precancerous tissue even in this overly 
aggressive oral cancer model, without compromising tumor 
control.

Keywords Boron neutron capture therapy (BNCT) · 
RA-6 configuration · Hamster cheek pouch oral cancer 
model · Histamine · Mucositis · Precancerous tissue

Introduction

Boron neutron capture therapy (BNCT) is a binary treatment 
that combines the administration of boron carriers that are 
taken up preferentially by neoplastic tissue and irradiation 
with a thermal/epithermal neutron beam. The high-linear 
energy transfer (LET) α particles and recoiling lithium-7 
(7Li) nuclei emitted during the capture of a thermal neu-
tron by a boron-10 (10B) nucleus have a high relative bio-
logical effectiveness. Their short range in tissue (6–10 μm) 
would limit the damage largely to cells containing 10B. In 
this way, BNCT would target neoplastic tissue selectively, 
sparing normal tissue (Coderre and Morris 1999; Trivillin 
et al. 2006). As BNCT is based on biological rather than 

Abstract Boron neutron capture therapy (BNCT) is based 
on selective accumulation of B-10 carriers in tumor followed 
by neutron irradiation. We demonstrated, in 2001, the thera-
peutic effect of BNCT mediated by BPA (boronophenyla-
lanine) in the hamster cheek pouch model of oral cancer, 
at the RA-6 nuclear reactor. Between 2007 and 2011, the 
RA-6 was upgraded, leading to an improvement in the per-
formance of the BNCT beam (B2 configuration). Our aim 
was to evaluate BPA-BNCT radiotoxicity and tumor control 
in the hamster cheek pouch model of oral cancer at the new 
“B2” configuration. We also evaluated, for the first time in 
the oral cancer model, the radioprotective effect of histamine 
against mucositis in precancerous tissue as the dose-limiting 
tissue. Cancerized pouches were exposed to: BPA-BNCT; 
BPA-BNCT + histamine; BO: Beam only; BO + histamine; 
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geometric targeting, it would be suited to treat undetect-
able micrometastases and diffuse, invasive tumors (Zonta 
et al. 2006; Pozzi et al. 2012; Andoh et al. 2015) and foci 
of malignant transformation in field-cancerized tissue (e.g., 
Monti Hughes et al. 2013).

Squamous Cell Carcinoma of the Head and Neck 
(SCCHN) is the sixth most common cancer worldwide; 
approximately, 600,000 new cases are diagnosed per year 
worldwide (Globocan, WHO, 2012, http://globocan.iarc.
fr/Default.aspx). SCCHN generally begins in the mucosal 
surfaces of the head and neck. The most frequent tumor sites 
of SCCHN are the larynx, the pharynx, and the oral cavity. 
Despite multimodal treatment, including surgery, radiother-
apy, chemotherapy, or some combination thereof, 40–60% 
of the patients with locally advanced SCCHN will relapse 
(Machiels et al. 2014). The prognosis of squamous cell car-
cinoma patients is adversely influenced by the development 
of new tumors, which may arise as a recurrence of an incom-
pletely resected index tumor or may be a second field tumor 
(SFT) or a second primary tumor (SPT) that has arisen on 
a genetically altered premalignant field (Sabharwal et al. 
2014). Further treatment intensification with these classic 
treatment modalities is almost impossible since the maximal 
tolerable toxicity is reached, limiting further improvement 
in treatment (Machiels et al. 2014). This poses the need for 
more effective and selective therapies. Studies in appropri-
ate experimental models are pivotal to progress in this field.

The hamster cheek pouch model of oral cancer was pre-
viously proposed by our group for experimental BNCT 
studies (Kreimann et al. 2001a, b), and preceded the first 
clinical trial of BNCT for head and neck malignancies (Kato 
et al. 2004). Hamster cheek pouch carcinogenesis protocols 
induce premalignant and malignant changes that closely 
resemble spontaneous human oral mucosa lesions (Krei-
mann et al. 2001a; Vairaktaris et al. 2008; Heber et al. 2010; 
Monti Hughes et al. 2015a). The hamster cheek pouch oral 
cancer model is a widely accepted model of oral cancer that 
mimics the spontaneous process of malignant transformation 
in the human oral mucosa (Kreimann et al. 2001a; Vairak-
taris et al. 2008; Chen and Lin 2010; Supsavhad et al. 2016).

Our tumor control studies (e.g., Molinari et al. 2011) 
were performed employing the classical carcinogen-
esis protocol that involves topical application of DMBA 
(7,12-dimethylbenz[a]anthracene) in the hamster cheek 
pouch twice a week for 12 weeks. This carcinogenesis 
protocol induces a very aggressive and hypersensitive pre-
cancerous tissue that gives rise in turn to multiple tumors 
surrounded by precancerous tissue, allowing short-term 
follow-up (1 month). This model is mainly used to study 
the therapeutic effect of BNCT on tumors. Despite the suc-
cess of the BNCT protocols employed in these studies to 
treat tumors, the inhibition of tumor development in pre-
cancerous tissue remained an unresolved challenge. This 

aggressive model precludes the long-term follow-up (Monti 
Hughes et al. 2015a) needed to evaluate the inhibitory effect 
of BNCT on tumor development from precancerous tissue. 
Therefore, we developed a model of oral precancer in the 
hamster cheek pouch that can be used for longer-term studies 
(8 months follow-up) (Heber et al. 2010) and that involves 
topical application of DMBA, twice a week, for 6 weeks. 
Being less aggressive, this model mimics human oral car-
cinogenesis more closely than the classical carcinogenesis 
protocol (Monti Hughes et al. 2015a). Long-term follow-
up is favored as it reduces the number of applications of 
DMBA, which is known to cause liver disorders, such as 
enhanced oxidation of lipids and proteins, and results in 
compromised antioxidant defenses (Letchoumy et al. 2006), 
contributing to animal decline.

The hamster cheek pouch is also a widely accepted model 
of oral mucositis (OM) (Bowen et al. 2011). OM is the pain-
ful inflammation and ulceration of the mucous membranes 
lining the oral cavity, and is usually an adverse effect of 
cancer treatment (Koohi-Hosseinabadi et al. 2015). In a 
clinical scenario, confluent oral mucositis is a frequent, 
dose-limiting side effect during conventional radiotherapy 
(Jensen and Peterson 2014) and is a consideration in BNCT 
for advanced head and neck cancers (Kankaanranta et al. 
2012; Wang et al. 2014). Oral mucositis could also be con-
sidered an enhancer of tumorigenesis (Perez et al. 2005; 
Monti Hughes et al. 2013). Nowadays, it continues to repre-
sent an important unmet medical need in oncology practice, 
affecting patients’ quality of life (Jensen and Peterson 2014).

In 2001, we reported significant tumor control by BNCT 
mediated by BPA (boronophenylalanine) in the classical 
hamster cheek pouch model of oral cancer, at the RA-6 
nuclear reactor (Kreimann et al. 2001b). Next, we developed 
a model of oral precancer in hamster (as explained above) 
and demonstrated the inhibitory effect of BPA-BNCT at the 
RA-3 nuclear reactor on the development of new tumors 
from precancerous tissue, albeit associated with severe 
mucositis in precancerous tissue (Monti Hughes et al. 2013).

Administering a higher irradiation dose to tumor will 
conceivably lead to an improved therapeutic effect. To make 
this possible, the precancerous dose-limiting tissue should 
be protected from severe mucositis. The role of radioprotec-
tive compounds is of utmost importance in clinical radio-
therapy (Medina et al. 2011a). Histamine [2-(4-imidazolyl)-
ethylamine] is an important regulator of a range of (patho)
physiological conditions, acting through four histamine 
receptor subtypes (H1R, H2R, H3R, and H4R). In particu-
lar, H4R could be associated with inflammation and immune 
disorders (Medina et al. 2011a). Medina et al. (2011a, b) and 
Martinel Lamas et al. (2013) demonstrated that histamine 
prevented gamma radiation-induced toxicity in intestinal 
mucosa, bone marrow, and salivary glands of mice and rats. 
We then demonstrated that histamine (1 mg/kg in saline 
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solution, during 16 days) reduced the incidence of severe 
mucositis in this oral precancer model, without compromis-
ing the therapeutic effect of BPA-BNCT evaluated as the 
inhibitory effect on tumor development from precancerous 
tissue (Monti Hughes et al. 2015b). Subsequent studies dem-
onstrated that a similar total dose of histamine administered 
during 5 days (5 mg/kg per day) also reduced the incidence 
of BNCT-induced severe mucositis in precancerous tissue 
(Monti Hughes et al. 2016). All of these studies were per-
formed at the RA-3 nuclear reactor, in the hamster cheek 
pouch oral precancer model. Although histamine was able 
to protect precancerous tissue in the oral precancer model, 
the potential effect of histamine on BNCT-induced tumor 
control and associated mucositis in the more aggressive oral 
cancer model remained to be evaluated.

Between 2007 and 2011, the RA-6 nuclear reactor was 
not used for BNCT treatments. During that time period, the 
RA-6 core configuration, fuel enrichment and power level 
were upgraded. The performance of the BNCT beam was 
improved by enhancing positioning capabilities and field 
uniformity (B2 configuration) (Blaumann et al. 2008; Long-
hino and Blaumann 2010). All these modifications contrib-
ute to the restart of clinical and preclinical trials in Argen-
tina. However, new radiobiological studies were needed to 
evaluate potential changes in the therapeutic effect of BNCT 
on tumors and associated mucositis in the dose-limiting pre-
cancerous tissue at the new B2 configuration of the RA-6 vs 
the old B1 configuration (Kreimann et al. 2001b).

The aim of the present study was to evaluate the radio-
toxicity and tumor control of BPA-BNCT in the hamster 
cheek pouch model of oral cancer, at the “new” configura-
tion of RA-6 (B2 configuration). These data were compared 
to their counterparts at the “old” configuration (B1). Finally, 
we also evaluated for the first time the potential influence 
of histamine on the therapeutic effect of BNCT on tumors 
and its protective effect in precancerous tissue in the oral 
cancer model.

Materials and methods

Tumor induction and radiobiological studies

The right cheek pouches of non-inbred young Syrian ham-
sters were treated with a topical application of 0.5% DMBA 
in mineral oil, twice a week, for 12 weeks (Molinari et al. 
2011). The cancerized pouches were exposed to: (1) BPA-
BNCT; (2) BPA-BNCT + histamine; (3) Beam only (BO); 
(4) BO + histamine. CONTROL group consisted of can-
cerized animals with no treatment. For all BNCT groups, 
neutron fluence was the same as that used in BNCT stud-
ies performed by Kreimann et al. (2001b) at the RA-6 B1 
configuration: 1.1 × 1012 neutrons/cm2. The animals in the 
BO groups were exposed to the same neutron fluence as 
the BNCT groups to study the effect of background dose 
(Table 1). We also treated non-cancerized animals with 

Table 1  Irradiation conditions in Kreimann et al. (2001b) (“old” B1 configuration) and “new” B2 configuration (this study)

Protocols Tissue Boron concentration (Kreimann 
et al. 2001a) (ppm)

Irradiation time 
(min)

Total 
absorbed 
dose (Gy)

Cancerized animals
 BPA-BNCT
 B1 RA-6

Tumor 30 62 5.16 ± 0.27
Precancerous tissue 10 62 3.48 ± 0.13

 BPA-BNCT
 B2 RA-6 (n = 7 animals)

Tumor 30 43.2 5.86 ± 0.18
Precancerous tissue 10 43.2 4.22 ± 0.15

 BPA-BNCT + HISTAMINE
 B2 RA-6 (n = 8 animals)

Tumor 30 43.2 5.86 ± 0.18
Precancerous tissue 10 43.2 4.22 ± 0.15

 Beam only (BO)
 B1 RA-6

Tumor/precancerous tissue – 62 2.64 ± 0.10

 BO
 B2 RA-6 (n = 6 animals)

Tumor/precancerous tissue – 43.2 3.40 ± 0.15

 BO + HISTAMINE
 B2 RA-6 (n = 5 animals)

Tumor/precancerous tissue – 43.2 3.40 ± 0.15

Non-cancerized animals
 BPA-BNCT
 B1 RA-6

Normal tissue 10 62 3.48 ± 0.13

 BPA-BNCT
 B2 RA-6 (n = 5 animals)

Normal tissue 10 71.2 6.96 ± 0.25

 BPA-BNCT + HISTAMINE
 B2 RA-6 (n = 5 animals)

Normal tissue 10 71.2 6.96 ± 0.25
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BNCT and BNCT + histamine to assess the effect of BNCT 
on normal tissue. In this case, we doubled the dose pre-
scribed in Kreimann et al. (2001b), seeking to induce some 
degree of mucositis and evaluate the protective effect of his-
tamine in normal tissue (Table 1).

A global analysis of the background dose at the new B2 
configuration shows that the non-thermal neutron dose is 
35% lower than for B1 and the photon dose is 80% higher. 
These differences are described in more detail for each tissue 
in the Results section. The changes in the B2 configuration 
vs the B1 configuration reflect modifications in geometry 
and materials, expansion of the treatment room, inclusion 

of a protruding collimator and an increase in neutron flux 
at the irradiation position. The new B2 configuration corre-
sponds to a brand new source. The reactor’s core configura-
tion yields twice the power—up to 1 MW—with fewer fuel 
elements (Longhino et al. 2012; Santa Cruz et al. 2016). 
Figure 1a shows the RA-6 irradiation room, with the beam 
port with the external collimator and neutron reflector. The 
hamster’s body was positioned in the periphery of the “new” 
therapeutic beam B2 for protection by the external collima-
tor shielding (Fig. 1b). The everted pouch and, inevitably, 
part of the hamster’s head were placed in a semicircle on the 
holder, near the beam axis (Fig. 2a, b), employing a similar 

Fig. 1  a Irradiation room: 
beam port, external collima-
tor (EC) and reflector (R); b 
schematic representation of 
the external collimator of the 
BNCT B2 beam, at RA-6: ham-
sters (H) positioned at the beam 
port; neutron reflector (R); 
external collimator (EC)

Fig. 2  Irradiation setup for the 
hamster cheek pouch model at 
the new BNCT B2 beam of the 
RA-6 Nuclear Reactor: a, b the 
everted pouch and, inevitably 
part of the head, were placed in 
a semi-circle on the holder; c, d 
the animals were placed on the 
holder, exposed to the beam, 
with a neutron reflector immedi-
ately behind the hamsters´ heads
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configuration and shielding features as for previous irradia-
tions at B1 (Kreimann et al. 2001b; Santa Cruz et al. 2016). 
With this configuration, the pouches are not exposed to an 
important section of the beam. Thus, we added a neutron 
reflector immediately behind the hamster’s head (Fig. 2c, d). 
The reflector consists of Teflon (PTFE) and acrylic (PMMA) 
discs. In the B1 beam configuration (year 2001), the reflector 
discs were made of lead.

BPA was administered intravenously [iv, 15.5 mg 10B/kg 
body weight (b.w.)]. The animals were irradiated 3 h post-
injection. Boron concentration values in tumor, precancerous 
and normal tissue used herein for dose calculations were 
taken from Kreimann et al. (2001b) (Table 1). These values 
were similar to those reported in more recent biodistribution 
studies performed by Molinari et al. (2012). Irradiation con-
ditions for this study at the B2 configuration and for previous 
studies at the B1 configuration (Kreimann et al. 2001b) are 
shown in Table 1. Table 2 shows the dose components for 
each study.

Irradiations, iv injections and follow-up were performed 
under anesthesia: ketamine 140 mg/kg b.w. and xilazine 
21 mg/kg b.w., administered intraperitoneally. Histamine 
administration [5 mg/kg b.w. in saline solution] was subcu-
taneous (sc) in the dorsum of the neck, without anesthesia, 
during 5 days, starting the day before irradiation, on the 
day of irradiation (concomitantly with BPA injection in the 
BNCT groups) and daily for 3 days after irradiation.

Follow‑up

The animals were followed during 1 month. The clini-
cal signs and body weight of the animals were monitored 
weekly. The therapeutic effect of BNCT on those tumors 
that were present at the time of irradiation was evaluated as: 
% of tumors with complete response (CR: disappearance of 
the tumor on visual inspection); % of tumors with partial 

response (PR: reduction in pre-treatment tumor volume); % 
of tumors with no response (NR); % of tumors with overall 
response (OR) = partial response (PR) + complete response 
(CR).

Potential radiotoxicity in terms of mucositis was moni-
tored in precancerous tissue and in normal pouch tissue. 
The severity of mucositis was evaluated semi-quantita-
tively according to an adaptation of oral mucositis scales 
in hamsters and humans (Sonis et al. 2000; López Castaño 
et al. 2005), i.e., Grade 0: healthy appearance, no erosion or 
vasodilation; Grade 1 (slight): erythema and/or edema and/
or vasodilation, no evidence of mucosal erosion; Grade 2 
(slight): severe erythema and/or edema, vasodilation and/
or superficial erosion; Grade 3 (moderate): severe ery-
thema and/or edema, vasodilation and formation of ulcers 
<2 mm in diameter; Grade 4 (severe): severe erythema and/
or edema, vasodilation and formation of ulcers ≥2 mm and 
<4 mm in diameter, and/or necrosis areas <4 mm in diam-
eter; Grade 5 (severe): formation of ulcers ≥4 mm in diam-
eter or multiple ulcers ≥2 mm in diameter, and/or necrosis 
areas ≥4 mm in diameter. Grading was based on the most 
severe macroscopic feature. The experiments with radiopro-
tectors sought to minimize the incidence of severe mucositis 
Grades 4 and 5 (Monti Hughes et al. 2015b) and accelerate 
mucositis resolution. Duration of mucositis “Grade ≥ 3” will 
be considered a clinically significant end-point to evaluate, 
as in Wu et al. (2012).

BNCT-induced tumor control and percentage of animals 
with severe mucositis were analyzed with a contingency 
table and Fisher’s exact test. Statistical significance was set 
at p = 0.05.

Animal experiments were carried out in accordance 
with the Guidelines laid down by the National Institute 
of Health (NIH) in the USA regarding the care and use of 
animals for experimental procedures and in accordance 
with protocols approved by the Argentine National Atomic 

Table 2  Absorbed doses for each of the dose components of the experiments at the B1 configuration (Kreimann et al. 2001b) and at the “new” 
B2 configuration (this study) experiments

Fast Neutrons (Gy) Gamma photons (Gy) Boron (Gy) Induced protons (Gy)

B1 RA-6 (Kreimann et al. 2001b)
 Tumor 1.02 ± 0.08 1.40 ± 0.06 2.52 ± 0.25 0.22 ± 0.02
 Precancerous/normal tissue 1.02 ± 0.08 1.40 ± 0.06 0.84 ± 0.08 0.22 ± 0.02
 Head 0.72 ± 0.06 0.95 ± 0.04 0.61 ± 0.06 0.15 ± 0.02
 Body 0.41 ± 0.03 0.50 ± 0.02 0.31 ± 0.03 0.08 ± 0.01

B2 RA-6 (this study)
 Tumor 0.66 ± 0.10 2.53 ± 0.11 2.46 ± 0.11 0.21 ± 0.01
 Precancerous/normal tissue 0.66 ± 0.10 2.53 ± 0.11 0.82 ± 0.04 0.21 ± 0.01
 Head 0.60 ± 0.09 2.04 ± 0.11 0.51 ± 0.05 0.128 ± 0.012
 Body—thorax 0.52 ± 0.08 1.08 ± 0.06 0.12 ± 0.02 0.030 ± 0.004
 Body—abdomen 0.30 ± 0.05 0.07 ± 0.02 0.05 ± 0.01 0.012 ± 0.001
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Energy Commission Animal Care and Use Committee 
(CICUAL-CNEA).

Results

Regarding the irradiation conditions, the dose rate was 
higher in the present studies at the B2 beam than for the 
previous studies at the B1 beam. Accordingly, the irradiation 
time was shorter for the “new” B2 configuration to reach the 
same fluence as for the B1 configuration (Kreimann et al. 
2001b) (43.2 vs 62 min, respectively; Table 1).

In Table 2, we compared each absorbed dose component 
for the RA-6 B1 configuration (Kreimann et al. 2001b) with 
the B2 “new” configuration (this study): (a) Induced protons 
and boron dose components were similar to the dose compo-
nents reported in 2001; (b) The fast neutron component was 
lower for B2 than for B1 (0.66 ± 0.10 vs 1.02 ± 0.08 Gy, 
respectively); (c) The gamma photon dose component was 
81% higher than in 2001 in tumor, precancerous and nor-
mal tissue (2.53 ± 0.11 vs 1.40 ± 0.06 Gy, respectively). 
Regarding the hamster’s head, if boron concentration in all 
tissues was considered to be approximately 10 ppm, the head 
received a slightly higher dose than in 2001 (3.28 ± 0.15 
vs 2.43 ± 0.10 Gy, respectively). However, no significant 
radiotoxic effects in the hamster’s head were observed.

BNCT induced severe mucositis (G4/G5) in all BNCT 
groups (Table 3). The incidence of severe mucositis in the 
“new” B2 configuration beam was slightly higher than in 
the “old” configuration experiments (86 vs 67%, respec-
tively), but this difference did not reach statistical signifi-
cance (NS). In the group of cancerized animals treated with 
BNCT + histamine, we observed a slight reduction (NS) 
in the percentage of animals with severe mucositis vs the 
group treated with BPA-BNCT (75 vs 86%, Table 3). We 
also observed that histamine accelerated the resolution of 

mucositis, i.e., at 19 days post-BNCT, 86% of the animals 
of the BNCT group exhibited a score ≥ G3, whereas in the 
BNCT + histamine group only 50% of the animals had a 
score ≥ G3 (Fig. 3). As an example, Fig. 4 shows one of our 
best examples of the tendency of histamine to reduce severe 
mucositis in precancerous tissue and accelerate the resolu-
tion of mucositis.

Regarding the beam only groups (with or without hista-
mine), none of the animals reached severe mucositis. Nev-
ertheless, in the beam only group, 2 of 6 animals (33%) 
reached Grade 2/3 mucositis. Conversely, histamine pre-
vented mucositis altogether in BO animals (the animals only 
exhibited Grade 0/1 mucositis) (Table 3). None of the non-
cancerized (normal) animals treated with BPA-BNCT or 
BPA-BNCT + histamine exhibited mucositis, although they 
were exposed to a high total absorbed dose of almost 7 Gy.

Regarding tumor control induced by BNCT (Table 4), the 
percentage of tumor overall response (OR) 1 month after 

Table 3  Percentage (%) of animals with severe mucositis at the B1 RA-6 configuration (Kreimann et al. 2001b) vs the “new” B2 RA-6 configu-
ration (this study)

Protocols % Animals with severe mucositis 
(Grade 4–Grade 5)

Grade incidence

B1 RA-6 (Kreimann et al. 2001b) Beam only (BO) 0% (0 of 3 animals) G0–G1: 3 animals
BPA-BNCT 67% (4 of 6 animals) G3: 2 animals

G4–G5: 4 animals
B2 RA-6 BO 0% (0 of 6 animals) G1: 4 animals

G2: 1 animal
G3: 1 animal

BO + histamine 0% (0 of 5 animals) G0–G1: 5 animals
BPA-BNCT 86% (6 of 7 animals) G3: 1 animal

G4–G5: 6 animals
BPA-BNCT + histamine 75% (6 of 8 animals) G3: 2 animals

G5: 6 animals

Fig. 3  Percentage of animals with a mucositis score ≥Grade 3. His-
tamine accelerated the resolution of mucositis: At 19 days, the BPA-
BNCT group exhibited a higher % of animals with a mucositis score 
≥Grade 3 than BPA-BNCT + histamine hamsters
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BNCT (with/without histamine) at the B2 configuration (this 
study) was similar to the B1 configuration results (Kreimann 
et al. 2001b) (96%/94% vs 91%). OR induced by BNCT at 
the B2 configuration was similar with or without histamine 
(96 and 94%, respectively) and was significantly higher 
than for control (16%; p = 0.0001) and beam only, with or 
without histamine (9%, p = 0.0001 and 38%, p = 0.0021, 
respectively). Thus, the “New” RA-6 B2 configuration did 
not affect the tumor overall response achieved previously at 
B1. Treatment with histamine did not compromise tumor 
overall response induced by BNCT.

Tumor complete response (CR) induced by BNCT was 
similar at B1 and B2, i.e., 78 vs 69%, respectively. Treat-
ment with histamine did not compromise BNCT efficacy in 
terms of complete response. Moreover, treatment with his-
tamine induced a higher percentage of CR (88%) vs BNCT 
at B1 and B2 configurations without histamine (78 and 69%, 
respectively). This difference did not reach statistical signifi-
cance. Finally, OR and CR for the beam only groups were 
similar for B1 and B2 configurations. However, treatment 
with histamine in the Beam Only groups at B2 configura-
tion exhibited a tendency, albeit not statistically significant, 
to reduce OR (9 vs 38%, respectively) and CR (0 vs 13%, 

Fig. 4  One of our best examples of the trend of histamine to reduce 
severe mucositis in precancerous tissue: a hamster treated with 
BNCT + histamine that reached a maximum mucositis of G3; b ham-

ster treated with BNCT without histamine that exhibited mucositis 
G5, with pouch tissue loss (necrosis)

Table 4  Tumor response after BNCT at the B1 RA-6 configuration (Kreimann et al. 2001b) vs the “new” B2 RA-6 configuration (this study)

N number of tumors

Protocols Overall response (OR: 
CR + PR)

Complete response (CR)

Control (cancerized, without treatment)
N = 77 tumors

16% (12/77) 0% (0/77)

B1 RA-6 (Kreimann et al. 2001b) BPA-BNCT
N = 23 tumors

91% (21/23) 78% (18/23)

Beam only (BO)
N = 3 tumors

33% (1/3) 0% (0/3)

B2 RA-6 (this study) BPA-BNCT
N = 16 tumors

94% (15/16) 69% (11/16)

BPA-BNCT + histamine
N = 25 tumors

96% (24/25) 88% (22/25)

BO
N = 16 tumors

38% (6/16) 13% (2/16)

BO + histamine
N = 11 tumors

9% (1/11) 0% (0/11)
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respectively) (Table 4). Differences in OR and CR for beam 
only + histamine vs control were not statistically significant 
(9 vs 16%, p = 1.0000 and 0 vs 0%, p = 0.1720). Instead, 
for Beam Only at the B2 configuration vs control, the differ-
ence in OR was not quite statistically significant (38 vs 16%, 
p = 0.0753) and the difference in CR was significantly dif-
ferent (13 vs 0%, p = 0.0281) (Table 4). Histamine could be 
enhancing the therapeutic effect of BNCT but compromising 
the therapeutic effect of Beam Only on tumors.

As an example, Fig. 5 shows one of our best examples 
of tumor complete response and the complete resolution of 
severe mucositis.

Discussion

In this study, we compared BNCT radiotoxicity and tumor 
control in the oral cancer hamster model, at the “new” RA-6 
B2 configuration beam vs the “old” B1 configuration beam 
(Kreimann et al. 2001b). This comparative study is centrally 
important in the context of the recent restart of the clinical 
studies in humans and preclinical studies in dogs and cats at 
the RA-6 nuclear reactor. Besides, we evaluated, for the first 
time in the oral cancer model, if histamine could protect this 
overly aggressive precancerous tissue from BNCT-induced 
mucositis, without compromising BNCT therapeutic effect.

Regarding radiotoxicity, in both B1 and B2 configura-
tions, we observed a high percentage of animals with severe 
mucositis, regardless of treatment with histamine. The clas-
sical cancerization protocol employed in the present study 
and the studies at B1 described above and reported previ-
ously (Kreimann et al. 2001b) consists of 24 DMBA applica-
tions. The resulting oral cancer model allows for the study 
of the therapeutic effect of BNCT on tumors. However, this 
aggressive cancerization protocol induces a highly aggres-
sive precancerous tissue which does not mimic the human 

precancerous tissue adequately (Monti Hughes et al. 2015a). 
In this sense, this precancerous tissue is hypersensitive to 
radiation and would lead to an overestimation of BPA-BNCT 
radiotoxicity (Monti Hughes et al. 2015a). However, in this 
study, we were able to observe that BNCT at B2 configura-
tion exhibited a slightly higher radiotoxicity than at the “old” 
B1 RA-6 configuration. Besides, treatment with histamine 
exhibited a slight protective effect against mucositis in pre-
cancerous tissue.

Regarding the irradiation conditions of the B2 configura-
tion studies vs B1 (Kreimann et al. 2001b), we reported a 
higher dose rate for all irradiated groups at B2 (and a con-
comitant shorter irradiation time) and a higher absorbed 
dose in precancerous tissue at B2. The slightly higher BNCT 
radiotoxicity effect in studies at B2 vs B1 could be due not 
only to a higher dose to precancerous tissue but also to a 
higher dose rate. A number of biological processes take 
place during irradiation and modify the radiation response: 
DNA damage repair, redistribution in the cell cycle, repopu-
lation and reoxygenation. Repair, repopulation, and reoxy-
genation are the main factors determining outcome. Also 
radiosensitivity varies along the cell cycle, S being the most 
resistant phase, and G2 and M the most sensitive (Mazeron 
et al. 2002). Oral mucosa has a fast rate of basal cell prolif-
eration, being more liable to develop mucositis. These cells, 
exposed to radiation, are inhibited from proliferating, result-
ing in an atrophic oral mucosa which is easily damaged and 
fails to regenerate (Sonis et al. 2000). Low-LET radiation 
and BNCT are strongly dependent upon the rate of dose 
delivery (Hopewell et al. 2011; Kinashi et al. 2014). Kinashi 
et al. (2014) suggested that the dose rate effect of the neutron 
mixed beam for BNCT would contribute to a higher cytotox-
icity reaction in tumor cells. Both the higher dose rate and 
higher absorbed dose to precancerous tissue at B2 (present 
study) could be enhancing cytotoxicity, leading to a higher 
percentage of animals with severe mucositis.

Fig. 5  One of our best examples of tumor complete response and res-
olution of severe mucositis in an animal treated with BPA-BNCT and 
histamine: a pre BNCT: Grade 1 mucositis in precancerous tissue and 
3 tumors. Tumor volume: A 447 mm3; B 6 mm3; C 10 mm3; b 12 days 
after BNCT (time of peak mucositis): G4 mucositis in precancerous 

tissue, with no identifiable tumors; c 28  days after BNCT (end of 
follow-up): mucositis in precancerous tissue has resolved completely 
(G1), with no identifiable tumors (complete response of those tumors 
that were present pre BNCT). Histamine reduced the incidence of 
severe mucositis without compromising BNCT tumor control
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We observed that histamine exhibited a slight protective 
effect against mucositis in precancerous tissue, although this 
tissue was very radiosensitive due to the cancerization proto-
col employed. Medina et al. (2007) observed that histamine 
(0.1 mg/kg) prevents gamma radiation-induced toxicity on 
intestinal mucosa by suppressing apoptosis that was in turn 
associated with an enhanced antioxidant capacity in intesti-
nal cells. Radiation, chemotherapy, and BNCT induce DNA 
strand breaks and reactive oxygen species which react with 
DNA and other cellular molecules causing cell dysfunction 
and mortality (Sonis 2009; Medina et al. 2011a; Faião-Flo-
res et al. 2013). Free radical production is the initial stage 
of mucositis (Elad et al. 2006; Sonis 2009). Thus, histamine 
could be enhancing the antioxidant system in oral mucosa, 
helping to reduce mucositis in some of the animals and 
accelerating the resolution of mucositis (Monti Hughes et al. 
2015b). In fact, histamine is capable of reducing the levels 
of ROS by modulating antioxidant enzymes, suppressing 
proinflammatory cytokines, and increasing blood flow which 
may favor healing (Treede et al. 1990; Hellstrand et al. 1998; 
Agarwala and Sabbagh 2001; Azuma et al. 2001; Elad et al. 
2006). Also, histamine could act as a growth factor, favoring 
proliferation and repair and inhibiting apoptosis (Medina 
et al. 2007; Medina and Rivera, 2010).

Beam modification and histamine treatment (5 mg/kg, 
during 5 days) did not affect BNCT therapeutic efficacy in 
terms of the tumor response parameters evaluated: overall 
response (OR = PR + CR) and complete response (CR). 
Moreover, treatment with histamine could be enhancing the 
therapeutic effect of BNCT on tumors. This effect could be 
related to the fact that BNCT + histamine group exhibited 
a lower percentage of animals with severe mucositis, with a 
quick resolution of mucositis. It is known that inflammation 
and cancer can be interrelated (Anuja et al. 2017). Tumor 
microenvironment orchestrated by inflammatory cells is an 
indispensable participant in cancer initiation, promoting cel-
lular proliferation, survival and migration. Chemokines are 
used for tumor cells to enhance their growth and develop-
ment. Chemokines are soluble factors that regulate bidirec-
tional migration of leukocytes during inflammation, and the 
chemokine receptor system is reported to be altered in tumor 
tissue (Anuja et al. 2017). Histamine was able to reduce the 
severity of inflammation, conceivably leading to less tumor 
cell proliferation and survival and a concomitant increase in 
partial and complete tumor response.

Regarding the animals treated with beam only and beam 
only  +  histamine, we observed that histamine reduced 
mucositis, but also reduced, although not significantly, 
overall tumor response and complete response. The Beam 
only + histamine group exhibited similar OR and CR val-
ues compared to the control group. It is clear that histamine 
could be affecting the therapeutic effect of Beam Only on 
tumors. As explained above, histamine could be enhancing 

the antioxidant system in oral mucosa (Monti Hughes et al. 
2015b), helping to reduce mucositis in all Beam Only treated 
animals. A free radical scavenger effect of histamine, which 
could be positive to reduce mucositis, would be negative in 
terms of partially inhibiting the low LET radiation effect on 
tumors, in which tumor control is mainly exerted through 
free radical production (Monti Hughes et al. 2015b). In the 
beam only groups (±histamine) where the low LET compo-
nent is prevalent (74%), this effect could be represented as an 
effective reduction in tumor response. In the case of BNCT, 
where the main components of the dose are high LET 
(Hopewell et al. 2011), a significant proportion of the dam-
age occurs directly via DNA double-strand breaks, induc-
ing cell death and inhibiting the proliferation of surviving 
cells (Aromando et al. 2009). In this context, the therapeutic 
effect of BNCT would not be affected.

The modification of the RA-6 beam configuration did 
not affect the therapeutic effect of BNCT. Radiotoxicity and 
tumor control results at the “new” and “old” configurations 
of RA-6 were consistent. Histamine exhibited a slight radio-
protective effect in this aggressive oral cancer model with-
out compromising BNCT tumor control. It is well known 
that histamine regulates several key events in the immune 
response and is implicated in allergic reactions (Faustino-
Rocha et al. 2017). However, we demonstrated that hista-
mine was able to reduce severe mucositis in the oral pre-
cancer model in hamster, with only a reversible irritation at 
the site of injection (Monti Hughes et al. 2015b). Besides, 
the protective effect of histamine was demonstrated in an 
experimental model of intestinal irradiation (Medina et al. 
2007) and in submandibular glands in rats after ionizing 
radiation, with no local or systemic side effects (Medina 
et al. 2011b). Finally, histamine dihydrochloride is currently 
safely used in clinical trials as an adjuvant for the potential 
treatment of different cancers, exhibiting no unexpected or 
irreversible side effects (Romero et al. 2009; Yang and Perry 
2011). In the context of cancer treatment, certain side effects 
are acceptable as a trade-off for therapeutic efficacy. These 
results are very important in the context of the new preclini-
cal studies of BNCT in dogs and cats with spontaneous head 
and neck cancer and the restart of clinical trials. The fact that 
both histamine and boronophenylalanine are approved for 
use in humans bridges the gap between experimental work 
and potential clinical application.
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