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Abstract

Senescent cells accumulate with aging and have been shown to contribute to age-associ-
ated diseases and organ dysfunction. Eliminating senescent cells with senolytic drugs has
been shown to improve age phenotypes in mouse models and there is some initial evidence
that it may improve the health of persons with chronic diseases. In this study, we employed
WI-38 human fibroblasts rendered senescent by exposure to ionizing radiation (IR) to
screen several plant extracts for their potential senolytic and/or senomorphic activity. Of
these, ginger extract (Zingiber officinale Rosc.) selectively caused the death of senescent
cells without affecting proliferating cells. Among the major individual components of ginger
extract, gingerenone A and 6-shogaol showed promising senolytic properties, with gingere-
none A selectively eliminating senescent cells. Similar to the senolytic cocktail dasatinib and
quercetin (D+Q), gingerenone A and 6-shogaol elicited an apoptotic program. Additionally,
both D+Q and gingerenone A had a pronounced effect on suppressing the senescence-
associated secretory phenotype (SASP). Gingerenone A selectively promotes the death of
senescent cells with no effect on non-senescent cells and these characteristics strongly
support the idea that this natural compound may have therapeutic benefit in diseases char-
acterized by senescent cell accumulation.

Introduction

Senescent cells display irreversible replication arrest, as first described by Hayflick [1]. These
cells often show increased activity of the senescence-associated B-galactosidase (SA-BGal) at
pH 6, and increased expression of cell cycle inhibitors such as p53, CDKN1A (p21) and
CDKN2A (p16) [2]. Despite their enduring growth arrest, they are metabolically active and
display enhanced lysosomal activity. They also secrete a range of biologically active molecules,
including pro-inflammatory cytokines, growth factors, and matrix metalloproteases, a trait
known as the senescence-associated secretory phenotype (SASP) [3]. Senescence is a pleiotro-
pic phenotype that can be beneficial in young age and detrimental in older age. For example,
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in young organisms, senescence was found to play a beneficial role in wound healing, tissue
remodeling, embryonic development, and tumor suppression [4]. However, accumulation of
senescent cells in aged tissues was found to promote premature aging and age-associated dis-
eases such as chronic inflammation, liver fibrosis, atherosclerosis, insulin resistance, neurode-
generative disorders, and cancer [5].

In animal models, elimination of senescent cells by senolytic drugs or genetic approaches
improves health span and slows down the development of aging phenotypes that are associated
with functional impairment [6]. For example, the clearance of p16-positive senescent cells in
the transgenic INK-ATTAC mouse improved age-associated pathologies such as atherosclero-
sis, neurodegeneration, sarcopenia, cataracts, cardiac hypertrophy, kidney disease, cancer, and
osteoarthritis [7, 8]. Thus, the clearance of senescent cells by senotherapeutics, provides a
promising avenue to combat age-related accumulation of pathological condition and func-
tional impairments by eliminating senescence-associated traits [9]. Senotherapeutics include
senolytic drugs, which selectively eliminate senescent cells by apoptosis, and senomorphics,
which can either suppress the proinflammatory SASP or suppress senescent phenotypes with-
out cell death. To-date, very few senotherapeutic compounds have been identified and vali-
dated, including navitoclax [10], fisetin, piperlongumine [11], and the senolytic cocktail
dasatinib and quercetin (D+Q) [12]. More recently, extracts from plants such as Solidago alpes-
tris [13] and Deschampsia antartica [14] were identified that displayed senolytic activity. How-
ever, the active components in these plant extracts have not been isolated or characterized.

We have previously shown that screening plant extracts is a viable approach for the identifi-
cation of bio-active compounds with potential therapeutic properties [15, 16]. Thus, we
hypothesized that plant extracts with known anti-inflammatory effects, may contain active
compounds with senolytic and/or senomorphic properties. To this end, we screened extracts
from four plants with well-established anti-inflammatory properties [17, 18], including
extracts from Harpagophytum procumbens (Devil’s Claw), Uncaria tomentosa (Cat’s Claw)
[19], Zingiber officinale Rosc. (ginger) [20] and Solidago canadensis (Canadian Goldenrod).
The extract from Zingiber officinale Rosc. (ginger) was found to reduce both senescent cell via-
bility and SA-BGal activity. Gingerenone A was the most promising component identified in
ginger extract, since it reduced senescent cell viability, enhanced cleaved caspase-3, decreased
levels of the anti-apoptotic protein Bcl-XL, and decreased production of the SASP proinflam-
matory cytokine IL-6. Together, our findings suggest that gingerenone A suppresses several
senescence traits and promotes senolysis, thus representing a promising natural senolytic
compound.

Methods
Materials

Dulbecco’s modified Eagle’s medium, 10% heat inactivated fetal bovine serum, penicillin and
streptomycin and non-essential amino acids were purchased from Gibco (ThermoFisher Sci-
entific) and RIPA lysis buffer was purchased from Pierce (ThermoFisher Scientific, Waltham,
Massachusetts). Protease and phosphatase inhibitors were purchased from Roche (Thermo-
Fisher Scientific). Gingerenone A was purchased from Aobious (Gloucester, MA) and 6-sho-
gaol, dasatinib and zingerone were purchased from Cayman Chemical (Ann Arbor, MI).
6-gingerol, 8-gingerol 10-gingerol, 8-shogaol and quercetin were purchased from Sigma-
Aldrich (Milwaukee, WI). Cell counting was performed by using a TC20 Automated Cell
Counter (BioRad, Hercules, CA). Pictures were acquired by using a digital camera system
(Nikon Digital Sight) for microscope (Nikon Eclipse S100) (Nikon Instruments, Melville, NY).
24-well plates and 6-well plates were purchased from Fisher Scientific. Harpagophytum
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procumbens (Devil’s Claw) (herb to menstruum ratio, 1:3), Uncaria tomentosa (Cat’s Claw)
(herb to menstruum ratio, 1:3), Zingiber officinale Rosc. (ginger) (herb to menstruum ratio,
1:3) and Solidago canadensis (Canadian Goldenrod) (herb to menstruum ratio, 1:3) were pur-
chased from Galen’s Way (Sebastopol, CA). The MTT assay was purchased from BioVision
(Milpitas, CA). Senescence B-Galactosidase Staining Kit, ID # 9860S was purchased from Cell
Signaling Technology (Danvers, MA). Primary antibodies recognizing p21, p53, Beta-Actin
(ACTB) were purchased from Santa Cruz Biotechnology (Dallas, Texas), primary antibodies
recognizing caspase-3 were purchased from Abcam (Cambridge, MA) and Bcl-XL from Cell
Signaling (Danvers, MA). IL-6 expression was measured by the Quantikine ELISA Kit pur-
chased from R&D systems (Minneapolis, MN). Cytokines and chemokines were measured by
multiplex assays including customized Luminex plates purchased from R &D (Minneapolis,
MN) and V-Plex plus Proinflammatory panel 1 Human kit and the Chemokine Panel 1 Kit
were purchased from Mesoscale Diagnostics (Rockville, MD).

Cell culture and treatments

WI-38 human diploid fibroblasts (HDFs) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicil-
lin and streptomycin, and non-essential amino acids at 37°C in a 5% CO, incubator. HDFs
were rendered senescent by exposure to 10 Gy of ionizing radiation (IR) and then cultured for
an additional ten days. Proliferating and senescent WI-38 cells were seeded in triplicate over-
night at 2x10” cells/well (in 6 well plates) to achieve ~60% confluence by the next day. Cells
were then treated with the extracts for times indicated.

In 24-well plates, cells were treated with multiple dilutions (1:200 and 1:500) of Harpago-
phytum procumbens (Devil’s Claw) (herb to menstruum ratio, 1:3), Uncaria tomentosa (Cat’s
Claw) (herb to menstruum ratio, 1:3), Zingiber officinale Rosc. (ginger) (herb to menstruum
ratio, 1:3) and Solidago canadensis (Canadian Goldenrod) (herb to menstruum ratio, 1:3)
(Galen’s Way, Sebastopol, CA). In 6-well plates, cells were treated for 24 or 48 h with the corre-
sponding amount of DMSO (0.1%), D+Q (250 nM dasatinib and 10 uM quercetin), gingere-
none A (20 uM) and 6-shogaol (72.4 nM). Cell counting was performed by using a TC20
Automated Cell Counter (BioRad). Pictures were acquired by using a digital camera system
(Nikon Digital Sight) for microscope (Nikon Eclipse TS100).

MTT cell viability

The MTT assay (BioVision Milpitas, CA) was carried out following the manufacturer’s proto-
col. Briefly, the media was gently removed from each well and 50 pl of serum-free medium

+ 50 pl of Solution A were added to each well. The plates were incubated at 37°C for MTT
reduction into formazan for 3 h. Next, 150 ul Solution B was added to each well and the plate
was covered with foil and shaken at 600 rpm for 15 min. The absorbance was measured at 590
nm using Enspire, Perkin Elmer Multimode plate reader.

SA-BGal assay

Senescence-associated B-galactosidase (SA-BGal) activity in WI-38 cells was assessed by the
Senescence B-Galactosidase Staining Kit following the manufacturer’s protocol (Cell Signaling
Technology). Briefly, the growth medium was aspirated from the 24-well plates, the wells were
washed once with 0.5 ml of 1xPBS, 250 pl of Fixative solution (1X) was added to each well, and
the plate was incubated at room temperature for 15 min. The solution was removed, the wells
were washed twice with 0.5 ml of 1x PBS, and 250 pl of 1X SA-BGal detection solution was
added. The plate was sealed with parafilm to prevent evaporation and was incubated overnight
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at 37°C with no CO,. The SA-BGal detection solution was removed, 250 ul of 1x PBS was
added, and the plate was gently shaken for 1 h at room temperature. The PBS was removed,
and 70% glycerol was added to each well for long term storage.

Protein analysis

Cells were lysed in RIPA lysis buffer (Pierce, ThermoFisher) containing protease and phospha-
tase inhibitors (Roche) and incubated on ice for 10 min. The lysates were then sonicated for 5
min and centrifuged for 10 min at 4°C to remove the insoluble fraction. The remaining super-
natant was the whole-cell lysate. Lysates were separated by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto nitrocellulose membranes (BioRad). Incubations with
primary antibodies recognizing p21, p53, Beta-Actin (ACTB) (Santa Cruz Biotechnology), as
well as caspase-3 (Abcam) and Bcl-XL (Cell Signaling) were followed by incubations with the
appropriate secondary antibodies conjugated with horseradish peroxidase (GE Healthcare).
Signals were developed using Enhanced Chemiluminescence (ECL) and acquired by using the
ChemiDoc MP Imaging System (BioRad).

Secreted protein analysis: ELISA, Luminex Multiplex, and V-PLEX

Media was collected at the earliest timepoint (24 h after treatments) to avoid cell death that
could interfere with the assay. The media was centrifuged at 1000 x g for 5 min to remove
debris. The secretion of IL-6 was measured by the Quantikine ELISA Kit (R&D systems) and
the expression of pro-inflammatory cytokines and chemokines [IL-6, TNFa, CCL2 (MCP-1),
IL-8, IFNB] was also assessed by multiplex assays (customized Luminex plate, R&D) according
to the manufacturer’s instructions. The V-PLEX Plus Proinflammatory Panel 1 Human Kit
and the Chemokine Panel 1 preparation and detection were carried out following the manu-
facturer’s protocol (Mesoscale Diagnostics) using >80% confluency of proliferating or senes-
cent cells on 24-well plates. Briefly, different concentrations of standards and samples were
added to the plates, and they were incubated for 2 h on a microplate shaker. The plates were
washed, and the corresponding detection antibody mixture was added to each well and incu-
bated for 1 h with shaking. The plates were washed twice then Read buffer was added to each
well. The plates were read on the MESO Quickplex SQ 120 (MSD, Rockville, MD) and protein
concentrations were determined using MSD Discovery workbench 4.0.

Results
Screening identifies senolytic properties in ginger extract

Four plant extracts were screened for senolytic activity, including extracts from Harpagophy-
tum procumbens (Devil’s Claw), Uncaria tomentosa (Cat’s Claw), Zingiber officinale Rosc. (gin-
ger) and Solidago canadensis (Canadian Goldenrod). These extracts were screened using the
MTT cell viability assay. To avoid nonspecific effects, proliferating cells and cells rendered
senescent by exposure to ionizing radiation (IR) were used as a screening system. IR senes-
cence was triggered by exposure to 10 Gy followed by culture for an additional 10 days. As
shown in (Fig 1A and 1B), only ginger extract (1:200 dilution) markedly decreased senescent
cell viability compared to other extracts. Interestingly, incubation with extracts from Uncaria
tomentosa decreased cell viability in proliferating cells but had no effects on IR-induced senes-
cent cells (Fig 1A). Incubation with ginger extracts displayed senolytic activity (Fig 1B) and
decreased SA-BGal activity at 24 and 72 h (Fig 1C and 1D, respectively), suggesting a possible
shift in senescence traits. While this effect could be due to a reduction in the number of senes-
cent cells, it could also result from the inhibition of SA-BGal activity by ginger extracts.
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Fig 1. Extract screening reveals senolytic properties of ginger. (A) WI-38 fibroblasts were left untreated (grey) or rendered senescent by exposure to ionizing
radiation (IR, 10 Gy) followed by culture for an additional 10 days (red), whereupon cells were treated with the indicated extracts and dilutions for 24 h. (B)
The impact on ginger extract on proliferating (grey) and senescent (red) cells on cell survival, assessed by the MTT cell viability assay. Data are represented as
the mean and standard errors from biological replicates [senescent n = 9 and proliferating (1:500 (n = 4) and 1:200 (n = 7), (***p<0.005)]. (C) Cells that were
prepared as in (A) were treated with ginger extract for 24 h or (D) 72 h followed by senescence-associated B-galactosidase (SA-BGal) staining.

https://doi.org/10.1371/journal.pone.0266135.g001

Gingerenone A induces senescent cell death

We used a candidate approach to identify the active senolytic component within the ginger
extract. The major components of ginger extract, namely 6-gingerol, 8-gingerol, 10-gingerol,
6-shogaol, 8-shogaol, gingerenone A, and zingerone, were screened for their ability to selec-
tively decrease cell viability of senescent cells using the MTT assay (Fig 2A). Among the active
components, only 6-shogaol and gingerenone A displayed senolytic activity. The ICs, of gin-
gerenone A was determined to be 19.6 + 2.1 uM (r* = 0.9214) (Fig 2B). Treatment with 20 uM
gingerenone A resulted in a significant decrease in senescent cell viability relative to proliferat-
ing cells (p = 0.04) (Fig 2C).

The cytotoxic action of gingerenone A was compared with that of the known senolytic D
+Q. Senescent cells were treated with either 20 pM gingerenone A,72.4 nM of 6-shogaol or D
+Q for 24 h and 48 h (Fig 3A and 3B, respectively). Forty-eight hours after treatment, D+Q
showed a decrease in senescent cell viability, with a moderate toxic effect on proliferating cells
(Fig 3B and 3C). Interestingly, treatment with 72.4 nM of 6-shogaol induced a significant
increase in the number of proliferating cells (Fig 3C) and showed a moderate degree of cell
death in senescent cells. Treatment with gingerenone A did not show any significant effect on
the proliferation of non-irradiated cells, however it significantly decreased senescent cell via-
bility, and showed a higher selectivity compared to D+Q.
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Fig 2. Senolytic activity of gingerenone A. (A) WI-38 fibroblasts were rendered senescent by exposure to ionizing radiation (IR, 10 Gy) and cultured for an
additional 10 days. Cells were then treated with the ginger components at 100 uM, with 6-shogaol at 3.6 uM, 8-shogaol at 33 uM and 6-gingerol at 20 uM for 72
h, and then cell survival was assessed by the MTT cell viability assay. Data represent the means and standard error from three biological replicates. (B) Dose-
response effect of gingerenone A [2.5-100 uM] treatments for 72 h on senescent cell viability 10-days post-irradiation. (C) Gingerenone A was incubated with
cells that were either proliferating (grey) or senescent (red) as explained in panel (A) for 48 h at 10 and 20 uM (*p = 0.04). Data represent the means and
standard error from eight biological replicates.

https://doi.org/10.1371/journal.pone.0266135.9g002

Gingerenone A suppresses the SASP

The effects of gingerenone A, 6-shogaol and D+Q on cytokines and chemokines that are
known to be part of the SASP were tested (Fig 4, SI Fig). Treatment with gingerenone A
reduced the secreted levels of the pro-inflammatory factors IL-6, CCL2 (MCP-1) (Fig 4A) and
interferon y-induced protein 10 (IP-10) (S1B Fig) and increased the levels of the anti-inflam-
matory cytokines IL-10 and IL-13 (Fig 4A and S1A Fig). However, treatment with gingerenone

DMSO D+Q 6-Shogaol Gingerenone A
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Fig 3. Gingerenone A and 6-shogaol have senolytic effects. WI-38 fibroblasts were either left untreated (proliferating) or rendered senescent by exposure to
ionizing radiation (IR, 10 Gy) and cultured for an additional 10 days. Cells were then treated with either vehicle (DMSO), dasatinib (250 nM) and quercetin
(10 uM) (D+Q), gingerenone A (20 uM), or 6-shogaol (72.4 nM) and incubated for 24 h (A) or 48 h (B), whereupon cell viability was assayed by MTT analysis
[proliferating (grey) and senescent (red)]. (C) Data in graphs represent the means and standard error from three biological replicates. Micrographs are
representative of three biological replicates.

https://doi.org/10.1371/journal.pone.0266135.g003
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Fig 4. Gingerenone A suppresses SASP and enhances apoptosis in senescent cells. (A) WI-38 fibroblasts were rendered senescent by exposure to ionizing
radiation (IR, 10 Gy) and cultured for an additional 10 days. Cells were then treated with gingerenone A (20 uM) and 6-shogaol (72.4 nM) and incubated for 24
h. CCL-2 (MCP-1) (green) and IL-10 (grey) were measured using the Bio-plex (Multiplex); IL6 (pink) was measured using Quantikine IL-6 (R&D). Data were
normalized to cell number/total protein content. Data in graphs represent the means and standard error from three biological replicates. (B) Western blot
analysis of the proteins shown after treating proliferating and senescent fibroblasts (as explained in panel A) for 48 h with the drugs indicated. Ratios of cleaved
pro-caspase 3 to total caspase 3, normalized to ACTB levels, shown as relative to control proliferating cells.

https://doi.org/10.1371/journal.pone.0266135.9004

A also increased the levels of pro-inflammatory cytokines IL-8 and IL-1pB (S1A Fig). While
treatment with D+Q resulted in a similar reduction in secreted MCP-1 and IP-10 levels, it also
reduced the levels of IL-10 and IL-8 (S1A Fig), with enhanced secretion of the pro-inflamma-
tory cytokines IL-6, IL-4 and IFN-G (IFNy) (S1A Fig). Conversely, treatments with 6-shogaol
did not induce major changes in any of the cytokines and chemokines measured at the tested
concentration, suggesting that 6-shogaol does not have senomorphic effects compared to gin-
gerenone A.

These results suggest that the senomorphic effects of gingerenone A and D+Q occur
through somewhat different mechanisms. Of note, while IL-6, IL-8 and MCP-1 (CCL2) had
similar results across different assay platforms, IL-10, which showed an increase with gingere-
none A when measured by multiplex ELISA (Fig 4A), was unchanged in the V-Plex (S1 Fig).
Whether this discrepancy results from the different antibodies used in the different platforms
remains unknown.

Gingerenone A enhances apoptosis in senescent cells

To determine whether gingerenone A and 6-shogaol might influence the apoptotic pathway,
their effect on the levels of cleaved caspase-3 (pro-apoptotic marker), and Bcl-XL (anti-apopto-
tic protein) (Fig 4B) was tested. Treatment with D+Q, but not with gingerenone A or 6-sho-
gaol, increased p53 levels in both proliferating and senescent cells. However, D+Q,
gingerenone A, and 6-shogaol all reduced the expression of the anti-apoptotic protein Bcl-XL
in senescent cells (Fig 4B, right). Interestingly, both gingerenone A and 6-shogaol induced an
increase in the levels of the pro-apoptotic protein cleaved caspase-3 in senescent cells. These
results indicate that gingerenone A may induce senescent-cell death through caspase-3 and
independently of p53.
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Discussion

Senescence is an enduring state of cell cycle arrest that occurs following exposure to different
types of stresses. Senescence has anti-tumorigenic properties in young organisms by halting
growth of damaged cells, but accumulation of senescent cells can be detrimental in older age
as it promotes inflammation, tumorigenesis, and age-related pathologies. Senotherapies,
including senolytics and/or senomorphics, attempt to selectively target senescent cells to miti-
gate their deleterious effects. To this end, we screened multiple extracts to identify those that
cause selective reduction in senescent cells viability. As inflammation is a hallmark of senes-
cence [21], four plant extracts with known anti-inflammatory effects were tested, including
those obtained from Harpagophytum procumbens (Devil’s Claw), Uncaria tomentosa (Cat’s
Claw), Zingiber officinale Rosc. (ginger) and Solidago canadensis (Canadian Goldenrod).
Among the extracts tested, ginger extract displayed robust senolytic activity. Using a candidate
approach, gingerenone A and 6-shogaol were identified as active components in ginger
extract, with gingerenone A showing higher selectivity for eliminating senescent cells when
compared to a known senolytic cocktail (D+Q).

We studied the senomorphic effects of gingerenone A and 6-shogaol and the secretion of
SASP factors by senescent cells. The activation of the SASP comprises a range of chemokines,
pro-inflammatory cytokines, growth factors and matrix-remodeling enzymes that affect their
microenvironment [21]. The senomorphic effects of gingerenone A were demonstrated by the
reduced secretion of pro-inflammatory factors, including IL-6, IP-10 and MCP-1, and the
increase in anti-inflammatory cytokines IL-10 and IL-13. The increase in anti-inflammatory
cytokines is consistent with a recent study in which gingerenone A prevented local inflamma-
tion by inhibiting macrophage recruitment and inflammatory cytokine expression [22]. Fur-
ther, IL-13 levels were reported to decrease in premature senescence triggered by proteasome
inhibition [23]. However, gingerenone A was also found to increase the secretion of potent
pro-inflammatory SASP cytokines (IL-1B and IL-8) in senescent cells. The divergence of IL-6
and IL-8 secretion with gingerenone A treatment suggests that the mechanism is independent
of IL-1A (IL-1a), which can control activation of IL-6 and IL-8 via amplification of C/EBPf
activation [21]. Interestingly, while 6-shogaol is known to have strong anti-inflammatory
properties [24], it did not display senomorphic effects in our study. Therefore, the anti-inflam-
matory impacts of 6-shogaol may not translate into senomorphic effects on senescent cells.
This notion was further supported in our study suggesting that the senomorphic effect of gin-
gerenone A and D+Q occurred through different mechanisms (Fig 4).

Previous studies suggested that gingerenone A plays a role in regulating fatty acid metabo-
lism and mitochondrial biogenesis by activating 5° AMP-activated protein kinase (AMPK)
[22]. AMPK has shown to be inactivated in senescent cells and its activation was beneficial for
senescence prevention [25]. AMPK activation was also shown to reduce abnormal inflamma-
tory responses and lung cellular senescence [26] and in a separate study restore the NAD(+)
levels in the senescent cells via the salvage pathway [25]. Treatment with gingerenone A did
not increase p53 levels in proliferating or senescent cells, but it reduced the expression of Bcl-
XL in senescent cells, resulting in an increase in caspase-3, strongly suggesting that gingere-
none A operates through caspase-3 cleavage and independently of p53 activity.

The anti-inflammatory effects of gingerenone A observed in our study are consistent with
its senolytic/senormorphic effects due to the association between senescence and chronic
inflammation. Our results demonstrate that gingerenone A plays a role in inflammation and
immune system regulation and has been identified as a novel senolytic/senomorphic through
caspase-3 cleavage. Additional investigation is needed to fully characterize the detailed mecha-
nism of its senolytic/senomorphic mechanistic effects. This study further reveals a screening
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method suitable for identifying plant extracts and their active components with senolytic activ-
ity in culture. Further studies are needed to demonstrate senotherapeutic activity in vivo.

Supporting information

S1 Fig. The effects of gingerenone A and 6-shogaol on cytokines and chemokines secretion
in senescent cells. WI-38 fibroblasts were rendered senescent by exposure to ionizing radia-
tion (IR, 10 Gy) and cultured for an additional 10 days. Cells were then treated with gingere-
none A (20 M) and 6-shogaol (72.4 nM) and were incubated for 24 h, when cytokines (A)
and chemokines (B) were measured using the V-plex panel (MSD). Relative Secretion was
measured as pg/ml vs control normalized on TE. Data in graphs represent the means and stan-
dard error from three biological replicates.

(PDF)

S1 Raw images.
(PDF)
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