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Introduction: Aging results in an accumulation of damaged cells, which reduces the health of tissues and their regenerative capabilities. In the skin, there are both internal and external drivers of oxidative stress that result in aging phenotypes. Oxidative stress has been used to model senescence in vitro; however, there has been a lack of research determining whether the severity of oxidative stress correlates with senescent phenotypes.
Methods: In this work, we compare cellular and secretory responses to a single (500 μM hydrogen peroxide, 2 hours) or recurring dose of hydrogen peroxide (500 μM hydrogen peroxide, 2 hours + 4 × 300 μM hydrogen peroxide each 48 hours). Senescence induction was studied using markers including cell morphology, senescence-associated-beta-galactosidase, absence of apoptosis, and cell cycle inhibition genes. Next, functional studies of the effects of the signaling of these cells were completed, such as vascular potential, keratinocyte proliferation, and macrophage polarization.
Results: Fibroblasts exposed to both single and recurring oxidative stress had increased total cell and nucleic area, increased senescence-associated-beta-galactosidase (SABGAL) expression, and they were able to escape apoptosis – all characteristics of senescent cells. Additionally, cells exposed to recurring oxidative stress expressed increased levels of cell cycle inhibitor genes and decreased expression of collagen-I, -III, and -IV. Cytokine profiling showed that the single stressed cells had a more inflammatory secretory profile. However, in functional assays, the recurring stressed cells had reduced vascular potential, reduced keratinocyte proliferation, and increased IL-1β gene expression in unpolarized and polarized macrophages.
Discussion: The described protocol allows for the investigation of the direct effects of single and recurring oxidative stress in fibroblasts and their secretory effects on surrounding healthy cells. These results show that recurringly stressed fibroblasts represent a more intense senescent phenotype, which can be used in in vitro aging studies to understand the severity of senescent responses.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Senescent BJ fibroblasts were generated using two methods of oxidative stress exposure: a single dose and a recurring method with multiple doses. The resulting cells were characterized to investigate the cellular and secretory differences between induction methods.
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1 INTRODUCTION
Aging is an inevitable biological process that results in decline at the cellular and molecular level. Hayflick and Moorehead were the first to discover the limited capacity for cellular division after which cells cease normal proliferation and are in an arrested state known as senescence (Hayflick and Moorhead, 1961). In response to cellular damage, healthy cells will undergo senescence as a protective mechanism and there are some instances where senescence is beneficial for tissue growth and healing. For example, researchers have shown that senescent cells contribute to embryonic growth (Muñoz-Espín et al., 2013) and have been shown to be essential in skin wound healing (Demaria et al., 2014) and regeneration (Feng et al., 2019). In a healthy and optimal environment, these senescent cells are cleared by the immune system and are replaced by healthy cells. By contrast, there is an accumulation of senescent cells within aged tissues. These cells have been correlated with age related diseases such as glaucoma (Liton et al., 2005), type II diabetes (Sone and Kagawa, 2005), and osteoarthritis (Jeon et al., 2017). Currently, researchers are investigating methods of the removal of senescent cells that have accumulated with age; however, this removal has shown both positive and negative effects. For example, Grosse et al. demonstrated that complete removal of p16 positive senescent cells resulted in the reregulation of vessel permeability and subsequent fibrosis, while Wang et al. showed that removal of senescent cells restored healthy functions in aged mice (Grosse et al., 2020; T.-W; Wang et al., 2022).
The skin is a large, dynamic, and complex organ that consists of different layers, each with its own population of cell types with varying functions. Fibroblasts are key cells in the skin that facilitate structural protein production and play a pivotal role in wound healing. Since they play in important role in skin homeostasis and healing, fibroblasts are heavily studied regarding their cellular changes in response to senescence and aging (Wlaschek et al., 2021; Zonari et al., 2023; Rebehn et al., 2023; Low et al., 2021). An important challenge to studying senescent cells in vitro is selecting the induction method used to generate them. In addition to replicative methods (i.e., telomere shortening), various types of stressors can be used to induce senescence such as oncogenic activation (Serrano et al., 1997), mitochondrial dysfunction (Wiley et al., 2016), endogenous oxidative stress (Chen and Ames, 1994), and persistent activation of DNA damage (Fagagna et al., 2003), each with their own distinct cellular and secretory phenotypes (Wallis et al., 2022).
As we age, there are increased recurring stressors on the body that cells are accumulatively exposed to. Oxidative stress is particularly interesting for skin studies as oxidative stress is thought to be a pivotal factor in both intrinsic (Stöckl et al., 2006) and extrinsic (Barber et al., 1998) skin aging, including oxidative stress. If senescent cells are not cleared, they are repeatedly exposed to this stress. This suggests that there may be a severity correlation between recurring oxidative stress and senescence severity. By discerning between these senescent cell types and their signaling and roles, we can unlock key understandings in aging and regeneration. Typically, researchers use a single dose of sublethal H2O2 to generate senescent fibroblasts in vitro (Xu et al., 2021; Burnaevskiy, Oshima, and Mendenhall, 2022; Terlecki-Zaniewicz et al., 2019; Facchin et al., 2018; Kiyoshima et al., 2012). However, there is minimal research that investigates the effects of recurring exposure to H2O2 in dermal fibroblasts. Gerasymchuk et al. demonstrated that as a result of chronic oxidative stress, fibroblasts, had increased in SABGAL expression; however, this study did not directly compare single and recurring exposure. (Gerasymchuk et al., 2022). Given this, it is essential to investigate the cellular differences in senescent cells that are generated from single and recurring oxidative stress. Here, we present a recurring H2O2 dosing protocol designed to mimic the intermittent in vivo chronic exposure to oxidative stress, but over an experimentally feasible time frame. These cells were then compared to senescent fibroblasts that were generated using the standard single dose.
In addition to cellular changes, senescent cells have a very distinct secretome aptly known as the senescence-associated secretory phenotype (SASP), that differs depending on cell type and senescence induction method. This SASP often promotes inflammation due to the upregulated pro-inflammatory factors secreted as a response to senescence induction (Coppé et al., 2010; Basisty et al., 2020; Birch and Gil, 2020). Since cellular differences are observed as a result of different senescence induction methods, we investigated if the SASP of the single versus recurring dose oxidative stress induced senescent cells differed. We studied the effect of this SASP on healthy surrounding cells found in skin (e.g., fibroblasts, keratinocytes, vascular cells, macrophages) using conditioned medium experiments in an array of assays.
2 MATERIALS AND METHODS
2.1 Cell culture
BJ fibroblasts (CRL 2522, ATCC) were cultured in Eagle’s Minimum Essential Medium (ATCC, 30–2003), supplemented with 10% FBS (S1620 Biowest) and 1% Penicillin-Streptomycin (PS) (15–140–122, Gibco). Normal human epidermal keratinocytes (nHEKs) were cultured in Keratinocyte Growth Medium 2 (C-20011, PromoCell) supplemented with the provided supplement pack. Human umbilical vein endothelial cells (HUVECs) were cultured in Endothelial Growth Medium 2 (C-22110, PromoCell) supplemented with the provided supplement pack. THP1 monocytes (TIB-202, ATCC) were cultured in Roswell Park Memorial Institute Medium (RPMI) 1,640 (ATCC, 30–2001) and supplemented with 10% FBS, 1% PS and 0.05 mM 2-Mercaptoethanol. All cells were incubated at 37°C and 5% CO2.
2.2 Senescence induction
Fibroblasts were seeded at a density of 2,000–3,200 cells/cm2 depending on the experiment. Passages <12 were used for all experiments. After 48 h, cells in the healthy control group were replenished with fresh media. Both single and recurring groups were washed with PBS and incubated with 500 µM H2O2 diluted in complete media for 2 h. After incubation, cells were washed with PBS and supplemented with fresh media. The single group was allowed to rest for 72 h before conditioned media collection. For the recurring exposure group, 24 h after the initial 500 µM H2O2 dose, the cells were incubated with 300 µM H2O2 for 1 h, washed with PBS, and allowed to rest for 48 h. This process was repeated for a total of four additional pulses after the initial pulse (Figure 1A). 24 h after the last pulse, the conditioned media was collected and used to represent the recurringly stressed group. The culture period for the recurring group was doubled (10 days) to allow sufficient time for repeated doses. Our control and single dose group cultures were stopped at day 5 so that the cells did not become overconfluent.
[image: Figure 1]FIGURE 1 | Single and recurring doses of hydrogen peroxide result in morphological changes. (A) Cells were exposed to either a single 500 µm dose of H2O2 (single group) or recurring doses of 300 µm H2O2 after exposure to the initial 500 µm dose (recurring group). Untreated cells were used as a control. (B) A WGA stain was used to observe cellular morphology (plasma membrane = green, nuclei = blue). Scale bar: 100 µm. (C) The morphological changes due to senescence induction were quantified by measuring the nucleic and total cellular area using ImageJ (n = 3 per group, with a total of 135 cells analyzed per group). The cytoplasmic area was determined by subtracting the total cellular area from the nucleic area from each cell. Compared to untreated cells, the cellular area significantly increased as a result of single and recurring exposure to hydrogen peroxide (p < 0.001 for both groups). Compared to the control, the nucleus of the cell increased in size (single: p = 0.005, recurring: p < 0.001). Furthermore, there was a severity-dependent response in both cellular and nucleic size with the recurring exposure group resulting in larger cells (p < 0.001) and larger nuclei (p < 0.001) compared to the single exposure group. (D) The nucleic to cytoplasmic ratio (N:C ratio) was determined to be reduced in both treated groups (p < 0.001 for both groups). Data was analyzed with a one-way ANOVA test (Tukey’s post hoc test). N = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± standard error mean (SEM).
2.3 Investigating senescence induction
2.3.1 Cellular morphology
To quantify the morphological changes after senescence induction, cells were washed with 1X PBS and fixed with 4% paraformaldehyde for 10 min at RT. The plasma membrane was stained with 5 μg/mL wheat germ agglutinin Alexa Fluor 488 (W11261, Invitrogen) according to manufacturer’s instructions. Cells were then incubated with 2 μg/mL Hoechst 33,258 (H1398, Invitrogen) for 5 min at RT protected from light. Five images were taken per flask, with each biological repeat (n = 3; 15 images per biological repeat) consisting of three technical replicates. the Cytoplasmic area was calculated from subtracting the nucleic area from the total cell area.
2.3.2 Senescence-associated-β-galactosidase (SABGAL)
To evaluate cellular senescence, a β-galactosidase assay was performed using a staining kit (9,860, Cell Signaling) according to the manufacturer’s instructions. Cells were then counter stained with 2 μg/mL Hoechst 33,258 for 5 min at RT protected from light. Image collection and experimental design was completed as per the cellular morphology experiment. The total number of cells were quantified per image using ImageJ and then compared to the number of SABGAL positive cells.
2.3.3 Cellular viability and colony formation in response to senescence induction
To investigate cellular viability, fibroblasts were seeded on a 96 well plate and cultured and oxidatively stressed as previously mentioned. On days 3, 4, 5, 6, 8, 10, and 12, 10 µL of CCK8 reagent (Abcam, Ab228554) was added to each group and incubated for 2 h at 37°C. The cellular supernatant was then collected and analyzed according to manufacturer’s instructions. For colony formation, after senescence induction, cells were lifted using trypsin and replated at 200 cells/well in a six well plate and media was changed every 2–3 days. After 12 days (∼6 cell divisions), cells were washed carefully with PBS and fixed in 4% paraformaldehyde for 10 min at RT. Cells were then washed and stained with 0.5% crystal violet in 25% ethanol (40 min at RT), gently washed as to not disturb colonies and allowed to dry at RT. The colonies were the imaged and counted.
2.3.4 Senescence and extracellular matrix associated gene expression
To assess the genetic changes in response to senescence induction and these changes on potential wound healing, the gene expression of senescence markers (CDKN2A, CDKN1A, and LMNB1) and extracellular matrix proteins (COL1A1, COL3A1, COL4A1) were quantified using RT-qPCR. Briefly, RNA was extracted from senescence induced cells using RNeasy Mini kit (Qiagen) and reverse transcribed into cDNA using High-Capacity cDNA Reverse Transcription kit (Invitrogen) according to manufacturer’s instructions. RT-qPCR was performed using iTaq Universal Probes Supermix (Biorad) on a BioRad CFX96 Real-Time PCR System. All Taqman probes were ordered from Thermo Fisher and the catalog numbers can be found in the Supplementary Material. Relative expression was determined using the ΔΔCt method and normalized to housekeeping gene peptidylprolyl isomerase A (PPIA). See Table 1 for probe information.
2.3.5 Caspase-3 and cleaved caspase-3 expression
For homeostatic caspase expression, a caspase-3 quantification kit (Abcam, ab39401) was used to quantify expression. Cells were either senescence induced, non-treated, or positively treated for apoptosis. As a positive control for caspase-3 expression, 10 µM Raptinal was incubated with healthy fibroblasts for 1 h at 37°C. The total protein concentration was quantified using a bicinchoninic acid (BCA) assay. Equal concentration of protein per condition was placed into a 96 well plate, mixed with caspase-3 reagents, and incubated at 37°C for 2 h. The plate was read on a spectrophotometer at 400 nm. To investigate the activation of the caspase-3 cascade, after senescence induction, cells were either left untreated or incubated with 10 µM Raptinal solution diluted in media for 1 h to promote apoptosis. The cells were than antibody labeled as described in the following section.
2.3.6 Senolytic treatment and analysis
After senescence induction, cells were treated with the senolytics Navitoclax (ABT-263) (Cell Signaling, 79,381; 1–10 µM) or cocktail (D + Q) of Dasatinib (Sigma, SML2589) and Quercetin (Sigma, Q4951). Three varying combinations of low (L) and high (H) concentrations of D + Q were used as follows: LD = 100 nM, LQ = 10 μM, HD = 200 nM, HQ = 20 µM. All working solutions of senolytics were diluted in dimethyl sulfoxide (DMSO), which was included as a vehicle control. After senescence induction, cells were washed and treated with senolytics diluted to their final concentration in complete medium for 24 h. After treatment, cells were washed and SABGAL stained, Hoechst counterstained, and analyzed as detailed in Section 2.1.2.
2.3.7 Immunocytochemistry (ICC)
Antibody staining was used to investigate specific cellular characteristics in response to oxidative stress. After treatment, cells were fixed using 4% paraformaldehyde for 10 min, washed 3 times, then permeabilized using 0.1% Triton-X for 5 min. Non-specific binding was blocked with 5% normal goat serum in PBS for 1 h. Cells were incubated with antibodies (cleaved caspase-3 [1:400], γH2AX [1:400], Ki67 [1:800], Cell Signaling) overnight at 4°C followed by incubation with secondary antibody (2 μg/mL), Alexa 488 (Invitrogen) for 1 h at room temperature. Finally, cells were washed and incubated with 2 μg/mL Hoechst 33,258 to stain nuclei and imaged using an EVOS M5000 microscope.
2.4 Investigating the effects of senescence secretome
2.4.1 Tubule formation and VEGF secretion
To observe in vitro capillary formation, Cultrex Reduced Growth Factor Basement Membrane Extract, Type R1 (R&D Systems) was plated and allowed to solidify at 37°C for 1 h. HUVECs (8 × 104 cells) were resuspended in treatment medium, plated upon the Matrigel, and incubated for 16–18 h. Blank media was used as a negative control with completely supplemented HUVEC media used as a positive control. Tubules were imaged and analyzed using Angiogenesis Analyzer plug-in on ImageJ. To investigate whether angiogenic changes were related to vascular endothelial growth factor (VEGF), senescent cells and controls were lysed, and VEGF was quantified using RT-qPCR. Secretory VEGF expression was quantified in senescent conditioned media using a VEGF ELISA kit (DY293B) according to the manufacturers protocols (R&D Systems).
2.4.2 Cell viability in response to senescent secretome
Fibroblasts (3 × 103 cells) and keratinocytes (3 × 103 cells) were seeded on a 96 well plate and allowed to adhere overnight. Cells were then washed with PBS and serum starved overnight. The cells were then incubated overnight with 100 µL of conditioned media from each group. A CCK8 reagent (Abcam, Ab228554) was used as previously mentioned.
2.4.3 Macrophage polarization
Macrophages were differentiated and polarized as previously described (Sridharan et al., 2019; Santarella et al., 2020; 2022). Briefly, THP-1 monocytes (0.5 × 106 cells) were differentiated to macrophages in media supplemented with 20 ng/mL phorbol 12-myristate 13-acetate (PMA) overnight. Fresh growth media was added after removal of differentiation media and cells were allowed to rest for 6 h. This was followed by the addition of fresh growth medium for unpolarized macrophages (M0), 5 ng/mL interferon-γ (IFN-γ) and 100 ng/mL lipopolysaccharide (LPS) for M1 macrophages, and 20 ng/mL of interleukin-4 (IL-4) and interleukin-13 (IL-13) for M2 macrophages. All cells were incubated in polarization medium for 48 h. The cells were then washed, and treated for 24 h with conditioned medium from control cells, or senescent cells exposed to single or recurring oxidative stress. For secretome protein quantification, the conditioned medium from each macrophage group was collected and IL-1β (DLB50) and CCL13 (DY327) concentrations were quantified using an ELISA (R&D Systems) according to manufacturer’s instructions. For gene expression, RNA was collected, transcribed, and processed as previously mentioned in Section 2.3.3. CD68 was used as a pan-macrophage marker while CD80 and IL-1β and CD206 and CCL13 were used as M1 and M2 macrophage markers, respectively. GAPDH was used a housekeeping gene for all macrophage gene expression experiments (See Supplementary Material for Taqman probe details). For surface marker expression, cells were washed with PBS and incubated with trypsin for 5 min at 37°C. FACS buffer (5% FBS in PBS) was used to neutralize the trypsin. Cells were then incubated for 20 min on ice with 2.5 µg Fc block (564,219, BD Biosciences) to reduce unspecific binding. Cells were then stained with an antibody cocktail of CD68 (12–0689–42, Invitrogen), CD80 (17–0809–42, Invitrogen), and CD206 (53–2069–42, Invitrogen) for 1 h. Flow cytometry was performed within 1 h on an BD DUAL LSRFortessa. Data was analyzed using FlowJo software (FlowJo, LLC).
2.4.4 Cytokine profiler
The conditioned medium was collected from all groups and 36 cytokines were probed using Proteome Profiler Human Cytokine Array Kit, R&D Systems according to the manufacturer’s instructions.
2.4.5 Statistical analysis
All statistical analysis was carried out on Graphpad Prism 10. Graphs express means ± standard error means (SEM). One-way ANOVA and Tukey’s post hoc test was used to compare the significant differences between three or more groups. Results were considered significant if p < 0.05.
3 RESULTS
3.1 Exposure to oxidative stress causes morphological enlargement
Upon exposure to oxidative stress (Figure 1A), there were significant differences in morphology of the fibroblasts quantified by total cellular area, cytoplasmic area, nucleic area, and the ratio of nucleic to cytoplasmic area (N:C). In response to oxidative stress, the cellular area and nucleic area significantly increased in both the single and recurring exposure groups compared to control cells (Figure 1B). When oxidatively stressed groups were compared to each other, both the total cellular area and the nucleic area was significantly larger in the recurring exposure group (Figure 1C). The N:C ratio was substantially lower in both senescent groups when compared to the untreated control (Figure 1D). Additionally, we observed an accumulation of micronuclei in both groups, but there were none observed in the healthy control groups (Supplementary Material).
3.2 The severity of oxidative stress determines senescent phenotype in fibroblasts
In response to the oxidative stress, SABGAL expression was increased in both stressed groups compared to healthy cells (p < 0.001). However, the percent of cells that were expressed was significantly increased in the recurring exposure group compared to cells that were exposed to a single dose of H2O2 (Figures 2A, B). Senescent cells have been shown to cease normal cell cycles and remain in a stagnant, non-proliferating state. We used CCK8 to measure the relative number of viable cells in response to single and recurring exposure to oxidative stress. In the healthy control group and the single exposure group, there was an increase in cellular viability over time, however, with the recurring group, there was no significant difference in cellular viability over time (Figure 2C). This increase in cellular viability can be correlated with cellular growth and overall cellular health. We tested the significance between groups at the final time point and found that there were differences between all three groups (control: p = 0.01, single: p < 0.001, recurring: p = 0.017). To further probe cellular growth cycles, CDKN2A and CDKN1A gene expression were investigated. There was a significant increase in both geneses for cells that were exposed to recurring oxidative stress (Figure 2D). Ki67 is a marker that is used to investigate the proliferative properties of cells. We have observed a decrease in Ki67 expression in both oxidatively stressed groups over time, showing that senescent cells lose their proliferative capacity as a response to oxidative stress (Figure 2E). On day 4, there was a significant decrease in Ki67 expressing cells versus the single dose group, and the percent of proliferating cells in the recurring group was between 0% and 5% up to day 10. Lastly, to verify the loss of growth and proliferative characteristics in senescent cells, we completed a colony formation assay. While control healthy cells formed colonies–confirming their proliferative capacity–there was minimal colony formation in both single stressed senescent cells and no colonies observed in recurringly stressed senescent cells (p < 0.001 vs. control) (Figure 2F).
[image: Figure 2]FIGURE 2 | Single and recurring oxidative stress generates different senescent profiles in fibroblasts. (A) After senescence induction, SABGAL staining was used to determine whether oxidative stress causes senescence in fibroblasts. (B) Cells were counterstained with Hoechst and counted using ImageJ. There was a severity-dependent increase in SABGAL expression, with recurring H2O2 exposure generating the most SABGAL positive cells (79.0% ± 1.53%) (C) After senescence induction, cellular viability was assessed. Over time, cellular viability remained constant in the recurringly stressed group, however, control fibroblasts and single stressed fibroblasts remain viable and continue to grow over time. (D) To investigate cell cycle arrest in senescent cells, RT-qPCR was used to determine CDKN1A and CDKN2A gene expression after senescence induction. The cells exposed to recurring oxidative stress had higher CDKN1A expression (p = 0.005) compared to control, and higher CDKN2A expression compared to cells treated once (p = 0.026). (E) Additionally, in response to oxidative stress, there senescent cells lose their proliferative capacity with a significant decrease in Ki67 positive nuclei in both the single and recurring stress groups. (F) Further, there was a decrease in colony formation after a single oxidative stress while there were no colonies observed in the recurringly stressed cells (p < 0.001 vs. control). (G) After oxidative stress, there was an increasing number of γH2AX positive nuclei. In the stressed groups, the H2AX highest expression occurred on day 3 for the recurring group which is, after the first low oxidative pulse (91.67% ± 4.177%) and on day 4 which is 48 h after the initial induction in the single exposure group (84.67% ± 1.856%). (H) A commonly used senescence marker, lamin B1 (LMNB1) gene expression was quantified; and both groups exposed to H2O2 had reduced expression. (I) Similarly, collagen-I (COL1A1), -III (COL3A1), and IV (COL4A1) gene expression was also measured after senescence induction. In all treated groups, collagen genes were reduced, with COL1A1 being significantly reduced in the recurring versus singly dosed. Data was analyzed with one-way or two-way ANOVA test (Tukey’s post hoc test). n = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± standard error mean (SEM).
Previous research has shown that oxidative stress can cause double stranded DNA breaks and previous research has shown that γH2AX is a robust marker to use when investigating DNA damage. We observed a significant increase in γH2AX expression in both senescent groups compared to the control cells that were not exposed to oxidative stress (Figure 2G). Over time, the recurring oxidative stress results in persistent DNA damage up to day 10 (Supplementary Material). However, there was a decrease in γH2AX expression in the single exposure group, suggesting some recovery in this cell population. As an additional cellular senescence marker, lamin B1 (LMNB1) was also investigated. In both single and recurring exposed cells, there was a decreased expression in lamin B1 (p = 0.002 and p = 0.003, respectively; Figure 2H).
Since collagen is one of the most abundant proteins in the skin, the effect of oxidative stress induced-senescence on collagen genes was measured. There was a significant decrease in COL1A1 expression in both groups that were exposed to oxidative stress when compared to controls (p < 0.005 and p < 0.001, respectively), but notably, the recurring group had a significantly lower expression than the single exposure group (Figure 2I). In response to oxidative stress, there was a decrease in both COL3A1 and COL4A1 gene expression in both senescent groups compared to control fibroblasts (COL3A1: p = 0.037 and p = 0.022, COL4A1: p = 0.004 and p = 0.001, respectfully).
3.3 Senescent cells escape apoptosis, regardless of the severity of oxidative stress
As a final characterization method, the apoptotic exclusion capabilities of the cells were investigated. Initially, the homeostatic expression of caspase-3 was quantified to determine if there were changes in the apoptotic protein in response to oxidative stress. As a positive control for increased caspase-3 expression, healthy cells were incubated with raptinal, which is a small molecule that is used to induce apoptosis (Vernon et al., 2022; Palchaudhuri et al., 2015). Each group of cells had decreased caspase-3 expression compared to the raptinal-treated group. However, there were no differences between the oxidative stress groups (Figures 3A–C). A well-known characteristic of senescent cells is their ability to escape apoptosis, resulting in eventual accumulation of stressed cells (Hu et al., 2022; Deryabin, Shatrova, and Borodkina, 2021). To determine if the apoptosis cascade was active, we observed cleaved caspase-3 expression, which has previously been used to determine whether the apoptosis cascade has been activated, leading cellular death. Since raptinal induces apoptosis in healthy cells, each senescent group was then incubated with raptinal, and cleaved caspase-3 was investigated. In this instance, we expect non-senescent cells to undergo apoptosis and have increased expression of cleaved caspase-3, whereas cells that have escaped apoptosis will not express cleaved caspase-3. We observed no cleaved caspase-3 expression in senescent cells generated from single or recurring oxidative stress when exposed to raptinal. This suggests that these cells can evade apoptosis (Figure 3C).
[image: Figure 3]FIGURE 3 | Senescent cells escape apoptosis regardless of caspase-3 expression. (A) In the presence of an apoptotic stress, caspase three is cleaved, which initiates the apoptotic cascade and leads to cellular death. Senescent cells have previously been characterized to escape apoptosis via various pathways. (B) Fibroblasts exposed to oxidative stress were collected and the homeostatic levels of caspase-3 were quantified. In tandem, 10 µM raptinal was used to induce apoptosis in cells as a positive control. There was a significant increase in caspase three expression in the raptinal group compared to the control and both oxidatively stressed groups. Data was analyzed with one-way ANOVA and Tukey’s post hoc test (n = 3); significance (p < 0.05) is represented with *. Bars represent mean ± SEM. (C) To determine if the senescent cells were able to evade apoptosis, senescent cells were incubated with 10 µm raptinal for 1 h on day 5 in the single dose group and on day 10 in the recurring dose group. Finally, immunofluorescence staining was performed to assess cleaved-caspase-3 expression. Scale bar: 100 µm.
3.4 Navitoclax treatment reduces SABGAL positive cells in vitro
Lastly, we wanted to investigate the effects of senolytics on our generated cells. In the oxidatively-stressed groups, there was a decrease in cell number (not-significant) and after single oxidative stress, 10 µM Navitoclax treatment resulted in a slight downward trend in SABGAL positive cells (p = 0.058). However, in the recurringly stressed group, there was a significant decrease in SABGAL cells regardless of Navitoclax concentration (Figure 4C). Additionally, we tested the cocktail D + Q, which did not demonstrate senolytic efficacy in either the single or recurring stressed cells. (Supplementary Material).
[image: Figure 4]FIGURE 4 | Navitoclax reduces SABGAL positive senescent cells. (A) Healthy (B) Single oxidatively stressed, and (C) recurringly oxidatively stressed fibroblasts were treated with Navitoclax at three concentrations (1, 5, 10 µM) for 24 h. While Navitoclax has no effect on control cells, for the oxidatively-stressed groups, cell number decreased with increasing concentrations of Navitoclax (Cells/Field of View; Cells/FOV). Additionally, there was a downward trend in senescent cells remaining post-Navitoclax treatment (%SABGAL positive cells), which was significant in all treatment groups for the recurring stressed group. Data was analyzed using one-way ANOVA test (Tukey’s post hoc test). n = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± SEM.
3.5 Recurring oxidative stress in fibroblasts results in poor tubule formation
Once the senescent cells were characterized, we wanted to investigate the role that the senescent secretome had on healthy cells using established in vitro wound healing assays. First, the effects on vascularization potential were investigated. HUVECS treated with the conditioned medium (CM) collected from untreated control fibroblasts and single-dose induced senescent cells increased the total tubule length compared to the negative control (p = 0.02 and p = 0.009, respectively; Figures 5A, B). However, there was no difference between the negative control and the recurring oxidative stress group. To investigate the role of VEGF on the angiogenic potential, VEGF gene expression and secreted VEGF concentrations were quantified in untreated and stressed groups (Figures 5C, D). There were no differences in VEGF gene expression or secreted VEGF between each group, suggesting that the lack of tubule formation in the recurring senescence group was not mediated by VEGF.
[image: Figure 5]FIGURE 5 | Senescent cells induced via recurring oxidative stress reduced tubule formation. (A) HUVECs resuspended in conditioned medium from oxidatively stressed cells were seeded on Matrigel to induce tubule formation. The tubules were imaged after 16–18 h. Scale bar: 100 µm. (B) The Angiogenesis Analyzer plug-in in ImageJ was used to quantify total branching length in each group. There was no significant difference between the negative control group and the HUVECS treated with the conditioned medium from recurring dose senescent cells. (C) To investigate changes in VEGF expression after oxidative stress, VEGF gene expression was quantified; no differences between healthy controls and oxidatively induced senescent cells from either group. (D) Additionally, secreted VEGF was quantified in fibroblasts that were oxidatively stressed and there were no changes in VEGF secretion. Data was analyzed with one-way ANOVA test (Tukey’s post hoc test). n = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± SEM.
3.6 Keratinocyte viability was reduced in response to CM from senescent fibroblasts generated using recurring oxidative stress, while fibroblast viability remained unaffected
While senescent cells lose their ability to proliferate, we wanted to investigate their ability to affect the otherwise healthy surrounding cells. In response to CM from senescent groups, there was no change in fibroblast viability (Figure 6A). However, in keratinocytes there was a decrease in all groups exposed to conditioned medium (Figure 6B). Note that the calcium from the fibroblast CM reduces viability of keratinocytes. But the lowest keratinocyte viability was observed in the group exposed to CM from cells exposed to recurring stress when compared with the CM from the single-dose stressed group (p = 0.027).
[image: Figure 6]FIGURE 6 | Conditioned medium from oxidatively stressed fibroblast did not affect fibroblast viability but decreased keratinocyte viability. (A) Healthy fibroblasts and (B) keratinocytes were incubated for 24 h with conditioned medium from healthy controls or cells exposed to either a single or recurring dose of hydrogen peroxide. While there was no effect on fibroblast viability, there was a decrease in keratinocyte activity due to the calcium concentrations in the conditioned medium. Additionally, there was a marked decrease in keratinocyte viability after incubation with the conditioned medium from recurring dose group compared to the single dose group. Significance (p < 0.05) is represented with *. Bars represent mean ± SEM. Data was analyzed with one-way ANOVA test with Tukey’s post hoc test. n = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± SEM.
3.7 Recurring oxidative stress increased IL-1β gene expression but that did not translate to increased protein secretion
We next investigated whether the CM derived from fibroblasts exposed to different levels of oxidative stress would affect macrophage polarization (Figure 7A). When incubated with CM from untreated and oxidatively induced senescent fibroblasts, there was no surface marker changes observed in any group (Supplementary Material). There were also no changes in surface marker (CD68, CD80, CD206) gene expression or CCL13 gene expression (Supplementary Material). However, we did observe a significant increase in IL-1β gene expression in M0, M1, and M2 macrophages when treated with CM from the recurring exposure group (Figure 7B). When IL-1β secretion concentrations were quantified after CM incubation, however, there was no significant differences between any groups (Figure 7C). A cytokine array was used to investigate the secretome of control, single stress, and recurring stress fibroblasts. Interestingly, compared to the control, there was a decrease in secretome diversity after senescence induction in both single and recurring oxidatively stressed groups (Supplementary Material).
[image: Figure 7]FIGURE 7 | Recurring oxidative stress increases IL-1β gene expression. (A) THP-1 monocytes were differentiated into macrophages using 20 ng/mL PMA. Macrophages were either left unpolarized (M0) or polarized into an M1 or M2 phenotype. Lastly, macrophages were incubated with CM from senescent cells generated using a single or recurring H2O2 treatment. (B) IL-1β gene expression was investigated after incubation with control and senescent CM. There was an increase in IL-1β gene expression in all macrophage phenotypes after being treated with CM from the recurring H2O2 treatments. (C) The IL-1β protein concentration was also quantified but there were no differences in secretions per group. Data was analyzed with one-way ANOVA with Tukey’s post hoc test. n = 3 for all groups. Significance (p < 0.05) is represented with *. Bars represent mean ± SEM.
4 DISCUSSION
In this study, we wanted to determine the difference between two different methods of inducing senescence in vitro. Since oxidative stress is a key driver of skin stress, we compared senescent fibroblasts generated from a single dose of H2O2 to those generated from recurring exposure of H2O2. As the role of senescence and age is currently being dissected, this work shows that there is a correlation between increased exposure to oxidative stress and a more dysfunctional senescent phenotype. We observed these differences in measures of senescence in the cells themselves, as well as in the response of other cells found in skin to the conditioned media from these cells.
The fibroblasts exposed to oxidative stress had an increased cellular and nuclear area in response to both single and recurring oxidative stress. We observed that there was a severity-dependent response, however, with the cells that were stressed multiple times having a larger nucleic area and total cell area compared to untreated controls and fibroblasts that were only exposed once to oxidative stress. We also observed that while the cells ballooned in area, the N:C ratio between senescent groups were not statistically different, suggesting that both the cytoplasm and nucleus increase in tandem. Recently, researchers have shown that enlarged and flattened cells have diluted cytoplasmic proteins and are more prone to senescence, resulting in changes to cellular functions (Belhadj et al., 2023; Lanz et al., 2022; Neurohr et al., 2019). Additionally, we observed an increase in micronuclei in the fibroblasts that were treated with H2O2. Under stressed conditions, micronuclei arise from chromosome fragments that are erroneously left out of the nucleus and since cells recognize these micronuclei as foreign, they develop a pro-inflammatory secretory phenotype, commonly seen in senescent cells (Glück et al., 2017; Dou et al., 2017; Krupina, Goginashvili, and Cleveland, 2021).
Since SABGAL is one of the most widely used markers to determine senescence in cells, we wanted to investigate the differences in SABGAL expression between a single dose and recurring doses of H2O2. In addition to morphological changes, we observed an increase in SABGAL expression in our generated senescent cells compared to untreated controls. Furthermore, we observed that fibroblasts exposed to recurring oxidative stress had a higher population of senescent cells (79.0%) when compared to singly dosed cells and untreated controls and (40% and 14%, respectively). Clinically, SABGAL has been used to correlate senescence and pathological conditions. For example, when aortic tissues from healthy and atherosclerotic patents were examined for senescent cells, researchers observed that SABGAL positive endothelial cells overlapped with atherosclerotic plaques in aortic tissues (Vasile et al., 2001). Our work suggests that there can also be a link between severity of oxidative stress exposure and SABGAL expression.
Additionally, we investigated if normal cellular activity was disrupted due to senescence induction. We observed a decrease in cellular viability, decrease in Ki67 expression, and a massive reduction in colony formation capacity as a response to oxidative stress in both senescent groups. Furthermore, we went on to investigate cell cycle inhibitors CDKN2A and CDKN1A. We observed that cells that were recurringly stressed had increased expression of both CDKN2A and CDKN1A, while there was no difference between healthy and acutely stressed fibroblasts. Again, this suggests that there is a severity-dependent correlation between cell cycle arrest and oxidative stress. Previously, researchers have shown that endogenous oxidative stress can lead to an increase in replication stress which can lead to replication errors and tumor formation. As a protective mechanism the replication velocity decreases in response to oxidative stress (Wilhelm et al., 2016). In addition, researchers have shown that oxidative stress can lead to the accumulation of DNA damage (Ogrunc et al., 2014). As a result, we went on to investigate the effect of endogenous oxidative stress on DNA. Our data shows an increase in γH2AX expression in both senescent groups with the single exposure group showing signs of recovery by day 5. This data characterizes both the DNA damage response and cessation of a healthy cell cycle in single and recurringly stressed fibroblasts. Taken together, our data shows that in response to recurring pulses of low oxidative stress, there is a purer population of damaged, non-proliferating cells.
Unfortunately, it is still unclear from the literature whether the more “severe” their phenotype becomes the more dysfunctional they are. While this works’ goal begins to answer this question, further research needs to be conducted to elucidate the relationship between changes in senescence, cellular size, abnormal cell cycles and dysfunctional cells. While the SABGAL staining demonstrates that there are higher percentages of senescent cells in our recurringly exposed cultures, the (normalized) RNA data for CDKN2A and CDKN1A also suggests that these cells are in a state of cell cycle arrest. Thus, our protocol utilizing recurring exposure to oxidative stress produces an overall more intense senescent culture due to individual cell changes as well as numbers of cells that become senescent.
While we have shown that lamin B1 expression decreases in response to oxidative stress, the implications between lamin B1 expression and cellular health are not clear. Researchers have observed that lamin B1 overexpression is correlated with a cell’s inability to repair damaged DNA, resulted in persistent DNA damage, and increased sensitivity to double-strand breaks (Barascu et al., 2012; Etourneaud et al., 2021). Conversely, researchers have also shown that lamin B1 loss can be correlated to DNA damage oncogenic activation, and replicative exhaustion, as seen in replicative-senescent cells (Freund et al., 2012; Wang et al., 2017; Saleh et al., 2022). While we have shown that there is a correlation between senescent markers and lamin B1 expression in our studies, more research needs to be done to parse out the relationship between senescence and lamin B1 expression.
Within the dermis, fibroblasts are the most prominent cells since they are responsible for synthesis and organization of proteins, such as collagen, which provide structural support of the skin. To investigate the role of senescence on collagen production in fibroblasts, we investigated the gene expression of collagen-I (COL1A1), collagen-III (COL3A1), and collagen-IV (COL4A1), which are all important proteins in promoting healthy skin architecture and skin wound healing (Mathew-Steiner et al., 2021). This work has shown that there was a marked decrease in collagen gene expression in both senescent groups, but that there was a senescence severity-dependent response specifically in collagen-I, where there was a significant decrease in the cells generated from recurring oxidative stress compared to the single dose group. The connection between age, senescence, and extracellular matrix have been extensively reviewed (Guvatova et al., 2022; Mavrogonatou et al., 2023). In brief, researchers have determined that there is a link between oxidative stress and ECM health. As aged cells have repeatedly been exposed to oxidative stress the senescent population increases. This then decreases collagen deposition and increases collagen fragmentation, resulting in thin and unsupportive ECM for fibroblasts (Tu and Quan, 2016; Fisher et al., 2009; He et al., 2014). Since collagen-I plays an important role in skin wound healing, this is consistent with the idea that recurring oxidative stress and the resulting senescent cells can hinder wound healing in vivo.
As a method of survival, senescent cells develop the machinery to escape apoptosis. Caspase-3 is an important apoptotic protein that, when activated, promotes a pathway to programmed cell death. We set out to investigate the homeostatic expression of caspase-3 in single and recurringly stressed fibroblasts. We determined that there were no differences in homeostatic caspase-3 expression in both senescent groups compared to healthy fibroblasts. To further investigate the ability of senescent fibroblasts to escape apoptosis, we incubated cells with the chemotherapeutic raptinal to promote apoptosis. Both groups of senescent fibroblasts were resistant to apoptosis and there was no expression of cleaved caspase-3, showing there was no activation of the apoptotic pathway. The state of literature on the role of caspase-3 in senescence is contradictory due to the multiple methods of senescence induction explored (Marcotte, Lacelle, and Wang, 2004; Ogata et al., 2021; Ohshima, 2004). Even though the direct relationship between caspase-3 and apoptosis in senescent cells is inconclusive, our data shows that oxidatively stressed fibroblasts can escape apoptosis and reside in the microenvironment.
Currently, senolytics are being investigated for the selective removal of senescent cells both in vitro and in vivo (Rad and Grillari, 2024; Takaya and Kishi, 2024; Zhu et al., 2016; Islam et al., 2023) with promising results. To further characterize our generated senescent cells, we investigated the effects of two senolytic treatments, Navitoclax and a D + Q cocktail. As expected, there was a decrease in SABGAL positive cells after treatment with Navitoclax, which works by blocking senescent cells ability to inhibit apoptosis and triggers cell death (Czabotar et al., 2014). We also observed that the recurringly stressed cells were more sensitive to lower concentrations of the treatment compared to the single stressed cells. By contrast, for D + Q we observed the same effect in both the single and recurringly stressed cells–a slight increase in SABGAL positive cells after treatment. Consistent with this observation, a temporary increase in SABGAL in response to D + Q has previously been observed in vascular smooth muscle cells attributed to cellular stress during treatment. (Gadecka et al., 2025).
Senescent cells have a distinct secretome that differs from healthy cells and the SASP is heavily dependent on the cell type and senescence induction method. Thus, we investigated the secretory changes of the resulting senescent cells and the effects they could have on healthy surrounding cells. After being treated with CM from recurringly stressed fibroblasts, there was a decrease in HUVEC tubule formation. Promoting healthy vasculature is critical in skin wound healing and for overall tissue health. This data suggests there is crosstalk between senescent fibroblasts and vascular cells; however, we have not identified any previous research reporting this, motivating further investigation of this novel finding. In fibroblasts, there was no effect of the SASP; yet, there was a decrease in keratinocyte viability in response to recurringly stressed CM compared to single dose group. This suggests that senescent fibroblasts in the dermis can release factors that reduce the health and function of keratinocytes in the epidermis, which in turn can affect tissue functionality and re-epithelialization–a critical component of wound healing.
Lastly, we wanted to investigate the role of SASPs on macrophages, which play a pivotal role in skin wound healing. When macrophages were incubated with the CM from recurringly stressed fibroblasts, there was an increase in IL-1β gene expression in all macrophage phenotypes compared to healthy fibroblasts. Further, in M0 and M2 macrophages, we observed a oxidative stress severity-dependent response in which cells treated with the recurring group CM also had increased IL-1β gene expression compared to CM from singly stressed fibroblasts. Despite this, there was no difference in IL-1β protein secretion in macrophages as measured by ELISA, alluding to the lack of translation of these genes. Researchers have shown that IL-1β is commonly increased in the SASP of senescent cells regardless of cell type, promoting their pro-inflammatory phenotype (Liu et al., 2021; Lupa et al., 2015; Nakamura et al., 2021; Victorelli et al., 2023). However, we did not observe an increase in secreted IL-1β from macrophages treated with either senescent SASPs. To further probe the secretome from the fibroblasts for pro-inflammatory cytokines, we investigated an additional 35 cytokines and observed an overall increase in pro-inflammatory SASP in the single oxidative stress group compared to the recurringly stressed group and control (Supplementary Material). Researchers have previously shown that the SASP from senescent cells acts as a chemoattractant to recruit immune cells for eventual clearance (Kale et al., 2020; Burton and Alexandra, 2018). Since the fibroblasts that were exposed to a single dose of hydrogen peroxide showed increased pro-inflammatory cytokine expression, we can assume that these cells have the potential to be cleared from the body. While we anticipated a higher immune response in the recurring group, there may be other aspects of their signaling that play a role in inflammation. Macrophages have been identified as key contributors to inflammaging, with senescent-associated macrophages (SAMs) increasing with age (Hall et al., 2016). While these SAMs were identified in vivo in response to the SASP, the exact elements of the SASP that triggered the macrophages is still under investigation (Hall et al., 2016). Here, we show that the induction method used yields different secretory profiles, but further studies are required to explore the total composition of the SASPs to elucidate the overall nature of SASP differences and the ultimate biological role in vivo. Lastly, we would like to acknowledge that there are many methods of generating macrophages from THP-1 monocytes and researchers are working to illuminate the correlations between differentiation and polarization methods and the resulting macrophage phenotype (Starr et al., 2018; Lund et al., 2016). While we have not observed differences in macrophage surface marker expression in response to our generated SASP, other induction methods may generate different results.
Our research has shown that in most circumstances we tested, the secretome of senescent cells generated using one dose of H2O2 behaved similarly to healthy fibroblasts. This suggests that as fibroblasts are introduced to long-term, recurring stress, they become more indicative of aged, unhealthy cells. While we incubated healthy cells with CM from senescent fibroblasts, this method is not indicative of the complete complexity of skin and the multiple cell types within. More complex systems should be implemented to investigate the complex relationship between senescent fibroblasts and surrounding cell types in vivo. Additionally, while we have focused on healthy fibroblasts and skin wound healing in this study, researchers have shown that oncogenic induction also causes an increase in cellular oxidation (Ogrunc et al., 2014). This stress can be correlated with DNA damage and senescence and fibroblasts are abundant in many tumors suggesting that this work also has implications in cancer biology.
5 CONCLUSION
While there are many ways of inducing senescence in vitro (H2O2 mediated oxidative stress, oncogenic induction, telomere shortening via replicative exhaustion, etc.), this work shows that that the exposure levels of oxidative stress dictates the resulting cellular and secretory characteristics of the generated cells. In particular, the fibroblasts that received a single 500 µM dose of H2O2 behaved similarly to the healthy control, whereas they differed from the cells that were exposed to recurring stress. We have also observed that the severity of oxidative stress correlates with the response that healthy cells have to the secretome generated by the senescent cells. This relatively short method of inducing senescence in cells, which does not require passaging or extended treatments, can now be used to assess and mimic aging and senescence within in vitro studies and can be readily adapted for other cell types and applications.
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