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ABSTRACT

Objective(s): Adipose-derived Mesenchymal stem cells (ASCs) have garnered attention for their
regenerative potential; therefore, their cellular senescence-related gene expression remains crucial
in therapeutic contexts. Nowadays, combination therapies have shown promising results in reducing
senescent cells. This study investigated the effects of vitamin C, doxycycline, and azithromycin co-
treatment on the key cellular senescence-associated genes in ASCs.

Materials and Methods: Human ASCs were cultured and treated for 24 hr with vitamin C, doxycycline,
azithromycin, and a combination of three drugs. Total RNAs were extracted, and the expression
of p21, p16, Nanog, Oct4, and Sox2 genes was assessed using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Additionally, cell cycle alterations were analyzed via flow
cytometry after treatment with these compounds.

Results: Notably, vitamin C treatment resulted in a significant down-regulation of p21 gene expression
(P<0.01), implicating the potential role of vitamin C in promoting cell cycle progression. Doxycycline
treatment led to a significant up-regulation of p21 and p16 gene expression (P<0.05), as it has
previously been shown to induce cell cycle arrest. Similarly, azithromycin treatment predominantly
increased p21 expression (P<0.05). Besides, cell cycle analysis revealed that each compound had
changed the distribution of cells across different phases of the cell cycle.

Conclusion: The combined use of all three drugs yielded intricate interactions, suggesting a complex
yet promising approach to future research. According to our findings, the major difference in the
combination drug-treated group (VDA) can be explained by the neutralizing effect of these three
components in the environment.
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Introduction

Senescence is a process that cells apply in response to
internal and external stimuli, reinforcing them to make
irreversible blockade in the G1 phase in the cell cycle (1). The
senescence process plays a crucial role in the accumulation
of damaged and dysfunctional cells, contributing to tissue
degeneration as well as impaired regenerative capacity, which
is characterized as a potential risk factor for a range of diseases,
such as stroke, Alzheimers, type 2 diabetes, and various
cancers (2, 3). The central molecular mechanisms associated
with the senescence process are increased {-galactosidase
activity, reduced telomere length, and increased signaling
pathways which are involved in regulating the cell cycle-
related molecules namely, p53/p21 and p16/ Retinoblastoma
protein (RBP) (4, 5). Although the senescence process occurs
in differentiated cells, it can reduce stem cell differentiation,
leading to a lower chance of being a better candidate for
regenerative medicine purposes (6, 7).

Amidst the cell types impacted by senescence,
mesenchymal stem cells (MSCs) have been at the center of
attention for regenerative medicine due to their remarkable
properties, including self-renewal and multipotent
differentiation potential (8). MSCs are found in various
tissues, such as adipose tissue, bone marrow, amniotic
fluid, umbilical cord, and synovial membrane, and actively
contribute to tissue homeostasis, immune regulation, and
tissue repair processes (9). Adipose-derived mesenchymal
stem cells (ASCs) possess the unique ability to self-renew
and differentiate into various mesodermal lineages,
including adipocytes, osteoblasts, and chondrocytes (10).
This remarkable plasticity and multilineage differentiation
capacity render MSCs attractive candidates for regenerative
medicine and cell-based therapy (11). Despite their
regenerative potential, MSCs are subject to aging-related
changes that negatively impact their functionality and
regenerative abilities. The self-renewal and multilineage
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differentiation capacity decline as MSCs age, compromising
their therapeutic efficacy (12). The senescence-related
alterations in MSCs are associated with multiple changes
in gene expression profiles and cellular signaling pathways
(13).

Among the genes crucially involved in cellular
senescence and pluripotency are p21 (14), p16 (15), SRY-
box 2 (Sox2) (16), Octamer-binding transcription factor 4
(Oct4) (17), and Homeobox protein NANOG (Nanog) (18).
Cell cycle progression, genomic integrity, and stem cell fate
determination are all controlled by these key regulatory
genes; However, their dysregulation has been implicated in
the development of age-related diseases, tissue degeneration,
and cellular senescence (19, 20).

Pharmacological interventions have recently gained
more attention as promising candidates for targeting
cellular senescence (21). Vitamin C (L-ascorbic acid) is an
essential nutrient for humans, acting as an anti-oxidant and
cofactor for enzymes and genome regulation via the electron
transport chain (22). It has been shown that in human
bladder cancer EJ cells, a low dose of vitamin C reduces the
cellular senescence phenotype in these cells by inhibiting
the p38 kinase pathway downstream of the p53 molecule
(23). Regulating the genome, vitamin C reduces the number
of reactive oxygen species, regulates the genome, as well as
reducing molecules involved in cellular senescence such as
P53, HIF, and FOXO, increases self-renewal, and reduces
cellular senescence-related processes in MSCs (24).

Doxycycline is a second generation of tetracycline
antibiotics, which has antimicrobial effects along with
other various processes (25, 26). Previous studies have
shown that pre-treatment of doxycycline for 24 hr has
anti-inflammatory effects by inhibiting NF-kB as well as
anti-senescence effects by inhibiting SASP in cells such as
human umbilical vein endothelial cells (HUVECs) (27, 28).

Azithromycin, a macrolide antibiotic, inhibits the
growth of a wide range of Gram-positive and Gram-
negative bacteria (29, 30). Additionally, azithromycin has
other functions that affect several processes along with
anti-inflammatory features (31). Some studies considered
azithromycin a senolytic drug through its ability to
induce autophagy and senescent cell removal (32, 33).
Recently, multiple studies indicated a promising outcome
in prescribing a cocktail of pharmaceutical components
to accelerate the remedy for cancer via eliminating cancer
stem cells and senescent fibroblasts (33-35). For instance,
a study investigated the simultaneous effect of vitamin C,
doxycycline, and azithromycin treatment on cancer stem
cells. They observed that azithromycin, which has anti-
aging properties, combined with doxycycline and vitamin
C in high concentrations leads to eradication of cancer stem
cells (34).

In this study, we investigated whether exposure to vitamin
C, doxycycline, and azithromycin (VDA) in combination
differentially affected the anti-senescence properties of ASCs
by measuring the changes in the cellular senescence-related
genes. We aimed to explore the possible synergistic effects
on cellular senescence in human adipose-derived MSCs. We
saw that VDA can conversely modulate cellular senescence-
related genes which shows the intricate interplay between
these pharmacological agents on key regulatory genes
involved in senescence and pluripotency. We speculate
the neutralizing effects of these drugs combined have an
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important role in our findings.

Materials and Methods
Isolation and culture of ASCs

ASCs were isolated from the omental adipose tissue of
healthy individuals with their informed consent (Female
25-45 years old, IRMUK.REC.1402.015). Adipose tissue
samples were collected and transferred to the laboratory
in Hanks basic salt solution buffer (HBSS) containing
penicillin (300 U/ml), streptomycin (300 pg/ml), and
amphotericin B (25 pg/ml). For non-enzymatic isolation
of MSCs from adipose tissue, the tissue was minced
into small pieces and placed in 6-well plates. Each well
was supplemented with fetal bovine serum (FBS) (Life
Technologies, United Kingdom) and incubated for 24 hr
in a humidified incubator at 37 °C with 5% CO,. After 24
hr of incubation, the FBS in each well was removed, and
low glucose Dulbecco’s modified Eagle’s media (DMEM-
LG) (Life Technologies) containing penicillin (100 U/ml),
streptomycin (100 pg/ml), and 10% FBS (complete regular
culture media) was added. The media were changed every
48 hr. When the cells reached 80% confluence and exhibited
a fibroblastic morphology, they were detached using 0.25%
trypsin/EDTA and transferred to T25 flasks at a density of
10,000 cells/cm?. The cells were cultured until passage 5 for
further experiments (36).

Characterization of ASCs
Surface marker analysis

To assess the surface markers of ASCs, human-
monoclonal-conjugated antibodies with fluorescent tags
were employed. The ASCs were detached using trypsin
and resuspended in FACS Buffer (PBS+BSA 0.1%). The
cells were then incubated in a dark place at 4 °C for 45
min with the following human-monoclonal-conjugated
antibodies: CD45-FITC, CD105-FITC, CD73-PE, CD34-
PE, and CD90-PerCP (BioLegend) (eBioscience). Mouse
monoclonal antibodies conjugated with PE, FITC, and
PerCP (eBioscience) were used as isotype controls. Following
the incubation period, all groups were washed three times
with FACS buffer and fixed in 4% paraformaldehyde.
Fluorescence intensity was measured using a flow cytometer
(FACS Calibur; Becton Dickinson), and the data was
analyzed with FlowJo V.7.6 software (FlowJo LLC, Ashland,
OR, USA) (37).

Differentiation — assays  (adipogenic,
chondrogenic differentiation)

To investigate the multipotent differentiation potential
of ASCs, we performed adipogenic, osteogenic, and
chondrogenic induction assays using specific culture media
and differentiation protocols, as we have previously reported
(37).

osteogenic,  and

Adipogenic differentiation

For adipogenesis, the regular media was replaced
with the StemPro adipogenic differentiation media (Life
Technologies). The cells were incubated in the adipogenic
media for 21 days with regular media change intervals
every 72 hr. Successful adipogenic differentiation was
confirmed after staining the cells with oil red O solution
and visualization of lipid droplets using a light microscope
(Olympus, Japan).
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Osteogenic differentiation

To induce osteogenesis, the regular media was replaced
with the StemPro osteogenic differentiation media (Life
Technologies). The cells were cultured in the osteogenic
media for 21 days, with media renewal every 72 hr. Successful
osteogenic differentiation was ultimately validated by
alizarin red S staining, which detects calcium deposits in the
extracellular matrix of cells.

Chondrogenic differentiation

To promote chondrogenesis, ASCs were cultured
with StemPro chondrogenic differentiation media (Life
Technologies) for 14 days with regular media change
intervalsevery72hr. Successful chondrogenic differentiation
was determined by alcian blue staining, which detects
proteoglycan-rich extracellular matrix produced by cells.

Cell viability assay

To provide general insights into the impact of different
concentrations of vitamin C, doxycycline, and azithromycin
on the survival of ASCs, we carried out ASCs viability
assay. First, we performed a (4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on ASCs treated
with different concentrations of vitamin C, doxycycline,
and azithromycin ASCs were seeded at a density of 5x10°
cells per well in a 96-well plate. The following day, cells were
treated with different concentrations of vitamin C (12.5,
25, 50, 100, and 200 pg/ml), doxycycline (0.1, 0.05, 0.025,
0.0125, and 0.00625 pg/ml), and azithromycin (0.25, 0.125,
0.062, 0.031, and 0.015 pug/ml) in DMEM+ FBS (10%) for
24 hr. After the incubation period, the drug-containing
media was aspirated, and 120 pl of MTT solution (5 mg/
ml) was added to each well, followed by incubation for 2
to 4 hr in a 5% CO, incubator at 37 °C with 95% humidity.
Subsequently, the MTT-containing media was removed, and
100 pl of dimethyl sulfoxide (DMSO) was added to dissolve
the formazan crystals. The plate was further incubated for
15 min, and the absorbance of the resulting solution was
measured at 550 nm using a microplate reader (Synergy
HTX). Cell viability was calculated as a percentage relative
to the untreated control cells (38).

Study design and cell treatment

To assess the effect of vitamin C, doxycycline,
azithromycin, and a combination of these three drugs (VDA)
treatment on cellular senescence-related genes and cell cycle
of ASCs in all experimental groups, cells from passage 5
were cultured separately for 24 hr with 25 pg/ml vitamin
C, 0.1 pg/ml doxycycline, 0.125 pg/ml azithromycin, and
VDA in complete media. To provide a basis for comparison,
untreated ASCs were used as the control group. After 24 hr,
cells were harvested for assessment of gene expression and
flow cytometry.

Beta-galactosidase assay

To evaluate beta-galactosidase activity using cell event
senescence green flow cytometry assay kit (Invitrogen,
US), a cellular suspension from all groups (treated and
untreated) containing 10° cells/ml is meticulously prepared
in PBS. Subsequently, 100 pl of this cell suspension was
carefully transferred to flow tubes and centrifuged at 1500
RPM, 5 min, at 14 °C. Once the supernatant was discarded,
for permeabilizing the cells, 100 pl of 2% paraformaldehyde
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solution was promptly added, initiating a 10-minute dark
incubation at room temperature. Following the incubation,
the cells were washed using 1% BSA solution, ensuring the
removal of any extraneous particles. A 100 pl aliquot of the
working solution is meticulously added to each sample,
which is then incubated at 37 °C without CO,, for 2 hr.
After the incubation, the cells undergo another complete
wash with 1% BSA to eliminate any residual traces of the
incubation media. The cells are then gently resuspended in
a 1% BSA solution. This detailed procedure culminates with
the flow cytometric analysis of the samples within the FL1
channel, yielding valuable insights into beta-galactosidase
activity as an outcome of the experimental intervention. We
assessed Beta-Galactosidase activity using a flow cytometer
(FACS Calibur; Becton Dickinson), and eventually the data
were analyzed with FlowJo V.7.6 software (FlowJo LLC,
Ashland, OR, USA).

Gene expression analysis by RT-qPCR
RNA extraction and cDNA synthesis

For gene expression analysis, total RNA was extracted
from the cultured ASCs using an RNA extraction kit
(SINACLON, Iran) according to the manufacturer’s
instructions. The extracted RNA was quantified using a
spectrophotometer (Synergy HTX), and its purity was
assessed by measuring the absorbance ratio at 260/280
nm. Complementary DNA (cDNA) was synthesized using
1 pg of total RNA via a high-capacity cDNA synthesis kit
(SINACLON, Iran). The reverse transcription reaction was
performed in a thermal cycler with the following conditions
for 40 cycles: 25 °C for 10 min, 50 °C for 50 min, and 70 °C
for 15 min. The resulting cDNA was stored at -20 °C until
turther use.

RT-qPCR

Real-time quantitative PCR (RT-qPCR) was performed
using specific primers for the target genes: B-actin, Octamer-
binding transcription factor 4 (Oct4), SRY-box 2 (Sox2),
Homeobox protein NANOG (Nanog), p21, and pl6. All
primers were designed using Gene Runner software version
5.0.78.0 and their specificity was confirmed by the National
Center for Biotechnology Information database (NCBI)
(Table 1). The expression of these genes in all experimental
groups was analyzed through real-time PCR. The prepared
samples from all experimental groups in the SYBR green
master mix (SINACLON, Iran) were evaluated using the
Rotor-Gene™ 6000 sequence detection system (Corbett Life
Science, Australia). The thermal cycling conditions included
an initial denaturation step at 95 °C for 10 min, followed by
40 cycles of denaturation at 95 °C for 15 sec, and annealing/
extension at the specified temperatures for 30 sec.

Subsequently, the expression levels of target genes were
determined and normalized to a reference gene (p-actin)
using standard curves and the 24 formula (39). AC was
calculated as follows:

AACT= ACT target samples [CT target gene - CTB-actin] -
ACT reference samples [CT target gene - CT-actin]

For the comparison of gene expression levels among
different groups, a one-way analysis of variance (ANOVA)
was performed, followed by post hoc multiple comparisons,
using Tukey’s test to identify significant differences between
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Table 1. Primer sequences and their respective product sizes along with annealing temperatures of f-actin, OCT4, SOX2, NANOG, P21, P16

Genes Forward primer Reverse primer Product size Annealing Tm
(bp)
B-actin GCCTTTGCCGATCCGC GCCGGAGCCGTTGTCG 90 63.1
OCT4 TTGGGCTCGAGAAGGATGTG TGAGAAAGGAGACCCAGCAG 119 63.1
SOX2 ATGGGTTCGGTGGTCAAGTC GCTCTGGTAGTGCTGGGACA 183 63.1
NANOG GAATCTTCACCTATGCCTGTG GTTGTTTGCCTTTGGGACTG 169 57.5
p21 CAGCATGACAGATTTCTACC CACACAAACTGAGACTAAGG 147 56.5
plé AAGGTCCCTCAGACATCC ATGGACATTTACGGTAGTGG 216 57.5

B-actin: beta-actin, OCT4: octamer-binding transcription factor 3'4, SOX2: SRY-box 2, NANOG: homeobox protein NANOG

each group.

Cell cycle analysis

To investigate the cell cycle, we utilized propidium iodide
(PI) staining. Briefly, a cell suspension of 1 x 10° cells/ml
was prepared and washed with 0.1% BSA. Following this,
the cells were fixed with 70% cold ethanol and incubated at
4 °C for 1 hr. After fixation, the cells were carefully washed
with 0.1% BSA. Then the cell pellet was resuspended in 1 ml
of sodium citrate solution containing 50 pg/ml PI and 50
ul of 100 pg/ml RNase A and incubated at 4 °C overnight.
Analysis was performed using a flow cytometer (FACS
Calibur; Becton Dickinson) and the data were analyzed with
FCS Express 7 research edition. Mean values of cell cycle
phases among different groups were compared via ANOVA
followed by Tukey’s post hoc test.

Statistical analysis
The statistical analysis for this study was carried out

A

DS

using the software package GraphPad Prism 3.02. Data were
analyzed using SPSS V.16 software (IBM Analytics). The
results were considered statistically significant at a P-value of
less than 0.05; P<0.05 and P<0.01 are depicted in Figures by
*and**.

Results
Characteristics of ASCs

The isolated cells from adipose tissue samples were
spindle-shaped and showed plastic adherent characteristics
(Figure 1A). In addition, these cells were able to differentiate
into osteogenic, adipogenic, and chondrogenic lineages
(Figure 1B). Besides, flow cytometry results showed that
isolated cells were positive for CD90, CD73, and CD105,
and negative for CD45 and CD34 markers (Figure 1C).

Beta-galactosidase enzyme activity assessment
In general, we observed that the results of beta-
galactosidase showed no significant difference in this study

W\

. @ & & W

Figure 1. Adipose-derived mesenchymal stem cell (ASCs) characteristics

(A) The representative inverted microscope image of ASCs in passage 5 demonstrated their spindle-shaped morphology and plastic adherence. (B) Three-lineage differentiation
of ASCs, presence of fat vacuoles, proteoglycans, and calcium deposits, respectively (shown by black arrows) were characterized by specific staining after culturing ASCs in
differentiation media, confirming their mesenchymal stem cell nature. (C) Flow cytometry analyses confirmed isolated ASCs were positive for CD90, CD73, and CD105 and

negative for CD45 and CD34.
CD: cluster of differentiation
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Figure 2. Beta-galactosidase enzyme activity assessment

The graph displays the results of the beta-galactosidase enzyme activity assessment in
different experimental groups compared to the control group. Flow cytometry data
show no significant differences in enzyme activity between the groups, indicating a
consistent enzyme activity level across all conditions.

VDA: vitamin C, doxycycline, azithromycin

(P>0.05). Flow cytometric analysis was performed, and
Figure 2 illustrates the beta-galactosidase enzyme activity in
different treatment groups compared to the control group.

RT-qPCR analysis for p16 and p21 genes

The analysis of gene expression using RT-qPCR
showed changes among the treated groups. The mean
expression level of the p21 gene in vitamin C, doxycycline,
azithromycin, and VDA in the groups were 0.19+0.09,
32.01+12, 22.43+4.53, and 5.56+1.27, respectively. The
expression ratio of this gene waslower in the vitamin C group
compared to the control group (P<0.01). p21 expression in
the doxycycline and azithromycin groups was higher than
in the control group (P<0.05). Although p21 expression in
the VDA group was altered in comparison with the control
group, it wasn't statically significant (P>0.05) (Figure 3A).
The mean expression levels of the p16 gene in vitamin C,
doxycycline, azithromycin, and VDA groups were 0.96+1.23,
27.88+10.83, 7.02+3.80, and 8.17+4.74, respectively. The
expression ratio of this gene was significantly higher in the
doxycycline-treated group compared to the control group
(P<0.05). p16 expression in other treated groups was not
significantly changed in comparison with the control group
(P>0.05) (Figure 3B). The mean expression levels of the
SOX2 gene in vitamin C, doxycycline, azithromycin, and
VDA groups were 1.03+0.74, 2.40+1.22, 0.99+0.69, and
2.13+0.75, respectively. The expression ratio of this gene
was insignificantly changed in all treated groups compared
to the control group (P>0.05). The mean expression levels
of the OCT4 gene in vitamin C, doxycycline, azithromycin,
and VDA groups were 1.57+0.97, 0.64+0.07, 0.95+0.29,
and 0.7910.44, respectively. The expression ratio of this
gene showed no significant changes (P>0.05). The mean
expression levels of the NANOG gene in vitamin C,
doxycycline, azithromycin, and VDA groups were 0.99+0.30,
2.26+0.06, 1.13+0.35, and 2.26+2.14, respectively. The
expression ratio of this gene remained almost unchanged
in vitamin C, doxycycline, azithromycin, and VDA groups
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Figure 3. (A) Relative gene expression of p21 Gene. (B) Relative gene
expression of p16 Gene. The expression ratio is illustrated as the mean +
SD of the 24 formula. b-Actin was utilized as a reference gene in this
calculation. *Indicates a significance level of below 0.05.

VDA: vitamin C, doxycycline, azithromycin

compared to the control group (P>0.05).

Cell cycle analysis

The impact of the studied interventions on cell cycle
progression was assessed using flow cytometry. The
mean percentages of cells in different cell cycle phases are
summarized in Figure 4, revealing distinct alterations in
the distribution of cell cycle phases among the groups. The
mean percentage of cells in the G1 phase in control, vitamin
C, doxycycline, azithromycin, and VDA in the groups were
74.68% % 0.90, 66.01% * 0.97, 83.31% =+ 1.28, 81.22% +0.90,
and 72.52% * 1.15, respectively. The mean percentage of
cells in the G1 phase in the vitamin C group was lower than
the control group (P<0.01). Conversely, the doxycycline
group displayed a noticeable increase in cell population in
the G1 phase compared with the control group (P<0.05).
Similarly, the azithromycin group exhibited an elevated G1
phase population compared to the control group (P<0.01).
Intriguingly, the VDA group did not exhibit any substantial
alterations in cell cycle distribution compared to the control
group (P>0.05). The graphical representation of these
findings is depicted in Figure 5, where distinct shifts in cell
cycle phases among the studied groups are visually evident.
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Figure 4. Mean percentages of cells in different cell cycle phases

The percentage of cells that are arrested in the G1, S, and G2 stages of the cell cycle has
been depicted. The percentage of cells arrested in all three stages significantly changed
in single drug-treated groups, while the VDA-treated group remained intact in G1
and S, only significantly higher in G2. **indicates a significance level of below 0.01,
and *indicates a significance level of below 0.05.

VDA: vitamin C, doxycycline, azithromycin
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Figure 5. Cell cycle flow cytometry results

(A) The doxycycline group, (B) The azithromycin group, (C) The control group, (D) The vitamin C group, and (E) The VDA group. As it can be seen explicitly, the A and B groups
show cell arrest in the G1 phase while the D group shows a reduced cell population in the G1 phase, and there is no significant change in the cell cycle induced in the E group.

VDA: vitamin C, doxycycline, azithromycin
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Figure 6. A schematic overview of the cell cycle phases and the roles of p16
and p21 in cell cycle arrest
CDK: cycline-dependent kinase

Discussion

The investigation of compounds capable of modulating
cellular senescence-related gene expression in MSCs
holds significant promise for regenerative medicine and
therapeutic interventions. In this study, we explored the
effects of well-known antibiotics, including doxycycline and
azithromycin, along with vitamin C, on the expression of
key genes involved in the senescence process in ASCs.

Our findings reveal that doxycycline treatment itself
led to a substantial up-regulation of p21 and pl6 gene

Iran J Basic Med Sci, 2024, Vol. 27, No. 11

expression in ASCs in comparison with the untreated
ones. This observation aligns with existing literature that
highlights doxycyclines capacity to induce cell cycle arrest
in pancreatic cancer cells (PANC-1) (40). This becomes
particularly relevant in light of the role of p21 and p16 in
inhibiting CDK2 and CDK4/6, respectively (4), resulting
in G1 phase cell cycle arrest and prevention of the G1/S
transition (Figure 6). The concurrent flow cytometry
analysis substantiates these findings, demonstrating an
accumulation of cells in the G1 phase upon doxycycline
treatment. Although published evidence reported anti-
senescence properties for doxycycline by inhibiting factors
involved in cellular senescence (27, 28), as well as the
increasing self-renewal ability of pluripotent stem cells
(41), our results indicate a potential paradox by suggesting
doxycycline’s capability to induce cell cycle arrest in ASCs.
The reason for these various effects was not elucidated within
the result of this study due to the complexity of function and
its involvement in various signaling pathways in the cytosol
of cells (25). NF-kB signaling pathway, a critical regulator of
cellular structure, exhibits an escalating activity with aging
(42). Doxycycline, in turn, modulates this pathway, altering
its activity (28). Thus, this signaling cascade could explain
the diverse effects of the drug on cells.

Similarly, the up-regulation of p21 in the azithromycin
group highlights a potential mechanism by which
azithromycin may impact cell cycle progression, which
warrants further investigation. The observed distinction in
p16 expression between the doxycycline and azithromycin
groups is noteworthy, suggesting that while both compounds
impact the cellular senescence-related gene expression,
their specific mechanisms may differ. In our study flow
cytometry analysis showed a significant contribution of
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azithromycin in increasing the population of arrested cells
in the G1 phase. While Qiu et al. revealed that azithromycin
reduces senescence phenotype by autophagy induction in
senescent mRC-5 lung fibroblast cells (32), we observed
that it can push ahead the senescence process by increasing
p21 gene expression. In parallel to the aforementioned
doxycycline’s role in various signaling pathways in the
cytosol, azithromycin can also exert such an effect in human
bronchial epithelial cells (43). Studies have indicated that
azithromycin inhibits NF-kB signaling (44). Therefore,
this impact may be responsible for the various effects of
azithromycin.

Conversely, our results revealed a significant down-
regulation of p21 gene expression in the vitamin C-treated
group, confirmingitsrolein promotingcell cycle progression,
and impact on cell cycle regulation (45). Additionally, cell
cycle analysis delineated a decrease in the cell population
treated with vitamin C in the G1 Phase, indicating anti-
senescence properties of vitamin C in ASCs. This intriguing
observation indicates a plausible anti-senescence effect of
vitamin C in the ASCs, emphasizing its capacity to influence
the balance between cellular quiescence and division. These
findings align with previous research by Kim et al. where it
was demonstrated that vitamin C contributes to cell cycle
progression by enhancing p21/p53 signaling pathways
(23). Our study extends this understanding, presenting
compelling evidence of vitamin C’s potential as a modulator
of senescence-related processes in ASCs.

The impact of the VDA vyielded intriguing results.
Although each compound (vitamin C, doxycycline, and
azithromycin) had discernible effects on gene expression
and the cell cycle individually, their combined impact in
the VDA group seemed to be less significant. The lack of
significant changes in the expression of the examined genes
in the VDA group, as well as the absence of noticeable shifts
in cell cycle distribution, might suggest intricate interactions
among these compounds within the context of ASCs. The
complexity of these interactions may result in a neutralizing
effect, dampening the individual impact of each drug. This
insight contributes to a comprehensive understanding of
the subtle interplay between compounds within complex
biological systems, shedding light on potential challenges
and opportunities for therapeutic applications in future
studies, which yet need to be further investigated.

Intriguingly, our investigation did not reveal appreciable
differences in B-galactosidase activity among the various
treatment groups. While this outcome might initially seem
contrary to expectations (45), it is essential to consider the
condition and exposure time in our study. The relatively
short-term treatment window employed in our experimental
design might have conferred insufficient time for notable
changes in P-galactosidase activity to emerge. Cellular
senescence is a multifaceted process intricately linked with
cumulative cellular stresses (1), and its manifestation could
require more protracted exposure time windows to these
treatments under investigation.

Furthermore, the RT-qPCR analysis targeting the
expression levels of Nanog, Oct4, and Sox2 in the
treated groups yielded interesting results. These crucial
pluripotency-associated genes are renowned for their
pivotal roles in maintaining stemness and cellular identity
(20). Our findings, however, indicated a lack of noticeable
differences in the expression patterns of these genes across
the various treatment conditions. This observation opens
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avenues for insightful speculation. The PI3K/ Akt pathway
is a signaling pathway that has an important role in the self-
renewal and pluripotency of ASCs and affects the expression
of Nanog, Oct4, and Sox2 expression (41). It is plausible
that no significant changes in the expression of these 3
genes are due to this pathway that we did not investigate.
Furthermore, the relatively concise 24-hour experimental
timeframe may have constrained our ability to capture
significant fluctuations in the expression levels of Nanog,
Oct4, and Sox2.

Overall, in this study, we found that the major difference
in the combination drug-treated group (VDA) may have
been related to the possible neutralizing effect of the
interaction between these three components. On one hand,
doxycycline and azithromycin increased the expression
of p21 and pl16, which made the ASCs stay in the Gl
phase. On the other hand, vitamin C decreased the gene
expression for p21 which resulted in removing the arrest of
ASCs in G1 and ultimately proceeding to the S phase. Both
notions were also confirmed in our flow cytometry results.
Understanding how these genes work together, especially
when influenced by subtle changes, might need various
time exposure to uncover meaningful differences. As part
of our future experiments, we will continue to examine
the different time exposures to these drugs as well as the
possible cellular pathways involved in causing the ASCs to
show this phenotype.

Conclusion

The results of this study shed light on the complex
interplay between these compounds and cellular processes.
Doxycycline and  azithromycin  exhibited  distinct
impacts on p21 and pl6 expression, hinting at potential
roles in senescence modulation. In contrast, vitamin C
demonstrated anti-senescence potential through p21 down-
regulation and cell cycle modulation. The interaction of the
3-drug combination adds a layer of complexity, revealing
intriguing dynamics of “neutralizing effects” However,
the intricate nature of pluripotency gene expression and
the short-term nature of our study emphasize the need for
comprehensive investigations and longer-duration studies.
These insights offer new directions for regenerative medicine
and therapeutic interventions. Evaluating the biological
effects of these three drugs on senescence is complex, given
their ability to impact a wide array of biological pathways.
Nevertheless, studying the effects of VDA on senolysis
represents a starting point for further elucidating drug
mechanisms in senescence, offering potential avenues for
valuable insights for our future experiments.

Acknowledgment

The results presented in this paper were part of a student
thesis. We would like to express our deepest gratitude to
all members of the Department of Immunology for their
invaluable guidance, support, and mentorship throughout
this research. We also thank Dr Sabokdast for providing us
with adipose tissue samples.

Authors’ Contributions

MR R conceptualized and led the project, including study
design, supervised experimental stages, and funded a part
of additional tests. R A contributed to the research proposal,
conducted all experimental stages, compiled and analyzed

Iran J Basic Med Sci, 2024, Vol. 27, No. 11



Senescence gene modulation in mesenchymal stem cells

the final results, and drafted the initial manuscript. S S
actively participated in the experimental stages, contributing
to the collection and processing of essential data as well as
writing and reviewing the final draft of the manuscript. M
M, S E and M M provided valuable contributions to the
experimental stages, enhancing the depth of the study,
and data analysis, respectively. The collective efforts and
contributions of these authors were integral to the successful
execution and completion of this study.

Conflicts of Interest

The authors declare no conflicts of interest that could
potentially influence or bias the results and interpretations
presented in this research work.

References

1. Dodig S, Cepelak I, Pavi¢ I. Hallmarks of senescence and aging.
Biochem Med 2019; 29:483-497.

2. Shakeri H, Lemmens K, Gevaert AB, De Meyer GR, Segers VE
Cellular senescence links aging and diabetes in cardiovascular
disease. Am J Physiol Heart Circ Physiol 2018; 315:H448-H462.
3.Campisi J, Andersen JK, Kapahi P, Melov S, editors. Cellular
senescence: A link between cancer and age-related degenerative
disease? Semin Cancer Biol 2011:21:354-359.

4. Kumari R, Jat P. Mechanisms of cellular senescence: Cell cycle
arrest and senescence associated secretory phenotype. Front Cell
Dev Biol 2021; 9:1-24.

5. Fyhrquist E, Saijonmaa O, Strandberg T. The roles of senescence
and telomere shortening in cardiovascular disease. Nat Rev Cardiol
2013; 10:274-283.

6.LiY, WuQ, WangY, LiL, BuH, BaoJ. Senescence of mesenchymal
stem cells. Int ] Mol Med 2017; 39:775-782.

7. Kapetanos K, Asimakopoulos D, Christodoulou N, Vogt A,
Khan W. Chronological age affects MSC senescence in vitro—a
systematic review. Int ] Mol Sci 2021; 22:7945-7959.

8. DiMarino AM, Caplan Al Bonfield TL. Mesenchymal stem cells
in tissue repair. Front Immunol 2013; 4:201-209.

9. Meirelles LdS, Chagastelles PC, Nardi NB. Mesenchymal stem
cells reside in virtually all post-natal organs and tissues. J Cell Sci
2006; 119:2204-2213.

10. Andrzejewska A, Lukomska B, Janowski M. Concise review:
Mesenchymal stem cells: From roots to boost. Stem Cells 2019;
37:855-864.

11. Satija NK, Singh VK, Verma YK, Gupta P, Sharma S, Afrin F,
et al. Mesenchymal stem cell-based therapy: A new paradigm in
regenerative medicine. ] Cell Mol Med 2009; 13:4385-4402.

12. Roobrouck VD, Ulloa-Montoya E, Verfaillie CM. Self-renewal
and differentiation capacity of young and aged stem cells. Exp Cell
Res 2008; 314:1937-1944.

13. Wagner W, Ho AD, Zenke M. Different facets of aging in human
mesenchymal stem cells. Tissue Eng Part B Rev 2010; 16:445-453.
14. Passos JE, Nelson G, Wang C, Richter T, Simillion C, Proctor
CJ, et al. Feedback between p21 and reactive oxygen production is
necessary for cell senescence. Mol Syst Biol 2010; 6:347-360.

15. Rayess H, Wang MB, Srivatsan ES. Cellular senescence and
tumor suppressor gene p16. Int ] Cancer 2012; 130:1715-1725.

16. Cho Y-Y, Kim DJ, Lee HS, Jeong C-H, Cho E-J, Kim M-O, et
al. Autophagy and cellular senescence mediated by Sox2 suppress
malignancy of cancer cells. PLoS One 2013; 8:¢57172.

17.Lu Y, Qu H, Qi D, Xu W, Liu S, Jin X, et al. OCT4 maintains
self-renewal and reverses senescence in human hair follicle
mesenchymal stem cells through the downregulation of p21 by
DNA methyltransferases. Stem Cell Res Ther 2019; 10:1-16.

18. Chen X, Xu H, Hou J, Wang H, Zheng Y, Li H, et al. Epithelial
cell senescence induces pulmonary fibrosis through Nanog-
mediated fibroblast activation. Aging (Albany NY) 2020; 12:242-

Iran ] Basic Med Sci, 2024, Vol. 27, No. 11

NEMS

Alvandi et al.

259.

19. Zhang D-y, Wang H-j, Tan Y-z. Wnt/B-catenin signaling induces
the aging of mesenchymal stem cells through the DNA damage
response and the p53/p21 pathway. PLoS One 2011; 6:e21397.

20. Zakrzewski W, Dobrzynski M, Szymonowicz M, Rybak Z. Stem
cells: Past, present, and future. Stem Cell Res Ther 2019; 10:1-22.
21. Zhu M, Meng P, Ling X, Zhou L. Advancements in therapeutic
drugs targeting of senescence. Ther Adv Chronic Dis 2020;
11:2040622320964125.

22. Carr AC, Maggini S. Vitamin C and immune function.
Nutrients 2017; 9:1211-1235.

23. Kim J-E, Jin D-H, Lee S-D, Hong S-W, Shin J-S, Lee S-K, et
al. Vitamin C inhibits p53-induced replicative senescence through
suppression of ROS production and p38 MAPK activity. Int ] Mol
Med 2008; 22:651-655.

24.LiY, Zhang W, Chang L, Han Y, Sun L, Gong X, et al. Vitamin C
alleviates aging defects in a stem cell model for Werner syndrome.
Protein Cell 2016; 7:478-488.

25. Ghasemi K, Ghasemi K. A Brief look at antitumor effects of
doxycycline in the treatment of colorectal cancer and combination
therapies. Eur ] Pharmacol 2022; 916:174593.

26. Henehan M, Montuno M, De Benedetto A. Doxycycline as
an anti-inflammatory agent: updates in dermatology. ] Eur Acad
Dermatol Venereol 2017; 31:1800-1808.

27. Sargiacomo C, Sotgia F Lisanti MP. COVID-19 and
chronological aging: senolytics and other anti-aging drugs for the
treatment or prevention of corona virus infection? Aging (Albany
NY) 2020; 12:6511-6517.

28. Li X, Khan D, Rana M, Hénggi D, Muhammad S. Doxycycline
attenuated ethanol-induced inflaimmaging in endothelial cells:
Implications in alcohol-mediated vascular diseases. Antioxidants
2022; 11:2413-2432.

29. Bakheit AH, Al-Hadiya BM, Abd-Elgalil AA. Azithromycin.
Profiles Drug Subst Excip Relat Methodol 2014; 39:1-40.

30. Jiang X, Baucom C, Elliott RL. Mitochondrial toxicity of
azithromycin results in aerobic glycolysis and DNA damage of
human mammary epithelia and fibroblasts. Antibiotics 2019;
8:110-126.

31. Cigana C, Nicolis E, Pasetto M, Assael BM, Melotti P. Anti-
inflammatory effects of azithromycin in cystic fibrosis airway
epithelial cells. Biochem Biophys Res Commun 2006; 350:977-982.
32.Qiu Z, Jia ], Zou H, Ao Y, Liu B, Wang Z. Targeting senescent
cell clearance: An approach to delay aging and age-associated
disorders. Transl Med Aging 2021; 5:1-9.

33. Ozsvari B, Nuttall JR, Sotgia F, Lisanti MP. Azithromycin and
Roxithromycin define a new family of “senolytic” drugs that target
senescent human fibroblasts. Aging (Albany NY) 2018; 10:3294.
34. Fiorillo M, Téth F Sotgia E Lisanti MP. Doxycycline,
Azithromycin and Vitamin C (DAV): A potent combination
therapy for targeting mitochondria and eradicating cancer stem
cells (CSCs). Aging (Albany NY) 2019; 11:2202.

35. De Francesco EM, Bonuccelli G, Maggiolini M, Sotgia E, Lisanti
MP. Vitamin C and Doxycycline: A synthetic lethal combination
therapy targeting metabolic flexibility in cancer stem cells (CSCs).
Oncotarget 2017; 8:67269.

36. Ghorbani A, Jalali SA, Varedi M. Isolation of adipose tissue
mesenchymal stem cells without tissue destruction: A non-
enzymatic method. Tissue Cell 2014; 46:54-58.

37. Salimiyan S, Mohammadi M, Aliakbari S, Kazemi R, Amini
AA, Rahmani MR. Hydrocortisone long-term treatment effect
on immunomodulatory properties of human adipose-derived
mesenchymal stromal/stem cells. ] Interferon Cytokine Res 2022;
42:72-81.

38. Bellagamba BC, Abreu BRRd, Grivicich I, Markarian CF,
Camassola M, Nardi NB, Dihl RR. Human mesenchymal stem
cells are resistant to cytotoxic and genotoxic effects of cisplatin in
vitro. Genet Mol Biol 2016; 39:129-134.

39. Schmittgen TD, Livak K]J. Analyzing real-time PCR data by the

1387



Alvandi et al.

comparative CT method. Nat Protoc 2008; 3:1101-1108.

40. Son K, Fujioka S, Tida T, Furukawa K, Fujita T, Yamada H, et al.
Doxycycline induces apoptosis in PANC-1 pancreatic cancer cells.
Anticancer Res 2009; 29:3995-4003.

41. Chang M-Y, Rhee Y-H, Yi S-H, Lee S-J, Kim R-K, Kim H, et
al. Doxycycline enhances survival and self-renewal of human
pluripotent stem cells. Stem Cell Reports 2014; 3:353-364.

42. Lin T, Pajarinen J, Kohno Y, Nabeshima A, Lu L, Nathan K,
et al. Increased NF-kB activity in osteoprogenitor-lineage cells
impairs the balance of bone versus fat in the marrow of skeletally
mature mice. Regen Eng Transl Med 2020; 6:69-77.

1388

N=MS

Senescence gene modulation in mesenchymal stem cells

43. Ribeiro CMP, Hurd H, Wu Y, Martino ME, Jones L, Brighton
B, et al. Azithromycin treatment alters gene expression in
inflammatory, lipid metabolism, and cell cycle pathways in well-
differentiated human airway epithelia. PLoS One 2009; 4:¢5806.
44. Stellari FF, Sala A, Donofrio G, Ruscitti F, Caruso P, Topini TM,
et al. Azithromycin inhibits nuclear factor-kB activation during
lung inflammation: An in vivo imaging study. Pharmacol Res
Perspect 2014; 2:¢00058.

45. Jeong JH, Kim MB, Kim C, Hwang JK. Inhibitory effect of
vitamin C on intrinsic aging in human dermal fibroblasts and
hairless mice. Food Sci Biotechnol 2018; 27:555-564.

Iran J Basic Med Sci, 2024, Vol. 27, No. 11



