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Combined Acylselenourea—Diselenide Structures: New Potent and
Selective Antitumoral Agents as Autophagy Activators
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ABSTRACT: A series of 16 new diselenide—acylselenourea
conjugates have been designed following the fragment-based
drug strategy. Compound in vitro cytotoxic potential was
evaluated against six human cancer cell lines and two
nonmalignant derived cell lines with the aim of determining
their potency and selectivity. Nine derivatives exhibited Gl
values under 10 4M in at least four cancer cell lines. A clear
gap situated phenyl substitution over heterocyclic moieties in
terms of selectivity. Among carbocyclic compounds, derivatives
2 and 7 significantly inhibited cell growth of breast
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adenocarcinoma cells with GI, values of 1.30 and 0.15 nM, respectively, with selectivity indexes 12 and 121 times higher
than those obtained for doxorubicin. Preliminary mechanistic studies indicated that compounds 2 and 7 induce cell cycle arrest
and autophagy-dependent cell death evidenced by the blockage of cell death with pretreatment with wortmannin or chloroquine
and confirmed by the upregulation of the markers Beclinl and LC3B in MCF-7 cells.
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ancer can be categorized as a serious clinical problem as it

affects millions of patients worldwide. Only in the United
States of America statistics show death rate by cancer will reach
the alarming ratio of 1600 deaths per day.' Even though big
progress and investment in the field have been made, selectivity
and side effects are still issues for current treatments. Moreover,
both acquired and de novo resistances to chemotherapy have
been documented.” In this context, over the past decade,
selenium compounds have demonstrated important effects on
cancer progression, distressing cell growth and proliferation; this
activity is both form and dose dependent.>* Many mechanisms
of action have been identified, including the induction of
apoptosis either caspase dependent or independent.”® Fur-
thermore, modulation of some kinases activity, antioxidant
effects through selenoproteins involved in the modulation of
oxidative stress, mitotic catastrophe, autophagy, or a combina-
tion of the previously described mechanisms have been proven
for selenium-containing molecules.”*

Autophagy has been deeply studied as a factor of cancer
regulation.” Drug-induced autophagy in breast cancer cell lines
has already been described in the past and has been correlated
with apoptosis promotion.'’ Beyond the interest of the
oncosuppressive effect, autophagy assures anticancer inmuno-
surveillance.'' Some autophagy activators have been approved by
FDA for cancer treatment such as everolimus.'”

Among the chemical entities containing selenium that have
been identified, the chemical form of diselenide stands out as an
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appealing skeleton for development of new anticancer agents."
In particular, diphenyl diselenide (PhSe), has been widely
studied and has proven activity as oxidative stress protector, '
presenting also cytotoxic activity.'® In this line of investigation,
our research group has explored this chemical entity and the
most potent antitumoral structures synthesized in our group
containing the diphenyldiselenide moiety corresponds to bis(4-
aminophenyl)diselenide structure.'” Therefore, we selected this
fragment as a starting point for our structure design with the aim
of enhancing its potency and reducing its toxicity.

However, selenourea moiety is emerging as a privileged
structural fragment in some antiproliferative studies. Those
resulting molecules behaved as reactive oxygen species (ROS)
scavengers as well as glutathione peroxidase mimetics and proved
to have potent cytotoxic effects.'® N,N’-disubstitued selenourea
derivatives have been reported as nontoxic polyfunctional
antioxidants with potency over sulfur or oxygen analogs.'” We
have recently confirmed that selenourea derivatives have more
potent in vitro activities against several cancer cell lines than their
sulfur analogs.”® Since combination of two or more active
structural moieties can possibly enhance bioactivity and reduce
adverse effects, we combined (PhSe), nucleus and selenourea
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fragment with the intention of achieving this synergic effect. In
addition, and considering that a variety of drugs are activated by
biotransformation, the selenoureas were functionalized with
different acyl substituents in order to facilitate or to modulate the
release of the active groups. These modifications enclose:

a) Systematic variations of substituents at different diversi-
fication points in phenyl rings with electron-withdrawing
or electron-donor groups in order to obtain the maximal
3D structural enrichment as well as information about the
effects of electronic properties in the antitumoral activity
(compounds 1—7). In addition, compounds 7 and 8 were
included with the aim of evaluating the effect of
polymethoxy substitution and biomimetics of combretas-
tatin. This agent has proven ability to induce cell death
through various mechanisms including mitotic catastro-
phe and autophagy induction in various adenocarcinoma-
derived cell lines.”"

Replacing the lateral phenyl group by heterocyclic system
(compounds 9—16) possessing a functional group able to
form hydrogen bonding as well as antitumor activity
against different tumor cell lines as furan,** thiophene,
benzothiophene,23 isoxazole,”* benzodioxole,* quino-
line,”® and phenylquinoline®” derivatives.

Carbonyl group was included as a cleavable linker largely
used in targeted drug strategies with intention of
modulating metabolism.

b)

Founded on these facts, the experience, and the results of our
research team in the field of diselenide and selenourea
synthesis,'"****" a general structure was designed, included
in Figure 1. In this entity, the fragments incorporated are bis(4-
aminophenyl)diselenide colored in green, selenourea moiety
colored in red, and lateral cyclic fragment colored in blue.

Figure 1. Structures of novel selenium containing compounds.

All the synthesized compounds were screened for their
cytotoxic activity against a panel of cancer cell lines, and a
preliminary approach to the undergoing mechanism of action
was performed.

Sixteen novel compounds matching the designed scaffold
described in the introduction were synthesized. They can be
classified according to their lateral rings, carbocyclic (1—8) and
heterocyclic (9—16), and their structures are summarized in
Figure 1. The structures were confirmed by nuclear magnetic
resonance (‘H NMR and "*C NMR), infrared spectroscopy (IR),
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and mass spectrometry (MS), and purity was confirmed by
elemental microanalysis.

The novel organoseleno derivatives were synthesized starting
from bis(4-aminophenyl)diselenide, which has been synthesized
according to a previously published procedure.” The first step of
the proposed mechanism (Scheme 1) is an electrophilic aromatic

Scheme 1. Mechanism Proposed for the Synthesis of Bis(4-
aminophenyl)diselenide

® ®
NH, NH, NH, y N
~ HN m—l‘i—H
) g 0) |20
& H” “seCN H” “secn| M* Se 056q
H‘cfv:e na”
®
HN /\@ /< c=nNNa
so NHy = \Q AN &—QNH;
c=N"Na

substitution that curses through an intermediate stabilized by the
four possible resonance structures leading to 4-aminophenylse-
lenocyante by deprotonation. Second, treatment with NaBH,
causes dimerization of the 4-aminophenylselenocyanate to yield
bis(4-aminophenyl)diselenide.

The reaction of benzoyl chlorides (1—8) or hetero aroyl
chlorides (9—16) with potassium selenocyanate in a molar ratio
1:1, respectively, in dry acetone yielded the corresponding acyl
isoselenocyanates. These intermediates were used without
purification, and the reaction in situ with bis(4-aminophenyl)-
diselenide in acetone at room temperature generated the final
compounds.

Reaction times range from 1 h up to 12 h and was then
quenched with cold water where potassium chloride from the
formation of isoselenocyanate is dissolved. At this point, some
compounds precipitate along with some starting reagents.
Purification is performed by various methodologies such as
washing with ethyl ether or extraction with dichloromethane.
After purification yields range from 16% to 95%, this variability in
yield values may be due to acyl chloride reactivity or to other
physical properties of the reagents such as solubility in the
solvent used.

Given the absence of commercially available acyl chlorides
such as those needed for the synthesis of compounds 12, 13, 14,
and 15, they were obtained by chlorination of their
corresponding carboxylic acids with thionyl chloride under
reflux conditions according to the literature.

We propose a two-phase reaction to obtain the novel
diselenides. With regard to the proposed mechanism (Scheme
2), the first reaction could be a nucleophilic attack of the
described negative charge over the nitrogen atom over the
carbonylic carbon following an acyl substitution mechanism to

Scheme 2. Proposed Mechanisms for the Two-Phase Reaction
To Form the Novel Diselenides
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Table 1. Average GI, Values (uM) and Selectivity Indexes

Cell line
Code R/Compound
MCEF-7 PC-3 HTB-54 HT-29 K-562 CCRF-CEM 184B5 SI* BEAS-2B SI®
1 phenyl 9.76 x 10° 396 % 107 24.78 9.12 25.47 0.26 9.79 1,003.20 20.01 0.81
2 4-methylphenyl 130x10° | $§87x10? 7.74 6.61 25.56 6.79 9.09 7,005.30 4.17 0.54
3 4-nitrophenyl 3.24x 107 0.27 28.61 9.02 32.25 0.96 821 253.18 4.01 0.14
4 4-methylthiophenyl 5.60% 107 4.46 30.84 5.27 >100 629x 107 12.68 2,264.07 7.44 0.24
5 4-chlorophenyl 495%10° 4.11 13.16 8.95 25.38 2.59x 107 8.20 1,660.78 2.51 0.19
7 3,5-dimethoxyphenyl 1.51x 10* 7.85x 10 20.22 17.09 >100 9.35x 10 10.49 69,673.53 9.72 0.48
8 3,4,5-trimethoxyphenyl 9.10 8.16 16.03 21.97 9.24 6.64 6.41 0.70 9.49 0.59
9 furan-2-yl 7.93 5.51 6.35 321 84.87 0.62 4.58 0.58 5.4S8 0.86
10 isoxazol-2-yl 3.81 4.33 5.86 6.66 9.02 233 2.80 0.73 0.80 0.14
11 thiophene-2-yl 15.85 73.92 60.75 6.58 10.20 6.40 6.96 0.44 7.64 0.13
12 3-chloro-thiophene-2-yl 13.60 9.74 48.23 5.90 15.13 26.71 8.05 0.59 7.13 0.15
13 benzo[b]thiophene-2-yl 27.85 17.64 22.58 3.78 25.13 8.71 70.83 2.54 13.59 0.60
14 1,3-benzodioxole-5-yl 25.33 66.03 60.62 6.82 26.81 6.39 20.44 0.81 >100 nd.c
15 quinoline-3-yl 15.10 36.42 9.11 7.71 25.36 425 9.66 0.64 3.48 0.38
16 2-phenylquinoline-4-yl 14.72 10.65 >100 11.45 17.88 12.09 8.64 0.59 >100 nd.
Reference drugs
doxorubicin 2.00x 10° 1.00 x 10 <1.00 x 10? 0.10 2.00x 10 330x 107 115 574 0.13 >13
cisplatin 3.16 5.01 9.64 7.94 5.01 1 nd. nd. nd. n.d.
etoposide 19.95 0.63 n.d. 31.62 12.59 126 n.d. n.d. n.d. n.d.
MSA 128 2.4S 3.54 n.d. n.d. 1.08 179 1.40 3.66 1.03

“Calculated as Gl 184BS5)/Glo(MCF-7). bCalculated as Gl;o(BEAS-2B)/Glo(HTB-54).

yield the isoselenocyanate. Second, the lone pair of electrons of
the nitrogen atom attached to the phenyl ring could perform a
nucleophilic attack over the isoselenocyanate carbon atom
leading to the formation of the final structure.

The 16 novel compounds were screened for their effect on
cancer cell viability against a panel of six human cancer cell lines:
breast adenocarcinoma (MCEF-7), colon carcinoma (HT-29),
lymphocytic leukemia (K-562), prostate cancer (PC-3),
lymphoblastic leukemia (CCRF-CEM), and lung carcinoma
(HTB-54). The cytotoxic potency was evaluated by the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay according to the methodology previously described.”®
Initially, each compound was tested at five different concen-
trations from 0.01 to 100 M after 72 h treatment; for some
compounds, further dilutions were needed due to their potency.
Doxorubicin, etoposide, and cisplatin were used as reference
drugs. Methylseleninic acid (MSA) was introduced as a selenium
containing molecule with promising cytotoxic profile.*’

Compound 6 was not screened due to its lack of solubility
under the assay conditions. As an approximation, compound 4
will be considered as an analogue in terms of electronic and steric
modulations.

As Table 1 illustrates, CCRF-CEM, PC-3, and MCF-7 were
generally the most sensitive cell lines. However, K-562 cell line
was less sensitive in the general picture. TGI and LCsj values for
every cell line are also provided in the Supporting Information
(Tables S1 and S2).

Interestingly, compounds with carbocyclic lateral rings (1-S,
7, and 8) and those with heterocyclic rings (9—16) displayed
different cytotoxic profiles. Whereas compounds with carbocy-
clic substituted endings exhibited GIs, values in the nanomolar
range in MCF-7, PC-3, and CCRF-CEM, no heterocyclic
derivatives matched this condition.

The assay was also performed on two cell lines derived from
nonmalignant cells, one mammary gland derived (184BS) and
the other derived from bronchial epithelium (BEAS-2B).
Selectivity index (SI) for breast and cancer cells was calculated
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as the ratio of the Gl values obtained for the nonmalignant
derived and homologue cancer cell line.

Moreover, there are also clear differences in SI values for breast
cell lines. Table 1 shows a clear range gap correlated with ending
core nature, with the exception of compound 8 that did not pair
the level of selectivity shown by the rest of the carbocyclic lateral
ring compounds (15, 7, and 8).

In spite of this, GIy, values of compounds 9—18 are under the
10 uM threshold for HT-29 treatment and in the same order of
magnitude as cisplatin. Furthermore, among the different
heterocyclic substituents, furan and isoxazole (9—10) fulfill the
10 uM Gl value condition in at least five out of six tested cell
lines. Besides, GI; values for compound 10 are in the same order
of magnitude as those exhibited by cisplatin and MSA in those
cell lines where data is available. However, although compound
10 was cytotoxic showing LDy, values under 10 #M in CCRF-
CEM and MCEF-7, this activity was not accompanied by the
required selectivity for breast adenocarcinoma cells. If we draw
the focus to MCF-7, PC-3, and CCRF-CEM cell lines, all seven
carbocyclic derivative compounds presented Gly, values under
10 4M in all three cell lines.

In CCRF-CEM cells, compounds 4, 5, and 7 present Gl
values at least 10-fold lower than etoposide, cisplatin, and MSA.
Comparison of those reference drugs in PC-3 cells reveals that
compounds 1, 2, and 3 satisfy these same criteria.

‘When antiproliferative activities for structures with carbocyclic
core ending were analyzed in MCF-7 cells, compounds 1—5 and
7 showed Gl values at least two orders of magnitude lower than
those for cisplatin, etoposide, and MSA. Due to this data, a more
potent reference drug is needed for comparison such as
doxorubicin. Besides, doxorubicin was highly selective for the
breast adenocarcinoma cell line (SIjgps/mcr; = $74), which
makes it an ideal reference for compounds 1—5 and 7. Taking
into account this benchmark, five out of the six compounds (1, 2,
4,5,and 7) equal the nanomolar range for G5, values. Moreover,
selectivity index for mammary adenocarcinoma exceeded the one
calculated for doxorubicin in up to 120-fold (compound 7).
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Taking into account that one of the goals of fragment-based
design strategy is to improve potency and reduce the toxicity, we
compared those results with the ones obtained for bis(4-
aminophenyl)diselenide itself. Gl values (4M) for each cell line
were 0.75 (MCE-7), 0.80 (PC-3), 0.21 (HTB-54), <0.01 (HT-
29), 0.95 (K-562), and 5.28 (CCRF-CEM). Selectivity-wise, the
GI; value obtained when the assay is performed in 184B5 cell
cultures was of 6.29 yM leading to a SI of 8.39. Our target when
SI'was calculated as GL;,(BEAS-2B)/GL,(HTB-54) was a value
of 3.44 as the Gl for BEAS-2B was 0.73 uM. In general terms,
this compound could be considered potent as it induces 50% cell
growth inhibition under 10 uM concentrations in all six cell
cancer cell lines. Although HT-29 was the most sensitive cell line
while CCRF-CEM was the most resistant, when we have alook at
SIvalues we can state that the selectivity for this compound is, in
general, scarce. However, when we compare these values with the
results obtained for the novel diselenide derivatives we can
observe that compounds 1—S5 and 7 have a striking selectivity for
MCE-7 cell line over the rest of the cancer cell lines and over
184BS cell line. From the data, we can conclude that the
introduction of the acylselenourea group plays a determinant
role in terms of selectivity when compared to the core structure
bis(4-aminophenyl)diselenide alone.

Though the number of synthesized compounds is too small to
make solid structure—activity relationship statements, some
conclusions can be withdrawn from the results. When structure
ending core is replaced by heterocyclic rings, a loss of
antiproliferative activity and selectivity was observed. As for the
compounds bearing carbocyclic rings, a trend might be
considered as electron-donating substituents enhance activity
in MCEF-7 cells, peaking this effect with the presence of two
methoxy groups (compound 7). However, the presence of three
electron-donating groups seems to revert this effect, presumably
due to steric hindrance.

At this point and considering all the previous results,
compounds 2 and 7 were selected for further biological studies
due to their activity and selectivity, especially against breast
adenocarcinoma cells (MCE-7).

Apoptosis and cell cycle arrest are targets for many anticancer
drugs such as doxorubicin. Influence of some selenium
containing compounds over those processes has been
proven.””>* As a preliminary approach to the mechanism of
action, the cell cycle distribution and cell death status was studied
in MCEF-7 cultures treated with either compounds 2 or 7. These
tests were performed by flow cytometry using Apo-Direct Kit
(BD Pharmigen) based on the TUNEL technique under the
conditions described by the manufacturer. Treatment with 6 uM
camptothecin was used as a positive control.

As shown in Figure 2, both compounds 2 and 7 increased the
percentages of subdiploid cells in the cultures in a dose- and time-
dependent manner. In fact, both derivatives induced a significant
increase in cell death when added at S M concentration (Figure
2A). At 10 uM concentration, an increase of cell death was
detected as soon as 6 h for both compounds (Figure 2B).

As expected for compounds that induce cell death, when cell
cycle distribution was studied, the number of the hypodiploid
sub-G; cell population was increased. This result reaches
significance at a 1 M concentration for derivative 7 (Figure
3B) and at S M treatment for compound 2 (Figure 3A).
Concomitant with this, a 10 uM treatment for 6 h with either
compound 2 or 7 augmented the number of cells in sub-G, phase
(Figure 3C,D). Furthermore, both compounds 2 and 7 induced
arrest in G,/M in a time- and dose-dependent manner. A very
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Figure 2. Compounds 2 and 7 induced cell death in a dose- and time-
dependent manner in MCE-7 cell cultures. Cells were treated with
increasing concentrations of compounds 2 and 7 for 24 h (A) or with 10
uM concentration for different periods of time (B).
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Figure 3. Cell cycle analysis after treatment with compounds 2 (A,C)
and 7 (B,D). Cells were treated with increasing concentrations of
compounds 2 (A) and 7 (B) for 24 h. Panels C and D correspond to
treatments with 10 #M concentration for different periods of time for
compounds 2 (C) and 7 (D).

remarkable increment of G,/M phase was evidenced for the 24 h
treatment even at the lowest concentration tested (1 uM)
peaking at 10 and 20 M with over 40% of cells in this phase
(Figure 3A,B). Similar results were found for time course
analysis; after 10 uM treatment for 6 h, the growth of G,/M
phase population was meaningful (Figure 3C,D).

Some general considerations can be extracted from these
results for derivative 2. The arrest of cells in G,/M phase
becomes significant at the lowest times and doses tested. For this
population, building up seems to plateau over the 5 uM
concentration for 24 h treatment (Figure 3A). If we analyze the
10 uM treatment over the time, population of cells in G,/M
phase peak for the 24 h treatment, while in the 48 h experiment
this population seems to have reached its limit value as cells start
to then accumulate in the hypodiploid sub-G, phase.

This same phenomenon can be observed when compound 7’s
behavior is studied; in this case, arrest in G,/M phase peaks at 10
UM treatment for 24 h. Higher doses or longer times of exposure
cause cells to accumulate in sub-G, phase and the number of cells
in S phase to drop below the 10% value. A slight revision of G,/M
arrest can be perceived for 20 yM treatment for 24 h or 10 M for
48 h.

With the aim of narrowing down the pathways implicated in
this cell death processes, MCF-7 cells were incubated with
compounds 2 and 7 in the presence or absence of the pan-
caspase inhibitor Z-VAD-FMXK, the PI3K inhibitor wortmannin,

DOI: 10.1021/acsmedchemlett.7b00482
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and chloroquine. As observed in Figure 4A, preincubation with
both wortmannin and chloroquine blocked cell death caused by
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Figure 4. Cell death induced by compounds 2 and 7 is blocked by
wortmannin and chloroquine but not by caspase inhibitor Z-VAD-FMK.
MCE-7 cells were preincubated for 1 h with 50 mM of pan-caspase
inhibitor Z-VAD-FMK (A), 100 nM of the autophagy inhibitor
wortmannin, and 10 uM of chloroquine (B) or in absence of inhibitor
prior the addition of 10 #M 2 and 7 or DMSO (control) for 24 h. Thirty
micromolar rapamycin was used as a reference autophagy control. Cells
were then processed with the Apo-Direct kit and analyzed by flow

cytometry.

both compounds 2 and 7, reverting apoptotic population levels
to those present in the culture treated only with wortmannin or
chloroquine on their own. Rapamycin was used as a reference
autophagy inductor. This suggests that autophagy is involved in
the cell death induced by these compounds. However,
preincubation with Z-VAD-FMK could not prevent compounds
2 and 7 induced cell death (Figure 4B), which rules out caspase-
dependent cell death.

As suggested by the inhibitor assay results and with the aim of
confirming that autophagy is involved in the mechanism of action
by which compounds 2 and 7 cause cell death, we proceeded to
the evaluation by Western blot of autophagy markers (Beclinl
and LC3B).*> MCF-7 cells were treated with 10 yuM of
compounds 2 and 7 for 24 h. Formation of autophagosomes
starts with an initial nucleation step that requires the ULK1
complex that includes Beclinl, which, as shown in Figure 5, is
upregulated by treatment with both selected compounds.
Consistent effects are observed when LC3B-I and LC3B-II
were studied.

In conclusion, a total of 16 novel acylselenourea-diselenide
derivatives were designed following the fragment-based strategy
and synthesized: eight with carbocyclic endings (1—8) and eight
with heterocyclic endings (9—16). The evaluation of their in vitro
cytotoxic activity revealed that, in general, MCF-7, PC-3, and
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Figure S. Significant upregulation of autophagy markers studied was
confirmed by densitometry as shown: Beclinl (A), LC3B-I (B), and
LC3B-1I (C).
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CCREF-CEM cell lines are the most sensitive among our panel of
six cancer cell lines. Among the different substituents, carbocyclic
endings proved in general to be more potent and selective than
their heterocyclic homologues. Many of the derivatives
synthesized were found to be more effective and selective as
agents compared to bis(4-aminophenyl)diselenide on the cancer
cell lines tested, hence validating our approach. Compounds 2
and 7, with 4-methylphenyl and 3,5-dimethoxyphenyl moieties,
respectively, were selected for further biological studies due to
their high potency and selectivity against breast adenocarcinoma
cells. Cell cycle analysis through flow cytometry revealed that cell
death and G,/M phase arrest are both time- and dose-dependent.
Moreover, in the presence of wortmannin or chloroquine, cell
death was reverted to negative control levels, indicating that
autophagy might be implicated in cell death mechanism. This
hypothesis is confirmed when autophagy marker analysis is
performed by Western blot for LC3B and Beclinl.
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