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ALTERATIONS IN MITOCHONDRIAL AND LYSOSOMAL COMPARTMENTS UNDER 
CHEMOTHERAPY-INDUCED SENESCENCE

Cellular senescence is associated with the accumulation of senescent cells characterized by functional alterations, telomere shortening, cell cycle arrest, resistance 

to apoptosis, and metabolic dysregulation. In recent years, senescence has been extensively investigated not only in the context of aging but also in relation to cancer 

therapy, as senescence induction in various tumor cell types may differentially influence disease progression. The aim of this study was to comparatively evaluate 

commonly used chemotherapeutic agents with respect to their ability to induce senescence and their effects on mitochondrial and lysosomal compartments in 

primary dermal fibroblasts isolated from C57BL/6 mice. Cellular senescence was assessed using both chromogenic and fluorescent assays for β-galactosidase 

(β-Gal) activity. Mitochondria were labeled with the potential-sensitive dye MitoTracker® Orange, and lysosomes were stained with LysoTracker® Red. Flow cytometry 

analysis was performed using a BD LSRFortessa cytometer. Our results revealed a significant decrease in mitochondrial membrane potential and an increase 

in lysosomal fluorescence intensity in cells undergoing chemotherapy-induced senescence. Using an integrative senescence induction index developed in our 

laboratory, we demonstrated that doxorubicin exerts a more pronounced effect on senescence induction and on mitochondrial and lysosomal compartments 

compared to cisplatin, bleomycin, and etoposide.
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Р. О. Шаталова, Д. В. Шевырев

ИЗМЕНЕНИЯ МИТОХОНДРИАЛЬНОГО И ЛИЗОСОМНОГО КОМПАРТМЕНТОВ В УСЛОВИЯХ 
ХИМИОИНДУЦИРОВАННОЙ СЕНЕСЦЕНТНОСТИ

Старение связано с накоплением сенесцентных клеток, для которых характерно изменение функций, укорочение теломер, остановка клеточного цикла, 

устойчивость к апоптозу и метаболические нарушения. В последние годы широко изучают различные аспекты сенесцентности не только в контексте 

старения, но и в отношении терапии опухолей, так как сенесцентность в различных клетках опухоли может по-разному влиять на ход патологического 

процесса. Целью исследования было провести сравнительный анализ распространенных химиотерапевтических препаратов в контексте индукции 

сенесцентности и влияния на митохондриальный и лизосомный компартменты фибробластов, выделенных из кожи мышей линии C57BL/6. 

Сенесцентность клеток оценивали с помощью хромогенного и флуоресцентного методов определения активности фермента β-Gal. Окрашивание 

митохондрий проводили с использованием потенциалзависимого красителя MitoTracker® Orange, лизосомы окрашивали с помощью LysoTracker® Red. 

Для анализа использовали проточный цитометр BD LSRFortessa. В результате было выявлено значительное снижение митохондриального потенциала 

и усиление интенсивности флуоресценции лизосом в клетках с химиоиндуцированной сенесцентностью. Использование разработанного нами 

интегрального индекса индукции сенесцентности позволило установить, что влияние доксорубицина с точки зрения индукции сенесцентности и влияния 

на митохондриальный и лизосомный компартменты выражено сильнее, чем у цисплатина, блеомицина и этопозида.
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In recent years, interest in the study of cellular aging and senescence 
has markedly increased. The age-related accumulation of 
senescent cells impairs tissue homeostasis and, at the systemic 
level, contributes to chronic low-grade inflammation due to the 
secretion of a range of pro-inflammatory factors collectively known 
as the senescence-associated secretory phenotype (SASP) [1, 2]. 
In the context of oncogenesis, the role of senescence is dual: 
while it can halt tumor growth, it may simultaneously promote 
tumor cell survival and create a microenvironment conducive to 
metastasis [3, 4]. For instance, senescent tumor-associated 
fibroblasts generate a pro-inflammatory, angiogenic, and 
metabolically active niche that supports tumor survival and 
progression [5, 6]. Entry into senescence can be triggered 
by diverse stressors — ranging from replicative exhaustion to 
exposure to adverse physical, chemical, or biological agents — 
that induce various disruptions in the cellular molecular 
machinery [7]. Metabolic alterations in senescent cells are 
closely linked to mitochondrial dysfunction, a shift toward 
anaerobic glycolysis, and impaired autophagy [8, 9]. Specifically, 
downregulation of genes involved in mitochondrial fission (e.g., 
FIS1, DRP1, MFF) coupled with upregulation of fusion genes 
(MFN1, MFN2) disrupts mitochondrial dynamics in senescent 
cells [10, 11]. This results in mitochondrial mass expansion and 
the formation of an elongated, tubular mitochondrial network, 
which overall enhances resistance to oxidative stress via the 
PINK1-mediated pathway [12]. Such morphological changes 
are sometimes interpreted as an adaptive response to cellular 
stress. Notably, during the early stages of senescence, when 
mitochondrial aerobic activity is still preserved, the increased 
mitochondrial mass may lead to excessive production 
of reactive oxygen species (ROS). Consequently, this 
mitochondrial remodeling itself exacerbates cellular stress 
and contributes to the development of the pro-inflammatory 
SASP [13]. Progressive mitochondrial dysfunction is further 
characterized by diminished oxidative phosphorylation and a 
metabolic shift toward anaerobic glycolysis. This is reflected in 
a decline in mitochondrial membrane potential, reduced ATP 
production, and elevated ROS generation [14]. Excess ROS 
combined with ATP deficiency impairs the activity of vacuolar 
ATPase (v-ATPase), leading to lysosomal alkalinization and 
consequent dysfunction of acid hydrolases (e.g., proteases, 
lipases, nucleases) [15, 16]. As a result, autophagic efficiency 
declines, causing the accumulation of damaged proteins and 
organelles — including mitochondria — which further intensifies 
cellular stress [17]. Stress-induced activation of the PI3K/Akt 
pathway, autocrine signaling by SASP factors, and the buildup 
of damaged proteins converge to activate mTOR, which in turn 
suppresses TFEB — the master transcriptional regulator of 
lysosomal biogenesis and regeneration [18]. This suppression 
impairs autophagosome content degradation, leading to the 
accumulation of dysfunctional, alkalinized lysosomes that lose 
their degradative capacity and instead function primarily as 
storage compartments [15, 19]. Hypertrophy of the lysosomal 
compartment is accompanied by a compensatory increase 
in β-galactosidase activity, which becomes detectable at a 
suboptimal pH near 6.0 – hence termed senescence-associated 
β-galactosidase (SA-β-Gal) [20]. This enzymatic activity serves 
as a widely used biomarker for identifying senescent cells [21].

Currently, various models — both in vivo and in vitro — are 
employed to study cellular senescence. The aim of this study 
was to perform a comparative analysis of commonly used 
chemotherapeutic agents — doxorubicin, cisplatin, bleomycin, 
and etoposide — with respect to their capacity to induce 
senescence in primary mouse dermal fibroblast cultures. 
Additionally, we sought to characterize concomitant alterations 

in the mitochondrial and lysosomal compartments, as these 
organelles reflect critical aspects of the cell’s metabolic and 
functional status and play a pivotal role in the establishment 
and maintenance of the senescent phenotype.

METHODS

Primary dermal fibroblasts isolated from male C57BL/6 mice 
aged 4 and 19 months were used in this study. Animals were 
housed in a vivarium under a 12-hour light-dark cycle and 
provided ad libitum access to water and standard balanced 
laboratory chow. Euthanasia was performed in accordance 
with the principles of humane care for laboratory animals: 
under deep isoflurane-induced anesthesia followed by cervical 
dislocation. Biological samples were collected immediately 
after euthanasia. Cells derived from both young (4-month-old) 
and aged (19-month-old) mice were included in the analysis. 
However, preliminary experiments revealed no significant 
differences between fibroblasts from mice of different ages 
when compared at the same passage number; therefore, data 
from both age groups were pooled for subsequent analyses.

Isolation of Dermal Fibroblasts

The dorsal skin was shaved using an animal trimmer, followed 
by disinfection with 70% ethanol for 2 minutes, allowing the 
alcohol to fully evaporate. A 2 × 2 cm skin fragment was 
aseptically excised using sterile scissors and immediately 
transferred into ice-cold phosphate-buffered saline (PBS) 
supplemented with 1% penicillin–streptomycin and 0.1% 
chlorhexidine for 5 minutes. The tissue was then rinsed with 
sterile PBS and placed in a Petri dish containing cold PBS. 
Using sterile instruments, subcutaneous adipose tissue 
was carefully removed. The dermal tissue was minced into 
fragments of approximately 1 mm2. Enzymatic dissociation was 
performed in DMEM/F12 medium (PanEco, Russia) containing 
0.2% collagenase IV (Gibco, USA) at 37 °C for 3 hours with 
periodic gentle agitation. Following incubation, enzymatic 
activity was neutralized by adding 100% fetal bovine serum 
(FBS; Capricorn Scientific, Germany) to a final concentration 
of 20%. The resulting cell suspension was filtered through a 
40-μm cell strainer and centrifuged at 300g for 5 minutes. The 
pellet was gently resuspended and seeded into six-well tissue 
culture plates (Fudan Biotech, China) in DMEM/F12 medium 
supplemented with 10% FBS and 1% penicillin–streptomycin. 
Cells were maintained at 37 °C in a humidified atmosphere 
containing 5% CO

2
 and subcultured upon reaching 85% 

confluence.

Assessment of SA-β-Gal Activity

Senescence-associated β-galactosidase (SA-β-Gal) activity 
was evaluated using the chromogenic substrate 5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-Gal), which yields 
an intense blue precipitate upon enzymatic hydrolysis. Although 
β-galactosidase is constitutively present in lysosomes of most 
cell types and exhibits optimal activity at pH ~4.2, SA-β-Gal 
activity in senescent cells is detectable at a suboptimal pH 
of ~6.0 due to lysosomal hypertrophy and increased enzyme 
expression. To selectively identify senescent cells, staining was 
therefore performed at pH 6.0. Cells were washed with PBS 
and fixed with 0.2% glutaraldehyde for 10 minutes at room 
temperature, followed by three PBS washes. Staining was 
carried out in a solution containing: 2 mM citrate–phosphate 
buffer (pH 6.0), 50 mM potassium ferricyanide [K

3
Fe(CN)

6
], 
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50 mM potassium ferrocyanide [K
4
Fe(CN)

6
], 5 mM NaCl, 1 mM 

MgCl
2
, and 20 mg/mL X-Gal (dissolved in DMSO; SibEnzyme, 

Russia). After addition of the staining solution, plates were 
incubated at 37 °C in ambient air for 20–24 hours. Cells were 
then washed twice with PBS and visualized using an AxioScope 
5 light microscope (Carl Zeiss, Germany). The percentage 
of SA-β-Gal-positive (blue-stained) cells was determined 
manually by counting at least three microscopic fields from 
three independent wells per experimental condition.

For live-cell assessment of SA-β-Gal activity, the vital 
fluorescent probe SPiDER-βGal (Cellular Senescence 
Detection Kit, Dojindo Laboratories, Japan) was employed. 
Fibroblasts cultured in 24-well plates (NEST Biotechnology, 
China) were incubated for 1 hour at 37 °C in a CO

2
 incubator 

with 1 mL of complete medium supplemented with bafilomycin 
A1 (final concentration as per manufacturer’s instructions), 
which alkalinizes lysosomes by inhibiting vacuolar ATPase 
and thereby enhances probe retention and signal specificity. 
Subsequently, SPiDER-βGal was added to a final concentration 
of 1 μM, and cells were incubated under the same conditions 
for an additional hour. Excess probe was removed by PBS 
washes, and cells were detached using 0.25% trypsin–EDTA. 
Fluorescence intensity was quantified by flow cytometry using 
a BD LSRFortessa instrument (BD Biosciences, USA).

Induction of Senescence

To induce senescence, we used chemotherapeutic agents 
commonly employed in the treatment of malignant diseases: 
doxorubicin, cisplatin, bleomycin, and etoposide. Doxorubicin 
is an anthracycline antitumor antibiotic whose mechanism 
of action involves intercalation between DNA strands and 
inhibition of topoisomerase II, leading to replication arrest. In 
addition, doxorubicin enhances the production of quinone-
type free radicals and displaces histones from transcriptionally 
active chromatin [22]. Overall, its action results in DNA damage 
as well as transcriptomic and epigenetic disturbances. Cells 
are most sensitive to this drug during the S and G2 phases 
of the cell cycle [22]. Cisplatin is an alkylating cytotoxic agent 
that induces intra- and interstrand DNA crosslinks, thereby 
disrupting replication and transcription. Cisplatin causes cell 
cycle arrest at the G1, S, or G2 phase [23]. Bleomycin is an 
antitumor glycopeptide antibiotic that induces DNA strand 
breaks, presumably through the generation of free radicals. It 
blocks the cell cycle at the early G2 phase [24]. Etoposide is an 
antitumor agent that binds to topoisomerase II and inhibits its 
activity, preventing the resealing of DNA strand breaks normally 
introduced by topoisomerase II to relax DNA supercoils. 
Etoposide acts predominantly during the G2 and S phases of 
the cell cycle [25]. In general, these drugs induce genotoxic 
stress — one of the primary triggers of senescence.

Based on published data, a range of concentrations was 
selected for each inducer: 250, 350, and 450 nM for doxorubicin; 
5, 10, and 20 μM for cisplatin; 10, 14, and 25 μM for bleomycin; 
and 5, 10, and 20 μM for etoposide. At medium and high 
concentrations, all inducers exhibited pronounced cytotoxic 
effects, resulting in the death of the majority of cells within 
the first 3–4 days of culture — conditions inconsistent with the 
aims of the study. Cell viability was assessed using an EVOS™ 
M5000 laser scanning microscope (Thermo Fisher Scientific, 
USA) with acridine orange (AO), which visualizes all nucleated 
cells, and propidium iodide (PI), which stains dead cells. At low 
doses, the cytotoxic effect was less pronounced; most cells 
survived and acquired morphological and biochemical features 
characteristic of senescence, as confirmed by X-Gal staining.

Ultimately, the lowest tested concentration for each 
inducer that maintained cell viability above 95% on day 7 was 
selected for further experiments. Fibroblasts were seeded 
into 24-well plates in DMEM/F12 medium (PanEco, Russia) 
supplemented with 10% FBS (Capricorn Scientific, Germany), 
2 mM L-glutamine, and 1% penicillin–streptomycin (PanEco, 
Russia), and incubated at 37 °C in 5% CO

2
 until they reached 

60–70% confluence. The medium was then replaced with 
DMEM/F12 containing 1% FBS, and the inducers were added 
at the following final concentrations: 250 nM doxorubicin,
5 μM cisplatin, 10 μM bleomycin, and 5 μM etoposide. Cells 
were incubated under standard conditions for 24 hours, 
after which they were thoroughly washed and maintained 
for an additional 6 days in DMEM/F12 with 1% FBS, 2 mM 
L-glutamine, and 1% penicillin–streptomycin, with medium 
refreshed every three days. Control groups included cultures 
maintained in 10% FBS and in 1% FBS without any inducer. 
Subsequently, cells were processed for X-Gal staining, 
SPiDER-βGal labeling, and staining with MitoTracker® and 
LysoTracker® dyes.

Mitochondrial and Lysosomal Staining

Mitochondria were stained in 24-well plates (NEST Biotechnology, 
China) using the potential-sensitive fluorescent dye MitoTracker® 
Orange CMTMRos (Invitrogen, USA) at a final concentration of 
0.4 µM in DMEM/F12 medium supplemented with 1% FBS. 
Cells were incubated with the dye for 30 minutes at 37 °C in a 5% 
CO

2
 atmosphere. MitoTracker Orange readily diffuses across the 

plasma membranes of live cells and selectively accumulates 
in active mitochondria in a membrane potential–dependent 
manner.

Lysosomes were stained under identical conditions using 
the acidotropic fluorescent probe LysoTracker® Red DND-99
(Invitrogen, USA) at a concentration of 50 nM. In neutral 
extracellular environments, LysoTracker Red freely crosses 
cellular membranes. Upon entering acidic compartments such 
as lysosomes, its weakly basic moiety becomes protonated, 
which prevents its diffusion back across the lysosomal 
membrane. This leads to selective retention and bright 
fluorescent labeling of acidic organelles.

Following staining, cells were detached using 0.25% 
trypsin–EDTA and immediately subjected to flow cytometry 
analysis.

Statistical Analysis

Flow cytometry data were processed using BD FACSDiva 
software (v9.0) and FlowJo (v10.8.1). At least 500 events per 
sample were analyzed, with an average of 2,500 events per 
sample. Statistical analyses were performed using GraphPad 
Prism 9.3.1. Normality of data distribution was assessed using 
the Shapiro-Wilk and Kolmogorov-Smirnov tests. For normally 
distributed data, results are presented as mean ± standard 
deviation (Mean ± SD); for non-normally distributed data, 
results are reported as median with interquartile range (Me ± IQR). 
Multiple group comparisons were carried out using one-way 
analysis of variance (ANOVA), followed by Sidak’s post hoc test 
for pairwise comparisons.

To comparatively evaluate the overall impact of the 
chemotherapeutic agents, we employed an integrative 
senescence induction index (IISI), which provides a composite 
assessment of the senescent phenotype by combining SA-β-Gal 
activity with concomitant alterations in mitochondrial and 
lysosomal parameters.
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RESULTS

Analysis of senescence induction in primary mouse dermal 
fibroblasts using the chromogenic substrate X-Gal revealed that 
all four tested agents – doxorubicin, cisplatin, bleomycin, and 
etoposide – significantly increased the proportion of senescent 
cells compared to the control group (Fig. 1).

Characteristic blue staining was predominantly localized 
in the perinuclear cytoplasm of fibroblasts and was uniformly 
observed across all inducer-treated groups (Fig. 1A). Notably, 
serum starvation alone also led to an increase in the proportion 
of SA-β-Gal–positive cells (39 ± 12%) compared to standard 
culture conditions with 10% FBS (23 ± 11%). Nevertheless, in all 
groups treated with senescence-inducing agents, the fraction 
of SA-β-Gal–positive cells was markedly higher, ranging from 
60% to 87%. The highest level was observed with doxorubicin 
treatment, reaching 87.8 ± 4.5% (Fig. 1B).

At the next stage, senescence induction was assessed in 
live cells using the fluorogenic substrate SPiDER-βGal and flow 
cytometry. The gating threshold for SA-β-Gal–positive cells was 
established based on a negative control treated with bafilomycin 
A1 but without the addition of the SPiDER probe. The results 
obtained were consistent with those from X-Gal staining, and 
the distribution patterns of SA-β-Gal–positive cells under the 
different inducers were highly comparable between the two 
independent detection methods (Fig. 2A, B).

Assessment of the mitochondrial compartment revealed 
intriguing alterations (Fig. 2C, D). Fluorescence intensity in 
the MitoTracker detection channel (561–585/15 nm) was 
relatively high under standard culture conditions (10% FBS), 
but unexpectedly increased further under serum starvation (1% 
FBS). In contrast, treatment with senescence-inducing agents 
led to a significant and expected decrease in fluorescence 
intensity, reflecting a loss of mitochondrial membrane potential. 
This reduction was most pronounced in cells treated with 
doxorubicin.

Alterations were also observed in the lysosomal compartment. 
Under normal culture conditions (10% FBS) and serum 
starvation (1% FBS), fluorescence intensity in the LysoTracker 
detection channel (561–610/20 nm) remained comparable. 

Fig. 1. A. Representative images of X-Gal chromogenic staining under different culture conditions. C10 — culture in 10% FBS; C1 — culture in 1% FBS; Doxo —
doxorubicin; Cis — cisplatin; Bleo — bleomycin; Eto — etoposide. B. Comparative analysis of the proportion of SA-β-Gal–positive cells across experimental conditions 
(one-way ANOVA with Sidak’s post hoc test; data pooled from nine microscopic fields across three independent wells per condition; Mean ± SD; ** — p < 0.01, 
*** — p < 0.005, **** — p  < 0.001)
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However, upon treatment with senescence-inducing agents, 
a significant increase in lysosomal fluorescence was detected, 
indicating lysosomal hypertrophy. The most pronounced effects 
were observed with doxorubicin and etoposide (Fig. 2D, E).

To simultaneously evaluate the impact of each inducer 
across all three key parameters — the proportion of SA-β-
Gal–positive cells, the reduction in mitochondrial membrane 
potential, and the degree of lysosomal hypertrophy — we 
developed an Integrative Index of Senescence Induction (IISI):

where %SPiDER
i
+ and %SPiDER

C1
+ represent the percentage 

of SA-β-Gal–positive cells under a specific senescence inducer 
and under serum starvation (1% FBS), respectively; MFI

c10
mito 

and MFImito denote the median fluorescence intensity (MFI) of 
MitoTracker in the control condition with 10% FBS and under 
senescence induction, respectively; MFI

i
lyso and MFI

C10
lyso 

denote the MFI of LysoTracker under senescence induction 
and in the 10% FBS control, respectively.

The application of the IISI enabled us to determine that, 
under our experimental conditions, doxorubicin exerted the 
strongest overall effect across all three parameters compared 
to the other tested inducers (Fig. 3).

Thus, we performed a comparative analysis of alterations 
in the mitochondrial and lysosomal compartments in primary 
mouse fibroblasts in the context of chemotherapy-induced 
senescence, demonstrating that doxorubicin exerted the most 
pronounced effect among the tested agents. Nevertheless, 
it should be noted that the Integrative Index of Senescence 
Induction (IISI) serves as a tool for relative comparison within 
the framework of this study, and its absolute numerical value is 
not intended for standalone interpretation.

DISCUSSION 

In the present study, using two independent senescence 
detection methods — chromogenic X-Gal staining and 
the fluorogenic substrate SPiDER — we confirmed that 

IISI = (

(

,× +
%SPiDER

i
+

%SPiDER
C1

+

MFI
c10

mito MFI
i
lyso

MFI
i
mito MFI

C10
lyso
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Fig. 2. The upper row shows representative histograms of SA-β-Gal–positive cells detected with SPiDER (A), mitochondrial staining with MitoTracker Orange (C), 
and lysosomal labeling with LysoTracker Red (E). Histograms correspond to control conditions (C10 — culture in 10% FBS; C1 — culture in 1% FBS) and treatment 
with senescence inducers (Doxo — doxorubicin; Cis — cisplatin; Bleo — bleomycin; Eto — etoposide). Each histogram represents pooled data from four biological 
replicates per condition — two independent fibroblast isolations (from two individual mice), each analyzed in duplicate. Overall, the histograms illustrate an increase in 
the proportion of SA-β-Gal–positive cells, a reduction in mitochondrial membrane potential, and lysosomal hypertrophy in response to senescence-inducing agents, 
consistent with the results of statistical analysis. The lower row presents the corresponding quantitative analyses: percentage of SA-β-Gal–positive cells assessed by 
SPiDER fluorescence (B); mitochondrial activity based on MitoTracker Orange signal intensity (D); and lysosomal compartment size evaluated via LysoTracker Red 
fluorescence (F). For each staining and experimental condition, the total sample size was n = 12 (six independent replicates per mouse, with fibroblasts derived from 
two mice). Replicates were processed on different days. Data are shown as median ± interquartile range (Me ± IQR); * — p < 0.05, ** — p < 0.01, *** — p < 0.005, 
**** — p < 0.001
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doxorubicin, cisplatin, bleomycin, and etoposide significantly 
increase the proportion of SA-β-Gal–positive cells, indicative 
of chemotherapy-induced senescence [26]. The most 
pronounced effect was observed with doxorubicin, which 
markedly elevated the fraction of X-Gal–positive cells (87.8 ± 4.5%) 
and demonstrated the highest activity in the integrative 
assessment based on our newly developed Integrative Index of 
Senescence Induction (IISI).

Interestingly, serum starvation alone also led to an increase 
in SA-β-Gal–positive cells. This observation aligns with the 
notion that reduced mitogenic stimulation and proliferative 
activity can elicit phenotypic features of aging even in the 
absence of exogenous damaging agents [27]. This effect is likely 
attributable to the depletion of antioxidant systems normally 
present in serum — such as albumin, glutathione, ascorbic 
acid, and tocopherols [28]. Under prolonged serum-free 
conditions, the antioxidant capacity of the medium diminishes, 
while basal mitochondrial respiration continues to generate 
reactive oxygen species (ROS) that cannot be effectively 
neutralized. This accumulation of ROS may induce genotoxic 

stress and trigger the transition into a senescent state [28, 29]. 
Notably, serum starvation also resulted in a significant increase 
in fluorescence signal from the potential-sensitive mitochondrial 
dye MitoTracker Orange. This likely reflects an adaptive 
response to metabolic stress (due to reduced insulin levels 
in low-serum medium) through enhanced aerobic glycolysis 
[30, 31]. However, when senescence inducers were applied 
under the same low-serum conditions, a marked decrease in 
MitoTracker Orange signal was observed — especially with 
doxorubicin. This reduction is likely driven primarily by loss of 
mitochondrial membrane potential (ΔΨm), which outweighs 
any potential increase in mitochondrial mass. Such a state 
is characteristic of stable senescence, where a large pool 
of dysfunctional mitochondria fails to sustain adequate ATP 
production, forcing the cell to rely on anaerobic glycolysis 
for energy [32, 33]. This metabolic shift is associated with 
the secretion of metabolic intermediates — such as lactate, 
pyruvate, and alanine — into the extracellular environment, 
which neighboring tumor cells can exploit as alternative 
energy sources [34].
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Fig. 3. Comparative analysis of the Integrative Index of Senescence Induction 
(IISI), which reflects the cumulative effect of each inducer across the three 
evaluated parameters: SA-β-Gal positivity, mitochondrial membrane potential 
loss, and lysosomal hypertrophy. Doxo — doxorubicin; Cis — cisplatin; Bleo —
bleomycin; Eto — etoposide. Data are presented as Mean ± SD, n = 8; 
* — p < 0.05, ** — p < 0.01, *** — p < 0.005
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Serum starvation in vitro, like other forms of metabolic 
stress and energy deficit, activates the transcription factor EB 
(TFEB) via AMPK activation and mTORC1 inhibition [35, 36]. 
TFEB activation promotes cellular adaptation by upregulating 
autophagy and lysosomal biogenesis, thereby recycling cellular 
components to supply energy and essential building blocks 
and maintain viability [37]. In our experiments, serum starvation 
did not significantly enhance LysoTracker Red signal, possibly 
due to efficient lysosomal turnover and biogenesis under these 
conditions [38, 39]. In contrast, all chemotherapeutic inducers 
caused a substantial increase in LysoTracker Red fluorescence, 
most likely reflecting significant lysosomal hypertrophy that 
outweighs any potential signal reduction due to lysosomal 
alkalinization (which would otherwise decrease accumulation 
of the acidotropic LysoTracker probe). Lysosomal enlargement 
is a hallmark of senescent cells, thought to compensate for 
impaired lysosomal function [40]. The strongest effect was 
again observed with doxorubicin. Together with the elevated 
proportion of SA-β-Gal–positive cells, this supports the 
concept that lysosomal accumulation is not merely a bystander 
phenomenon but a functional feature of the senescent state, 
reflecting the exhaustion of cellular adaptive reserves [41].

Doxorubicin exhibited the most robust effect across all 
evaluated parameters, surpassing the other agents. This 
is likely due to its multifaceted mechanism of action: DNA 
intercalation, topoisomerase II inhibition, ROS generation, 
and direct damage to mitochondrial DNA [22]. Consequently, 
doxorubicin emerged as the most potent senescence inducer 
in primary mouse dermal fibroblast cultures and demonstrated 
the most pronounced mitochondrial toxicity.

Modern oncology increasingly confronts the dual nature 
of many chemotherapeutic agents [42, 43]. While effectively 
halting tumor growth, these drugs may simultaneously initiate 
processes that promote recurrence, metastasis, and adverse 
side effects [44–46]. At the heart of this paradox appears to 
be the balance between direct cytotoxicity toward tumor cells 
and the induction of senescence — both within the tumor and 
in surrounding normal tissues [6, 45]. On one hand, therapy-
induced senescence in the tumor microenvironment can 
support tumor cell survival by providing nutrients, promoting 
angiogenesis, and facilitating metastatic spread [5, 6]. On the 
other hand, senescence enforces a durable cell cycle arrest, 
and SASP-derived inflammatory factors can recruit immune 
cells, thereby enhancing immune-surveillance and potentially 
promoting clearance of senescent tumor cells [47–49]. Therefore, 
future in vitro and in vivo studies are needed to comprehensively 
evaluate not only the cytotoxic potential of anticancer 
agents but also their senogenic (senescence-inducing) and 
immunogenic profiles. Such integrated assessments will be 
crucial for optimizing therapeutic strategies that maximize tumor 
suppression while minimizing pro-tumorigenic and systemic 
side effects associated with therapy-induced senescence.

CONCLUSIONS

In this study, we demonstrated that all tested chemotherapeutic 
agents — doxorubicin, cisplatin, bleomycin, and etoposide — 
effectively induce senescence in primary dermal fibroblasts 
isolated from C57BL/6 mice. This was confirmed by a 
significant increase in the proportion of SA-β-Gal–positive cells, 
consistently observed using both chromogenic X-Gal staining 

and the live-cell fluorogenic probe SPiDER-βGal. The most 
pronounced effect was elicited by doxorubicin, which induced 
a senescent phenotype in 87.5% of cells (as assessed by X-Gal 
staining). Serum starvation also increased the fraction of cells 
exhibiting senescence-like features, albeit to a considerably 
lesser extent than the pharmacological inducers. Concurrently 
with SA-β-Gal activation, we observed two hallmark features 
of the senescent state: a reduction in mitochondrial membrane 
potential and lysosomal hypertrophy. These alterations were 
most prominent following treatment with doxorubicin and 
etoposide. To enable a comprehensive comparison of the 
senescence-inducing efficacy of the tested compounds, 
we developed an Integrative Index of Senescence Induction 
(IISI), which combines three key parameters: the proportion 
of senescent cells, mitochondrial status, and lysosomal 
compartment integrity. According to this index, doxorubicin 
exhibited the strongest overall capacity to induce senescence 
across all evaluated metrics. These findings highlight substantial 
differences among commonly used chemotherapeutic agents in 
their ability to drive cellular senescence and identify doxorubicin 
as the most potent inducer in this experimental model.

Given that the tested agents elicited distinct senescence-
associated phenotypes in fibroblasts, further investigation into their 
immunogenic profiles is warranted. Indeed, the immunomodulatory 
properties of chemotherapeutics — particularly their capacity to 
shape the tumor microenvironment via SASP-mediated immune 
cell recruitment or suppression — may be as therapeutically relevant 
as their direct cytotoxic effects. Understanding these nuances is 
essential for the rational design of immunologically informed cancer 
treatment strategies that balance tumor control with the mitigation 
of therapy-induced senescence–related complications.
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