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Abstract: Modern understanding of aging is based on the accumulation of cellular damage during
one’s life span due to the gradual deterioration of regenerative mechanisms in response to the
continuous effect of stress, lifestyle, and environmental factors, followed by increased morbidity and
mortality. Simultaneously, the number of senescent cells accumulate exponentially as organisms age.
Cell culture models are valuable tools to investigate the mechanisms of aging by inducing cellular
senescence in stress-induced premature senescence (SIPS) models. Here, we explain the three-step
and one-step H2O2-induced senescence models of SIPS designed and reproduced on different human
dermal fibroblast cell lines (CCD-1064Sk, CCD-1135Sk, and BJ-5ta). In both SIPS models, it was
evident that the fibroblasts developed similar aging characteristics as cells with replicative senescence.
Among the most noticeable senescent biomarkers were increased β-Gal expression, high levels of the
p21 protein, altered levels of cell-cycle regulators (i.e., CDK2 and c-Jun), compromised extracellular
matrix (ECM) composition, reduced cellular viability, and delayed wound healing properties. Based
on the significant increase in senescence biomarkers in fibroblast cultures, reduced functional activity,
and metabolic dysfunction, the one-step senescence model was chosen as a feasible and reliable
method for future testing of anti-aging compounds.
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1. Introduction

Aging can be viewed as the accumulation of consecutive changes over time in response
to stress, lifestyle, and environmental factors, ultimately causing irreparable damage and
maladaptation in the function of cells, ECM, cell communication, intercellular signaling, and
leads to age-related diseases and death [1,2]. Cutaneous aging is a complex phenomenon
involving two simultaneously occurring processes: an intrinsic one, known as chronological
aging, which is genetically determined, and extrinsic aging, which is due to environmental
factors such as chronic sun exposure, known as photoaging [3]. It is manifested by the
gradual process of wrinkle development, skin sagging, and drooping. The naturally
(intrinsic) aged skin looks dry, and has fine wrinkles, but is still smooth and light [4].
In contrast, the extrinsically photo-aged skin has thick layers (“leathery aspect”) and
rough wrinkles with pigmentation (“age-spots”, which are actinic lentigines) and capillary
telangiectasia [5–8].

There are several biomarkers of senescence that could be detected in all somatic cells.
The most well-known among them are: (i) senescence-associated β-galactosidase (β-Gal)
activity, (ii) the overexpression of cell cycle arrest proteins such as p16, p21, p53, (iii) the
depletion of mitochondrial DNA (mtDNA), (iv) changes in the expression of senescence-
associated microRNAs, (v) telomere attrition, (vi) and decreased expression of Ki-67 protein,
which is associated with cell proliferation [7,9–12].

Among all cutaneous layers, the dermis is the target source for current anti-aging and
rejuvenation therapies. This dermal layer is rich in fibroblasts which produce ECM or skin
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scaffold, which mainly consists of collagen, elastin, and hyaluronic acid [13]. Older skin
demonstrates exhaustion of all these ECM components. Age-related increases in matrix
metalloproteinases (MMPs) production are directly responsible for collagen degradation
leading to a decline in collagen content at about 2% per year [14,15]. Dermal fibroblasts
experience an alteration in the equilibrium between the synthesis of collagen and the syn-
thesis of collagen-degrading enzymes under the influence of various stressors throughout
life with further enhancement of dermal structural impairment [16]. Moreover, increased
accumulation of degraded collagen fibers work as entrapment that manifests itself in the
reduction of fibroblast functional quality and quantity; likewise, a decline in collagen and
other ECM proteins renewal capacity is observed with age [15]. This is why a detailed
analysis of fibroblast function is important to understand the pathogenesis of dermal aging.

Consequently, cultured human diploid fibroblasts (HDF) have become popular in vitro
cell systems in types of research designed to study conditions associated with alterations in
replicative potentials, such as cancer or senescence. The limited replicative ability of HDF
makes them a suitable model for cellular aging and potentially for rejuvenation studies.
Moreover, senescent fibroblasts exert distinct morphology, metabolic dysfunction, and
diminished functional qualities.

Present-day studies in the field of biogerontology interchangeably use the terms cell
senescence, cellular aging, and replicative senescence for utilizing normal diploid cells in
culture, which undergo a multitude of changes during serial subcultivation resulting in the
permanent termination of cell division known as the Hayflick limit [17]. In vitro studies
of age-related changes in the physiology, biochemistry, mechanobiology, and molecular
biology of cultured cells have considerably boosted the understanding of the fundamen-
tal principles of cellular senescence. Numerous in vitro models have been proposed to
explain the aging process via cellular senescence, but none of them appear to be fully
comprehensive.

In 1961, Hayflick and Moorhead described the first model based on serial passaging of
fibroblasts in culture that was considered as the process of cellular aging; it resulted in the
end-stage irreversible growth arrest in G1/G0, known as replicative senescence (RS). In this
state, cells are alive, exhibit an altered metabolic activity, and generally resist undergoing
apoptosis [17,18]. Thus, these cells are in vitro senescent aged cells and are one of the most
widely used cellular aging models [19]. Thus, induction of RS is a continuous long-term
process of cell passaging that might take anywhere from a few months up to a year, or even
longer, and require expensive maintenance. Considering this, most research groups are
looking into models of cellular senescence that does not require waiting for the replicative
limit to be reached.

At the end of the last century, Toussaint and Remarcle (1995) presented research
data showing that cellular aging can be accelerated by using a wide range of non-lethal
stressors and proposed the term stress-induced premature senescence (SIPS) typically based
on the principles of oxidative stress [20–22]. In accordance with multiple experimental
data and theoretical studies, fibroblasts, keratinocytes, melanocytes, or umbilical vascular
endothelial cells were exposed to chronic and acute oxidative stress protocols, including
sublethal stresses such as UV, hyperoxia, hypoxia, hydrogen peroxide, ethanol, bleomycin,
mitomycin C, etc., [19,22,23].

Most of the experimental setups for SIPS models depend on the cell type and are mod-
ulated via single or multiple applications of designated stressors for diverse periods of time
in subcytotoxic doses. Advantages of those models were highlighted by high feasibility,
low cellular recovery, fast exhaustion of the replicative potential, and eventually irre-
versible growth arrest that allowed reduced time and cost maintenance. Among commonly
used SIPS in vitro models are: (a) ultraviolet light exposure [5–7,9,24–29]; (b) X-ray and
γ-irradiation [30–34]; (c) mitomycin C, bleomycin, or actinomycin D-induced SIPS [35–37];
(d) hydrogen peroxide (H2O2) [38–42]. Albeit the stressors mentioned above have many
advantages, none of them is optimal to reflect all mechanisms involved in cellular senes-
cence. At the same time, oxidative stress induced by H2O2 is one of the most popular and
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reproducible models of cellular senescence. H2O2 causes DNA strand breaks and activates
poly (ADP-ribose) polymerase, leading to depletion of the cellular pool of NAD+ and
ATP [43,44]. The excessive amount of reactive oxygen species (ROS) produced from H2O2
damages the cellular membrane, decreases antioxidant activity, and more vigorously po-
tentiates endogenous free radical generation. Induced changes corresponded to previously
mentioned typical morphological, biomolecular, and genetic alterations found in SIPS.

The effectiveness of the H2O2-induced premature senescence model depends on the
cell-line type, maintaining procedures, dose, time of exposure, and type of solvent (Table 1).
To date, there is no unique protocol that can cover all the aspects and needs related to cell
culture and supplements which is why research groups use different variations of H2O2
exposure to establish an efficient senescence model.

Table 1. In vitro H2O2 stress-induced senescence models.

Effective
H2O2

Dose(s)

Lethal
Dose

Time of
Exposure H2O2 Solvent Type of

Cells
Senescence

Markers
Additional Findings
in Senescent Cells Reference

25 µM >50 µM N/A PBS FSE cells, and
BJ fibroblasts ↑ SA-β-Gal No differences with

varying cell density [39]

50 µM 1 mM

30 min,
every 2

days within
8 days

PBS
Human
MRC5

fibroblasts

↑ SA-β-Gal
↓ c-fos;

H2O2-induced DNA
damage inversely

correlated with GPx

[40]

100 µM
and

200 µM
N/A 2 h Cell culture

medium
IMR-90 lung
fibroblasts

Senescence
morphology,
↑ SA-β-Gal,
↑ p16, p21, &

caveolin-1

↑ Bcl-2 gene with
H4K16Ac, and ↓ with

H4K20Me3,
contributing to its
apoptosis-resistant

phenotype

[38]

200 µM >300 µM 2 h Cell culture
medium

F65 diploid
foreskin

fibroblasts

Senescence
morphology,
↓ ODC; ↓ TK

↓ number of PD by
35.3 +/- 10.3%;

Catalase &
Deferoxamine

protected cells from
H2O2-induced

replicative cessation

[41]

800 µM N/A 0–72 h

Cell culture
medium with 10%

FBS and
supplemented
with 5-AzazC

(10 µM) or ROS
inducer

menadione
(10 µM)

normal
human

epidermal
keratinocytes

↑ SA-β-Gal;
↑ p16; p21;
p53 was

not affected.

↓ expression of
phosphorylated Rb

and CDK4, resulting in
arrest in G0/G1 phase;

menadione ↑ the
expression of mRNA

and protein of
p16INK4a, when
antioxidant drug

N-acetylcysteine ↓ it

[42]

BSA, bovine serum albumin; CDKs, Cyclin-dependent kinases; FBS, fetal bovine serum; FSE, Human primary
foreskin fibroblasts; GPx, glutathione peroxidase; H4K16Ac, H4K16 acetylation; H4K20Me3, H4K20 trimethylation;
N/A, not applicable; ODC, ornithine decarboxylase; PBS, phosphate-buffered saline; PD, population doublings;
SA-β-Gal, senescence-associate -β-galactosidase; TK, thymidine kinase.

In this study, we examined different models of H2O2-induced SIPS to compare the
efficacy and repeatability of SIPS in normal human fibroblasts cell lines CCD-1064Sk,
CCD-1135Sk, and BJ-5ta. CCD-1064Sk and CCD-1135Sk cell lines represent healthy human
dermal fibroblasts that originate from neonatal foreskin and adult skin, respectively. BJ-5ta
fibroblasts originate from neonatal foreskin that have been immortalized using human
telomerase reverse transcriptase (hTERT). Utilizing these three cell lines, we compared
age-induced and stressor-induced senescence of neonatal foreskin fibroblasts and adult
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human dermal fibroblasts, as well as analyzed senescence that is not associated with
telomere degradation.

2. Results
2.1. Setup of the Senescence Model System

To understand age-dependent changes that occur in the skin, we designed and tested
two different models of senescence using dermal fibroblasts. First, normal human fibrob-
lasts cell lines CCD-1064Sk, CCD-1135Sk, and BJ-5ta were treated with H2O2 at various
concentrations to find a line that would recapitulate the development of SIPS without direct
lethal effect. Thus, in the three-step senescence model, dermal fibroblasts were consistently
exposed to the 25 µM, 50 µM, 100 µM, 150 µM, 200 µM, 250 µM, 300 µM, and 350 µM of
H2O2 for 15 days divided into three five-day-steps (Figure 1). H2O2 treatment solution was
prepared in IMDM cell culture medium with 10% FBS that gave additional nutrients to the
cells and decreased the harmful effect of higher doses of H2O2. SIPS fibroblasts in culture
normally developed very slowly, which increases the cost of studies and complicates the
consistency of results after repetition of experiments (data not shown). However, the
three-step senescence model that we developed showed robust SIPS changes in different
dermal fibroblast cell lines.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 5 
 

 

In this study, we examined different models of H2O2-induced SIPS to compare the 
efficacy and repeatability of SIPS in normal human fibroblasts cell lines CCD-1064Sk, 
CCD-1135Sk, and BJ-5ta. CCD-1064Sk and CCD-1135Sk cell lines represent healthy hu-
man dermal fibroblasts that originate from neonatal foreskin and adult skin, respectively. 
BJ-5ta fibroblasts originate from neonatal foreskin that have been immortalized using hu-
man telomerase reverse transcriptase (hTERT). Utilizing these three cell lines, we com-
pared age-induced and stressor-induced senescence of neonatal foreskin fibroblasts and 
adult human dermal fibroblasts, as well as analyzed senescence that is not associated with 
telomere degradation. 

2. Results 
2.1. Setup of the Senescence Model System 

To understand age-dependent changes that occur in the skin, we designed and tested 
two different models of senescence using dermal fibroblasts. First, normal human fibro-
blasts cell lines CCD-1064Sk, CCD-1135Sk, and BJ-5ta were treated with H2O2 at various 
concentrations to find a line that would recapitulate the development of SIPS without di-
rect lethal effect. Thus, in the three-step senescence model, dermal fibroblasts were con-
sistently exposed to the 25 μM, 50 μM, 100 μM, 150 μM, 200 μM, 250 μM, 300 μM, and 
350 μM of H2O2 for 15 days divided into three five-day-steps (Figure 1). H2O2 treatment 
solution was prepared in IMDM cell culture medium with 10% FBS that gave additional 
nutrients to the cells and decreased the harmful effect of higher doses of H2O2. SIPS fibro-
blasts in culture normally developed very slowly, which increases the cost of studies and 
complicates the consistency of results after repetition of experiments (data not shown). 
However, the three-step senescence model that we developed showed robust SIPS 
changes in different dermal fibroblast cell lines. 

 
Figure 1. Three-step model of hydrogen peroxide stimulated premature cellular senescence. Culti-
vated cells were treated daily with H2O2 for one hour over a five-day period in each step. Each step 
started when cell confluency was approximately 70%. HDF, human dermal fibroblasts; SIPS, stress-
induced premature senescence. This figure was created using images from Servier Medical Art 
Commons Attribution 3.0 Unported License (http://smart.servier.com accessed on 26 September 
2020). 

The second senescence model focused on the fast induction of SIPS in skin fibroblasts 
(CCD-1064Sk and BJ-5ta cell lines). In this model, we also exposed cells to various concen-
trations of H2O2 from 25 μM to 350 μM; however, fibroblasts were treated once with H2O2 
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tective effect of the cell culture medium with FBS supplementation and induce a stress-
like calorie restriction condition. PBS did not show adverse effects on cell cultures within 

Figure 1. Three-step model of hydrogen peroxide stimulated premature cellular senescence. Culti-
vated cells were treated daily with H2O2 for one hour over a five-day period in each step. Each step
started when cell confluency was approximately 70%. HDF, human dermal fibroblasts; SIPS, stress-
induced premature senescence. This figure was created using images from Servier Medical Art Com-
mons Attribution 3.0 Unported License (http://smart.servier.com accessed on 26 September 2020).

The second senescence model focused on the fast induction of SIPS in skin fibrob-
lasts (CCD-1064Sk and BJ-5ta cell lines). In this model, we also exposed cells to various
concentrations of H2O2 from 25 µM to 350 µM; however, fibroblasts were treated once
with H2O2 for one hour (Figure 2). Since fibroblasts are only treated with H2O2 once,
this method is called a one-step model. In addition, H2O2 was dissolved in the PBS to
eliminate the protective effect of the cell culture medium with FBS supplementation and
induce a stress-like calorie restriction condition. PBS did not show adverse effects on cell
cultures within one hour (data not shown) and was used in the subsequent experiments
as a solvent for H2O2. We will compare these two senescence models and the effects of
various concentrations of H2O2 in the SIPS developmental model.

http://smart.servier.com


Int. J. Mol. Sci. 2022, 23, 7124 5 of 30

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 5 
 

 

one hour (data not shown) and was used in the subsequent experiments as a solvent for 
H2O2. We will compare these two senescence models and the effects of various concentra-
tions of H2O2 in the SIPS developmental model. 

 
Figure 2. One-step model of hydrogen peroxide stimulated premature cellular senescence. SIPS, 
stress-induced premature senescence. Cultivated cells were treated with H2O2 dissolved in PBS for 
one hour after 70% cell confluency was achieved. This figure was created using images from Servier 
Medical Art Commons Attribution 3.0 Unported License (http://smart.servier.com accessed on 26 
September 2020). 

2.2. Senescence-Induced Morphological Transition 
Normal human fibroblasts have a limited in vitro lifespan when cells enter a non-

dividing, senescent state, known as the Hayflick limit, which is one of the markers of se-
nescence [45,46]. Neonatal foreskin CCD-1064Sk fibroblasts have approximately 54 pop-
ulation doubling level (PDL) that usually corresponds to cultured passage 25–28 for this 
specific cell line, while the rate of population doubling is three days. For normal human 
adult skin fibroblasts CCD-1135Sk, PDL ≥ 46 (15–20 passages) while the rate of population 
doubling is four days. In contrast, human foreskin normal BJ-5ta hTERT-immortalized cell 
line (CRL-4001™) was TERT-immortalized at PDL of 58 and doubles every two days. Cell 
stocks obtained from ATCC were subcultured to reach three different passages depending 
on the type of cell line. To determine the senescence status of those cells, first we moni-
tored their PDL, evaluated morphological changes, and senescence ratios as by β-Gal as-
say [47]. We then tested molecular senescence biomarkers and functional capabilities of 
the aged cells. 

Phase-contrast imaging was used to characterize senescent dermal fibroblasts (Figure 
S1). While early fibroblast passages formed dense cultures and had small, elongated cell 
bodies, late passages displayed shape changes with large, flat cellular morphology, 
whereby cell and nuclear features looked nearly transparent. In addition, another critical 
aspect of passaging was determined—the loss of replicative capacity. We observed RS in 
prolonged culture fibroblasts (Figure S2). Like late passage fibroblasts, prematurely aged 
fibroblasts treated with H2O2 showed a substantial reduction in growth speed and devel-
oped characteristics similar to other senescence models designed in our laboratory, albeit, 
they still demonstrated some replicative ability. 

To find the optimal concentration of H2O2 for SIPS induction and to reduce the num-
ber of H2O2 treatments, we took images of H2O2-treated fibroblasts for the one-step model 
with and without staining procedures (Figure S3). The morphological results of one-step 
senescence models showed 100 μM of H2O2 affected cells perniciously. H2O2 concentra-
tions of 50 μM and 100 μM showed a progressive detrimental impact on cell viability and 

Figure 2. One-step model of hydrogen peroxide stimulated premature cellular senescence. SIPS,
stress-induced premature senescence. Cultivated cells were treated with H2O2 dissolved in PBS for
one hour after 70% cell confluency was achieved. This figure was created using images from Servier
Medical Art Commons Attribution 3.0 Unported License (http://smart.servier.com accessed on
26 September 2020).

2.2. Senescence-Induced Morphological Transition

Normal human fibroblasts have a limited in vitro lifespan when cells enter a non-
dividing, senescent state, known as the Hayflick limit, which is one of the markers of
senescence [45,46]. Neonatal foreskin CCD-1064Sk fibroblasts have approximately 54 pop-
ulation doubling level (PDL) that usually corresponds to cultured passage 25–28 for this
specific cell line, while the rate of population doubling is three days. For normal human
adult skin fibroblasts CCD-1135Sk, PDL ≥ 46 (15–20 passages) while the rate of population
doubling is four days. In contrast, human foreskin normal BJ-5ta hTERT-immortalized
cell line (CRL-4001™) was TERT-immortalized at PDL of 58 and doubles every two days.
Cell stocks obtained from ATCC were subcultured to reach three different passages de-
pending on the type of cell line. To determine the senescence status of those cells, first we
monitored their PDL, evaluated morphological changes, and senescence ratios as by β-Gal
assay [47]. We then tested molecular senescence biomarkers and functional capabilities of
the aged cells.

Phase-contrast imaging was used to characterize senescent dermal fibroblasts (Figure S1).
While early fibroblast passages formed dense cultures and had small, elongated cell bodies,
late passages displayed shape changes with large, flat cellular morphology, whereby cell
and nuclear features looked nearly transparent. In addition, another critical aspect of
passaging was determined—the loss of replicative capacity. We observed RS in prolonged
culture fibroblasts (Figure S2). Like late passage fibroblasts, prematurely aged fibroblasts
treated with H2O2 showed a substantial reduction in growth speed and developed char-
acteristics similar to other senescence models designed in our laboratory, albeit, they still
demonstrated some replicative ability.

To find the optimal concentration of H2O2 for SIPS induction and to reduce the
number of H2O2 treatments, we took images of H2O2-treated fibroblasts for the one-step
model with and without staining procedures (Figure S3). The morphological results of
one-step senescence models showed 100 µM of H2O2 affected cells perniciously. H2O2
concentrations of 50 µM and 100 µM showed a progressive detrimental impact on cell

http://smart.servier.com
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viability and number. At the same time, 25 µM of H2O2 showed a significant reduction in
fibroblasts viability and replicative ability.

Abnormalities in nuclear morphology and lysosomal dysfunction are two well-known
characteristics of senescence [48,49]. Crystal violet stains DNA and proteins and was used
to visualize nuclei and cell structure, while neutral red is absorbed by lysosomes and was
performed to see if altered lysosomal uptake was occurring which would suggest lyso-
somal dysfunction. Representative images show qualitative differences between controls
and hydrogen peroxide treatments. All hydrogen peroxide treatments appeared to have
decreased crystal violet staining with altered nuclear/cell morphology (Figure S3B,E,H,K).
Changes in lysosome morphology was present with noticeable reduction in neutral red
uptake as concentration of hydrogen peroxide is increased (Figure S3C,F,I,L).

2.3. β-Galactosidase as a Biomarker for Senescence-Associated Phenotype

To determine the extent of senescence in the dermal fibroblast cultures during serial
passaging or the proposed senescence-induced models, we measured the senescence-
associated β-galactosidase (β-Gal) levels (Figure 3), which is commonly used as a biomarker
for senescence [47,50,51].

The three-step senescence model demonstrated a progressive decline in fibroblast
number (Figure 3A–F) and conversely, a significant increase in β-Gal levels (Figure 3G) in
both 25 and 50 µM of H2O2 compared to the control. Importantly, we noticed a relative
decline in β-Gal levels in fibroblasts treated with 100 µM and 200 µM of H2O2. This was
likely due to a decrease in the number of fibroblasts at the end of step three of the three-step
senescence model. Due to the limited number of cells present at the end of three-step model
that were treated with 250 µM, 300 µM, and 350 µM of H2O2, β-Gal measurements were
unreliable or undetectable (data not shown).

In the one-step SIPS, similar to the three-step model, we noticed H2O2 dose-dependent
gradual reduction CCD-1064sk fibroblasts quantity (Figure 3H–K). The β-Gal levels of were
also significantly increased in the prematurely aged fibroblasts during the one-step model
of senescence (Figure 3L). Additionally, we noticed a relative decline in β-Gal levels in
fibroblasts treated with 100 µM of H2O2. This was likely due to a substantial shortage in
the number of fibroblasts at the end of day 5 of the one-step SIPS model.

Besides morphological and quantity changes in CCD-1064Sk fibroblasts associated
with increased passage number (Figure 3M–O), we detected that compared to the early
passage cultures, the β-Gal levels in late passages were significantly higher (Figure 3P).
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Figure 3. Human skin fibroblasts (CCD-1064Sk) p.13 exposed to H2O2 (Step 3 of the three-step
senescence model). (A–F) The images represent gradual changes in cell quantity and quality after
15 days (three-step model) of exposure to different concentrations of H2O2: (A) Untreated; (B) 25 µM;
(C) 50 µM; (D) 100 µM; E, 150 µM; F, 200 µM; (G) Levels of β-Gal activity after H2O2 exposure on
day five, step 3 (three-step model), were compared with untreated cells (CCD-1064, p.13). (H–K),
the images represent gradual changes in cell quantity and quality after five days (one-step model)
of exposure to different concentrations of H2O2: (H) untreated; (I) 25 µM; (J) 50 µM; (K) 100 µM;
(L) Levels of β-Gal activity after H2O2 exposure on day five (one-step model of senescence). (M–O),
The images represent gradual changes in cell quantity and quality in different passages (p.5, p.11, and
p.25 respectively) of CCD-1064Sk skin fibroblasts during replicative senescence (RS) development;
(P) Levels of β-Gal activity in different passages of dermal fibroblasts (CCD-1064Sk). Data were
analyzed with a one-way ANOVA test (Tukey post-hoc multiple comparison test). Significance
is indicated within the figures using the following scale: *, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001. Bars represent mean ± SD. Scale bars = 100 µm.



Int. J. Mol. Sci. 2022, 23, 7124 8 of 30

2.4. Senescence-Associated Changes in Nuclear Morphology

Morphologically, young fibroblasts were identified as elongated cells exhibiting a
spindle-like shape that adhered to plates (Figure S2A). Senescent fibroblasts and those
exposed to H2O2, demonstrated cellular size enlargement and irregular shape, while ap-
pearing to be reduced in cell number (Figures S2C and S3). Findings obtained during
microscopy examinations of cell cultures with and without staining motivated us to investi-
gate whether H2O2 exposure influenced nuclear architecture. Therefore, fibroblasts were
stained with DAPI, a fluorescent stain that binds strongly to adenine–thymine-rich regions
in DNA.

Nuclear DAPI staining showed significant enlargement and variability in size and
shape of nuclei in aged fibroblasts compared to healthy cells (Figures 4 and 5). Although
some nuclei were elongated in the untreated conditions, an apparent increase in prevalence
and severity of elongation of fibroblast nuclei were seen in CCD-1064Sk cell line exposed
to H2O2 for five days (Figure 4A,D). Although many nuclei were elongated in the CCD-
1064Sk fibroblasts, some cells retained a round nuclei architecture (Figure 4D). In addition,
we noticed the appearance of gigantic nuclei with irregular shapes in the CCD-1064Sk
cell line when treated with H2O2 (Figure 4B,D). In contrast, prematurely senescent BJ-5ta
fibroblasts exhibited predominantly round and irregularly sized nuclei on day one with
subsequent transformation into an elongated morphology by day five (Figure 5B,D). Other
nuclear parameters, such as perimeter, max caliper, and min caliper as well as the nuclear
area, significantly increased in CCD-1064Sk senescent fibroblast (Figure 4E–H). A similar
trend with more minor differences was found in BJ-5ta fibroblasts (Figure 5). In contrast,
nuclear circularity and eccentricity remained almost unchanged between untreated and
SIPS CCD-1064Sk fibroblasts (Figure 4I,J). In BJ-5ta fibroblasts, a significant elevation in
nuclear circularity and decreased eccentricity was found in prematurely aged fibroblasts
(Figure 5I,J). Overall, both cell lines had significantly altered nuclei architecture when
treated with 25 µM of H2O2 for five days, suggesting nuclear envelope dysfunction [48].
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Figure 4. DAPI-stained nuclei of dermal fibroblasts (CCD-1064Sk), p.11 (one-step model). Pictures
A-D represent nuclear changes observed by immunofluorescence microscopy on days 1 and 5 after a
single 25 µM H2O2 exposure. Arrows point to nuclei with specific nuclear shapes: yellow—round,
green—elongated, and red—gigantic/irregular. (A) Untreated cells on day 1; (B) prematurely aged
fibroblasts after 25 µM of H2O2 exposure on day 1; (C) untreated cells on day 5; (D) senescent
fibroblasts on day 5. Nuclear parameters measured utilizing QuPath in each sample: (E) Nuclear
area; (F) Nuclear max caliper; (G) Nuclear perimeter; (H) Nuclear min caliper; (I) Nuclear Circularity;
(J) Nuclear eccentricity. Data were analyzed with a Student’s unpaired t-test for each separate
parameter. Significance is indicated within the figures using the following scale, * p < 0.05; **, p < 0.01;
***, p < 0.001; ****, p < 0.0001. Bars represent mean ± SD. Scale bars = 20 µm.
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Figure 5. DAPI-stained nuclei of dermal fibroblasts (BJ-5ta), p.42 (one-step model). Pictures (A–D)
represent nuclear changes observed by immunofluorescence microscopy on days 1 and 5 after a
single 25 µM of H2O2 exposure. Arrows depict changes in nuclear shapes: yellow—round, green—
elongated, and red—gigantic/irregular. (A) Untreated cells on day 1; (B) prematurely aged fibroblasts
after 25 µM of H2O2 exposure on day 1; (C) untreated cells on day 5; (D) senescent fibroblasts on day 5.
Nuclear parameters measured utilizing QuPath in each sample: (E) nuclear area; (F) nuclear max
caliper; (G) nuclear perimeter; (H) nuclear min caliper; (I) nuclear circularity; (J) nuclear eccentricity.
Data were analyzed with a Student’s unpaired t-test for each separate parameter. Significance
is indicated within the figures using the following scale: *, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001. Bars represent mean ± SD. Scale bars = 20 µm.
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2.5. Senescence-Related Changes to Gene Expression Profiles Are Accompanied by Elevation in the
Expression of Cell-Cycle Regulators

Based on morphological studies, we hypothesized expression of cell cycle regula-
tors was modulated and would lead to functional deterioration and metabolic dysfunc-
tion. Hence, it was decided to test the protein expression levels of p16, p21, and p53,
cell-cycle progression regulators, senescence-associated markers in CCD-1135Sk, CCD-
1064Sk, and BJ-5ta cultures. This analysis would also show the reliability of our cellular
senescence model.

The Western blot image shown in Figure 6 indicates that the p16 protein levels were
increased in the CCD-1064Sk fibroblast cells with RS (CCD-1064Sk, p.22) compared to
both untreated healthy fibroblasts (CCD-1064Sk, p.11), and surprisingly, the 25 µM of
H2O2-exposed fibroblasts (CCD-1064Sk p.11, 25 µM of H2O2). Importantly, our 25 µM
H2O2-induced SIPS model (CCD-1064Sk p.11, 25 µM of H2O2) did not show a significant
difference in p16 expression from the control (CCD-1064Sk, p.11, untreated) as seen in
Figure 6B; however, in Figure 7D, at higher doses of H2O2, p16 is appears to be upregu-
lated, likely indicating there is insufficient statistical power to observe small increases
in expression. p16 modulates the growth inhibitory state by keeping retinoblastoma
protein (Rb) hypophosphorylated via targeting CDK4 and CDK6 complexes, ensuing
repression of E2F target genes required for S-phase onset. Similar repressive effects of
E2F target genes are achieved by cyclin-dependent kinase inhibitor p21, which inhibits
the action of CDK2 activity arresting the cell cycle in G1. The analysis of p21 expression
levels indicates that p21 expression was significantly higher in replicative senescence
CCD-1064Sk p.22 fibroblasts compared to untreated CCD-1135Sk p.18 fibroblasts, un-
treated CCD-1064Sk p.11 fibroblasts, and CCD-1064Sk p.11 fibroblasts that were exposed
to hydrogen peroxide (Figure 6C). The expression of the p53 protein was elevated in
CCD-1064Sk p.22 and 25 µM H2O2-treated fibroblasts compared with CCD-1135Sk p.18
and untreated fibroblast (Figure 6D).

Western blot analysis of BJ-5ta foreskin fibroblasts showed a rise in p16 and p21
expression levels in a dose-dependent manner (Figure 7D, and Figure 7E, respectively).
Interestingly, the p53 protein levels did not show significant differences (Figure 7F).

One of the typical features of SIPS is lost functional activity. It is well-known that
fibroblasts are the main generators of extracellular matrix (ECM) components such as
elastin and various types of collagens. Western blots showed significant reduction in type I
collagen (COL1A1) expression in senescent CCD-1135Sk p.18, CCD-1064Sk p.22 and aged
CCD-1064Sk p.11 fibroblasts compared to the untreated CCD-1064Sk controls (Figure 6A,F).
The mRNA expression level of type III collagen (COL3A1) showed a similar tendency as
COL1A1 (Figure 8A,B) in BJ-5ta fibroblasts with protein levels significantly reduced in both
hydrogen peroxide treatment groups compared to the control (Figure 7B).

Another key protein of the ECM is elastin, encoded by the ELN gene. It maintains
elasticity and helps cells to regain their shape after stretching or contracting. Unexpectedly,
increased expression of elastin protein was observed in senescence fibroblasts CCD-1064Sk
(p.22) compared to all treatments (p < 0.01, Figure 6E,F).

Next, mRNA was isolated from dermal fibroblasts and analyzed via RT-qPCR. The
expression of important developmental transcriptional regulators and signaling molecules
implicated in fibroblasts’ growth, proliferation, and ECM production were quantified.
To some extent, the mRNA expression of cell cycle progression regulators quantified
with RT-qPCR corresponded to the protein expression data seen via Western blot. Cell
proliferation inhibitor CDKN2A, encoding p16 was downregulated in aged CCD-1064Sk
(p < 0.01, Figure 9A), but not in BJ-5ta fibroblasts (Figure S25). Although, TP53 and p53
appeared to have unchanged expression in BJ-5ta senescent cells (p > 0.05, Figure S25
and Figure 7F respectively) and elevated in CCD-1064Sk (p > 0.05, Figure S26), it was not
statistically significant. In contrast, protein p21, which is coded by gene CDKN1A, was
higher in both prematurely aged BJ-5ta, but was only significant in the 50 µM of H2O2
treatment (p > 0.05, Figure 7E) and mRNA expression of CDKN1A was not significantly
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higher in BJ-5ta (p > 0.05, Figure S25) and CCD-1064Sk cells (p > 0.05, Figure S26) compared
to untreated ones.
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Figure 6. The expression of cellular checkpoint regulators and collagen in aged fibroblasts from
different cell lines. Fibroblast’s cell-lines CCD-1135Sk (p.18) and CCD-1064Sk (p.22) aged natu-
rally by replicative senescence, and CCD-1064Sk (p.11) was aged by the one-step H2O2 senescence
model. Figures (A–E) show protein expression levels for selected genes measured by Western blot.
(A) COL1A1 expression; (B) p16 expression; (C) p21 expression; (D) p53 expression; (E) elastin
expression; (F) levels of protein expression detected in Western blots. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. Relative densitometry was presented as a
ratio of target protein to GAPDH. Data were analyzed with a one-way ANOVA test (Tukey post-hoc
multiple comparison test). Significance (p) is indicated within the figures using the following scale:
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Bars represent mean ± SD. The samples for each
protein were run on the same gel (Figures S4–S9). Since the samples were not run consecutively on the
same gel, they were spliced for presentation purposes only. No image enhancements were applied.
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Figure 7. The effects of age on cell cycle checkpoint regulators in BJ-5ta (p.24) fibroblasts. Western
blots showing protein levels of COL1A1 (A), COL3A1 (B), ELN (C), p16 (D), p21 (E), and p53 (F).
Relative densitometry was presented as a ratio of target protein to GAPDH (G). Data were analyzed
with a one-way ANOVA test (Tukey post-hoc multiple comparison test). Significance (p) is indicated
within the figures using the following scale: **, p < 0.01. Bars represent mean ± SD. Original Western
blot images were included in Figures S10–S16. The samples for each protein were run on the same gel
(Figure S10–S16). Since the samples were not run consecutively on the same gel, they were spliced for
presentation purposes only. No image enhancements were applied.
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pression had no apparent change to untreated cells (p > 0.05, Figure 8C), which corre-
sponds to the Western blot findings (Figure 7C) in BJ-5ta prematurely senescent fibro-
blasts. The results for the main dermal scaffold genes COL3A1 in the CCD-1064Sk fibro-
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Figure 8. The effects of age on mRNA production of extracellular matrix components and functional
regulators in BJ-5ta (p.24) fibroblasts. Changes of mRNA expression as measured by RT-qPCR for
(A) COL1A1; (B) COL3A1; (C) ELN; (D) MMP-1; (E), SIRT-1; (F) SIRT-4. Data were with an unpaired
Student’s t-test. Significance (p) is indicated within the figures using the following scale: *, p < 0.05;
**, p < 0.01. Bars represent mean ± SD. Additional non-significant mRNA expression of genes can be
seen in Figure S25.
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Figure 9. Senescence-associated gene expression in CCD-1064Sk (p.11) dermal fibroblasts (one-step
senescence model). Changes in mRNA expression levels for selected genes measured by RT-qPCR in
CCD-1064Sk cells: (A) CDKN2A; (B) COL3A1; (C) ELN; (D) MMP2; (E) TIMP1; (F) SIRT3; (G) SIRT4;
(H) SIRT6. Data were analyzed with an unpaired Student’s t-test. Significance is indicated within the
figures using the following scale: ns, *, p < 0.05; **, p < 0.01; ***, p < 0.001. Bars represent mean ± SD.

The senescence-associated abatement in transcript levels of ECM genes COL1A1 and
COL3A1 was detected (p < 0.01, Figures 8A and 8B, respectively), while ELN expression
had no apparent change to untreated cells (p > 0.05, Figure 8C), which corresponds to the
Western blot findings (Figure 7C) in BJ-5ta prematurely senescent fibroblasts. The results
for the main dermal scaffold genes COL3A1 in the CCD-1064Sk fibroblast line matched
the results for the BJ-5ta fibroblast line (Figure 9B), while ELN expression appears to have
higher expression when treated with hydrogen peroxide (Figure 9C). Interestingly, the
MMP1 (matrix metalloproteinase 1) gene, whose protein is known to degrade collagens
and other components of ECM, was downregulated in aged cells (p < 0.05, Figure 8D).
Similar alterations in gene expression were detected in prematurely aged CCD-1064Sk
fibroblasts for MMP2 (p < 0.001, Figure 9D). Another important gene associated with the
maintenance of ECM and known to preserve components of the extracellular matrix from
damaging activity of MMPs is TIMP1 (tissue inhibitor of metalloproteinases 1). In addition,
the encoded protein can promote cell proliferation by exhibiting an anti-apoptotic function.
As expected, TIMP1 was downregulated in CCD-1064Sk senescent fibroblasts (p < 0.01,
Figure 9E), and decreased TIMP1 would cause increased MMP functional activity resulting
in decreased collagen production. Furthermore, HAS1 (hyaluronan synthase 1 or hyaluronic
acid), a vital component of ECM that provides skin hydration and supports the ECM,
enabling fibroblasts to migrate through it [52], showed an unexpected rise in senescent cells
(p > 0.05, Figure S26) but this change was not statistically significant.

Taken together, there was a change in the expression of numerous genes when compar-
ing young to old passages of untreated cells and prematurely aged fibroblasts. Specifically,
altered expression of p16, p21, and collagens were demonstrated and are indicators of SIPS.
Furthermore, protein changes depended on both the model used and the fibroblast cell line.



Int. J. Mol. Sci. 2022, 23, 7124 15 of 30

2.6. Senescence-Related Changes in the Expression of Genes and Proteins Involved in Cell Cycle
Regulation, Cellular Replication, and Metabolic Responses

To obtain an understanding of what molecular pathways were involved in the pro-
gression of senescence or may be abnormally regulated during senescence, we analyzed
mRNA expression by RT-qPCR and protein levels by Western blot in dermal fibroblasts.

The expression of each cell was used in the experimental unit. Nuclear factor-kappa B
showed a decreasing trend in both BJ-5ta and CCD-1064Sk prematurely aged fibroblasts
(p > 0.05, Figure S25 and Figure S26, respectively). Similar trends were seen in Western blot
analysis (Figure 10D). NF-κB is a protein transcription factor that controls transcription of
DNA, cytokine production, and regulation of expression of multiple genes associated with
cell survival, proliferation, and differentiation. Due to direct regulation on downstream
gene expression, altered NF-κB protein expression would cause dysregulation of expression
for numerous genes. Another critical gene, EGFR (epidermal growth factor receptor),
was mildly upregulated (p > 0.05, Figure S25) and was poorly expressed on the protein
level (p < 0.001, Figure 10G) after the H2O2 exposure, which is involved in cell signaling
pathways that control cell division and survival.
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Besides their role in cell signaling pathways that control cell division and survival, 
NF-κB and EGFR are also involved in apoptosis pathways, hence, deviations in their reg-
ulation might influence the process of programmed cell death and potentially senescence. 
For this reason, we tested the expression levels of the BH3 interacting-domain death ago-
nist (BID), which is a pro-apoptotic member of the Bcl-2 protein family contributing to the 
mitochondrial pathway of apoptosis. Of note, BID expression demonstrated a dose-de-
pendent decrease with exposure to increasing concentrations of H2O2 (Figure 10F). Corre-
sponding changes were found in the level of vinculin expression (Figure 10H). Vinculin 
is a membrane-cytoskeletal protein associated with maintaining cell–cell and cell–matrix 
adhesion, emerging as a regulator of apoptosis, and found to be overexpressed in apop-
totic cells [53]. c-Jun, which is part of the activator protein-1 (AP-1) complex involved in 
regulation of proliferation, apoptosis, survival, tumorigenesis, and tissue morphogenesis 

Figure 10. The expression of cell-cycle regulators, functional, and regulatory proteins in aged
fibroblasts of BJ-5ta (p.24) cell line. Fibroblasts were aged by the one-step H2O2 senescence model.
Figures represents changed protein expression levels for selected genes measured by Western blot.
(A) Cyclin D1 expression; (B) CDK2 expression; (C) c-Jun expression; (D) NF-κB expression; (E) SIRT1
expression; (F) BID expression; (G) EGFR expression; (H) Vinculin expression. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading control. Relative densitometry was
presented as a ratio of target protein to GAPDH (I). Data were analyzed with a one-way ANOVA
test (Tukey post-hoc multiple comparison test). Significance (p) is indicated within the figures
using the following scale: *, p < 0.05; **, p < 0.01; ****, p < 0.0001. Bars represent mean ± SD. The
samples for each protein were run on the same gel (Figures S17–S24). Since the samples were not
run consecutively on the same gel, they were spliced for presentation purposes only. No image
enhancements were applied.

Besides their role in cell signaling pathways that control cell division and survival, NF-
κB and EGFR are also involved in apoptosis pathways, hence, deviations in their regulation
might influence the process of programmed cell death and potentially senescence. For
this reason, we tested the expression levels of the BH3 interacting-domain death agonist
(BID), which is a pro-apoptotic member of the Bcl-2 protein family contributing to the mito-
chondrial pathway of apoptosis. Of note, BID expression demonstrated a dose-dependent
decrease with exposure to increasing concentrations of H2O2 (Figure 10F). Correspond-
ing changes were found in the level of vinculin expression (Figure 10H). Vinculin is a
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membrane-cytoskeletal protein associated with maintaining cell–cell and cell–matrix ad-
hesion, emerging as a regulator of apoptosis, and found to be overexpressed in apoptotic
cells [53]. c-Jun, which is part of the activator protein-1 (AP-1) complex involved in regu-
lation of proliferation, apoptosis, survival, tumorigenesis, and tissue morphogenesis [54],
was significantly diminished in aged fibroblasts (Figure 10C). Moreover, c-Jun is required
for progression through the G1 phase of the cell cycle which occurs by a mechanism that
incorporates direct transcriptional control of the cyclin D1 gene, forming a molecular con-
nection between growth factor signaling and cell cycle regulation [55]. Cyclin D1 protein
levels were almost identical to the untreated fibroblasts after treatment with 25 µM of H2O2
and insignificantly declined after treatment with 50 µM of H2O2 (Figure 10A). Importantly,
the levels of cyclin-dependent kinase 2 (CDK2), a protein kinase which is activated by
cyclin binding and enables transition from G1 to S phase, were significantly decreased
(p < 0.05, Figure 10B) in both H2O2 treatment groups compared to the untreated aged
BJ-5ta fibroblasts.

Changes in the cell cycle progression typically affect other cellular functions such as
proliferation, differentiation, and metabolic activity. Recently ascertained growth differenti-
ation factor 11 (GDF11), a key to progenitor proliferation and/or differentiation, was also
considered to be important for the preservation of youthful phenotypes in different human
tissues, and to inhibit inflammatory responses in the skin [56]. The expression of GDF11 in
prematurely aged fibroblasts tends to increase compared to untreated CCD-1064Sk fibrob-
last cells (p > 0.05, Figure S26). Another essential nuclear protein associated with cellular
proliferation that is a marker of proliferation is Ki-67 (MKI67). MKI67 was insignificantly
elevated in fibroblasts treated with H2O2 (Figure S26).

Sirtuins (SIRT1–7) are known to prevent diseases and even reverse some aspects of
aging. They are regulated at the level of transcription, translation, protein stability, and
oxidation [57]. Notably, sirtuins can be grouped by location: nuclear sirtuins (SIRT1, 6, 7),
cytosolic sirtuins (SIRT2), and mitochondrial sirtuins (SIRT3-5) [58–61]. Sirtuins have
a multitude of functions including modulating energy metabolism, cell survival, cell
cycling, DNA repair, tissue regeneration, inflammation, neuronal signaling, autophagy,
mitochondrial biogenesis, oxidative stress, and acting as transcription factors [62–67].

The results of RT-qPCR analysis of sirtuins showed that SIRT1 was mildly upregulated
in aged CCD-1064Sk cells (p > 0.05, Figure S26), while in BJ-5ta fibroblasts it was downregu-
lated (p > 0.05, Figure 8E). However, levels of protein expression of SIRT1 were significantly
augmented in BJ-5ta fibroblasts exposed to the 25 µM H2O2 (Figure 10E). At the same time,
SIRT3 mRNA expression was strongly downregulated (p < 0.05, Figure 9F) in contrast to
moderately upregulated SIRT4 and SIRT6 (p > 0.05, Figure 9G,H, respectively) in CCD-
1064Sk. In BJ-5ta fibroblasts, only SIRT4 mRNA expression was downregulated in the 25
µM of H2O2 treatment (Figure 8F). Interestingly, the mitochondrial SIRTs appear to be most
affected, potentially due to increased mitochondrial ROS induced by H2O2 treatment.

In summary, changes in gene expression were observed when comparing young and
senescent dermal fibroblasts. Along with the altered expression of numerous cell cycle
regulators and genes with previously determined age-related expression changes, we found
changes in the expression of proteins involved in metabolic regulation and the ECM.

2.7. Aspects of Senescence-Associated Cellular Viability

Results of the cellular viability assay showed a significant reduction in the num-
ber of prematurely senescent fibroblasts (Figure 11). Cell viability of CCD-1064Sk cells
were four times that of untreated newborn fibroblasts. At the same time, in the one-step
model, cellular viability increased 20.8% after five days in the H2O2-induced senescent
cells (Figure 11A).
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****, p < 0.0001. Bars represent mean ± SD.

Significantly less viability was detected in the prematurely senescent cells by approxi-
mately ten-fold compared to the untreated fibroblasts of the BJ-5ta cell line (Figure 11B).
The development of senescent BJ-5ta fibroblasts stopped. Only a 3% increase in cell number
was noticed five days after the H2O2 exposure.

In the adult dermal fibroblasts (CCD-1135Sk, p.12), we found decreased cellular viability
(Figure 11C). Interestingly, the viability of untreated CCD-1135Sk was substantially lower
than other cell lines, potentially since adult fibroblasts proliferate less than neonatal fibroblasts.
At day five, the untreated skin CCD-1135Sk fibroblasts have significantly increased cellular
viability compared to the prematurely H2O2-induced senescent cells (Figure 11C). At the
same time, in CCD-1135Sk fibroblast, 25 µM H2O2 caused 2-fold decline in the viability, while
50 µM—approximately three-fold, as compared to untreated control. This interesting finding
showed that adult CCD-1135Sk dermal fibroblasts at passage 12, which according to the
manufacturer, have already completed around 30–34 population doublings (PD), are almost
in a pre-senescent state as they show some signs of senescence [46,47].

2.8. Senescent Fibroblasts Showed Reduced Ability in the Healing Process

To determine if senescent dermal fibroblasts have a similar ability to fully participate
in the healing process, we performed the wound healing assay in the adherent cellular
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monolayer of CCD-1064Sk and BJ-5ta cells. Images of the wound healing assay were taken
at the following time points: 1 h, 6 h, 24 h, 48 h, and 72 h after scratching.

The most prominent findings were detected at 24 h and 72 h after the beginning of
the experiment. Thus, in both untreated cell lines, the wound was more than 50% closed
after 24 h (Figure 12E,G). In contrast, the wound surface in the H2O2-exposed cell cultures
was moderately increased (Figure 12F) or slightly narrowed (Figure 12H) at the same time
point. Complete closure of the scratch line was observed 48 h after the beginning of the
experiment in the BJ-5ta cell line (data not shown). Whereas after 72 h, about 3% of the
wound area in the untreated CCD-1164Sk fibroblasts and 23% (p < 0.01) in prematurely
senescent fibroblasts were still uncovered (Figure 12M). In the case of BJ-5ta cells treated
with H2O2, after 72 h, 12.5% of the wound area remained unhealed (p < 0.01, Figure 12N).
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Figure 12. Regenerative ability of dermal fibroblasts estimated by wound-healing assay (one-step
senescence model). Wound area in CCD-1064Sk, p.11 (A,B) and BJ-5ta, p.42 (C,D) one hour after
single-time 25 µM H2O2 exposure. Decreased wound area in CCD-1064Sk, p.11 (E,F) and BJ-5ta, p.42
(G,H) 24 h after a single treatment of 25 µM of H2O2. Wound closure in CCD-1064Sk, p.11 (I,J) and
BJ-5ta, p.42 (K,L) 72 h after a single treatment of 25 µM of H2O2. The percentage of the area of the
wound that is not healed in CCD-1064Sk, p.11 (M) and BJ-5ta, p.42 (N) 72 h after single-time of 25 µM
H2O2 exposure. Data were analyzed with a Student’s unpaired t-test for each separate parameter.
**, p < 0.01. Bars represent mean ± SD.

The wound-healing assay results demonstrated delayed regenerative capabilities of
the senescent dermal fibroblasts, resulting in a decline in the healing process.

3. Discussion

Senescence has been studied for many decades, and still, there are more questions
than answers. The main breakthroughs in cellular senescence were made after the Hayflick
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limit discovery. To date, we have accumulated knowledge about cell-cycle life span, gene
function, regulation, editing, and molecular mechanisms of various pathways for multiple
physiological and pathological processes, i.e., immune response, inflammation, senescence,
and cancer regulation. However, we cannot stop senescence and have not even come close
to understanding mechanisms that might allow us to delay it.

In our research, we focused on establishing a reliable model of cellular senescence. It
is a well-known fact that the number of senescent cells increases with age. Considering
that skin is the largest organ in the body and represents the main line of defense, it also
expresses the first visible aging features. Accordingly, the most suitable cells for senescence
studies in vitro are dermal fibroblasts, dominant in the skin structure and important for
maintaining the skin’s microenvironment.

The three different fibroblasts cell lines used herein were selected for senescence
model reproduction induced by H2O2 exposure. After H2O2 exposure, dermal fibroblasts
exhibited senescent-like morphology, significantly higher β-Gal expression, decreased PD
levels, and proliferation (Figures 3–6). These findings are in line with previous reports,
which show that SIPS is associated with growth arrest, elevation in the proportion of
β-Gal-positive cells, and typical structural changes [19,22,36,42,68–71]. It is important to
note that β-Gal is a lysosomal enzyme that is typically active at pH 4, but in RS and SIPS cells
becomes detectable at pH 6 mirroring to some extent the increase in lysosomal mass [19].
It has been confirmed that lysosomes increase in number and size in senescent cells [72].
In 1995, Debacq-Chainiaux and colleagues found that an increase in β-galactosidase activity
was strongly associated with senescent cells, as a function of replicative age both in the
absence and presence of lysosomal inhibitors; β-Gal activity was not detected in quiescent
or terminally differentiated cells [50]. Later on, Lee et al. confirmed the lysosomal origin
of β-Gal activity when showed that it resulted from an increased expression of GLB1, the
gene encoding lysosomal β-D-galactosidase, the activity of which is typically measured at
acidic pH 4.5 [51].

Images taken 24 h after the beginning of exposure of H2O2 (Figure S3C,F,I,L) indicated
a dose-dependent decline in the number of viable lysosomes containing NR dye. It might
be related to the elevated degradation processes inside the prematurely aged fibroblasts
and consequent reduction in the total number of viable cells. This would be in line with
the MTT results, which showed a significant decrease in viability, suggesting a decrease in
the rate of fibroblasts growth (Figure 11), which is supported by data from other research
groups [3,73–75].

Apart from reduced viability, morphological changes in senescent dermal fibroblasts
were also detected. Increased cellular size and changes in the cell shape were observed
parallel to the changes in nucleus. The analysis of the prematurely aged fibroblast nuclei re-
flected morphological alterations of an entire cell. Nuclei of senescent fibroblasts displayed
wide-scale deformations and lobulations, whereas young cells had smooth disk-shaped
nuclei. Interestingly, nuclei from aged cells showed an increased area in both cell lines and
significant busting of circularity that represents roundness (Figures 5 and 6). At the same
time, the gene expression and protein levels of ECM components, mainly collagens, which
externally affect the cellular shape [76], were decreased.

Furthermore, such deviations in cellular shape might be caused by decreased expres-
sion of membrane-cytoskeletal protein vinculin in senescent cells, which plays a role in
cell–cell and cell–matrix connections (Figure 10H). We can speculate that fibroblast en-
largement was a compensatory response to a decline in vinculin level to prevent cellular
detachment and increase the surface of adhesion. Other publications partially support these
assumptions. Aifuwa and colleagues recently determined that prematurely senescent cells
were considerably softer and less elastic than control cells [77]. The authors emphasized
diminished focal adhesion (vinculin) and decreased expression of cytoskeletal proteins
(lamin A/C, F-actin, myosin II, Rho A), as well as a significant reduction in root mean
square traction forces and the cytoskeletal contractility of senescent cells that eventually
result in the loss of cellular tension that correlated with shape changes of the cells and
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their nuclei. Altogether, these results may suggest that intercellular contractility and con-
tact inhibition are sufficient to recapitulate the nuclear phenotype induced by H2O2 and
potentiated by alterations in cell-cycle regulation followed by metabolic changes.

We observed increased transcriptional abundance from p21, deviations in p16 and
p53, and decreased CDK2 and c-Jun, suggesting that the H2O2-dependent SIPS contribute
to growth arrest typical for senescent cells (Table 2). Indeed, SIPS-triggered senescence is
directly maintained by p53, which promotes the cyclin-dependent kinase inhibitor p21 up-
regulation, which in turn inhibits the action of CDK2 kinase activity arresting the cell cycle
in G1. Additionally, p21 blocks the cyclin D1/CDK4/6-mediated hyperphosphorylation of
Rb protein. The hypophosphorylated state of Rb leads to the inhibition of the transcription
factor gene E2F and subsequent transcription machinery required for S-phase onset [19].
Moreover, p16 may mediate the initiation of H2O2-induced cell cycle arrest by inhibiting
the activation of CDK4 and CDK6 that contribute to cell cycle phase progression ensuing
repression of E2F target genes forcing a G1 cell-cycle arrest [73].

Table 2. Summary of the investigated characteristics of H2O2-induced prematurely aged skin fibrob-
lasts compared to untreated fibroblasts.

Characteristic H2O2-Induced SIPS Fibroblasts

Cell shape & size Enlarged, flattened, irregular

Nuclear circularity Increased

β-Gal level High

BID Decreased

CDK2 Low

c-Jun Low

Collagens (type I, III) Low

Cyclin D1 No change detected

EGFR Decreased

Elastin Increased

Hyaluronan Moderately increased

MMP 1, 2 Low

MKI67 High

NF-kB No change detected

P16 Moderate

P21 High

P53 No change detected

SIRT 1 No change detected

SIRT 3, 4 Low

SIRT 6 No change detected

TIMP 1 Low

Vinculin Low

Cell viability Decreased

Wound healing Decreased

Our results indicated a significant reduction in CDK2, c-Jun protein levels, accompanied
by a decline in cyclin D1 (Figure 11A,B), suggesting potential growth arrest. Interestingly,
Morris and coworkers found that reduced cyclin D1 levels and enhanced association of
p27kip1 with CDK2 causes G1 arrest in NIH 3T3 cells [78]. Another research group showed
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that in contrast to young cells, senescent fibroblasts contained mainly unphosphorylated
cyclin E and proportionally more unphosphorylated and inactive CDK2. Moreover, in most
senescent cells, the CDK2 was complexed with cyclin D1. It is worth mentioning that cyclin
D1-CDK2 complexes were severalfold higher in senescent cells and contained exclusively
unphosphorylated CDK2, perhaps accounting for the low kinase activity [79].

A critical step in the cell-cycle regulation is c-Jun-mediated G1 cell cycle progression,
directly controlling cyclin D1 gene transcription [55]. Our experimental model showed a
substantial reduction of c-Jun expression in SISP-induced fibroblasts (Figure 10C), which
also explains the consequent alterations in CDK2 and cyclin D1 expression. Apart from the
fact that c-Jun is involved in multiple molecular pathways, it also protects cells from various
SIPS-associated stressors and their effects (i.e., UV-induced cell death) and cooperates with
NF-κB to prevent apoptosis induced by tumor necrosis factor alpha (TNFα) [55]. At the
same time, our data indicated that expression of NF-κB has been moderately downregulated
in prematurely aged dermal fibroblasts (Figure S26). This might be an additional factor
leading to delayed cell cycle progression as NF-κB, apart from controlling multiple genes
associated with cell survival, proliferation, apoptosis, and differentiation, also activates the
expression of cyclin D1.

Aside from the findings related to the altered cell-cycle regulators in SIPS-induced
cells, changes in the proteins associated with apoptosis pathways (BID), metabolic regula-
tion (sirtuins), and components of ECM (collagens, elastin, hyaluronan) were also found
(Table 2). These results are widely supported by similar findings in various cell types and
tissues [52,75,80–86].

Dermal fibroblasts are mesenchymal cells considered to maintain skin integrity and
functionality via ECM production. They also orchestrate tissue repair by interacting with
and controlling other cell types, including immune cells, myocytes, and keratinocytes in
the wound microenvironment. Decreased expression of COL1A1, COL3A1, TIMP1, and
elevation of elastin suggests degradation of ECM and explains delayed healing process and
corresponds to the literature [82,85]. Moreover, collagen fibrils and elastin are responsible
for the strength and resiliency of skin. It is a known fact that ECM component degeneration
with aging causes the skin to become fragile and easily bruised. On the histological level,
connective tissue damage (e.g., skin) induced by ultraviolet irradiation manifests as a disor-
ganization of collagen fibrils resembling wavy worm-like appearance of the fibers, massive
aggregation of abnormal, amorphous, and elastin containing material. Such accumulation
of elastotic material (i.e., increased deposition of degraded elastin material) is accompanied
by degeneration of the surrounding collagen matrix [87]. In support of the previous state-
ments, we observed increased expression of elastin (Figures 9 and 10) accompanied by a
delayed wound healing process in the monolayer of cultured fibroblasts exposed to H2O2
(Figure 12). This data showed significant deterioration in regenerative capabilities of the
prematurely aged fibroblasts that reflected the morphological, biomolecular, and functional
changes in naturally old cells [19,88].

4. Conclusions

To summarize, both H2O2-induced senescence models designed in our lab clearly
demonstrated visible changes in fibroblast morphology typical for SIPS corresponding
to other research groups [19,68,89,90]. Moreover, both SIPS models showed the evidence
of fibroblasts developing similar aging characteristics as the RS cells, compared to the
respective young and untreated controls. Among the most noticeable senescent biomarkers
were the increased β-Gal activity, accompanied by high p21 protein levels, altered levels of
cell-cycle regulators (i.e., CDK2 and c-Jun) and ECM components, reduced cellular viability,
and delayed wound healing properties (Table 2). This suggests that although replicative
and H2O2-induced senescence present very similar phenotypic traits, pathogenetic factors
in the SIPS model led to more apparent transcriptional changes.

Although all three cell lines are affected by hydrogen peroxide administration as
noted by cell viability, the CCD-1135Sk adult dermal fibroblast cell line appeared to be least
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affected by hydrogen peroxide administration, with no apparent change after day one. Since
this cell line is derived from adult fibroblasts instead of neonatal or immortalized fibroblasts,
CCD-1135Sk may already display a quasi-senescent phenotype which masks the effects of
hydrogen peroxide administration on senescent markers. Further study of CCD-1064Sk
and BJ-5ta showed H2O2 administration caused increased nuclear area, perimeter, and
min/max caliper lengths in CCD-1064Sk fibroblasts, whereas H2O2 administration caused
increased circularity and decreased eccentricity in BJ-5ta fibroblasts. As BJ-5ta fibroblasts
are immortalized via hTERT to prevent telomere degradation, it is not surprising there are
differences in H2O2-induced changes of nuclei architecture. Although similar proteins and
RNAs were affected as shown by Western blot and RT-qPCR analysis, different members of
these families were affected. For example, H2O2 administration decreased COL1A1 protein
expression and decreased MMP2 and SIRT3 RNA expression in CCD-1064Sk fibroblasts,
whereas H2O2 administration decreased COL3A1 protein expression and MMP1 and SIRT4
RNA expression in BJ-5ta fibroblasts. Regardless, both cell lines demonstrated typical
phenotypes of senescence and make reliable models of SIPS.

The results of our research uncovered potential mechanisms of cellular senescence,
important differences among different fibroblast cell lines, and might help find possible
anti-aging remedies. The one-step cellular senescence model developed here should be
suitable to test effects of potential anti-aging compounds.

5. Materials and Methods
5.1. Cell Culture and Maintenance

Healthy human neonatal foreskin fibroblasts CCD-1064Sk (ATCC® CRL-2076™), hu-
man adult skin fibroblasts CCD-1135Sk (ATCC® CRL-2691™), and human foreskin BJ-5ta
hTERT-immortalized cell lines (CRL-4001™) were obtained from the American Type
Culture Collection (Rockville, MD, USA). Cells were cultivated in ISCOVE’s Modified
Dulbecco’s Medium (IMDM) 1X (MULTICELL, Cat# 319-106-CL) containing 10% heat-
inactivated Premium Grade Fetal Bovine Serum (Cat# 97068-085, VWR International LLC,
Radnor, USA), and 1% Penicillin-Streptomycin (10,000 IU Penicillin and 10,000 µg/mL
Streptomycin, Cat# 450-201-EL, WISENT INC., Saint-Jean-Baptiste, QC, Canada). All
cells were grown and harvested in our BSL 2 laboratory at the University of Lethbridge.
Experimental cell lines were incubated in a humidified Forma Steri-Cycle CO2 Incubator
(Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C with 5% CO2. Cell culture media
were replaced with fresh media every three days until cell confluency reached 90–100%
for further experiments. The cells were subcultured every six or seven days. The replica-
tion speed or population doubling (PD) numbers of the cell lines were determined for
each subculture as ∆PD = log2(nf/ni), where ni is the number of cells initially seeded
and nf is the final number of cells in a culture. Cells for the senescence model were not
older than 24–30 population doublings when employed in the experiments.

5.2. Senescence-Associated Phenotype Modelling
5.2.1. Three-Step Model of Skin Fibroblast Senescence

Newborn skin fibroblasts CCD-1064Sk were subcultured to passage 11 and exposed
to H2O2 utilizing the three-step model (Figure 1). H2O2 was dissolved in the IMDM cell
culture medium with 10% FBS in the following concentrations: 25 µM, 50 µM, 100 µM,
150 µM, 200 µM, 250 µM, 300 µM, and 350 µM. Each step started when cell confluency
was approximately 70% with daily one-hour H2O2 exposure followed by complete fresh
medium replacement. After 5 days of H2O2 treatment, cells were harvested and subcultured
for the next step.

5.2.2. One-step Hydrogen Peroxide Skin Fibroblast Senescence Model

Skin fibroblasts (CCD-1064Sk) at 70% confluency were treated for 1 h with 25 µM con-
centration of hydrogen peroxide solution (H2O2 dissolved in D-PBS) in 100 × 15 mm Petri
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plates in aseptic conditions (Figure 2). Petri plates with skin fibroblasts were maintained in
a humidified incubator at 37 ◦C with 5% CO2.

After a single 1-h treatment, H2O2 solution was poured out and substituted with cell
culture medium. Subsequently, SIPS features and biomarkers were determined via microscopy,
β-galactosidase senescence assay, MTT, Western immunoblotting, reverse transcription-
polymerase chain reaction, wound-healing assay (WHA), and nuclear DAPI staining.

5.3. β-Galactosidase Analysis

The activity of β-galactosidase (β-Gal) in fibroblasts was detected by the beta-Galactosidase
Detection Kit (Fluorometric) (ab176721, Abcam) following the manufacturer instructions. Briefly,
cell lysate was prepared from normal and premature aged cells with H2O2 with protein lysis
buffer (included in the kit). Sample protein concentration was quantified using a Bradford
protein assay and samples were diluted to 1 µg/mL protein concentration. Then, 50µL of
the standard and samples (diluted in 1× lysis buffer) were added to 96-well black plates
followed by 50µL of fluorogenic fluorescein digalactoside (FDG) working solution to each
well and incubated at 37 ◦C for 4 hours. After adding 50µL of the stop buffer, fluorescence
in each sample was quantified with a FLUOstar Omega (BMG LABTECH, Cary, NC, USA)
filter-based multi-mode microplate reader at 490 nm for excitation and 525 nm for emission.
Cell senescence was established by β-Gal levels in each sample utilizing a β-galactosidase
standard curve prepared for each experiment. All experiments were repeated three times
(n = 3); each test was done in triplicate.

5.4. Cell Viability/Cytotoxicity
5.4.1. The Micro-Culture Tetrazolium Assay (MTT)

Cell viability of CCD-1064Sk, CCD-1135Sk, and BJ-5ta human skin fibroblasts
was measured by the micro-culture tetrazolium (MTT, 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide; thiazolyl blue) colorimetric metabolic activity
assay with the cell proliferation kit I (#11465007001, Roche, ON, Canada) according
to the manufacturer ’s instructions.

Cells were plated at 3.0 × 103 cells/well in 150 µL of cell culture medium in a 96-well
assay plate and cultivated for 24–48 h before treatment depending on cell confluency.
A broad range of H2O2 concentrations was examined to determine the appropriate effec-
tive/cytotoxic concentration for each designated treatment. Unless otherwise indicated,
all measurements were performed in triplicate at specific time points (0, 1, 2, 3, 4, and
5 days). After the desired treatment time, 10 µL of MTT labeling reagent was added to
each well without removing media and incubated for 4 h. Afterward, 100 µL of MTT
solubilization solution (10% SDS in 0.01 M HCl) was added to each well, followed by
overnight incubation. Cell viability was calculated by comparing it to the control treatment.
All experiments were repeated three times (n = 3); each test was done in triplicate.

5.4.2. Neutral Red Stain

The neutral red stain is based on the ability of viable cells to incorporate and bind
neutral red dye in the lysosomes [91]. It was used to provide a qualitative estimation of the
presence of viable cells in the fibroblast cell cultures.

Cells were cultivated in 24-well cell culture plates and treated appropriately. The
medium was removed from the fibroblast cell cultures and the cultures were washed with
PBS. After that, 100 µL of Neutral red (N7005, Sigma-Aldrich, Saint Louis, MO, USA)
dissolved in a cell culture medium (40 µg mL−1) was added to each well, followed by 4 h
incubation at the appropriate culture conditions. After incubation, cells were gently washed
twice with 150 µL of PBS. Images were taken using a Zeiss Observer Z1 epifluorescence
microscope with AxioVision Rel 4.8 software.
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5.4.3. Crystal Violet Stain

The viability of cultured fibroblasts was evaluated by detecting maintained adherence
of cells by staining attached cells with crystal violet dye, which binds to proteins and
DNA [92]. It is worth noting that a reduced amount of crystal violet staining in cell culture
represents cells that undergo cell death and simultaneously lose their adherence and die.

Cells were cultivated in 24-well cell culture plates and treated appropriately. The
medium was aspirated from the fibroblast cell cultures, and cells were washed twice
with PBS. Then, 50 µL of 0.5% crystal violet staining solution was added to each well
and incubated for 20 min at room temperature on a bench rocker with a frequency of
20 oscillations per minute. After incubation, plates were gently washed four times in a
stream of tap water, and then were inverted on filter paper and tapped gently to remove any
remaining liquid. Then, plates without their lids were left to air dry for at least 2 h at room
temperature. Images were taken using a Zeiss Observer Z1 epifluorescence microscope
with AxioVision Rel 4.8 software.

5.5. Protein Extraction and Quantification

The three cell lines of dermal fibroblasts were harvested by using TRYPSIN/EDTA
(0.25% Trypsin and 2.21 mM EDTA-4Na, Cat#325-043-EL, WISENT INC., Saint-Jean-
Baptiste, QC, Canada). The mixture was centrifuged at 1600 rpm for five min. The
supernatant was discarded, and the pellets were washed twice with ice-cold 1× PBS. The
pellet was solubilized in 100–150 µL RIPA lysis buffer with 10 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 1
mM sodium orthovanadate, and 1 mM PMSF. Whole cellular protein lysate was sonicated
using a Braunsonic model 1510 sonicator (B. Braun, Melsungen, Germany) operating at 80%
sonication capacity. Lysates were centrifuged at 12,000× g for 10 min and the supernatant
was decanted. Using the Bradford protein assay with bovine serum albumin as the standard,
protein concentrations were determined via NanoDrop 2000/2000c Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA).

5.6. Western Immunoblotting

Western immunoblotting was conducted with 50 µg and was prepared with
4× loading buffer (0.0625 M Tris, 2% SDS, 10% glycerol, 0.01% bromophenol blue,
and 1% 2-mercaptoethanol) and RIPA lysis buffer and heated at 95 ◦C for 10 min [93].
The protein sample and PageRuler Plus Prestained Protein Ladder (Cat#26620, Thermo
Scientific, MA, USA) were loaded and electrophoretically separated by SDS-PAGE into
slab gels of 10–15% polyacrylamide at 100 V. Polyvinylidene difluoride membranes
(Amersham Biosciences, Baie d’Urfé, Québec) were used to transfer resolved proteins
for 2 h on ice. Then, membranes were incubated for two hours in a blocking solution
(5% dry skimmed milk in PBS, 0.5% Tween 20) at room temperature and incubated
with specific primary antibodies specified in Table S1 at 4 ◦C overnight.

After overnight incubation, the membranes were washed three times with 0.1% Tween-
20 in PBS (PBS-T). Then membranes were incubated with 1:10,000 dilution of either Bovine
anti-mouse secondary antibody or Donkey anti-Rabbit secondary antibodies (Table S1) for
two hours at room temperature.

Membranes were washed three times with PBS-T and then exposed to ECL Prime
Western Blotting System (Cat#GERPN2232, GE Healthcare, Chicago, IL, USA). Chemilu-
minescence was detected using the FluorChem HD2 Imaging System (Cell Biosciences,
Santa Clara, CA, USA). Unaltered PVDF membranes were stained with Coomassie blue
(BioRad, Hercules, CA, USA) to confirm equal protein loading. Signals were quantified us-
ing the NIH Image J64 software and normalized relative to GAPDH or Coomassie staining
as indicated.
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5.7. RNA Isolation

RNA was isolated from monolayer fibroblast cultures, using TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA); purified using an RNAesy kit (Qiagen), accord-
ing to the manufacturer ’s instructions; and quantified using NanoDrop 2000c
(Thermo Fisher Scientific, Wilmington, DE, USA).

5.8. Quantitative Real-Time PCR (RT-qPCR)

Quantitative real-time PCR (RT-qPCR) was performed on skin fibroblast samples
from all experimental groups. According to the manufacturer’s instructions, cDNA was
generated with 500 ng RNA using the iScriptTM Select cDNA synthesis kit (Cat# 1708897,
BioRad, Hercules, CA, USA). PCR reactions were based on the SsoFastTM EvaGreen®

Supermix (Cat# 1725202, BioRad, Hercules, CA, USA) and 500 nM of forward and re-
verse primers specific for target sequences of interest. Primers were designed using the
https://www.idtdna.com/Primerquest platform (accessed on 1 February 2021) (Table S2).
Primers were checked before on dilution series of normal fibroblasts cDNA. Reference
genes (GAPDH, RPL13A, and UBC) were analyzed with the GeNorm method [94]. The
reactions were analyzed on a C1000TM Thermo Cycler equipped with a CFX96 Touch™
Real-Time PCR Detection System (BioRad, Hercules, CA, USA). The PCR programs were
run according to the SSoFastTM guidelines with annealing temperatures as specified for
the specific primer pairs. Expression analysis was performed with the BioRad Software
(CFX Manager) and was based on the ∆∆Ct method with the reference genes that were sta-
bly expressed in the GeNorm analysis. Each experiment included three biological replicates
for each group and two technical replicates per sample.

5.9. Wound-Healing Assay

Cells were cultivated to >90% confluence in 24-well plates. Ten microliter pipette tips
were used to scrape a scratch/wound line through the middle of each well simulating a
wound. Cells were washed twice in PBS before adding cell culture growth medium or
designated treatments. Images of the healing process were taken on the following time
points: 1 h, 6 h, 24 h, 48 h, and 72 h throughout the assay.

The Infinity3 camera was used to collect images within the linear dynamic range
representing the range in which the relationship between signal intensity and the amount of
material is likely to be linear. Images were analyzed with ImageJ (IJ 1.46r) software. At least
seven measurements were counted per sample, and samples were designed in triplicates.

5.10. Immunocytochemistry

Cells were plated on glass coverslips for 48 h, treated in 6-well plates, and then fixed
in 3% formaldehyde for 20 min at room temperature. Cells were quenched with 50 mM
NH4Cl in PBS, permeabilized for 5 min in 0.2% Triton X-100, and blocked with 3% BSA for
30 min. After washing, nuclei were stained with 300 nM 4′,6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher Scientific, Waltham, MA, USA, Cat #D1306) in PBS for 15 min before
mounting according to the manufacturer’s instructions. Images were taken using a Zeiss
Observer Z1 epifluorescence microscope with AxioVision Rel 4.8 software. DAPI produces
a blue fluorescence when bound to DNA with excitation at 360 nm and emission at 460 nm.
Specimens were stored at 4 ◦C. Experiments were prepared in triplicates.

5.11. QuPath Analysis

QuPath 0.2 was used for quantitative analysis of cell number and stained area for the
nuclei of the fibroblasts [95]. Images were taken using a Zeiss Observer Z1 epifluorescence
microscope with AxioVision Rel 4.8 software and imported into QuPath. Nuclei were
quantified using the cell detection function on the region of interest with parameters
optimized to identify nuclei accurately and were confirmed by visual inspection. Any
nuclear overlapping or partial nuclei captured erroneously identified as nuclei were deleted.
Once nuclei were correctly identified, QuPath provided the following parameters:

https://www.idtdna.com/Primerquest
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Nuclei number—the number of distinct nuclei that were identified.
Area of the nucleus (µm2)—the number of pixels that enclosed within the nu-

clear perimeter.
Perimeter of the nucleus (µm)—the number of adjacent pixels in the boundary of

the nucleus.
Nucleus circularity—area-to-perimeter ratio which demonstrates the roundness of the

nuclear perimeter. This is calculated by multiplying the area by four pi and divided by the
square of the convex perimeter. For circular nuclei, the ratio equals 1, whereas nuclei that
depart from circularity have ratios less than one.

Nuclear max caliper (µm)—the distance between farthest parallel endpoints touching
opposite sides of the nucleus.

Nuclear min caliper (µm)—the distance between closest parallel endpoints touching
opposite sides of the nucleus.

Nuclear eccentricity, or ellipticity—the ratio of the min caliper to the max caliper.
It shows how oval-shaped the nuclei are.

All data were automatically converted from pixels to the appropriate units and were
extracted from QuPath 0.2 software to Microsoft® Office Excel 365 files. Data were im-
ported into the GraphPad Prism software 9.3.1 for statistical analysis (GraphPad Software,
San Diego, CA, USA).

5.12. Statistical Analysis

The number of cell passages and biological repeats (n) for each experiment are indi-
cated in the figure captions. Results are presented as mean of at least three samples per
group with standard deviation (SD) of the mean or 95% confidence interval as indicated.
Mean values ± SD and statistical analyses were calculated and plotted using GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA) unless stated otherwise. Statistical
analysis of data quantification was performed using a one-way ANOVA test (Tukey post-
hoc multiple comparison test) and an unpaired Student’s t-test was used for analysis with
two groups. Significance (p) was indicated within the figures using the following scale:
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23137124/s1.

Author Contributions: M.G. performed all molecular techniques and statistical analysis; G.I.R.
performed all QuPath analysis and assisted with immunofluorescence and statistical analysis; I.K.,
O.K. provided supervision and guidance; all authors were involved in designing the study and
writing/editing the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by NSERC—RGPIN 2016-06555 to I.K. and MITACS Accelerate
IT11447 to I.K. and O.K.

Institutional Review Board Statement: Neither humans nor animals were utilized in this study. All
three human dermal fibroblast cell lines, CCD-1064Sk, CCD-1135Sk, and BJ-5ta, were purchased from
American Type Culture Collection (ATCC, Manassas, USA).

Informed Consent Statement: Not applicable.

Data Availability Statement: Original blots can be obtained in supplementary figures.

Acknowledgments: We would like to thank Rommy Rodriguez-Juarez for ordering, deliver-
ing, and preparing reagents and solutions, and Andrey Golubov for providing guidance on
molecular techniques.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms23137124/s1
https://www.mdpi.com/article/10.3390/ijms23137124/s1


Int. J. Mol. Sci. 2022, 23, 7124 27 of 30

References
1. Boraldi, F.; Annovi, G.; Tiozzo, R.; Sommer, P.; Quaglino, D. Comparison of ex vivo and In Vitro human fibroblast ageing models.

Mech. Ageing Dev. 2010, 131, 625–635. [CrossRef] [PubMed]
2. Kalfalah, F.; Sobek, S.; Bornholz, B.; Götz-Rösch, C.; Tigges, J.; Fritsche, E.; Krutmann, J.; Köhrer, K.; Deenen, R.; Ohse, S.; et al.

Inadequate mito-biogenesis in primary dermal fibroblasts from old humans is associated with impairment of PGC1A-independent
stimulation. Exp. Gerontol. 2014, 56, 59–68. [CrossRef] [PubMed]

3. Dudonné, S.; Coutière, P.; Woillez, M.; Mérillon, J.-M.; Vitrac, X. DNA macroarray study of skin aging-related genes expression
modulation by antioxidant plant extracts on a replicative senescence model of human dermal fibroblasts. Phytother. Res. 2011, 25,
686–693. [CrossRef]

4. Tobin, D.J. Introduction to skin aging. J. Tissue Viability 2017, 26, 37–46. [CrossRef] [PubMed]
5. Berneburg, M.; Plettenberg, H.; Medve-König, K.; Pfahlberg, A.; Gers-Barlag, H.; Gefeller, O.; Krutmann, J. Induction of

the photoaging-associated mitochondrial common deletion In Vivo in normal human skin. J. Investig. Dermatol. 2004, 122,
1277–1283. [CrossRef]

6. Kang, S.M.; Han, S.; Oh, J.-H.; Lee, Y.M.; Park, C.-H.; Shin, C.-Y.; Lee, D.H.; Chung, J.H. A synthetic peptide blocking TRPV1
activation inhibits UV-induced skin responses. J. Dermatol. Sci. 2017, 88, 126–133. [CrossRef]

7. Toutfaire, M.; Bauwens, E.; Debacq-Chainiaux, F. The impact of cellular senescence in skin ageing: A notion of mosaic and
therapeutic strategies. Biochem. Pharmacol. 2017, 142, 1–12. [CrossRef]

8. Gerasymchuk, M.; Cherkasova, V.; Kovalchuk, O.; Kovalchuk, I. The role of microRNAs in organismal and skin aging. Int. J. Mol.
Sci. 2020, 21, 5281. [CrossRef]

9. Kemp, M.G.; Spandau, D.F.; Travers, J.B. Impact of age and insulin-like growth factor-1 on DNA damage responses in UV-
irradiated human skin. Molecules 2017, 22, 356. [CrossRef]

10. Lin’Kova, N.S.; Drobintseva, A.O.; Orlova, O.A.; Kuznetsova, E.P.; Polyakova, V.O.; Kvetnoy, I.M.; Khavinson, V.K. Peptide
regulation of skin fibroblast functions during their aging In Vitro. Bull. Exp. Biol. Med. 2016, 161, 175–178. [CrossRef]

11. Bertschmann, J.; Thalappilly, S.; Riabowol, K. The ING1a model of rapid cell senescence. Mech. Ageing Dev. 2019, 177, 109–117.
[CrossRef] [PubMed]

12. González-Gualda, E.; Baker, A.G.; Fruk, L.; Muñoz-Espín, D. A guide to assessing cellular senescence In Vitro and In Vivo. FEBS J.
2021, 288, 56–80. [CrossRef] [PubMed]

13. Rittié, L.; Fisher, G.J. Natural and Sun-Induced Aging of Human Skin. Cold Spring Harb. Perspect. Med. 2015, 5, a015370. [CrossRef]
14. Ashcroft, G.S.; Horan, M.A.; Herrick, S.E.; Tarnuzzer, R.W.; Schultz, G.S.; Ferguson, M.W.J. Age-related differences in the temporal

and spatial regulation of matrix metalloproteinases (MMPs) in normal skin and acute cutaneous wounds of healthy humans. Cell
Tissue Res. 1997, 290, 581–591. [CrossRef] [PubMed]

15. Farage, M.A.; Miller, K.W.; Maibach, H.I. Degenerative changes in aging skin. In Textbook of Aging Skin, 2nd ed.; Farage, M.A.,
Miller, K.W., Maibach, H.I., Eds.; Springer: Berlin/Heidelberg, Germany, 2017; pp. 15–30. [CrossRef]

16. Varani, J.; Dame, M.K.; Rittie, L.; Fligiel, S.E.; Kang, S.; Fisher, G.J.; Voorhees, J.J. Decreased Collagen Production in Chronologically
Aged Skin: Roles of Age-Dependent Alteration in Fibroblast Function and Defective Mechanical Stimulation. Am. J. Pathol. 2006,
168, 1861–1868. [CrossRef]

17. Rattan, S.I.S. Origins of the Hayflick system, the phenomenon and the limit. In Cellular Ageing and Replicative Senescence. Healthy
Ageing and Longevity; Rattan, S.I.S., Hayflick, L., Eds.; Springer: Cham, Switzerland, 2016; pp. 3–14. [CrossRef]

18. Campisi, J.; d’Adda di Fagagna, F. Cellular senescence: When bad things happen to good cells. Nat. Rev. Mol. Cell Biol. 2007, 8,
729–740. [CrossRef]

19. Ott, C.; Jung, T.; Grune, T.; Höhn, A. SIPS as a model to study age-related changes in proteolysis and aggregate formation. Mech.
Ageing Dev. 2017, 170, 72–81. [CrossRef]

20. Brack, C.; Lithgow, G.J.; Osiewacz, H.D.; Toussaint, O. EMBO WORKSHOP REPORT: Molecular and cellular gerontology
Serpiano, Switzerland, September 18-22, 1999. EMBO J. 2000, 19, 1929–1934. [CrossRef]

21. Toussaint, O.; Michiels, C.; Raes, M.; Remacle, J. Cellular aging and the importance of energetic factors. Exp. Gerontol. 1995,
30, 1–22. [CrossRef]

22. Toussaint, O.; Medrano, E.; von Zglinicki, T. Cellular and Molecular Mechanisms of Stress-Induced Premature Senescence (SIPS) of
Human Diploid Fibroblasts and Melanocytes. 2000. Available online: www.elsevier.nl/locate/expgero (accessed on 1 May 2022).

23. Chen, Q.; Fischer, A.; Reagan, J.D.; Yan, L.-J.; Ames, B.N. Oxidative DNA damage and senescence of human diploid fibroblast
cells. Proc. Natl. Acad. Sci. USA 1995, 92, 4337–4341. [CrossRef]

24. Marionnet, C.; Pierrard, C.; Lejeune, F.; Sok, J.; Thomas, M.; Bernerd, F. Different Oxidative Stress Response in Keratinocytes and Fibroblasts
of Reconstructed Skin Exposed to Non Extreme Daily-Ultraviolet Radiation. PLoS ONE 2010, 5, e12059. [CrossRef] [PubMed]

25. Gebhard, D.; Matt, K.; Burger, K.; Bergemann, J. Shortwave UV-Induced Damage as Part of the Solar Damage Spectrum Is Not a
Major Contributor to Mitochondrial Dysfunction. J. Biochem. Mol. Toxicol. 2014, 28, 256–262. [CrossRef] [PubMed]

26. Debacq-Chainiaux, F.; Leduc, C.; Verbeke, A.; Toussaint, O. UV, stress and aging. Derm.-Endocrinol. 2012, 4, 236–240. [CrossRef]
27. Douki, T.; Reynaud-Angelin, A.; Cadet, J.; Sage, E. Bipyrimidine Photoproducts Rather than Oxidative Lesions Are the Main Type

of DNA Damage Involved in the Genotoxic Effect of Solar UVA Radiation. Biochemistry 2003, 42, 9221–9226. [CrossRef] [PubMed]
28. Huang, H.-C.; Chang, T.-M.; Chang, Y.-J.; Wen, H.-Y. UVB Irradiation Regulates ERK1/2- and p53-Dependent Thrombomodulin

Expression in Human Keratinocytes. PLoS ONE 2013, 8, e67632. [CrossRef]

http://doi.org/10.1016/j.mad.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20816692
http://doi.org/10.1016/j.exger.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24699405
http://doi.org/10.1002/ptr.3308
http://doi.org/10.1016/j.jtv.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27020864
http://doi.org/10.1111/j.0022-202X.2004.22502.x
http://doi.org/10.1016/j.jdermsci.2017.05.009
http://doi.org/10.1016/j.bcp.2017.04.011
http://doi.org/10.3390/ijms21155281
http://doi.org/10.3390/molecules22030356
http://doi.org/10.1007/s10517-016-3370-x
http://doi.org/10.1016/j.mad.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29928906
http://doi.org/10.1111/febs.15570
http://www.ncbi.nlm.nih.gov/pubmed/32961620
http://doi.org/10.1101/cshperspect.a015370
http://doi.org/10.1007/s004410050963
http://www.ncbi.nlm.nih.gov/pubmed/9369533
http://doi.org/10.1007/978-3-662-47398-6
http://doi.org/10.2353/ajpath.2006.051302
http://doi.org/10.1007/978-3-319-26239-0_1
http://doi.org/10.1038/nrm2233
http://doi.org/10.1016/j.mad.2017.07.007
http://doi.org/10.1093/emboj/19.9.1929
http://doi.org/10.1016/0531-5565(94)00038-5
www.elsevier.nl/locate/expgero
http://doi.org/10.1073/pnas.92.10.4337
http://doi.org/10.1371/journal.pone.0012059
http://www.ncbi.nlm.nih.gov/pubmed/20706594
http://doi.org/10.1002/jbt.21561
http://www.ncbi.nlm.nih.gov/pubmed/24615805
http://doi.org/10.4161/derm.23652
http://doi.org/10.1021/bi034593c
http://www.ncbi.nlm.nih.gov/pubmed/12885257
http://doi.org/10.1371/journal.pone.0067632


Int. J. Mol. Sci. 2022, 23, 7124 28 of 30

29. Greussing, R.; Hackl, M.; Charoentong, P.; Pauck, A.; Monteforte, R.; Cavinato, M.; Hofer, E.; Scheideler, M.; Neuhaus, M.;
Micutkova, L.; et al. Identification of microRNA-mRNA functional interactions in UVB-induced senescence of human diploid
fibroblasts. BMC Genom. 2013, 14, 224. [CrossRef] [PubMed]

30. Ilnytskyy, Y.; Koturbash, I.; Kovalchuk, O. Radiation-induced bystander effects In Vivo are epigenetically regulated in a tissue-
specific manner. Environ. Mol. Mutagen. 2008, 50, 105–113. [CrossRef]

31. Dickey, J.S.; Zemp, F.J.; Martin, O.A.; Kovalchuk, O. The role of miRNA in the direct and indirect effects of ionizing radiation.
Radiat. Environ. Biophys. 2011, 50, 491–499. [CrossRef]

32. Sidler, C.; Li, D.; Wang, B.; Kovalchuk, I.; Kovalchuk, O. SUV39H1 downregulation induces deheterochromatinization of satellite
regions and senescence after exposure to ionizing radiation. Front. Genet. 2014, 5, 411. [CrossRef]

33. Kovalchuk, O.; Burke, P.; Besplug, J.; Slovack, M.; Filkowski, J.; Pogribny, I. Methylation changes in muscle and liver tissues of male and
female mice exposed to acute and chronic low-dose X-ray-irradiation. Mutat. Res. Mol. Mech. Mutagen. 2004, 548, 75–84. [CrossRef]

34. Kim, K.S.; Kim, J.E.; Choi, K.J.; Bae, S.; Kim, D.H. Characterization of DNA damage-induced cellular senescence by ionizing
radiation in endothelial cells. Int. J. Radiat. Biol. 2014, 90, 71–80. [CrossRef] [PubMed]

35. Rodemann, H.P. Differential degradation of intracellular proteins in human skin fibroblasts of mitotic and mitomycin-C (MMC)-
induced postmitotic differentiation states In Vitro. Differentiation 1989, 42, 37–43. [CrossRef] [PubMed]

36. De Magalhães, J.P. From cells to ageing: A review of models and mechanisms of cellular senescence and their impact on human
ageing. Exp. Cell Res. 2004, 300, 1–10. [CrossRef] [PubMed]

37. Robles, S.J.; Adami, G.R. Agents that cause DNA double strand breaks lead to p16INK4a enrichment and the premature senescence
of normal fibroblasts. Oncogene 1998, 16, 1113–1123. [CrossRef] [PubMed]

38. Sanders, Y.Y.; Liu, H.; Zhang, X.; Hecker, L.; Bernard, K.; Desai, L.; Liu, G.; Thannickal, V.J. Histone Modifications in Senescence-
Associated Resistance to Apoptosis by Oxidative Stress. Redox Biol. 2013, 1, 8–16. [CrossRef]

39. I Shlush, L.; Itzkovitz, S.; Cohen, A.; Rutenberg, A.; Berkovitz, R.; Yehezkel, S.; Shahar, H.; Selig, S.; Skorecki, K. Quantitative
digital in situ senescence-associated β-galactosidase assay. BMC Cell Biol. 2011, 12, 16. [CrossRef]

40. Caldini, R.; Chevanne, M.; Mocali, A.; Tombaccini, D.; Paoletti, F. Premature induction of aging in sublethally H2O2-treated
young MRC5 fibroblasts correlates with increased glutathione peroxidase levels and resistance to DNA breakage. Mech. Ageing
Dev. 1998, 105, 137–150. [CrossRef]

41. Chen, Q.; Ames, B.N. Senescence-like growth arrest induced by hydrogen peroxide in human diploid fibroblast F65 cells. Proc.
Natl. Acad. Sci. USA 1994, 91, 4130–4134. [CrossRef]

42. Sasaki, M.; Kajiya, H.; Ozeki, S.; Okabe, K.; Ikebe, T. Reactive oxygen species promotes cellular senescence in normal human epidermal
keratinocytes through epigenetic regulation of p16INK4a. Biochem. Biophys. Res. Commun. 2014, 452, 622–628. [CrossRef]

43. Kirkland, J.B. Lipid peroxidation, protein thiol oxidation and DNA damage in hydrogen peroxide-induced injury to endothelial
cells: Role of activation of poly(ADP-ribose)polymerase. Biochim. Biophys. Acta 1991, 1092, 319–325. [CrossRef]

44. Gerasymchuk, M. Genomic instability and aging: Causes and consequences. Genome Stab. 2021, 26, 533–553. [CrossRef]
45. Hayflick, L. The limited In Vitro lifetime of human diploid cell strains. Exp. Cell Res. 1965, 37, 614–636. [CrossRef]
46. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961, 25, 585–621. [CrossRef]
47. Dimri, G.P.; Lee, X.; Basile, G.; Acosta, M.; Scott, G.; Roskelley, C.; Medrano, E.E.; Linskens, M.; Rubelj, I.; Pereira-Smith, O.; et al.

A biomarker that identifies senescent human cells in culture and in aging skin In Vivo. Proc. Natl. Acad. Sci. USA 1995, 92,
9363–9367. [CrossRef] [PubMed]

48. Pathak, R.U.; Soujanya, M.; Mishra, R.K. Deterioration of nuclear morphology and architecture: A hallmark of senescence and
aging. Ageing Res. Rev. 2021, 67, 101264. [CrossRef]

49. Carmona-Gutierrez, D.; Hughes, A.L.; Madeo, F.; Ruckenstuhl, C. The crucial impact of lysosomes in aging and longevity. Ageing
Res. Rev. 2016, 32, 2–12. [CrossRef]

50. Debacq-Chainiaux, F.; Erusalimsky, J.D.; Campisi, J.; Toussaint, O. Protocols to detect senescence-associated beta-galactosidase
(SA-βgal) activity, a biomarker of senescent cells in culture and In Vivo. Nat. Protoc. 2009, 4, 1798–1806. [CrossRef]

51. Lee, B.Y.; Han, J.A.; Im, J.S.; Morrone, A.; Johung, K.; Goodwin, E.C.; Kleijer, W.J.; DiMaio, D.; Hwang, E.S. Senescence-associated
β-galactosidase is lysosomal β-galactosidase. Aging Cell 2006, 5, 187–195. [CrossRef]

52. Skandalis, S.S.; Karalis, T.; Heldin, P. Intracellular hyaluronan: Importance for cellular functions. Semin. Cancer Biol. 2019, 62,
20–30. [CrossRef]

53. Propato, A.; Cutrona, G.; Francavilla, V.; Ulivi, M.; Schiaffella, E.; Landt, O.; Dunbar, R.; Cerundolo, V.; Ferrarini, M.; Barnaba, V. Apoptotic
cells overexpress vinculin and induce vinculin-specific cytotoxic T-cell cross-priming. Nat. Med. 2001, 7, 807–813. [CrossRef]

54. Meng, Q.; Xia, Y. c-Jun, at the crossroad of the signaling network. Protein Cell 2011, 2, 889–898. [CrossRef] [PubMed]
55. Wisdom, R.; Johnson, R.S.; Moore, C. c-Jun regulates cell cycle progression and apoptosis by distinct mechanisms. EMBO J. 1999,

18, 188–197. [CrossRef] [PubMed]
56. Rochette, L.; Mazini, L.; Meloux, A.; Zeller, M.; Cottin, Y.; Vergely, C.; Malka, G. Anti-Aging Effects of GDF11 on Skin. Int. J. Mol.

Sci. 2020, 21, 2598. [CrossRef] [PubMed]
57. Bonkowski, M.; Sinclair, M.S.B.D.A. Slowing ageing by design: The rise of NAD+ and sirtuin-activating compounds. Nat. Rev.

Mol. Cell Biol. 2016, 17, 679–690. [CrossRef]
58. Chang, H.-C.; Guarente, L. SIRT1 and other sirtuins in metabolism. Trends Endocrinol. Metab. 2014, 25, 138–145. [CrossRef]

http://doi.org/10.1186/1471-2164-14-224
http://www.ncbi.nlm.nih.gov/pubmed/23557329
http://doi.org/10.1002/em.20440
http://doi.org/10.1007/s00411-011-0386-5
http://doi.org/10.3389/fgene.2014.00411
http://doi.org/10.1016/j.mrfmmm.2003.12.016
http://doi.org/10.3109/09553002.2014.859763
http://www.ncbi.nlm.nih.gov/pubmed/24164458
http://doi.org/10.1111/j.1432-0436.1989.tb00605.x
http://www.ncbi.nlm.nih.gov/pubmed/2620784
http://doi.org/10.1016/j.yexcr.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15383309
http://doi.org/10.1038/sj.onc.1201862
http://www.ncbi.nlm.nih.gov/pubmed/9528853
http://doi.org/10.1016/j.redox.2012.11.004
http://doi.org/10.1186/1471-2121-12-16
http://doi.org/10.1016/S0047-6374(98)00085-2
http://doi.org/10.1073/pnas.91.10.4130
http://doi.org/10.1016/j.bbrc.2014.08.123
http://doi.org/10.1016/S0167-4889(97)90007-0
http://doi.org/10.1016/B978-0-323-85679-9.00028-3
http://doi.org/10.1016/0014-4827(65)90211-9
http://doi.org/10.1016/0014-4827(61)90192-6
http://doi.org/10.1073/pnas.92.20.9363
http://www.ncbi.nlm.nih.gov/pubmed/7568133
http://doi.org/10.1016/j.arr.2021.101264
http://doi.org/10.1016/j.arr.2016.04.009
http://doi.org/10.1038/nprot.2009.191
http://doi.org/10.1111/j.1474-9726.2006.00199.x
http://doi.org/10.1016/j.semcancer.2019.07.002
http://doi.org/10.1038/89930
http://doi.org/10.1007/s13238-011-1113-3
http://www.ncbi.nlm.nih.gov/pubmed/22180088
http://doi.org/10.1093/emboj/18.1.188
http://www.ncbi.nlm.nih.gov/pubmed/9878062
http://doi.org/10.3390/ijms21072598
http://www.ncbi.nlm.nih.gov/pubmed/32283613
http://doi.org/10.1038/nrm.2016.93
http://doi.org/10.1016/j.tem.2013.12.001


Int. J. Mol. Sci. 2022, 23, 7124 29 of 30

59. Haigis, M.C.; Sinclair, D.A. Mammalian Sirtuins: Biological Insights and Disease Relevance. Annu. Rev. Pathol. Mech. Dis. 2010, 5,
253–295. [CrossRef]

60. Serrano, L.; Martínez-Redondo, P.; Marazuela-Duque, A.; Vazquez, B.N.; Dooley, S.J.; Voigt, P.; Beck, D.B.; Kane-Goldsmith, N.;
Tong, Q.; Rabanal, R.M.; et al. The tumor suppressor SirT2 regulates cell cycle progression and genome stability by modulating
the mitotic deposition of H4K20 methylation. Genes Dev. 2013, 27, 639–653. [CrossRef]

61. Dryden, S.C.; Nahhas, F.A.; Nowak, J.E.; Goustin, A.-S.; Tainsky, M.A. Role for Human SIRT2 NAD-Dependent Deacetylase
Activity in Control of Mitotic Exit in the Cell Cycle. Mol. Cell. Biol. 2003, 23, 3173–3185. [CrossRef]

62. Toiber, D.; Sebastian, C.; Mostoslavsky, R. Characterization of Nuclear Sirtuins: Molecular Mechanisms and Physiological
Relevance. Handb. Exp. Pharmacol. 2011, 206, 189–224. [CrossRef]

63. Fernandez-Marcos, P.J.; Auwerx, J. Regulation of PGC-1α, a nodal regulator of mitochondrial biogenesis. Am. J. Clin. Nutr. 2011,
93, 884S–890S. [CrossRef]

64. Wu, K.; Tian, R.; Huang, J.; Yang, Y.; Dai, J.; Jiang, R.; Zhang, L. Metformin alleviated endotoxemia-induced acute lung injury via
restoring AMPK-dependent suppression of mTOR. Chem. Interact. 2018, 291, 1–6. [CrossRef] [PubMed]

65. Karnewar, S.; Neeli, P.K.; Panuganti, D.; Kotagiri, S.; Mallappa, S.; Jain, N.; Jerald, M.K.; Kotamraju, S. Metformin regulates
mitochondrial biogenesis and senescence through AMPK mediated H3K79 methylation: Relevance in age-associated vascular
dysfunction. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2018, 1864, 1115–1128. [CrossRef] [PubMed]

66. Kuang, Y.; Hu, B.; Feng, G.; Xiang, M.; Deng, Y.; Tan, M.; Li, J.; Song, J. Metformin prevents against oxidative stress-induced
senescence in human periodontal ligament cells. Biogerontology 2019, 21, 13–27. [CrossRef] [PubMed]

67. Choi, Y.J. Shedding Light on the Effects of Calorie Restriction and Its Mimetics on Skin Biology. Nutrients 2020, 12, 1529. [CrossRef]
68. Frippiat, C.; Chen, Q.M.; Zdanov, S.; de Magalhaes, J.P.; Remacle, J.; Toussaint, O. Subcytotoxic H2O2 Stress Triggers a Release of

Transforming Growth Factor-β1, Which Induces Biomarkers of Cellular Senescence of Human Diploid Fibroblasts. J. Biol. Chem.
2001, 276, 2531–2537. [CrossRef]

69. Chen, Q.M.; Bartholomew, J.C.; Campisi, J.; Acosta, M.; Reagan, J.D.; Ames, B.N. Molecular analysis of H2O2-induced senescent-like
growth arrest in normal human fibroblasts: p53 and Rb control G1 arrest but not cell replication. Biochem. J. 1998, 332, 43–50. [CrossRef]

70. Sidler, C.; Woycicki, R.; Kovalchuk, I.; Kovalchuk, O. WI-38 senescence is associated with global and site-specific hypomethylation.
Aging 2014, 6, 564–574. [CrossRef]

71. Chhunchha, B.; Singh, P.; Stamer, W.D.; Singh, D.P. Prdx6 retards senescence and restores trabecular meshwork cell health by
regulating reactive oxygen species. Cell Death Discov. 2017, 3, 17060. [CrossRef]

72. Robbins, E.; Levine, E.M.; Eagle, H. Morphologic changes accompanying senescence of cultured human diploid cells. J. Exp. Med.
1970, 131, 1211–1222. [CrossRef]

73. Burova, E.; Borodkina, A.; Shatrova, A.; Nikolsky, N. Sublethal Oxidative Stress Induces the Premature Senescence of Human
Mesenchymal Stem Cells Derived from Endometrium. Oxidative Med. Cell. Longev. 2013, 2013, 474931. [CrossRef]

74. Ho, C.; Ng, S.; Chuang, H.; Wen, S.; Kuo, C.; Mahalakshmi, B.; Kuo, W. Extracts of Jasminum sambac flowers fermented by
Lactobacillus rhamnosus inhibit H 2 O 2 - and UVB-induced aging in human dermal fibroblasts. Environ. Toxicol. 2020, 36,
607–619. [CrossRef] [PubMed]

75. Lee, J.-J.; Ng, S.-C.; Hsu, J.-Y.; Liu, H.; Chen, C.-J.; Huang, C.-Y.; Kuo, W.-W. Galangin Reverses H2O2-Induced Dermal Fibroblast
Senescence via SIRT1-PGC-1α/Nrf2 Signaling. Int. J. Mol. Sci. 2022, 23, 1387. [CrossRef] [PubMed]

76. Webster, M.; Witkin, K.L.; Cohen-Fix, O. Sizing up the nucleus: Nuclear shape, size and nuclear-envelope assembly. J. Cell Sci.
2009, 122, 1477–1486. [CrossRef] [PubMed]

77. Aifuwa, I.; Giri, A.; Longe, N.; Lee, S.H.; An, S.S.; Wirtz, D. Senescent stromal cells induce cancer cell migration via inhibition
of RhoA/ROCK/myosin-based cell contractility. Oncotarget 2015, 6, 30516–30531. Available online: www.impactjournals.com/
oncotarget/ (accessed on 1 May 2022). [CrossRef] [PubMed]

78. Morris, T.A.; DeLorenzo, R.J.; Tombes, R.M. CaMK-II inhibition reduces Cyclin D1 levels and enhances the association of p27 kip1
with Cdk2 to cause G1 arrest in NIH 3T3 cells. Exp. Cell Res. 1998, 240, 218–227. [CrossRef]

79. Dulić, V.; Drullinger, L.F.; Lees, E.; I Reed, S.; Stein, G.H. Altered regulation of G1 cyclins in senescent human diploid fibroblasts:
Accumulation of inactive cyclin E-Cdk2 and cyclin D1-Cdk2 complexes. Proc. Natl. Acad. Sci. USA 1993, 90, 11034–11038. [CrossRef]

80. Soydas, T.; Sayitoglu, M.; Sarac, E.Y.; Cınar, S.; Solakoglu, S.; Tiryaki, T.; Sultuybek, G.K. Metformin reverses the effects of high
glucose on human dermal fibroblasts of aged skin via downregulating RELA/p65 expression. J. Physiol. Biochem. 2021, 77,
443–450. [CrossRef]

81. Soydas, T.; Sarac, E.Y.; Cinar, S.; Dogan, S.; Solakoglu, S.; Tuncdemir, M.; Sultuybek, G.K. The protective effects of metformin in an
in vitro model of aging 3T3 fibroblast under the high glucose conditions. J. Physiol. Biochem. 2018, 74, 273–281. [CrossRef]

82. Lago, J.C.; Puzzi, M.B. The effect of aging in primary human dermal fibroblasts. PLoS ONE 2019, 14, e0219165. [CrossRef]
83. Chiang, H.-M.; Chen, C.-W.; Lin, T.-Y.; Kuo, Y.-H. N-phenethyl caffeamide and photodamage: Protecting skin by inhibiting type I

procollagen degradation and stimulating collagen synthesis. Food Chem. Toxicol. 2014, 72, 154–161. [CrossRef]
84. Lämmermann, I.; Terlecki-Zaniewicz, L.; Weinmüllner, R.; Schosserer, M.; Dellago, H.; Branco, A.D.D.M.; Autheried, D.; Sevcnikar,

B.; Kleissl, L.; Berlin, I.; et al. Blocking negative effects of senescence in human skin fibroblasts with a plant extract. Npj Aging
Mech. Dis. 2018, 4, 4. [CrossRef] [PubMed]

85. Di Martino, O.; Tito, A.; De Lucia, A.; Cimmino, A.; Cicotti, F.; Apone, F.; Colucci, G.; Calabrò, V. Hibiscus syriacus Extract from
an Established Cell Culture Stimulates Skin Wound Healing. BioMed Res. Int. 2017, 2017, 7932019. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.pathol.4.110807.092250
http://doi.org/10.1101/gad.211342.112
http://doi.org/10.1128/MCB.23.9.3173-3185.2003
http://doi.org/10.1007/978-3-642-21631-2_9
http://doi.org/10.3945/ajcn.110.001917
http://doi.org/10.1016/j.cbi.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29859833
http://doi.org/10.1016/j.bbadis.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29366775
http://doi.org/10.1007/s10522-019-09838-x
http://www.ncbi.nlm.nih.gov/pubmed/31559522
http://doi.org/10.3390/nu12051529
http://doi.org/10.1074/jbc.M006809200
http://doi.org/10.1042/bj3320043
http://doi.org/10.18632/aging.100679
http://doi.org/10.1038/cddiscovery.2017.60
http://doi.org/10.1084/jem.131.6.1211
http://doi.org/10.1155/2013/474931
http://doi.org/10.1002/tox.23065
http://www.ncbi.nlm.nih.gov/pubmed/33270331
http://doi.org/10.3390/ijms23031387
http://www.ncbi.nlm.nih.gov/pubmed/35163314
http://doi.org/10.1242/jcs.037333
http://www.ncbi.nlm.nih.gov/pubmed/19420234
www.impactjournals.com/oncotarget/
www.impactjournals.com/oncotarget/
http://doi.org/10.18632/oncotarget.5854
http://www.ncbi.nlm.nih.gov/pubmed/26483365
http://doi.org/10.1006/excr.1997.3925
http://doi.org/10.1073/pnas.90.23.11034
http://doi.org/10.1007/s13105-021-00823-y
http://doi.org/10.1007/s13105-018-0613-5
http://doi.org/10.1371/journal.pone.0219165
http://doi.org/10.1016/j.fct.2014.07.007
http://doi.org/10.1038/s41514-018-0023-5
http://www.ncbi.nlm.nih.gov/pubmed/29675264
http://doi.org/10.1155/2017/7932019
http://www.ncbi.nlm.nih.gov/pubmed/29333453


Int. J. Mol. Sci. 2022, 23, 7124 30 of 30

86. Wiley, C.D.; Campisi, J. The metabolic roots of senescence: Mechanisms and opportunities for intervention. Nat. Metab. 2021, 3,
1290–1301. [CrossRef] [PubMed]

87. Quan, T. Molecular Mechanisms of Skin Aging and Age-Related Diseases, 1st ed.; CRC Press: Boca Raton, FL, USA, 2016. [CrossRef]
88. Kang, S. Fitzpatrick’s Dermatology, 9th ed.; McGraw-Hill Education: New York, NY, USA, 2019.
89. Toussaint, O.; Dumont, P.; Dierick, J.-F.; Pascal, T.; Frippiat, C.; Chainiaux, F.; Sluse, F.; Eliaers, F.; Remacle, J. Stress-Induced

Premature Senescence: Essence of Life, Evolution, Stress, and Aging. Ann. N. Y. Acad. Sci. 2010, 908, 85–98. [CrossRef] [PubMed]
90. Serrano, M.; Lin, A.W.; Mccurrach, M.E.; Beach, D.; Lowe, S.W. Oncogenic ras provokes premature pell penescence pssociated

with accumulation of p53 and p16INK4a. Cell 1997, 88, 593–602. [CrossRef]
91. Repetto, G.; del Peso, A.; Zurita, J.L. Neutral red uptake assay for the estimation of cell viability/cytotoxicity. Nat. Protoc. 2008, 3,

1125–1131. [CrossRef]
92. Feoktistova, M.; Geserick, P.; Leverkus, M. Crystal violet assay for determining viability of cultured cells. Cold Spring Harb. Protoc.

2016, 2016, 343–346. [CrossRef]
93. Silasi, G.; Diaz-Heijtz, R.; Besplug, J.; Rodriguez-Juarez, R.; Titov, V.; Kolb, B.; Kovalchuk, O. Selective brain responses to acute

and chronic low-dose X-ray irradiation in males and females. Biochem. Biophys. Res. Commun. 2004, 325, 1223–1235. [CrossRef]
94. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time

quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034. [CrossRef]
95. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;

Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

http://doi.org/10.1038/s42255-021-00483-8
http://www.ncbi.nlm.nih.gov/pubmed/34663974
http://doi.org/10.1201/b21370
http://doi.org/10.1111/j.1749-6632.2000.tb06638.x
http://www.ncbi.nlm.nih.gov/pubmed/10911950
http://doi.org/10.1016/S0092-8674(00)81902-9
http://doi.org/10.1038/nprot.2008.75
http://doi.org/10.1101/pdb.prot087379
http://doi.org/10.1016/j.bbrc.2004.10.166
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.1038/s41598-017-17204-5

	Introduction 
	Results 
	Setup of the Senescence Model System 
	Senescence-Induced Morphological Transition 
	-Galactosidase as a Biomarker for Senescence-Associated Phenotype 
	Senescence-Associated Changes in Nuclear Morphology 
	Senescence-Related Changes to Gene Expression Profiles Are Accompanied by Elevation in the Expression of Cell-Cycle Regulators 
	Senescence-Related Changes in the Expression of Genes and Proteins Involved in Cell Cycle Regulation, Cellular Replication, and Metabolic Responses 
	Aspects of Senescence-Associated Cellular Viability 
	Senescent Fibroblasts Showed Reduced Ability in the Healing Process 

	Discussion 
	Conclusions 
	Materials and Methods 
	Cell Culture and Maintenance 
	Senescence-Associated Phenotype Modelling 
	Three-Step Model of Skin Fibroblast Senescence 
	One-step Hydrogen Peroxide Skin Fibroblast Senescence Model 

	-Galactosidase Analysis 
	Cell Viability/Cytotoxicity 
	The Micro-Culture Tetrazolium Assay (MTT) 
	Neutral Red Stain 
	Crystal Violet Stain 

	Protein Extraction and Quantification 
	Western Immunoblotting 
	RNA Isolation 
	Quantitative Real-Time PCR (RT-qPCR) 
	Wound-Healing Assay 
	Immunocytochemistry 
	QuPath Analysis 
	Statistical Analysis 

	References

