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Abstract: Since histamine discovery in 1910, it has been recognized as a major mediator in gastric acid secretion and 

inflammation that is a main pathophysiological characteristic of allergy. For many years, drug development and 

therapeutic application of histamine antagonists were mainly focused on the allergic and gastrointestinal diseases. At 

present, it is one of the monoamines (2-(imidazol-4-yl)ethylamine) with the broadest spectrum of activities in various 

physiological and pathological situations. Thus, it has been shown to be involved in aminergic neurotransmission and 

numerous brain functions including learning, memory, sleep/wakefulness, locomotor activity, nociception, food intake, 

secretion of pituitary hormones, and regulation of gastrointestinal and circulatory functions, as well as modulation of 

immunity and hematopoiesis. A significant body of research has contributed to the elucidation of the functional capacities 

of histamine in tumor cell growth and development. Evidences for multiple cellular sources of histamine, the discovery of 

a novel histamine receptor (H4R) and the demonstration of a histamine–cytokine cross-talk have modified the perspective 

which suggests new potential therapeutic uses of histamine and its receptor ligands. The involvement of histamine in 

cancer immunotherapy has been a subject of interest for more than a decade. Histamine dihydrochloride is being safely 

used in clinical trials as an adjuvant for the potential treatment of different cancers, improving efficacy by increasing 

survival benefit and exhibiting no unexpected or irreversible side effects. Interleukin-2 and interferon-alpha have been 

used as therapeutic options for the treatment of certain malignancies such as metastatic malignant melanoma, 

myelogenous leukemia, renal cell carcinoma and chronic hepatitis C. Combination therapy with histamine has two key 

advantages over cytokine therapy alone, namely improved cytotoxicity against a greater range of cancer types, and 

improved quality-of-life as a consequence of lower dose administration of the cytokines. Furthermore, radiation therapy is 

a well recognized treatment modality for cancer. Although effective, adverse effects due to radiotherapy are unavoidable, 

even with localized delivery techniques. Regardless of many years of research, there are surprisingly few radiation 

protectors in use today, whose clinical use is limited due to their toxicity; thus, the development of effective and nontoxic 

agents is yet a challenge for oncologists and radiobiologists. We have recently reported that histamine significantly 

protects two of the most radiosensitive tissues, small intestine and bone marrow, from high doses of radiation. In addition, 

histamine has the ability to prevent functional and histological alterations of salivary glands exerted by ionizing radiation. 

These features make histamine a suitable candidate for its use as an adjuvant for cancer immunotherapy and also as a 

selective radioprotector for patients undergoing radiotherapy. In the present review we aimed to briefly summarize some 

general notions on histamine functions before focusing on some recent evidence supporting the novel role of histamine in 

the immune function and the potential application as an adjuvant to tumor immunotherapy and radiotherapy. 
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INTRODUCTION 

 Histamine [2-(4-imidazolyl)-ethylamine] is an endogen-
ous biogenic amine widely distributed throughout the 
organism and is known since long to be a pleiotropic medi-
ator in different (patho) physiological conditions [1-3]. Since 
its discovery by Sir Henry Dale at the beginning of the 20

th
 

century [4], there has been a long-standing effort to precisely 
describe its role in physiologic and pathological processes. 
Among other functions, it is implicated in allergy, 
inflammatory responses, gastric acid secretion, bone loss, 
aminergic neurotransmission and brain functions including 
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sleep/awake control, food intake, learning, and emotion as 
well as brain diseases [5-8]. 

 Histamine is produced in different cells and tissues by L-
Histidine decarboxilase (HDC) (EC. 4.1.1.22), which is the 
only enzyme responsible for histamine synthesis in 
mammals [9]. HDC activity is detected not only in the 
specialized histamine-producing cell types such as mast 
cells, basophils, entherocromaffin-like cells (ELC) in the 
stomach and tuberomamillary neurons, but also in a wide 
variety of tissues and cells [10]. In spite of its ubiquitous 
presence, levels of HDC are generally low and the enzyme 
itself is highly unstable. Histamine is further metabolized 
either by diamine oxidase (DAO) (EC 1.4.3.6) [11, 12] or by 
histamine N-methyltransferase (HNMT) (EC 2.1.1.8) [13], 
both enzymes presenting different cell and tissue specific 
distribution patterns. 
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 Mast cells and basophils store histamine in granules that 
can be released in large amounts in response to diverse 
immunological and non-immunological stimuli. Other 
cellular sources of histamine have been reported in cells that 
express high HDC activity and where the amine is 
immediately released after synthesis. This neo-synthesized 
histamine, also called nascent histamine, is present in 
different cells and tissues where its production through HDC 
is modulated by different cytokines, mitogenic factors or 
hormones [14-16]. It is noteworthy that, within minutes of 
release, histamine level is further controlled by the 
catabolizing enzymes DAO and HNMT [17], thus it is likely 
that histamine usually influences events at or near the site of 
release as a paracrine or autocrine factor. 

 The observation that histamine synthesis can be induced 
and made available in an unstored diffusible form in growing 
or regenerating tissues, suggested that it may have a role 
beyond its traditional pharmacological properties. The 
hypothesis that histamine could be involved in cell 
proliferation was first postulated in 1960 and, since then, a 
large amount of experimental data regarding this effect has 
been presented [18, 19]. Cell proliferation is one of the most 
common phenomena and represents the key step in a great 
number of vital biological processes such as: reproduction, 
growth, differentiation, functional and structural repair, 
hematopoiesis, regeneration and immune response. 
Furthermore, cell proliferation is crucial for tumor 
development and progression, and in this line, the 
involvement of histamine in cancer has been extensively 
investigated [18-20]. 

HISTAMINE RECEPTORS 

 It is generally acknowledged that histamine is an 
important mediator of many (patho) physiological conditions 
and exerts its actions through the interaction with four 
histamine receptor subtypes. All these receptors belong to 
the family of heptahelical G-protein coupled receptors 
(GPCR) and they are the H1, H2, H3 and H4 histamine 
receptors (H1R, H2R, H3R, H4R). The first two histamine 
receptors were proposed in 1966 by Ash and Schild and in 
1972 by Black et al., based on the classical pharmacological 
analysis [21, 22]. Using a similar strategy in 1983 a new 
H3R subtype mediating a negative feedback on the release of 
histamine from rat brain slices was described by Arrang et 

al. [23]. The cloning of this receptors, the H1R and H2R in 
1991 and the H3R in 1999, contributed to a huge increase in 
the knowledge of their molecular pharmacology and 
biochemistry [24-27]. It was not until 2000-2001 that by 
using the H3R DNA sequence, several independent research 
groups identified the novel H4R highly expressed in immune 
cells [28-33]. Like most other GPCR, histamine receptors 
exist as equilibrium between their inactive and active 
conformations. Constitutive activity has now been shown for 
all four types of histamine receptors, leading to the 
reclassification of some antagonists as inverse agonists. 
Agonists with a preferential affinity for the active state of the 
receptor stabilize the receptor in its active conformation 
leading to a continuous activation signal. On the contrary, 
inverse agonists (antagonists in the old terminology), with a 
preferential affinity for the inactive state, stabilize the 
receptor in this conformation and consequently induce an 
inactive state, which is characterized by blocked signal 
transduction. These members of the GPCR family may exist 
as homo- and hetero-oligomers at the cell surface, which 
could have different pharmacological and physiological 
effects [34-41]. Moreover, the affinity of histamine binding 
to different histamine receptors varies significantly. Thus, 
the effects of histamine and receptor ligands upon receptor 
stimulation are rather complex [35, 41, 42]. 

 Pharmacologic agents are summarized in Table 1. 

Histamine H1R 

 The H1R is the main histamine receptor subtype involved 
in the pathological process of allergy such as allergenic 
rhinitis, conjunctivitis, atopic dermatitis, urticaria, asthma 
and anaphylaxis, and acute inflammatory disorders. In the 
lung, it mediates bronchoconstriction and increased vascular 
permeability. The H1R is expressed in a wide variety of 
tissues, including airway and vascular smooth muscle, 
endothelia, gastrointestinal tract, liver, genitourinary and 
cardiovascular systems, central nervous system (CNS), 
adrenal medulla, chondrocytes and in various immune cells 
including neutrophils, monocytes, eosinophils, dendritic cells 
(DC), as well as T and B lymphocytes, in which it mediates 
the various biological manifestations of allergic responses. 
The coding sequence of the human H1R is intronless and is 
located in the chromosome 3 [2, 35, 43-49]. The human H1R 

Table 1. Human Histamine Receptor Comparisons 

 

 Expression 
G Protein Coupling and 

Main Effectors 
Agonists 

Antagonists/Inverse 

Agonists 

H1R Ubiquitous 
G q, calcium influx, cGMP, 

NF B 
Histaprodifens, 2-(3-

trifluoromethylphenyl) histamine 
Mepyramine, cetirizine, 

diphenhydramine, loratadine 

H2R Ubiquitous 
G s, increase in cAMP, c-Fos, 

c-Jun, PKC 
Dimaprit, amthamine, impromidine 

Famotidine, ranitidine, 
cimetidine 

H3R 
CNS, eosinophils, DC, 

monocytes 
G i/o, inhibition of cAMP, 

MAPK, PKB 
R-( )-methylhistamine, imetit, immepip  

Clobenpropit, thioperamide, 
iodoproxyfan 

H4R 

Bone marrow and peripheral 
hematopoietic cells, eosinophils, 

DC, neutrophils, T cells, 

basophils, mast cells, neurons, 
spleen, small intestine 

G i/o, inhibition of cAMP, 
MAPK, calcium influx 

Clobenpropit, VUF 8430, 4-
methylhistamine, R-( )-methylhistamine,  

Thioperamide, JNJ7777120, 
VUF 6002 
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contains 487 amino acids and is a G q/11-coupled protein 
with a very large third intracellular loop and a relatively 
short C-terminal tail. The most important signal induced by 
ligand binding is the activation of phospholipase C-
generating inositol 1, 4, 5-triphosphate (Ins (1, 4, 5) P3) and 
1, 2-diacylglycerol leading to increased cytosolic calcium. In 
addition to the inositol signaling system, H1R activation 
could lead to additional secondary signaling pathways. This 
rise in intracellular calcium levels seems to account for the 
various pharmacological activities promoted by the receptor, 
such as nitric oxide production, vasodilatation, liberation of 
arachidonic acid from phospholipids and increased cyclic 
GMP (cyclic guanosine-3’, 5’-monophosphate). 
Additionally, it was reported that H1R can directly increase 
the cAMP (cyclic adenosine-3’, 5’-monophosphate) levels. 
H1R also activates NF-kB through G q11 and G  upon 
agonist binding, while constitutive activation of NF-kB 
occurs only through the G  [2, 35, 44, 47, 49, 50]. 

Histamine H2R 

 The H2R principal action from a clinical point of view is 
its role in stimulating gastric acid secretion. The human H2R 
intronless gene, which is located on chromosome 5, encodes 
a protein of 359 amino acids. The H2R has a ubiquitous 
expression as the H1R. It is expressed in gastric parietal 
cells, heart, endothelial cells, nerve cells, airway and 
vascular smooth muscle, hepatocytes, chondrocytes, and 
immune cells, such as neutrophils, monocytes, eosinophils, 
DC, and T and B lymphocytes [2, 35, 43, 45-46]. The H2R is 
coupled both to adenylate cyclase via a GTP-binding protein 
Gs, and phosphoinositide second messenger systems by 
separate GTP-dependent mechanisms. However, H2R-
dependent effects of histamine are predominantly mediated 
by cAMP that activates protein kinase A (PKA) enzymes 
phosphorylating a wide variety of proteins involved in 
regulatory processes. Activation of H2R is also associated 
with other additional signal transduction pathways including 
activation of c-Fos, c-Jun, protein kinase C and p70S6kinase 
[2, 35, 37, 47, 48, 51, 52]. 

Histamine H3R 

 The H3R has initially been identified in both central and 
peripheral nervous system as a presynaptic receptor 
controlling the release of histamine and other 
neurotransmitters (dopamine, serotonine, noradrenalin, -
aminobutyric acid and acetylcholine). The H3R has gained 
pharmaceutical interest as a potential drug target for the 
treatment of various important disorders like obesity, 
myocardial ischemia, migraine, inflammatory diseases and 
several CNS disorders like Alzheimer’s disease, attention-
deficit hyperactivity disorder and schizophrenia. The human 
H3R gene consists of either three exons and two introns, or 
four exons and three introns spanning 5.5 kb on chromosome 
20. Alternatively, the most 3’ intron has been proposed to be 
a pseudo-intron as it is retained in the hH3R(445) isoform, 
but deleted in the hH3R(413) isoform. Overall similarity 
between the H3R and the H1R and H2R amounts to only 
22% and 20%, respectively [2, 24, 35, 38, 45, 46, 53-59]. 

 The cloning of the human H3R has led to the discovery 
of many H3R isoforms generated through alternative 

splicing of the H3R mRNA and several signal transduction 
pathways that are modulated by the H3R. H3R can activate 
several signal transduction pathways including Gi/o-
dependent inhibition of adenylyl cyclase that leads to 
inhibition of cAMP formation, activation of mitogen 
activated protein kinase pathway (MAPK), phospholipase 
A2, and Akt/protein kinase B, as well as the inhibition of the 
Na+/H+ exchanger and inhibition of K+-induced Ca2+ 
mobilization. A negative coupling to phosphoinositide 
turnover in the human gastric cell line HGT has also been 
described. Moreover, at least 20 isoforms of the human H3R 
have been described and they vary in the length of the third 
intracellular loop, their distinct central nervous system 
localization, differential signaling pathways and ligand 
binding affinity, which contribute to the heterogeneity of 
H3R pharmacology [2, 35, 38, 54-62]. 

Histamine H4R 

 The identification of the human H4R by several groups 
has helped refine our understanding of histamine roles 
including the modulation of immune function. It appeared to 
have a selective expression pattern restricted to medullary 
and peripheral hematopoietic cells including eosinophils, 
mast cells, DC, T cells and monocytes. Therefore, growing 
attention is directed toward the therapeutic development of 
H4R ligand for inflammation and immune disorders [7, 28-
33, 35, 41, 43, 45, 46]. In addition, H4R was reported to be 
present on other cell types including intestinal epithelium, 
CNS, nerves of nasal mucosa, enteric neurons and also in 
cancer cells [63-70]. The H4R cDNA was finally identified 
in the human genome database on the basis of its overall 
homology (37%, 58% in transmembrane regions) to the H3R 
sequence and it has a similar genomic structure. In 
accordance with the homology between the two receptors, 
various H3R ligands are recognized by the H4R, albeit with 
different affinities. On the other hand, the homology with 
H1R and H2R is of approximately 19%. The human H4R 
gene that mapped to chromosome 18, encodes a 390 amino 
acid. Isoforms have been described also for the H4R which 
have different ligand binding and signaling characteristics. 
H4R splice variants have a dominant negative effect on H4R 
(390) functionality, being able to retain it intracellularly and 
to inactivate a population of H4R (390) presumably via 
hetero-oligomerization. H4R are coupled to Gi/o, initiating 
various transduction pathways such as inhibition of 
forskolin-induced cAMP formation, increased calcium influx 
and MAPK activation [28-33, 35, 41, 43, 45-47, 71-73]. 

HISTAMINE IN PROLIFERATION AND CANCER 

DEVELOPMENT 

 Considerable evidence has been accumulated indicating 
that histamine can modulate proliferation of different normal 
and malignant cells by acting through the specific membrane 
receptors [18-20]. High histamine biosynthesis and content 
has been reported in a wide number of human and 
experimental tumors [74, 75], and in diverse human tumors 
histamine concentration showed to be higher compared to 
surrounding normal tissue including melanomas, colon 
carcinoma, and breast cancer [76-79]. Histamine receptors 
are expressed in multiple malignant cell types, with the 
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additional finding that they can be associated to multiple 
signaling pathways. The regulation of receptor density at cell 
surface can strongly affect the receptor ability to functionally 
couple and regulate different signal transduction pathways 
[48, 51, 52, 67]. 

 In addition, H3R and H4R can express diverse isoforms, 
and it is likely that the different isoforms have diversity in 
their signaling pathways [38, 54, 56, 57]. In mammary gland, 
histamine plays a critical role in growth regulation, 
differentiation and functioning during development, 
pregnancy and lactation [80, 81]. We have recently reported 
the expression of the H3R and H4R in human benign and 
malignant lesions of the mammary gland. Furthermore, the 
expression of H3R is highly correlated with proliferation and 
histamine production in malignant lesions [68], and 
preliminary results obtained with xenotransplanted tumors in 
nude mice indicate that the H4R may be involved in the 
metastastatic process (unpublished data). In a high number 
of human cell lines derived from different neoplasias, as well 
as in tumoral tissues, the expression of histamine receptors 
with the ability to regulate cell proliferation has been 
demonstrated [82]. It has recently been shown that histamine 
regulates proliferation of McA-RH7777 hepatoma cells by 
interacting with autoinhibitory H3R [83]. Moreover, 
histamine exerts both a proproliferative and a proangiogenic 
effect via H2R/H4R activation in colon cancer cells [69]. 

 Notably, most malignant cell lines express HDC and 
contain high concentration of endogenous histamine that can 
be released to the extracellular media and via a paracrine or 
autocrine regulation, histamine may regulate diverse 
biological responses related to tumor growth. These events 
include angiogenesis, cell invasion, migration, 
differentiation, apoptosis and modulation of the immune 
response, indicating that histamine may be a crucial mediator 
in cancer development and progression. Since the first report 
in 1984 [84] showing that the inhibition of HDC with 
monofluormethylhistidine (MFMH) resulted in antitumoral 
effects on experimental tumors in rodents, a large body of 
experimental evidence has supported the critical role of HDC 
and histamine in cellular proliferation. The employment of 
specific HDC antisense suppressed melanoma cell 
proliferation [76], and the overexpression of the enzyme 
with an up-regulated histamine production in murine 
melanoma cells, enhanced metastatic capacity and induced 
the expression of a more aggressive phenotype [85]. 
Similarly, the identification of histamine receptors in a large 
number of malignant cell lines, as well as in biopsies of 
human tumors, supported the role of histamine as a growth 
factor, and the discovery of the H4R with functional 
presence in a wide range of tissues revealed novel functions 
for histamine, leading to reconsideration of new perspectives 
in histamine pharmacology research. 

HISTAMINE AND THE IMMUNE SYSTEM 

 It is well-documented that histamine influences basic 
physiological and patho-physiological immunological 
processes, playing critical roles in the modulation of immune 
response and hematopoiesis as well as inflammatory and 
allergic reactions [35, 45, 46]. Immune response and 
hematopoiesis are controlled by a complex network of 
cytokines and chemokines. A large body of experimental 

data supports the idea that histamine participates in a 
complex interactive network with cytokines that influence 
the outcome of the immune response. The diverse effects of 
histamine on immune regulation and hematopoiesis appear 
to be due to differential expression and regulation of the four 
histamine receptor subtypes and their distinct intracellular 
signals that determine the biological effects of histamine. A 
bidirectional link between histamine and cytokines is 
observed since histamine modulates immune cell functions 
and cytokines control histamine synthesis and release, as 
well as histamine receptor expression. On the one hand, 
histamine synthesis in various hematopoietic populations is 
subject to regulation by cytokines like interleukin (IL)-3, 
granulocyte macrophage colony-stimulating factor (GM-
CSF), IL-1, IL-18, IL-12, tumor necrosis factor alpha 
(TNF ) and also corticosteroids. On the other hand, 
histamine modulates the production of cytokines by T cells, 
DC, and macrophages [45, 86-91]. 

 Mast cells and basophils are the major sources of 
histamine in normal tissues. They can store the biogenic 
amine in specific cytosolic granules, which is released by 
exocytosis in large amounts during degranulation following 
immunological or non-immunological activation. Other cells 
can also produce histamine and in the absence of specific 
granules for storage, this “neosynthesized’’ or ‘‘nascent’ 
histamine is secreted immediately after synthesis. 
Neosynthesized histamine produced by monocytes, 
lymphocytes, hematopoietic progenitors, macrophages, 
platelets, DC and other histamine-producing cells is thought 
to play a role in modulation of immune system by 
modulating the cytokine profile and the functions of antigen-
presenting cells (APC), and its production is modulated by 
cytokines [35, 45, 46, 92, 93]. 

Histamine and Th1-Th2 Cytokine Profile 

 The T-helper cell polarization is an essential event in the 
adaptive immune system which is regulated by the cytokine 
network. On the one hand, Th1 cells produce mainly IL-2, 
IL-12, and interferon gamma (IFN ), and promote a 
cellular/cytotoxic T-cell response. On the other hand, Th2 
cells produce IL-4, IL-6, IL-10 and IL-13 and enhance the 
humoral responses. Until recently, it was generally accepted 
that histamine promotes Th2 response by inhibiting IL-12 
production by APC and stimulating that of IL-10. However, 
histamine can exert a differential effect on these subsets 
depending on the differential pattern of expression of H1R 
and H2R on Th1 and Th2 cells that determine the reciprocal 
T cell response upon histamine stimulation. The H1R 
subtype is predominant in the Th1 population, while the H2R 
subtype is preferential in Th2 cells. Histamine enhances 
Th1-type responses by triggering the H1R, whereas both Th1 
and Th2 responses are negatively regulated through H2R. 
Histamine acts as a pro-Th2, anti-Th1 mediator during Th 
differentiation by modulating cytokine production by APC 
such as increasing IL-10 [45, 46, 88, 91]. 

 In addition, histamine hinders Th2 activity of 
differentiated cells via H2R which acts as the negative 
regulator of proliferation, IL-4 and IL-13 production and can 
also stimulate Th1 proliferation via H1R, preferentially 
expressed on Th1 cells, thus providing an additional anti-
Th2 signal via increased IFN  production. The H1R 
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knockout mice showed a suppression of IFN and a dominant 
Th2 type cytokines (IL-4 and IL-13) while the H2R 
knockout mice demonstrated an up-regulation of Th1 and 
Th2 cytokines compared to the wild type counterparts. 
Therefore, histamine seems to enhance and to suppress both 
Th1 and Th2 responses depending on the cell receptor 
subtype. Furthermore, histamine directly affects antibody 
production, acting as a co-stimulatory receptor on B cells. 
Histamine H1R predominantly expressed on Th1 cells may 
suppress humoral immune responses by enhancing Th1 type 
cytokine IFN- . In contrast, through H2R, histamine 
potentiates humoral immune responses. Allergen-specific 
immunoglobulin-epsilon (IgE) and IgG1, IgG2b and IgG3 
production is increased in H1R receptor-deficient mice 
compared with mice lacking H2R [35, 45, 94-97]. 

 The diverse findings regarding the immune modulatory 
actions of histamine during Th1/Th2 differentiation appear 
to be due to the complexity of the system, which involves the 
four histamine receptor subtypes with distinct functions and 
intracellular signaling, the expression of which is modified 
with the microenvironment and the differentiation cell stage. 
Furthermore, the latest discovered H4R, mainly expressed in 
hematopoietic and immunocompetent cells such as mast 
cells, basophils, eosinophils, T lymphocytes, monocytes and 
DC, adds more complexity and invites for exhaustive 
investigation [30, 32, 63, 98-102]. 

 The involvement of H4R in DC activation and T cell 
differentiation was recently reported, indicating its 
immunomodulatory action. An in vitro study indicated that 
blockade of the H4R on DC by genetic or pharmacological 
tools, leads to a decrease in cytokine and chemokine 
production and limits their ability to direct the Th2 
polarization of T cells. These suggest that the H4R in DC 
originates the Th2-promoting environment by suppressing 
IL-12p70 and stimulating pro-inflammatory cytokines such 
as IL-6 and TNF-  production [63, 103, 104]. In CD8+ T 
cells histamine induced IL-16 production through the H2R 
and H4R. Therefore, histamine may have an indirect effect 
on T-cell recruitment by regulating the levels of this 
chemoattractant [98]. 

 The interaction between histamine and the cytokines is 
bidirectional, since some cytokines were found to modulate 
the production and release of histamine as well. The effect of 
cytokines is especially potent on neosynthesized histamine 
by cells differing from mature basophils or mast cells. HDC 
activity is modulated in response to cytokines like IL-3, GM-
CSF, IL-1, IL-18, IL-12, macrophage colony-stimulating 
factor (M-CSF) and TNF  [45, 88, 105-108]. Basophil 
precursors generate histamine upon exposure to IL-3, IL-5, 
GM-CSF [3, 45, 88, 109]. 

Histamine and Functions of Antigen-Presenting Cells 

(APC) 

 Histamine has been shown to regulate several essential 
events in the antigen-specific immune response 
development. Specialized or professional APC such as DC, 
macrophages and B lymphocytes, capture extracellular 
protein antigens, internalize and process them, and display 
histocompatibility complex (HMC)-associated peptides to 
naïve T cells during the recognition phase of the immune 

response to initiate these responses. They also present 
antigens to differentiated effector T cells during the effector 
phase to trigger the mechanisms that eliminate the antigens 
[110]. Their differentiation process includes increased 
display of co-stimulatory molecules and cytokine 
production. 

 DC are APC that mature from monocytic and lymphoid 
precursors and acquire dendritic cell 1 and dendritic cell 2 
phenotypes depending on the stimulus, which in turn 
facilitates the development of Th1 and Th2 cells, 
respectively [35]. Endogenous histamine is actively 
synthesized during cytokine-induced DC differentiation, 
which acts in autocrine and paracrine fashion and modifies 
DC markers such as CD45 and CD40 [111]. In addition, 
histamine increases the expression of co-stimulatory 
molecule CD86 and alters chemokine production [46, 112, 
113]. 

 Histamine modulates functions and activity of DC 
precursors as well as their immature and mature forms that 
express all four histamine receptors [98, 112-114]. In the 
differentiation process of dendritic cell 1 from monocytes, 
H1R and H3R induce proinflammatory cytokine production 
and Th1 priming activity, and increase APC capacity. On the 
other hand, H2R suppresses APC capacity, enhances IL-10 
production inducing Th2 cells [113, 115, 116]. 

 Histamine induces intracellular calcium increase and 
chemotaxis in immature DC due to stimulation of H1R and 
H3R. Mature DC lose these responses and histamine 
stimulates IL-10 while it inhibits IL-12 production via H2R 
[115]. In agreement with these observations, histamine 
inhibits the production of pro-inflammatory IL-1-like 
activity, TNF- , IL-12 and IL-18 but enhances IL-10 
secretion, through H2R in monocytes stimulated with Toll-
like receptor-triggering bacterial products [116-119]. 
Moreover, histamine via H2R inhibited the LPS-induced 
TNF  production through the regulation of intracellular 
adhesion molecule (ICAM)-1 and B7.1 expression [120]. In 
plasmacytoid DC (pDC), another professional APC, 
histamine regulates cytokine production through the H2R 
[121]. In contrast with the observations in other DC, human 
epidermal Langerhans cells do not express H1R or H2R 
mainly because of the effect of transforming growth factor 
(TGF)-  [122]. 

 The H4R is expressed on the surface of monocytes and is 
up-regulated by IFN- , and also in the presence of 
neutralizing antibody to IL-10 [33, 123]. Histamine mediated 
effects through the H4R on APCs involved the IL-12 
downregulation and chemotaxis induction in human 
monocytes derived DCs [104], and CCL2 downregulation in 
human monocytes [123]. Additionally, human inflammatory 
dendritic epidermal cells express a functionally active H4R 
that was upregulated by IFN , which upon stimulation leads 
to downregulation of the Th2-linked chemokine CCL2 and 
the Th1 cytokine IL-12 [124]. 

 Among the several functions of the natural killer (NK) 
cells is the regulation of the adaptive immune response by 
secreting cytokines like IFN , shaping the innate immune 
system by interacting with DC, defending against viral 
infection, and destroying tumor cells [125]. Damaj et al. 
demonstrated that H4R protein is expressed in IL-2-activated 
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NK cells and that this receptor mediates cell chemotaxis 
induced by histamine [126]. The finding that H4R 
expression can be modulated by cytokines is suggestive of a 
possible implication in the regulation of immune responses. 

Histamine in Hematopoiesis 

 It is well documented that histamine participates in the 
regulation of hematopoiesis by stimulating both primitive 
multipotent and more lineage-restricted myeloid progenitors. 
The role of histamine in hematopoiesis was first proposed by 
Byron, who reported in 1977 that exogenous histamine could 
promote the entry of colony-forming units in the spleen 
(CFU-S) into cell cycle via the H2R [127]. Even at low 
concentrations (10

-8
M) histamine when added during in vitro 

cultures was able to enhance granulocyte precursor 
proliferation and colony forming unit activity (CFU-C), 
resulting in an increased number of differentiated neutrophils 
[128]. In addition, the cells involved in the regulation of 
hematopoiesis express histamine receptors and secrete 
histamine [102, 129]. Endogenous histamine is produced in 
hematopoietic progenitors in response to IL-3 and GM-CSF 
in the hematopoietic microenvironment being a requisite for 
bone marrow-derived CFU-S cell cycling in response to IL-3 
or GM-CSF plus IL-1 [18, 45, 46, 129-131]. Dy et al. 
proposed that histamine may be involved in inducible 
hematopoiesis rather than maintaining bone marrow 
homeostasis, satisfying the increased requirements of an 
efficient host defense, considering that histamine is 
synthesized exclusively in response to hematopoietic growth 
factors generated during the immune response (IL-3, GM-
CSF and IL-1). Therefore, it is not surprising that in HDC-
deficient mice only mast cells, which synthesize histamine 
constitutively, appear to be abnormal, exhibiting altered 
morphology and reduced granular content [132]. Moreover, 
it was reported that a faster bone marrow repopulation was 
observed in wild type in comparison with HDC -/- knockout 
mice and that HDC and histamine content in regenerating 
bone marrow populations increased after total-body 
irradiation in wild type mice [133]. Furthermore, bone 
marrow-derived mast cell differentiation is strongly reduced 
in HDC knockout, histamine-free mice suggesting that the 
effect of histamine on the IL-3-dependent mast cell 
differentiation during the early period is crucial and 
irreplaceable taking into account that exogenously added 
histamine is unable to substitute the endogenously missing 
histamine [134]. 

 Reports on side effects including agranulocytosis and 
neutropenia by H2R antagonists or H4R agonist clozapine 
further support a positive role of histamine in hematopoiesis 
[135-140]. The most recently identified H4R preferentially 
expressed in the bone marrow, raised questions regarding its 
role during hematopoiesis. It was recently reported that both 
murine and human progenitor cell populations express H4R 
and respond to its agonists by reduced growth factor-induced 
cell cycle progression leading to decreased myeloid, 
erythroid and lymphoid colony formation [141]. 

Histamine in Inflammatory and Allergic Reactions 

 Histamine is considered one of the most important 
mediators that orchestrates allergic and inflammatory 

responses. The majority of available data support the concept 
that histamine increases the secretion of pro-inflammatory 
cytokines and chemokines, thus inducing the evolvement of 
inflammatory responses [88]. Histamine influences several 
immune/inflammatory and effector functions in addition to 
its dominant role in type I hypersensitivity reactions [102, 
142]. 

 This biogenic amine is one of the major inflammatory 
mediators of allergic disease and exerts an important role 
mediating the cardinal signs of allergic rhinoconjunctivitis 
(sneezing, itching, nasal discharge, and mucosal edema), 
urticaria (vasodilatation, pruritus, and increased vascular 
permeability), anaphylaxis (vasodilatation, flushing, 
increased vascular permeability, tachycardia, and smooth 
muscle contraction) and bronchial asthma (bronchial smooth 
muscle contraction, mucosal edema, and mucus secretion). 
Histamine is released from mast cells and basophils after 
their activation by interaction of allergens with surface IgE. 
The most characteristic roles for H1R activation are smooth 
muscle contraction and increases in vascular permeability. 
Many of its functions contribute to allergic responses and 
therefore, H1R antagonists (commonly referred to as 
antihistamines) have been very successful drugs for the 
treatment of allergies [21, 35, 91, 143, 144]. During an 
allergic response, histamine produced by mast cells 
degranulation causes vascular permeability, and drives the 
infiltration and mediator production of inflammatory cells. 
Histamine contributes to the progression of allergic-
inflammatory responses by enhancement of the secretion of 
proinflammatory cytokines such as IL-1 , IL-1 , IL-6 and 
also chemokines such as regulated upon activation normal T-
cell expressed and secreted (RANTES), IL-8, or IL-16 in 
several cell types and local tissues [35, 88, 119, 145-148]. In 
explant cultures of human nasal mucosa histamine induces 
the CC chemokines, monocyte chemotactic protein (MCP) 1 
and 3, RANTES, and eotaxin via H1R, suggesting a 
prolonged inflammatory cycle in the histamine-MCP axis in 
allergic rhinitis [149]. In monocytes from non-atopic healthy 
individuals, histamine prevents the generation of 
CD1a+CD14- DC and induces CD1a-CD14+ DC via H2R, 
in GMCSF and IL-4-driven differentiation. This effect 
results from the histamine-induced secretion of IL-10 and 
therefore may contribute to the exacerbation of allergic 
diseases [150]. 

 Histamine is a major mast cell-derived mediator that 
causes endothelial cell contraction and increased vascular 
permeability. Histamine regulates the expression of its own 
receptors on endothelial cells, and via H1R increases the 
expression of adhesion molecules such as ICAM-1, vascular 
cellular adhesion molecule (VCAM-1) and P-selectin 
potentiating the chemoattractant-induced leukocyte adhesion. 
Initial leukocyte recruitment after mast cell activation in the 
rat mesentery is critically dependent on histamine release 
[35, 43, 151-153]. Histamine possesses all the properties of a 
classical leukocyte chemoattractant, including: agonist-
induced actin polymerization, mobilization of intracellular 
calcium, alteration in cell shape, and up-regulation of 
adhesion molecule expression. Histamine is a 
chemoattractant for eosinophils and mast cells [35, 93, 100, 
154]. On the other hand, histamine inhibits neutrophil 
chemotaxis and activation due to histamine H2R activation. 
This was further confirmed in HDC-deficient mice 
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demonstrating that histamine plays significant roles in the 
negative regulation of neutrophil infiltration via H2R in 
allergic inflammation [155, 156]. 

 In addition to its well-characterized effects in the acute 
inflammatory and allergic responses, histamine has been 
shown to affect chronic inflammation. Histamine can 
selectively recruit the major effector cells into tissue sites 
and affect their maturation, activation, polarization, and 
effector functions leading to chronic inflammation. On the 
other hand, histamine acting through its H2R positively 
interferes with the peripheral antigen tolerance induced by T 
regulatory (Treg) cells in several pathways [101, 102, 142, 
157]. 

 Atopic asthma is a chronic inflammatory disorder 
characterized by hyperresponsiveness and chronic 
inflammation of the airways upon exposure to allergens. 
Although many cell types are involved, Th2 T cells, which 
produce IL-4, IL-5, and IL-13 in the airways, are thought to 
be most important for disease perpetuation. Histamine plays 
an important role in the pathogenesis of atopic asthma 
through differential regulation of T helper lymphocytes. 
Histamine enhances the secretion of Th2 cytokines such as 
IL-4, IL-5, IL-10 and IL-13 and inhibits the production of 
Th1 cytokines IL-2 and IFN  and monokine IL-12. It has 
been shown that the Jak-STAT (Janus kinase-signal 
transducers and activators of transcription) pathway is 
involved in histamine-mediated regulation of cytokines [101, 
144, 158, 159]. 

 The standard treatment of asthma consists of beta-
adrenergic receptor agonists and inhaled corticosteroids. 
Although H1R antagonists have been used to treat allergies, 
offering symptomatic relief of several physiological events 
in allergic rhinitis, such as edema and vasodilatation, they do 
not substantially ameliorate early or late phase 
bronchoconstrictive events in the asthmatic airway in 
response to allergen challenge, suggesting that histamine 
receptors other than the H1R may be more important in the 
pathology of asthma [45, 63, 101, 158]. The importance of 
histamine in asthma and chronic pruritus may have been 
underestimated. The discovery of a fourth histamine receptor 
and its expression on numerous immune and inflammatory 
cells has motivated a re-evaluation of the actions of 
histamine on immune system. H4R is primarily expressed on 
eosinophils, T cells, DC, basophils, and mast cells, cell types 
intimately involved with development and perpetuation of 
allergic responses [71, 103, 160]. This receptor has been 
shown to mediate mast cell, eosinophil, and DC chemotaxis 
and can modulate cytokine production from DC and T cells 
denoting its role in immunomodulation. Histamine acts 
through the H4R to mediate calcium mobilization, 
upregulation of adhesion molecules like CD11b and CD54, 
rearrangement of actin cytoskeleton and cell shape change 
leading to eosinophils migration. The H4R also mediates 
histamine-induced chemotaxis and calcium mobilization of 
mast cells without affecting degranulation in mice, which is 
blocked by antagonists of the H4R and is not observed in 
mast cells derived from H4R-deficient mice. Similarly, DC 
chemotaxis and actin polymerization can also be regulated 
by H4R; therefore, blocking the H4R on inflammatory cells 
might be a promising anti-inflammatory, immunomodulatory 
strategy [7, 31, 63, 71, 98, 100, 103, 104, 143, 161-163]. It 

was recently reported that H4R-deficient mice and mice 
treated with H4R antagonists exhibited decreased allergic 
lung inflammation, with decreases in infiltrating lung 
eosinophils and lymphocytes, and decreases in Th2 
responses. The T cells restimulation ex vivo showed 
decreased levels in IL-4, IL-5, IL-13, IL-6, and IL-17. In 
addition, the blockade of the H4R on DC in vitro leads to 
decreases in cytokine and chemokine production and limits 
their ability to induce Th2 responses in T cells, suggesting 
that the H4R can modulate allergic responses via its 
influence on T cell activation [103, 160]. The available data 
from in vitro studies, experiments using genetically modified 
mice and pharmacological studies using H4R antagonists, 
such as JNJ7777120 and H4R agonists like 4-
methylhistamine, in numerous animal models strongly 
implicated the H4R in inflammatory conditions such as 
asthma, allergic disorders and autoimmune diseases. The 
H4R is postulated as a novel target for the pharmacological 
modulation of histamine-mediated immune signals and 
offers potential therapeutic exploitation of this promising 
new drug target in inflammatory and allergic disorders. Also 
suggested were the possible synergistic effects between H1R 
and H4R antagonists in targeting various inflammatory 
conditions such as acute asthma, which indicates that the 
development of dual H1R/H4R antagonists is a meaningful 
and technically possible goal for the treatment of type-I 
allergic reactions [Reviewed at 7, 63, 160]. 

HISTAMINE AS AN ADJUVANT IN CANCER 

IMMUNOTHERAPY 

 The potential for treating cancer patients by immunologic 
approaches has held great promise for immunologists and 
cancer biologist for much of this century. The main reason 
for interest in an immunologic approach is that current 
therapies for cancer are still highly toxic and non-specific 
and rely on drugs that kill dividing cells or block cell 
division. Therefore, these therapies have severe effects on 
normal proliferating cells in cancer patients, leading to 
associated side effects. As a result, the treatment of cancers 
causes significant morbidity and mortality. Immunotherapy 
for tumors is aimed at augmenting the weak host immune 
response to tumors (active immunity) or at administering 
tumor-specific antibodies or T cells, a form of passive 
immunity [110, 164]. Combinations of different types of 
immunotherapy and of immunotherapy and chemotherapy 
have been tested, with enough suggestions of improved 
efficacy to encourage further clinical trials [165]. Much of 
the current practice of immunotherapy is based on treatment 
with cytokines such as IL-2 or IFN . These cytokines 
enhance the ability of human NK cells and cytotoxic T-
lymphocytes to kill cancerous or hepatitis C virus (HCV)-
infected cells. The focus on IL-2 has arisen from in vitro 
demonstration of enhancement of tumor-specific cytotoxic 
T-lymphocyte and NK-cell activity after cytokine activation 
[166] 

 However, the results obtained in clinical trials with these 
cytokines have proved disappointing in many forms of 
cancer. NK cells and T cells are the primary targets of 
cytokines used in cancer immunotherapy. Nevertheless, 
these tumoricidal lymphocytes are frequently dysfunctional 
or apoptotic when residing within solid cancers, effect that is 
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poorly understood and conceivably limits the efficiency of 
strategies aiming at activating lymphocyte-mediated 
antitumor immunity. Recent studies imply that reactive 
oxygen species (ROS) and local secretion of inhibitory 
substances, produced by tumor-infiltrating 
monocyte/macrophages, may contribute to blocking the 
cytokine-dependent stimulation of T- and NK-cell 
production and activity in neoplastic tissue, and thus 
treatment with IL-2 and/or IFN  becomes ineffective [167, 
168]. 

 Agents capable of modulating cytotoxic effector function 
have been identified, including histamine dihydrochloride. 
The potential role of histamine in cancer immunotherapy has 
been a subject of interest for more than a decade. Histamine 
has been shown to act as an inhibitor of cellular-mediated 
free-radical production by monocytes/macrophages that 
contribute to tumor immunosuppression. ROS can cause 
down-regulation of the CD3  transduction antigen in NK and 
T cells along with significant NK-cell and T-cell apoptosis. 
In vitro evidence shows that histamine inhibits the ROS 
formation and release by monocytes/macrophages during 
respiratory burst; via H2R suppressing the activity of a key 
enzyme in oxygen radical formation, the NADPH oxidase; 
and in this way protects impaired NK and T cells functions 
produced by oxidative damage. Histamine has the potential 
to optimize cytokine-induced activation of T cells and NK 
cells restoring their antineoplastic, cytotoxic capabilities; 
therefore, the addition of histamine to cytokine treatment 
may improve treatment efficacy [166-174]. 

 Clinical trials in solid tumors and in acute myeloid 
leukemia (AML) have demonstrated the potential to improve 
treatment outcome when histamine dihydrochloride is 
combined with immunotherapy. Maxim is developing a 
subcutaneous formulation of histamine dihydrochloride 
(Ceplene, formerly known as Maxamine, licensed by Maxim 
Pharmaceuticals Inc., CA, USA) for use as an adjuvant to 
immunotherapy. Administered as an outpatient treatment; 
histamine dihydrochloride (subcutaneous) was designed to 
offer the benefits of improved clinical efficacy, reduced 
toxicity and lower treatment cost. The two key advantages of 
combination therapy over cytokine therapy alone proposed 
are enhanced cytotoxicity against a greater range of cancer 
types, and improved quality-of-life as a consequence of 
lower dose administration of the cytokines. Clinically, 
histamine dihydrochloride (subcutaneous) is being evaluated 
in clinical trials for malignant stage melanoma, AML, renal 
cell carcinoma (RCC) and also hepatitis C [Reviewed at 167-
169, 173]. 

 The immunoactivating cytokine IL-2 is employed in the 
treatment of stage IV melanoma in many European countries 
and in the United States. IL-2 therapy induces complete 
regression of melanoma metastases in 3–5% of treated 
patients, but the toxicity of many IL-2 regimens limits its 
use. In addition to significant constitutional side effects, high 
doses IL-2 can result in dose-limiting hypotension, renal 
impairment, and pulmonary edema. The available data of 
phase III trials (M01, M0102) suggest that administration of 
IL-2 combined with histamine dihydrochloride may 
specifically prolong the survival of melanoma patients with 
liver metastases [168;175]. In addition, treatment of patients 
with stage IV melanoma with histamine in combination with 

IL-2 (MP104) increases type 1 T-cell responses and may 
promote induction of melanoma-specific T cells [176]. 
Single-agent IFN  as well as IL-2 treatment, yields response 
rates of approximately 15% in metastatic melanoma with 
infrequent long-term responders and occasional long-term 
survivors. Results of a multicenter randomized study to 
evaluate the safety and efficacy of combined immunotherapy 
with IL-2, IFN- 2b and histamine dihydrochloride vs 
dacarbazine in patients with stage IV melanoma showed that, 
although not statistically significant, median survival was 
longer for patients receiving histamine/IL-2/IFN (271 days) 
than for patients receiving dacarbazine (231 days) and that 
the combined regimen was safely administered on an 
outpatient basis [177, 178]. 

 AML is the most common acute leukemia in adults. 
Despite successful chemotherapeutic remission induction 
and the introduction of more efficacious consolidation 
regimens, a worryingly large proportion of AML patients in 
complete remission will still suffer from recurrent and 
refractory disease and subsequently experience relapses 
which are associated with poor long-term survival. A recent 
randomized trial in AML demonstrated a statistically 
significant improvement in long-term leukemia-free survival, 
preventing relapse for patients treated post-consolidation 
with histamine and IL-2 compared with the no-treatment 
control patients. The addition of histamine in IL-2 therapy 
aims at protecting cytotoxic lymphocytes from myeloid cell-
induced suppression and apoptosis. The combination of 
histamine/IL-2 is the first postconsolidation immunotherapy 
to prevent AML relapse in a randomized phase III trial and 
exhibits tolerable toxicity [166, 167, 173, 179, 180]. 

 Less promising results were reported for histamine 
dihydrochloride added to cytokines in patients with other 
solid tumors; especially in advanced or metastatic RCC 
(mRCC) which produces a median survival of 8 to 12 
months. Traditionally, surgery has been the treatment of 
choice for mRCC. Initial interest has focused on two 
cytokines, IFN-  and IL-2, with response rates ranging from 
15% to 20%. Expansion of activated T cells in blood during 
treatment with these two cytokines seems to relate to clinical 
efficacy in patients with RCC. It was recently reported in 
two randomized phase II trials that circulating monocytes 
and neutrophils are powerful negative prognostic factors for 
IL-2- based immunotherapy and establish a biological 
rationale for the potential use of histamine in conjunction 
with IL-2 in mRCC. The potential benefit of histamine as an 
adjuvant to immunotherapy for mRCC should be the focus 
of further investigation [168, 169, 181-183]. 

 Results published thus far indicate that administration of 
histamine dihydrochloride (subcutaneous) has been generally 
well tolerated in trials to date, being safe, feasible, and 
potentially efficacious, and it deserves further investigation 
in randomized trials [166, 168, 171, 173]. 

HISTAMINE AS A POTENTIAL ADJUVANT TO 

RADIOTHERAPY 

 Radiation therapy is a well recognized treatment 
modality for cancer, especially for localized disease that has 
not spread. Although effective, ionizing radiation is toxic not 
only to tumour cells but also to healthy tissues, producing 
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unavoidable adverse effects, even with localized delivery 
techniques [184-186]. The ratio of tumour response to 
normal-tissue damage is called the therapeutic index and can 
be manipulated by dose fractionation or by the use of drugs 
that preferentially either increase the tumour response 
(radiosensitizers) or reduce the biological effects of 
radiation, increasing the tolerance of normal tissues 
(radioprotectors). Despite many years of research there are 
surprisingly few radiation protectors in use today, whose 
clinical use is limited due to their toxicity; thus, the 
development of effective and nontoxic agents is yet a 
challenge for oncologists and radiobiologists [185-191]. 

 The acute effects of irradiation result from the death of a 
large number of cells in tissues with a rapid rate of turnover. 
These include effects in the epidermal layer or skin, 
gastrointestinal epithelium, and hematopoietic system, in which 
the response is determined by a hierarchical cell lineage, 
composed of stem cells and their differentiating offspring. In 
clinical radiotherapy, the tolerance of normal tissues for 
radiation depends on the ability of clonogenic cells to maintain a 
sufficient number of mature cells suitably structured to preserve 
organ function [190, 191]. During radiotherapy for 
intraabdominal and pelvic cancers, radiation seriously affects 
radiosensitive tissues such as small intestine and bone marrow 
[191, 192]. We have previously demonstrated that histamine 
treatment (daily subcutaneous injection, 0.1 mg/kg) 
significantly protects mouse small intestine against radiation-
induced toxicity ameliorating histological injury and improving 
trophism of enterocytes [193]. Histamine completely prevented 
the decrease in the number of crypts evoked by whole body 
irradiation (132±9 vs 85±5 in untreated and irradiated animals) 
which is vital for small intestine restoration since the intestinal 
crypt contains a hierarchy of stem cells that preserve the 
potential to regenerate the stem cell population and the tissue 
after cytotoxic exposure [193-196]. Histamine radioprotective 
effect on small intestine was related to an increased rate of 
proliferation as evidenced by the enhanced proliferation markers 
in crypts [5-bromo-2’-deoxyuridine (BrdU)-positive cells per 
crypt: 2.0±0.3 vs 0.1±0.1 in untreated and irradiated mice]. 
Additionally, this outcome was accompanied by a reduction in 
the number of apoptotic cells per crypt (0.2±0.1 vs 2.0±0.7 in 
untreated and irradiated mice). The latter effect was associated 
with a modification of antioxidant enzyme levels that could lead 
to enhance the antioxidant capacity of intestinal cells [193]. 

 The bone marrow pluripotent stem cells, such as 
erythroblast, are particularly radiosensitive and, after whole 
body irradiation, an important grade of aplasia is observed 
increasing the possibility of haemorrhage and/or infection 
occurrence that could be lethal. The survival of stem cells 
determines the subsequent repopulation of bone marrow after 
irradiation [190, 191]. We further investigated the capability of 
histamine to prevent ionizing radiation-induced toxicity on bone 
marrow. Our results demonstrated that histamine (0.1 mg/kg) 
significantly reduced the grade of aplasia, ameliorating the 
oedema and vascular damage produced by ionizing radiation 
while eliciting a significant conservation of the medullar 
progenies on bone marrow in mouse and rat species increasing 
the number of megakaryocytes (14.0±1.0 vs 7.3±1.0 in mice; 
and 9.9±1.3 vs 4.1±1.0 in rats) and also myeloid (253.4±37.6 vs 
7.8±1.5 in mice; and 52.0±3.7 vs 31.8±3.1 in rats), lymphoid 
(97.4±6.5 vs 19.8±1.6 in mice; and 23.4±0.9 vs 11.7±2.5 in rats) 
and erythroid cells (165.0±9.1 vs 8.8±2.8 in mice; and 27.3±2.3 

vs 15.6±3.5 in rats) per mm
2
. The histamine effect is mediated at 

least in part by an increase in the rate of proliferation, as 
evidenced by the enhanced PCNA protein expression and BrdU 
incorporation, and is associated with an enhanced HDC 
expression in irradiated bone marrow cells [197]. In this line, it 
was reported that a faster bone marrow repopulation was 
observed in wild type in comparison with HDC-deficient mice 
and that intracellular HDC and histamine content in 
regenerating bone marrow populations in HDC+/+ mice 
increased after total-body irradiation [133]. 

 Irradiation is a major treatment modality administered for 
head and neck cancer. Despite improvements in the technology 
for delivering therapeutic radiation, salivary glands are 
inevitably irradiated, causing devastating side-effects which 
results in salivary hypofunction and consequent xerostomia 
[191, 198-202]. Salivary glands of rat are quite similar to human 
salivary glands in which salivary flow is rapidly reduced after 
ionizing radiation exposure [198]. Therefore, we additionally 
investigated the potential radioprotective effect of histamine 
against ionizing radiation induced damage on rat submandibular 
gland. Recent results demonstrated that histamine markedly 
prevented radiation injury on submandibular gland, 
ameliorating the histological and morphological alterations. 
Radiation significantly decreased salivation by approximately 
35-40%, which was associated with a reduction of 
submandibular gland wet weight relative to body weight (35%) 
and an alteration of epithelial architecture with lower cylindrical 
cells, vacuolization of acinar cells, partial loss of eosinophilic 
secretor granular material, and anisokaryosis. It is worth noting 
that histamine treatment (0.1 mg/kg) completely reversed the 
reduced salivation induced by radiation, preserving glandular 
function and mass with normal structure organization of acini 
and ducts. Results also revealed that histamine radioprotective 
effect on submandibular gland was associated with maintenance 
of tissue homeostasis, increasing the rate of proliferation while 
decreasing the apoptotic index in irradiated submandibular 
gland (Medina V, submitted manuscript). 

 To sum up, histamine treatment can selectively modulate 
cellular damage produced by ionizing radiation, thus preventing 
radiation induced damage on small intestine, bone marrow and 
salivary glands, and in addition, increasing radiosensitivity of 
human breast cancer cells [67, 193, 197]. Histamine 
radioprotective effect was demonstrated in two different rodent 
species, which suggests that histamine could exert a 
radioprotective action in other mammals. 

 Based on the presented evidences, we can conclude that 
histamine is a potential candidate as a safe radioprotective agent 
that might increase the therapeutic index of radiotherapy for 
intraabdominal, pelvic, and head and neck cancers, and enhance 
patient quality of life by protecting normal tissue from radiation 
injury. However, the efficacy of histamine needs to be carefully 
investigated in prospective clinical trials. 

CONCLUSION 

 Throughout this review we tried to compile the most 
recent knowledge regarding novel functions of histamine 
focusing on the role on immune system and some recent 
evidence supporting the potential application of histamine as 
an adjuvant to tumor immunotherapy and radiotherapy. 
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 For more than 50 years diverse functions have been 
postulated as possible mechanisms responsible for the 
clinical and experimental evidence of histamine involvement 
in cancer development, and the connection with the immune 
system was initially proposed as one of the most important. 
Nowadays, we have to conclude that almost all the 
hypothesis postulated were valid: histamine high 
biosynthesis and content, release, autocrine and paracrine 
regulation through the four receptors subtypes, modulation 
of tumor cell proliferation, differentiation, apoptosis, 
invasion and migration, angiogenesis, and a role as a 
messenger in inflammatory and immune response, are all 
tightly related to cancer development and progression. 

 The discovery of H4R with a selective expression pattern 
in medullary and peripheral hematopoietic cells have 
modified the perspective of histamine pharmacology, 
suggesting new potential therapeutic uses of H4R ligands for 
inflammation and immune disorders. The presented evidence 
reinforces the hypothesis of a key role for histamine on 
immune function that is mainly related to the potential 
adjuvant use of histamine as an adjuvant in cancer treatment. 
One century after the discovery of this small molecule, the 
oldest biogenic amine, it still contributes to the identification 
of molecular targets potentially useful for the design of more 
specific and effective therapies for cancer and other 
multifaceted disorders that involve the immune system. 
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