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Abstract: Cellular senescence induces inflammation and is now considered one of the causes of
organismal aging. Accumulating evidence indicates that age-related deterioration of mitochondrial
function leads to an increase in reactive oxygen species (ROS) and DNA damage, which in turn causes
cellular senescence. Thus, it is important to maintain mitochondrial function and suppress oxidative
stress in order to inhibit the accumulation of senescent cells. Sesamin and its isomer episesamin
are types of lignans found in sesame oil, and after being metabolized in the liver, their metabolites
have been reported to exhibit antioxidant properties. However, their effects on cellular senescence
remain unknown. In this study, the effects of sesamin, episesamin, and their metabolites SC1 and
EC1-2 on replicative senescence were evaluated using human diploid lung fibroblasts, and TIG-3 cells.
The results showed that sesamin and episesamin treatment had no effect on proliferative capacity
compared to the untreated late passage group, whereas SC1 and EC1-2 treatment improved prolifer-
ative capacity and mitigated DNA damage of TIG-3 cells. Furthermore, other cellular senescence
markers, such as senescence-associated secretory phenotype (SASP), mitochondria-derived ROS,
and mitochondrial function (ROS/ATP ratio) were also reduced by SC1 and EC1-2 treatment. These
results suggest that SC1 and EC1-2 can maintain proper mitochondrial function and suppress the
induction of cellular senescence.
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1. Introduction

When normal cells are stimulated by DNA damage, cellular senescence is induced
and irreversible growth arrest occurs, making cell division impossible [1,2]. Thus, cellular
senescence contributes to living organisms as a mechanism to suppress the carcinogenesis
that could be induced by DNA damage [1–3]. Characteristic features accompanying
cellular senescence are stable cell cycle arrest, flat and enlarged cell shapes [4,5] induction
of p16INK4a and p21Waf1/Cip1 [6,7], and secretion of various pro-inflammatory factors, called
senescence-associated secretory phenotype (SASP) [8,9].

The increase in oxidative stress with age [10,11] makes cellular senescence more
likely, and senescent cells accumulate with age [12]. Increased SASP factors secreted by
senescent cells may promote chronic inflammation, accelerating age-related functional
declines and diseases [1]. In fact, the removal of p16Ink4a-positive senescent cells from aged
mice reportedly delays age-related dysfunction and extends a healthy life span [13–15].
These pieces of evidence suggest that the accumulation of senescent cells in vivo is involved
in the onset of aging and age-related diseases.

It is reported that cells treated with antimycin inhibit mitochondrial function, increase
reactive oxygen species (ROS) and lead to cellular senescence [16]. Therefore, suppres-
sion of ROS production by maintaining mitochondrial function may contribute to the
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prevention of cellular senescence induction. In senescent cells, metabolic function is also
in an active state [17] and mitochondrial mass is known to be increased with the induc-
tion of cellular senescence [17,18], which increases ATP production [17]. Since senescent
cells have a high energy demand due to increased cell size and SASP production, large
amounts of ATP are required [17]. In senescent cells, increased mitochondria-derived ROS
[19–21], decreased mitophagy [22–24], and mitochondrial morphological abnormalities [22]
have also been observed. Thus, even after cellular senescence is induced, functionally
compromised mitochondria further promote the induction and maintenance of cellular
senescence, suggesting that reducing mitochondria-derived ROS is important to inhibit
senescent cell accumulation.

Several cellular senescence induction models have been reported to evaluate the anti-
senescence effects of compounds, including oxidative DNA damage, oncogene activation,
and replicative senescence [25]. The main cause of replicative senescence, aside from
telomere shortening, is thought to be intracellular oxidative stress [26]. Though stress-
induced senescence is caused by exogenous stimulation such as activation of oncogenes,
replicative senescence is caused by endogenous stimulation, which is mainly related to
mitochondrial function [26]. In replicative senescence, the cell cycle regulators p16INK4a and
p21Waf1/Cip1 are activated and stop cell division [27]. In addition, mitochondrial mass [18]
and mitochondrial oxygen consumption [17] increase in replicative senescence.

Sesamin, a lignan compound found in sesame seeds and oil, is partly epimerized
and converted to episesamin during the refining of non-roasted sesame seed oil. Sesamin
and episesamin are metabolized in the liver and their metabolites exhibit antioxidative
properties [28–30]. It has also been reported that sesamin shows anti-aging effects, such
as reducing mitochondrial oxidative stress [31], improvement of endurance capacity in
mice through slowing the decline of mitochondrial function by inhibiting NADPH oxidase
(NOX) [32], and improving life spans in Drosophila [33]. However, the effects of sesamin,
episesamin, and their metabolites SC1 and EC1-2 on cellular senescence remain unclear. In
this study, we aimed to clarify the effects of sesamin, episesamin, and their metabolites SC1
and EC1-2 on replicative senescence.

2. Materials and Methods
2.1. Cell Culture

A TIG-3 cell line (ATCC) isolated from human fetal lung fibroblasts was used in the
present study. TIG-3 cells are thought to show replicative senescence at a population
doubling level (PDL) of 70 or higher [34]. The cells were cultured in an incubator at 37 ◦C
and 5% CO2 in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with
10% FBS and 1% Antibiotic Antimycotic Mixed Stock Solution (Nacalai Tesque, Kyoto,
Japan). Cells were seeded at 2 × 105 cells/2 mL medium/well when the passage was
conducted after 3 days, and 1 × 105 cells/2 mL medium/well when the passage was
conducted after 4 days. At PDL70 and higher, the passage was conducted once a week, and
the seeding density was 1× 105 cells/2 mL medium/well. Cells whose PDLs are around 40
were used as “early passage group” cells. Cells were treated with the test substance from
the start of the culture (cells around PDL40), and the test substance was added regularly
until proliferation ceased (“late passage group” cells).

2.2. Test Compounds

For sesamin and episesamin, raw materials isolated from sesame were refined and
separated with HPLC. The sesamin metabolite SC1 [(7α,7′α,8α,8′α)-3′,4′-methylenedioxy-
7,9′:7′,9-diepoxylignane-3,4-diol] and episesamin metabolite EC1-2 [(7α,7′β,8α,8′α)-3,4-
methylenedioxy-7,9′:7′,9-diepoxylignane-3′,4′-diol] were prepared by chemical synthesis.
The metabolites were isolated and refined as single compounds, and their chemical struc-
tures were confirmed using nuclear magnetic resonance [35,36]. In this study, EC1-1
[(7α,7′β,8α,8′α)-3′,4′-methylenedioxy-7,9′:7′,9-diepoxylignane-3,4-diol], another metabo-
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lite of episesamin, was not used for the experiment because of less amount. DMSO was
used for the solvent, with 0.1% contained in the culture medium.

2.3. γH2AX Immunostaining

γH2AX immunostaining in TIG-3 cells was conducted using a DNA Damage Detection
Kit–γH2AX–Green (Dojindo Laboratories, Kumamoto, Japan), with assessments completed
in accordance with the manufacturer’s instructions. Cells were seeded at 1 × 104 cells for
the early passage group (PDL 43) and 2 × 104 cells for the late passage group (PDL 69–70).
After culturing for 2 days, the cells were fixed with 4% PFA. After adding 0.5% Triton-X,
3% BSA was added. Next, 250 µL of primary antibodies were added, and the cells were
left to sit overnight at 4 ◦C. They were then treated with a secondary antibody, after which
500 ng/mL DAPI was added, and images were taken and analyzed with a BZ-X Analyzer
(KEYENCE, Osaka, Japan).

2.4. Western Blotting

Early passage group (PDL 44) and late passage group (PDL 73–74) were collected
in solution in which Halt™ Protease & Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific, Waltham, MA, USA) was added to RIPA buffer (FUJIFILM Wako Pure Chemical,
Osaka, Japan) and incubated for 30 min on ice. Next, cells were lysed in a sonication system
and centrifuged at 10,000× g and 4 ◦C for 20 min, and the supernatant was collected.

The protein concentration was measured and adjusted, 5 µg were separated in Su-
perSep™ Ace, 17-well, 10–20% gel (FUJIFILM Wako Pure Chemical, Osaka, Japan), and
blotted on a PVDF membrane (Bio-Rad, Hercules, CA, USA). In accordance with the man-
ufacturer’s instructions, the membrane was incubated together with primary antibody
ARPC5/p16 ARC (ab51243, Abcam, Cambridge, UK) overnight at 4 ◦C. After washing
several times in TBS containing 0.05% Tween-20, incubation was continued for at least one
hour at room temperature together with HRP-labeled secondary antibody which corre-
sponds to the primary antibody. After detection of the bands, antibodies were stripped
using a stripping solution (193-16375, FUJIFILM Wako Pure Chemical, Osaka, Japan) for
10 min at room temperature. After washing, then the membrane was incubated with
HRP-labeled antibody against beta-Actin (ab20272, Abcam, Cambridge, UK) for one hour
at room temperature. Specific bands were detected using enhanced chemiluminescence.
Chemiluminescence was imaged using a FusionFx (Vilver, Collegien, France), and the
relative intensity of the bands was measured.

2.5. qRT-PCR

To determine the mRNA expression level of the early passage group (PDL 42–46) and
late passage group (PDL 69–72), all RNA was isolated using QIAzol (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s instructions. RNA concentration was mea-
sured with a NanoDrop™ UV spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). cDNA was synthesized using High-Capacity cDNA Reverse Transcription Kit with
RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). TB Green® Premix Ex Taq™
II (Takara, Siga, Japan) was used with the following probes and primers: IL-1β (forward, 5′-
CTGTCCTGCGTGTTGAAAGA-3′;reverse, 5′-TTGGGTAATTTTTGGGATCTACA-3′;probe); IL-
8 (forward, 5′-AAGGAAAACTGGGTGCAGAG-3′;reverse, 5′-ATTGCATCTGGCAACCCTAC-
3′;probe); β-actin (forward, 5′-TGGATCAGCAAGCAGGAGTATG-3′;reverse,
5′-GCATTTGCGGTGGACGAT-3′;probe). The level of each SASP mRNA was normalized
to the level of β-actin.

2.6. Mitochondrial Superoxide Production

To evaluate the mitochondrial function, the early passage group (PDL 31) and late
passage group (PDL 73–74) were used. Mitochondrial superoxide production was evaluated
by Mito SOX Red (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the
manufacturer’s instructions. Cells were seeded at 3 × 104 cells on 96-well plates, and after
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culturing for one day, they were stained with Mito SOX Red. Mito SOX Red was evaluated
with a fluorescence microscope (BZ-X Analyzer).

2.7. Mitochondrial DNA Contents

Mitochondrial DNA was extracted using a kit (Takara, Siga, Japan) in accordance with
the manufacturer’s instructions. DNA samples were analyzed with a real-time PCR system.
The primers used were the Human Mitochondrial DNA (mtDNA) Monitoring Primer Set
(Takara, Siga, Japan).

2.8. Oxygen Consumption Rate (OCR) Measurements

Cells were seeded at 1.5 × 104 cells on a dedicated plate, and after culturing for one
day, they were switched to an analysis medium. OCR was measured with an XF analyzer
(Agilent Technologies, Santa Clara, CA, USA). Using a Seahorse XF Cell Mito Stress Test
kit (Agilent Technologies, Santa Clara, CA, USA), OCR was examined according to the
manufacturer’s instructions. Cellular ATP production was estimated with a sequential
blockade of the mitochondrial respiratory chain by treating cells with oligomycin, FCCP
(carbonylcyanide 4-[trifluoromethoxy] phenylhydrazone), rotenone, and antimycin A.
After the analysis was completed, nuclei were stained with Hoechst (Nacalai Tesque,
Kyoto, Japan), and the cells were photographed with a fluorescence microscope BZ-X
Analyzer. The cells were counted, and then the OCR measurement values were normalized
to the number of cells or the number of mitochondrial DNA copies. When measuring
OCR, inhibitor treatment was conducted with oligomycin (1.5 µM), FCCP, antimycin, and
rotenone (500 nM each).

2.9. Statistical Analysis

Statistical analyses were conducted using Dunnett’s test (*; p < 0.05, **; p < 0.01).

3. Results
3.1. Maintenance of Proliferative Capacity of TIG-3 Cell with SC1 and EC1-2

TIG-3 cells were cultured for approximately 70 days, and the PDL was measured at
the time of growth arrest in an untreated late-passage group (Table 1). When treated with
1 µM SC1 and EC1-2, the results showed a significant increase in PDL compared with the
late passage group. There was no significant change compared with the late passage group
when treated with 1 µM sesamin, 1 µM episesamin, 100 nM SC1, or 100 nM EC1-2.

Table 1. Effects of sesamin, episesamin, and their metabolites on proliferative capacity.

Treatment Group PDL

Late passage - 73.2 ± 0.44
Sesamin 1 µM 73.6 ± 0.47

Epiesamin 1 µM 73.6 ± 0.45

SC1
100 nM 73.4 ± 0.37
1 µM 74.5 ± 0.57 *

EC1-2
100 nM 72.3 ± 0.76
1 µM 74.5 ± 0.32 *

PDL40 human lung fibroblast TIG-3 cells were cultured in DMEM to which the above compounds were added.
Cells were treated with the test substance from the start of culture (PDL40), and the test substance was added
regularly until proliferation in the late passage group ceased PDL was calculated as log2 (D/D0), with D and D0
defined as the cell number at the time of harvesting and the time of seeding, respectively. The data are reported as
means ± SD of three independent experiments. *; p < 0.05 vs. Late passage group by Dunnett’s test.

Regarding cell morphology, the cells in the late passage group had become flatter and
larger, but these changes were suppressed by 1 µM SC1 and EC1-2 treatment (Figure 1).
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Figure 1. Effects of SC1 and EC1-2 on size of TIG-3 replicative senescence cells. Representative
images show the size of each TIG-3 cell at PDL 73–74. Scale bar = 200 µm.

3.2. Inhibition of DNA Damage with SC1 and EC1-2

When the extent of cellular DNA damage was measured (Figure 2), the ratio of γH2AX-
positive cells was increased significantly in the late passage group compared with the early
passage group. Treatment with 1 µM EC1-2 showed significant suppression of γH2AX-
positive cells, and treatment with 1 µM SC1 showed a trend of suppression (p = 0.06)
compared to the late passage group.
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Figure 2. Effects of SC1 and EC1-2 on the ratio of γH2AX positive cells. γH2AX-positive cells
and γH2AX-negative cells are distinguished by measuring the fluorescence intensity of γH2AX
immunostaining. Data are reported as means ± SD of three independent experiments. **; p < 0.01 vs.
Late passage group by Dunnett’s test.

3.3. Inhibition of a Cellular Senescence Marker with SC1 and EC1-2

The results of western blotting for the p16, a cellular senescence marker, are shown in
Figure 3. When compared with the early passage group, p16 protein mass was significantly
increased in the late passage group. The increase in p16 protein was suppressed with 1 µM
SC1 or EC1-2 treatment. These results confirmed that the induction of replicative cellular
senescence is suppressed by SC1 and EC1-2. On the other hand, the treatment of SC1 and
EC1-2 did not affect the p16 expression levels in the cellular senescence induced by the
genotoxic doxorubicin (see Figure S1). Original gel images of the western blot in Figure 3b
are shown in Figure S2.
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3.4. Inhibition of SASP with SC1 and EC1-2

Senescence-associated secretary phenotypes (SASP) were measured (Figure 4). Com-
pared with the early passage group, mRNA expression of IL-1β (a) and IL-8 (b) was signifi-
cantly increased in the late passage group. In contrast, with 1 µM SC1 and EC1-2 treatment,
IL-1β and IL-8 were significantly suppressed compared with the late passage group.
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3.5. Inhibition of Superoxides in Mitochondria with SC1 and EC1-2

Superoxides in mitochondria were measured (Figure 5). Compared with the early
passage group, the amount of ROS in mitochondria was significantly increased in the
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late passage group. In contrast, the amount of ROS in mitochondria was significantly
suppressed by 1 µM SC1 and EC1-2 treatment compared with the late passage group.
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3.6. Improvement of Mitochondrial Function with SC1 and EC1-2

The number of mitochondrial DNA copies in cells was measured (Figure 6a), and
there were significantly more mitochondrial DNA copies in the late passage group than in
the early passage group. The results also showed that the number of mitochondrial DNA
copies was significantly suppressed with 1 µM SC1 and EC1-2 treatment. For mitochondrial
function, the ROS/ATP index (Figure 6b), which is the ratio of the amount of ROS in the
mitochondria and the ATP production per cell, was calculated. This can be interpreted
as the amount of ROS produced when one ATP is synthesized. The ROS/ATP ratio was
significantly increased in the late passage group compared with the early passage group.
In contrast, the ROS/ATP ratio was significantly suppressed with 1 µM SC1 and EC1-
2 treatment. In addition, when the ATP production rate corrected for the number of
mitochondrial DNA copies was calculated as ATP production capacity per mitochondria
(Figure 6c), it was significantly lower in the late passage group than in the early passage
group, and a trend for suppression of the decrease was shown with 1 µM SC1 and EC1-2
treatment. These results suggest that mitochondrial function is improved with SC1 and
EC1-2 treatment.
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Figure 6. Effects of SC1 and EC1-2 on the number of mitochondrial DNA copies. The number of
mtDNA copies in TIG-3 cells analyzed by qPCR (a). Effects of SC1 and EC1-2 on the ROS/ATP ratio.
The ROS/ATP ratio was calculated with the superoxide production levels in mitochondria and the
ATP production rate was calculated from the oxygen consumption rate (OCR) per cell (b). Effects of
SC1 and EC1-2 on ATP production. ATP production rate calculated from OCR was corrected for the
number of mitochondrial DNA copies (c). Data are reported as means ± SD of three independent
experiments. *; p < 0.05, **; p < 0.01 vs. Late passage group by Dunnett’s test.

4. Discussion

It has been reported that sesamin reduces mitochondrial oxidative stress [31,32],
slowing the decrease in function associated with aging in Drosophila and increasing their
life span [33]. Although there are few reports of the efficacy of episesamin, it has been
reported that, after sesamin and its isomer episesamin are metabolized in the liver, their
metabolites SC1 and EC1-2 show an antioxidative effect [28–30]. We hypothesized that SC1
and EC1-2, which have an anti-oxidative function, may inhibit DNA damage, thought to
be the fundamental mechanism of senescence, and the induction of cellular senescence
by maintaining the mitochondrial functions that decline with age. In this study, sesamin,
episesamin, and their metabolites SC1 and EC1-2 were evaluated in a replicative senescence
model.

In this replicative senescence experiment, human fetal lung fibroblast TIG-3 cells were
used. TIG-3 cells are reported to show the phenotypes of replicative senescence at PDL
of 70 or higher [34]. Similar to a previous study, the growth of TIG-3 cells was arrested
at PDL73.2. It has also been reported that senescent cells are in a metabolically activated
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state and show increases in the mitochondrial mass and ATP production rate [17,18]. A
trend towards increased ATP production rate was also observed in TIG-3 late passage
group in the present study. Replicative senescence is thought to be caused by endogenous
stimulation, particularly increased ROS from mitochondria [26]. In fact, it was observed
in the present study that, in TIG-3 cells, mitochondrial ROS increased and the ROS/ATP
ratio increased just around the timing of growth arrest (around PDL of 73). However, DNA
damage indexed by γH2AX, which is thought to be the cause of cellular senescence, is
observed around PDL of 69 before growth arrest. Thus, mitochondrial function decreases
gradually during the replicative senescence process prior to growth arrest, suggesting that
cellular senescence has been induced by increasing the amount of ROS in mitochondria
and subsequent DNA damages, although there is no direct evidence that ROS production
was also increased during the transition phase of cellular senescence.

In cellular senescence, DNA damage results in an increase in the expression level of
the p16 protein, which is a cell cycle inhibitor [1,2,6,7] and is thought to be a typical marker
of senescent cells [37]. It has been reported that the selective elimination of p16Ink4a-positive
senescent cells could extend a healthy lifespan and improve the various defects associated
with aging [13–15]. In the present study, the amount of p16 protein increased with DNA
damage in replicative senescence and was suppressed by SC1 and EC1-2 treatment. The
above results suggest that the induction of cellular senescence is possibly inhibited by SC1
and EC1-2 as a result of the suppression of DNA damage due to ROS derived from impaired
mitochondria. In the Drosophila senescence-accelerated model, Sod1n1 mutant adults fed
with sesamin showed a decreased frequency of nuclei exhibiting DNA damage foci detected
by anti-γH2AvD immunostaining and increased mRNA levels of two DNA repair factors
(Gadd45 and CG9272) [33]. Sesamin was found to be absorbed and metabolized to SC1 in
Drosophila adults. Therefore, in replicative senescent TIG-3 cells, SC1 and EC1-2 could
also induce these DNA repair genes which contribute to reducing the induction of the
p16 protein.

It has also been demonstrated that, in senescent cells, chromatin fragments derived
from genomic DNA accumulate in the cytoplasm as a result of the continuous DNA damage
response (DDR) caused by ROS, and activation of the cGAS–STING pathway, which is
a nucleic acid sensor, plays an important role in SASP gene expression [38]. IL-1β, a
kind of the SASP, is reported to be a powerful inducer of IL-8 expression [39], and the
analysis of SASP gene expression demonstrated that increased IL-8 and IL-1β expressions
are suppressed with SC1 and EC1-2. It is thought that the suppression of DNA damage
by SC1 and EC1-2 inhibited the accumulation of DNA fragments and the expression of
SASP factors. Higher levels of SASP factors secreted by senescent cells promote chronic
inflammation, and this may accelerate functional declines associated with aging and age-
related diseases [1]. SC1 and EC1-2 might have the potential to delay the functional declines
which depend on the SASP expression with aging.

In the present study, the ROS/ATP ratio [40,41] was used as an indicator of mitochon-
drial function. ROS/ATP ratio was increased in senescent TIG-3 cells, which suggests that
mitochondrial function declined in cellular senescence. Moreover, SC1 and EC1-2 improved
the ROS/ATP ratio significantly. These results suggest that maintaining mitochondrial
function with SC1 and EC1-2 during the replicative senescence suppresses the promotion
of cellular senescence.

Increased ROS due to the decline of mitochondrial function is considered to be a
cause of the induction of cellular senescence [16], and the effects of SC1 and EC1-2 on
mitochondrial function were therefore evaluated. The increased mitochondrial mass and
ATP production rate in senescent cells likely occur to compensate for the higher energy
demand from increased cell size and SASP production [17,18]. Increases in the number of
mitochondrial DNA copies in the late passage group were suppressed by SC1 and EC1-2,
but the ATP production rate was maintained. Since a correlation between mitochondrial
DNA copy number and mitochondrial mass has been reported [42], the ATP production
rate per mitochondrion was calculated by correcting the data on the ATP production rate
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per cell for the number of mitochondrial DNA copies. As a result, a significant decrease in
ATP production rate per mitochondrion was observed in the late passage group compared
with the early passage group. Contrarily, the ATP production rate per mitochondrion
showed a tendency to improve with SC1 and EC1-2. Thus, the ATP production rate was
considered to be maintained as a result of the improved ATP production efficiency per
mitochondrion with SC1 and EC1-2.

A similar investigation was conducted using TIG-1 cells, which are also human fe-
tal lung fibroblasts [43]. In replicative senescent TIG-1 cells, an increase in the amount
of mitochondrial ROS per cell has been confirmed, as with TIG-3 cells [43]. It was also
reported, however, that, in TIG-1 cells, a decline in mitochondrial function and an increase
in mitochondrial ROS production occur after the completion of cellular senescence, where
there is growth arrest [43]. Further studies are needed to determine whether ROS produc-
tion associated with mitochondrial dysfunction is a prerequisite for the process of cellular
senescence in a replicative senescence model.

In senescent cells, dysfunctional mitochondria cannot be eliminated from the mi-
tochondrial network due to the impairment of mitochondrial fission, and mitophagy is
impaired [44]. Decreased mitophagy could lead to an increase in mitochondria with de-
clined function. According to the previous study, sesamin could improve autophagy by
inhibiting mTOR [45]. Further investigation is needed to determine whether sesamin
metabolites could induce autophagy to prevent cellular senescence.

In the present study, the sesamin and episesamin metabolites SC1 and EC1-2 showed
inhibiting effects of cellular senescence. There are very few previous studies on the efficacy
of EC1-2, but similar to SC1, a direct radical scavenging capacity has been reported [29]. It
is possible that decreases in mitochondrial function are suppressed by the direct radical
scavenging capacity of SC1 and EC1-2. The actions of SC1 and EC1-2 were similar in
this study, and further investigation is required to determine which one shows a stronger
effect against cellular senescence through radical scavenging capacity. Since upregulation
of the antioxidant enzymes such as superoxide dismutase, glutathione peroxidase, and
glutathione S-transferase by SC1 are reported [46,47], there is also a possibility that the
increase of intracellular antioxidative activities is related to the suppression of cellular
senescence. It was demonstrated that sesamin protected Drosophila adults against oxidative
damage via stimulation of the Nrf2/Cnc-dependent transcription in the adult gut and
brain [48]. Elucidation of the mechanisms of action with SC1 and EC1-2 is the next issue
for future study.

5. Conclusions

The present study suggested, in a replicative senescence model using human cells,
that SC1 and EC1-2, metabolites of sesamin and episesamin, may serve to maintain mito-
chondrial function appropriately, prevent DNA damage from mitochondria-derived ROS,
and suppress the induction of cellular senescence in the aging process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15071627/s1, Figure S1: Changes in the cellular senescence
marker p16 with the treatment of NAC, SC1, and EC1-2 before DXR treatment. Figure S2: Original
gel images of the western blot in Figure 3b.

Author Contributions: Conceptualization, C.A., D.T., Y.K., N.T. and T.R.; Methodology, C.A., D.T.,
Y.K., S.K. and E.H.; Formal analysis, C.A. and D.T.; Conducting the experiments, C.A.; Preparing the
samples, C.A., D.T. and N.T.; Data curation, C.A. and D.T.; Writing—original draft preparation, C.A.,
D.T. and Y.K.; Writing—review and editing, T.R., T.I. and E.H.; Supervision, H.S., E.H. and M.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/nu15071627/s1
https://www.mdpi.com/article/10.3390/nu15071627/s1


Nutrients 2023, 15, 1627 11 of 13

Acknowledgments: The authors appreciate Chiori Asahi, Kyoko Yamamoto and Satomi Kobayashi
for technical supports to the study.

Conflicts of Interest: C.A., D.T., Y.K., N.T., T.R., T.I., H.S. and M.N. are employees of Suntory Wellness
Limited, which is a manufacturer of foods that contain sesamin. The authors declare no conflict of
interest.

References
1. Watanabe, S.; Kawamoto, S.; Ohtani, N.; Hara, E. Impact of senescence-associated secretory phenotype and its potential as a

therapeutic target for senescence-associated diseases. Cancer Sci. 2017, 108, 563–569. [CrossRef] [PubMed]
2. Campisi, J. Senescent cells, tumor suppression, and organismal aging: Good citizens, bad neighbors. Cell 2005, 120, 513–522.

[CrossRef] [PubMed]
3. Kuilman, T.; Michaloglou, C.; Mooi, J.W.; Peeper, S.D. The essence of senescence. Genes Dev. 2010, 24, 2463–2479. [CrossRef]
4. Hernandez-Segura, A.; Nehme, J.; Demaria, M. Hallmarks of cellular senescence. Trends Cell Biol. 2018, 28, 436–453. [CrossRef]

[PubMed]
5. Sharpless, E.N.; Sherr, J.C. Forging a signature of in vivo senescence. Nat. Rev. Cancer 2015, 15, 397–408. [CrossRef] [PubMed]
6. Hara, E.; Smist, R.; Parry, D.; Tahara, H.; Stone, S.; Peters, G. Regulation of p16CDKN2 expression and its implications for cell

immortalization and senescence. Mol. Cell. Biol. 1996, 16, 859–867. [CrossRef]
7. McConnell, B.B.; Gregory, J.F.; Stott, J.F.; Hara, E.; Peters, G. Induced expression of p16(INK4a) inhibits both CDK4- and

CDK2-associated kinase activity by reassortment of cyclin-CDK-inhibitor complexes. Mol. Cell. Biol. 1999, 19, 1981–1989.
[CrossRef]

8. Rodier, F.; Coppé, J.-P.; Patil, K.C.; Hoeijmakers, A.M.W.; Muñoz, P.D.; Raza, R.S.; Freund, A.; Campeau, E.; Davalos, R.A.;
Campisi, J. Persistent DNA damage signaling triggers senescence associated inflammatory cytokine secretion. Nat. Cell Biol. 2009,
11, 973–979. [CrossRef]

9. Coppé, J.-P.; Patil, K.C.; Rodier, F.; Sun, Y.; Muñoz, P.D.; Goldstein, J.; Nelson, S.P.; Desprez, P.-Y.; Campisi, J. Senescence-associated
secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008, 6,
2853–2868. [CrossRef]

10. Gil, L.; Siems, W.; Mazurek, B.; Gross, J.; Schroeder, P.; Voss, P.; Grune, T. Age-associated analysis of oxidative stress parameters in
human plasma and erythrocytes. Free Radic. Res. 2006, 40, 495–505. [CrossRef]

11. Ichiba, M.; Yamada, S.; Ishii, K.; Gonda, K.; Murai, R.; Shimomura, T.; Saeki, T.; Kanbe, T.; Tanabe, Y.; Yoshida, Y.; et al. Significance
of urinary excretion of 8-hydroxy-2’-deoxyguanosine in healthy subjects and liver disease patients. Hepatogastroenterology 2007,
54, 1736–1740.

12. Liu, Y.; Sanoff, K.H.; Cho, H.; Burd, E.C.; Torrice, C.; Ibrahim, G.J.; Thomas, E.N.; Sharpless, E.N. Expression of p16INK4a in
peripheral blood T-cells is a biomarker of human aging. Aging Cell 2009, 8, 439–448. [CrossRef] [PubMed]

13. Baker, J.D.; Wijshake, T.; Tchkonia, T.; LeBrasseur, K.N.; Childs, G.B.; van de Sluis, B.; Kirkland, L.J.K.; van Deursen, M.J. Clearance
of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 2011, 479, 232–236. [CrossRef] [PubMed]

14. Baker, J.D.; Childs, G.B.; Durik, M.; Wijers, E.M.; Sieben, J.C.; Zhong, J.; Saltness, A.R.; Jeganathan, B.K.; Verosa, C.G.; Pezeshki,
A.; et al. Naturally occurring p16Ink4a-positive cells shorten healthy lifespan. Nature 2016, 530, 184–189. [CrossRef] [PubMed]

15. Johmura, Y.; Yamanaka, T.; Omori, S.; Wang, T.-W.; Sugiura, Y.; Matsumoto, M.; Suzuki, N.; Kumamoto, S.; Yamaguchi, K.;
Hatakeyama, S.; et al. Senolysis by glutaminolysis inhibition ameliorates various age-associated disorders. Science 2021, 371,
265–270. [CrossRef]

16. Stöckl, P.; Hütter, E.; Zwerschke, W.; Jansen-Dürr, P. Sustained inhibition of oxidative phosphorylation impairs cell proliferation
and induces premature senescence in human fibroblasts. Exp. Gerontol. 2006, 41, 674–682. [CrossRef]

17. Kim, S.-J.; Mehta, H.H.; Wan, J.; Kuehnemann, C.; Chen, J.; Hu, J.-F.; Hoffman, R.A.; Cohen, P. Mitochondrial peptides modulate
mitochondrial function during cellular senescence. Aging (Albany NY) 2018, 10, 1239–1256. [CrossRef]

18. Correia-Melo, C.; Marques, D.M.F.; Anderson, R.; Hewitt, G.; Hewitt, R.; Cole, J.; Carroll, M.B.; Miwa, S.; Birch, J.; Merz, A.; et al.
Mitochondria are required for pro-ageing features of the senescent phenotype. EMBO J. 2016, 35, 724–742. [CrossRef]

19. Hara, H.; Araya, J.; Ito, S.; Kobayashi, K.; Takasaka, N.; Yoshii, Y.; Wakui, H.; Kojima, J.; Shimizu, K.; Numata, T.; et al.
Mitochondrial fragmentation in cigarette smoke-induced bronchial epithelial cell senescence. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2013, 305, L737–L746. [CrossRef]

20. Salazar, G.; Huang, J.; Feresin, G.R.; Zhao, Y.; Griendling, K.K. Zinc regulates Nox1 expression through a NF-κB and mitochondrial
ROS dependent mechanism to induce senescence of vascular smooth muscle cells. Free Radic. Biol. Med. 2017, 108, 225–235.
[CrossRef]

21. Mistry, Y.; Poolman, T.; Williams, B.; Herbert, E.K. A role for mitochondrial oxidants in stress-induced premature senescence of
human vascular smooth muscle cells. Redox Biol. 2013, 1, 411–417. [CrossRef] [PubMed]

22. Ren, X.; Chen, L.; Xie, J.; Zhang, Z.; Dong, G.; Liang, J.; Liu, L.; Zhou, H.; Luo, P. Resveratrol ameliorates mitochondrial elongation
via Drp1/Parkin/PINK1 signaling in senescent-like cardiomyocytes. Oxid. Med. Cell. Longev. 2017, 2017, 4175353. [CrossRef]
[PubMed]

http://doi.org/10.1111/cas.13184
http://www.ncbi.nlm.nih.gov/pubmed/28165648
http://doi.org/10.1016/j.cell.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15734683
http://doi.org/10.1101/gad.1971610
http://doi.org/10.1016/j.tcb.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29477613
http://doi.org/10.1038/nrc3960
http://www.ncbi.nlm.nih.gov/pubmed/26105537
http://doi.org/10.1128/MCB.16.3.859
http://doi.org/10.1128/MCB.19.3.1981
http://doi.org/10.1038/ncb1909
http://doi.org/10.1371/journal.pbio.0060301
http://doi.org/10.1080/10715760600592962
http://doi.org/10.1111/j.1474-9726.2009.00489.x
http://www.ncbi.nlm.nih.gov/pubmed/19485966
http://doi.org/10.1038/nature10600
http://www.ncbi.nlm.nih.gov/pubmed/22048312
http://doi.org/10.1038/nature16932
http://www.ncbi.nlm.nih.gov/pubmed/26840489
http://doi.org/10.1126/science.abb5916
http://doi.org/10.1016/j.exger.2006.04.009
http://doi.org/10.18632/aging.101463
http://doi.org/10.15252/embj.201592862
http://doi.org/10.1152/ajplung.00146.2013
http://doi.org/10.1016/j.freeradbiomed.2017.03.032
http://doi.org/10.1016/j.redox.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24191234
http://doi.org/10.1155/2017/4175353
http://www.ncbi.nlm.nih.gov/pubmed/29201272


Nutrients 2023, 15, 1627 12 of 13

23. Ito, S.; Araya, J.; Kurita, Y.; Kobayashi, K.; Takasaka, N.; Yoshida, M.; Hara, H.; Minagawa, S.; Wakui, H.; Fujii, S.; et al.
PARK2-mediated mitophagy is involved in regulation of HBEC senescence in COPD pathogenesis. Autophagy 2015, 11, 547–559.
[CrossRef]

24. Lin, H.; Xiong, H.; Su, Z.; Pang, J.; Lai, L.; Zhang, H.; Jian, B.; Zhang, W.; Zheng, Y. Inhibition of DRP-1-dependent mitophagy
promotes cochlea hair cell senescence and exacerbates age-related hearing loss. Front. Cell. Neurosci. 2019, 13, 550. [CrossRef]
[PubMed]

25. Dang, Y.; An, Y.; He, J.; Huang, B.; Zhu, J.; Gao, M.; Zhang, S.; Wang, X.; Yang, B.; Xie, Z. Berberine ameliorates cellular senescence
and extends the lifespan of mice via regulating p16 and cyclin protein expression. Aging Cell 2020, 19, e13060. [CrossRef]

26. Davalli, P.; Mitic, T.; Caporali, A.; Lauriola, A.; D’Arca, D. ROS, cell senescence, and novel molecular mechanisms in aging and
age-related diseases. Oxid. Med. Cell. Longev. 2016, 2016, 3565127. [CrossRef] [PubMed]

27. Nollet, E.; Hoymans, Y.V.; Rodorigus, R.I.; De Bock, D.; Dom, M.; Van Hoof, O.M.V.; Vrints, J.C.; Van Craenenbroeck, M.E.
Accelerated cellular senescence as underlying mechanism for functionally impaired bone marrow-derived progenitor cells in
ischemic heart disease. Atherosclerosis 2017, 260, 138–146. [CrossRef]

28. Nakai, M.; Harada, M.; Nakahara, K.; Akimoto, K.; Shibata, H.; Miki, W.; Kiso, Y. Novel antioxidative metabolites in rat liver with
ingested sesamin. J. Agric. Food Chem. 2003, 51, 1666–1670. [CrossRef]

29. Nakai, M.; Kageyama, N.; Nakahara, K.; Miki, W. Decomposition reaction of sesamin in supercritical water. Biosci. Biotechnol.
Biochem. 2006, 70, 1273–1276. [CrossRef]

30. Yasuda, K.; Ikushiro, S.; Wakayama, S.; Itoh, T.; Yamamoto, K.; Kamakura, M.; Munetsuna, E.; Ohta, M.; Sakaki, T. Comparison of
metabolism of sesamin and episesamin by drug-metabolizing enzymes in human liver. Drug Metab. Dispos. 2012, 40, 1917–1926.
[CrossRef]

31. Maharjan, S.; Oku, M.; Tsuda, M.; Hoseki, J.; Sakai, Y. Mitochondrial impairment triggers cytosolic oxidative stress and cell death
following proteasome inhibition. Sci. Rep. 2014, 4, 5896. [CrossRef] [PubMed]

32. Takada, S.; Kinugawa, S.; Matsushima, S.; Takemoto, D.; Furihata, T.; Mizushima, W.; Fukushima, A.; Yokota, T.; Ono, Y.; Shibata,
H.; et al. Sesamin prevents decline in exercise capacity and impairment of skeletal muscle mitochondrial function in mice with
high-fat diet-induced diabetes. Exp. Physiol. 2015, 100, 1319–1330. [CrossRef] [PubMed]

33. Le, D.T.; Nakahara, Y.; Ueda, M.; Okumura, K.; Hirai, J.; Sato, Y.; Takemoto, D.; Tomimori, N.; Ono, Y.; Nakai, M.; et al. Sesamin
suppresses aging phenotypes in adult muscular and nervous systems and intestines in a Drosophila senescence-accelerated
model. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 1826–1839.

34. Yuan, H.; Kaneko, T.; Matsuo, M. Increased susceptibility of late passage human diploid fibroblasts to oxidative stress. Exp.
Gerontol. 1996, 31, 465–474. [CrossRef]

35. Urata, H.; Nishioka, Y.; Tobashi, T.; Matsumura, Y.; Tomimori, N.; Ono, Y.; Kiso, Y.; Wada, S. First chemical synthesis of
antioxidative metabolites of sesamin. Chem. Pharm. Bull. 2008, 56, 1611–1612. [CrossRef]

36. Tomimori, N.; Nakai, M.; Ono, Y.; Kitagawa, Y.; Kiso, Y.; Shibata, H. Identification of the metabolites of episesamin in rat bile and
human liver microsomes. Biol. Pharm. Bull. 2012, 35, 709–716. [CrossRef] [PubMed]

37. Omori, S.; Wang, T.-W.; Johmura, Y.; Kanai, T.; Nakano, Y.; Kido, T.; Susaki, A.E.; Nakajima, T.; Shichino, S.; Ueha, S.; et al.
Generation of a p16 reporter mouse and its use to characterize and target p16high cells In vivo. Cell Metab. 2020, 32, 814–828.e6.
[CrossRef]

38. Takahashi, A.; Loo, M.T.; Okada, R.; Kamachi, F.; Watanabe, Y.; Wakita, M.; Watanabe, S.; Kawamoto, S.; Miyata, K.; Barber, N.G.;
et al. Downregulation of cytoplasmic DNases is implicated in cytoplasmic DNA accumulation and SASP in senescent cells. Nat.
Commun. 2018, 9, 1249. [CrossRef]

39. Liu, X.; Ye, F.; Xiong, H.; Hu, D.; Limb, A.G.; Xie, T.; Peng, L.; Yang, W.; Sun, Y.; Zhou, M.; et al. IL-1β upregulates IL-8 production
in human Müller cells through activation of the p38 MAPK and ERK1/2 signaling pathways. Inflammation 2014, 37, 1486–1495.
[CrossRef]

40. Roussel, D.; Boël, M.; Mortz, M.; Romestaing, C.; Duchamp, C.; Voituron, Y. Threshold effect in the H2O2 production of skeletal
muscle mitochondria during fasting and refeeding. J. Exp. Biol. 2019, 222, jeb196188. [CrossRef]

41. Abdul-Ghani, A.M.; Jani, R.; Chavez, A.; Molina-Carrion, M.; Tripathy, D.; Defronzo, A.R. Mitochondrial reactive oxygen species
generation in obese non-diabetic and type 2 diabetic participants. Diabetologia 2009, 52, 574–582. [CrossRef] [PubMed]

42. D’Erchia, M.A.; Atlante, A.; Gadaleta, G.; Pavesi, G.; Chiara, M.; De Virgilio, C.; Manzari, C.; Mastropasqua, F.; Prazzoli, M.G.;
Picardi, E.; et al. Tissue-specific mtDNA abundance from exome data and its correlation with mitochondrial transcription, mass
and respiratory activity. Mitochondrion 2015, 20, 13–21. [CrossRef] [PubMed]

43. Fujita, Y.; Iketani, M.; Ito, M.; Ohsawa, I. Temporal changes in mitochondrial function and reactive oxygen species generation
during the development of replicative senescence in human fibroblasts. Exp. Gerontol. 2022, 165, 111866. [CrossRef] [PubMed]

44. König, J.; Ott, C.; Hugo, M.; Jung, T.; Bulteau, A.-L.; Grune, T.; Höhn, A. Mitochondrial contribution to lipofuscin formation.
Redox Biol. 2017, 11, 673–681. [CrossRef]

45. Deesrisak, K.; Chatupheeraphat, C.; Roytrakul, S.; Anurathapan, U.; Tanyong, D. Autophagy and apoptosis induction by sesamin
in MOLT-4 and NB4 leukemia cells. Oncol. Lett. 2021, 21, 32. [CrossRef]

46. Ikeda, T.; Nishijima, Y.; Shibata, H.; Kiso, Y.; Ohnuki, K.; Fushiki, T.; Morita, T. Protective effect of sesamin administration on
exercise-induced lipid peroxidation. Int. J. Sports Med. 2003, 24, 530–534.

http://doi.org/10.1080/15548627.2015.1017190
http://doi.org/10.3389/fncel.2019.00550
http://www.ncbi.nlm.nih.gov/pubmed/31920551
http://doi.org/10.1111/acel.13060
http://doi.org/10.1155/2016/3565127
http://www.ncbi.nlm.nih.gov/pubmed/27247702
http://doi.org/10.1016/j.atherosclerosis.2017.03.023
http://doi.org/10.1021/jf0258961
http://doi.org/10.1271/bbb.70.1273
http://doi.org/10.1124/dmd.112.045906
http://doi.org/10.1038/srep05896
http://www.ncbi.nlm.nih.gov/pubmed/25077633
http://doi.org/10.1113/EP085251
http://www.ncbi.nlm.nih.gov/pubmed/26300535
http://doi.org/10.1016/0531-5565(96)00001-0
http://doi.org/10.1248/cpb.56.1611
http://doi.org/10.1248/bpb.35.709
http://www.ncbi.nlm.nih.gov/pubmed/22687406
http://doi.org/10.1016/j.cmet.2020.09.006
http://doi.org/10.1038/s41467-018-03555-8
http://doi.org/10.1007/s10753-014-9874-5
http://doi.org/10.1242/jeb.196188
http://doi.org/10.1007/s00125-009-1264-4
http://www.ncbi.nlm.nih.gov/pubmed/19183935
http://doi.org/10.1016/j.mito.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25446395
http://doi.org/10.1016/j.exger.2022.111866
http://www.ncbi.nlm.nih.gov/pubmed/35680079
http://doi.org/10.1016/j.redox.2017.01.017
http://doi.org/10.3892/ol.2020.12293


Nutrients 2023, 15, 1627 13 of 13

47. Hong, L.; Yi, W.; Liangliang, C.; Juncheng, H.; Qin, W.; Xiaoxiang, Z. Hypoglycaemic and hypolipidaemic activities of sesamin
from sesame meal and its ability to ameliorate insulin resistance in KK-Ay mice. J. Sci. Food Agric. 2013, 93, 1833–1838. [CrossRef]

48. Le, D.T.; Inoue, H.Y. Sesamin Activates Nrf2/Cnc-Dependent Transcription in the Absence of Oxidative Stress in Drosophila
Adult Brains. Antioxidants 2021, 10, 924. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/jsfa.5974
http://doi.org/10.3390/antiox10060924

	Introduction 
	Materials and Methods 
	Cell Culture 
	Test Compounds 
	H2AX Immunostaining 
	Western Blotting 
	qRT-PCR 
	Mitochondrial Superoxide Production 
	Mitochondrial DNA Contents 
	Oxygen Consumption Rate (OCR) Measurements 
	Statistical Analysis 

	Results 
	Maintenance of Proliferative Capacity of TIG-3 Cell with SC1 and EC1-2 
	Inhibition of DNA Damage with SC1 and EC1-2 
	Inhibition of a Cellular Senescence Marker with SC1 and EC1-2 
	Inhibition of SASP with SC1 and EC1-2 
	Inhibition of Superoxides in Mitochondria with SC1 and EC1-2 
	Improvement of Mitochondrial Function with SC1 and EC1-2 

	Discussion 
	Conclusions 
	References

