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Abstract

Glioblastomas are aggressive and usually incurable high-grade gliomas without adequate treatment. In this study, we aimed
to investigate the potential of desloratadine to induce apoptosis/autophagy as genetically regulated processes that can seal
cancer cell fates. All experiments were performed on U251 human glioblastoma cell line and primary human glioblastoma
cell culture. Cytotoxic effect of desloratadine was investigated using MTT and CV assays, while oxidative stress, apoptosis,
and autophagy were detected by flow cytometry and immunoblot. Desloratadine treatment decreased cell viability of U251
human glioblastoma cell line and primary human glioblastoma cell culture (IC50 value 50 uM) by an increase of intracel-
lular reactive oxygen species and caspase activity. Also, desloratadine decreased the expression of main autophagy repressor
mTOR and its upstream activator Akt and increased the expression of AMPK. Desloratadine exerted dual cytotoxic effect
inducing both apoptosis- and mTOR/AMPK-dependent cytotoxic autophagy in glioblastoma cells and primary glioblastoma

cell culture.
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Introduction

Gliomas are tumors of central nervous system that arise
from glial cells. They make up about 30% of all brain and
central nervous system tumors and 80% of all malignant
brain tumors. According to the World health organization
(WHO) gliomas can be classified by cell type, grade, origin,
and location [1]. Inaccessible localisation as well as chemo-
and radio-resistance of glioma represents a huge problem in
therapeutic treatment.

Glioblastoma represents a most aggressive glioma type
and has very poor prognosis with survival time period of
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approximately 1 year [2]. In addition, glioma cells are prone
to acquire drug resistance systems. Therefore, there is a need
to identify agents which could overcome tumor chemothera-
peutic resistance.

Biogenic amine histamine is an organic nitrogenous
compound that acts through specific histaminic receptors
(H1-H4). Histamine is involved in local immune response as
well as in regulation of physiological function in the gastro-
intestinal tract and neurotransmission. Some previous stud-
ies have reported inverse association between tumorigenesis
and allergic conditions [3] but also possible protumorigenic
histamines’ effect. In this line, some data have shown anti-
tumor effects related to H1-receptor antagonists among dif-
ferent tumor types [4—7] that made us to examine potential
antitumor effect of desloratadine. Desloratadine is one of
H1-receptor antagonists that is frequently used to suppress
itch in pruritic diseases, such as urticaria [8]. On the other
hand it was shown that it can induce apoptosis in cutaneous
T-cell lymphoma in vitro [9] and express anticancer effects
when investigated in vivo [10].

When anticancer effect of potentially new chemothera-
peutic agent is examined, it is preferred that it does not
induce inflammation as a general response to cell death.
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Therefore, it would be preferable that potentially anticancer
agent induces apoptosis and/or autophagy as the cell death
mechanisms that are not accompanied by inflammation [11].

Apoptosis (programmed cell death type I) is an active
process by which cells activate intracellular death program
that is mediated by caspase activation and leads to self-
destruction [12]. It is widely considered to be one of the
most important mechanisms by which anticancer agents
accomplish its cytotoxic effect. Therefore, any deficiency
in the apoptotic cascade could lead to a drug-resistant
phenotype.

Beside apoptosis, as a most investigated mechanism
of cell death induced by Hl-receptor antagonist [3, 4],
some data revealed that H1 antagonists can also induce
autophagy [13, 14]. Macroautophagy (referred to here after
as autophagy) is a catabolic process used for degradation
and recycling of the cell’s own unnecessary or dysfunctional
components [15]. Autophagy is controlled by AMP-activated
protein kinase (AMPK), which is a key energy sensor that
regulates cellular metabolism in order to maintain energy
homeostasis in cells. During nutrient deprivation, hypoxia,
oxidative stress, DNA damage, and other stress conditions,
autophagy provides energy for maintaining essential cellular
metabolism and can interfere with apoptotic/necrotic cell
death pathways [16]. Keeping that in mind, it was shown
that there is a cross-talk between apoptosis and autophagy
so that, in certain situations, autophagy can also stimulate
apoptosis [17] or can function as an alternative cell death
pathway (programmed cell death type II) [18]. On the other
hand, mammalian target of rapamycin (mTOR), cell growth
regulator, is main autophagy repressor which is activated
by phosphoinositide 3-kinase (PI3K)/Akt pathway [15].
One of most commonly used indicator of autophagy vesi-
cles formation is increased expression of LC3II [19]. There
are data showing that H1 antagonists like diphenhydramine
and AST-HIS induce autophagy in astrocytes and MCF-7
cells, respectively [13, 14], while deptropin blocks basal
autophagy in human hepatoma cells [20]

Taking into account the great antiapoptotic potential of
brain tumor cells [21, 22] and the fact that almost all avail-
able anticancer treatments induce cytotoxic effects by means
of apoptosis [22], it would be of great importance to investi-
gate also a possible proautophagic effects of potential novel
therapeutic treatment.

Since, to the best of our knowledge, there are not any
data about potential cytotoxic effect of H1 antagonists on
glioblastoma cells, we aimed to investigate the potential
cytotoxic effect of tricyclic antihistamine, desloratadine,
on glioblastoma cells in culture, as well as the mechanism
underlying its potential cytotoxic effect.
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Material and methods
Cell culture and chemicals

All chemicals were from Sigma-Aldrich unless otherwise
stated.

U251 (human glioblastoma cell line) was obtained from
European Collection of Cell Cultures ECACC. This cell line
is not listed as a commonly misidentified cell line by Inter-
national Cell Line Authentication Committee. Cells were
maintained at 37 °C degrees, in a humidified atmosphere
with 5% CO?2. Cells were cultured in 20-mM Hepes-buff-
ered RPMI-1640 cell culture medium supplemented with
5% fetal calf serum and 2-mM glutamine. All cells were
passage 1015 and for experiments were prepared using the
conventional trypsinization procedure with trypsin/EDTA.
After the trypsinization cells were seeded in 96-well flat
bottom plates (15x 10* cells/well) for viability assays and in
6 well flat bottom plates (3 x 10° cells/well) for flow cytom-
etry analysis. For immunoblot analysis cells were seeded
in Petri dishes (10 cm, 2.5 X 10° cells). After seeding, cells
were rested for 24 h and then treated with desloratadine
which was dissolved in cell culture medium (concentra-
tions were from 7.8 to 1000 uM) and/or autophagy inhibi-
tors bafilomycin Al, hydroxychloroquine, and NH4Cl, as
described in Results and Figure legends. All experiments
were performed after 24-h cells’ treatment except Western
Blot analysis which was performed after 4-h, 6-h, 18-h and
24-h treatment with desloratadine.

Primary glioblastoma cell line

The primary glioblastoma cell culture was established from
the tumor tissue collected from patients with WHO grade
IV glioblastoma (Clinic of Neurosurgery, Department of
Neurooncology, Clinical Center of Serbia, Belgrade). Prior
informed consent was obtained in written form from all
patients, and all procedures were approved by the institu-
tions’ Ethical Committee in accordance with the Declara-
tion of Helsinki. Isolation of human primary glioblastoma
cells was performed according to the previously described
procedure [23].

Cell culture medium (20-mM Hepes-buffered RPMI-
1640 supplemented with 10% fetal calf serum and 2 mM
glutamine) was changed after 24 h and then every 48 h
until the cells reached 80%. Cells were detached by conven-
tional trypsinization procedure and passaged 2-3 times in
this manner, before the experimental procedure. Cells were
rested for 24 h in cell culture medium and then treated with
desloratadine for further analysis.
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Determination of cell viability

Cell viability was assessed using Crystal violet (CV) assay,
to stain viable, adherent cells and MTT assay to measure
the activity of mitochondrial dehydrogenases [24]. The
absorbances were measured in an automated micro-plate
reader at 570 nm (Sunrise, TECAN, UK) and the results
are presented as relative to the control value (untreated
cells).

Cell shape analysis

Cell shape analysis was performed on micrographs
obtained with inverted fluorescent microscope (Leica
Microsystems DMIL, Wetzlar, Germany) using Leica
Microsystems DFC320 camera and Leica Application
Suite software (version 2.8.1) on 200 X magnification. Ten
images per cell culture were used for analysis. Cell shape
of U251 or glioblastoma cells was analyzed using shape
descriptors (circularity, aspect ratio, roundness, and solid-
ity) in ImageJ 1.49.

Circularity is a degree to which the cell shape is similar
to a circle and is defined as follows:

4z X [Area]

Circularity =
& [Perimeter)?

with a value of 1 indicating a perfect circle and value of 0
indicating an increasingly noncircular shape [25, 26].

The aspect ratio is the ratio of the width to the height of
an ellipse fitted to the region of interest and is calculated
using formula [25]:

[Major Axis]

AspectRatio = - —.
[Minor Axis]

Roundness is the ratio of the cell to the calculated cir-
cular area formed by the major axis:

Roundness = 4 X [Arealr X [MajorAxis]z.

As the shape of the cell has an increasingly elongated
shape, the value of roundness approaches 0 [27].
The measurement of the overall concavity, solidity, of
a cell was defined as follows:
[Cell Area]

Solidity = .
onaity [Convex Hull Area]

As the image area and convex hull area approach each
other, resulting in a solidity value of 1, the more solid cell
shape is [25].

Reactive oxygen species (ROS) measurement

Intracellular production of ROS was determined by meas-
uring the intensity of green fluorescence, emitted by
redox-sensitive dye dihydrorodamine 123 (DHR; Invitro-
gen), using flow cytometry analysis (FACSCalibur flow
cytometer, BD, Heidelberg, Germany). The results are
presented as dot plots and represent mean + SD values of
three measurements. Corresponding dot plots (FSC/SSC)
are presented in supplementary material. In order to under-
line the effect of desloratadine treatment, fold increase
of fluorescence intensity change relative to control cells
(arbitrarily set as 1) was calculated and presented in the
text (not presented in the figures).

Caspase activity

Caspase activation was measured using flow cytometry after
labeling the cells with a cell-permeable FITC-conjugated
PAN caspase inhibitor (ApoStat R&D systems) according
to manufacturer’s instructions. The results are presented as
dot plots and represent mean + SD values of three measure-
ments. Corresponding dot plots (FSC/SSC) are presented
in supplementary material. In order to underline the effect
of desloratadine treatment, fold increase of fluorescence
intensity change relative to control cells (arbitrarily set as
1) was calculated and presented in the text (not presented
in the figures).

Measurement of intracellular acidification

The acidic vesicles (i.e., lysosomes, autophagolysosomes)
were visualized by supravital stain acridine orange (AO)
under the inverted fluorescent microscope (Leica Microsys-
tems DMIL, Wetzlar, Germany) using Leica Microsystems
DFC320 camera and Leica Application Suite software (ver-
sion 2.8.1). Alternatively, acridine orange-stained cells were
also analyzed on a FACSCalibur flow cytometer using Cell
Quest Pro software. Accumulation of acidic vesicles was
quantified as red/green fluorescence ratio (mean FL3/FL1)
and dot plot was presented as mean + SD values of three
measurements. Corresponding dot plots (FSC/SSC) are pre-
sented in supplementary material.

Apoptosis determination

Apoptotic cell death was analyzed by double staining with
annexin (V-FITC) and propidium iodide (PI) that emitted
green (FL1) and red (FL2) fluorescence, respectively. Stain-
ing was performed according to the manufacturer’s instruc-
tions (Abcam, UK). A fluorescence of annexin/PI- and
PI-stained cells was analyzed using a FACS Calibur flow
cytometer (BD, Heidelberg, Germany). The percentages of
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viable (annexin — /PI —), early apoptotic (annexin+/PI —),
and late apoptotic/necrotic (annexin+/PI+) cells were
determined using Cell Quest Pro software (BD, Heidelberg,
Germany). Representative dot plots from three measure-
ments are presented.

Immunoblot analysis

After incubation and treatment cells were lysed and prepared
for immunoblot analysis [23]. Membranes were incubated
with primary antibody for LC3II (Cat no 2775S), phospho-
AMPK (Thr172) (Cat no 2531S), AMPK, phospho-AKT
(Ser 473) (Cat no 9271S), AKT (Cat no 9272S), phospho-
mTOR (Ser 2448) (Cat no 2971S), mTOR (Cat no 2983),
actin (Cat no 4970S), and peroxidase-conjugated goat anti-
rabbit IgG (Cat no 7074) (all from Cell Signal Technology),
as the secondary antibody. Specific protein bands were visu-
alized using Amersham ELC reagent (GE Healthcare). The
protein levels were quantified using densitometry (Image
Lab program) and expressed relative to actin (LC3II) or cor-
responding total protein signal (phospho-AMPK, phospho-
AKT, phospho-mTOR). The results are presented as fold
change in signal intensity compared to that of untreated
(control) cells at the same time point, which was arbitrarily
setto 1.

Statistical analysis

The statistical significance of the differences was analyzed
by Student’s t test or one-way analysis of variance (ANOVA)
followed by Student—-Newman Keuls test. A p value of less
than 0.05 was considered significant.

Results

Desloratadine exerts antitumor activity
against U251 cells

When used in different concentrations (7.8—1000 uM),
desloratadine decreased U251 cell viability in dose-depend-
ent manner, with IC50 value of 50 uM after 24 h incuba-
tion. There was no statistical significant difference between
results obtained with both viability tests (CV and MTT)
(Fig. 1a).

Cytotoxic effect of desloratadine against U251 cells was
further verified using phase contrast microscopy (Fig. 1b).
Morphological analysis of cells treated with desloratadine
showed decrease in the number of live cells (polygonal,
dark, adherent cells) and an increase in the number of dead
cells (round, white non-adherent cells). Untreated control
cells had typical cobblestone-like appearance.
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Fig. 1 Desloratadine reduces viability of U251 glioma cells in dose-
dependent manner. U251 cells were incubated for 24 h with different
concentrations of desloratadine (7.8-1000 pM) and the cell viabil-
ity was estimated by MTT and CV assays (a). Cell morphology was
examined by phase contrast microscopy (10X magnification) after
24-h treatment with different concentrations of desloratadine (b).
Data are presented as mean=+ SD values of three independent experi-
ments (*p<0.05 compared to control cells; **p <0.01 compared to
control cells)

Cell shape analysis of U251 cells showed that cell
circularity is significantly increased in all treated cells
in dose-dependent manner (control 0.44 +0.07; DSL
25 uM 0.48 +£0.06; DSL 50 uM 0.61 +0.06; DSL 100 uM
0.90+0.03, p<0.01). Aspect ratio was significantly
decreased only in DSL 100 pM-treated cells (1.26+0.12,
p <0.01), whereas there was no statistical difference
between other groups (control 2.38 +0.34; DSL 25 uM
2.44 +£0.44; DSL 50 uM 2.49 +0.73). Roundness was
significantly increased only in DSL 100 uM-treated cells
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(0.82+0.05, p<0.01), whereas there was no statistical dif-
ference between other groups (control 0.57 +0.05; DSL
25 uM 0.55+0.06; DSL 50 uM 0.55 +0.08). Solidity is
significantly increased in all treated cells in dose-depend-
ent manner (control 0.72+0.06; DSL 25 uM 0.75 +0.06;
DSL 50 uM 0.88 +0.04; DSL 100 uM 0.99+0.01, p<0.01)
except between control cell and DLS 25 pM-treated cells.

Desloratadine induce oxidative stress
and caspase-dependent apoptosis of U251 cells

Desloratadine significantly increased production of ROS in
dose-dependent manner that was verified with DHR staining
(Fig. 2a), suggesting that oxidative stress is a contributing
factor of its observed cytotoxic effect. When fluorescence
intensity of control cells was arbitrarily set as 1, calcu-
lated increase against control cells was 3.3- and 4.1-fold, in
desloratadine treatment (25 uM and 50 pM, respectively).

Measurement of caspase activation, using fluorescent-
labeled pan-caspase inhibitor ApoStat after 24-h treatment,
showed significant caspase activation. When cells were
treated with 25 uM and 50 uM of desloratadine, the cas-
pase activity increased 3.6 and 5.9 times relatively to control
cells, respectively (Fig. 2b). These results could indicate that
desloratadine induces apoptosis which is caspase dependent.

Further, apoptotic cell death was investigated and veri-
fied using Ann/PI staining. We showed that desloratadine
induced an increase in the percentage of Ann-positive cells
in dose-dependent manner. Namely, total percent of Ann-
positive cells in early (lower right) and late apoptosis (upper
right quadrant) treated with 12.5 uM, 25 pM, and 50 uM of
desloratadine was 8.65%, 16.79%, and 47.08%, respectively
(Fig. 2c). These data indicate that desloratadine induces
apoptotic cell death in U251 cells.

Desloratadine induce AMPK/mTOR-dependent
autophagy of U251 cells

The presence of autophagy was investigated first qualita-
tively by fluorescent microscopy. U251 cells treated with
desloratadine (50 uM) had increased number of intracyto-
plasmic acidic vesicles (lysosomes/autophagolysosomes)
that correspond to orange—red fluorescent spots in green
cytoplasm, compared to control (untreated cells) (Fig. 3a).

To quantify acidic vesicles content, we measured the
increase of red/green (FL3/FL1) fluorescence ratio, using
flow cytometry. After 24-h treatment with desloratadine
(50 uM) flow cytometry analysis revealed significant
increase in FL3/FL1 fluorescence ratio (FL3/FL1=1.7)
comparing to control cells (FL3/FL1=1) (Fig. 3b). Given
data suggest the increase in acidic intracytoplasmic vesicles
content.

As AO staining is not specific for autophagolysosomes
only, since it can label also other acidic vesicles, we further
performed immunoblot analysis to confirm the presence of
autophagy-related proteins and to define intracellular signal-
ing pathways involved in autophagy induction. Therefore, we
measured the expression of LC3II protein, which is a con-
stituent of autophagosome membrane. It is formed through
the conversion of soluble cytoplasmic form of LC3I to mem-
brane form, LC3II [19], during the maturation of autophago-
somes [28]. Also, proteins of mTOR signaling pathway were
measured. After 4-h, 6-h, and 18-h treatment with deslorata-
dine (50 uM) expression of pAKT, pmTOR, and pAMPK
were analyzed, while expression of LC3II was analyzed fol-
lowing 18-h and 24-h treatment with desloratadine (25 uM
and 50 uM). Immunoblot analysis revealed that, under the
treatment with desloratadine (50 uM), the expression of
main autophagy repressor mTOR and its upstream activator
Akt were decreased, while main mTOR inhibitor, AMPK,
was increased after 18-h incubation (Fig. 3c). Increase in
one of autophagy markers, LC3II was observed after 18-h
and 24-h incubation (Fig. 3d). These results indicate that
desloratadine induces AMPK/mTOR-dependent autophagy.

To define whether the autophagy is the type of cell death
or cell protection mechanism, U251 cells were simultane-
ously treated with desloratadine (50 pM) and one of well-
known autophagy inhibitors: bafilomycin (5 nM), chloro-
quine (10 mM), or ammonium chloride (5 mM). After 24-h
incubation, the presence of inhibitors reduced cytotoxicity
of desloratadine suggesting that autophagy in U251 cells
contributed to its cytotoxic effects (Fig. 3e).

Desloratadine exerts cytotoxic effect and induces
oxidative stress and autophagy in primary
glioblastoma cells

Additionally, antitumor effect of desloratadine was also con-
firmed on primary human glioblastoma cell culture. Viabil-
ity assays revealed decrease in cell viability in dose-depend-
ent manner, with IC50 value of 50 uM (Fig. 4a), while phase
contrast microscopy revealed same morphological changes
as in U251 cell line that indicated an increase in the number
of dead cells (round, white non-adherent cells) (Fig. 4b).

Cell shape analysis of primary glioblastoma cells showed
that cell circularity is significantly increased in treated cells
(control 0.28 +0.04; DSL 50 uM 0.35+0.05, p <0.01).
There were no statistical difference in aspect ratio (control
3.42+0.34; DSL 50 uM 3.73 +0.55) and roundness (control
0.42+0.03; DSL 50 uM 0.39 +0.06) in-between control and
DSL-treated cells. Solidity is significantly increased in DSL-
treated cells (control 0.61 +0.07; DSL 50 uM 0.71 +0.04,
p<0.01).

Acidic vesicles content was quantified after AO stain-
ing as the increase of FL3/FL1 (red/green fluorescence

@ Springer



241 Page6of11 Medical Oncology (2023) 40:241

a b
(,2500 ( 1800
i *% i
< 400 = < .
*% 600_
%‘ - % —ﬁ—
& 300 &
= £ 400- *x
@Q @ —au—
S 200 e
3 100 —e=o=e— 4
S S —o—0-0—
=) =}
E 0 T T T E 0 T T T
0 25 50 0 25 50
DSL (uM) DSL (uM)
@ @
= ! Control
= Control £ DSL 50uM
5 N DSL 50uM E \
3 3
10° 10" 102 10% 10 16°_ 10 102 10
Fluorescence intensity (FL1) Fluorescence intensity (FL1)
(c)
Control DSL 12.5uM
N 1.03% S 3.64%
= —I
w w
3 £
8 8
5 g
© S
s g
o _ : 1.88% a 5.01%
10 102 16 10 o 10° 10 1d*
Annexine V-FITC (FL1) Annexine V-FITC (FL1)
DSL 25uM DSL 50uM
~ 8.07% ) 35.37%
.| -
w w
[} [}
o o
8 8
£ £
=2 2
© S
o " Q.
S <)
o A : 8.72% o B 11.71%
1® 10 102 106 1d* 1@ 10 102 1¢  1d*
Annexine V-FITC (FL1) Annexine V-FITC (FL1)

Fig.2 Desloratadine induce oxidative stress and caspase-dependent Apostat, and annexin/PI staining, respectively. Data are presented as
apoptosis in U251 cells. Cells were treated with desloratadine for mean + SD values of three measurements (*p <0.05, **p <0.01, com-
24 h and ROS production; (a) caspase activation (b) and apoptotic/ pared to control cells)

necrotic cell death (¢) were examined by flow cytometry using DHR,

ratio), using flow cytometry analysis. After 24-h treat- (FL3/FL1=1.4) compared to control cells (FL3/FL1=1),
ment with desloratadine (25 uM) flow cytometry analysis ~ while 50 uM of desloratadine significantly decreased it
revealed significant increase in FL3/FL1 fluorescence ratio (FL3/FL1=0.6) comparing to control cells. (Fig. 4c). The
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presence of acidic vesicles was further confirmed by fluo-
rescent microscopy of AO-stained glioblastoma cells which
revealed an increased number of intracytoplasmic acidic
vesicles (lysosomes/ autophagolysosomes) after 24-h treat-
ment with desloratadine (50 uM) (Fig. 4d).

Additionally, the presence of autophagy vesicles was con-
firmed by measuring the expression of LC3II protein. After
4-h, 6-h, and 18-h treatment with desloratadine (50 uM)
increase in LC3II level was observed (Fig. 4e).

Concentrations of 25 uM and 50 pM of desloratadine sig-
nificantly increased production of ROS (3.2-fold increase
compared to control in both concentrations). (Fig. 4f).

Unfortunately, using Ann/PI and pan-caspase inhibitor,
we did not detect either apoptosis either caspase activity
under the treatment of human glioblastoma primary cell cul-
ture with desloratadine (data not shown).

Discussion

In the present study we demonstrate that H1 antagonist
desloratadine decreases viability of glioblastoma cells in
culture, through various mechanisms, including increase
in reactive oxygen species production, induction of
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Fig.4 Desloratadine exerts cytotoxic effect and induces oxidative
stress and autophagy in primary human glioblastoma cells. Primary
human glioblastoma cells were incubated for 24 h with different
concentrations of desloratadine (7.8-1000 pM) and the cell viabil-
ity was estimated by MTT and CV assays (a). Cell morphology was
examined by phase contrast microscopy (10X magnification) after
24-h treatment with desloratadine (50 pM) (b). Acidic vesicle con-
tent was verified by FL3/FL1 ratio using flow cytometry (c), while
the presence of intracytoplasmic acidic vesicles was verified by fluo-
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rescent microscopy after AO staining (20 X magnification) (d). The
levels of autophagy-related protein LC3II relative to actin (e) in cells
treated with desloratadine (50 pM) was determined by immunoblot-
ting for the indicated time periods and signal intensity are presented
below the protein bands. Representative blots from three independ-
ent experiments are presented. ROS production (f) was measured by
DHR staining using flow cytometry. Data (a, ¢, f) are presented as
mean + SD values of three measurements (*p <0.05 compared to con-
trol cells; **p <0.01 compared to control cells)
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apoptosis, and autophagy. Aside from a report that other
H1 antagonists can induce apoptosis and autophagy [3,
6, 13, 14], this is the first study clearly demonstrating
desloratadine-induced activation of Akt/mTOR-dependent
cytotoxic autophagy in tumor cells.

Keeping in mind that glioblastoma is an aggressive tumor
that has the highest rate of mortality among all malignant
brain tumors [29] there is a huge requirement to identify
novel target molecules to which more effective therapeutic
approaches can be developed. It was already shown that H1
antagonists can exert cytotoxic effects through the induction
of both apoptosis and autophagy [3, 6, 13, 14, 30]. Even the
histamine deficiency can induce apoptosis [31] suggesting
the role of histamine receptor activity in cell survival. In the
current study, we investigated the potential cytotoxic effects
of Hl-receptor antagonist, desloratadine, on glioblastoma
cell line and primary human glioblastoma cell culture.

Glioblastoma cells express great chemoresistance
[32] that can be supported by a presence of membranous
ABC (ATP-binding Cassette) superfamily of efflux pumps
located on blood-brain barrier [33]. Also, genetic instabil-
ity caused with numerous mutations, deletions, and genetic
amplifications contributes its chemoresistance [34]. Having
in mind all this complex glioblastoma characteristics that
lead to their great biological diversity, there is a need for
combined therapeutic approaches, targeting more than one
signaling pathway. The results of our study contribute to this
approach, since desloratadine affected both, apoptosis and
autophagy, as two different programmed cell death mecha-
nisms. In addition to already known desloratadine cytotoxic
effect against cutaneous T-cell lymphoma cell lines, EJ and
SW780 cells [9, 30] our results clearly shown dose-depend-
ent cytotoxic activity of desloratadine against U251 cell line.
Nevertheless, the obtained IC50 value for desloratadine is
in accordance with its cytotoxic activity on non-small cell
lung cancer (NSCLC) cell lines [10]. Its cytotoxic effects
are, even partially, achieved through the induction of ROS
overproduction which is a well-known trigger that could
induce cell death [35]. Moreover, we found that deslorata-
dine induced the externalization of phosphatidylserine in
cell membrane, together with an increase in caspase activa-
tion, both hallmarks of apoptosis. Given data are in accord-
ance with studies taken by Plekhova et al., and Ma et al.,
where Ann+ macrophages as well as bladder cancer EJ and
SW780 cells were detected after desloratadine treatment,
respectively [30, 36]. Also, it was shown that desloratadine
can induce apoptosis in cutaneous T-cell lymphoma cell
lines through inhibition of STAT3 and c-Myc activities.
Additionally, caspase-dependent proapoptotic activity was
previously reported for other H1 antagonists, such as diphen-
hydramine and meclizine [5, 7].

It is known that autophagy in tumor cells can either pro-
mote apoptosis or serve as mechanism of programmed cell

death type II. Several reports provided evidence that spon-
taneous autophagy is reduced in glioblastoma [35, 37] sug-
gesting that this could be responsible for its considerable
malignant potential. In contrast, there are data that show
autophagy as a prosurvival mechanism that protects cancer
cells from apoptotic or necrotic cell death induced by dif-
ferent anticancer drugs [17]. In light of all the foregoing
considerations we were interested to examine this process
using glioblastoma cell line.

We have shown that desloratadine induces autophagy in
U251 glioblastoma cells through increased expression of
acidic cytosolic vesicles, both qualitatively and quantita-
tively. Given data are additionally confirmed with increased
expression of autophagosome-associated LC3II protein. Ma
et al. also impaired expression of autophagy-related proteins
such as Beclin 1, p62, and LC3V/II in EJ and SW780 cells
after treatment with desloratadine [30]. After diphenhy-
dramine treatment acidic vacuoles were detected in astro-
cytes, which is confirmed with increased LC3I to LC3II con-
version [13] Autophagy followed with increased expression
of LC3II protein was also reported for some other H1 antag-
onists [6, 14]. Furthermore, we looked toward the intracel-
lular signaling pathway underlying autophagic process of
U251 glioblastoma cells induced by desloratadine. AMPK
is one of the positive regulators of autophagy that stimulates
autophagy in response to energy depletion (increased AMP/
ATP ration) [38] and that way connecting cellular energy
homeostasis and autophagy. Beside AMPK, we looked
toward activity of AMPK downstream target, mTOR, as
well as prosurvival signaling molecule Akt involved in
stimulation of protein synthesis and cell proliferation. Akt
signaling pathway is usually regarded as independent signal-
ing route from AMPK signaling pathway and as alternative
pathway that regulates autophagy [39]. In our experimental
model we observed the upregulation of AMPK and down-
regulation of mTOR and Akt indicating that desloratadine-
induced autophagy of U251 cells is mMTOR/AMPK depend-
ent. Astemizol is the other histamine antagonist that induced
autophagy in breast cancer cells [14]. Beside autophagy and
similarly to desloratadine, astemizol also induced apoptosis
through caspase activation and increased production of ROS.
On the other hand, there are data indicating that antihista-
mine deptropin blocked basal autophagy which is experi-
mentally confirmed through increased LC3II expression,
while Akt, AMPK, vacuolar protein sorting 34 (VPS34),
and Atg7 expression were not changed after treatment in
human hepatoma cells [20]. Having in mind that autophagy
could be either prosurvival or cell death mechanism, using
simultaneous treatment with different autophagy inhibi-
tors and desloratadine, we have shown that the autophagy
in glioblastoma cells induced by desloratadine is cytotoxic.
Together with previously reported finding that glioblastomas
cells have reduced spontaneous autophagy; this induction
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of cytotoxic autophagy with desloratadine could be of great
importance in modulation of current chemo-radiation treat-
ment. The effect of autophagy modulation on glioblastoma
radio sensitivity was intensively investigated previously
[40] and, even still not completely clear, it is evident that
autophagy modulation offers a promising, novel approach
to glioblastoma treatment.

In addition to desloratadine effects observed in U251
glioblastoma cell line, we showed also similar patterns of
desloratadine action against human glioblastoma primary
cell culture. Its cytotoxic effect was performed through
induced ROS production that possibly initiated autophagy
verified through an increase in number of acidic vesicles
as well as an increase in LC3II autophagosome-associated
protein.

The observed results clearly demonstrate that deslorata-
dine induces apoptosis accompanying with cytotoxic mTOR/
AMPK-dependent autophagy. This dual antitumor potential
of desloratadine is particularly important for tumor cells
that express great antiapoptotic potential, such as cells of
glioblastoma.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12032-023-02117-3.
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