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Abstract
Information regarding cellular anti-senescence attributes of probiotic bacteria vis-à-vis modulation of senescence-associated
secretory phenotype (SASP) and mTOR signaling is very limited. The present study assessed anti-senescence potential of
secretory metabolites of probiotic Lactobacillus fermentum (Lact. fermentum) using H2O2-induced model of senescence in
3T3-L1 preadipocytes. Application of H2O2-induced cellular senescence characterized by increased cell size and SA-β-gal
activity, activation of SASP and reactive oxygen species (ROS), DNA damage response and induction of cell cycle inhibitors
(p53/p21WAF1/p16INK4a). Further, a robust stimulation of the PI3K/Akt/mTOR pathway and AMPK signaling was also observed
in H2O2-treated cells. However, exposure of cells to cell-free supernatant of Lact. fermentum significantly attenuated phosphor-
ylation of PI3K/Akt/mTOR pathway and alleviated senescence markers p53, p21WAF1, SA-β-gal, p38MAPK, iNOS, cox-2,
ROS, NF-κB, and DNA damage response. These results provide evidence that secretory metabolites of Lact. fermentum can
mitigate the development as well as severity of stress-induced senescence thereby indicating its utility for use as anti-aging or age-
delaying agent.
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Introduction

Aging is a multi-factorial deleterious process responsible for
increased rate of morbidity and mortality in elderly. Recent
advances in geroscience have highlighted the significance of
cellular senescence in driving the aging process per se. It has
been shown that gradual accumulation of senescent cells in
various tissues and organs directly contributes to organ dys-
function and the characteristic aged phenotype [1], while se-
lective elimination of senescent cells in vivo could essentially
confer anti-aging attributes by delaying tumorigenesis and
attenuation of age-related deterioration of several organs

including kidney, heart, and fat [2]. Based on nature of con-
tributing factors, cellular senescence is classified into different
types such as replicative senescence, oncogene-induced se-
nescence, or stress-induced senescence. Amongst these,
ROS-mediated stress-induced senescence is arguably the most
persistent yet modifiable factor responsible for inducing and
driving the senescence program [3]. Increased systemic oxi-
dative and inflammatory stressors with age are natural con-
tributors to senescence that ultimately results in age-associated
tissue and organ dysfunctions. It is thus not surprising that
stress-based cellular models of senescence have been exten-
sively used to understand the process of senescence and to
identify potential modulators of cellular senescence.

Probiotics are livemicroorganisms that, when administered
in adequate amounts, confer a health benefit on the host [4].
As such, consumption of probiotics has been associated with
several health beneficial effects including modulation of gut
microbiota, redox homeostasis, immune responses, and the
gut-brain axis [5, 6]. This explains the growing emphasis of
probiotic-based dietary interventions to treat and prevent dif-
ferent chronic disorders, particularly associated with stress
and inflammation. We and others have previously observed
that application of probiotic microbes can also successfully

* Yogendra Padwad
yogendra@ihbt.res.in

* Rohit Sharma
rohit25sharma@gmail.com

1 Pharmacology and Toxicology Laboratory, Food & Nutraceutical
Division, CSIR-Institute of Himalayan Bioresource Technology,
Palampur 176061, India

2 Food & Nutraceutical Division, CSIR-Institute of Himalayan
Bioresource Technology, Palampur 176061, India

https://doi.org/10.1007/s12602-019-09576-z

Published online: 22 July 2019

Probiotics and Antimicrobial Proteins (2020) 12:563–576

http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-019-09576-z&domain=pdf
http://orcid.org/0000-0001-6209-3845
mailto:yogendra@ihbt.res.in
mailto:rohit25sharma@gmail.com


alter different aspects of aging such as prevention of diarrheal
diseases, inhibition of colon senescence, protection against
pathogens, enhancement of the intestinal barrier function, im-
munomodulatory effects, and prevention of colon cancer
[7–11]. However, despite these growing evidences, the under-
lying molecular mechanisms governing the effects of
probiotics are poorly understood. Further, there is very little
information on whether and how probiotic bacteria can mod-
ulate different aspects of cellular senescence and, in particular,
their role in influencing nutrient sensing pathways vis-à-vis
senescence and senescence-associated secretory phenotype
(SASP) is little explored. The mechanistic target of rapamycin
(mTOR) nutrient sensing pathway is essential not only for
normal cellular growth but is also emerging as a prominent
regulator of various aspects of cell senescence [12]. Indeed,
several studies have reported activation of mTOR pathway
during aging and that its targeted abrogation can result in
pro-longevity effects [13, 14]. Thus, SASP suppression and
mTOR inhibition appear promising candidates in the global
emphasis to identify molecular targets of aging and
prolonging lifespan. Despite several purported health benefi-
cial effects of probiotics, their role in mitigation of cell senes-
cence is relatively unexplored. Therefore, keeping the forego-
ing discussion in view, the present study hypothesized that
cell-free extract of a probiotic Lactobacillus fermentum
(Lact. fermentum) could confer cytoprotective effects against
hydrogen peroxide (H2O2)-induced premature senescence in
murine preadipocytes by altering mTOR signaling and sup-
pressing activation of SASP. To test our hypothesis, a 3T3-L1
cell line-based model of senescence was established and anti-
senescence attributes of probiotic Lact. fermentum culture su-
pernatant were determined using a range of biochemical and
molecular parameters. Our results indicate that secretory me-
tabolites of Lact. fermentum can effectively attenuate the de-
velopment and progression of senescence by countering DNA
damage, SASP activation, and stress-induced stimulation of
PI3K/Akt/mTOR pathway. These findings suggest novel
health beneficial attribute of probiotics that may be implicated
in the development of pro-longevity strategies.

Materials and Methods

Cell Line and Culture Conditions

Murine preadipocyte cell line, 3T3-L1 (ATCC,Manassas, VA,
USA), was used to assess the effects of probiotic treatment on
premature senescence induced by acute treatment with H2O2.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco; 12800-017) supplemented with 10% FBS
(HiMedia laboratories, Mumbai, India; RM9970) at 37 °C
and 5% CO2 atmosphere. Studies were performed with cells

at initial passage number (~ 3–5) based on our previous ob-
servations [15].

Preparation of Probiotic-Conditioned Media

The probiotic (Lact. fermentum) used in present study was
isolated from fecal matter of adult human [16]. The bacterial
species was identified by 16s rRNA gene sequencing and
characterized for probiotic attributes as per WHO/FAO guide-
lines (data unpublished). This strain has been deposited at the
national microbial culture collection repository of National
center of cell science, Pune, India, via accession number
MCC3160. This particular species of probiotic bacteria was
chosen as it showed strong cytoprotective effects against in-
flammatory and oxidative stressors both in vitro and in vivo in
our previous work [17]. The bacterial secretory metabolites
were collected as probiotic conditioned media (PCM) as pre-
viously described [18]. Briefly, bacteria were aerobically cul-
tured in DeMan, Rogosa, and Sharpe media (MRS) (HiMedia
laboratories, Mumbai, India; GM369) for ~ 16 h at 37 °C,
following which the broth was centrifuged, and the bacterial
pellet was resuspended in a small volume of phosphate-
buffered saline (PBS, pH 7.4). The bacterial suspension was
then aseptically inoculated into DMEM (without FBS and
antibiotic solution) and concentration adjusted so as to obtain
a final optical density of 0.8 (corresponding to 108 CFU/ml).
This bacterial suspension in DMEMwas then allowed to grow
aerobically with periodic shaking for ~ 16 h at 37 °C. Finally,
the bacterial culture in DMEM was centrifuged, pellet
discarded, and pH of the supernatant was adjusted to 7.4.
After sterile filtration, the supernatant was supplemented with
10% FBS and antibiotic solution to prepare the final PCM for
cellular treatment.

Cell Viability Assay

The effect of PCM on cell viability was determined by mea-
suring the reduction ofMTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (HiMedia laboratories,
Mumbai, India) to formazan crystals. Briefly, 1 × 106 cells/
well were seeded into 96-well culture plate in the presence
or absence of PCM at different concentrations (v/v) for 72 h
at 37 °C in a humidified CO2 incubator. After visual confir-
mation of cell morphology, spent media was pipetted out, and
100 μL of acid isopropanol (0.1 N HCl in anhydrous
isopropanol) was mixed to dissolve formazan crystals and
absorbance was read at 540 nm. Cell viability was calculated
as previously reported [19].

Senescence Induction and Probiotic Treatment

3T3-L1 cells were seeded into 6-well plates at 3000 cells/cm2

and allowed to grow until about 80% confluency. The
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concentration and treatment of H2O2 required for senescence
induction in present study was based on our previous work
[15]. Briefly, cells were exposed to H2O2 at a final concentra-
tion of 150 μM for 3 h at 37 °C following which the cells were
washed with PBS twice and resuspended in complete DMEM.
This treatment regimen was continued for three consecutive
days following which the cells were incubated for additional
3 days in complete media only before analysis of various
senescence-associated parameters. For PCM treatment, cells
were co-exposed with PCM (5% and 10% v/v) and H2O2 for
3 h at 37 °C, and after washing for removal of H2O2, cells
were again kept in PCM (5% and 10% v/v in DMEM) over-
night. Next day, H2O2 was directly applied to these cells, and
after incubation for 3 h, cells were again washed, and fresh
PCM was added to the cells [15]. Similar treatment regimen
was followed for the third day, and subsequently, all cells were
exposed to complete DMEM only for three additional days
following which various cellular and biochemical analyses
were performed.

Morphology and Cell Size

The changes in cell morphology against various treatments
were observed using EVOS FL Auto 2 Imaging system
(Thermo Scientific, USA). Senescence-induced changes in
cell size were measured using the “area” feature in brightfield
channel of AMNIS ImageStream®X Mark II Imaging Flow
Cytometer (Merck Millipore, Germany) as previously de-
scribed [15].

Senescence Associated β-Galactosidase Staining

Cellular senescence was identified by measuring senescence-
associated β-galactosidase (SA-β-gal) activity using commer-
cially available kit (K802; Biovision, USA) as per the manufac-
turer’s protocol. Briefly, cells were washed with PBS and
suspended in a fixative solution for 10–15 min at room temper-
ature. Cells were again washed twice with PBS followed by
addition of staining solution and overnight incubation at 37 °C
in the absence of CO2. Cells were then observed for the devel-
opment of blue color indicatingβ-galactosidase activity with the
help of EVOS FL Auto 2 Imaging System (Thermo Scientific,
USA). Several images were taken and cells were manually
counted for enumeration of percentage senescent cells.

Intracellular ROS Assay

After respective treatments, intracellular ROS were measured
by using H2DCFDA dye. Briefly, cells were washed and
stained with 10 μM H2DCFDA (D399; Molecular Probes,
USA) for 30 min. Oxidation of the probe to 2,7-
dichlorofluorescein (DCF) was measured by AMNIS
ImageStream®X Mark II Imaging flow cytometer (Merck

Millipore, Germany). Median fluorescence intensity was cal-
culated and analyzed by INSPIRE ImageStream system
software.

RNA Isolation, Reverse Transcription, and Real-Time
PCR

Cellular RNAwas isolated by using Qiagen RNeasy mini kit
(74104, Qiagen, Germany) according to the manufacturer’s
protocol with some modifications. RNA was quantified and
checked for organic salt and protein contaminants by
Nanodrop. Gene expression was performed by qRT-PCR
using Verso SYBR Green 1-Step qRT-PCR ROX Mix kit
(Thermo Scientific, #AB-4105/C). The PCR reactions were
performed in 96-well plates (Applied Biosystems, USA) using
the Step one Plus™ Real-Time PCR system (Applied
Biosystems, USA). TheΔΔCt method was used for the rela-
tive quantification of mRNA, and GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) was used as a house keeping
control to normalize the mRNA expression [20]. The primer
sequences used in present study were as follows: p53-F
TTCTGTAGCTTCAGTTCATTGG, p53-R ATGGCAGT
CATCCAGTCTTC; p21-F TGCATCCGTTTCACCCAACC
, p21-R TCATTTTTCCAAAGTGCTATTCAGG; and p16-F
CCCAACGCCCCGAACT, p16-R GCAGAAGAGCTGCT
ACGTGAA [15].

Protein Isolation and Western Blotting

For isolation of total cellular proteins, cells were washed twice
with cold PBS and then RIPA lysis buffer (Sigma; R0278),
containing protease inhibitor cocktail (Sigma; P2714-1BTL),
was added onto the cell layer. Cells were kept on ice for 5 min,
and then the lysate was scraped and collected into a micro
centrifugation tube. Cell lysate was centrifuged at 12,000g
for 15 min at 4 °C, and the supernatant was collected for
further assays. Protein was quantified in the lysate by
Bradford assay [21]. SDS-PAGE was carried out for protein
samples using 70μg of total protein, and then western blotting
was performed for various following antibodies: Anti-Akt
(#9272; 1:500), anti-phospho-Akt (#9271S; 1:500), anti-
COX-2 (#12282; 1:500), anti-iNOS (#13120; 1:500), anti-
mTOR (#2983; 1:500), anti-phospho-mTOR (#5536; 1:500),
anti-NF-κB (#8242; 1:500), anti-phospho-NF-κB (#3031;
1:500), anti-phospho-ATM/ATR substrate (#2851; 1:500), an-
ti-PI3K(#4257; 1:500), anti-phospho-PI3K (#4228; 1:500),
anti-AMPKα (#2603; 1:500), and anti-phospho-AMPKα
(#2535; 1:1000) were procured from cell signaling technolo-
gies, while anti-p21 (AHZ0422; 1:500), anti-p53 (13-4100;
1:1000), and anti-phospho-p38 (12-9078-41; 1:500) were pro-
cured from Thermo Fisher Scientific (USA). Anti-β-tubulin
was obtained from Santa Cruz Biotechnology (USA) (sc-
58882; 1:500).
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Statistical Analyses

Data were analyzed using GraphPad Prism (Version 7) soft-
ware. Experimental results are presented as mean ± standard
error of the mean (SEM). Data were subjected to analysis of
variance (ANOVA) and the Tukey test was used to separate
the means (p < 0.05), which were considered statistically
significant.

Results

Cell Viability Response to PCM

Analysis of PCM cytotoxicity to 3T3-L1 cells revealed no
significant effect on cell viability even at concentration as high
as 75% (v/v) (Fig. 1). Only the cells cultured in 100% (v/v)
complete PCM showed significant (p < 0.05) cell death as
compared to control suggesting that secretory metabolites of
probiotic Lact. fermentum could be safely applied to cells
(Fig. 1). Based on this, we chose the minimal dosage of
PCM (5 and 10%, v/v) for further evaluation of its anti-
senescence potential.

PCM Attenuates the Development of H2O2-Induced
Senescent Cells

For inducing senescence, the concentration of H2O2 used in
the present study was based on our previous observation [15].
Cells treated with H2O2 became irregular, flattened, and en-
larged in shape as opposed to normal cells. The mean cell size
showed a significant (p < 0.05) and stark increase in H2O2-
treated cells as compared to normal cells, while PCM treated
cells appeared to counter this effect, albeit in a statistically
non-significant manner (Fig. 2). Further, as indicated by
SA-β-gal activity, H2O2 application significantly (p < 0.05)

enhanced the development of senescent cells, with over 65%
cells appearing senescent as compared to control (Fig. 3). On
the other hand, application of PCM appeared to counter the
development of senescent cells, as a significant (p < 0.05) de-
crease in SA-β-gal active cells was observed as compared to
H2O2 alone-treated cells (Fig. 3).

PCM Downregulates the Expression of Cell Cycle
Inhibitors Associated with Senescence

Abrogation of cell cycle progression due to overexpression of
cell cycle inhibitors p53/p21WAF1/p16INK4a is an essential fea-
ture of senescent cells. It was observed that H2O2 treatment
significantly (p < 0.05) enhanced the gene as well as protein
expression of p53, which on the other hand, was significantly
(p < 0.05) inhibited by the application of PCM at both the
tested concentrations (Fig. 4a–d). Similarly, expression of
p21WAF1 showed a striking and significant (p < 0.05) upregu-
lation at both gene as well as protein levels in H2O2-treated
cells which was also significantly (p < 0.05) attenuated by
application of PCM (Fig. 4a, c, d). In addition, gene expres-
sion of p16INK4a also showed a significant (p < 0.05) upregu-
lation in H2O2-treated cells as compared to control, which was
significantly (p < 0.05) down-regulated on account of PCM
treatment (Fig. 4a).

PCM Treatment Protects Against H2O2-Induced
Oxi-inflammatory Phenotype and DNA Damage

It was observed that treatment with H2O2 significantly
(p < 0.05) interrupted cellular redox homeostasis, as a near
3-fold increase in intracellular ROS production was observed
in H2O2-treated cells as compared to control (Fig. 5a).
Application of PCM appeared to counter this effect, albeit in
a non-significant manner. Further analysis revealed robust el-
evation (p < 0.05) in the protein expression of iNOS and cox-2
signifying the presence of acute oxidative stress in H2O2-treat-
ed cells (Fig. 5b–d). On the contrary, PCM treated cells, espe-
cially at 10% (v/v), showed a significant (p < 0.05) and robust
inhibition in expression of both iNOS and cox-2 thereby sug-
gesting lower levels of oxidative stress in PCM treated cells
(Fig. 5b–d). Analysis of inflammatory marker p38MAPK re-
vealed a strong (p < 0.05) upregulation of its phosphorylated
form in H2O2-treated cells which was significantly (p < 0.05)
abrogated in the presence of PCM (Fig. 6a, c). Corroborating
this, phosphorylated NF-κB levels also showed a robust up-
regulation (p < 0.05) in H2O2-treated cells as compared to
control, while a strong inhibition (p < 0.05) of NF-κB activa-
tion was observed in PCM treated cells suggesting inflamma-
tory homeostasis on account of PCM treatment (Fig. 6b, c).
The improved oxi-inflammatory cellular environment was
further confirmed by the inhibition of phosphorylated sub-
strates of ATM/ATR in PCM treated cells, indicating minimal

Fig. 1 Effect of PCM on percent cell viability. Values are mean ± SEM.
***Significant difference in comparison to control at p < 0.01
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DNA damage response as compared to H2O2-treated cells
(Fig. 5d).

PCM Treatment Inhibits H2O2-Induced
PI3K/Akt/mTOR Signaling Pathway

Analysis of mTOR pathway revealed a robust upregulation on
account of H2O2 treatment in senescent cells. The phosphorylat-
ed forms of PI3K, Akt, and mTOR were strongly elevated
(p < 0.05) in H2O2-treated cells as compared to control
(Fig. 7a–d). On the other hand, PCM treatment categorically
and dose-dependently showed significant (p < 0.05) inhibition
of the activation of PI3K/Akt/mTOR pathway suggesting the
modulation of this nutrient sensing pathway for apparent anti-
senescence effects of probiotic secretory metabolites (Fig. 7a–d).

PCM Modulates Senescence-Induced Activation
of AMPK Pathway

Analysis of protein levels of AMPK and p-AMPK revealed
robust and significant (p < 0.05) upregulation of AMPK/p-
AMPK ratio in H2O2-treated cells, suggesting imbalance in
energetic homeostasis of senescent cells (Fig. 8a, b). On the
other hand, presence of PCM appeared to alleviate AMPK
activation as evidenced by a slight, yet non-significant

inhibition of AMPK/p-AMPK ratio in PCM treated cells
(Fig. 8a, b).

Discussion

Several lines of evidence indicate that probiotic bacteria play a
critical role in regulating different aspects of human health
including immune responses, suppression of tumorigenesis,
hypercholesterolemia, diabetes, or intestinal putrefaction.
However, there appears to be a distinct dearth of studies
pertaining to understanding the impact of probiotic bacteria
or their secretory metabolites in modulating cellular senes-
cence per se. This is relevant since emerging evidences have
shown that age-associated accumulation of senescent cells in
tissues and organs is the causative link of organ dysfunction
and inflammatory disorders during aging [1]. In the present
study, we reveal that secretory metabolites of probiotic Lact.
fermentum can modulate the development as well as severity
of stress-induced senescence in preadipocytes by suppressing
SASP and mTOR signaling.

Oxi-inflamm-aging theory proposes that gradual accumu-
lation of ROS is a key mediator of the aging process [22].
Hydrogen peroxide is an important source of ROS within
the cells, and at acute sub-lethal concentrations, H2O2 has
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been shown to induce senescence and features resembling
those of replicative senescence [23]. Indeed, application of
H2O2 in the present study resulted in enlarged and flattened
cells with strong upregulation of SA-β-gal activity thereby
indicating the onset of senescence program. PCM treatment
to cells attenuated SA-β-gal activity and thus appeared to
counter the development of senescent cells. Senescence is also
associated with cell hypertrophy which occurs due to preva-
lent cell cycle arrest despite sustained cell growth. In the pres-
ent study, PCM treatment could slightly, yet non-significantly,
decrease enlarged cell size in preadipocytes suggesting that
true reversal of morphological changes induced by senescence
is elusive. We argue that increase in exposure as well as using
higher PCM concentration could induce morphological
changes in senescent preadipocytes or in their subsequent gen-
erations at par with control. Notwithstanding, further analysis
clearly showed that PCM treatment effectively blocked the
activation of p53/p21WAF1 cell cycle inhibitors indicating pre-
served proliferative capacity in PCM treated cells. Studies
pertaining to assessment of anti-senescence attributes of pro-
biotic bacteria or their metabolites are very limited. Working
on Lactobacillus pentosus var. plantarumC29, research group
of Jeong et al. [10, 24] has shown the suppression of

senescence marker p16 in the colon and hippocampus of aged
rats. The present study provides evidence that probiotic secre-
tory metabolites can inhibit the onset of senescence in adipose
tissue mediated by regulation of cell cycle inhibitors.

Application of acute H2O2 to cells results in rapid produc-
tion of ROS which could activate oxidative damage and anti-
oxidant machinery. It was observed that 3 days post H2O2

treatment, cells exhibited increased levels of intracellular
ROS as well as protein expressions of iNOS and cox-2. This
scenario is indicative of prevalent and overwhelming oxidative
stress in H2O2-treated cells which could be implicated in the
development of senescence program. Indeed, such type of
stress would have rendered imminent DNA damage as con-
firmed by enhanced accumulation of ATM/ATR substrates.
On the other hand, PCM appeared to counter these effects, as
attenuated levels of ROS, iNOS, cox-2, and ATM/ATR sub-
strate were observed in PCM treated cells. There are several
documented evidences suggesting cytoprotective effects of
probiotics mediated by modulation of antioxidative responses
[25, 26]. A recent report by Finamore et al. [27] have shown
that Lactobacillus casei Shirota can protect against 2,2′-azobis
(2-amidinopropane) dihydrochloride-induced oxidative and in-
flammatory stress in enterocytes-like epithelial cells by

0

2 0

4 0

6 0

8 0

S
A

-
-G

a
l

p
o

s
it

iv
e

c
e

ll
s

(%
)

H 2 O 2 (1 50 M ) -

-

+ + +

- 5P C M (% ) 1 0

a

b

c
c

a b

c d

e

Fig. 3 PCM treatment
ameliorates SA-β-gal activity in
H2O2-treated preadipocytes.
Premature senescence was in-
duced in cells after treatment with
H2O2 for 3 h (150 μM) and for
three consecutive days in the
presence or absence of PCM. a
Control cells. b Cells treated with
H2O2 alone. c, d Cells supple-
mented with 5 and 10% PCM re-
spectively in addition to H2O2. e
Percentage of cells positive for
SA-β-gal activity. Values are
mean ± SEM. Means that do not
share a common letter indicate
statistical difference at p < 0.05

568 Probiotics & Antimicro. Prot. (2020) 12:563–576



inhibiting ROS generation and modulation of antioxidant en-
zymes and NF-κB expression. It has also been observed that
cell-free supernatant of probiotic bacteria exhibits anti-
inflammatory and antioxidant activity on human gut epithelial
cells and macrophages stimulated with LPS [28]. The present
study suggests that secretory metabolites of probiotic bacteria
could also influence redox stimulation during stress-induced
premature senescence. The prevalent ROS in senescent cells
can trigger inflammatory pathways thereby aiding in the devel-
opment of SASP which is a milieu of pro-inflammatory mole-
cules and growth signals. SASP represents a primary driving
force of senescence, as in wake of age-associated immune dys-
functions, its pro-inflammatory signals can induce oxi-
inflammatory stress in neighboring cells that can accelerate
senescence and tumorigenic environment [29]. Indeed, as ob-
served in the present study, H2O2-treated senescent cells
showed enhanced expression of phosphorylated p38MAPK
and NF-κB, suggesting robust activation of pro-inflammatory
pathways. NF-κB is considered as the master regulator of
SASP, and its activation during senescence has been shown

to promote the transcription of several SASP-related compo-
nents [30–32], while its inhibition is associated with improved
lifespan and health span during aging [33–36]. Therefore, it is
evident that NF-κB inhibition is a potential molecular target for
suppression of SASP as well as prevention of senescence.
Similarly, the p38MAPK senses stress signals and is responsi-
ble for the downstream activation of transcription factors such
as NF-κB. It has also been shown that p38MAPK is directly
involved in the development of both replicative senescence and
stress-induced premature senescence and further plays a critical
role in regulating mTOR-mediated senescence [37–40]. In
present study, it was observed that PCM treated cells showed
striking downregulation in expression of both phosphorylated
p38MAPK and NF-κB. Previously, Lactobacillus casei
OLL2768 has been shown to attenuate ETEC-induced pro-in-
flammatory responses by inhibiting NF-κB and p38MAPK
signaling pathways in bovine intestinal epithelial cells [41].
Similarly, Lactobacillus rhamnosus GG has been shown to
inhibit p38MAPK activation in response to inflammatory cy-
tokines in intestinal epithelial cells [42]. The present work

a

b

c

d

Fig. 4 PCM treatment inhibits the
accumulation of cell cycle
inhibitors associated with H2O2-
induced premature senescence.
Cells were treated with H2O2 for
3 h (150 μM) and for three con-
secutive days in the presence or
absence of PCM. a Relative gene
expression of p53, p21, and p16.
Relative protein expression of b
p53, c p21, and d representative
western blot images. Values are
mean ± SEM. Significant differ-
ence in comparison to H2O2-
treated group at *p < 0.05 and
***p < 0.01. Means that do not
share a common letter indicate
statistical difference at p < 0.05
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indicates that secretory metabolites of probiotic bacteria can
also attenuate stress-induced activation of oxidative and inflam-
matory pathways in cells resulting in suppression of SASP and
associated cellular damage ultimately culminating in the inhi-
bition of senescence program.

mTOR signaling pathway is emerging as a molecular target
for enhancing longevity and curbing senescence. This pathway
is essential for growth and development in early life, but as a
case of antagonistic pleiotropy; its activation in later part of life
is regarded as a primary driver of aging and related diseases
[43]. Although in vivo experiments have shown that inhibition
of Akt/mTOR signaling prolongs lifespan [13], however,
causes and consequences of persistent mTOR signaling during
senescence are still not clear [44]. It is speculated that dysreg-
ulated ROS production during aging considerably influences

growth factor-independent activation of mTOR pathway [45].
Indeed, corroborating our previous work, the present study ob-
served that H2O2-induced ROS dysregulation was accompa-
nied by activation of the mTOR signaling pathway. Unabated
ROS in cells can stimulate PI3K which results in activation of
Akt and subsequently of mTOR. The activated Akt has been
shown to directly enhance ROS production by increasing oxy-
gen consumption thereby indicating a vicious circle of ROS
generation and Akt activation that could sensitize cells to
ROS-dependent premature senescence [46]. Further, the acti-
vated mTOR has been implicated in p53 protein translation and
stabilization, as well as enhanced SA-β-gal activity [47], along
with the development of SASP factors by enhancing NF-κB
transcription [48]. Thus, it is reasonable to suggest that the
transient H2O2 treatment to cells in present study would have
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instigated acute aggravation in ROS levels resulting in
overwhelmed antioxidant defenses and subsequent activation
of the mTOR pathway which would have directly contributed
to the development of SASP as well as stabilization of p53-
mediated cell cycle arrest (Fig. 9). On the other hand, a dose-
dependent inhibition of PI3K, Akt, and mTOR activation was
observed in PCM treated groups suggesting that suppression of
mTOR pathway may have contributed to the apparent attenua-
tion of p53/p21, SASP, and ROS-related pathways thereby mit-
igating senescence (Fig. 9). Previously, it has been shown that
oral administration of Lactobacillus pentosus var. plantarum
C29 to aged rats can inhibit mTOR activation in hippocampus
and enhance memory thereby indicating its potency in amelio-
rating age-related degenerative dementia [24]. Another report
has observed that culture supernatants Lactobacillus crispatus
and Lactobacillus rhamnosus can differentially modulate
mTOR and Wnt/ β-catenin pathways in different cancer cell
lines [49]. In another study, it was observed that oral adminis-
tration of Bacillus coagulans suppressed mTOR activation and
phosphorylation of its downstream factors in a mouse model of
food allergy to shrimp tropomyosin [50]. In addition,
Lactobacillus casei extract has been shown to induce apoptosis
in gastric cancer cells by inhibitingNF-κB expression as well as
decreased phosphorylation of mTOR signaling components,
such as PI3K, Akt, and p70S6 kinase [51]. However, to the best
of our knowledge, the present study is the first to implicate that

secretorymetabolites of probiotic Lact. fermentum can suppress
stress-associated induction of cell senescence mediated by in-
hibition of mTOR signaling thereby leading to abrogation of
cellular senescence. Senescent cells are metabolically active but
are characterized by an increased ADP/ATP and AMP/ATP
ratios that result in energetic stress ultimately activating the
AMPK pathway. In the presence of persistent cell stress, the
AMP kinase has been shown to directly activate cell cycle
inhibitors such as p53/p21 and thus help establish senescence.
Considering the apparent impact of Lact. fermentum metabo-
lites in mitigating senescence, we next analyzed their effect on
AMPK activation. It was observed that the presence of Lact.
fermentummetabolites aided in improving the cellular energetic
homeostasis, as a minor suppression of AMPK activation was
observed in Lact. fermentum treated cells.

Emerging evidences have suggested a link between gut
dysbiosis and the development of inflammation, insulin resis-
tance, and type 2 diabetes [52], and that some effects of the
drug metformin may also be mediated by changes in the gut
microbiota [53]. Further, the age-associated onset of obesity
and co-morbidities in humans are associated with increase in
adipocytokines and pro-inflammatory cytokines as well as in-
duction of chronic oxidative stress. In fact, both these condi-
tions were also observed in normal weight obese people as
compared to non-obese people, suggesting that these are early
hallmarks of metabolic changes [54]. Together, these
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observations indicate the crucial role of gut microbiome in the
development and progression of obesity and type 2 diabetes
which are often aggravated during aging. In this perspective,
the present study suggests that application of Lact. fermentum
can promote the preservation of preadipocyte cell functions
during aging which may result in delay/inhibition of age-
associated onset of inflammatory disorders such as type 2

diabetes. Metabolic pathways in human body are influenced
by activities of both human genome and gut microbiome, and
this crosstalk between metabolites has been shown to influence
several aspects of human metabolism, enteric nervous system,
immune responses, obesity, and cancer [55]. In response to
environmental signals, the commensal bacteria in the gut inter-
act with epithelial cells via secretory metabolites that have
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often shown health beneficial attributes. These metabolic prod-
ucts often include polyphosphates, peptides, lactic acid, trypto-
phan metabolites, histamine, and quorum sensing molecules
[56]. Metabolites produced by probiotic bacteria in the intesti-
nal lumen can pass the intestinal barrier and get absorbed into
the circulation by passive or active mechanisms, thereby po-
tentially influencing different cellular processes at sites distant
to gut microenvironment [55, 57]. It is thus plausible that the
apparent beneficial secretory factors of Lact. fermentum in
present study may have modulated different cellular pathways,
including the vitagenes network [58], thereby resulting in the
mitigation of some of the deleterious aspects of senescence. As
such, previously, cell-free extracts of probiotic bacteria have
been identified for anti-obesity and adipogenesis modulatory
attributes using in vitro model of 3T3-L1 preadipocytes [59,
60]. Further, it has been shown that senescence in
preadipocytes not only impairs its functional attributes but also
hampers neighboring non-senescent preadipocytes [61, 62],
making this cell line a suitable model for senescence modula-
tory studies. Together, this clarifies our choice of using probi-
otic culture supernatant and 3T3-L1 cells for investigation of
anti-senescence attributes in the present study.

Conclusions

It has been affirmed that probiotics should be explored
either prophylactically or as biotherapeutics to manage

symptoms associated with aging, immunosenescence, fa-
tigue, and autism thereby providing a nutrient-mediated
prospect of “healthy aging” and attenuating age-
associated disorders [4, 63]. Observations in the present
study indicate that although H2O2-induced cell hypertro-
phy is not significantly reversed by PCM treatment, yet
several other parameters associated with cell cycle, oxi-
inflammatory stress, and nutrient sensing pathways dur-
ing the senescence program are effectively influenced
by secretory probiotic metabolites. These results justify
our hypothesis and provide a novel perspective of the
beneficial effects of probiotics as anti-senescence agents.
However, future research pertaining to assessment of
probiotics for further anti-senescence attributes, such as
senolytic potential, along with in vivo validation are
required to fully comprehend the senescence modulatory
characteristics of probiotics.
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Fig. 9 Schematic diagram of the observed anti-senescence effects of
PCM in the present study. Transient H2O2 treatment resulted in severe
oxidative damage that stimulated DNA damage response and activated
PI3K/Akt/mTOR pathway. The stimulated mTOR resulted in multiple
effects including ROS generation, SASP development, and accumulation

of cell cycle inhibitors thereby developing senescent phenotype. PCM
treatment attenuated the activation of PI3K/Akt/mTOR pathway resulting
in suppression of ROS, SASP, and cell cycle inhibitors thereby preventing
senescence
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