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We compared the effects of the first-, second- and third-generation antihistamines in differ-
ent doses on enzyme activity and cytokine production by macrophages and their death using 
an in vitro model. It was found that decreasing the dose led to an increase in the number of 
viable cells; after contact with second-generation antihistamines (loratadine, desloratadine), 
apoptosis of macrophages predominated. A dose-dependent increase in activity of ATPase and 
5’-AMP with less pronounced effect of second-generation drugs was revealed. It was shown 
that under the influence of drugs, macrophages do not produce IL-1β, but actively synthesize 
TNFα and IL-10, which indicates the immunomodulatory properties of these drugs.
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Histamine [2-(4-imidazolyl)ethylamine] is a potent in-
flammatory mediator affecting various populations of 
immune cells, including neutrophils and macrophages, 
by binding to 4 types of receptors: H1R, H2R, H3R, 
and H4R. It has been shown that histamine through 
binding to H2R stimulates the production of the che-
moattractant protein MCP-1 and the expression of 
CCR2 receptors in monocytes [10]. Histamine via acti-
vation of H2R inhibits chemotaxis, phagocytosis, pro-
duction of cytokines TNFα, IL-12, IL-27, and activity 
of NADPH oxidase, which plays a major role in gen-
eration of ROS in macrophages [8,9]. In general, these 
data demonstrate stimulating activity of histamine as 
an effector of the innate immune response, which fur-
ther influences the development of inflammation in 
allergic diseases. These effects are abolished by first-, 
second-, and third-generation antihistamines; the latter 
are preferable for the treatment of allergic diseases, 
because they allow avoiding sedative and anticholin-
ergic effects [4]. These drugs have anti-inflammatory 
properties (cetirizine, fexofenadine, loratadine, and 
desloratadine) due to blockade of histamine recep-
tors and suppression of the expression of intercellu-
lar adhesion molecule-1 and cell chemotaxis. Some 
H1R antagonists have pleiotropic effects: they inhibit 

the release of leukotrienes, platelet activation factors, 
and other inflammatory mediators. Their effects are 
aimed at complex molecular mechanisms triggering 
activation of inflammatory cells, in particular, mac-
rophages. It has been shown that histamine agonist-
induced cross-desensitization and co-internalization 
of H1R and H2R receptors modulate the response of 
macrophages. Activation of H1R receptor affects the 
formation of cyclic AMP (cAMP) induced by hista-
mine agonists via H2R receptors, while other drugs 
acting through H2R induce a negative regulation of 
the anti-inflammatory response by changing the ex-
pression of H1R [5]. In turn, H2R is associated with 
the G-protein and ensures the production of cAMP, 
activation of protein kinase A, and signaling to MAP-
kinase, and also participates in phagocytosis of bacte-
ria by macrophages [6]. It has been shown that H2R 
antagonist cimetidine eliminates histamine-mediated 
immunosuppression, because it has a powerful stimu-
lating effect on the effector functions of neutrophils, 
monocytes, and macrophages [7]. On the other hand, 
there is a need to clarify the mechanism of antihista-
mines differing by their structure and effectiveness on 
innate immunity cells, the main participants in inflam-
mation initiated by histamine.

The aim of the study was to compare the influ-
ence of antihistamines different generations on the 
death, enzyme activity, and cytokine production by 
macrophages.
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MATERIALS AND METHODS

We studied the effect of dexamethasone (Ellara) and 
antihistamines of the first (diphenhydramine, Belmed-
preparaty), second (loratadine, Vertex; desloratadine, 
Teva Pharmaceutical Works Private), and the third 
generation (clemastine, Novartis Pharma Stein AG) 
on macrophages. The drugs were used in doses of 10, 
5, and 2.5 μg/ml. Intact cells (not incubated with the 
drugs) served as the control.

The primary culture of peritoneal macrophages 
was obtained from outbred mice after induction of in-
traperitoneal inflammation (injection of 0.5 ml sterile 
1% peptone water). In 24 h, the peritoneal cavity was 
washed and the obtained cell suspension was brought 
to a concentration of 2×106 cells/ml. All manipulations 
with animals were performed in compliance with the 
ethical principles of the European Convention for the 
Protection of Vertebrate Animals used for Experimen-
tal and Other Scientific Purposes (Strasburg, 1986).

The studied preparations were added to the 
cell suspension, incubated for 30 min on a shaker 
(300 rpm) at 37°C, washed twice by centrifugation. 
Then the cells suspension (2×106 cells/ml) was trans-
ferred to 96-well plates and incubated in the medium 
containing 20% fetal calf serum (FCS), 2 µM L-glu-
tamine (Merck), 0.004% gentamicin-K (Merck) for 
2, 6, 18 h and 1, 2, and 4 days. Cell viability was 
assessed by measuring the concentration of forma-
zan formed from 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium (1 mg/ml, MTS, Merck) by the colorimetric 
method at 450 nm on a Multiskan Sky Microplate 
spectrophotometer (Thermo Fisher). To detect apop-
tosis and necrosis, the cells were incubated with 2 nM 
annexin V conjugated with fluorescein FITC (AnV) 
and 0.75-1.25 μg/ml propidium iodide (PI; BioLegend) 

for 20 min followed by analysis on a MACSQuant 6.0 
flow cytometer (BioLegend); the number of AnV and 
PI-positive cells was determined in a two-parameter 
FL-1/FL-2 histogram using the Kaluza Analysis 2.1 
software (Beckman Coulter). For evaluation of ATPase 
and 5’-AMP activities, the following substrates were 
used: Tris-HCl buffer (pH 7.8) containing 8 mg/ml 
ATP (Sigma-Aldrich) and 87 mg NaCl, 28.7 mg KCl, 
52 mg MgCl2×6 H2O and the same buffer contain-
ing 4 mg/ml AMP (Sigma-Aldrich), 87 mg NaCl, and 
70 mg MgCl2; the time of incubation was 30 and 60 
min, respectively. The reaction was stopped by adding 
100 μl mixture of ascorbic and molybdic acids (1:1) 
and the optical density of the solutions was measured 
at 620 nm. The content of proinflammatory (IL-1β, 
TNFα) and anti-inflammatory cytokines (IL-10) in cul-
ture supernatants was measured using Mouse ELISA 
Kit (Abcam) according to manufacturer’s instruc-
tion. Optical density of the substrate (at 450 nm) was 
used to construct a calibration curve and determine 
the concentration of cytokines. The data from three 
independent experiments performed in triplicates are 
presented.

Statistical analysis of the results was performed 
using Statistica 8.0 (StatSoft, Inc.). All values are pre-
sented as M±SEM. Data for groups were analyzed 
using Student’s t test and Newman—Keuls test for 
multiple comparisons at a confidence level of 95% or 
higher (p<0.05).

RESULTS

Evaluation of the ability of NADPH-dependent cel-
lular mitochondrial oxidoreductase to oxidize MTS 
showed that dexamethasone exhibited maximum cy-
totoxicity towards macrophages. The number of vi-
able cells increased with decreasing the dose (Fig. 1). 
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Fig. 1. Effect of dexamethasone and antihistamines on macrophage viability. Control was taken as 0%
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For antihistamines, the lowest cell viability was ob-
served after contact with diphenhydramine in a dose 
of 2.5 μg/ml (p=0.01, Fig. 1).

Staining with AnV and flow cytometry showed 
that macrophages after contact with second-generation 
antihistamines predominantly died by apoptosis. For 
instance, the number of apoptotic cells after 4-day 
incubation in the control was 4.97±0.5%, while after 
contact with loratadine and desloratadine their number 
increased to 8.29±0.7 and 20.04±4.1%, respectively 
(drug dose 5 μg/ml). After incubation with the drugs 
in a dose of 10 μg/ml, the cells died mainly by necro-
sis and the maximum cell death was observed after 
contact with diphenhydramine (26.4±0.7%). Thus, the 
type of macrophage death depended on the type and 
applied dose of the drug.

Activity of 5’-AMP and ATPase is an indica-
tor of ATP utilization by the cells. After cell contact 
with the test drugs, a dose-dependent increase in 
the content of these enzymes relative to intact cells 

was observed throughout the entire observed period 
(6 days) (Fig. 2, a). The increase in ATPase activity 
was observed after application of diphenhydramine 
in doses of 10 and 5 μg/ml and after application of 
desloratadine and clemastine in a dose of 2.5 μg/ml. 
The dynamics of intracellular 5’-AMP activity in mac-
rophages slightly differed from that for ATPase (Fig. 
2, b). The dose-dependence of 5’-AMP activity was 
revealed, but the maximum values after application 
of all doses were found for dexamethasone, diphen-
hydramine, and clemastine. In general, the above data 
demonstrate a pronounced stimulation of cells asso-
ciated with the presence of synthetic activity, and a 
significant difference (p<0.05) between the indicators 
for various drugs for a smaller stimulating effect of 
second-generation antihistamines.

When analyzing the content of cytokines, we 
found that macrophages under the influence of the 
test drugs did not produce IL-1β, but actively synthe-
sized TNFα. After application of all doses of dexa-

Fig. 2. Effect of dexamethasone and antihistamines on activity of ATPase (a) and 5’-AMP (b) in macrophages.
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methasone, diphenhydramine, loratadine, and cle-
mastine, we observed an increase in indicators from 
221.74±13.7 pg/ml (5 μg/ml dexamethasone after 
2 days) to 310.74±24.6 pg/ml (2.5 μg/ml diphenhyd-
ramine after 3 days) in comparison with intact cells 
(46.6±7.9 pg/ml; p=0.001). After incubation with 
desloratadine, these indicators were significantly lo-
wer: from 36.78±1.7 pg/ml (5 mg/ml after 4 days) 
to 81.46±4.8 pg/ml (2.5 mg/ml after 1 day), which 
attested to weak stimulating effect of this drug on mac-
rophages. For anti-inflammatory cytokine IL 10, a sig-
nificant (p=0.01) difference between the production of 
this cytokine was found in 6 days after contact with 
all drugs. The maximum values were observed after 
application of 5 μg/ml clemastine (247.2±14.6 pg/ml) 
and the minimum level was noted after application of 
same dose of loratadine (84.48±6.9 pg/ml). The value 
for intact cells was 25.63±3.7 pg/ml.

Biochemical and effector pathways in allergic dis-
eases imply many potential targets and mechanisms 
for modulation of histamine receptor activity by a va-
riety of drugs, e.g. suppression of the production of 
inflammatory cytokines and chemokines or stimulation 
of the migration and survival of inflammatory cells 
[1]. The results of our in vitro studies suggest that 
antihistamines produce a stimulating effect on macro-
phages. This effect can manifest itself in initiation of 
a more physiological type of death for these cells; in 
this case, the inflammatory response during an allergic 
reaction can be lesser pronounced [3]. On the other 
hand, the increase in ATPase and 5’-AMP activities 
associated with the presence of synthetic activity of 
macrophages indicates the ability of antihistamines 
to modulate some aspects of inflammation by the 
mechanisms other than H1R blockade. For instance, 
the increase in 5’-AMP activity is observed under 
conditions of ATP deficit, which leads to stimulation 
of AMP-activated protein kinase that phosphorylates 
acetyl-CoA carboxylase, thereby inhibiting fat syn-
thesis [2]. Thus, at a low energy level, the protective 
reactions of the cell are activated, while the glucose 
storage mechanism is blocked. On the other hand, the 
dose-dependent effect on enzymatic activity of cells 
suggests that increasing the dose of antihistamines 
in allergic reactions can enhance the inflammatory 
response. Moreover, the increase in the production of 
cytokines by macrophages observed by us indicates 
their immunomodulatory properties. Despite more ac-
curate targeting, the spectrum of effectiveness of sec-

ond- and third-generation antihistamines for allergic 
diseases is much wider, e.g. high stimulating effect of 
clemastine on the production of TNFα and ATPase in 
macrophages obtained by us. Therefore, the possible 
molecular mechanisms of stimulation of activity of 
immune system cells require further study.
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