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Abstract

Omega-3 fatty acids are an important part of biological membranes
affecting their properties, cell signaling and gene expression. Senescence
is an irreversible permanent cell cycle arrest accompanied by changes in
cell morphology and physiology. We hypothesized that DHA as well as EPA
could suppress the development of stress-induced premature senescence. To
induce senescence, MRC-5 human lung fibroblasts were incubated with 100uM
hydrogen peroxide/1hour. DHA (10 and 20 puM) or EPA (10, 20, 30 and 40
uM) were added to the cells for 24 hours either before (pretreatment) or after
(postreatment) the induction of senescence. Only after postreatment with 10uM
DHA or 20uM EPA, we detected slightly improved hallmarks of senescence -
decreased percentage of SA-B-galactosidase positive cells, increased cell
growth, reduced level of reactive oxygen species, cell cycle progression and
decreased p21 protein expression. Based on our results we can conclude that

DHA as well as EPA affect the development of peroxide induced senescence.
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5,8,11,14,17-Eikosapentaenoic Acid; IL-8: Interleukin-8; MMP-1:
Matrix metaloproteinase-1; ROS: Reactive Oxygen Species

Introduction

Senescent cells have been detected in vitro and also in vivo in
various types of cells (fibroblasts, endothelial cells, chondrocytes, glial
cells, melanocytes, adult stem cells etc.) of different species (mice,
rats, primates, humans) [1-6]. Senescent cells are cells that cannot
divide anymore. Permanent cell cycle arrest is triggered by replication
exhaustion or various types of stressors such as DNA damaging
agents, oxidative stress and overexpression of activated oncogenes or
mitochondrial dysfunction [7-11]. Senescent cells are characterized
by typical changes in morphology and physiology (Table 1) [1,12-
19]. It has been observed that senescent cells accumulate in tissues
and organs with age and also occur in the affected tissues and
organs of patients with age-related diseases [20]. Accumulation of
senescent cells has detrimental effects on organism by contributing
to the development of cancer, chronic inflammation and age-related
pathologies [21-26]. Moreover, senescent cells can induce senescence
in other cells in a paracrine manner [25].

Omega-3 fatty acids are an important part of biological
membranes influencing membrane elasticity, fluidity, permeability
and fusion as well as function of various membrane proteins
(enzymes, transporters, receptors) [27]. Amongst the omega-3 fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
have been shown to be the important determinant of cell structure
and function [28]. DHA and EPA can act as potent ligands for cellular
and nuclear receptors [29], lead to increased expression of antioxidant
enzymes [30], decreased mitochondrial reactive oxygen species

production [31], promote anti-inflammatory signaling cascades
[32,33] and play a role in the protection against development and
progression of age-related diseases [29].

We hypothesized that DHA as well as EPA could suppress the
development of stress-induced premature senescence. We have
investigated the effect of various concentrations of DHA and EPA on
peroxide-induced senescence in MRC-5 human lung fibroblasts. Our
results showed that DHA as well as EPA were able to suppress the
development of peroxide-induced senescence in MRC-5 human lung
fibroblasts.

Material and Methods

Chemicals

Minimum Essential Medium (MEM), 1% non-essential amino
acids, 1% L-glutamine and penicilin-streptomycin mixture, 10%
fetal bovine serum, 30% w/w hydrogen peroxide, cis-5,8,11,14,17-
eikosapentaenoic acid, cis-4,7,10,13,16,19-docosahexaenoic acid,
Thiazolyl Blue Tetrazolium Bromide (MTT), Senescence Cells
Histochemical Staining Kit, Protease Inhibitor Cocktail Set III,
EDTA-Free, Triton X-100 were purchased from Sigma (Merck),
Germany. DC protein assay kit and Clarify Western ECL Substrate
kit were obtained from Bio-Rad, USA. Muse™ Cell Cycle Kit and
Muse  Oxidative Stress Kit were obtained from Merck, Germany.
Anti-p21 mouse monoclonal primary antibody was obtained from
Sigma (Merck), Germany. a-tubulin mouse monoclonal primary
antibody, anti-mouse IgG secondary antibody conjugated to HRP
were obtained from Santa-Cruz, Germany.

Cell culture

MRC-5 human lung fibroblasts (ECACC, England) were cultured
in MEM containing 10% fetal bovine serum, 1% non-essential amino
acids, 1% L-glutamine and penicilin-streptomycin mixture. Cells
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Table 1: Typical hallmarks of senescent cells.

Hallmarks of senescent cells References

Increased activity of SA-B-galactosidase [12]
Enlarged and flattened morphology, enlarged nucleus and [1,13]
nucleolus ’
Increased production of reactive oxygen species [14]
SDF (senescence associated DNA damage foci) [15]
SAHF (senescence associated foci of heterochromatin) [16]
Increased expression of p53, p21 and p16 [16]
SASP (senescence associated secretory phenotype) [17-19]

were incubated at 37°C in a 5% CO, atmosphere in an incubator.
Cells at passage number 12 to 13 were used.

Induction of stress-induced premature senescence in
MRC-5 human lung fibroblasts

We used the MRC-5 model of peroxide-induced senescence
previously established in our laboratory [35].

Cells were cultured for 24 hours and the senescence was induced
by their treatment with 100uM hydrogen peroxide for 0.5 hours.
Markers of senescence were determined on the 4® day after the
induction of senescence. Just before use hydrogen peroxide was
dissolved in 1xPBS to prepare 100mM stock solution.

Treatment of MRC-5 human lung fibroblasts with DHA and
EPA

DHA and EPA were dissolved in dimethyl sulfoxide to prepare
50uM and 100uM stock solution, respectively and stored at -20°C.

Pretreatment: DHA or EPA was added to the cells for 24 hours.
The medium was then replaced and senescence was induced by the
treatment of the cells with 100uM hydrogen peroxide for 0.5 hours.
Cell growth was determined on the 4™ day after the induction of
senescence.

Postreatment: DHA or EPA was added to the cells immediately
after removing culture medium containing 100pM hydrogen
peroxide. Postreatment with DHA or EPA lasted for 24 hours. The
culture medium was then replaced and markers of senescence were
determined on the 4th day after the induction of senescence.

Cells treated with dimethyl sulfoxide 5000x diluted in the medium
but not treated with DHA or EPA were used as an untreated control.

MTT viability/proliferation assay

Cells were seeded on 96-well plates at a density of 3,200 cells/well
and treated as described above. On the 4™ day after the senescence
induction thiazolyl blue tetrazolium bromide (MTT) was added to
the culture medium. After 4-hour incubation at 37°C in a 5% CO,
atmosphere, the culture medium containing MTT was removed and
200ul of DMSO was added to each well. The absorbance was measured
at 490nm with a spectrophotometer BioTek EL808, USA.

SA-B-galactosidase assay

Cells were seeded on 24-well plates at a density of 5,000 cells/well
(control cells) or 38,000 cells/well (cells with the induced senescence).
Cells were treated as described above.

Cellular senescence was determined by SA-p-galactosidase

staining. SA-B-galactosidase staining was performed using the
Senescence Cells Histochemical Staining Kit (Sigma/Merck,
Germany) according to the manufacturer’s guidelines. The staining
was evaluated after 16-18h incubation at 37°C in a CO, - free
atmosphere. Cells from 18 different fields were counted. A percentage
of blue stained cells (SA-B-galactosidase positive cells) were presented
as the percentage of senescent cells.

Detection of reactive oxygen species

Cells were seeded on culture plates at a density of 190,000/30mm
dish and treated as described above. On the 4 day after the induction
of senescence, cells were processed and reactive oxygen species were
detected according to MUSE® Oxidative Stress Kit (Merck).

Detection of cell cycle phases

Cells were seeded on culture plates at a density of 600,000
cells/60mm dish and treated as described above. On the 4™ day after
the induction of senescence, cells were processed and cell cycle phases
were detected according to MUSE" Cell Cycle Assay kit (Merck)
protocol.

Western blot analysis

Cells were seeded on culture plates at a density of 2,000,000
cells/100mm dish and treated as described above. Proteins were
isolated from the cells on the 4™ day after the induction of senescence.
Cells were washed with warm PBS, trypsinized and centrifuged at
700g. Pellets were washed with a cold PBS and centrifuged three times
at 700g and then stored at -20°C. Cell lysis was performed within 14
days since preparation. Cells were lysed for 40 minutes at 4°C in lysis
buffer consisting of 1% SDS, 1% Triton X-100, 100mM NaCl, 1mM
EDTA, pH 6.9, 50mM Tris pH 8.0 and inhibitors of proteases (1:200),
then centrifuged for 20 minutes at 21000g.

Protein concentrations were determined by the DC protein assay
kit (Bio-Rad, USA) according to the manufacturer s protocol.

5ug or 10ug of proteins were separated by 12% sodium dodecyl
sulphate polyacrylamide gel electrophoresis for 50 minutes at 150V
and then transferred to nitrocellulose membranes for lhour at
80V. Membranes were blocked with 5% skimmed milk for lhour
and then incubated with primary antibodies. The mouse primary
antibodies against p21 (1:1000) and a-tubulin (1:4000) were used in
this study. Finally, the membranes were treated with an anti-mouse
IgG secondary antibody (1:5000). The blots were developed using
Clarify Western ECL Substrate kit (Bio-Rad, USA) according to
the manufacturer’s protocol. The quantification of relative protein
expression was done using the software Image Lab 5.0.

Statistics

The results are presented as the mean + SD of a minimum of three
independent experiments. Statistical significance was determined
by the One-way ANOVA with a Bonferroni correction or by the
Student’s ¢-test when appropriate. A value of p <0.05 was considered
significant.

Results

Effect of DHA and EPA treatments on the cell growth in
stress-induced premature senescence in MRC-5 human
lung fibroblasts

At first we investigated effects of DHA (10 and 20 uM) and EPA
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Figure 1: A) Effect of DHA and EPA on cell growth in MRC-5 human lung fibroblasts NC - normal cells (without DHA, EPA or dimethyl sulfoxide); DMSO control
- cells treated with dimethyl sulfoxide 2000x/24h diluted in the medium but not treated with DHA or EPA; B, C) Effect of DHA and EPA on cell growth under stress
inducing premature senescence in MRC-5 human lung fibroblasts; NC: Normal cells treated with 1xPBS 1000x diluted in the medium for 0.5 hours; PD - cells
treated with 100uM hydrogen peroxide for 0.5 hours and then with DMSO 2000x/24h (postreatment) diluted in the medium; PE cells treated with 100uM hydrogen
peroxide for 0.5 hours and then with 20uM EPA/24h (postreatment) diluted in the medium; PH - cells treated with 100puM hydrogen peroxide for 0.5 hours and then
with 10uM DHA/24h (postreatment) diluted in the medium; The values are means + SD of three independent experiments (n=8-24). Statistical significance was
determined by the One-way ANOVA with the Bonferroni correction. NC vs. DMSO; DMSO vs. DHA; DMSO vs. EPA; NC vs. PD; PD vs. PH; PD vs. E; a-p <0.05;
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Figure 2: A, B) Effect of DHA and EPA postreatment on activity of SA-B-galactosidase under stress inducing premature senescence in MRC-5 human lung

then with DMSO 2000x/24h (postreatment) diluted in the medium; PE cells treated with 100uM hydrogen peroxide for 0.5 hours and then with 20uM EPA/24h
(postreatment) diluted in the medium; PH - cells treated with 100uM hydrogen peroxide for 0.5 hours and then with 10uM DHA/24h (postreatment) diluted in the
medium; The values are means + SD of three independent experiments (n=18).
correction; NC vs. PD; PD vs. PH; PD vs. E; c - p <0.001; c* - p <0.001; (B) 100x magnification.
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for 0.5 hours; PD - cells treated with 100uM hydrogen peroxide for 0.5 hours and

Statistical significance was determined by the One-way ANOVA with the Bonferroni

(10, 20, 30 and 40 uM) on the cell growth in MRC-5 human lung
fibroblasts in which the senescence was not induced. Cells were
treated with DHA or EPA for 24 hours. We did not observe a large
decrease in the cell growth in either DHA-treated cells or EPA-treated
cells compared to DMSO control (Figure 1A).

Pretreatment with DHA or EPA

We found that pretreatment with DHA (10 and 20 uM) as well as
pretreatment with EPA (10, 20, 30 and 40 uM) did not significantly
affect the cell growth (all treatments p >0.12) (Figure 1B).

Postreatment with DHA or EPA

We observed that postreatment with 10uM DHA was associated
with a significant increase in the cell growth (to 118.5 + 15.75%)
(Figure 1C) compared to P+DMSO control. Moreover, postreatment

with 20uM EPA also led to significantly increased cell growth (to
122.05 + 15.75%) compared to P+DMSO control (Figure 1C). On
the other hand, postreatment with 40uM EPA significantly reduced
the cell growth (to 57.57 + 11.81%) compared to P+DMSO control
(Figure 1C). Based on our results, we decided to investigate effects of
10uM DHA and 20puM EPA postreatment on the senescence in our
next experiments since increased cell growth could be a sign of the
reduced senescence.

Effectof DHA and EPA postreatment on SA-B-galactosidase
activity in stress-induced premature senescence in MRC-
5 human lung fibroblasts

We investigated the effects of 10uM DHA or 20uM EPA
postreatment on SA-P-galactosidase activity in stress-induced
premature senescence in MRC-5 human lung fibroblasts since
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Figure 3: A, B) Effect of DHA and EPA postreatment on amounts of reactive oxygen species under stress inducing premature senescence in MRC-5 human lung
fibroblasts; C, D) Effect of DHA and EPA postreatment on cell cycle phases under stress inducing premature senescence in MRC-5 human lung fibroblasts; NC:
Normal cells treated with 1xPBS 1000x diluted in the medium for 0.5 hours; PD - cells treated with 100uM hydrogen peroxide for 0.5 hours and then with DMSO
2000x/24h (postreatment) diluted in the medium; PE cells treated with 100uM hydrogen peroxide for 0.5 hours and then with 20uM EPA/24h (postreatment) diluted
in the medium; PH - cells treated with 100pM hydrogen peroxide for 0.5 hours and then with 10uM DHA/24h (postreatment) diluted in the medium; The values are
means + SD of three independent experiments (n (reactive oxygen species)=11-13; n (cell cycle phases)=6-10). Statistical significance was determined by the
One-way ANOVA with the Bonferroni correction. NC vs. PD; PD vs. PH; PD vs. PE; b-p <0.01; c-p <0.001; c*-p <0.001.

Count

¥

012345867891
DNACONTENT INDEX

012345678910
DMACONTENT INDEX

POPULATION PROFILE POPULATION PROFILE

CELL SIZE INDEX
CELL SIZE INDEX
N

increased activity of SA-B-galactosidase is one of the typical hallmarks
of senescence (12). We observed that postreatment with 10uM DHA
as well as postreatment with 20uM EPA led to significant decrease of
the percentage of SA-B-gal positive cells (69.86 + 8.07% and 65.93
8.94% respectively) compared to the percentage of SA-B-gal positive
cells in PD control (83.73 + 5.05%) (Figure 2A and 2B).

Effect of DHA and EPA postreatment on amounts of reactive
oxygen species in stress-induced premature senescence in MRC-5
human lung fibroblasts

Next, we tested how postreatment with 10uM DHA as well as
postreatment with 20uM EPA affects level of reactive oxygen species
in cells in stress-induced premature senescence. We found that
postreatment with 10uM DHA led to significantly reduced amounts
of cells containing increased levels of reactive oxygen species (1.58 +

0.45%) (Figure 3A) and to significantly elevated amounts of cells not
containing increased levels of reactive oxygen species (96.64 + 0.55%)
(Figure 3B) compared to PD control. Similarly, postreatment with
20uM EPA led to significantly reduced amounts of cells containing
increased levels of reactive oxygen species (1.56 + 0.34%) (Figure
3A) and to significantly elevated amounts of cells not containing
increased levels of reactive oxygen species (96.91 + 0.64%) (Figure
3B) compared to PD control.

Effect of DHA and EPA postreatment on cell cycle phases
in stress-induced premature senescence in MRC-5 human
lung fibroblasts

Senescent cells cannot proliferate anymore and this state is called
permanent cell cycle arrest. Therefore, we detected how cells are
distributed in cell cycle phases after postreatment with 10uM DHA
as well as postreatment with 20uM EPA in stress-induced premature
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senescence. After postreatment with 10uM DHA the number of cells in
GO/G1 phase increased to 48.82 + 4.5% compared to PD control (44.96
+2.69%) and the number of cells in S phase as well as in G2/M phase
decreased to 3.77 + 0.59% and 35.00 * 3.71%, respectively compared
to PD control (4.31 + 1.18% - S phase; 36.37 + 1.63% - G2/M phase)
(Fig. 4A, 4B). However, the decrease was not statistically significant
(p(S) = 0.65; p(G2/M) = 0.25). After postreatment with 20uM EPA
47.13 £ 2.03% of cells were in GO/G1 phase, whereas 3.03 + 0.49% of
cells were in S phase and 35.78 + 2.77% of cells were in G2/M phase
(Figure 3C and 3D). These results show that also after postreatment
with 20uM EPA the number of cells in GO/G1 phase increased and the
number of cells in S as well as G2/M phase decreased compared to PD
control but these changes were not statistically significant (p(G0/G1)
=0.01; p(S) = 0.33; p(G2/M) = 0.65).

Effect of DHA and EPA postreatment on p21 protein level
in stress-induced premature senescence in MRC-5 human
lung fibroblasts

Further, we performed a western blot to detect expression of p21
on the protein level after postreatment with 10uM DHA and 20puM
EPA because increased expression of p21 is an important hallmark
of senescence causing cell cycle arrest. We detected significantly
decreased expression of p21 after postreatment with 10uM DHA as
well as after postreatment with 20uM EPA. The expression of p21
in cells treated with DHA was reduced to 73.86 + 14.17% while the
expression of p21 in cells treated with EPA was lowered to 88.4 +
6.52% compared to PD2 control (Figure 4A and 4B).

Discussion

Senescent cells accumulate in many tissues and organs with age
and contribute to decline of physiological functions and development

of cancer, chronic inflammation and age-related pathologies [21-26].
Therefore, it is important to find out how to prevent or diminish their
formation. In our study we have focused on the investigation of the
effects of docosahexaenoic (DHA) and eicosapentaenoic (EPA) acid
on the development of stress-induced senescence since both DHA
and EPA have important functions in metabolism [29-33]. Previously,
we established a model of peroxide induced senescence using MRC-5
human lung fibroblasts [34, 35]. Addition of hydrogen peroxide to
cells leads to an increased formation of reactive oxygen species and
consequently may result in the development of senescence [35,36].
Here, we showed that treatment with DHA as well as EPA performed
immediately after incubation of cells with hydrogen peroxide was
able to suppress the development of peroxide induced senescence.
Compared to controls (without EPA and DHA), we have observed
slightly increased cell growth, decreased percentage of SA-p-gal
positive cells, reduced levels of reactive oxygen species and reduced
p21 protein expression after the postreatment with DHA or EPA.

Similarly, Yamagata et al. (2016) observed a decreased formation
of senescent cells (decreased SA-B-galactosidase mRNA level and p21
proteinlevel) after the cotreatmentofhuman endothelial cellsISO-HAS
with DHA and TNF-a. TNF-a was the inductor of senescence [34]. In
another study, the treatment of aortic endothelial cells (HAECs) with
EPA as well as DHA led to the reduced SA-pB-galactosidase activity
in peroxide induced senescence [37]. Furthermore, EPA was able to
reduce expression of matrix metaloproteinase-1 (MMP-1) in cells
growing in TNFa- or UV-induced stress conditions [38] and secretion
of the cytokine interleukin-8 (IL-8) in cells growing in UV-induced
stress conditions [39]. MMP-1 and IL-8 are often overexpressed in
senescent cells and belong to components of senescence-associated
secretory phenotype (SASP) [1,17,40]. These results indicate that
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ability of DHA as well as EPA to suppress the development of stress-
induced senescence may not be cell type specific.

Our experiments revealed that after the postreatment with DHA
as well as EPA, levels of reactive oxygen species (ROS) decreased.
Hydrogen peroxide which was used as an inductor of senescence,
leads to an increased levels of ROS which consequently may cause the
development of senescence, as was mentioned above [35,36] (section
4). Silva et al. (2016) have recently found that the treatment of
skeletal muscle cells C2C12 with EPA increased a protein expression
of two antioxidant enzymes Mn-SOD and catalase [29]. Moreover,
aortic endothelial cells (HAECs) that were treated with EPA or
DHA and subsequently damaged by incubation with hydrogen
peroxide, showed decreased ROS levels and increased mRNA level
of antioxidant enzymes such as Mn-SOD, tioredoxin reductase-1 and
heme oxygenase-1. Further, that study has unveiled an important
role of nuclear factor erythroid 2-related factor 2 (Nrf-2) which is
a transcription factor responsible for the induction of intracellular
antioxidant enzymes [37,41]. Silencing of Nrf-2 abrogated the
decrease in ROS levels and the increase in mRNA levels of antioxidant
enzymes mediated by EPA or DHA [37]. These findings indicate that
the development of peroxide induced senescence in our cell model
could also be suppressed through the induction of antioxidant
enzymes.

EPA and DHA are also able to inhibit the activation of NFxf [42]
- a transcription factor which mediates the expression of some SASP
components and autocrine regulation of senescence [17,43].

According to our results 10uM DHA was able to suppress the
development of peroxide induced senescence whereas EPA of the
same concentration had no significant effect on it. Only EPA at
the concentration of 20uM had a similar effect on the senescence
as 10uM DHA. EPA was found to be B-oxidized more significantly
than DHA which could explain why 10uM DHA had an effect on
the senescence and 10uM EPA had not [44,45]. Another difference
between EPA and DHA is their accumulation in lipid rafts. Lipid
rafts are 10-200 nm membrane domains containing tightly packed
cholesterol and sphingolipids which regulate intracellular signaling
and gene expression [47]. DHA has a much greater tendency to
incorporate into lipid rafts than EPA. Therefore, DHA has a much
greater potential to affect cell signaling by modifying the composition
of these lipid rafts [47,48].

Further, EPA and DHA are enzymatically metabolized into
electrophilic fatty acid oxo-derivates (EFOXs) 5-oxoEPA and
7-oxoDHA, respectively. EFOXs were shown to activate Nrf-2-
dependent antioxidant gene expression [47,49]. Enzymes converting
omega-3 fatty acids into EFOXs can have different affinity for different
omega-3 fatty acids [50]. Thus, amounts of EFOXs formed would
depend on omega-3 fatty acids from which they were synthesized. In
addition, various EFOXs could activate Nrf-2-dependent antioxidant
gene expression to a different extent.

Several other studies have reported that DHA of the same
concentration as EPA leads to a more pronounced effect on the
suppresssion or induction of various enzymes and cytokines [51-
53]. However, there are also studies showing that EPA of the
same concentration as DHA has a more pronounced effect on the

suppression or induction of some enzymes and cytokines [30,54].

Finally, we also found that pretreatment with DHA as well
as pretreatment with EPA did not significantly affect cell growth.
Consistent with these results we assume that pretreatment with DHA
as well as pretreatment with EPA does not affect the development
of peroxide induced senescence since increased cell growth is
one of non-senescent hallmarks. One possible explanation could
be the phospholipid turnover [55]. We hypothesize that higher
concentrations of EPA and DHA or longer incubation time with
these two fatty acids could lead to the suppression of the development
of peroxide induced senescence in our cell model. Sakai et al. (2017)
applied 100pM DHA or 100 uM EPA to aortic endothelial cells 36
hours before induction of senescence with hydrogen peroxide and
detected the suppression of the senescence development [37].

Conclusion

In conclusion, our present study has shown that postreatment
with DHA as well as EPA is able to affect the development of stress-
induced senescence with DHA being effective at lower concentrations
than EPA.
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