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Abstract—The effect of novel water-soluble structurally related monophenolic compounds on the activity of
two most important mechanisms of maintaining intracellular homeostasis, autophagy and the redox-sensi-
tive signal system Keapl/Nrf2/ARE, has been studied in human breast adenocarcinoma cell line MCF-7
using confocal microscopy. Autophagy processes were analyzed on the basis of the amount of intracellular
vesicles that were positive for the autophagy marker (LC3B). The activation of the Keap1/Nrf2/ARE system
was determined by the translocation of the transcription factor Nrf2 into the nucleus. It was found that the
effect of the tested compounds depended on their structure and concentration. When the inhibitor of auto-
phagosome—lysosome fusion chloroquine was added to the culture medium (20 uM), the asymmetrically
hindered by the tert-butyl group phenols with thiosulfonate (TS-13) and sulfonate group in the para-propyl
substituent increased the rate of autophagosome elimination in MCF-7 cells. Shortening of the para-alkyl
substituent by one methylene unit abolished the effect. The addition of the second ortho-zert-butyl substitu-
ent had the reverse result. Both tested compounds enhanced the translocation of the transcription factor Nrf2
into the nucleus of MCF-7 cells (which is a critical step in Keap1/Nrf2/ARE activation). It was observed after
incubation with asymmetrically hindered by the fert-butyl group phenol with selenosulfonate group in para-
propyl substituent (5—-100 uM) for 4 h and with TS-13 (5-100 uM) for 24 h. Taking into account our previous
findings on the toxicity of this group of compounds for MCF-7 cells we can conclude that these compounds
exert different effect on autophagy and activation of the antioxidant response element signaling system
Keap1/Nrf2/ARE.
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INTRODUCTION

Radical (O5, NO*, RO") and nonradical (H,0,,
ONOOH, ROOH) active oxygen (ROS) and nitrogen
species are key regulators of biological processes.
However, their activity often becomes toxic and
destructive, especially in pathological processes. The

Abbreviations: ROS—reactive oxygen species; TS-12—sodium
3-(3'-tert-butyl-4'-hydroxyphenyl)ethyl thiosulfonate; TS-13—
sodium 3-(3'-fert-butyl-4'-hydroxyphenyl)propyl thiosulfonate;
TS-17—sodium 3-(3',5'-di-tert-butyl-4'-hydroxyphenyl)propyl
thiosulfonate; S-13—sodium 3-(3'-tert-butyl-4'-hydroxyphe-
nyl)propyl sulfonate; SeS-13—sodium  3-(3'-fert-butyl-4'-
hydroxyphenyl)propyl selenosulfonate; NC—nuclear—cytoplas-
mic ratio, ARE—antioxidant response element; FBS—fetal
bovine serum; LC3B—microtubule-associated proteins 1A/1B
light chain; Nrf2—NF-E2 related factor; Keapl—Kelch-like
ECH-associated protein 1; p62/SQSTM—ubiquitin-binding
protein p62, also known as sequestosome 1.
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phenomenon is known as “oxidative stress” (Niki,
2016; Sies et al., 2017; Chikara et al., 2018; Kapuy
et al., 2018). A low level of ROS in cells is maintained
with a multilevel system of enzymatic (superoxide dis-
mutase, catalase, glutathione peroxidase, etc.) and
nonenzymatic (glutathione and other SH-containing
compounds, phenols) antioxidants. For a long time, it
has been thought that the antioxidant activity of phe-
nols has an antiradical effect and that they act as che-
lators of transition metal ions, interrupting the chain
processes of free radical oxidation (Menshchikova
et al., 2012). In recent years, the mechanisms of indi-
rect phenol protection during oxidative stress, namely,
their ability to induce autophagy and activate the sig-
nal system of the antioxidant response element
Keapl/Nrf2/ARE, have been actively studied (Zen-
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kov et al., 2016; Nabavi et al.,
2017; Zhao et al., 2018).

Autophagy, being the main mechanism of degrada-
tion of intracellular components (proteins, nucleic
acids, fat accumulations, organelles), is very import-
ant for protection from oxidative and carbonyl stress.
It removes damaged mitochondria and peroxisomes
(intracellular sources of ROS), as well as protein and
lipid aggregates, which are a cause of carbonyl com-
pound toxicity (Fedorova et al., 2014; Giordano et al.,
2014).

More than 20 redox-sensitive transcription factors
are currently known. Nrf2, which regulates the expres-
sion of genes with the antioxidant response element
ARE, is of particular importance. In cells, Nrf2 is
under control of the repressor protein Keap1, which is
a molecular sensor of changes in the intracellular
redox balance. The function of the Keapl/Nrf2/ARE
redox-sensitive signaling system is to maintain internal
homeostasis under apoptosis-inducing, carcinogenic,
and stressful conditions. ARE controls the expression
of more than 500 genes. They include two large groups
of antioxidant enzymes and phase 11 xenobiotic detox-
ification enzymes (Turpaev, 2013). The biological
function of the Keapl/Nrf2/ARE system regulating
the intracellular redox balance is to control the activity
of a wide range of redox-sensitive transcription fac-
tors, as well as metabolic processes involving phospha-
tases and kinases. An increased activity of Nrf2-medi-
ated processes enhances autophagy caused by degra-
dation of Keapl with the involvement of the
autophagy adapter protein of p62/SQSTM (Zenkov
et al., 2017) and ARE elements in promoters of many
autophagy genes (Pajares et al., 2017). In recent years,
there has been an active search for new activators and
inhibitors of Nrf2 transcriptional activity and autoph-
agy to prevent and treat a wide range of diseases (Zen-
kov et al., 2013; Chu et al., 2017; Gazaryan and
Thomas, 2016).

The study and practical application of natural phe-
nols is largely hindered by their hydrophobicity and

2017; Shabalala et al.,
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the complexity of the molecule structural organiza-
tion. Previously performed studies allowed us to reveal
the relationship between the structure of structurally
related novel hydrophilic monophenols and their anti-
oxidant and biological activity in vitro and in vivo. It
was found that the substances not only directly inhibit
free radical oxidative processes involving ROS, but
also suppress the development of oxidative stress indi-
rectly through the activation of intracellular defense
systems.

The purpose of this study was to investigate the
relationship between the structure of new synthetic
monophenolic antioxidants and their effect on the
autophagy activity and Nrf2-mediated processes.

MATERIALS AND METHODS

Five novel structurally interrelated hydrophilic phe-
nolic compounds were synthesized: sodium 3-(3'-fert-
butyl-4'-hydroxyphenyl)ethyl thiosulfonate (TS-12),
3-(3'-tert-butyl-4'-hydroxyphenyl)propyl thiosulfonate
(TS-13), sodium 3-(3',5'-di-fert-butyl-4'-hydroxyphe-
nyl)propyl thiosulfonate (TS-17), sodium 3-(3'-fert-
butyl-4'-hydroxyphenyl)propyl sulfonate (S-13), sodium
3-(3'-tert-butyl-4'-hydroxyphenyl)propyl selenosulfon-
ate (SeS-13). Their structure formulas are shown in
Fig. 1. Compounds were obtained from 2,6-di-ferr-
butylphenol according to the sequence of transforma-
tions described previously (Oleinik et al., 2007; Gainut-
dinov et al., 2018). Their structure was confirmed by ele-
mental analysis and NMR, IR, and UV spectroscopy.

Experiments were performed with MCF-7 human
breast adenocarcinoma cells. The cells were cultured
in DMEM medium containing 10% fetal bovine
serum (FBS), 1% penicillin, 1% streptomycin, and 1%
glutamine. Cells that reached 90% confluence were
detached by pipetting and seeded in a 24-well plate
(25 x 103 cells/well). Tested compounds were added
after 24 h. Each compound was diluted in prewarmed
sterile deionized water (miliQ quality) and aliquoted.
Each aliquot was 200 times the stock solution for each
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Fig. 2. Sequence of cell segmentation for the study of (/) autophagy and (//) Nrf2 nuclear—cytoplasmic ratio. (a) Nucleus seg-
mentation, (b) segmentation of cytoplasm around the nucleus, (c) cytoplasm assigment, and (d) identification of vesicles (/) the
cytoplasm or (/]) overlaying the cytoplasm contour on the original image. Pseudocolor is put on fragments (a—c) for convenience
of perception of individual cells.

concentration. Aliquots were added in tubes with cul-
ture medium and kept for 5 min at 37°C. The medium
in cell culture was replaced with these solutions and
cells were cultivated for 24 h. To control autophago-
some formation and lysosomal degradation, 60 uM
chloroquine, an autophagosome-lysosome fusion
blocker (C6628, Sigma, United States), was intro-
duced into the culture medium 23 h after the test com-
pound was added and cultured for 1 h.

Twenty-four hours after the addition of tested
compounds the medium was discarded. The cells were
fixed with 10% formalin, permeabilized in 0.15% Tri-
ton X-100, and incubated with blocking solution (PBS
with 5% bovine serum albumin (BSA), 0.05% Triton
X-100) on a plate shaker—thermostat for 40 min at
37°C. Cells were incubated (60 min, 37°C) with pri-
mary rabbit antibodies to mammalian LC3B protein
(L10382, Invitrogen, United States) added to the
BSA-free wash solution. Samples were washed five
times with BSA-free solution and incubated with
Alexa Fluor 488 conjugated antirabbit antibodies
(Abcam, United States) for 30 min at 37°C. PBS was
removed by short washing with deionized water and
cells were mounted in FluoroShield mounting
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medium (Abcam, United States) containing DAPI for
nuclei staining. Intracellular LC3B localization was
examined under an LSM 710 confocal laser scanning
microscope (Zeiss AG, Germany) using a Plan-Apo-
chromat 63%/1.4 objective.

Images were analyzed with the CellProfiler pro-
gram (http://cellprofiler.org). For the computer anal-
ysis the nuclei were segmented for DAPI marker
(Fig. 2/a). The total LC3B signal (images of the corre-
sponding fluorescence channel were transformed with
Gaussian filter) associated with each nucleus was then
segmented for cell assignment (Fig. 2/b). Each entity
was then divided into cytoplasmic and nuclear com-
partments. The resulting cytoplasm contours were
superimposed on the original image in order to seg-
ment the vesicles and their associations with cytoplas-
mic compartments (Fig. 2/d). The total and average
fluorescence intensity of fluorochrome reflecting the
amount of LC3B protein was determined for cytoplas-
mic compartments.

The capacity of synthesized compounds to activate
Keapl/Nrf2/ARE redox-sensitive signaling system
was assayed by translocation of Nrf2 factor into the
nucleus (Zenkov et al., 2017). TS-13 and SeS-13
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exhibited the maximum and minimum toxicity for
human tumor cells, respectively (Gainutdinov et al.,
2017) were used as control. MCF-7 cells were treated
with tested compounds under the conditions
described above. The cells were exposed to these drugs
for 4 and 24 h. Cells were incubated with primary rab-
bit antibodies to Nrf2 (ab31163, Abcam, United King-
dom) for 1 h at 37°C. The cells were washed three
times, treated with Alexa Fluor 488-conjugated sec-
ondary antibodies (30 min, 37°C), and, after washing,
were mounted in the mounting medium Fluoroshield
containing DAPI dye. Intracellular Nrf2 localization
was examined under an LSM 710 the confocal laser
scanning microscope.

Images were analyzed with the CellProfiler pro-
gram as described above. For computer analysis,
nuclei were segmented for DAPI marker (Fig. 2/1a).
The total Nrf2 signal associated with each nucleus was
segmented for cell assignment (Fig. 2//b). Then each
entity was divided into cytoplasmic and nuclear com-
partments (Fig. 2//c). The resulting cytoplasm con-
tours were superimposed on the original image
(Fig. 211d). The total and average Alexa Fluor 488 flu-
orescence intensity in each compartment gave the
information on the amount of Nrf2. All segmented
cells of each group were combined into one cell popu-
lation to determine the fluorescence intensity in the
nucleus and cytoplasm and its nuclear—cytoplasmic
ratio.

Quantitative data was preliminary assessed for nor-
mal distribution according to the Shapiro—Wilk test.
Continuous variables are represented in the normal
distribution as an arithmetic mean and standard devi-
ation and as median and interquartile intervals in other
than the normal distribution. Mann—Whitney and
Dunn criteria were used to assess the differences in
quantitative data. The significance level of the null sta-
tistical hypothesis (p) was 0.05.

RESULTS AND DISCUSSION

Autophagy occurrence was assessed by visualiza-
tion of autophagosome and intracellular vesicles posi-
tive for the LC3B marker. It should be noted that a
number of vesicular structures of varying intensity and
size are normally observed in MCF-7 cells. Since the
size of most autophagosomes is actually below the
limit of an optical microscope’s resolution (except for
SuperResolution class systems), the only objective cri-
terion for identification an intracellular object as an
autophagosome is the intensity of the vesicle fluores-
cent signal.

All experiments were performed with and without
chloroquine. The gold standard in determining the
autophagic activity is the registration of the auto-
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phagic flux. LC3B-positive autophagosomes are con-
stantly degraded in lysosomes. Chloroquine addition
blocks the autophagosome—lysosome fusion. The
amount of autophagosomes observed reflects the
intensity of their formation. The ratio of the autopha-
gosome number in cultures with and without chloro-
quine (coefficient kcq) shows the ability of cells to
remove newly formed autophagosomes (Klionsky
et al., 2016) and is an important indication of the pro-
tective properties of autophagy.

The selenium-containing analogue SeS-13 exhib-
ited high toxicity. MCF-7 cells incubated with this
drug for 24 h lost the morphological features of adhe-
sive cells. Analysis of intracellular formations and dis-
tribution of autophagosomes (LC3B-positive vesicles)
was impossible; therefore, the data on this compound
were not presented. A typical difference in the amount
of detected autophagosomes was observed in control
cells exposed and not exposed to chloroquine
(Fig. 3a). The studied compounds, with the exception
of TS-13 (5 uM), slightly reduced the rate of new auto-
phagosome formation (group with chloroquine,
Fig. 3a) and removal of produced autophagosome
(coefficient kcq, Fig. 3b). At a higher concentration of
compounds (20 uM), these processes steadily
enhanced and became close to control (TS-12) or
exceeded it (TS-13, S-13). TS-17 compound (fully
hindered monophenol) exhibited low rates of auto-
phagosome removal visible as a decreased kg coeffi-
cient.

The study the monophenols effect on the activity of
the Nrf2-dependent signaling pathway demonstrated
that after 4 h of incubation, SeS-13 facilitated the
dose-dependent increase in the Nrf2 content in the
nucleus of MCF-7 cells (Fig. 4a). At the concentration
of 100 uM, the nuclear translocation of the transcrip-
tion factor increased (Fig. 4b). MCF-7 cells exposed
to SeS-13 for 24 h, as mentioned above, lost adhesive
cell morphology and it was impossible to assay the
Nrf2 intracellular content and distribution. Suppos-
edly, the drug toxicity induced the homeostatic
Keap1/Nrf2/ARE system. When cells were cultured in
the presence of TS-13, the total analysis of the cell
population cultivated with TS-13 revealed that the
monophenol initially reduced the nuclear—cytoplas-
mic (NC) ratio without affecting the Nrf2 content in
the nucleus (4 h) and then (24 h) increased both NC
and Nrf2 amount in the nucleus (Fig. 4). It was found
that the distribution of fluorescence in the total cell
population (Figs. 5a, 5b) differed from the distribution
of average fluorescence for individual fields of view
(Figs. 5c, 5d). In the first case, the distribution was
more consolidated, while, in the second case, the cells
were distinguished in NC ratio of the Nrf2 content. In
cell cultures incubated with presence of 20 uM TS-13
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Fig. 3. (a) Amount of LC3B-positive autophagosome vesicles and (b) coefficient kcq in MCF-7 cells exposed to monophenols
with or without chloroquine (1 h). Median values and interquartile ranges are presented. Asterix shows significant difference from

control (p < 0.05).

a relatively small pool of cells responded by a drastic
increase (more than three times) in the value of the
index, while the data summing and averaging indi-
cated its seeming decrease as described above.

Many plant phenols display antitumor activity with
a multiplicity of mechanisms action. The role of auto-
phagy in carcinogenesis and cancer therapy is complex
and depends on the stage of the process, tumor cell
microenvironment, treatment scenario. On the one
hand, irreversible self-destruction caused by massive
autophagy leads to the death of malignant cells (Kli-
maszewska-Wisniewska et al., 2016). On the other
hand, inhibition of autophagy as a protective mecha-
nism of tumor cells allows their chemoresistance to be
overcome (Wang et al., 2018). In this regard, it is sig-
nificant that TS-17, which exhibited the highest toxic-
ity of the four tested compounds, inhibited both the
formation rate and the rate of autophagosome removal
in MCF-7 cells. Other drugs at a concentration of

CELL AND TISSUE BIOLOGY Vol. 13
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20 uM increased autophagy (kcq coefficient) recipro-
cally to their toxicity (Gainutdinov et al., 2018). Sup-
posedly, the stronger the cell responds to the com-
pound by induction of autophagy (the mechanism of
self-defense), the less pronounced is antitumor effect
(Lee et al., 2016). This may be due to the paradoxical
prooxidant effect of these compounds, which is indi-
rectly confirmed by the inverse relationship between
their antioxidant activity in the cell-free system and
toxicity to MCF-7 cells (Gainutdinov et al., 2018).

A key mechanism of the antitumor activity of phe-
nolic compounds is their ability to activate the
Keapl/Nrf2/ARE system (Rajagopal et al., 2018).
Networks of transcriptional programs controlled by
Nrf2 (mainly antioxidant and detoxification) allow the
cell to adapt and survive in various stressful condi-
tions, which, along with its anti-inflammatory effect
and influence on mitochondrial function and inter-
mediate metabolism, underlies the chemopreventive
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Fig. 4. (a) Nrf2 content in nucleus and (b) nuclear—cytoplasmic ratio (NC) in MCF-7 cells exposed to TS-13 and SeS-13 mono-
phenols (5, 20, 100 uM) for 4 and 24 h. Median values and interquartile ranges are presented. Significant difference from control
is shown by * and # from 4 h of incubation (p < 0.05). Analysis of Nrf2 intracellular content and distribution in MCF-7 cells cul-

tivated with SeS-13 for 24 h was not possible (see the text).

effects of Nrf2, the ability to suppress carcinogenesis
at the promotion stage (Dinkova-Kostova et al., 2017).
At the same time, the cells of already formed tumor are
able to effectively use Nrf2, rightly called a “two-faced
Janus,” for their own protection. Its high activity in
different malignant tumors gives a poor prognosis of
therapy, correlating with a decreased life expectancy of
patients (Kitamura and Motohashi, 2018).

We are inclined to suggest that the induction of the
Keapl/Nrf2/ARE system in MCF-7 cells in response
to the two tested synthetic monophenols under these
conditions is not so much due to their direct ability to
increase the stability of the transcription factor Nrf2 as
it is a manifestation of the self-defense of tumor cells
in response to reduction of redox buffer capacity
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(Martinovich et al., 2017), as well as increased autoph-
agy (Kapuy et al., 2018).

Thus, it can be concluded that the ability of novel
water-soluble monophenolic antioxidants, distin-
guished by a number of ferf-butyl substituents and the
structure of the para-alkyl substituent, to inhibit the
viability of MCF-7 tumor cells (Gainutdinov et al.,
2018) is accompanied by activation of the antioxidant
response element signal system Keap1/Nrf2/ARE and
autophagy. The effect depends on the structure and
concentration of the compound.
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