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Editorial on the Research Topic 
Insights in molecular mechanisms of aging 2022


We are delighted to announce the successful completion and publication of our second special volume, “Insights in Molecular Mechanisms of Aging 2022,” in Frontiers of Aging-Molecular Mechanisms of Aging. We hope that the articles contained within this volume will provide valuable insights into the molecular mechanisms of aging and contribute to the advancement of this field.
We, Dr. Consuelo Borras (University of Valencia, Valencia, Spain) and Dr. Marco Brotto (Bone-Muscle Research Center, University of Texas at Arlington, Arlington, United States) successfully launched this series in 2021 with 5 articles, and 21 authors, reaching 3,900 downloads and 14,000 views.
We just completed the 2022 volume in September of 2023 with 9 articles and 56 authors and we already have 4,154 downloads and over 16,000 views. These numbers offer a glimpse of the great interest in the fast-growing field of the molecular mechanisms of aging.
In chronological order of publication, the following publications have been included in this volume.
Inokuchi et al. contributed with the brief research report “Age-Dependent Decline in Salinity Tolerance in a Euryhaline Fish”. These authors addressed the important Research Topic of Euryhaline teleost fish are characterized by their ability to tolerate a wide range of environmental salinities by modifying the function of osmoregulatory cells and tissues, and how aging alters such capacity. They focused their studies on the Mozambique tilapia, Oreochromis mossambicus. The authors reported that multiple aspects of osmotic homeostasis, from osmoreception to hormonal and environmental control of osmoregulation, declined in older fish. This decline appears to undermine the ability of older fish to survive and transfer to hyperosmotic environments. As the planet’s climate changes and the acidity, temperature, and salinity of bodies of water change, these studies could also have an important socio-economic impact.
Noh et al. contributed with an original research paper “G-quadruplexes Stabilization Upregulates CCN1 and Accelerates Aging in Cultured Cerebral Endothelial Cells”. The premise of these studies was that senescence in the cerebral endothelium has been proposed as a mechanism that can drive dysfunction of the cerebral vasculature, which precedes vascular dementia. Cysteine-rich angiogenic inducer 61 (Cyr61/CCN1) is a matricellular protein secreted by cerebral endothelial cells (CEC). While CCN1 induces senescence in fibroblasts, whether CCN1 contributes to senescence in CEC and how this is regulated was the main goal of their study. Furthermore, they aimed to demonstrate the role of four-stranded Guanine-quadruplexes (G4s) in G-rich motifs of DNA and RNA, since they had previously shown that aging associates with the formation of these complexes. They demonstrated that CCN1 can induce senescence in cultured primary CEC, and provided evidence that G4 stabilization is a novel mechanism regulating the senescence-associated senescence-phenotype component CCN1.
Guzman et al. contributed with an original research article “Removal of p161INK4 Expressing Cells in Late Life has Moderate Beneficial Effects on Skeletal Muscle Function in Male Mice”. In this paper, the authors introduced an important rationale for the studies based on the concept that aging results in the progressive accumulation of senescent cells in tissues that display loss of proliferative capacity and acquire a senescence-associated secretory phenotype (SASP). Based on other findings mostly from in vitro cell work the tumor suppressor, p16INK4A, which slows the progression of the cell cycle, is highly expressed in most senescent cells and the removal of p16-expressing cells is beneficial to tissue health; these authors proposed that global p16INK4A ablation could have beneficial effects at the whole organismal level at later stages of life. They tested their hypothesis in a model at 20–26 months of age. At 26 months of age, in the mice with the ablation, they found a substantial increase in hind-limb muscle mass and a reduction in inflammatory cytokines. Intriguingly, these beneficial effects were restricted to male mice. These are important studies as they might offer new previously untested therapeutics for sarcopenia. In addition, these studies stress the fundamental importance of scientific studies to address sex differences as a major biological variable.
Inci et al. contributed with a review article “Translation of Cellular Senescence to Novel Therapeutics: Insights from Alternative Tools and Models”. The review focused on cellular senescence and senotherapeutic drugs. The review provided a very clear, objective, and concise summary of the molecular mechanisms of cellular senescence (CS) and its role, particularly in the development of cardiovascular diseases (CVD). In the second part of the review, the authors presented a series of research tools including the nonhuman and human models as well as computational techniques for the discovery of novel therapies for CS. In the third part of the review, senotherapeutic approaches that are mainly classified as senolytics and senomorphics were discussed. The article highlighted that although some of these drugs were only discovered 10 years ago, they have already moved to clinical trials, which shows their promise to human health.
Salnikov et al. published a very original research article entitled “The RNA-seq data analysis shows how ontogenesis defines aging.” First, the paper presented a global statistical analysis of the RNA-Seq results of the entire Mus musculus genome (35,630 genes). The probabilistic hypothesis proposed by the authors for aging was quite intriguing. Aging is a gradual redistribution of limited resources between two major organismal tasks: a) self-sustenance, which depends on the function of the housekeeping gene group (HG), and b) functional differentiation provided by the integrative gene group (IntG). From the 35,630 analyzed, 5,101 belong to the HG group, and 30,529 to the IntG group, and their level of expression had a high level of statistical differences. As the mice matured and reached maturity, the authors detected a shift in the expression levels of the HG group in contrast to the IntG, which provided initial support to their hypothesis. They are now extending their studies to the entire lifespan of the mice. This paper could have a major implication for future aging studies in mice, and this ratio of HG/IntG could perhaps serve as a normalization factor in aging studies or as a biomarker of aging.
Traa et al. published the brief research report “Endosomal trafficking protein TBC-2 is required for the longevity of long-lived mitochondrial mutants”, which focused on the effect of disrupting tbc-2 on lifespan and stress resistance in the long-lived mitochondrial mutants nuo-6 and isp-1 in Caenorhabditis elegans. The authors argued that since previous studies have shown that the increase in lifespan is dependent on stress-responsive transcription such as DAF-16/FOXO, and the localization of DAF-16 within the cell is dependent on the endosomal trafficking protein TBC-2, it was, therefore, important to determine the role of TBC-2 in this process of life span extension. These authors reported that genetic ablation of tbc-2 markedly reduced the long lifespans of both mitochondrial mutants, and decreased resistance to chronic oxidative stress in nuo-6 and isp-1 mutants but had little or no detrimental effect on resistance to other stressors. They concluded that their data showed the importance of tbc-2 and endosomal trafficking, while perhaps not accounting for all the effects of the mutation. This study is very important as a model system as well as it utilized the worm Caenorhabditis elegans. One interesting possibility is that the response of other stressors that had no effect in the mutants lacking tbc-2 does not require large sources of energy from mitochondria.
Chaillou and Montiel-Rojas published a mini-review “Does the blunted stimulation of skeletal muscle protein synthesis by aging in response to mechanical load result from impaired ribosome biogenesis”? The authors first reminded readers of the crucial roles of skeletal muscles in a host of organismal functions, including metabolic ones. They also pointed out that age-related loss of skeletal muscle mass leads to a reduction of strength, which might develop due to inadequate stimulation of muscle protein synthesis in response to anabolic stimuli (i.e., mechanical load). Their article put forth the hypothesis that ribosome biogenesis is impaired by aging in response to mechanical load, which could contribute to age-related anabolic resistance and progressive muscle atrophy. Authors objectively introduced skeletal muscles, then provided an outstanding overview of the regulation of ribosome biogenesis (see Figure 1 of their paper), next summarized information on ribosomal biogenesis in aged skeletal muscle in response to mechanical load, and finally moved to human studies. They offer a very important overall conclusion that aging appears to impair muscle hypertrophic response to mechanical load in both animals and humans. This impairment in response to load is associated with a deficit in long-term muscle protein synthesis and a blunted increase in RNA concentration. They also concluded that a major contributing factor to these changes with aging is blunted ribosomal biogenesis. This mini-review provides useful information for the aging/sarcopenia and muscle wasting field. It will be important to explore ribosomal-related signaling pathways as possible therapeutics for muscle wasting and weakness in humans.
In the paper entitled “Genetic deletion of KvB2 (AKR6) causes loss of muscle function and increased inflammation in mice” by Manickam et al., the authors investigated the function of the Kvβ2 channel in the regulation of skeletal muscle function during aging by using a mouse model lacking the Kvβ2 channel. They reported a significant reduction in hindlimb skeletal muscle mass and body weight in young Kvβ2 KO mice, which was also significantly reduced in old Kvβ2 KO mice compared with age-matched WT mice. They also found changes in muscle fiber size and distribution. They implemented RNA-seq analysis of gastrocnemius muscles. They found significant increases in genes involved in skeletal muscle development, proliferation and cell fate determination, atrophy, energy metabolism, muscle plasticity, inflammation, and a decrease in circadian core clock genes in young Kvβ2 KO vs. WT mice. These findings bring attention to the important Research Topic of tissue crosstalk. The Kvβ2 channels were thought to be important in cardiac muscle and in this paper, the deletion of Kvβ2 leads to decreased muscle strength and increased inflammation. Since mutations in this channel have been associated with rare cardiac and neuronal diseases, it will be very important to also consider the effects on muscles in these diseases. It will be exciting to see if these studies will also lead to new therapeutic leads.
Awad et al., with their paper entitled “Revolutionizing bone regeneration: advanced biomaterials for healing compromised bone defects”. In this review, the authors explored the application of novel biomaterials in craniofacial bone defects with a focus on the aging population. They highlighted that a significant portion of individuals affected by traumatic bone defects in the craniofacial area belong to the aging population. They emphasized the urgent need for innovative biomaterials to address the declining rate of new bone formation associated with age-related changes in the skeletal system. This article comprehensively reviewed the burden and complexity of craniomaxillofacial injuries, the intensive inflammation and elevated oxidative stress associated with aging, the need for antioxidants for bone healing, and current biomaterials and tissue engineering treatment strategies. The authors focused on autografts, allografts, xenografts, and fixative metal-implants and their bioactive coatings.
Further, the review covered the ceramic, polymers, and nano-composite resorbable materials used in bone regeneration. The authors also explored the use of novel semiconductor bioactive coatings as a superior solution for titanium implant surface modification. Overall, this review indicated that the use of improved methods of manufacture and materials with intrinsic properties or the release of small molecules or drugs to target aging mechanisms to regulate cellular aging will be key to improving the outcome for patients and meeting the burden of care.
In summary, this volume sheds light on the progress and challenges in the molecular mechanisms of the aging field and we hope it will inspire students, fellows, and scientists in the aging area of research in years to come.
We congratulate all 56 authors who contributed to this successful volume.
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Euryhaline teleost fish are characterized by their ability to tolerate a wide range of environmental salinities by modifying the function of osmoregulatory cells and tissues. In this study, we experimentally addressed the age-related decline in the sensitivity of osmoregulatory transcripts associated with a transfer from fresh water (FW) to seawater (SW) in the euryhaline teleost, Mozambique tilapia, Oreochromis mossambicus. The survival rates of tilapia transferred from FW to SW were inversely related with age, indicating that older fish require a longer acclimation period during a salinity challenge. The relative expression of Na+/K+/2Cl− cotransporter 1a (nkcc1a), which plays an important role in hyposmoregulation, was significantly upregulated in younger fish after SW transfer, indicating a clear effect of age in the sensitivity of branchial ionocytes. Prolactin (Prl), a hyperosmoregulatory hormone in O. mossambicus, is released in direct response to a fall in extracellular osmolality. Prl cells of 4-month-old tilapia were sensitive to hyposmotic stimuli, while those of >24-month-old fish did not respond. Moreover, the responsiveness of branchial ionocytes to Prl was more robust in younger fish. Taken together, multiple aspects of osmotic homeostasis, from osmoreception to hormonal and environmental control of osmoregulation, declined in older fish. This decline appears to undermine the ability of older fish to survive transfer to hyperosmotic environments.
Keywords: osmoregulation, osmoreception, fish, age, survival, salinity tolerance, gill, prolactin

INTRODUCTION
The maintenance of body fluid osmolality and cellular sensitivity to osmotic and endocrine stimuli are fundamental components of homeostasis that become compromised with age in vertebrates. Osmoreception, the first step in osmoregulation, involves the integration between cellular mediators of osmotic changes, and effectors, typically hormones, capable of acting systemically to restore salt and water balance (Grau et al., 1994; Bourque and Oliet, 1997; Seale et al., 2012b). Osmoregulation, in turn, depends on a balance between the intake and output of ions and water. In humans, aging is often characterized by reduced homeostatic capacity, and disturbances in sodium and water balance (Rolls and Phillips, 1990; Pomatto and Davies, 2017). A number of studies have shown age-related differences in thirst, hypothalamic cellular sensitivity, and osmoregulatory endocrine responses, especially those related to vasopressin release (Robertson and Rowe, 1980; Baylis, 1987; Mack et al., 1994; Lee et al., 1998; Thunhorst et al., 2010; Thunhorst et al., 2011). Dehydration with aging has been attributed to a loss in the ability to concentrate urine (O'Neill and McLean, 1992; Dmitrieva and Burg, 2011) and to a decrease in thirst (Kenney and Chiu, 2001). Furthermore, cellular senescence in osmoregulatory tissues, such as the kidney, is accelerated due to high interstitial NaCl concentration and contributes to the aging-related impairment of salt and water balance (Dmitrieva and Burg, 2007). While some studies have employed fish models to examine how senescence may relate to loss in osmoregulatory capability (Jeffries et al., 2011), little is known on the effects of age on the physiological mechanisms underlying the capacity of organisms to face salinity challenges. While terrestrial vertebrates are constantly exposed to the threat of dehydration due to high respiratory water loss, fishes are more vulnerable to osmotic changes because their body fluids are only separated from water of varying salinities by the thin respiratory epithelia of the gills (Takei et al., 2014). In teleost fish, the gill is considered to be a primary site for monovalent ion regulation, a function that is performed by the kidney in mammals (Evans et al., 2005). To the extent that both organs share many of the molecular mediators of ion transport, studies addressing age-dependent osmoregulatory responses of the gill may provide insight into similar mechanisms in humans. Model organisms with compact life spans that live in direct contact with aquatic environments and possess the physiological capacity to tolerate changes in salinity offer unique access for investigating the effects of aging on the endocrine and environmental control of osmoregulation.
Euryhaline teleost fish such as Mozambique tilapia, Oreochromis mossambicus, possess the capacity to tolerate a wide range of salinities. Mozambique tilapia have evolved in continually changing environments that are characterized by tidal changes in salinity spanning fresh water (FW) and seawater (SW) and are able to modify the function of the cells and tissues that regulate salt and water balance (Inokuchi et al., 2015; Moorman et al., 2014; Seale et al., 2019). Prolactin (Prl) is responsible for a variety of physiological actions in vertebrates including fish, amphibians, reptiles, and mammals (Bern and Nicoll, 1968). In fish, the osmoregulatory function of Prl is well established. Without the pituitary gland, euryhaline fish will not survive in FW unless it has received Prl replacement therapy (Pickford and Phillips, 1959; Dharmamba et al., 1967), a seminal finding that led to the continued characterization of the Prl cell as a model osmoreceptor (Grau and Helms, 1990; Seale et al., 2006; Seale et al., 2020). Prl secretion from the tilapia pituitary responds directly to the extracellular osmolality which it regulates (Grau et al., 1981; Seale et al., 2002). Once released into circulation, Prl acts on a number of osmoregulatory epithelia, such as the kidney, intestine, and gills, to promote ion uptake (Breves et al., 2011; Seale et al., 2014). In peripheral tissues, Prl’s actions are largely mediated through the regulation of genes involved in the transport of water and ions, including the Na+/Cl− cotransporter (Ncc), Na+/K+/2Cl− cotransporter (Nkcc), and Na+/K+-ATPase (Nka) (Breves et al., 2010; Tipsmark et al., 2011; Inokuchi et al., 2015). In gill, the genes encoding these effectors of osmoregulation are also directly regulated by changes in extracellular osmolality (Inokuchi et al., 2015). Inasmuch as osmoregulation is affected by age, we hypothesized that the ability of fish to survive a direct transfer from FW to SW environment decreases in older animals due to the attenuation of their responsiveness to osmotic and endocrine stimuli. Specifically, we addressed whether there is a difference in the osmotic sensitivity of Prl cells and the osmoregulatory response of gills to Prl between young and old fish.
MATERIALS AND METHODS
Experimental Animals
Mozambique tilapia yolk sac fry were collected from broodstock tanks maintained in FW at the Hawaii Institute of Marine Biology (Kaneohe, HI). The fry were kept in 75-l glass aquaria supplied with circulating FW until yolk sac absorption was complete. The fry were then combined into one 75-L aquarium containing FW. Water temperature was maintained at 25 ± 1°C in all tanks. The fish were exposed to a 12L:12D cycle. Fish were fed crushed Silver Cup trout chow (Nelson and Sons, Murray, UT) ad libitum daily, except during both experimental trials, when they were fasted. Prior to survival trials, fish were transferred to outdoor tanks (700 l) with a continuous flow of FW at 25 ± 1°C under a natural photoperiod. Tilapia, aged 1, 4, 6, and more than 24 (>24) months (mo), were used for transfer experiments. All experiments were conducted according to the principles and procedures approved by the Institutional Animal Care and Use Committee, University of Hawaii.
Direct Transfer Experiment
Twenty Mozambique tilapia of each age were kept in four separate tanks containing FW. The approximate average weight of 1-, 4-, 6-, and >24-mo-old fish were 1.0 ± 0.1, 7.5 ± 0.4, 26.4 ± 1.3, and 278.3 ± 22.1 g, respectively. At the onset of the experiment, the FW source was shut off and SW (34 ppt) was added to the tanks, such that fish were fully transitioned to full-strength SW by 1 h. Tanks were checked every 30 min over the following 24 h to monitor survival.
Rate of Transfer Experiment
Forty Mozambique tilapia of each age were kept separately in four tanks containing FW. Three FW tanks were switched to SW by adding full-strength SW at different flow rates, taking 1, 3, and 12 h for complete salinity transfers. Survival was monitored for 24 h following SW transfer by checking the tanks every 2 h.
Effects of Salinity on Branchial Gene Expression
FW-acclimated fish (mixed sex), aged 4 mo and >24 mo, were transitioned to SW over a 12-h period. Control fish were kept in FW for the duration of the experiment. From each of the four experimental tanks, the gill arches of 10 fish were sampled at the end of the 24 h period following completion of transfer.
Dispersed Prolactin Cell Incubations
To examine the effects of age on tilapia Prl cell osmosensitivity, we compared hyposmotically-induced Prl release from dispersed Prl cells of FW-acclimated tilapia, aged 4 mo (8.9 ± 0.6 g, n = 10), and >24 mo (307.9 ± 22.6 g, n = 24), as previously described (Seale et al., 2012a; Yamaguchi et al., 2018). Briefly, after removal of pituitaries from adult tilapia, rostral pars distalis (RPD) were dissected and pooled in PBS (330 mOsm/kg), diced into pieces, and treated with 0.125% trypsin (Sigma, St. Louis, MO) in PBS. After terminating the trypsin treatment by the addition of trypsin inhibitor (0.125% w/v in PBS; Sigma), the cells were harvested and cell viability was determined using the trypan blue (Sigma) exclusion test. Cell yield was estimated using a hemocytometer. The cells were then resuspended in 355 mOsm/kg incubation medium, plated on 96-well plates at the density of 16,000 cells/well, and incubated at 26°C under saturated humidity. The cells were preincubated for 1 h in 355 mOsm/kg medium prior to incubation in hyperosmotic (355 mOsm/kg) and hyposmotic (300 mOsm/kg) media. The media samples were collected by 1 h of incubation and stored at −20°C, prior to analysis by radioimmunoassay.
Effects of Prolactin on Cultured Gill Filaments
To identify direct effects of Prl on branchial gene transcript levels, we cultured filaments from the second and third gill arches of male and female FW-acclimated tilapia, aged 4 mo (10 and 12 g) and >24 mo (598 and 377 g), following Watanabe et al. (2016). Excised gill arches were first washed in sterilized balanced salt solution (BSS: NaCl 120 mmol/l; KCl 4.0 mmol/l; MgSO4 0.8 mmol/l; MgCl2 1.0 mmol/l; NaHCO3 2.0 mmol/l; KH2PO4 0.4 mmol/l; Na2HPO4 1.3 mmol/l; CaCl2 2.1 mmol/l; and Hepes 10 mmol/l; pH 7.4) and then incubated in 0.025% KMnO4 for 1 min. After a second wash in BSS, gill filaments of >24-mo-old fish were cut in half to minimize the effect of size. In a preliminary experiment, we confirmed that there were no differences in the expression of target genes between whole gill filaments and those cut by half (data not shown). Individual gill filaments were then cut sagittally under a dissecting microscope, and placed in 24-well plates (Becton, Dickinson and Company, Franklin Lake, NJ) containing Leibovitz’s L-15 culture medium (Gibco–Thermo Fisher Scientific, Waltham, MA). The culture medium was supplemented with 5.99 mg/l penicillin and 100 mg/l streptomycin (Sigma), adjusted to 330 mOsm/kg, and sterilized with a 0.2-μm filter. Two gill filaments were placed in each well, which contained 500 μl culture medium supplemented with 0, 1, and 5 μg/ml of ovine Prl (Sigma) (n = 4 for 4-mo-old fish and n = 8 for >24-mo-old fish). After overnight incubation (18 h) at 26°C, gill filaments were frozen in liquid nitrogen and stored at −80°C prior to RNA extraction and gene expression analyses.
RNA Extraction and Real-Time Quantitative PCR
For each sample, total RNA was extracted using Tri-Reagent (Molecular Research Center, Cincinnati, OH), and then reverse transcribed using a cDNA Reverse Transcription Kit (Applied Biosystems–Thermo Fisher Scientific), according to the manufacturers’ protocols. The quantitative real-time PCRs (qRT-PCRs) were set up as previously described (Moorman et al., 2014; Inokuchi et al., 2015). Briefly, 200 nmol/l of each primer, 1 μl cDNA, and 7.5 μl of SYBR Green PCR Master Mix (Applied Biosystems) were added to a 15-μl final reaction volume. The following cycling conditions were employed for all assays: 2 min at 50°C, 10 min at 95°C followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min using the StepOnePlus Real-Time PCR System (Applied Biosystems). The cycle threshold (Ct) values, mRNA levels of reference, and target genes were determined by the relative quantification method, as specified by StepOne Software v 2.0 (Applied Biosystems). Standard curves were generated from five-fold serial dilutions of cDNA transcribed from gill mRNA samples. The expression levels of target genes were normalized to EF1α mRNA levels. Data are expressed as fold-change from FW values of 4-mo-old fish. The primers used are shown in Table 1.
TABLE 1 | Primer sets used in real-time qPCR.
[image: Table displaying gene names, GenBank accession numbers, primer sequences for forward and reverse directions, and efficiency percentages for NKAα1a, NKCC1a, NCC2, and EF1α, with values ranging from 84.6 percent to 114.2 percent.]Radioimmunoassays
Prl188 levels in Prl cell culture medium was measured by homologous RIA as previously described (Ayson et al., 1993; Yada et al., 1994; Yamaguchi et al., 2016), using a primary antibody (antiserum) raised in rabbit against Prl188 (anti-tPrl188), and a secondary antibody raised in goat against rabbit IgG (anti-rabbit IgG; Sigma).
Statistical Analysis
Gene expression of effectors of ion transport from transfer experiments, reported as a fold-change from FW 4-mo-old groups, were analyzed by two-way ANOVA with age and salinity as main effects. Significant (p < 0.05) main and interaction effects were followed up with protected Fisher’s LSD. Prl188 release from cells incubated in hyposmotic media were expressed as fold-change relative to release from Prl cells incubated in hyperosmotic media, and analyzed by an unpaired t test at each age. The effects of age on branchial mRNA expression in response to oPrl were reported as a fold-change from controls (no added oPrl), and analyzed by two-way ANOVA with age and oPrl treatment as main effects. Significant (p < 0.05) main effects of treatment and age were followed up by a Dunnett’s test and a t test, respectively. Data are expressed as mean ± SEM. All statistical analyses were performed using GraphPad Prism 6 (GraphPad, San Diego, CA).
RESULTS
Effect of Age on Survival Following Salinity Transfer
There were no survivors aged >24 mo by 9.5 h following transfer from FW to SW. On the other hand, 15, 55, and 100% of 6-, 4-, and 1-mo-old fish, respectively, survived the salinity transfer by 24 h (Figure 1A). In a separate trial, when 4-mo-old tilapia were transferred from FW to SW over a 1-, 3-, and 12-h period, 0, 70, and 100% of the fish survived by 24 h, respectively (Figure 1B). By contrast, the survival rates of fish aged >24 mo transferred from FW to SW over a 1-, 3-, and 12-h period were 10, 20, and 90% by 24 h, respectively (Figure 1C).
[image: Survival curves in three line graphs display percentage survival over time. Panel A compares fish of four ages, showing younger fish have lower survival after salinity transfer. Panels B and C compare survival following different durations of freshwater to seawater transfer in four-month-old and greater than twenty-four-month-old fish, respectively. Each symbol represents a treatment group, with older fish displaying greater survival in seawater transition experiments.]FIGURE 1 | (A) Effects of age on percent survival of tilapia transferred from FW to SW (n = 20). Adult tilapia aged 4 months (B) or >24 months (C) were then kept in FW (filled circles) or transitioned from FW to SW over a 1-h (open squares), 3-h (filled triangles), and 12-h (open diamonds) period (n = 10).
Effects of Age on Salinity-Dependent Branchial Gene Expression of Ion Transporters and Pumps
A two-way ANOVA revealed significant effects of salinity and age on the expression of all genes. Significant interactions were found in the expression of ncc2 and nkaα1a but not in nkcc1a. The ncc2 expression levels of tilapia aged 4 and >24 mo were markedly decreased by 24 h of transfer from FW to SW. While there was no significant difference between ages in fish acclimated to SW, ncc2 expression was higher in fish aged 4 mo than those aged >24 mo (Figure 2A). By contrast, nkcc1a expression was upregulated following SW transfer. The rise in nkcc1a expression in response to SW transfer was greater in the younger fish, whereas no significant difference was detected between ages in FW-acclimated fish (Figure 2B). Similar to the patterns observed for ncc2 expression, nkaα1a expression was considerably higher in FW-acclimated 4-mo-old fish when compared with SW-acclimated or >24-mo-old fish (Figure 2C).
[image: Bar graph with three panels labeled A, B, and C comparing mRNA expression levels of ncc2, nkcc1a, and nka-1a in freshwater (FW) and saltwater (SW) for 4-month-old (white bars) and greater than 24-month-old (black bars) samples; distinct statistical groupings are indicated by letters above bars.]FIGURE 2 | Effects of age and salinity on the expression of branchial mRNA expression of (A)ncc2, (B)nkcc1a, and (C)nkaα1a. White and black bars represent means from 4-mo to >24-mo fish. Fish were sampled at the end of the 24-h period following transfer to FW or a 12-h transition to SW. Means not sharing the same letter are significantly different at p < 0.05.
Effects of Age on Hyposmotically Induced Prolactin Release
Hyposmotically-induced Prl188 release was observed by 1 h of incubation of dispersed Prl cells from tilapia aged 4 mo but not from those aged >24 mo (Figure 3A).
[image: Panel A shows a bar graph comparing fold changes in Pr1atc between groups aged 4 months and greater than 24 months at two different concentrations, 355 milliosmoles per kilogram and 300 milliosmoles per kilogram, with a significant difference indicated by an asterisk in the 4-month group. Panel B displays a line graph of ncc2 mRNA expression versus oPrl concentrations for both age groups, with 4-month samples showing higher ncc2 mRNA at increasing oPrl levels and multiple statistical significance marks indicating group differences.]FIGURE 3 | (A) Effects of age (4 months vs >24 months) on hyposmotically induced Prl188 release from dispersed Prl cells of FW-acclimated fish incubated for 1 h. Black and white bars represent hyperosmotic (355 mOsm/kg) and hyposmotic (300 mOsm/kg) media, respectively. * significantly different from each other at p < 0.05. (B) Effect of oPrl on the expression of ncc2 in gill filaments of FW-acclimated tilapia incubated overnight. Open and filled circles represent means from 4- to >24-mo-old fish, respectively. *, ** significantly different between ages at p < 0.05 and p < 0.01, respectively; ††, ††† significantly different from 0 dose at p < 0.01 and p < 0.001, respectively.
Effect of Ovine Prl on Branchial Expression of ncc2
We tested the age-dependent transcriptional responses of gill filaments to different concentrations of oPrl over an 18-h incubation period. The expression of ncc2 significantly increased in response to oPrl in a concentration-dependent manner in tilapia of both ages (Figure 3B). The response of 4-mo-old tilapia to oPrl at both concentrations, however, was more robust than that of >24-mo-old tilapia. The greatest difference between ages was observed in gill filaments exposed to 5 μg/ml of oPrl; at that concentration, expression of ncc2 was 16.4- and 6.0-fold higher relative to controls in 4- and >24-mo-old tilapia, respectively.
DISCUSSION
We characterized the effects of age on salinity tolerance in Mozambique tilapia. The survival rate of tilapia at various ages was examined after rapid (1 h) and delayed changes in environmental salinity. Overall, the survival rates after direct transfer from FW to SW were inversely related with age (Figure 1A). The results are generally consistent with previous salinity transfer trials, where adults typically require acclimation to an intermediate salinity or a changing salinity regime prior to full transfer to SW (Seale et al., 2002; Moorman et al., 2015). When tilapia were transferred from FW to SW over longer periods, the survival rates were higher in 4-mo-old fish compared with >24-mo-old fish by 3 h, indicating that older fish require a longer acclimation period during a salinity challenge (Figures 1B,C). Nevertheless, some discrepancies in survival rates of both 4-mo- and >24-mo-old fish during the direct transfer (1 h) from FW and SW were observed between trials. As a direct salinity challenge imparts considerable physiological stress (Wendelaar Bonga, 1977), there could be individual differences in fitness that may account for these discrepancies in survival rates. It is worth noting that Mozambique tilapia grows at slower rates with age, especially >24-mo and up to 14 years (Tachihara and Obara, 2003), and the metabolic rate increases in response to a rise in environmental salinity (Zikos et al., 2014). Moreover, unlike mammals, growth in fishes is generally indeterminate as it is largely dependent on environmental conditions (Dutta, 1994). Thus, within a given cohort, body sizes can vary widely, and in turn pose an additional challenge to osmoregulation, especially in smaller fish which have larger surface to volume ratios. In the current trials, despite their smaller size, younger fish had greater tolerance to a rise in salinity, suggesting that the observed decline in salinity tolerance in >24-mo-old fish is tied to age rather than size.
Irrespective of body size, plasma osmolality is elevated with increasing salinities, typically rising up to ∼440 mOsm/kg in surviving Mozambique tilapia transferred from FW to brackish water (28–30 ppt), and up to ∼550 mOsm/kg following a direct and lethal transfer to SW (Seale et al., 2012a; Moorman et al., 2015). While baseline plasma osmolalities may vary individually, there are no distinctive patterns across a wide range of body sizes (Moorman et al., 2015; Pavlosky et al., 2019). During a direct one-way transfer from FW to SW, the capacity of Mozambique tilapia to survive becomes largely compromised. Together, both trials indicate that older fish are less capable of recovering a salinity challenge, and require a transition period greater than 3 h to survive the transfer between FW and SW by 24 h. Because fish sizes typically increase with age, we also compared osmoregulatory processes between fish of different age-groups through in vitro approaches, where tissue quantity can be normalized across body sizes.
To examine whether the age-dependent loss in ability to acclimate to SW was associated with osmoregulatory capacity, gills were sampled from young and old fish that survived the 24-h challenge. In gills, ionocytes are responsible for ion uptake in FW and ion secretion in SW (Evans et al., 2005; Foskett et al., 1983). Active ion secretion in the gill of SW-acclimated fish is mediated by Nkcc1a in the basolateral membrane of ionocytes (Hwang et al., 2011), whereas ion uptake are largely mediated by Ncc2 in the apical membrane and Nkaα1a in the basolateral membrane when fish are in FW (Hiroi et al., 2008; Inokuchi et al., 2008; Tipsmark et al., 2011). Consistent with its function in ion uptake, branchial ncc2 and nkaα1a expression was higher in FW-acclimated fish than those in SW (Figures 2A,C). By contrast, branchial expression of nkcc1a was higher in SW fish (Figure 2B). Notably, the relative expression of nkcc1a, which plays an important role in hyposmoregulation, was significantly upregulated in younger fish after SW transfer. This finding indicates a clear effect of age in the sensitivity of branchial ionocytes. Conversely, salinity-induced transcriptional activation of ion transport was attenuated in older fish facing a SW challenge.
Next, we investigated whether the age of fish affected the capacity of dispersed Prl cells from the RPD of tilapia pituitaries to respond differently to a hyposmotic stimulus. Tilapia Prl cells produce two Prl molecules: Prl188 and Prl177. Prl188 was measured in this experiment as it is more sensitive to hyposmotic stimuli than Prl177 (Seale et al., 2012a). Prl188 release has been consistently shown to increase in response to a fall in extracellular osmolality in vitro (Dharmamba and Nishioka, 1968; Ingleton et al., 1973; Grau et al., 1981; Richman et al., 1986; Seale et al., 2002; Seale et al., 2012a). In the current study, Prl cells from 4-mo-old tilapia increased Prl188 release in response to a physiologically relevant hyposmotic stimulus, 300 mOsm/kg, while cells from tilapia aged >24 mo did not (Figure 3A). The lack of responsiveness of older tilapia is analogous to the lower osmotic sensitivity of Prl cells of Nile tilapia (O. niloticus), a congener of lower salinity tolerance (Yamaguchi et al., 2018). As a potent hyperosmoregulatory hormone in fish, Prl acts by promoting ion uptake and reducing water permeability in gill (Hirano, 1986). Specifically, oPrl has been shown to upregulate branchial ncc2 and nka α1a in Mozambique tilapia; nkcc1a was less responsive to oPrl (Breves et al., 2010; Inokuchi et al., 2015). We focused on ncc2 because it encodes an apical membrane protein that functions to directly absorb ions from environmental water. The concentration-dependent, oPrl-induced upregulation of ncc2 in gill filaments incubated for 18 h was more pronounced in 4-mo-old tilapia than in >24-mo-old fish (Figure 3B). This result supports the notion that branchial ionocytes loose sensitivity to both osmotic and endocrine stimuli with age.
In conclusion, for the first time, we experimentally addressed the age-related loss in the sensitivity of osmoregulatory transcripts associated with a transfer from FW to SW in an euryhaline teleost. Moreover, the capacity of Prl cells to respond to hyposmotic stimuli and of gill filaments to respond to oPrl in vitro was suppressed in older fish. Our findings indicate that multiple aspects of osmotic homeostasis, from osmoreception to hormonal and environmental control of osmoregulation, appear to decline in direct relation to age and adversely affect the ability of older fish to survive a transfer to hyperosmotic environments. Future studies aimed at comparing different size classes within the same age cohort could further resolve whether there are also size-specific effects on osmoregulatory capacity.
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Senescence in the cerebral endothelium has been proposed as a mechanism that can drive dysfunction of the cerebral vasculature, which precedes vascular dementia. Cysteine-rich angiogenic inducer 61 (Cyr61/CCN1) is a matricellular protein secreted by cerebral endothelial cells (CEC). CCN1 induces senescence in fibroblasts. However, whether CCN1 contributes to senescence in CEC and how this is regulated requires further study. Aging has been associated with the formation of four-stranded Guanine-quadruplexes (G4s) in G-rich motifs of DNA and RNA. Stabilization of the G4 structures regulates transcription and translation either by upregulation or downregulation depending on the gene target. Previously, we showed that aged mice treated with a G4-stabilizing compound had enhanced senescence-associated (SA) phenotypes in their brains, and these mice exhibited enhanced cognitive deficits. A sequence in the 3′-UTR of the human CCN1 mRNA has the ability to fold into G4s in vitro. We hypothesize that G4 stabilization regulates CCN1 in cultured primary CEC and induces endothelial senescence. We used cerebral microvessel fractions and cultured primary CEC from young (4-months old, m/o) and aged (18-m/o) mice to determine CCN1 levels. SA phenotypes were determined by high-resolution fluorescence microscopy in cultured primary CEC, and we used Thioflavin T to recognize RNA-G4s for fluorescence spectra. We found that cultured CEC from aged mice exhibited enhanced levels of SA phenotypes, and higher levels of CCN1 and G4 stabilization. In cultured CEC, CCN1 induced SA phenotypes, such as SA β-galactosidase activity, and double-strand DNA damage. Furthermore, CCN1 levels were upregulated by a G4 ligand, and a G-rich motif in the 3′-UTR of the Ccn1 mRNA was folded into a G4. In conclusion, we demonstrate that CCN1 can induce senescence in cultured primary CEC, and we provide evidence that G4 stabilization is a novel mechanism regulating the SASP component CCN1.
Keywords: senescence, endothelial cells, G-quadruplex, aging, CCN1

INTRODUCTION
The blood-brain barrier (BBB) is the physical barrier between the brain parenchyma and the periphery (Wang et al., 2018). It is formed by cerebral endothelial cells (CEC), pericytes, astrocytes, and smooth muscle cells. A healthy cerebrovascular endothelium is essential to maintain low and selective permeability of the BBB (Chen and Liu 2012), which allows both proper nutrient delivery to the brain and protection from infections. However, dysfunction of CEC can contribute to BBB disruption (Jia et al., 2019). Thus, identifying molecular mechanisms that can promote endothelial damage is critical for our understanding of cerebral endothelium dysfunction, and to guide us in developing new therapeutic strategies to preserve BBB function.
During aging, CEC enter into a non-proliferative state named senescence. This state is characterized by enhanced DNA damage (Lahteenvuo and Rosenzweig 2012) and secretion of pro-inflammatory cytokines that induce senescence in neighboring cells (Tchkonia et al., 2013). This “senescent-associated secretory phenotype (SASP)” in CEC contributes to cerebral endothelium dysfunction and dementia (Wang et al., 2018; Graves and Baker 2020). This senescence phenotype adversely affects the cerebral vasculature in a multifaceted manner (Pelegri et al., 2007; Del Valle et al., 2009; Yamazaki et al., 2016; Graves and Baker 2020). Currently, the agents that induce CEC senescence are poorly defined.
The extracellular matrix protein cysteine-rich angiogenic inducer 61 (Cyr61/CCN1) participates in a wide variety of functions, such as promoting cell survival, cell proliferation, angiogenesis and wound repair. However, CCN1 has also been shown to promote senescence in fibroblasts (Jun and Lau 2010) and is one of the characteristic SASP genes. In the brain, CCN1 is produced and secreted by endothelial cells and astrocytes. Recently, it was found that Ccn1 is the most highly upregulated gene in senescence-induced astrocytes, but not in reactive astrocytes (Simmnacher et al., 2020), highlighting its specific role in cellular senescence. Whether the SASP factor CCN1 contributes to senescence specifically in CEC and how CCN1 is regulated warrants further study.
Aging is associated with the formation of four-stranded Guanine-quadruplexes (G4s) in guanine-rich motifs of DNA and RNA (Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Hoogsteen hydrogen bonds align four guanines in a sequence in a planar tetrad, and several tetrads can be stacked in one single G4. Growing evidence in living cells indicates that G4 stabilization regulates transcription (Siddiqui-Jain et al., 2002; Agarwal et al., 2014; Armas et al., 2017; Moruno-Manchon et al., 2017; Lejault et al., 2020; Moruno-Manchon et al., 2020) and translation (Schaeffer et al., 2001; Khateb et al., 2007), either upregulating or downregulating expression depending on the gene target (Armas et al., 2017; Fay et al., 2017). G4s are also involved in RNA splicing (Zhang et al., 2019), mRNA subcellular localization (Subramanian et al., 2011), and DNA integrity (Kruisselbrink et al., 2008; Castillo Bosch et al., 2014; Moruno-Manchon et al., 2017; Techer et al., 2017). Previously, we found that treating aged mice with a G4-stabilizing compound led to enhanced SA phenotypes in the brain (DNA damage and lipofuscin accumulation), compared with age-matched controls (Moruno-Manchon et al., 2020). Mice treated with a G4-stabilizer also exhibited enhanced cognitive deficits in comparison to control mice (Moruno-Manchon et al., 2020). We further demonstrated that stabilizing G4s induced DNA damage in cultured neurons (Moruno-Manchon et al., 2017) and contributed to impairment of autophagy, which is associated with senescence (Moreno-Blas et al., 2019; Salazar et al., 2020; Sunderland et al., 2020). In addition, G4 stabilization induced DNA damage in cultured astrocytes and microglia (Lejault et al., 2020; Moruno-Manchon et al., 2020; Tabor et al., 2021). Thus, the stability of G4 structures appears to have a wide influence in cells relevant to the development of dementia.
In this study, we show that CCN1 is upregulated in cultured primary CEC derived from aged mice compared with those derived from young mice. Treating CEC with a recombinant CCN1 protein exacerbated SA phenotypes in cultured CEC from aged mice. CCN1 levels were upregulated by a G4 stabilizing drug, which promoted CEC senescence. Finally, we propose that CCN1 levels increase by the stabilization of G4 in a motif found in the 3′-UTR of the Ccn1 mRNA. Thus, our study highlights the role of CCN1 in contributing to endothelial senescence and proposes a novel mechanism by which SASP component CCN1 is regulated.
MATERIALS AND METHODS
Animals and Ethics Statement
3–4 and 18–20 months old (m/o) C57BL/6J female mice were obtained from Jackson laboratories and raised in the animal facilities at the University of Texas McGovern Medical School. The experiments were conducted following the protocol approved by the Center for Laboratory Medicine and Care (CLAMC, protocol number AWC-21-0084) at the University of Texas McGovern Medical School. Mice were maintained in an environment with constant temperature and humidity on a 12 h light/12 h dark schedule, and with ad libitum access to water and mouse lab pellets. Researchers and veterinarians manipulated mice with no distress, pain, or injury.
Antibodies and Reagents
Antibodies against CCN1 were obtained from Santa Cruz Technologies (#sc-374129). Antibodies against p16INK4A were from Biomatik (#CAF10165). Antibodies against BG4 were from Sigma-Millipore (#MABE917). Antibodies against CD31 (#ab28364), γH2AX (#ab11174), and β-Tubulin (#ab7751) were from Abcam.
Recombinant Cyr61/CCN1 protein was from Novus Biologicals (#NBP2-34944). Pyridostatin was purchased from Cayman (#18013). Thioflavin T was purchased from Sigma-Aldrich (#T3516). RNA oligos were purchased from Sigma-Millipore (#VC40001). Hoechst dye was from Santa Cruz Biotechnology (#SC-394039).
Isolation of Cerebral Endothelial Cells From Adult Mouse Brains and Culture
Primary CEC were isolated from adult 3–4 and 18–20 m/o old C57BL/6J mice using the Adult Brain Dissociation Kit according to the manufacturer’s instructions (MACS Miltenyi Biotec, #130-107–677). Briefly, mouse brains were homogenized and enzymatically digested. Homogenized brains were filtered through 70 µm-pore strainers, and debris was separated by centrifugation (3,000 × g, 10 m). Cellular suspensions were then treated to remove red blood cells. Finally, cellular suspension was plated in pre-coated flasks with 0.1% sterile porcine gelatin (Biological Industries, #01-944-1B). Cells were maintained in Complete Mouse Endothelial Cell Medium/w Kit (Cell Biologics, #M1168) supplemented with puromycin (4 μg/ml) for 48 h to select endothelial cells (Perriere et al., 2005). After 48 h, cells were washed with PBS to remove puromycin and debris. Cells were then maintained in fresh Complete Mouse Endothelial Cell Medium until 100% confluence.
Isolation of Cerebral Microvessels From Adult Mice
Mouse brains were dissected and the cortices were homogenized in MCDB 131 medium (ThermoFisher, #14190144) using a loose-fit 7-ml Dounce tissue grinder and centrifuged (2,000 × g, 2 m). After centrifugation, the pellets were resuspended in 15% (wt/vol) dextran–DPBS and centrifuged (10,000 × g, 15 m) to remove white matter. The pellets were again resuspended with DPBS and filtered through 40 µm strainer. Microvessels remained in the filter and were fixed with 4% paraformaldehyde-DPBS for 10 m. The strainer was inverted and microvessels were collected in a 50 ml tube with DPBS and centrifuged. The pellets were resuspended. 50 µl of microvessels suspensions were placed on a microscope slide and air-dried overnight for subsequent immunostaining (Lee et al., 2019).
Immunocytochemistry
Cultured CEC were fixed with 4% paraformaldehyde for 10 m, washed with PBS, and permeabilized with a 0.5% Triton-X100/PBS solution for 10 m at room temperature. Fixed cells or microvessels were blocked with a solution containing 5% bovine serum albumin and 0.1% Triton X-100 in PBS, at room temperature for 1 h. Then, cells or microvessels were incubated with a solution of primary antibodies in blocking solution overnight at 4°C. Cells or microvessels were washed and incubated with Alexa Fluor®-conjugated secondary antibodies against the host species used to generate the primary antibodies (Abcam), and with the Hoechst dye to stain nuclei, which was imaged in the DAPI channel.
A blinded investigator imaged 5–10 microscopic fields (×20 and ×40 objectives) using the same exposure time and light intensity. We established threshold limits for each marker for quantitative analyses. The mean of fluorescence intensities in each region of interest was quantified with ImageJ software. The fluorescence intensities from the background of each picture were subtracted from the correspondent values of the region of interest in the same image.
Western Blotting
Cultured primary CEC were collected in RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris/HCl pH 8.0), with a cocktail of phosphatase and protease inhibitors (Sigma Aldrich). Cells were lysed with three cycles of freezing-thawing. Each cycle consisted of 5 m in dry ice, 30 s in a water bath at 37°C, 5 m on ice, and vortex samples for 30 s. Cellular lysates were cleared by centrifugation at 15,000 × g for 15 m at 4°C. The supernatants were collected and protein concentrations were analyzed by the PierceTM Bicinchoninic Acid Protein Assay Kit (ThermoFisher Scientific, #23225). Cleared lysates were diluted in sample buffer, boiled at 95°C and run in 4–20% Mini-PROTEAN TGX gels (BioRad). Proteins were transferred on to nitrocellulose membranes in transfer buffer containing 20% methanol at 0.2 Å for 2 h at 4°C. Membranes were blocked with 5% non-fat dry milk (1 h at room temperature). Membranes were incubated with primary antibodies overnight at 4°C. Then, membranes were incubated with secondary antibodies against the host species used to generate the primary antibodies conjugated with HRP 1 h at room temperature. Chemiluminescent signal was produced using SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher, #34094) and detected with a charge-coupled device camera-based scanner.
The band intensity from each lane of the protein of interest was quantified with the ImageJ software and related to the band intensity of the correspondent lane of β-Tubulin.
Senescence-Associated β-galactosidase Staining
Cultured CEC were fixed with 4% paraformaldehyde at room temperature for 5 m, washed with PBS, and incubated with the β-galactosidase Staining Solution (1 mg/ml X-Gal, pH 6.0) from the Senescence β-galactosidase Staining Kit (Cell Signaling, #9860) at 37°C, accordingly to the manufacturer’s instructions. Fixed cells from all experiments were incubated for the same time (24 h) to avoid intensity changes due to differences in incubation times. The percentage of cells positive to the Senescence β-galactosidase Staining was calculated by a blinded investigator to experimental groups using ImageJ software.
RNA G4 Detection Using Thioflavin T
The oligonucleotides corresponding to the 3′-UTR of Ccn1 mRNA and a negative control (G > T in the putative G4 forming region) were dissolved in a buffer (40 mM KCl, 20 mM tris-HCl, pH 7.0) for a 100 µM stock solution. Thioflavin T was dissolved in hot water for a 100 µM stock solution. The RNA stocks were dissolved in the buffer (4 µM) and annealed by heating at 90°C for 2 m and then cooled down slowly to room temperature for 2 h. The annealed RNA samples, or only the buffer as control, were mixed with Thioflavin T (2 µM) in a 96-well plate and the fluorescence emission was measured at 484 nm with excitation at 440 nm in a microplate reader (Xu et al., 2016). The oligonucleotide sequences are:
3′-UTR Ccn1 –G1: UCA​UGG​AGA​CGU​GGG​UGG​GCG​GAG​GAU​GAA​U.
3′-UTR Ccn1 –G1 Negative Control: UCA​UGUAGA​CGU​GGG​UGG​GCG​GAG​GAU​GAA​U.
Gene Expression by RT-qPCR
Cultured CEC were collected and processed following the manufacturer’s instructions of the RNeasy Mini Kit (Qiagen, #74104) to isolate total RNA. RNA was reverse transcribed with the iScript Reverse Transcription SuperMix (Bio-Rad, #1708840) and then used to analyze the gene expression by qPCR. 2 µl of cDNA of a sample were diluted in iTaq Universal SYBR® Green Supermix (Bio-Rad, #1725121) per reaction and run using a Bio-Rad CFX96 Touch device (95°C for 3 m, and 40 cycles of 95°C for 10 s and 55°C for 30 s).
Sequences of primers: Forward Mouse Ccn1 5′-GTG​AAG​TGC​GTC​CTT​GTG​GAC​A-3′; Reverse Mouse Ccn1 5′-CTT​GAC​ACT​GGA​GCA​TCC​TGC​A-3′; Forward Mouse Gapdh 5′-CAA​GGT​CAT​CCA​TGA​CAA​CTT​TG-3′; Reverse Mouse Gapdh 5′-GTC​CAC​CAC​CCT​GTT​GCT​GTA​G-3′. The relative expression of the gene of interest was calculated with the double delta Ct method related to the relative expression of Gapdh.
RNA Sequencing
Cultured CEC isolated from young and aged male mice were cultured and maintained in 75 cm2 flask until cells reached 100% confluence. mRNA from each flask was isolated using the RNeasy Mini kit (Qiagen, #74104) and reverse transcribed with the iScript cDNA Synthesis kit (Bio-Rad, #1708890). cDNAs were sent to Qiagen for RNA sequencing analyses.
Bioinformatics Analysis
Putative G4 motifs in the Ccn1 mRNA were predicted using the G4Hunter bioinformatics tool (http://bioinformatics.ibp.cz/#/) with the following settings: Threshold = 1.2; Window size = 25. A threshold of 1.2 provides a good estimation of potential G4 forming motifs with a false discovery rate (FDR) of 10%. Window size of 25 is closed to the mean length of G4 forming sequences (26 nucleotides) (Bedrat et al., 2016). The G4Hunter analyses give a score for each analyzed sequence. A G4Hunter score of a sequence above 1 is regarded as a good predictor of its ability to fold into a G4 in vitro (Bedrat et al., 2016).
Statistics
All analyses were performed using GraphPad Prism software (v.7). We used Student’s t-test to compare means from two independent groups. A value of p < 0.05 was considered significantly different. Bar graphs represent mean ± SEM.
RESULTS
Cultured Primary CEC Isolated From the Brains of Aged Mice Show Senescence-Associated Phenotypes Compared With Young Mice
We first evaluated the purity of our primary CEC culture preparation. Cultures of primary CEC from adult mice showed minimal contamination with other brain cell types (Supplementary Figure S1). We compared the transcriptional signature of our CEC culture obtained from RNA sequencing analysis with that from the microvasculature of mice (Song et al., 2020), and found that 41% of the 1,000 highest upregulated genes found in cultured CEC from young males corresponded with the most upregulated genes found in the microvessels of 6–7 weeks old male mice (Supplementary Table S1). These genes are involved in important endothelial functions such as, transcription, translation, transport, cell-cell interaction, metabolism, proliferation, exocytosis and endocytosis, etc. Thus, our primary culture of CEC conserves important features of the brain vasculature and is relevant to studies of the cerebral endothelium.
We next generated primary CEC from the brains of 4 and 18-m/o mice to evaluate SA-phenotype. SA-β-galactosidase staining is commonly used as a marker of senescent cells as these cells exhibit enhanced activity of the lysosomal enzyme SA-β-galactosidase (Dimri et al., 1995). Thus, CEC were stained for SA-β-galactosidase, and quantified as the percentage of cells positive to SA-β-galactosidase (Figures 1A,B). In addition, CEC from young or aged mice were stained with antibodies against γH2AX and p16INK4a. γH2AX is a marker of double-strand breaks, the most severe form of DNA damage (Noubissi et al., 2021); and p16INK4a is a tumor suppressor, overexpression of which is associated with cell cycle arrest and cell senescence (Oh et al., 2021). Aged CEC exhibited higher levels of both the DNA damage marker γH2AX (Figures 1C,D) and the tumor suppressor p16INK4a (Figures 1E,F), compared with young cells. These findings indicate that the age-dependent senescent phenotype is recapitulated in the primary CEC, and that this experimental approach can be useful in the study of cerebral endothelial aging.
[image: Panel A presents side-by-side images comparing SA-β-galactosidase staining in young and aged cells, with increased staining visible in aged cells. Panel B is a bar graph showing a higher percentage of SA-β-gal-positive cells in aged samples. Panel C contains immunofluorescence images displaying γH2AX (red) and DAPI (blue) in young and aged cells, with aged cells showing higher γH2AX signal. Panel D is a bar graph quantifying increased γH2AX fluorescence intensity in aged samples. Panel E includes immunofluorescence images of p16INK4a (green) and DAPI (blue), indicating higher p16INK4a expression in aged cells. Panel F is a bar graph showing elevated p16INK4a fluorescence intensity in aged compared to young samples.]FIGURE 1 | Cultured primary CEC from aged mice recapitulated senescence-associated phenotypes observed in vivo. CEC were isolated from young (3–4 m/o) and aged (18–20 m/o) female mice and cultured. Young and aged cultured CEC were stained for SA-β-galactosidase (A), with antibodies against the double-strand DNA damage marker γH2AX (C), or with antibodies against the tumor suppressor p16INK4A (E). The nuclear Hoechst dye was used to stain nuclei and imaged with the DAPI channel (C,E). The percentage of SA-β-galactosidase-positive cells (B), the fluorescence intensity of γH2AX (D) and the fluorescence intensity of p16INK4A (F) were quantified. Scale bar (A), 100 μm; scale bar (C), 25 μm; scale bar (E), 25 μm. t-test, ***p-value < 0.0001. Data were pooled from three independent experiments, 20 microscopic fields (A,B), or 50 cells (C–F) per each experiment and condition.
Cultured CEC Isolated From Aged Mice Exhibit Higher Levels of G4
G4 stabilization has been associated with aging (Moruno-Manchon et al., 2017; Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Previously, we found that treating aged mice with pyridostatin (PDS) induced DNA damage, lipofuscin accumulation, and memory impairment in aged mice (Moruno-Manchon et al., 2020), indicating that the G4 structures play a causative role in SA phenotypes and aging.
In this experiment, we determined if cultured CEC isolated from aged mice exhibit enhanced levels of G4s. CEC from young and aged mice were stained with antibodies against G4s (BG4). We found that the BG4-positive puncta localized inside and outside the nuclei of aged CEC (Figures 2A,C). Anti-BG4 can recognize both DNA-G4 and RNA-G4. Thus, to evaluate predominantly RNA-G4, we incubated the fixed cells with DNaseI to deplete DNA targets (1 mg/ml, 2 h, 37°C). We found that aged CEC still had higher levels of BG4, mostly located outside of the nuclei, compared with young CEC (Figures 2B,D). These results confirm that enhanced levels of DNA and RNA G4s are features of aging in cultured CEC.
[image: Panel A shows immunofluorescence images of BG4 (red), actin (green), and DAPI (blue) staining in young versus aged muscle tissue; panel B shows similar images after DNAse I treatment. Panel C and D contain bar graphs quantifying BG4 fluorescence intensity in young (Yg) and aged (Ag) tissues, with increased signal in aged samples.]FIGURE 2 | Cultured CEC from aged mice showed higher levels of RNA-G4 than cultured young CEC. (A) CEC were isolated from young (4-m/o) and aged (20-m/o) female mice and cultured. Cells were fixed and stained with antibodies against G4 (BG4) anti against actin, and with the nuclear Hoechst dye. (B) Cultured CEC from young and aged female mice were fixed and incubated with DNaseI to eliminate DNA G4, and then stained with antibodies against G4 (BG4) and against actin, and with the nuclear Hoechst dye. (C,D) BG4 fluorescence intensities were measured. (C) Quantification from (A). Scale bar (Yg), 20 μm; Scale bar (Ag), 40 μm. t-test, *p-value = 0.0116. (D) Quantification from (B). t-test, *p-value = 0.0435. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment.
G4 Stabilization Induces Senescence in Cultured CEC
Next, we tested the hypothesis that G4 stabilization induces senescence in CEC. We can stabilize G4s in cultured cells by using small G4-stabilizing compounds, such as PDS that intercalate between guanines aligned in the G4 planar tetrads of a DNA or RNA sequence.
Given that cultured cells can become senescent days after a genotoxic stimulus (Kirkland and Tchkonia 2017), we treated CEC with a long-term exposure time of PDS at a low concentration. Cultured primary CEC isolated from aged mice were treated either with a low concentration of PDS (0.5 µM), or a vehicle, for 4 days. Cells were fixed and stained with antibodies against γH2AX, and we measured γH2AX fluorescence intensity. CEC treated with PDS showed higher γH2AX fluorescence intensity compared with control cells (Figures 3A,B). We also observed that CEC treated with PDS showed a significant increase in their nuclear size, which is also a feature of cell senescence (Rey et al., 2017; Bang et al., 2021) (Figure 3C). Another cohort of cultured primary CEC was treated either with PDS, or with a vehicle, and stained for SA-β-galactosidase. We found that a higher percentage of PDS-treated CEC was positive for SA-β-galactosidase staining compared with the control cells (Figures 3D,E). Thus, G4 stabilization exacerbated senescence in cultured CEC isolated from aged mice.
[image: Panel A shows fluorescence microscopy images of cell nuclei stained for γH2AX (red) and DAPI (blue) in control versus PDS-treated groups. Panels B and C present bar graphs, respectively showing increased γH2AX fluorescence intensity and relative nuclear size in PDS-treated cells compared to control, marked with asterisks indicating significance. Panel D displays brightfield images of cells stained for SA-β-galactosidase activity, revealing more blue-stained cells in the PDS group. Panel E shows a bar graph with a significant increase in the percentage of SA-β-gal-positive cells in PDS treatment versus control.]FIGURE 3 | A G4-stabilizing compound exacerbated senescence-associated phenotypes in cultured CEC. (A) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with antibodies against γH2AX and the nuclear Hoechst dye (DAPI channel). Scale bar, 50 µm (B) Quantification of the fluorescence intensity of γH2AX from (A). t-test, ***p-value = 0.0003. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment. (C) Quantification of the nuclei size. t-test, ***p-value = 0.0001. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment. (D) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with the SA-β-galactosidase staining kit. Scale bar, 50 µm. (E) Quantification of the percentage of SA-β-galactosidase-positive cells. t-test, **p-value = 0.0015. Data were pooled from three independent experiments analyzing 50 cells (A–C) or 20 microscopic fields (D,E) per condition and experiment.
The Cerebral Vasculature and Cultured Primary CEC Isolated From Aged Mice Show Increased Levels of CCN1
Enhanced levels of CCN1 have been associated with senescence in non-endothelial cell types (Jun and Lau 2010; Simmnacher et al., 2020). Thus, we hypothesized that CCN1 was upregulated in the cerebral vasculature of aged mice compared with young brains. We isolated cerebral microvessels from the brains of young and aged mice and stained with antibodies against an endothelial marker (CD31), and CCN1, and labeled nuclei with the Hoechst dye. We found that the fluorescence intensity of CCN1 was enhanced in the cerebral microvessels from aged mice compared with young mice (Figure 4A). Similarly, we determined whether cultured primary CEC also recapitulate the enhancement of CCN1 levels with aging as we observed in microvessels from aged mice. Thus, we generated primary CEC from young and aged mice and measured CCN1 levels by Western blotting. The level of CCN1 was significantly increased in CEC from aged mice compared with young mice (Figures 4B,C).
[image: Panel A presents immunofluorescence images showing CD31 in red, CCN1 in green, and DAPI in blue for young and aged tissue, with increased CCN1 staining in aged samples. Panel B shows a western blot comparing CCN1 and tubulin protein levels in young and aged samples. Panel C is a bar graph quantifying CCN1 to tubulin ratio, showing higher CCN1 expression in aged tissue.]FIGURE 4 | CCN1 was upregulated in the microvessels isolated from the brains of aged mice and in cultured CEC isolated from aged mice compared with young mice. (A) Representative image of microvessels isolated from the brains of young (3–4 m/o) and aged (18–20 m/o) female mice, and stained with antibodies against the endothelial marker CD31, with antibodies against CCN1, and with the nuclear Hoechst dye (DAPI channel). Scale bar, 25 µm. (B) CEC were isolated from young (3-4- m/o) and aged (18–20 m/o) female mice, cultured and maintained until 100% confluence. Cells were collected and lysed and processed for gel electrophoresis and analyzed for Western blotting. (C) Band intensities of CCN1 relative to tubulin. t-test, ** p-value < 0.0019. Data were obtained from four mice per age.
Our data indicate that microvessels and CEC isolated from the brains of aged mice show enhanced SA phenotype compared with those from young mice, and that CCN1 was upregulated in the cerebrovasculature and in cultured primary CEC with aging. These findings suggest that senescence in the cerebral vasculature is associated with enhanced levels of CCN1 in aged mice. However, whether increased CCN1 is a causative factor in promoting senescence in primary CEC remained to be established.
CCN1 Enhances Senescence Phenotype in Cultured CEC From Aged Mice
CCN1 induces senescence in cultured human fibroblasts (Jun and Lau 2010), and Ccn1 is the most upregulated gene in cultured human fetal astrocytes treated with H2O2, which is commonly used to induce senescence (Simmnacher et al., 2020). However, Ccn1 is not significantly upregulated in reactive astrocytes (Simmnacher et al., 2020). This highlights the specific relevance of CCN1 to cell senescence. We propose that increased CCN1 promotes senescence in CEC. To test, CEC were isolated from the brains of aged mice and cultured. Cultured CEC were then treated either with recombinant CCN1 (2.5 µM) or vehicle for 4 days and then stained for SA-β-galactosidase. We observed a higher percentage of SA-β-galactosidase positive cells in the CCN1 treated group (Figures 5A,B). Similarly, we observed that CEC treated with CCN1 had significantly higher fluorescence intensities of γH2AX (Figures 5C,D). This indicates that CCN1 can enhance the SA phenotype in aged CEC. Moreover, cultured CEC treated with CCN1 or a vehicle for 4 days were also stained with antibodies against CCN1. We observed that CCN1-treated cells had 4-fold increase of CCN1 levels compared with control cells (Figures 5E,F), suggesting that CCN1 could promote the synthesis of CCN1 in a positive feedback mechanism. This effect may be relevant to the propagation of SA-phenotype to other cells.
[image: Panel A shows SA-β-galactosidase staining in control and CCN1-treated samples, with more blue-stained cells in CCN1. Panel B is a bar graph quantifying SA-β-galact positive cells, showing a significant increase in CCN1. Panel C displays immunofluorescence of γH2AX (green) and DAPI (blue) in nuclei, with stronger γH2AX signal in CCN1. Panel D quantifies γH2AX intensity, showing increased levels in CCN1. Panel E shows CCN1 (red) and DAPI (blue) staining, with more CCN1 signal in the CCN1 condition. Panel F bar graph quantifies CCN1 intensity, with a significant increase in CCN1-treated cells.]FIGURE 5 | CCN1 induced senescence-associated phenotypes in cultured CEC. CEC were isolated from aged (18–20 m/o) female mice and cultured. Cultured CEC were stained with SA-β-galactosidase staining kit (A), or with antibodies against the double-strand DNA damage marker γH2AX (C), or with antibodies against CCN1 (E), and with the nuclear Hoechst dye (C,E). The percentage of SA-β-galactosidase-positive cells (B), the fluorescence intensity of γH2AX (D), and the fluorescence intensity of CCN1 (F) were quantified. Scale bar (A), 100 μm; scale bar (C), 50 μm; scale bar (E), 50 μm. t-test, ***p-value (B) = 0.0001, n = 4; *p-value (D) = 0.0164, ***p-value (F) = 0.0001. Data were pooled from three independent experiments analyzing 20 microscopic fields (A,B,E,F) or 50 cells (C,D) per condition and experiment.
CCN1 Levels Are Upregulated by G4 Stabilization in Cultured CEC
Ccn1 is transcriptionally activated immediately after exposure to multiple stimuli, such as growth factors (O'Brien et al., 1990; Brunner et al., 1991; Cui et al., 2011), hormones (Hilfiker et al., 2002; Hilfiker-Kleiner et al., 2004), different stressors (including hypoxia (Kunz et al., 2003), UV light (Quan et al., 2006), and mechanical stretch (Chaqour and Goppelt-Struebe 2006; Kivela et al., 2007)), and microorganisms (Kim et al., 2004; Kurozumi et al., 2008; Wiedmaier et al., 2008). However, it is unknown how physiological aging can upregulate CCN1.
A study found that the expression of CCN1 in human cancer cells could be upregulated via the stabilization of G4s in the 3′-UTR of the human CCN1 mRNA near the stop codon (Sanders et al., 2013). DNA and RNA with guanine sequences intercalated between other bases can fold into G4 structures. Increased G4s have been associated with aging (Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Whether CCN1 can be upregulated by G4 stabilization in cultured mouse CEC has not been demonstrated. Thus, we tested the hypothesis that the 3′-UTR of the mouse Ccn1 mRNA also folds into a G4.
Using the bioinformatics tool G4Hunter, we found that the mouse Ccn1 mRNA has three putative G4 motifs in the 3′-UTR and none in the 5′-UTR (Figure 6A). Two of these putative G4s in the 3′-UTR in the mouse Ccn1 mRNA have a high G4Hunter score (1.148), suggesting that these sequences have the ability to fold into G4s. The sequence located 51 nucleotides after the stop codon (3′-UTR Ccn1 –G1) shares 100% homology with the G4 motif found in the 3′-UTR in the CCN1 mRNA of humans. To confirm that the G4 sequence in the 3′-UTR of the Ccn1 mRNA of mice can indeed fold into a G4, we measured the fluorescence intensity of Thioflavin T (ThT) in combination with an oligo containing the 3′-UTR in Ccn1 mRNA, or with an oligo with a single modification in a nucleotide from the original 3′-UTR Ccn1 sequence, which we used as a negative control as it is not predicted to fold into a G4. While ThT can bind to DNA G4 structures (Zhang et al., 2018), it can also bind to other non-G4 DNA forms (Xu et al., 2016). However, when ThT interacts with RNA G4 it causes an enhancement in the fluorescence intensity of the formed complex by several hundred-fold (Renaud de la Faverie et al., 2014; Xu et al., 2016). This increase in fluorescence intensity of ThT does not occur when ThT is incubated with other RNA forms (Xu et al., 2016). Thus, measuring the fluorescence intensity of ThT in combination with a putative RNA G4 sequence is a quick and feasible method to quantify the ability of an oligo to fold into a G4. We observed that the fluorescence intensity of ThT was enhanced by several thousand times when incubated with the 3′-UTR Ccn1 oligo, compared with the fluorescence of ThT alone or with the fluorescence of the oligonucleotide alone (Figure 6B). We also observed that modifying one single nucleotide in this sequence resulted in a significant reduction of fluorescence intensity. This finding suggests the potential for the 3′-UTR of Ccn1 RNA to fold into a G4 structure.
[image: Panel A presents a schematic of Ccn1 mRNA with labeled 5-prime and 3-prime untranslated regions and a highlighted G-quadruplex structure at the 3-prime UTR. Panel B displays a bar chart showing a significant increase in fluorescence intensity for samples with ThT and 3-prime UTR, with significance indicated by triple asterisks. Panel C includes two fluorescence microscopy images: “control” and “PDS” samples, with red indicating CCN1 and blue indicating DAPI-stained nuclei. Panel D shows a bar graph where CCN1 fluorescence intensity is significantly higher in PDS vs control. Panel E depicts a bar graph of Ccn1 relative expression showing no significant difference between groups.]FIGURE 6 | The 3′-UTR Ccn1 mRNA folded into G4s. (A) Scheme of the mRNA Ccn1 where the 5′-UTR (green) does not contain any potential G4 motif, and the 3′-UTR (red) contains three potential G4 motifs. In the representation of a RNA G4 structure, blue dots indicate Gs and orange rectangles indicate planar rearrangements between Gs. (B) The RNA sequence containing the potential G4 in the 3′-UTR Ccn1 near the stop codon (3′-UTR) or the RNA sequence containing the 3′-UTR Ccn1 with a single mutation (mutant), as a negative control, were incubated at 90°C for 2 m, and cooled down at room temperature for 2 h. Then, the annealed RNA 3′-UTR and mutant sequences were mixed with a Thioflavin T (ThT) solution, and the fluorescence emission was measured. As controls we used the buffer alone, a ThT solution alone, and the 3′-UTR sequence alone. One-way ANOVA, ***p-value < 0.0001. Data were collected from four independent experiments. (C) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with antibodies against CCN1 and with the nuclear Hoechst dye (DAPI channel). Scale bar, 50 µm. (D) Quantification of the fluorescence intensity of CCN1 from (C). t-test, *p-value = 0.0103. Data were pooled from three independent experiments analyzing 20 microscopic fields per condition and experiment. (E) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle, for 4 days. RNA was isolated and qPCR was performed for the relative expression of Ccn1. We used Gapdh as a housekeeping gene. t-test, n.s., non-significant, p-value = 0.2424. Data were pooled from four independent experiments.
Opposite to the G4 stabilization in 5′-UTR motifs, the formation of G4s in 3′-UTR has been associated with enhanced translation (Pelletier and Sonenberg 1985; Koromilas et al., 1992). Given that the 5′-UTR in Ccn1 mRNA does not contain any putative G4, we hypothesized that the presence of putative G4s in the 3′-UTR in Ccn1 mRNA can promote the upregulation of CCN1 in cultured CEC. By using the G4-stabilizing compound PDS we can stabilize G4s in cultured cells. Using this approach, we aimed to determine whether CCN1 is upregulated by G4 stabilization in CEC. Thus, cultured primary CEC isolated from aged mice were treated either with PDS (0.5 µM), or with a vehicle, for 4 days. Cells were stained with antibodies against CCN1 and with the nuclear Hoechst dye. We observed that the CCN1 levels were significantly increased in CEC treated with PDS compared with vehicle-treated cells (Figures 6C,D). To determine if PDS affects the expression of Ccn1, CEC were incubated with PDS as mentioned and their RNA was collected for qPCR analyses. We found that the relative expression of Ccn1 in CEC treated with PDS was not significantly different compared with control cells (Figure 6E). This suggests that G4 stabilization regulates CCN1 more importantly at the translational levels than at the transcriptional levels.
DISCUSSION
Our study indicates that enhanced stabilization of G4s was associated with enhanced SA phenotype in CEC isolated from aged mice. We found that the extracellular component CCN1 was upregulated in the brain microvasculature of aged mice and in cultured CEC from aged mice, compared with young mice. Furthermore, CCN1 was upregulated by G4 stabilization in cultured CEC, likely at the translational level. Thus, our data suggest that the stabilization of RNA-G4s in aging could be an underlying mechanism of cerebrovascular senescence.
Around 10% of CEC have been found to undergo senescence in the brain of aged mice (28-m/o) (Kiss et al., 2020). Senescence of CEC can contribute to cerebrovasculature impairment in a multifaceted manner: dysregulating cerebral blood flow, increasing BBB permeability and changing the cerebrovasculature architecture (Del Valle et al., 2009; Yang et al., 2017; Graves and Baker 2020; Schumacher et al., 2021). Senescence in the brain has been associated with cerebral hypoperfusion (Pincon et al., 2019) and dementia (Zhang et al., 2013; Wang et al., 2018). Alarmingly, the number of individuals affected by dementia, mainly in people after age 65 (Seetlani et al., 2016), is expected to increase to 70 million by 2030 (Wolters and Ikram 2019). Thus, with the increasing number of people living to very advanced ages, the significance of our study is further strengthened. The possibility of modulating the synthesis of senescence-inducing factors, such as CCN1, could potentially prevent or mitigate senescence in the brain vasculature.
The role of CCN1 in senescence has been documented in studies using human fibroblasts (Jun and Lau 2010). CCN1 binds to integrin α6β1 and heparin sulfate proteoglycans and activates the DNA damage response factors ATM, CHK1, CHK2 and p53. In a reactive oxygen species-dependent manner, the signaling pathways p38 MAPK and ERK are also stimulated by CCN1, and this triggers the p16INK4a/pRb pathway, which promotes cellular senescence. CCN1 also induces the expression of matrix metalloproteinases that are part of the SASP. Cells that bind to extracellular CCN1 exhibit higher ROS levels compared with cells adhered to other extracellular matrix components, such as collagen, fibronectin, or laminin. Similar to CCN1, laminin binds to α6β1 and heparin sulfate proteoglycans; however, it does not induce senescence, like CCN1 does (Jun and Lau 2010). This suggests that senescence induction is a particular feature of CCN1 among other extracellular matrix components, and that CCN1 may act via other receptors in addition to α6β1 and heparin sulfate proteoglycans. Elucidating the CCN1-associated signaling pathways could help to develop therapeutic strategies to mitigate endothelial senescence.
Over 13,000 loci form RNA-G4 within the human transcriptome in vitro. Around 3,700 potential RNA-G4s were found in 2,500 genes (Kwok et al., 2016), mostly located in the 5′- and 3′-UTRs of mRNA (Song et al., 2016; Fay et al., 2017). High number of RNA-G4s in the 5′-UTRs interrupt mRNA translation (Pelletier and Sonenberg 1985; Koromilas et al., 1992). However, RNA-G4s in 3′-UTRs can positively regulate translation, where the polyA tail binds to elongation factors, which results in mRNA circulation and enhanced initiation rate (Sonenberg and Hinnebusch 2009). We found that the 5′-UTR in Ccn1 mRNA does not contain G-rich motifs with the potential ability to fold into G4s. However, its 3′-UTR has three putative G4s and we observed that the closest sequence to the stop codon can fold into RNA-G4 using ThT. This may explain why CCN1 levels were upregulated in cultured CEC treated with the G4-stabilizing molecule PDS. Strikingly, a study found that the 3′-UTR plays a repressive role in the human CCN1 expression (Nakagawa et al., 2013). The authors found that the proximal half of the 3′-UTR, mainly between the downstream 50 and 160 bases, negatively interferes with the post-transcriptional regulation of CCN1. However, the region with the first 160 bases contains the G4-forming sequence that folds into RNA-G4 (Sanders et al., 2013). The experiments in the Nakagawa study were performed under G4 non-inducing conditions. This suggests that the proximal half of the 3′-UTR may repress CCN1 expression under normal conditions; however, with G4 stabilizers, the 3′-UTR may fold into a G4, and the role of G4s in the 3′-UTR on the post-transcriptional activity in CCN1 is inverted and thus could promote CCN1 upregulation. G4 ligands with high affinity to RNA-G4 prevent cell proliferation by promoting cell cycle exit (Goldberg et al., 2020), suggesting that the stabilization of RNA-G4s causes cell senescence. Further studies are needed to determine if modifications of nucleotides in the RNA-G4 forming sequence in the 3′-UTR Ccn1 mRNA could prevent CCN1 upregulation under conditions where G4 stabilization occurs, such as aging.
The role of the G4 stabilization on cell senescence has been investigated in the cancer field. Small G4-stabilizing compounds induce senescence in cancer cells (Riou et al., 2002; Huang et al., 2012), which makes these compounds potential candidates for anticancer therapy. It is generally accepted that a common mechanism of these G4-stabilizers is acceleration of telomere shortening, which is an important feature of aging. However, as G4 stabilization regulates multiple cellular processes (transcription (Armas et al., 2017; Moruno-Manchon et al., 2020), translation (Schaeffer et al., 2001; Khateb et al., 2007), RNA splicing (Zhang et al., 2019), mRNA subcellular localization (Subramanian et al., 2011), and DNA integrity (Moruno-Manchon et al., 2017; Techer et al., 2017)), mechanisms besides telomere shortening may also be involved in cell senescence. For example, DNA damage is the primary cause of senescence and aging (Schumacher et al., 2021). Relevant to the brain, we previously demonstrated that the stabilization of G4s induces DNA damage in cultured primary neurons (Moruno-Manchon et al., 2017; Tabor et al., 2021), and in cultured primary astrocytes and microglia (Tabor et al., 2021). Subventricular zone neural stem and progenitor cells treated with PDS also showed enhanced DNA damage (Goldberg et al., 2020). Autophagy is another process that has been implicated in cell senescence (Rajendran et al., 2019). Autophagy is a self-digesting mechanism that maintains cellular functions and survival. Stimulating autophagy can prevent senescence in vascular smooth muscle cells (Li et al., 2014; Luo et al., 2017). We demonstrated that inducing G4 stabilization inhibited autophagy in cultured neurons (Moruno-Manchon et al., 2020) and astrocytes (Lejault et al., 2020). Furthermore, we demonstrated that aged mice treated with PDS showed enhanced SA phenotype in their brains, such as increased lipofuscin accumulation and DNA damage. These mice also exhibited enhanced memory deficits compared with control aged mice (Moruno-Manchon et al., 2020). Thus, these studies highlight the influence of G4 stability in cell senescence in the brain and cognitive function.
While overall protein synthesis is decreased in senescent cells (Makrides 1983), the levels of mRNAs encoding SASP factors are enhanced with senescence (Coppe et al., 2008). We show evidence that stabilizing G4s can upregulate the senescence-inducing component CCN1 in cultured endothelial cells. Other labs have demonstrated that upregulating CCN members promote senescence and SASP in other cell types (Jun and Lau 2017; Feng et al., 2020), and that downregulating CCN1 reduced the expression of SASP factors (Feng et al., 2020). From this evidence, we hypothesize that other SASP could be regulated by G4s. Indeed, the expression of the SASP component vascular endothelial growth factor (VEGF) is downregulated by G4 stabilization. The Hurley lab was the first to demonstrate that the promoter region of VEGF naturally folds into G4s (Sun et al., 2005; Guo et al., 2008; Sun et al., 2008). Since then, investigators have been developing aptamers to target G4-forming sequences in VEGF promoter as a therapeutic application in cancer. Aptamers are short DNA or RNA sequences that specifically recognize molecules with high affinity. Anti-VEGF DNA-based aptamers forming G4s have been synthesized to visualize and target VEGF (Riccardi et al., 2021). The use of aptamers shows less toxicity and reduced immunogenicity over antibodies, and they are easy to produce. Thus, the development of G4 motif-based aptamers is feasible and has an important therapeutic potential (Duchler 2012) including for preventing or possibly reversing senescence. For example, aptamers have been used in animal models to rejuvenate bone tissue (Aldahmash 2016). We therefore propose that an important strategy could involve identifying G4 motifs is SASP components and that developing G4 motif-based molecules to target these senescence-inducing factors could reverse or prevent senescence in the cerebral endothelium.
A limitation in our study is that our experiments were performed using CEC isolated from only female mice. Studying the effects of CCN1 on senescence in aged female mice is relevant to vascular aging in women. The arteries of postmenopausal women are stiffer than the arteries of age-matched men (Merz and Cheng 2016). Arterial stiffness is associated with increased blood pressure and it is a risk factor for cardiovascular events (Bonarjee 2018). Elderly women have higher rates of hypertension than men (Merz and Cheng 2016). Physiological levels of CCN1 are required for optimal vascular stiffness, as CCN1 loss leads to alterations of vessel structure and integrity (Lee et al., 2019). However, high levels of CCN1 have been associated with pathological vascular stiffness (Reid et al., 2017; Chaqour 2020). Whether sex differences exist in the expression and translation of Ccn1, the contributions of gonadal hormones and sex chromosomes (XX vs XY), and their implication in the cerebrovasculature is being actively pursued in our lab.
In conclusion, our study supports a model in which the stabilization of G4s in aging contributes to brain vasculature senescence by regulating the levels of SASP factors such as CCN1. Therefore, developing G4 motif-based molecules to target these senescence-inducing factors should be explored as an approach to reverse or mitigate senescence in the cerebrovasculature.
DATA AVAILABILITY STATEMENT
The RNAseq data presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/bioproject/785238.
ETHICS STATEMENT
The animal study was reviewed and approved by Center for Laboratory Medicine and Care at the University of Texas McGovern Medical School.
AUTHOR CONTRIBUTIONS
BN isolated cerebral microvessels, cultured CEC, treated cells with drugs, performed western blots and imaged cells; MBC performed immunocytochemistry and imaged microvessels; YJL performed RNA sequencing; BG, AU, IMG, SPM, and LDM were advisors for the study and edited the manuscript; JFMM performed Thioflavin T experiments, analyzed data, wrote the manuscript, and designed the study.
FUNDING
This work was supported by American Heart Association (#865061 to JFMM), by the U.S. Department of Defense (#W81XWH-17-1-0632 to IMG), by the Spanish Ministry of Science and Innovation (#PID2019-107090RA-I00 to IMG), by the Ramon y Cajal Program (#RYC-2017-21879), by the University of Malaga and FEDER awards (#UMA20-FEDERJA-104 and #B1-2019_06 to IMG), by National Institute of Health (NIH)/NINDS (#NS114768 to PGB), by NIH/NIA (#AG070934 to PGB), by the NIH/NIA (#AG057576 to AU), by the NIH (#NS120709 to SPM), and the NIH/NINDS (#NS094543 and NS103592 to LDM).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank Lori Capozzi and Cheryl Hayes for administrative assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fragi.2021.797562/full#supplementary-material

REFERENCES
	 Agarwal, T., Roy, S., Kumar, S., Chakraborty, T. K., and Maiti, S. (2014). In the Sense of Transcription Regulation by G-Quadruplexes: Asymmetric Effects in Sense and Antisense Strands. Biochemistry 53 (23), 3711–3718. doi:10.1021/bi401451q
	 Aldahmash, A. (2016). Skeletal Stem Cells and Their Contribution to Skeletal Fragility: Senescence and Rejuvenation. Biogerontology 17 (2), 297–304. doi:10.1007/s10522-015-9623-7
	 Armas, P., David, A., and Calcaterra, N. B. (2017). Transcriptional Control by G-Quadruplexes: In Vivo Roles and Perspectives for Specific Intervention. Transcription 8 (1), 21–25. doi:10.1080/21541264.2016.1243505
	 Bang, M., Gonzales, E. L., Shin, C. Y., and Kwon, K. J. (2021). Late Passage Cultivation Induces Aged Astrocyte Phenotypes in Rat Primary Cultured Cells. Biomolecules Ther. 29 (2), 144–153. doi:10.4062/biomolther.2020.175
	 Bedrat, A., Lacroix, L., and Mergny, J.-L. (2016). Re-evaluation of G-Quadruplex Propensity with G4Hunter. Nucleic Acids Res. 44 (4), 1746–1759. doi:10.1093/nar/gkw006
	 Bonarjee, V. V. S. (2018). Arterial Stiffness: A Prognostic Marker in Coronary Heart Disease. Available Methods and Clinical Application. Front. Cardiovasc. Med. 5, 64. doi:10.3389/fcvm.2018.00064
	 Brunner, A., Chinn, J., Neubauer, M., and Purchio, A. F. (1991). Identification of a Gene Family Regulated by Transforming Growth Factor-β. DNA Cel Biol. 10 (4), 293–300. doi:10.1089/dna.1991.10.293
	 Castillo Bosch, P., Segura‐Bayona, S., Koole, W., Heteren, J. T., Dewar, J. M., Tijsterman, M., et al. (2014). FANCJ Promotes DNA Synthesis Through G‐quadruplex Structures. EMBO J. 33 (21), 2521–2533. doi:10.15252/embj.201488663
	 Chaqour, B. (2020). Caught Between a "Rho" and a Hard Place: Are CCN1/CYR61 and CCN2/CTGF the Arbiters of Microvascular Stiffness?J. Cel Commun. Signal. 14 (1), 21–29. doi:10.1007/s12079-019-00529-3
	 Chaqour, B., and Goppelt-Struebe, M. (2006). Mechanical Regulation of the Cyr61/CCN1 and CTGF/CCN2 Proteins. FEBS J. 273 (16), 3639–3649. doi:10.1111/j.1742-4658.2006.05360.x
	 Chen, Y., and Liu, L. (2012). Modern Methods for Delivery of Drugs Across the Blood-Brain Barrier. Adv. Drug Deliv. Rev. 64 (7), 640–665. doi:10.1016/j.addr.2011.11.010
	 Coppé, J. P., Patil, C. K., Rodier, F., Sun, Y., Muñoz, D. P., Goldstein, J., et al. (2008). Senescence-associated Secretory Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the P53 Tumor Suppressor. Plos Biol. 6 (12), 2853–2868. doi:10.1371/journal.pbio.0060301
	 Cui, T. X., Lin, G., LaPensee, C. R., Calinescu, A.-A., Rathore, M., Streeter, C., et al. (2011). C/EBPβ Mediates Growth Hormone-Regulated Expression of Multiple Target Genes. Mol. Endocrinol. 25 (4), 681–693. doi:10.1210/me.2010-0232
	 Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., et al. (1995). A Biomarker that Identifies Senescent Human Cells in Culture and in Aging Skin In Vivo. Proc. Natl. Acad. Sci. 92 (20), 9363–9367. doi:10.1073/pnas.92.20.9363
	 Düchler, M. (2012). G-quadruplexes: Targets and Tools in Anticancer Drug Design. J. Drug Target. 20 (5), 389–400. doi:10.3109/1061186x.2012.669384
	 Fay, M. M., Lyons, S. M., and Ivanov, P. (2017). RNA G-Quadruplexes in Biology: Principles and Molecular Mechanisms. J. Mol. Biol. 429 (14), 2127–2147. doi:10.1016/j.jmb.2017.05.017
	 Feng, M., Peng, H., Yao, R., Zhang, Z., Mao, G., Yu, H., et al. (2020). Inhibition of Cellular Communication Network Factor 1 (CCN1)-Driven Senescence Slows Down Cartilage Inflammaging and Osteoarthritis. Bone 139, 115522. doi:10.1016/j.bone.2020.115522
	 Goldberg, D. C., Fones, L., Vivinetto, A. L., Caufield, J. T., Ratan, R. R., and Cave, J. W. (2020). Manipulating Adult Neural Stem and Progenitor Cells with G-Quadruplex Ligands. ACS Chem. Neurosci. 11 (10), 1504–1518. doi:10.1021/acschemneuro.0c00194
	 Graves, S. I., and Baker, D. J. (2020). Implicating Endothelial Cell Senescence to Dysfunction in the Ageing and Diseased Brain. Basic Clin. Pharmacol. Toxicol. 127 (2), 102–110. doi:10.1111/bcpt.13403
	 Guo, K., Gokhale, V., Hurley, L. H., and Sun, D. (2008). Intramolecularly Folded G-Quadruplex and I-Motif Structures in the Proximal Promoter of the Vascular Endothelial Growth Factor Gene. Nucleic Acids Res. 36 (14), 4598–4608. doi:10.1093/nar/gkn380
	 Hilfiker, A., Hilfiker-Kleiner, D., Fuchs, M., Kaminski, K., Lichtenberg, A., Rothkötter, H.-J., et al. (2002). Expression of CYR61, an Angiogenic Immediate Early Gene, in Arteriosclerosis and its Regulation by Angiotensin II. Circulation 106 (2), 254–260. doi:10.1161/01.cir.0000021426.87274.62
	 Hilfiker-Kleiner, D., Kaminski, K., Kaminska, A., Fuchs, M., Klein, G., Podewski, E., et al. (2004). Regulation of Proangiogenic Factor CCN1 in Cardiac Muscle. Circulation 109 (18), 2227–2233. doi:10.1161/01.cir.0000127952.90508.9d
	 Huang, F.-C., Chang, C.-C., Wang, J.-M., Chang, T.-C., and Lin, J.-J. (2012). Induction of Senescence in Cancer Cells by the G-Quadruplex Stabilizer, BMVC4, Is Independent of its Telomerase Inhibitory Activity. Br. J. Pharmacol. 167 (2), 393–406. doi:10.1111/j.1476-5381.2012.01997.x
	 Jia, G., Aroor, A. R., Jia, C., and Sowers, J. R. (2019). Endothelial Cell Senescence in Aging-Related Vascular Dysfunction. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1865 (7), 1802–1809. doi:10.1016/j.bbadis.2018.08.008
	 Jun, J.-I., and Lau, L. F. (2017). CCN2 Induces Cellular Senescence in Fibroblasts. J. Cel Commun. Signal. 11 (1), 15–23. doi:10.1007/s12079-016-0359-1
	 Jun, J.-I., and Lau, L. F. (2010). The Matricellular Protein CCN1 Induces Fibroblast Senescence and Restricts Fibrosis in Cutaneous Wound Healing. Nat. Cel Biol 12 (7), 676–685. doi:10.1038/ncb2070
	 Khateb, S., Weisman-Shomer, P., Hershco-Shani, I., Ludwig, A. L., and Fry, M. (2007). The Tetraplex (CGG)n Destabilizing Proteins hnRNP A2 and CBF-A Enhance the In Vivo Translation of Fragile X Premutation mRNA. Nucleic Acids Res. 35 (17), 5775–5788. doi:10.1093/nar/gkm636
	 Kim, S.-M., Park, J.-H., Chung, S.-K., Kim, J.-Y., Hwang, H.-Y., Chung, K.-C., et al. (2004). Coxsackievirus B3 Infection Induces Cyr61 Activation via JNK to Mediate Cell Death. J. Virol. 78 (24), 13479–13488. doi:10.1128/jvi.78.24.13479-13488.2004
	 Kirkland, J. L., and Tchkonia, T. (2017). Cellular Senescence: A Translational Perspective. EBioMedicine 21, 21–28. doi:10.1016/j.ebiom.2017.04.013
	 Kiss, T., Nyúl-Tóth, Á., Balasubramanian, P., Tarantini, S., Ahire, C., DelFavero, J., et al. (2020). Single-cell RNA Sequencing Identifies Senescent Cerebromicrovascular Endothelial Cells in the Aged Mouse Brain. Geroscience 42 (2), 429–444. doi:10.1007/s11357-020-00177-1
	 Kivelä, R., Kyröläinen, H., Selänne, H., Komi, P. V., Kainulainen, H., and Vihko, V. (20071985). A Single Bout of Exercise with High Mechanical Loading Induces the Expression of Cyr61/CCN1 and CTGF/CCN2 in Human Skeletal Muscle. J. Appl. Physiol. 103 (4), 1395–1401. doi:10.1152/japplphysiol.00531.2007
	 Koromilas, A. E., Lazaris-Karatzas, A., and Sonenberg, N. (1992). mRNAs Containing Extensive Secondary Structure in Their 5′ Non-coding Region Translate Efficiently in Cells Overexpressing Initiation Factor eIF-4E. EMBO J. 11 (11), 4153–4158. doi:10.1002/j.1460-2075.1992.tb05508.x
	 Kruisselbrink, E., Guryev, V., Brouwer, K., Pontier, D. B., Cuppen, E., and Tijsterman, M. (2008). Mutagenic Capacity of Endogenous G4 DNA Underlies Genome Instability in FANCJ-Defective C. elegans. Curr. Biol. 18 (12), 900–905. doi:10.1016/j.cub.2008.05.013
	 Kunz, M., Moeller, S., Koczan, D., Lorenz, P., Wenger, R. H., Glocker, M. O., et al. (2003). Mechanisms of Hypoxic Gene Regulation of Angiogenesis Factor Cyr61 in Melanoma Cells. J. Biol. Chem. 278 (46), 45651–45660. doi:10.1074/jbc.m301373200
	 Kurozumi, K., Hardcastle, J., Thakur, R., Shroll, J., Nowicki, M., Otsuki, A., et al. (2008). Oncolytic HSV-1 Infection of Tumors Induces Angiogenesis and Upregulates CYR61. Mol. Ther. 16 (8), 1382–1391. doi:10.1038/mt.2008.112
	 Kwok, C. K., Marsico, G., Sahakyan, A. B., Chambers, V. S., and Balasubramanian, S. (2016). rG4-seq Reveals Widespread Formation of G-Quadruplex Structures in the Human Transcriptome. Nat. Methods 13 (10), 841–844. doi:10.1038/nmeth.3965
	 Lähteenvuo, J., and Rosenzweig, A. (2012). Effects of Aging on Angiogenesis. Circ. Res. 110 (9), 1252–1264. doi:10.1161/circresaha.111.246116
	 Lee, S., Ahad, A., Luu, M., Moon, S., Caesar, J., Cardoso, W. V., et al. (2019). CCN1-Yes-Associated Protein Feedback Loop Regulates Physiological and Pathological Angiogenesis. Mol. Cel Biol 39 (18), e00107-19. doi:10.1128/MCB.00107-19
	 Lee, Y.-K., Uchida, H., Smith, H., Ito, A., and Sanchez, T. (2019). The Isolation and Molecular Characterization of Cerebral Microvessels. Nat. Protoc. 14 (11), 3059–3081. doi:10.1038/s41596-019-0212-0
	 Lejault, P., Moruno-Manchon, J. F., Vemu, S. M., Honarpisheh, P., Zhu, L., Kim, N., et al. (2020). Regulation of Autophagy by DNA G-Quadruplexes. Autophagy 16 (12), 2252–2259. doi:10.1080/15548627.2020.1769991
	 Li, X., Xu, M., Pitzer, A. L., Xia, M., Boini, K. M., Li, P.-L., et al. (2014). Control of Autophagy Maturation by Acid Sphingomyelinase in Mouse Coronary Arterial Smooth Muscle Cells: Protective Role in Atherosclerosis. J. Mol. Med. 92 (5), 473–485. doi:10.1007/s00109-014-1120-y
	 Luo, Z., Xu, W., Ma, S., Qiao, H., Gao, L., Zhang, R., et al. (2017). Moderate Autophagy Inhibits Vascular Smooth Muscle Cell Senescence to Stabilize Progressed Atherosclerotic Plaque via the mTORC1/ULK1/ATG13 Signal Pathway. Oxid Med. Cel Longev 2017, 3018190. doi:10.1155/2017/3018190
	 Makrides, S. C. (1983). Protein Synthesis and Degradation During Aging and Senescence. Biol. Rev. 58 (3), 343–422. doi:10.1111/j.1469-185x.1983.tb00394.x
	 Merz, A. A., and Cheng, S. (2016). Sex Differences in Cardiovascular Ageing. Heart 102 (11), 825–831. doi:10.1136/heartjnl-2015-308769
	 Moreno-Blas, D., Gorostieta-Salas, E., Pommer-Alba, A., Muciño-Hernández, G., Gerónimo-Olvera, C., Maciel-Barón, L. A., et al. (2019). Cortical Neurons Develop a Senescence-like Phenotype Promoted by Dysfunctional Autophagy. Aging 11 (16), 6175–6198. doi:10.18632/aging.102181
	 Moruno-Manchon, J. F., Lejault, P., Wang, Y., McCauley, B., Honarpisheh, P., Morales Scheihing, D. A., et al. (2020). Small-molecule G-Quadruplex Stabilizers Reveal a Novel Pathway of Autophagy Regulation in Neurons. Elife 9, e52283. doi:10.7554/eLife.52283
	 Moruno-Manchon, J. F., Koellhoffer, E. C., Gopakumar, J., Hambarde, S., Kim, N., McCullough, L. D., et al. (2017). The G-Quadruplex DNA Stabilizing Drug Pyridostatin Promotes DNA Damage and Downregulates Transcription of Brca1 in Neurons. Aging 9 (9), 1957–1970. doi:10.18632/aging.101282
	 Nakagawa, Y., Minato, M., Sumiyoshi, K., Maeda, A., Hara, C., Murase, Y., et al. (2013). Regulation of CCN1 via the 3′-untranslated Region. J. Cel Commun. Signal. 7 (3), 207–217. doi:10.1007/s12079-013-0202-x
	 Noubissi, F. K., McBride, A. A., Leppert, H. G., Millet, L. J., Wang, X., and Davern, S. M. (2021). Detection and Quantification of γ-H2AX Using a Dissociation Enhanced Lanthanide Fluorescence Immunoassay. Sci. Rep. 11 (1), 8945. doi:10.1038/s41598-021-88296-3
	 O'Brien, T. P., Yang, G. P., Sanders, L., and Lau, L. F. (1990). Expression of Cyr61, a Growth Factor-Inducible Immediate-Early Gene. Mol. Cel. Biol. 10 (7), 3569–3577. doi:10.1128/mcb.10.7.3569
	 Oh, K. S., Febres-Aldana, C. A., Kuritzky, N., Ujueta, F., Arenas, I. A., Sriganeshan, V., et al. (2021). Cellular Senescence Evaluated by P16INK4a Immunohistochemistry Is a Prevalent Phenomenon in Advanced Calcific Aortic Valve Disease. Cardiovasc. Pathol. 52, 107318. doi:10.1016/j.carpath.2021.107318
	 Pelegrí, C., Canudas, A. M., del Valle, J., Casadesus, G., Smith, M. A., Camins, A., et al. (2007). Increased Permeability of Blood-Brain Barrier on the hippocampus of a Murine Model of Senescence. Mech. Ageing Development 128 (9), 522–528. doi:10.1016/j.mad.2007.07.002
	 Pelletier, J., and Sonenberg, N. (1985). Insertion Mutagenesis to Increase Secondary Structure within the 5′ Noncoding Region of a Eukaryotic mRNA Reduces Translational Efficiency. Cell 40 (3), 515–526. doi:10.1016/0092-8674(85)90200-4
	 Perrière, N., Demeuse, P., Garcia, E., Regina, A., Debray, M., Andreux, J.-P., et al. (2005). Puromycin-based Purification of Rat Brain Capillary Endothelial Cell Cultures. Effect on the Expression of Blood-Brain Barrier-specific Properties. J. Neurochem. 93 (2), 279–289. doi:10.1111/j.1471-4159.2004.03020.x
	 Pinçon, A., De Montgolfier, O., Akkoyunlu, N., Daneault, C., Pouliot, P., Villeneuve, L., et al. (2019). Non-Alcoholic Fatty Liver Disease, and the Underlying Altered Fatty Acid Metabolism, Reveals Brain Hypoperfusion and Contributes to the Cognitive Decline in APP/PS1 Mice. Metabolites 9 (5), 104. doi:10.3390/metabo9050104
	 Quan, T., He, T., Shao, Y., Lin, L., Kang, S., Voorhees, J. J., et al. (2006). Elevated Cysteine-Rich 61 Mediates Aberrant Collagen Homeostasis in Chronologically Aged and Photoaged Human Skin. Am. J. Pathol. 169 (2), 482–490. doi:10.2353/ajpath.2006.060128
	 Rajendran, P., Alzahrani, A. M., Hanieh, H. N., Kumar, S. A., Ben Ammar, R., Rengarajan, T., et al. (2019). Autophagy and Senescence: A New Insight in Selected Human Diseases. J. Cel Physiol 234 (12), 21485–21492. doi:10.1002/jcp.28895
	 Reid, S. E., Kay, E. J., Neilson, L. J., Henze, A. T., Serneels, J., McGhee, E. J., et al. (2017). Tumor Matrix Stiffness Promotes Metastatic Cancer Cell Interaction with the Endothelium. EMBO J. 36 (16), 2373–2389. doi:10.15252/embj.201694912
	 Renaud de la Faverie, A., Guédin, A., Bedrat, A., Yatsunyk, L. A., and Mergny, J.-L. (2014). Thioflavin T as a Fluorescence Light-Up Probe for G4 Formation. Nucleic Acids Res. 42 (8), e65. doi:10.1093/nar/gku111
	 Rey, S., Quintavalle, C., Burmeister, K., Calabrese, D., Schlageter, M., Quagliata, L., et al. (2017). Liver Damage and Senescence Increases in Patients Developing Hepatocellular Carcinoma. J. Gastroenterol. Hepatol. 32 (8), 1480–1486. doi:10.1111/jgh.13717
	 Riccardi, C., Napolitano, E., Platella, C., Musumeci, D., Melone, M. A. B., and Montesarchio, D. (2021). Anti‐VEGF DNA‐based Aptamers in Cancer Therapeutics and Diagnostics. Med. Res. Rev. 41 (1), 464–506. doi:10.1002/med.21737
	 Riou, J. F., Guittat, L., Mailliet, P., Laoui, A., Renou, E., Petitgenet, O., et al. (2002). Cell Senescence and Telomere Shortening Induced by a New Series of Specific G-Quadruplex DNA Ligands. Proc. Natl. Acad. Sci. 99 (5), 2672–2677. doi:10.1073/pnas.052698099
	 Salazar, G., Cullen, A., Huang, J., Zhao, Y., Serino, A., Hilenski, L., et al. (2020). SQSTM1/p62 and PPARGC1A/PGC-1alpha at the Interface of Autophagy and Vascular Senescence. Autophagy 16 (6), 1092–1110. doi:10.1080/15548627.2019.1659612
	 Sanders, P. G. T., Cotterell, J., Sharpe, J., and Isalan, M. (2013). Transfecting RNA Quadruplexes Results in Few Transcriptome Perturbations. RNA Biol. 10 (2), 205–210. doi:10.4161/rna.22781
	 Schaeffer, C., Bardoni, B., Mandel, J. L., Ehresmann, B., Ehresmann, C., and Moine, H. (2001). The Fragile X Mental Retardation Protein Binds Specifically to its mRNA via a Purine Quartet Motif. EMBO J. 20 (17), 4803–4813. doi:10.1093/emboj/20.17.4803
	 Schumacher, B., Pothof, J., Vijg, J., and Hoeijmakers, J. H. J. (2021). The Central Role of DNA Damage in the Ageing Process. Nature 592 (7856), 695–703. doi:10.1038/s41586-021-03307-7
	 Seetlani, N. K., Kumar, N., Imran, K., Ali, A., Shams, N., and Sheikh, T. (2016). Alzheimer and Vascular Dementia in the Elderly Patients. Pak J. Med. Sci. 32 (5), 1286–1290. doi:10.12669/pjms.325.10792
	 Siddiqui-Jain, A., Grand, C. L., Bearss, D. J., and Hurley, L. H. (2002). Direct Evidence for a G-Quadruplex in a Promoter Region and its Targeting with a Small Molecule to Repress C-MYC Transcription. Proc. Natl. Acad. Sci. 99 (18), 11593–11598. doi:10.1073/pnas.182256799
	 Simmnacher, K., Krach, F., Schneider, Y., Alecu, J. E., Mautner, L., Klein, P., et al. (2020). Unique Signatures of Stress-Induced Senescent Human Astrocytes. Exp. Neurol. 334, 113466. doi:10.1016/j.expneurol.2020.113466
	 Sonenberg, N., and Hinnebusch, A. G. (2009). Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets. Cell 136 (4), 731–745. doi:10.1016/j.cell.2009.01.042
	 Song, H. W., Foreman, K. L., Gastfriend, B. D., Kuo, J. S., Palecek, S. P., and Shusta, E. V. (2020). Transcriptomic Comparison of Human and Mouse Brain Microvessels. Sci. Rep. 10 (1), 12358. doi:10.1038/s41598-020-69096-7
	 Song, J., Perreault, J.-P., Topisirovic, I., and Richard, S. (2016). RNA G-Quadruplexes and Their Potential Regulatory Roles in Translation. Translation 4 (2), e1244031. doi:10.1080/21690731.2016.1244031
	 Subramanian, M., Rage, F., Tabet, R., Flatter, E., Mandel, J. L., and Moine, H. (2011). G-quadruplex RNA Structure as a Signal for Neurite mRNA Targeting. EMBO Rep. 12 (7), 697–704. doi:10.1038/embor.2011.76
	 Sun, D., Guo, K., Rusche, J. J., and Hurley, L. H. (2005). Facilitation of a Structural Transition in the Polypurine/polypyrimidine Tract within the Proximal Promoter Region of the Human VEGF Gene by the Presence of Potassium and G-Quadruplex-Interactive Agents. Nucleic Acids Res. 33 (18), 6070–6080. doi:10.1093/nar/gki917
	 Sun, D., Liu, W.-J., Guo, K., Rusche, J. J., Ebbinghaus, S., Gokhale, V., et al. (2008). The Proximal Promoter Region of the Human Vascular Endothelial Growth Factor Gene Has a G-Quadruplex Structure that Can Be Targeted by G-Quadruplex-Interactive Agents. Mol. Cancer Ther. 7 (4), 880–889. doi:10.1158/1535-7163.mct-07-2119
	 Sunderland, P., Augustyniak, J., Lenart, J., Bużańska, L., Carlessi, L., Delia, D., et al. (2020). ATM-deficient Neural Precursors Develop Senescence Phenotype with Disturbances in Autophagy. Mech. Ageing Development 190, 111296. doi:10.1016/j.mad.2020.111296
	 Tabor, N., Ngwa, C., Mitteaux, J., Meyer, M. D., Moruno-Manchon, J. F., Zhu, L., et al. (2021). Differential Responses of Neurons, Astrocytes, and Microglia to G-Quadruplex Stabilization. Aging 13 (12), 15917–15941. doi:10.18632/aging.203222
	 Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J., and Kirkland, J. L. (2013). Cellular Senescence and the Senescent Secretory Phenotype: Therapeutic Opportunities. J. Clin. Invest. 123 (3), 966–972. doi:10.1172/jci64098
	 Técher, H., Koundrioukoff, S., Nicolas, A., and Debatisse, M. (2017). The Impact of Replication Stress on Replication Dynamics and DNA Damage in Vertebrate Cells. Nat. Rev. Genet. 18 (9), 535–550. doi:10.1038/nrg.2017.46
	 Teng, F.-Y., Wang, T.-T., Guo, H.-L., Xin, B.-G., Sun, B., Dou, S.-X., et al. (2020). The HRDC Domain Oppositely Modulates the Unwinding Activity of E. coli RecQ Helicase on Duplex DNA and G-Quadruplex. J. Biol. Chem. 295 (51), 17646–17658. doi:10.1074/jbc.ra120.015492
	 Valle, J., Duran‐Vilaregut, J., Manich, G., Camins, A., Pallàs, M., Vilaplana, J., et al. (2009). Time‐course of Blood-Brain Barrier Disruption in Senescence‐accelerated Mouse Prone 8 (SAMP8) Mice. Int. J. Dev. Neurosci. 27 (1), 47–52. doi:10.1016/j.ijdevneu.2008.10.002
	 Wang, F., Cao, Y., Ma, L., Pei, H., Rausch, W. D., and Li, H. (2018). Dysfunction of Cerebrovascular Endothelial Cells: Prelude to Vascular Dementia. Front. Aging Neurosci. 10, 376. doi:10.3389/fnagi.2018.00376
	 Wiedmaier, N., Müller, S., Köberle, M., Manncke, B., Krejci, J., Autenrieth, I. B., et al. (2008). Bacteria Induce CTGF and CYR61 Expression in Epithelial Cells in a Lysophosphatidic Acid Receptor-dependent Manner. Int. J. Med. Microbiol. 298 (3-4), 231–243. doi:10.1016/j.ijmm.2007.06.001
	 Wolters, F. J., and Ikram, M. A. (2019). Epidemiology of Vascular Dementia. Atvb 39 (8), 1542–1549. doi:10.1161/atvbaha.119.311908
	 Xu, S., Li, Q., Xiang, J., Yang, Q., Sun, H., Guan, A., et al. (2016). Thioflavin T as an Efficient Fluorescence Sensor for Selective Recognition of RNA G-Quadruplexes. Sci. Rep. 6, 24793. doi:10.1038/srep24793
	 Yamazaki, Y., Baker, D. J., Tachibana, M., Liu, C.-C., van Deursen, J. M., Brott, T. G., et al. (2016). Vascular Cell Senescence Contributes to Blood-Brain Barrier Breakdown. Stroke 47 (4), 1068–1077. doi:10.1161/strokeaha.115.010835
	 Yang, T., Sun, Y., Lu, Z., Leak, R. K., and Zhang, F. (2017). The Impact of Cerebrovascular Aging on Vascular Cognitive Impairment and Dementia. Ageing Res. Rev. 34, 15–29. doi:10.1016/j.arr.2016.09.007
	 Zhang, J., Harvey, S. E., and Cheng, C. (2019). A High-Throughput Screen Identifies Small Molecule Modulators of Alternative Splicing by Targeting RNA G-Quadruplexes. Nucleic Acids Res. 47 (7), 3667–3679. doi:10.1093/nar/gkz036
	 Zhang, S., Sun, H., Chen, H., Li, Q., Guan, A., Wang, L., et al. (2018). Direct Visualization of Nucleolar G-Quadruplexes in Live Cells by Using a Fluorescent Light-Up Probe. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1862 (5), 1101–1106. doi:10.1016/j.bbagen.2018.01.022
	 Zhang, X., Li, G., Guo, L., Nie, K., Jia, Y., Zhao, L., et al. (2013). Age-related Alteration in Cerebral Blood Flow and Energy Failure Is Correlated with Cognitive Impairment in the Senescence-Accelerated Prone Mouse Strain 8 (SAMP8). Neurol. Sci. 34 (11), 1917–1924. doi:10.1007/s10072-013-1407-8

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Noh, Blasco-Conesa, Lai, Ganesh, Urayama, Moreno-Gonzalez, Marrelli, McCullough and Moruno-Manchon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 26 January 2022
doi: 10.3389/fragi.2021.821904


[image: image2]
Removal of p16INK4 Expressing Cells in Late Life has Moderate Beneficial Effects on Skeletal Muscle Function in Male Mice
Steve D. Guzman1†, Jennifer Judge1†, Shahjahan M. Shigdar2, Thomas A. Paul3, Carol S. Davis1, Peter C. Macpherson1, James F. Markworth1, Holly Van Remmen4,5,6, Arlan Richardson6,7, Anne McArdle2 and Susan V. Brooks1,3*
1Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI, United States
2Department of Musculoskeletal Biology, Institute of Ageing and Chronic Disease, University of Liverpool and MRC-Arthritis Research UK Centre for Integrated Research Into Musculoskeletal Ageing (CIMA), Liverpool, United Kingdom
3Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI, United States
4Aging and Metabolism Research Program, Oklahoma Medical Research Foundation, Oklahoma City, OK, United States
5Department of Physiology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, United States
6Oklahoma City VA Medical Center, Oklahoma City, OK, United States
7Department of Biochemistry and Molecular Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, United States
Edited by:
Nicola Alessio, Università della Campania Luigi Vanvitelli, Italy
Reviewed by:
Marco Demaria, University Medical Center Groningen, Netherlands
Matthew Yousefzadeh, University of Minnesota Twin Cities, United States
* Correspondence: Susan V. Brooks, svbrooks@umich.edu
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Molecular Mechanisms of Aging, a section of the journal Frontiers in Aging
Received: 25 November 2021
Accepted: 27 December 2021
Published: 26 January 2022
Citation: Guzman SD, Judge J, Shigdar SM, Paul TA, Davis CS, Macpherson PC, Markworth JF, Van Remmen H, Richardson A, McArdle A and Brooks SV (2022) Removal of p16INK4 Expressing Cells in Late Life has Moderate Beneficial Effects on Skeletal Muscle Function in Male Mice. Front. Aging 2:821904. doi: 10.3389/fragi.2021.821904

Aging results in the progressive accumulation of senescent cells in tissues that display loss of proliferative capacity and acquire a senescence-associated secretory phenotype (SASP). The tumor suppressor, p16INK4A, which slows the progression of the cell cycle, is highly expressed in most senescent cells and the removal of p16-expressing cells has been shown to be beneficial to tissue health. Although much work has been done to assess the effects of cellular senescence on a variety of different organs, little is known about the effects on skeletal muscle and whether reducing cellular senescent load would provide a therapeutic benefit against age-related muscle functional decline. We hypothesized that whole-body ablation of p16-expressing cells in the advanced stages of life in mice would provide a therapeutic benefit to skeletal muscle structure and function. Treatment of transgenic p16-3MR mice with ganciclovir (GCV) from 20 to 26 months of age resulted in reduced p16 mRNA levels in muscle. At 26 months of age, the masses of tibialis anterior, extensor digitorum longus, gastrocnemius and quadriceps muscles were significantly larger in GCV-treated compared with vehicle-treated mice, but this effect was limited to male mice. Maximum isometric force for gastrocnemius muscles was also greater in GCV-treated male mice compared to controls. Further examination of muscles of GCV- and vehicle-treated mice showed fewer CD68-positive macrophages present in the tissue following GCV treatment. Plasma cytokine levels were also measured with only one, granulocyte colony stimulating factor (G-CSF), out of 22 chemokines analyzed was reduced in GCV-treated mice. These findings show that genetic ablation of p16+ senescent cells provides moderate and sex specific therapeutic benefits to muscle mass and function.
Keywords: senescence, aging, sarcopenia, muscle atrophy, inflammation

INTRODUCTION
Biological aging is characterized by the progressive accumulation of tissue damage that leads to an overall reduction in both lifespan and healthspan. Unlike congenital diseases that can be attributed to a single gene mutation, the dysfunction and pathologies that accompany aging are a result of abnormalities in many cellular and molecular processes. These include genomic instability, telomere attrition, mitochondrial dysfunction, stem cell exhaustion, loss of proteostasis, and cellular senescence (López-Otín et al., 2013).
The cellular and molecular processes associated with organismal aging contribute to tissue aging in varying degrees and temporal onsets depending on the organ, as well as hereditary and environmental factors (Ferrucci et al., 2010; Ori et al., 2015; Schaum et al., 2020). With skeletal muscle aging, there are several broad clinical and physiological presentations that are associated with frailty. These hallmarks consist of a progressive decline in muscle mass and resultant decrease in strength, termed sarcopenia (Bortz, 2002; Studenski and Pahor, 2009). Currently, the only available and effective interventions for ameliorating age-associated muscle loss are caloric restriction and exercise (Valdez et al., 2010). Thus, there is a critical need to elucidate the mechanisms responsible for age-related muscle atrophy and weakness to develop more effective and broadly applicable treatments for increasing healthspan.
Cellular senescence is characterized by a terminal state of cell growth and has been shown to contribute to the aging process in many different tissues (Di Micco et al., 2021). Upon entering the state of cellular senescence, cells adopt a senescence associate secretory phenotype (SASP), which involves an upregulation of pro-inflammatory cytokine expression and protein secretion that further reinforces the cellular senescence program in cells within the microenvironment (Faget et al., 2019). Reducing cellular senescence appears to improve physical performance in old age (Baker et al., 2016; Xu et al., 2018). Furthermore, repression of cellular senescence through p16INK4A silencing and inhibition of reactive oxygen species (ROS) generation in muscle stem cells has been found to improve stem cell quiescence and autophagy (Sousa-Victor et al., 2014; García-Prat et al., 2016). To date there are few studies investigating the impact of cellular senescence directly on age-associated muscle atrophy and weakness.
In the present study, we assessed muscle function in an aged genetic mouse model (p16-3MR) in which p16INK4A-expressing senescent cells can be eliminated upon treatment with the drug ganciclovir (GCV). Here we show that male p16-3MR mice treated with GCV starting at 20-month of age through to 26-month of age exhibited reduced muscle atrophy and increased force generation in select hindlimb muscles compared with vehicle-treated mice in which p16-expressing cells were not deleted.
MATERIALS AND METHODS
Animals
Aged p16-3MR mice were obtained from the laboratory of Dr. Arlan Richardson at the Oklahoma University Health Sciences Center at ∼19 months of age and adult (4–6 months) C57BL/6 mice were obtained from Charles River Laboratories and served as young adult controls. All mice were housed under specific pathogen-free conditions with ad-libitum access to food and water in the University of Michigan Unit for Laboratory Animal Medicine. p16-3MR mice have been previously characterized and validated (Demaria et al., 2014). These transgenic mice contain a truncated herpes simplex virus 1 (HSV-1) thymidine kinase (HSV-TK) that is driven by the p16INK4a promoter. This design allows for selective ablation of p16 expressing cells upon exposure to the guanosine analog antiviral, ganciclovir (GCV). GCV interacts with HSV-TK and leads to conversion of GCV into a toxic DNA chain terminator resulting in death of non-dividing senescent cells via mitochondrial DNA damage and caspase-dependent apoptosis (Laberge et al., 2013; Demaria et al., 2014). To determine the effects of late-life removal of p16-expressing senescent cells on skeletal muscle function, starting at 20 months of age, p16-3MR mice were treated with GCV (25 mg/kg) for five consecutive days during each of the first 2 weeks of the study and then an additional 5 days once per month until the mice reached 25-month of age (Figure 1A). Control p16-3MR mice (GCV−) were injected with an equal volume of saline (Figure 1A). At 26 months of age, 4 weeks after last treatment, muscle force generation was measured as described below and hind limb muscles and blood were collected and processed for analysis.
[image: Panel A presents a timeline diagram for mouse treatment and sacrifice at specific months of age, comparing GCV positive and GCV negative groups receiving GCV or saline intraperitoneal injections. Panel B contains a bar graph displaying p16^INK4A mRNA fold change in GTN tissue, indicating higher expression in GCV positive mice compared to young and GCV negative groups, with significance denoted by two asterisks.]FIGURE 1 | GCV+ muscle showed reduced expression of p16INK4A. (A) p16-3MR mice were given ganciclovir (GCV+) or vehicle (GCV−) via intraperitoneal (IP) injection at 20-month of age for 10 days over 2 weeks. Additional 5-day treatments were administered over 1 week in five subsequent months until sacrifice after 6 months. Tissue was harvested at 26-month of age. (B) p16 mRNA relative to 18s mRNA was reduced nearly ∼50% in gastrocnemius muscles of GCV+ mice compared to saline treated controls (GCV−). Bars show the mean ± SEM of three to five mice per group with dots representing data from each individual mouse. Blue and red data points represent male and female mice, respectively. ** Denotes p < .001 between groups for each tissue by one-way ANOVA with Tukey post-hoc test.
In Vivo and In Situ Force Testing
Mice were anesthetized with initial intraperitoneal injections of Avertin (tribromoethanol, 250 mg/kg) with supplemental injections to maintain an adequate level of anesthesia during all procedures. For in vitro contractile properties, soleus, and extensor digitorum longus (EDL) muscles were carefully removed from the animal and placed in a horizontal bath containing buffered mammalian Ringer solution (in mM: 137 NaCl, 24 NaHCO3, 11 glucose, 5 KCl, 2 CaCl2, 1 MgSO4, 1 NaH2PO4, and .025 turbocurarine chloride) maintained at 25°C and bubbled with 95% O2-5% CO2 to stabilize pH at 7.4. One tendon was tied to a force transducer (model BG-50, Kulite Semiconductor Products, Leonia, NJ) and the other tendon to a servomotor (model 305B, Aurora Scientific, Aurora, ON). Muscles were stimulated by square pulses delivered by two platinum electrodes connected to a high-power biphasic current stimulator (model 701B, Aurora Scientific). Custom-designed software (LabVIEW 2018; National Instruments, Austin, TX) controlled electrical pulse properties and servomotor activity and recorded data from the force transducer. The voltage of pulses was increased, and optimal muscle length (Lo) was subsequently adjusted to give maximum twitch force (Brooks and Faulkner, 1988). The Lo was measured with digital calipers. Muscles were held at Lo and subjected to trains of pulses to generate isometric contractions. Pulse trains were 300 ms for EDL muscles and 900 ms for soleus muscles. Stimulus frequency was increased until the maximum isometric force (Po) was achieved (Brooks and Faulkner, 1988). Previously established Lf-to-Lo ratios of 0.44 for EDL muscles and 0.71 for soleus muscles (Brooks and Faulkner, 1988) were used to calculate Lf for each muscle. The physiological cross-sectional area (CSA) of muscles was determined by dividing the mass of the muscle by the product of Lf and 1.06 g/cm3, the density of mammalian skeletal muscle. Po was normalized by the CSA to calculate specific Po (sPo), as a measure of intrinsic force generating capacity.
Gastrocnemius (GTN) muscle contractile properties were measured in situ, as described by Larkin et al. (2011). In anesthetized mice, the whole GTN muscle was isolated from surrounding muscle and connective tissue using great care not to damage the nerve and/or blood vessels during the dissection. A 4-0 silk suture was tied around the distal tendon and the tendon was severed. The animal was then placed on a temperature-controlled platform warmed to maintain body temperature at 37°C. The hindlimb was securely tied to a fixed post with 4-0 monofilament nylon suture at the knee and the foot was clamped to the platform. The distal tendon of the GTN muscle was then tied to the lever arm of a servomotor (model 6650LR, Cambridge Technology). A continual drip of saline warmed to 37°C was administered to the GTN muscle to maintain its temperature. The muscle was activated by stimulation of the tibial nerve using a bipolar platinum wire electrode. Similar to the in vivo force testing protocol used for the EDL and TA, the optimal voltage and Lo was determined based on the maximal twitch force. The same procedure was then repeated, but rather than activating the muscle via the tibial nerve, a cuff electrode was placed around the proximal and distal ends of the muscle for direct muscle stimulation. After force measurements, the GTN was removed trimmed of tendons, blotted and weighed. GTN muscle fiber length (Lf) was calculated by multiplying Lo by 0.45. CSA and sPo were calculated as described above.
EDL, soleus, and GTN muscles were also removed, trimmed, and weighed and all muscles were either snap-frozen for molecular analyses or coated in tissue-freezing medium (Electron Microscopy Sciences) and rapidly frozen in isopentane cooled with liquid nitrogen for histologic analysis.
Immunofluorescent Imaging and Analysis
Cross-sections (10 μm) were cut from the muscle mid-belly in a cryostat at −20°C and adhered to SuperFrost Plus slides. Prepared slides for immune cell staining were blocked and permeabilized in blocking buffer (5% normal goat serum and 0.2% Triton X-100 in PBS) for 30 min at room temperature followed by overnight incubation at 4°C with primary antibodies. The following day, slides were incubated with Alexa Fluor conjugated secondary antibodies DAPI and mounted using Fluorescence Mounting Medium (Agilent Dako, S302380). A subset of slides was incubated with Alexa Fluor conjugated wheat germ agglutinin (Invitrogen, W32466). Slides prepared for satellite cell staining were lightly fixed with 2% PFA for 5 min and rinsed with 0.1% Triton X-100 in PBS (PBST), then blocked with 10% AffinePure Fab Fragment Goat Anti-Mouse IgG (Jackson ImmunoResearch), 2% bovine serum, and 5% normal goat serum overnight in 4°C. Primary anti-Pax7 (1:10) antibodies were applied to slides for 30 min at room temperature, followed by incubation with Alexa Fluor conjugated secondary antibody and DAPI (1 μg/ml) for 30 min at room temperature. The following primary antibodies (Abs) were used: rat anti-CD68 (Bio-Rad MCA1957), rabbit anti-Laminin (Abcam #7463), and mouse anti-Pax7 (DHSB #Pax7). Fluorescent images were captured using a Nikon A1 confocal microscope. Muscle morphology was analyzed on stitched panoramic images of the entire muscle cross-section by high-throughput fully automated image analysis with the MuscleJ plugin for FIJI/ImageJ (Mayeuf-Louchart et al., 2018). Immune cells and satellite cells were manually counted throughout the entire cross-section and then normalized to tissue area and fiber number as determined by MuscleJ. In all cases, the experimenter was masked to the experimental group.
Reverse Transcription Quantitative PCR
Frozen muscles were homogenized in Trizol (Thermo Fisher Scientific, Waltham, MA, United States). RNA was extracted and isolated with chloroform separatory extraction and isopropyl alcohol precipitation. The RNA samples were then treated with DNase (Invitrogen). Total RNA was reverse transcribed with SuperScript Reverse Transcriptase III using random hexamers to prime the extension (Thermo Fisher Scientific) to produce cDNA, which was then used for quantitative PCR (RT-qPCR) using SYBR Green qPCR Master Mix (Bio-Rad Laboratories, Hercules, CA, United States), according to the manufacturer’s protocol. Whole muscle gene expression was measured by RT-qPCR on a CFX96 Real-Time PCR Detection System (Bio-Rad, 1855195) in 20 μl reactions of iTaq™ Universal SYBR® Green Supermix (Bio-Rad, #1725124) with 1 μM forward and reverse primers (Table 1) or with TaqMan® probes. Relative mRNA expression was determined using the 2−ΔΔCT method. The following primers/probes were used:
TABLE 1 | Real-time PCR primers.
[image: Table listing primer sequences for TNF-α, IL-6, AChRα, MuSK, and 18s genes with both forward and reverse sequences, as well as a probe assay ID for p16(INK4a) gene labeled Mm00494449_m1 from Thermo Fisher Scientific.]Plasma Protein Analysis
Blood samples from p16-3MR mice were collected from the descending aorta while mice were under anesthesia (isoflurane). Blood samples were collected into EDTA coated microcentrifuge tubes and centrifuged at 10,000 g for 10 min at 4°C and plasma samples were collected. Multiplex analysis for cytokines, chemokines and other factors was performed using the Luminex Bio-Plex Pro Mouse Cytokine 23-plex Assay (#M60009RDPD) and measured using the Bio-Plex 200 system (BioRad, Hertfordshire, United Kingdom).
Statistical Analyses and Data Presentation
Data are presented as the mean ± SEM. Statistical analysis was performed in GraphPad Prism 9. Between-group differences were tested by two-tailed unpaired Student’s t-test (2 groups) or by one-way ANOVA (more than two groups). p ≤ .05 was used to determine statistical significance.
RESULTS
Reduced p16 Expression in Skeletal Muscle in GCV Treated p16-3MR Mice
To verify successful depletion of p16-expressing cells, quantitative-PCR (qPCR) was performed in skeletal muscle (gastrocnemius muscles). A roughly 50% reduction of p16 expression was found in skeletal muscles of GCV treated mice (GCV+) compared to saline treated controls (GCV) (Figure 1). These data show that removal of muscle-resident p16-expressing cells can be achieved with the p16-3MR model.
Muscle Mass and Force Is Greater in Select Hind Limb Muscles After Removal of p16-Expressing Cells
Body mass did not differ between GCV+ and GCV− mice regardless of sex (Supplementary Figure 1), therefore, muscle masses are expressed in absolute terms, rather than normalized by body mass. Extensor digitorum longus (EDL), tibialis anterior (TA), gastrocnemius (GTN), and quadriceps (Quads) muscle masses were 12%, 19%, 11%, and 16% greater, respectively, in male GCV+ mice compared to vehicle controls (Figure 2), whereas plantaris and soleus muscle masses were not different between GCV+ and GCV− mice. Despite the modestly higher muscle masses found in GCV+ compared with GCV− mice, the effect on muscle mass was observed in the majority of the hind limb muscles examined, suggesting a broad effect to preserve muscle mass. In addition, the similarity in the degree of muscle mass preservation between muscles after late-life removal of p16 suggests that the effect is not specific to a particular muscle fiber composition. Despite broad effects in male mice, female GCV+ and GCV− mice displayed no differences in mass for any of the muscles studied (Supplementary Figure 2).
[image: Bar graph comparing muscle mass (milligrams) for six muscles—EDL, Soleus, Plantaris, TA, GTN, and Quad—between two groups, GCV- (yellow) and GCV+ (blue). Asterisks indicate significant differences for EDL, TA, GTN, and Quad, with GCV+ group showing higher values in these muscles.]FIGURE 2 | Hind limb muscle masses were preserved in male GCV+ mice. Masses are shown for extensor digitorum longus (EDL), tibialis anterior (TA), gastrocnemius (GTN) and quadriceps (Quad) muscles in milligrams for male ganciclovir treated (GCV+) and vehicle treated (GCV−) mice. Bars show the mean ± SEM of four mice per group with dots representing data from each individual male mouse. *Denotes p < .05 between groups by two-tailed unpaired t-test.
To determine the effects of p16+ cell depletion on muscle function we performed both in vitro and in situ muscle force testing. GCV treatment resulted in 13% and 10% greater maximum isometric tetanic force (Po) for GTN muscles with direct muscle stimulation and nerve simulation, respectively (Figure 3). These data are consistent with the higher GTN muscle mass for GCV+ mice and indicate that the increase in force generating capacity was attributable to an increase in functional muscle mass. Furthermore, specific forces (specific Po, sPo) did not differ between GCV+ and GCV− mice (Supplementary Figure 3) indicating no effect of the removal of p16 expressing cells on the intrinsic force generating capacity of the muscle. We also found no alterations in the expression of acetylcholine receptor subunit alpha (AChRα) or muscle-specific kinase (MuSK), canonical neuromuscular junction related genes, between GTN muscles in GCV+ and GCV− mice (Supplementary Figure 4). Po was not different between GCV+ and GCV− groups for EDL or soleus muscles from male mice (Figure 3) or for any muscles of female mice.
[image: Bar graph showing muscle force in milliNewtons for EDL, Soleus, and GTN muscles with two groups labeled GCV negative (yellow) and GCV positive (blue). GTN shows significantly higher force with muscle and nerve stimulation in GCV negative group, indicated by asterisks.]FIGURE 3 | Gastrocnemius (GTN) muscles from male ganciclovir treated (GCV−) mice generated higher forces than muscles from vehicle treated (GCV−) mice. Data are shown for maximum isometric tetanic force (Po) generated by extensor digitorum longus (EDL), soleus and GTN muscles expressed in millinewtons (mN). EDL and soleus muscles were evaluated in vitro, while GTN muscles were evaluated in situ using both direct muscle stimulation and nerve stimulation. Bars show the mean ± SEM of four mice per group with dots representing data from each individual male mouse. *Denotes p < .05 and ** denotes p < .01 between groups by two-tailed unpaired t-test.
CD68+ Positive Cell Numbers Are Reduced in EDL Muscles of GCV+ Mice
Since the presence of senescent cells is thought to contribute to a pro-inflammatory environment, we assessed the total number of macrophages (CD68+ cells) in muscles of GCV+ and GCV− mice. Compared with control GCV− mice, EDL muscles of GCV+ mice showed a reduced number of intramuscular CD68+ cells. The magnitude of the difference was ∼25%, whether the number of cells were expressed relative to the cross-sectional area of the section or relative to the number of muscle fibers in the section (Figures 4A,B). We cannot establish from these experiments if the CD68+ cell depletion was due to genetic ablation of CD68+/p16+ cells following GCV treatment or due to a reduction in the inflammatory state of the tissue secondary to the loss of other senescent cell populations. Nevertheless, these data suggests that depletion of p16+ reduces intramuscular macrophage number in these aged mice and as such likely also impacted upon immune responses and function.
[image: Four-panel scientific figure showing immunofluorescent staining and quantification of cells in mouse muscle tissue. Panel A shows EDL muscles stained for CD68 (red) and nuclei (DAPI, blue), with merged images including WGA (white), comparing GCV positive and negative groups. Panel C shows soleus muscles stained for Pax7 (green), DAPI (blue), and Laminin (red), with merged images comparing GCV groups; arrowheads indicate specific cells. Panel B presents bar graphs quantifying CD68 positive cells per square millimeter and as a percentage, showing significant differences marked by asterisks. Panel D presents similar quantification for Pax7 positive cells. Scale bars are present in microscopic images.]FIGURE 4 | CD68-positive but not Pax7-positive cells were reduced in GCV+ mice. (A) Representative images are shown for cross sections of extensor digitorum longus (EDL) muscles stained with an antibody to the macrophage marker CD68 (red) as well as wheat germ agglutinin (WGA, white) and DAPI (blue). (B) Data showing counts of intramuscular CD68-positive cells are shown for cross sections from ganciclovir (GCV+) and vehicle treated (GCV−) mice. (C) Representative images are shown for cross sections of soleus muscles stained with an antibody to the satellite cell marker Pax7 (green) as well as laminin (red) and DAPI (blue). White arrows indicate Pax7-positive cells that overlap with DAPI and are between sarcolemma and basal lamina of muscle fibers. (D) Data showing counts of intramuscular Pax7-positive cells are shown for cross sections from ganciclovir (GCV+) and vehicle treated (GCV−) mice. For both CD68 and Pax7, cell counts are expressed either relative the area analyzed (mm2) or by the number of muscle fibers in the sections (%). Bars show the mean ± SEM of five to eight mice per group with dots representing data from each individual mouse. Blue and red data points represent male and female mice, respectively. *Denotes p < .05 between groups by two-tailed unpaired t-test. Scale bar = 50 μm.
Pax7+ Cell Content Is Not Impacted by Removal of p16-Expressing Cells
With growing evidence of increased cellular senescence markers in post-mitotic fibers (da Silva et al., 2019; Von Zglinicki et al., 2021) and increased expression of p16INK4A in resting geriatric and progeric muscle stem cells (Sousa-Victor et al., 2014), we chose to analyze the numbers of Pax7+ muscle stem cells (MuSC, satellite cells), which are critical regulators of the health and repair of skeletal muscle (Wang and Rudnicki, 2011; Abou-Khalil et al., 2015). We evaluated Pax7+ cells in cross sections of soleus muscles based on the higher prevalence of satellite cells associated with slow compared to fast muscle fibers with age (Verdijk et al., 2007; Verdijk et al., 2014). In contrast to the reduction in CD68+ macrophages following depletion of p16+ cells, the numbers of Pax7+ cells were not different between GCV+ and GCV− mice whether expressed relative cross-sectional area or relative to the number of muscle fibers (Figures 4C,D).
Plasma Inflammatory Factors and Muscle Cytokine Expression Are Minimally Impacted by p16-Positive Cell Depletion
Since GCV treatment in p16-3MR mice results in whole-body depletion of p16+ cells in tissues that are accessible to GCV treatment, we assessed plasma profiles for a wide array of inflammatory mediators and mRNA levels for select cytokines from skeletal muscle isolates. Out of a panel of 22 inflammatory mediators assessed in plasma, only granulocyte colony-stimulating factor (G-CSF), to be lower in GCV+ mice compared to GCV− controls (Figure 5A). Furthermore, mRNA expression of tumor-necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) mRNA, were not modified in GTN muscles of GCV+ mice (Figure 5B). These data suggest that alterations in inflammatory gene and protein expression are not largely affected after a late-life 5-month long p16+ cell depletion regimen.
[image: Multipanel bar graph displays concentrations of various cytokines and chemokines, including IL-1beta, IL-2, IL-3, IL-4, IL-5, and others, across four groups: GCV (all), GCV+ (all), GCV+ (male), and GCV+ (female), represented by yellow, green, blue, and gray bars. Each panel shows individual data points and mean error bars, revealing group-wise differences. Panel B shows TNF-alpha and IL-6 expression in GTN muscles for Young, GCV, and GCV+ groups, indicating higher expression in GCV+ compared to Young. Data illustrate immune marker differences among experimental groups.]FIGURE 5 | Plasma inflammatory factors and skeletal muscle cytokine mRNA expression were largely unaffected with p16-positive cell deletion. (A) Plasma protein levels (pg/ml) for 22 inflammatory mediators are shown for saline treated controls (GCV−), combined male and female GCV treated mice, GCV+ (all), male GCV treated mice, GCV+ (Male), and female GCV treated mice, GCV+(Female). (B) TNFα and IL-6 mRNA expression relative to 18s mRNA in gastrocnemius (GTN) muscles were not significantly different in young, GCV−, and GCV+ mice. Bars show the mean ± SEM of three to eight mice per group with dots representing data from each individual mouse. *Denotes p < .05 between groups by one-way ANOVA.
DISCUSSION
Herein we report the effects of late-life removal of p16+ cells on skeletal muscle function. Our study shows that modest muscle mass and muscle force preservation can be achieved with genetic ablation of p16+ cells in male mice. The degree of muscle mass (+11%) that was preserved in the GTN muscles with GCV treatment closely reflected the degree of increased force generation (+11.5%). These findings suggest that the mass preservation achieved through elimination of p16+ expressing cells was in fact preservation of contractile tissue with no change in inherent contractility, a conclusion supported by no effect of GCV treatment on specific force (force/CSA). Since GCV treatment results in whole-body removal of p16+ cells, the preservation in mass is likely a result of systemic influences on the skeletal muscle tissue rather than caused by direct changes to skeletal muscle fibers. TA, EDL, and quadriceps muscles also showed preservation of mass in GCV+ mice. We did not assess force generating capacity in TA or quadriceps muscles, and although differences in EDL muscles did not reach statistical significance, the trend was for an increase in treated mice when compared with saline treated controls did not reach statistical significance. Despite the similarity in force generation, increased muscle mass provides additional benefits as skeletal muscle serves other functional roles such as acting as a protein repository and as a site for glycolipid metabolism. Therefore, the preservation of muscle mass could provide other metabolic health benefits.
The current study utilized a treatment regimen that spanned many months, and muscles were evaluated at the most advance stages of life. It is possible that benefits in muscle function through deletion of p16+ cells were achieved earlier during the treatment protocol. However, direct rigorous assessments of isolated muscle function are terminal procedures and as such we were unable to longitudinally assess the effects of GCV treatment on muscle function. Our findings of some evidence of preservation of muscle masses and strength were consistent with the report by Xu et al. (2018) of greater maximal walking speed, hanging endurance, grip strength, treadmill endurance and daily activity in mice as a result of late-life treatment with a senolytic cocktail of dasatinib plus quercetin. Since senolytics work through disabling senescent anti-apoptotic pathways (SCAP), a distinct mechanism of action compared to genetic ablation, our method only specifically removes p16INK4A expressing cells and does not directly affect other senescent promoting pathways such as p53/p21WAF1/CIP1 (Kumari and Jat, 2021). Nevertheless, our data show that directly attenuating the p16INK4A pathway also results in modest skeletal muscle benefits in male mice.
An interesting finding in our study was the sexual dimorphism observed for our muscle assessments. The significant protective effect observed for muscle mass in male mice by the elimination of p16+ cells was not seen for GCV+ female mice. A recent study in mice showed that male mice, at 20-month of age, showed higher expression of both p16 and p21 mRNA in various tissues compared to female mice (Yousefzadeh et al., 2020). However, at 30-month of age the numbers of senescent cells were equivalent between both sexes. Considering our treatment regimen began at 20-month of age, differences in the level of p16 expressing cells in male compared with female p16-3MR mice at this time-point may potentially explain the greater benefit of the deletion of p16+ cells observed for male mice. Although sarcopenia is equally prevalent in both men and women, the rate of muscle mass and strength decline has also been reported to be faster in men (Mitchell et al., 2012). Therefore, understanding the sex specific mechanisms that drive sarcopenia are important for advancing therapeutics that promote muscle health benefits.
Tissue resident macrophages are critical for skeletal muscle regeneration after injury and muscle regeneration after injury requires inflammatory signals for proper repair (Tidball and Villalta, 2010; Chazaud, 2020). Furthermore, other studies have found that removal of senescent cells at injury sites has a negative impact on tissue regeneration (Yun, 2018; Da Silva-Álvarez et al., 2020). Therefore, whether the observation in the present study of a reduction in intramuscular CD68+ macrophages with p16+ cell ablation provides a functional benefit to muscle tissue remains unclear. Specifically, the effect of the reduction in CD68+ cells and perhaps other p16-expressing cells on the ability to respond to insults such as nerve or muscle injuries remains to be established. However, macrophage number has been shown to increase with age and produce low grade inflammation that contributes to muscle mass and functional decline (Wang et al., 2015). Therefore, our finding of reduced macrophage number with GCV+ may provide a beneficial response in basal conditions. Moreover, another recent study showed that absence of fibro-adipogenic progenitor (FAP) senescence after exercise leads to muscle degeneration with FAP accumulation (Saito et al., 2020). One benefit to removing cellular senescence is improvement of muscle stem cell function. At baseline, muscle stem cells from geriatric and progeric models have been shown to display an upregulation of senescence-associated genes including p16INK4A and a reduced regenerative capacity upon muscle injury (Sousa-Victor et al., 2014). Repression of p16INK4A through shRNA restores quiescence and regeneration in aged mice. Our study showed no overall change in the number of Pax7+ muscle stems cells in GCV+ mice; however, we did not confirm whether the muscle stem cells also co-expressed p16INK4A or if there was an effect of clearing p16+ cells on regenerative capacity. Future studies should investigate the critical senescent cell types that provide the greatest therapeutic efficacy when removed or modified.
The SASP phenotype is one of the most extensively studied features of cellular senescence (Di Micco et al., 2021). Our group sought out to understand whether removal of p16+ cells through a 5-month long treatment program would reduce systemic cytokine expression. We therefore assessed plasma chemokine inflammatory profiles using a 22-factor array. Our experiments showed no difference in overall inflammatory profiles between saline treated controls (GCV−) and GCV+ mice (both male and female). Although somewhat surprising, these data are consistent with findings from two independent studies that found no change in serum/plasma cytokine levels with p16+ cell ablation and treatment with senolytics (Farr et al., 2017; Dungan et al., 2021). Similarly, we found no differences in expression of TNFα or IL-6 mRNA between GCV+ and GCV− GTN muscles. These data conflict with Baker et al. (2016), who found significantly reduced levels in both TNFα and IL-6 mRNA in GTN muscles of mice with removal of p16+ cells. However, their study used a different model of p16+ cell ablation and evaluated mice at a much younger age, with treatments to remove p16+ cells beginning at 12 months of age and evaluations performed at 18 months. Our approach in the current study of deleting p16+ cells starting at 20-month of age and evaluating mice at the significantly more advanced ages of greater than 26 months may explain the difference between the present findings and those of Baker et al. Further investigation is required to understand the efficacy window for clearing p16+ cells to promote muscular function.
Overall, our data show that elimination of p16INK4A expressing cells can provide modest late-life functional improvements and muscle mass preservation. These changes, however, are sex-specific and therefore warrant further examination into the molecular processes that induce muscle health benefits in both male and female. Future studies are needed to determine molecular targets and treatment windows to combat overall skeletal muscle aging.
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Increasing chronological age is the greatest risk factor for human diseases. Cellular senescence (CS), which is characterized by permanent cell-cycle arrest, has recently emerged as a fundamental mechanism in developing aging-related pathologies. During the aging process, senescent cell accumulation results in senescence-associated secretory phenotype (SASP) which plays an essential role in tissue dysfunction. Although discovered very recently, senotherapeutic drugs have been already involved in clinical studies. This review gives a summary of the molecular mechanisms of CS and its role particularly in the development of cardiovascular diseases (CVD) as the leading cause of death. In addition, it addresses alternative research tools including the nonhuman and human models as well as computational techniques for the discovery of novel therapies. Finally, senotherapeutic approaches that are mainly classified as senolytics and senomorphics are discussed.
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INTRODUCTION
Cellular Senescence (CS), defined as irreversible cell-cycle arrest, has become popular in recent years due to its high association with aging and age-related diseases. Although CS is a defense mechanism against damage or stress factors, its accumulation during aging has been proposed to cause many age-related pathologies. CS was first discovered in human diploid cells (fibroblast cells) in the early 1960s by Hayflick and Moorhead. They observed that fibroblasts reach the maximum number of cell divisions before they go through irreversible cell cycle arrest (Hayflick and Moorhead, 1961) which was later named replicative senescence (RS). Although, the cause of CS was stated as telomere shortening at first (Harley et al., 1990), and that telomerase bypasses the senescence arrest (Bodnar et al., 1998), senescence may also be triggered by other aging-associated stimuli (López-Otín et al., 2013).
CS, which is characterized by irreversible cell cycle arrest as a response to different stressors, is considered as a double-edged sword depending on the cellular and physiological processes. CS may both have beneficial and harmful effects representing evolutionary antagonistic pleiotropy (Giaimo and d’Adda di Fagagna, 2012) while CS has beneficial effects on organisms during various pathological and physiological processes such as wound healing and tumor suppression, it also has harmful effects on organisms, especially, during the aging process (He and Sharpless, 2017). The irreversible growth-arrested cells turn into senescent cells that secrete proinflammatory cytokines, growth factors, and proteases named senescence-associated secretory phenotype (SASP) through autocrine/paracrine pathways (Kumari and Jat., 2021). In paracrine fashion, secretion of large amounts of SASP harms the neighboring cells, and eventually, causes them to become senescent cells and increases the SASP secretion (Bozaykut, 2019).
Although CS mechanisms involve complex mechanisms (Karin and Alon, 2021), recent work suggests removing CS aids to prevent age-related pathologies. During aging, various scenarios are possible. CS accumulation may either result from increasing production of senescent cells with age or arise from decreasing removal of senescent cells, again with age (Florido et al., 2011; Kirkland and Tchkonia, 2017; Karin and Alon, 2021). Overall, CS is highly associated with aging which is a progressive process characterized by the functional decline and dysfunction in cells and tissues (McHugh and Gil, 2017; Rodrigues et al., 2021) that ultimately causes various age-related diseases, including cardiovascular disease (CVD) (Parry and Narita, 2016; Campisi, 2018; Bozaykut, 2019). Recently, to prevent tissue dysfunction and age-related pathologies, removal of senescent cells or ameliorating CS phenotype by senotherapeutic drugs has been proposed as a promising therapeutic approach. Moreover, using omics technologies and bioinformatic approaches, repurposing of the drugs could be a promising and rapid approach for the discovery of new senotherapeutics.
In this review, the current field of CS will be surveyed with a special emphasis on CVD by summarizing its essential role and important bottlenecks in the area. In addition, the utilization of alternative aging models such as long-lived and short-lived rodents and computational approaches in order to identify the molecular mechanisms of CS and to develop novel senotheraupetics will be discussed.
COMMON PATHWAYS OF CELLULAR SENESCENCE
While CS is an essential cellular response to different stress factors or developmental signals, it is also one of the primary causes of aging and aging-related diseases (López-Otín et al., 2013; Surova and Zhivotovsky, 2013; Galluzzi et al., 2018; Sapieha and Mallette, 2018; Bozaykut et al., 2020b). Therefore, understanding the underlying mechanisms of CS is crucial to offer therapeutic approaches for these diseases. There are various molecular mechanisms that play a role in the development of the CS including DNA damage response, cell cycle arrest, p53/p21WAF1/CIP1 pathway, INK/ARF locus, p16INK4A/pRB pathway as reviewed below in detail and summarized in Figure 1.
[image: Diagram illustrating how various cellular stressors such as oxidative damage, DNA damage, metabolic stresses, and mitochondrial dysfunction activate molecular pathways including p53, p16INK4a, and RB, ultimately leading to cell cycle arrest and cellular senescence.]FIGURE 1 | The causes and different mechanisms involved in cellular senescence. CS is induced by various factors such as oxidative damage, telomere dysfunction, tumor suppressor inactivation, strong mitogenic signals, epigenetic alterations, mitochondrial dysfunction, oncogene activation, DNA damage, proliferative exhaustion, metabolic stress, genotoxic stress, and other stress. This induction occurs by different pathways and ends up with stable cell cycle arrest. This figure is created by BioRender.com.
DNA Damage Response
DDR, which is an evolutionarily conserved response to DNA damage, gets activated by single-strand or double-strand breaks of DNA. When the cell comes across irreparable DNA damage, two possible cellular fates are either apoptosis or CS to prevent the proliferation of the damaged cells. In this regard, DDR machinery determines the cell fate based on the extent and duration of the DNA damage signaling. While short-term DNA damage mainly leads to apoptosis, long-term mild DNA damage leads to CS (Petrova et al., 2016).
During the replicative senescence process, the progressive telomere shortening in human diploid cells causes unprotected, double-stranded chromosomal free ends and these uncapped ends are identified by DDR machinery (d’Adda di Fagagna et al., 2003; Shay and Wright, 2019). On the other hand, intrinsic stimuli such as hyperproliferation, telomere attrition, oxidative damage, and extrinsic stimuli such as chemotherapeutic drugs, γ-irradiation, ultraviolet lead to persistent DDR signaling to result in irreversible and irreparable DNA damage and eventually in CS (Di Leonardo et al., 1994; D’Adda Di Fagagna, 2008; Fumagalli et al., 2012).
Yet, another stressor is oncogene activation named oncogene-induced senescence (OIS) that causes a hyperproliferative phase. During the OIS, mitotic signals trigger DNA replication and cause genomic damage accumulation and consequently, DDR gets induced. Although OIS is mediated by both DDR and tumor suppressor mechanisms, DDR is more sensitive and requires a lower oncogenic load (Evangelou and Ioannidis, 2013; Gorgoulis et al., 2018). While in RS, DDR depends on the telomeric length. In OIS, DDR does not depend on telomeric length even though it is associated with telomeric dysfunction (d’Adda di Fagagna et al., 2003; Suram et al., 2012). However, it has been proven that both telomeric and non-telomeric DNA damage have equivalent roles in triggering senescence (Nakamura et al., 2008). Based on this information, the relationship between DNA damage and CS is undeniably strong. Consistently, increased oxygen concentration just after birth leads to DNA-damage response which is followed by cell cycle arrest in the cardiomyoctes (Puente et al., 2014) and the rate of cardiomyocytes turnover has also been shown to decline with aging (Bergmann et al., 2015). Moreover, recently, it was suggested that in the failing heart which is accompanied by DNA damage, deprivation of α-myosin heavy chain (α-MHC) and elevation of β-MHC leads to inadequate response to traditional therapies (Katsuumi et al., 2018). Another study performed in aging mice showed that the loss of α-MHC gene through DNA damage induces cardiomyocyte apoptosis, heart failure, cardiac contractile dysfunction, and left ventricular hypertrophy (Barouch et al., 2006) pointing out the fact that DNA damage affects both functionality of the cardiac cells and drug responses in the older people although underlying mechanisms are still not clearly defined (Jackson et al., 2021).
Cell Cycle Arrest
The cell cycle is highly essential for cellular processes such as development, proliferation, and viability and one of the main characteristics of senescent cells is stable cell cycle arrest. When the dysfunctional cells go down the stable cell cycle arrest which is a defense mechanism triggered by different stressors, the proliferation of dysfunctional cells is halted and the cell cannot continue to divide. Cell cycle arrest occurs in G1 and G2 phases in senescent cells (Mao et al., 2012; Gire and Dulic 2015; Kumari and Jat, 2021) and the G0 phase in the quiescent cells (Di Leonardo et al., 1994; Kumari and Jat, 2021). Therefore, unlike quiescent cells, senescent cells cannot reenter the cell cycle even in favorable growth conditions because they cannot respond to mitogenic or growth factor stimulation while quiescent cells can proliferate when conditions are favorable (Campisi and d’Adda di Fagagna, 2007; Calcinotto et al., 2019; Gorgoulis et al., 2019; Mohamad Kamal et al., 2020). In addition, when considering various G0 states (G0-entry, G0 and G0-alert), it is important to distinguish them to understand the fate of cells and it is claimed that it can be identified with the molecular algorithm by checking Ki67, beta-galactosidase, and pRPS6 activities (Alessio et al., 2021).
During cell cycle arrest, nutrition sensory pathways, such as mTOR, stay active in growth arrest (Blagosklonny, 2013) implying that senescent cells are metabolically active even when the cycle is stopped. On the other hand, senescent cells are not apoptotic. Thus, they are not eliminated immediately. It is suggested that, under the stable activity of mTOR, the cells undergo stable growth arrest and become senescent, but when the mTOR activity is inhibited, senescence converted into a quiescent state retaining proliferative potential (Korotchkina et al., 2010; Blagosklonny, 2012). Therefore, the activity of the mTOR pathway is proposed to be an important factor in distinguishing one cell from another.
In addition, senescent cells are different from terminally differentiated cells that enter the irreversible cell cycle arrest. Terminal differentiation is a defined developmental program, whereas senescence is mostly executed as a cellular stress response (Baumann, 2016; Hinze and Boucrot, 2018; Mohamad Kamal et al., 2020). However, senescence may occur in terminally differentiated cells demonstrating that senescence is not dependent on an active cell cycle (Jurk et al., 2012; von Zglinicki et al., 2021). The activation of the p53/p21WAF1/CIP1 and p16INK4A/RB tumor suppressor pathways controls the cell cycle exit (Herranz and Gil, 2018; Kobashigawa et al., 2019; Liu and Wan, 2019) as discussed below.
p53/p21WAF1/CIP1 Pathway
One of the common pathways that play a crucial role in senescent growth arrest is the p53/p21WAF1/CIP1 that is activated as a response to DNA damage caused by oxidative stress, oncogenic stress, and telomere attrition. After DNA damage occurs, p53 and, hence, p53 tumor suppressor pathway is activated by DDR signaling to regulate a set of transcription factors and antiproliferative genes (Olivier et al., 2010; Kastenhuber and Lowe, 2017). As a result, cells undergo irreversible growth arrest and become senescent (Lowe et al., 2004).
Since p53 has many roles within a cell, its regulation is driven by different factors. One of the most important functions of p53 is the induction of p21CIP1 transcription during CS progression. p21CIP1 is a cyclin-dependent kinase inhibitor (CDKi) and its inhibitory effects end up with hypophosphorylation of retinoblastoma protein (pRB) and formation of DREAM complex that is formed of p107 and p130 RB pocket proteins, resulting in the cell cycle exit (D’Adda Di Fagagna, 2008; Gire and Dulic, 2015). In addition to this, p53 signaling inactivation intervenes the initiation of CS (Shay et al., 1991; Beauséjour et al., 2003; Stewart et al., 2003; Campisi, 2005). According to several studies, CS may be disrupted by the inactivation of p53 (Shay et al., 1991; Beauséjour et al., 2003). The critical point in p53 induction is that; when the stress-induced senescence is temporary, it can induce the quiescence, and the DNA repair process becomes active to turn cells back to their usual cycle (Childs et al., 2015). However, chronic stress may cause long-term cell cycle arrest by activating p16INK4A, which is a CDK inhibitor (CDK4 and CDK6) (Sharpless and Depinho, 2006). Although, p21CIP1 induction is crucial for the initiation of senescence, its permanent expression is not required for senescent cells wherever p16INK4A is maintained (Sharpless and Sherr, 2015). On the other hand, unlike p16INK4A and p53, the upregulation of p21CIP1 is considered as the driver for developmental senescence (Muñoz-Espín et al., 2013; Storer et al., 2013).
The role of p53 has been also demonstrated in cardiac diseases through various studies. As such, p53 expression is observed to be highly expressed in the heart during cardiomyopathy when compared to the healthy heart. Furthermore, another study on murine models with overloaded left ventricular pressure showed that accumulation of p53 in cardiac cells leads to cardiac angiogenesis and impaired systolic function (Sano et al., 2007).
p16INK4A/pRB Pathway
p16INK4A/pRB pathway is another important pathway during CS due to its significant impact on the cell cycle. As mentioned above, pRB is one of the tumor suppressor proteins that inhibit cell cycle progression from preventing excessive cell growth until the cell becomes ready for division. On the other hand, when pRB is phosphorylated, the cell cycle can maintain its progression. If p16INK4A permanently activates pRB in human cells, the cells undergo irreversible cell cycle arrest and become senescent. Even if pRB is inactivated, the process is no longer revoked or reversed (Muñoz-Espín et al., 2013), which suggests that p16INK4a/RB pathway may induce an alternative way for the irreversible cell cycle arrest and collaborate with mitogenic signals to generate reactive oxygen species (ROS) that results in irreversible cytokinetic block (Takahashi et al., 2007).
The pRB belongs to the protein pocket family which can bind the functional region of other proteins by their specific pocket (Münger and Howley, 2002; Korenjak and Brehm, 2005). The main feature of pRB is its restriction ability in DNA replication to prevent the progression of the G1 phase to the S phase (Goodrich et al., 1991). In this regard, the dephosphorylated pRB binds and inactivates the E2F complexes by forming the RB-E2F complex. RB-E2F complex has a repressive capacity that eventually avoids the transcription of genes essential for the progress of the cell cycle (Wu et al., 1995; Funk et al., 1997; Fischer and Müller, 2017). Furthermore, to enhance the suppression of DNA synthesis, this repressive complex attracts factors such as histone deacetylases (HDACs) and histone methyltransferase SUV39H1 to inhibit transcription of S phase genes (Lai et al., 1999; Nielsen et al., 2001; Vandel et al., 2001). On the other hand, the hyperphosphorylation of pRB is linked to the inhibition at the restriction point. E2F cuts loose from the repressive complex, promoting the transcription of the S phase genes and the cell cycle progression (Zhang et al., 2000). In addition, the crosstalk between the pRB and AKT signaling pathways plays an important role in the switch of quiescence and senescence by re-coordinating the overlapping functions of Forkhead transcription factors such as FOXO3a and FOXM1 (Eijkelenboom and Burgering, 2013; Lam et al., 2013; Imai et al., 2014). Other than the role of RB-E2F complex in early S phase, DREAM complex, which consists of p107 and p130 with dimerization partner, E2F4-5 and a Multivulval class B (MuvB) is another master regulator of the cell cycle, mainly, of late S-phase and in G2 phase (Litovchick et al., 2007; Sadasivam et al., 2012). In addition to E2F binding sites, DREAM complex binds to cell cycle genes homology region promoter elements. Thus, it is suggested that it has larger effects and functions than RB for the control of the cell cycle (Müller et al., 2012; Guiley et al., 2015; Fischer and Müller, 2017). As such, DREAM dissociates with E2F/pRB components to bind B-MYB and FOXM1 activators to regulate the genes related to the cell cycle (Engeland, 2017).
The prominent role of the p16 pathway has been demonstrated in cardiovascular aging through several studies. As such, elevated p16 levels were demonstrated in the coronary arteries of hypertensive rat models (Westhoff et al., 2008; Boe et al., 2013). Another important study showed that p16INK4a driven CS leads to alterations in the proinflammatory status of macrophages, therefore, affecting SASP levels (Cudejko et al., 2011). Finally, when p16-positive senescent cells were eliminated in premature aging mice, aging phenotypes were reduced in the heart, along with other tissues, resulting in the extension of healthspan (Baker et al., 2016).
INK4/ARF Locus
INK4 family proteins have a crucial role in DNA repair, apoptosis, and CS (Cánepa et al., 2007). INK4 (short for INhibitors of CDK4) is a cyclin-dependent kinase inhibitors (CKIs) family that consists of p16INK4A p15INK4B, p18INK4C, and p19INK4D. These four members of the INK4 family are inhibitors of CDK4 and CDK6 (Li et al., 2015) which may lead to the blocking of cell cycle progression and thus, the cell cannot go past the G1 restriction point (Ortega et al., 2002).
On the other hand, ARF tumor suppressor proteins are encoded by the INK4/ARF locus while physically linking to each other. ARF regulates p53 stability by binding and inhibiting MDM2 (Sharpless, 2005; Kim and Sharpless, 2006), leading to a cross-talk between p53 and pRB pathways (Gil and Peters, 2006). On the other hand, p53 regulates the ARF expression through the negative feedback mechanisms (Kotake et al., 2011).
CELLULAR SENESCENCE AND CARDIOVASCULAR AGING
As described above, CS is a cell cycle arrest and it presents different characteristics that are categorized as beneficial, neutral, and detrimental based on the conditions (He and Sharpless, 2017). The discovery of senescent cells in the embryos showed that CS also has a role in organogenesis during development. Although these cells express the common biomarker of CS, senescence-associated beta-galactosidase (SA-β-gal), they do not show any DNA damage or senescence-associated secretory phenotype (SASP) cytokines (Muñoz-Espín et al., 2013). Unlike adult senescent cells, they employ p21 (Storer et al., 2013). Furthermore, senescent cells are involved in wound healing, kidney development, placental development, and bone growth (Lozano-Torres et al., 2019). However, within the aging process, the role of senescent cells becomes detrimental and they are involved in age-related diseases such as cardiovascular diseases, cancer, neurodegenerative diseases, pulmonary fibrosis and renal disease. Aging is a biological process that results from the disruption of balance in systems or organisms eventually damaging the homeostasis (Parry and Narita, 2016; Calcinotto et al., 2019). The loss of homeostasis leads to tissue dysfunction causing many age-related diseases (Campisi, 2013). As such, aging organisms experience various chronic diseases and the motivation of research on the biology of aging is to understand the mechanisms behind aging-related pathologies to develop therapies against them. Until now, nine different hallmarks of aging have been determined including the CS (López-Otín et al., 2013), which promotes the idea that aging is affected by multiple parameters instead of one single-cause in the cells (Da Costa et al., 2016). The connection of CS and aging were firstly proved by the studies of INK-ATTAC mouse models in which the removal of p16INK4A cells resulted in reducing the age-related pathologies. These mice studies started a new era for therapeutic approaches to increase the healthspan of organisms. (Baker et al., 2011, 2016).
A recent statistical report released by the American Heart Association (AHA) and National Institutes of Health (NIH) showed that cardiovascular disease (CVD) has a higher incidence than other common diseases, even more than the combination of lung diseases and cancer (Bozaykut et al., 2020a; Virani et al., 2020; Li et al., 2021). Older people are prone to develop any kind of CVD (heart failure, hypertension, stroke, coronary heart disease) and aging has been proposed to be the main risk (Rodgers et al., 2019). Recently, targeting CS, as one of the main hallmarks of aging, has been regarded as a hub for CVD-related aging therapies. It has been shown that people with Human Progeria syndromes, Werner syndrome, and Hutchinson-Gilford progeria syndromes (HGPS), who have a high number of senescent cells even at young ages, develop atherosclerotic plaque burden which accelerates the risk for CVD (Hamczyk, Villa-Bellosta, et al., 2018b). Other studies also have shown that CS is related to arterial diseases including peripheral artery diseases, aortic aneurysm, coronary artery disease, cardiac fibrosis, and heart failure (Cafueri et al., 2012). In addition, heart failure rates increase in the elderly even without any signs of other risk factors such as hypertension, diabetes, obesity or atherosclerosis. The biomechanical and biochemical deterioration of the heart through aging results in left ventricular (LV) dysfunction and arterial stiffening. Diastolic LV dysfunction has also been related to chronic heart failure, which is one of the most observed heart diseases and a considerable proportion of these patients are older people (Benjamin et al., 2019). On the other hand, aortic diseases, such as abdominal aortic aneurysm (AAA) and thoracic aortic aneurysms, are other age-related diseases and it has been shown that there is oxidative DNA damage and telomere attrition in endothelial and vascular smooth muscle cells (VSMCs) of the patients (Cafueri et al., 2012).
Cardiovascular Cells and Cellular Senescence
During the CVDs, several cell types that are affected by CS are VSMCs, endothelial cells, and macrophages as summarized in Table 1. These cells were shown to have high SA-β-gal levels in people with age-related diseases or in line with old age. Recent studies have also demonstrated the effect of premature CS in atherosclerotic cells (Minamino et al., 2002; Matthews et al., 2006; Hamczyk et al., 2018a). The relationship of the most prominent cardiovascular cells and CS is reviewed below.
TABLE 1 | Summary of cardiovascular cell senescence pointing out the mechanisms, biomarkers and related diseases.
[image: Table summarizing cardiac cell types, mechanisms of dysfunction, biomarkers, related diseases, and references. Cardiac cells include cardiomyocytes, immune cells, VSMCs, cardiac stem cells, and endothelial cells, with disease links such as myocardial infarction, atherosclerosis, and heart failure.]Endothelial cells (ECs) are the building blocks of the inner vascular wall, and they are involved in communication with neighbor cells. These cells are influenced through vascular aging and the number of senescent ECs increases in the arterial walls (Bozaykut, 2019). According to a study of coronary artery diseases, ECs in atherosclerotic plaques are detected with increased SA-β-gal activity (Minamino et al., 2002). The studies on the molecular mechanism of EC senescence reported that in aged people the expression of CS biomarkers (p53, p16INK4A, and p21) are increased which can be reversed by exercise. More importantly, EC senescence has been proposed to have an effect on defective vascular endothelial function in aged people (Rossman et al., 2017). In addition, another research showed that endothelial progenitor cells, which are precursors of ECs, are involved in atherosclerosis, and senescence of these cells increases the rate of atherosclerosis in the elderly (Yang et al., 2008). However, the complete mechanisms on how ECs senescence is induced have not been fully understood, which has remained to be investigated.
Vascular Smooth Muscle Cells (VSMCs) are the major cell type that composes the majority of arterial walls. They are critical to maintaining the integrity of blood vessels walls. Besides, VSMCs are involved in the different stages of the atherosclerotic process (Basatemur et al., 2019). In addition, VSMCs play an important role in the development of aortic aneurysm, and fibrotic neointima formation. (Cafueri et al., 2012; Bennett et al., 2016; Komaravolu et al., 2019). Notably, these cells significantly affect atherosclerotic immunity through the artery tertiary lymphoid organs (ATLOs) formation (Hu et al., 2019). Although the role of VSMC senescence in CVDs has been shown in previous studies, there are a few studies on the metabolic regulation of VSMC senescence. Very recently, a study on the sirtuin family demonstrated that SIRT6 protein (but not mRNA) expression is declined in VSMCs in human and mouse atherosclerotic plaques (Grootaert and Bennett, 2021). On the other hand, another study showed that SRT1720 protein has an inhibitory effect on VSMC senescence through the SIRT1 pathway, which was shown by the decrease in SA-β-gal activity and in p21, p53, p16 protein expressions (Sung et al., 2020).
Cardiomyocytes are part of the myocardial tissue affecting their microenvironment with the secretion of pro-inflammatory factors, SASPs, exosomes and 30–40% of the heart consists of cardiomyocytes (Tang et al., 2020). Until recently, cardiomyocytes in adults have been known as post-mitotic cells. Nevertheless, recent studies reported that the proliferative capacities of these cells are protected, yet, their renewal rate is decreasing with aging (Bergman et al., 2009). The CS phenotype of cardiomyocytes is represented by DDR, contractile dysfunction, SASP, mitochondrial defect and ER stress. However, further studies are required to understand the role of senescent cardiomyocytes in cardiac aging and in CVD development (Ock et al., 2016; Tang et al., 2020).
The existence of Cardiac stem cells (CSCs) has been known for almost 20 years in adult mammalian hearts. Progenitor cells have little proportion in tissues, but they hold a potential for differentiating into different cell types in a tissue. CSCs can differentiate into three different cell lineages which are smooth muscles, ECs, and myocytes with their self-renewing, clonogenic and multipotent features (Cianflone et al., 2020). Senescence in these cells is associated with different diseases such as diabetic cardiomyopathy, hypertensive cardiomyopathy, myocarditis and valvular heart diseases (Chimenti et al., 2003).
Immune cells have a role in initiating CVDs through the aging process. The functions of these cells are altered with the CS which is also known as immunosenescence (Rodrigues et al., 2021). Senescent macrophages are one of the pivotal immune cell types for the formation of CVD. They are involved in early atherogenesis and are found to accelerate plaque instability in late phases of the disease (Stoneman et al., 2007). Specifically, leukocyte senescence has been suggested to play a role in initiating plaque formation (Calvert et al., 2011). The link between immunosenescence and CVD is attracting interest and the use of immune cells is proposed as a promising therapeutic approach as discussed later in the review.
THE TOOLS OF CELLULAR SENESCENCE RESEARCH
Biomarkers for Cellular Senescence
Detection and quantification of the senescent cells (especially in vivo) are challenging (Sharpless and Sherr, 2015) and there is no single universal marker to investigate senescent cells. Thus, the combination of several biomarkers is used for the reliable detection of senescence (Di Micco et al., 2021). Although detection of senescent cells is complicated, there are main biomarkers for detecting CS. For instance, physiologically, senescent cells can be distinguished by their flat and extra enlarged morphology. Other than their physiology, there are other biomarkers for the detection of senescent cells in vivo and in vitro. These biomarkers can be divided into the following four categories: Enzymatic assays, lipofuscin accumulation, proliferative capacity, and molecular biomarkers. On the other hand, the method of choice for the detection of CS also depends on the cell type, physiological context, insult, or the type of stressor (Kirschner et al., 2020).
SA-β-gal activity is a histochemical staining technique used for the detection of accumulated lysosomal enzymes and it is the most widely used biomarker for CS detection. The enzyme β-GAL has a specific working pH range at 6.0 which enables the hydrolysis of X-gal and after the reaction, a deep blue product is released from the cells (Kuilman et al., 2010). Regrettably, due to its presence in pre-senescent, quiescent and immortal cells, it is required to be combined by additional markers such as p21 and p16 expressions (Hall et al., 2017). In addition, senescence-associated heterochromatin foci (SaHF) is another marker for the detection of CS. However, they are mostly found in oncogene-induced senescent cells. Furthermore, modified histone γH2Ax could be used to detect DNA damage from telomere-induced foci (Gire et al., 2014). Another reliable way to analyze the status of DNA replication is through Ki-67, PCNA, or [3H] thymidine.
According to a recent systematic and meta-analysis study that investigates CS variance across the ages and the tissues in humans, even in the same individual, the organs have different levels of CS (Tuttle et al., 2020). Thus, it is vital to choose an appropriate biomarker for effective analysis and the categorization of biomarkers according to study type, such as in vivo, in vitro, or ex vivo, was documented in a recently published review (González-Gualda et al., 2021). Determination of proper markers for tissues in age-related diseases is also related to the type of the disease. The studies on age-related diseases in humans revealed that the most common markers for the detection of CS in heart diseases are p16, SA-β-gal, and p53, followed by SASP, p21, and γH2Ax expressions (Tuttle et al., 2020).
Senescence-Associated Secretory Phenotype
In addition to CS biomarkers discussed above, secretory phenotype is being used for the identification of CS (Witkiewicz et al., 2011) since senescent cells secrete chemokines, inflammatory cytokines, growth factors, and matrix metalloproteinases (MMPs) known as SASP. During the aging process, SASP is transcriptionally regulated by CCAAT/enhancer-binding protein β (C/EBP-β) and nuclear factor kappa-B (NF-κB) depending on the CS inducer and context (Acosta et al., 2008; Kuilman et al., 2008; Chien et al., 2011). As a response, interleukin IL-1α (IL-1α) is produced to enhance C/EBPβ and NF-κB activity and amplify SASP signaling through IL-6 and IL-8 production, in the early senescence (Acosta et al., 2008). Moreover, the role of transposable elements which induced cyclic GMP–AMP synthase linked to stimulator of interferon genes (cGAS-STING) pathway was also shown in the activation of SASP (Sedivy et al., 2013; Dou et al., 2017; Li and Chen, 2018).
The communication of senescent cells occurs through this complex series of secretion from senescent cells affecting the nearby cells. Chronic SASP conditions alter the cell environment and induce age-related diseases during the aging process. The components of SASP depend on the context of the disease and might result in distinct outcomes in different cells. Literally, SASPs are the main reason for the double-sided effect of senescent cells as they are known to be beneficial and detrimental (Coppé et al., 2011; Kumari and Jat, 2021). However, during the aging process, their detrimental effect is prominent on neighbour and non-senescent cells and these secretomes are used as the target for senotherapeutic approaches. Recently, senomorphics, a new class of drugs suppressing SASP without eliminating senescent cells have been discovered and will be discussed further.
More recently, these factors have been investigated in the light of an unbiased quantitative analysis and the findings showed that SASP might be investigated under the following four categories: metabolic processes, extracellular matrix/cytoskeleton/cell junctions, regulators of gene expression, and ox-redox factors (Özcan et al., 2016). Different SASP factors could be used for detecting senescent cells in various situations and a recent article created “SASP Atlas” for solving the complexity of SASP components with proteomics study which might facilitate choosing the appropriate biomarkers for senescence according to different types of tissue (Basisty et al., 2020). The role of SASP in inflammaging is suggested previously with different types of inflammatory cytokine secretion. Furthermore, it has been proposed that inflammaging should be considered as a hallmark of CVD (Liu et al., 2020). As summarized in Table 1, different SASP factors are used as biomarkers for CS in different types of cardiac cells.
Model Organisms to Study Cellular Senescence
With the increasing popularity of the role of CS on human diseases, the research has expanded to understand the underlying mechanisms by using various experimental models. However, model selection is just as crucial as choosing the proper biomarker. As shown in Figure 2, CS studies can be performed with the help of different types of animal models or organisms, and different experimental and computational approaches.
[image: Diagram illustrating research approaches including 3D organoids, microfluidic chips, and 2D cell culture under cell and tissue culture studies, model organisms such as transgenic mouse, naked mole rat, and blind mole rat, and integration with bioinformatic tools.]FIGURE 2 | Tools and Models of Cellular Senescence. CS can be studied by using various techniques such as in vitro cell cultures, nonhuman models such as usual rodent models (mouse, rat), transgenic mouse models (LMNA progeria mouse, p16-3MR mouse, Burb1 mouse, SAMP/SAMR mouse), special aging models (naked mole-rat, blind mole-rat), 3D organoids, microfluidic chips and bioinformatic applications This figure is created by BioRender.com.
Nonhuman models are crucial for CS research since it is possible to set up the experimental design to understand the complexity of CS and investigate the potential therapies. However, since main CS research is motivated by the need to resolve the problems mainly in humans, human studies are required for the validation of the therapies besides having ethical considerations. For that reason, 2D cell culture studies have been widely preferred in which the physiological context is not satisfactory. More recently, 3D human organoid cultures have been developed to address these bottlenecks of aging and CS research. In this section, we discuss well-known organisms as well as alternative models and approaches to study CS.
SAMP/SAMR Models
The senescence-accelerated mouse (SAM) is established through phenotypic selection to develop a common genetic pool for AKR/J mouse strain. There is a total of 12 SAM strains, including senescence-accelerated mouse resistant (SAMR) and senescence-accelerated mouse prone (SAMP) substrains (Akiguchi et al., 2017), each of which exhibits a specific different phenotype of age-related diseases. Among these, SAMP8, which is characterized by amyloid-beta deposition and abnormal hyperphosphorylation of tau-like neurofibrillary tangles (NFTs) in the hippocampus, a significant decline in learning and memory, cardiac aging, anxiety, and hearing loss, has been widely used in CS research. Although these pathologies make SAMP8 mice suitable for studying Alzheimer’s Disease and other cognitive disorders (Akiguchi et al., 2017; Okouchi et al., 2019; Marie et al., 2018), they are also regarded as a model to study the impacts of aging on cardiovascular health. SAMP8 demonstrates rapid aging, and it has been shown that the main cause of rapid aging of SAMP8 mice is the decreased expression and activity of antioxidant molecules. Furthermore, oxidative stress which is a characterization of SAMP8 mice, is also a risk factor for aging, atherosclerosis, and neurodegenerative diseases, as well (Niedzielska et al., 2016). Since extensive oxidative stress causes irreversible DNA damage, ultimately, it is also associated with CS process.
LMNA Progeroid Mouse Models
LMNA progeroid mouse is a transgenic model to study HGPS that was generated by an autosomal recessive mutation in the Lamin A gene. The mutated protein, Lamin A/C (LamA/C), which is an essential component of the nuclear lamina, plays a major role in many nuclear functions such as transcription, cell-cycle progress, DNA repair, DNA replication, and also chromatin organization (Lopez-Soler et al., 2001; Moir and Spann, 2001; Prokocimer et al., 2013). Therefore, mutations of Lamin A protein leads to premature senescence as a consequence of DNA damage, genomic instability, loss of heterochromatin and telomere shortening (Foo et al., 2019). As a result, LMNA mutations cause laminopathies which is the collective group of rare diseases that can be distinguished in systemic or tissue-specific forms and generally show premature aging traits (Camozzi et al., 2014). HGPS, a rare dominant genetic disorder, which is characterized by accelerated atherosclerosis, premature aging, skin and adipose tissue atrophy, and bone resorption (Mounkes and Stewart, 2004), is the most significant form of systemic laminopathies (HGPS, OMIM 176670).
LMNA progeroid mouse reflects HPGS through lamin A, lamin C, and progerin protein expression patterns. In HGPS, vascular calcification is typically observed to lead to calcium-phosphate deposition (CPD) in different layers of the aortic wall, and these progeroid mice are useful to understand the mechanisms of vascular calcification in HPGS. In a study, Osorio et al., define the molecular mechanism of vascular calcification in HPGS by analyzing LmnaG609G knock-in mice. These mice over-express progerin as a result of aberrant splicing which is a consequence of LMNA c.1827C > T (p.G609G) mutation (Osorio et al., 2011). Moreover, it has been reported that there is an increased number of VSMCs and reduced extracellular pyrophosphate expression capacity of VSMCs in progeroid heterozygous LmnaG609G/+ mice. In another study, when intracellular ATP levels and extracellular ATP accumulation were analyzed in wild-type and LmnaG609G/+ VSMCs, progerin-expressing VSMCs were shown to impair ATP synthesis and mitochondrial function. Finally, inhibition of aortic calcification was observed after 9 weeks of Pyrophosphate treatment in homozygous LmnaG609G/G609G mice (Villa-Bellosta et al., 2013). Collectively, this transgenic model carries major symptoms of HGPS such as skeletal anomalies, impaired somatic growth, shortened lifespan, and cardiovascular alterations, and therefore, is one of the suitable models to study CS-induced aging pathologies.
BubR1 Progeroid Mice
BubR1 progeroid mouse is another transgenic mouse model to study the network of CS and aging. The budding uninhibited by benzimidazole related 1 (BubR1) is a crucial protein that plays a key role in mitotic spindle assembly checkpoint. Since its major role is to prevent chromosomes from unequal separation, it helps to maintain chromosomal stability and therefore, BubR1 has direct involvement with CS (Yu, 2002). In addition, alterations in BubR1 expression have been also observed in malignant and premalignant lesions. Studies showed that decreased BubR1 expression causes CS through upregulation of the cell cycle inhibitor p16INK4A (Baker et al., 2004, 2008, 2011; Matsumoto et al., 2007; Kyuragi et al., 2015). However, knockout (BubR1−/−) mice did not survive. For that reason, BubR1 mice that have hypomorphic alleles (BubR1h/h) and express 10% of normal BubR1 levels were produced for research use (Wijshake et al., 2012).
BubR1 mutant mice exhibit various progeroid (resembling premature aging) phenotypes. In addition, natural aging of wild-type mice is also marked by reduced BubR1 expression, further suggesting that this protein may be a regulator of normal aging process (Baker et al., 2004). Moreover, an increase in senescent hepatocytes and SASP is observed in tissues of BubR1-deficient mice. In a study of mice lacking BubR1 with various senescence-related phenotypes, elevated SASP factors and accumulation of p16INK4A+ senescent cells were also observed in adipose and muscle tissues (Baker et al., 2004; Matsumoto et al., 2007; Baker et al., 2008; Baker et al., 2011; Kyuragi et al., 2015).
p16-3MR
p16-3MR is a transgenic mouse model that was generated by J. Campisi’s group in 2014. This reporter mouse has three significant features that enable the selective detection, isolation, and depletion of senescent cells (Demaria et al., 2014). Due to the increase of p16INK4A+ expression during CS, p16INK4A+ has been used as a biomarker to identify senescent cells both in vitro and in vivo studies. Therefore, this model was generated as a trimodal reporter combined with the p16INK4A+ gene. Under the control of the p16INK4A+ promoter, it contains functional domains of a synthetic Renilla luciferase (LUC) to permit the detection of 3MR-expressing cells by luminescence both in vitro and in vivo; monomeric red fluorescent protein (mRFP) to permit the isolation of senescent cells from tissues, and lastly; truncated herpes simplex virus 1 (HSV-1) thymidine kinase (HSV-TK) to permit selective elimination of senescent cells (Demaria et al., 2014). This elimination occurs by the combinational use of HSV-TK with ganciclovir (GVC) that acts as a toxic DNA chain terminator in senescent cells, breaking down the mitochondrial DNA and, hence, causing apoptosis (Laberge et al., 2013).
The clearance of senescent cells has been shown to delay or reduce aging phenotypes through p16-3MR model since it has a mechanism that selectively and efficiently targets p16INK4A+ senescent cells such as endothelial-like cells, foamy VSMC-like cells, and foamy macrophage-like cells by GCV administration. p16INK4A+ senescent cells are known to be uniformly deleterious throughout atherogenesis. It has been shown that the elimination of these cells either via pharmacologic or transgenic approaches inhibits disease-related detrimental pathologies such as fibrous cap thinning and elastic fiber degeneration and reverses atherosclerosis (Childs et al., 2016). Collectively, these studies have shown that p16-3MR is an excellent model to study the inducible depletion of the p16INK4A+ senescent cells, and therefore, CS-related diseases such as CVDs.
Special Aging Models: Naked Mole Rat and Blind Mole Rat
Most of the rodents are known to have a short lifespan, however, there are superior species that evolved longer lifespans. Among these, naked mole-rat (NMR) and blind mole rat (BMR) are the most notable subterranean species and their extraordinary nature makes them important model organisms for the biology of aging research. One of the main differences between NMR and BMR is their social hierarchy. NMRs are eusocial animals living in communities with one queen that reproduce the rest of the community whereas BMRs are solitary and aggressive. NMRs and BMRs maximum lifespans are 32 and 21 years, respectively. In addition their longer lifespan, they have also evolved anti-cancer resistance, hypoxia tolerance, and many adaptation strategies for extreme conditions, as well. Therefore, understanding the mechanisms underlying the extreme adaptations of these special rodents may contribute to novel therapies for human healthspan (Azpurua and Seluanov, 2012).
Naked Mole Rat
NMR is a eusocial species endemic to the deserts of East Africa, with an extraordinary lifespan of more than 30 years (Edrey et al., 2011; Lewis and Buffenstein, 2016; Bozaykut, 2021). NMR lifespan studies based on more than three thousand data by Kaplan-Meier analyzes showed no significant increase in age-related mortality when compared to other mammals (Kirkwood, 2015) pointing out NMR as an ageless organism (Ruby et al., 2018).
In NMR, cellular senescence is evolved as a defense mechanism against tumor formation by restricting the proliferation of damaged or premalignant cells. Also, it has been linked to the aging process and age-related pathologies. On the other hand, while being longest-lived rodent, NMR has resistance to various age-related diseases (Tacutu et al., 2011; Yanai and Fraifeld, 2018). Interestingly, NMRs have been shown to undergo the following three different types of CS that are DNA damage-induced, oncogene-induced, and developmental CS (Zhao et al., 2021) although they do not show age-related phenotypes until the very late stages of their lives (Buffenstein, 2008). In addition, aged NMRs also do not show deterioration in cardiovascular function, muscle structure or function, bone quality, cognitive functions, or any age-related pathologies (Pinto et al., 2010; Edrey et al., 2011; Grimes et al., 2014; Stoll et al., 2016). Surprisingly, in a study that compared young and old individuals, higher cytosolic and mitochondrial ROS were found even in younger individuals (Labinskyy et al., 2006). In contrast, older individuals resist oxidative stress (Andziak and Buffenstein, 2006) and the lack of oxidative stress activation during aging avoids the perturbation of mitochondrial function, and NMRs escape from growth arrest.
It has been reported that the main reason behind cancer resistance is early contact inhibition (ECI), which is considered as the main barrier to prevent the overgrowth of the cells (Seluanov et al., 2009). Furthermore, while hypoxia tolerance is very low in the majority of mammals (Dzal et al., 2015), NMRs can survive even in extreme hypoxic and anoxic conditions. Relatively, NMR’s have been shown to develop special metabolic adaptations under anoxic conditions in which they use fructose as a fuel of glycolytic metabolism (Park et al., 2017).
In addition to metabolic and epigenetic adaptations in NMR, Faulkes et al. defined the cardiac metabolic profile and biochemical alterations. In addition, according to the previous metabolic profiling reports (Park et al., 2017), NMRs were shown to have an increased glycolysis, lactate, and glutathione rate which suggests the increased resistance to oxidative stress. Furthermore, succinate/fumarate ratio was also demonsrated (Faulkes et al., 2019). Therefore, a variety of metabolic adaptations observed in the NMR heart could be responsible to increase the survival ability and protecting NMRs from age-related CVD.
It has been observed that there is a high level of lipid peroxidation in the heart tissue of NMRs thus, it can prevent the progression to fatal cardiac disease (Grimes et al., 2012). In addition to this feature, the conserved cardiovascular function (Grimes et al., 2014) which is not deteriorated by age makes this organism a perfect candidate to study CS and age-related cardiovascular pathologies.
Blind Mole Rat
Similar to NMR, BMR is an underground rodent that is highly resistant to hypoxia and cancer, with a reported maximum lifespan of 21 years (Avivi et al., 2005; Shams et al., 2005; Edrey et al., 2012; Gorbunova et al., 2012; Schmidt et al., 2017). Furthermore, while tumor formation can easily be induced in mice and rats, BMRs are remarkably resistant to exogenous carcinogens, and in 40 years of observation, not a single incidence of spontaneous cancer was observed (Gorbunova et al., 2012; Manov et al., 2013). Several studies on the superior cancer resistance of BMRs demonstrated that BMR cells exhibit uniform, vigorous proliferation and are able to achieve high-density assembly without ECI. Instead of ECI, BMR cells pass through a relatively small number of population doublings while proinflammatory IFN-β is released as a response that is driven by p53/RB pathway. Followingly, cells die because of the massive necrosis within 3 days, named as concerted cell death (Gorbunova et al., 2012).
Moreover, a recent study showed that replicative senescence in BMR fibroblasts was manifested by the increased activity of SA-β-gal and overexpression of p16, p21, and p53 mRNA expressions (Odeh et al., 2020). Suprisingly, in senescent BMR fibroblasts, SASP, as one of the important features of CS, was found to be undetectable or decreased unlike senescent human and mouse fibroblasts (Odeh et al., 2020). The study proposed that, the DNA damage required for the activation of SASP in BMR senescent cells was not sufficient, connecting with the data on the increased DNA repair capacity of BMRs (Domankevich et al., 2018). The same study also suggested that the increased p65 phosphorylation was also not enough to activate NF-κB pathway which is accepted as one of the main SASP regulator (Odeh et al., 2020). In addition, a very recent study interestingly reported the activation of retrotransposable elements (RTEs) that in turn induces cGAS–STING pathway. As cGAS–STING pathway is connected to SASP as explained above, the role of cGAS-STING pathway on SASP status of BMR during aging remains as an important question to be resolved (Zhao et al., 2018).
Although these data suggest that NMR and BMR, two special aging models, are likely to evolve different adaptations during the aging process, further investigations in order to understand these adaptations are needed to develop alternative ways to treat CS-related pathologies.
Cell and Tissue Culture Studies
Since the motivation to study the biology of aging is the need to resolve human age-related pathologies, human models are emerging. By using in vitro 2D cell culture methods, it is possible to induce CS and therefore, observe CS progress in various cell types such as human primary dermal fibroblasts (Galvis et al., 2019), human fetal fibroblasts (Hayflick and Moorhead, 1961), human primary bone marrow mesenchymal stromal cells (BM-MSCs) (Antonioli et al., 2019) and IMR90 (Xu et al., 2020). However, due to its highly heterogeneous phenotype and complexity of human aging, 2D cell cultures can not fully meet the biology of human aging. Model systems demonstrating the features of environmental interactions, stochastic and genetic-epigenetic variables such 3D organoids or microfluid chips have been recently developed to solve these challenges of human aging studies as described below (Cevenini et al., 2008).
3D Organoid Cultures
Specifically, studying human CS is challenging as the number of senescent cells in an organism is very few to observe, in addition to the long aging process of humans. These challenges lead researchers to study senescent cells in vitro (González-Gualda et al., 2021) however, as discussed above, 2D cell cultures do not reflect the true representation of human aging. Very recently, researchers have been focused on more advanced methods to study senescence and one of the most promising techniques to study CS is proposed as 3D organoid cultures (Torrens-Mas et al., 2021). Organoid systems are simplified organs developed to model many human tissues and diseases (Hu et al., 2018), reconstructing physiological 3D tissue structure and cellular composition in vitro (Simian and Bissell, 2017). Organoids can be derived from primary cells and tissues or from sources such as pluripotent stem cells (PSCs) (Barkauskas et al., 2017). On the other hand, a recent study suggested intestinal epithelial organoids are appropriate for aging studies as shown by the SA-β-gal accumulation, the decrease in DNA methyltransferase expression, and the increase in p21 expression in organoids of aged mice (Uchida et al., 2019).
The use of organoids in aging studies was shown in the experimental setup of intestinal organoids from young and old samples. Epigenetic changes resulting in stem cell dysfunction and the reduction in Wnt signaling explain the reduced organoid generation efficiency for aged mice and humans when compared to younger individuals (Mihaylova et al., 2018; Pentinmikko et al., 2019; Uchida et al., 2019; He et al., 2020). In addition, aged organoids showed decreased DNA methyltransferases as well as increased CS markers including SA-β-gal and p21 and p16 expressions (Christoph et al., 2021). Furthermore, one of the well-described longevity strategies is the dietary intervention has been also validated in a recent study. The study demonstrated that 24-h fasting resulted in enhanced organoid formation and self-renewal potential in aged mice (Mihaylova et al., 2018). In addition, improved organoid formation efficiency has been also demonstrated in calorie-restricted mice that are explained by the alternations in mTORC and SIRT1 signaling both of which are the essential pathways in aging (Yilmaz et al., 2012; Igarashi and Guarente., 2016; Igarashi et al., 2019).
Skin aging studies mainly rely on the in vitro cell cultures in which CS can be induced or more recently on the skin equivalents of 3D culture of fibroblasts and keratinocytes isolated from aged donors. These 3D models have been shown to successfully represent many features of skin aging (Diekmann et al., 2016). As such, p16 levels were shown to vary significantly in young and old-derived skin equivalents and p16 was suggested to drive other changes related to skin aging (Adamus et al., 2014). Furthermore, skin equivalents were also used to test the effect of fat-derived stem cells on CS and it was shown to delay the expression of senescence markers (Odile Damour, 2014).
Another 3D organoid model has been developed by cortical neurons that are differentiated from human iPSC were shown to represent typical features of senescent cells, such as increased SA-β-gal activity, p16/p21 expressions, and inflammatory cytokines (Shaker et al., 2021). This senescent phenotype was also accompanied by the significant downregulation of Klotho, a type I transmembrane protein with anti-aging properties (Kuro-o., 2011; Massó et al., 2015; Shaker et al., 2021).
Since organoids have the ability to histologically recapitulate human tissues in vivo, this technology holds the potential to test potential longevity drugs that target the hallmarks of aging including CS, while paving the way to personalized interventions. However, organoid cultures also lack some physiological features of the organisms such as vascularization and further developments are needed to better represent the physiology of human aging (Torrens-Mas et al., 2021).
Microfluidic Chips
Since 2D culture studies are restricted due to the lack of environmental factors, microfluidics is yet another emerging technology for the manipulation of the environment at the microscale level. These systems have the ability to copy the environment of organs, vessels, or tissues through various regulations (Wu et al., 2020). This novel technique has been recently initiated to study senescent cells and 3D filter senescence chips were developed to isolate and to remove senescent cells from biofluidics which enables low cell damage while filtrating senescent cells (Chen et al., 2018). In a recent study, an in vitro 3D model which is called “dermis-on-a-chip” that mimics the blood vessels with skin fibroblasts was developed. This vessel is embedded in the chip along with collagen-type-1 and senescent fibroblasts were applied to the chip for the observation of CS effect in the microchip environment. This study provided evidence on how to optimize senescent cell concentration in the experimental setup while enabling observing the role of CS (Pauty et al., 2021).
Another microfluidic study displayed a tube-free microfluidic platform for VSMC culture where extracellular matrix coating, VSMC seeding, culture, and immunostaining can be performed (Wei et al., 2014). In this approach, VSMCs are seeded into microfluidic devices by even distribution. In comparison to bare glass surfaces, VSMC proliferation and phenotype variations caused by extracellular matrix coated substrates were explored in time sequence. Furthermore, developed a progeria-on-a-chip model to study HGPS which is driven by vascular aging. This biomimetic microfluidic model was designed with VSMCs and the authors showed the effect of biomechanical strain by comparing the SMCs from healthy and HGPS donors. The model revealed a new strained-derived mechanism with in vitro studies (Ribas et al., 2017). Overall, newly enhanced techniques on CS-related studies have had contributions to diagnostics and drug applications on CVD and other age-related pathologies.
Bioinformatic Approaches
After the discovery of senescent cells, scientists have put an enormous effort to identify universal markers for the characterization of the CS state. One of the reasons that make it difficult to identify such markers, is the high heterogeneity and complexity of the senescence phenotype. Because of this complex feature of CS, detecting senescence is only possible by considering the combination of multiple biomarkers within the same sample (Sharpless and Sherr, 2015). However, during the identification of CS and testing the potential treatments, it is important to have not only highly sensitive biomarkers but also cost-effective techniques are needed. Since bioinformatic studies provide a significant reduction in cost and time, it has become an important tool of science, making it possible to observe the development of senescence at the single-cell level (Wiley et al., 2017). With the help of computational approaches and high-throughput techniques such as proteomics, genomics, transcriptomics, metabolomics, it is possible to observe the development of CS through common biomarkers and SASP phenotypes, and to design therapeutic targets for senotherapeuti̇c approaches accordingly (Hernandez-Segura et al., 2018).
On the other hand, with the help of omics technologies, it is also possible to propose new drug candidates such as by repurposing drugs that already exist. Besides the discovery of novel senotherapeutics, drug repurposing provides faster progress, fewer cost, and low attrition rates than the traditional drug discoveries (Pushpakom et al., 2019). Computational technologies offer a great number of platforms such as databases, tools, and servers to identify candidates of repurposing drugs by fishing genes and specific targets while investigating the presence of the interactions with a target of known drugs (Nabirotchkin et al., 2020).
STRATEGIES TARGETING CELLULAR SENESCENCE: SENOTHERAPEUTICS
Senescent cell accumulation causes various consequences leading to age-related pathologies. Ultimately, prevention of CS or clearance of senescent cells may be a promising therapeutic approach for age-related diseases. Senotherapeutics is the common name given to the class of drugs that target senescence-associated phenotypes and/or senescent cells to prevent age-related diseases. Senotherapeutics can be classified into two diverse groups named senolytics and senomorphics each of which modulates CS in different ways (Kim and Kim, 2019). Senomorphics mainly block the senescence-associated phenotypes to prevent/delay CS state without affecting the total number of senescent cells. On the other hand, senolytics aim to selectively kill senescent cells by inducing cell death and reducing the total number of senescent cells (Si and Liu, 2014; Kim and Kim, 2019). Besides senomorphics and senolytics, preventing senescence formation before they accumulate and using immune cells for the removal of senescent cells have also been proposed as non-pharmacological therapeutic approaches (Amaya-Montoya et al., 2020).
Senolytics
The most common feature of senescent cells is their resistance to apoptosis and they avoid cell death through the expression of prosurvival proteins. The discovery of the senolytic drugs was accomplished by showing that inhibitors of these prosurvival proteins, such as redesigned cancer chemotherapeutics, can also kill senescent cells (Guerrero et al., 2019). Until now, several classes of senolytics have been discovered that include Bcl-2 family inhibitors, p53 binding inhibitors, kinase inhibitors, heat shock protein 90 inhibitors, histone deacetylase inhibitors and natural compounds (Niedernhofer and Robbins, 2018).
The first senolytic drugs were designed on the hypothesis that senescent cells are more susceptible to the inhibition of survival networks than their normal counterparts. This hypothesis led to the discovery of dasatinib (D), a multityrosine kinase inhibitor, and quercetin (Q), a flavonol, that improved cardiac function (Zhu et al., 2015). Regardingly, it was shown that the combination of D + Q resulted in the removal of senescent cells while reducing vasomotor dysfunction in old mice in addition to decreasing aortic calcification (Roos et al., 2016). According to another study, D + Q combination decreased the senescent cell burden in aged Ercc1−/Δ-progeroid mice which was accompanied by the healthspan extension and the reduction of age-related pathologies (Ogrodnik et al., 2017). This combinational therapy also reduced senescent cell load in aged, irradiated, and progeroid mice, while improving cardiovascular and physical function (Xu et al., 2018).
B-cell lymphoma 2 (BCL-2) family inhibitors have been demonstrated to have the capacity to remove senescent cells by blocking prosurvival pathways as such, ABT737 inhibits the interaction of antiapoptotic proteins with proapoptotic proteins which consequently leads the senescent cells to apoptosis (Ovadya and Krizhanovsky 2018). Navitoclax (ABT263), which is the orally bioavailable analog of ABT737, is another frequently studied potential senolytic that has been shown to improve a wide range of CS pathologies in vivo (Van Deursen., 2019). Navitoclax appeared to be effective against human umbilical vein epithelial cells (HUVECs) and IMR90 human lung fibroblasts, although it was not effective for primary preadipocytes. Navitoclax targets BCL-2, BCL-xL, MCL-1, and its activity is closely related to the differential expression levels of these targets in various types of senescent cells (Kang, 2019). In addition, Navitoclax removes the senescent cells during atherogenesis and, therefore, has the potential to address age-related CVD pathologies by the prevention of newly developing lesions (Childs et al., 2018).
p53 is another key component of CS and p53/p21 axis has the capacity for the development of novel senolytics. As such, a peptide that inhibits the interaction of p53 with FOXO4, was shown to release p53 and ultimately, induce apoptosis of senescent cells in old mice (Baar et al., 2017). HSP90 inhibitors are yet defined as another class of senolytics. Studies on Ercc1 −/∆ mice, a mouse model of human progeroid syndrome showed that the treatment of HSP90 inhibitor, 17-DMAG, prolonged the healthspan of these mice by delaying the onset of several age-related symptoms and reducing p16INK4A expression (Fuhrmann-Stroissnigg et al., 2017).
First-in-human clinical trials with senolytic drugs were also published in 2019 with patients diagnosed with idiopathic pulmonary fibrosis (IPF) which is typically characterized by CS and a shorter lifespan. The results of the clinical trials showed that the physical performance of the patients was increased after 3 weeks of treatment with (D + Q) (Justice et al., 2019; Ellison-Hughes, 2020) pointing the significant potential of senolytics to target age-related CVDs.
Senomorphics
Another strategy to therapeutically target senescent cells is to reduce their disease-causing phenotype, termed as senomorphics (Fuhrmann-Stroissnigg et al., 2017), also known as senostatics (Kang, 2019). The principle of senomorphics is to alter their ability to maintain a stable growth arrest or to disrupt the essential features of senescence, mainly SASP production and secretion while keeping cells alive. This approach has the capacity to interfere with the proinflammatory nature of senescent cells and potentially avoid the main pathologies of aging and aging-related disease (Herranz et al., 2015).
Senomorphics are suggested to modulate the senescent cells, senescence-associated phenotypes, and senescence-related signal pathways without inducing apoptosis of senescent cells. Telomerase activators (Liu et al., 2017), mTOR inhibitors (Lamming et al., 2013), sirtuin activators (Hubbard and Sinclair, 2014), antioxidants (Si and Liu, 2014), anti-inflammatory agents that target senoinflammation or inflammaging (Soto-Gamez and Demaria, 2017), proteasome activators (Kim and Kim, 2019), and autophagy activators (Nakamura and Yoshimori, 2018) have been proposed as candidate senomorphics. Furthermore, simvastatin which is a drug that belongs to the class of statins and it has been mainly used to prevent increased cholesterol levels (Taylor et al., 2013). However, simvastatin was also shown to intercept SASP in senescent fibroblasts and cell cycle growth arrest in endothelial progenitor cells (Assmus et al., 2003; Liu et al., 2015).
Immune Surveillance
Immune therapy is yet another approach to clear senescent cells, by increasing their capacity for targeting senescent cells. Different immune cell-based therapeutic approaches are used to treat diseases and these approaches might be enhanced to target senescent cells (Moutsatsou et al., 2019). As such, chimeric antigen receptor (CAR) T cell therapy is a novel approach that has been used for treating diseases such as cancer. These cells are genetically modified with synthetic antigens to target specific cells with reconstruction (Yu et al., 2017). Very recently, a cell-surface protein which is the urokinase-type plasminogen activator receptor (uPAR) was observed in senescent cells with high induction. This revolutionary study also showed that CART cells, that specifically were designed to target uPAR proteins, eliminate the senescent cells both in vitro and in vivo studies (Amor et al., 2020).
Moreover, natural killer (NK) cells have the capability to target senescent cells and the modification of NK cells, as in CART cells, is a recent technique (Xie et al., 2020). Other immune cells have also various roles in CS and these cells also have the potential to develop novel senotherapeutic approaches as explained in detail by Prata et al. (Prata et al., 2018). Currently, different types of immune therapies are being developed, and converting these immune cells into senotherapeutics is a new and promising research area that may pave the way to cure CS-related diseases.
Pre-Senescence Therapy: Prevention of Senescence
Another different therapeutic approach for CS-related diseases is to prevent senescence accumulation before cells enter CS state while extending the lifespan of cells. Several studies showed that caloric restriction has a positive effect on lifespan in various models (Mendelsohn and Larrick, 2018). More particularly, calorie-restricted mice were shown to have lower telomere-associated DNA damage foci (TAF) in hepatocyte cells (Ogrodnik et al., 2017). Caloric restriction also elevated β-HB, a type of ketone body, which resulted in the reduced aging-related neurodegeneration (Paoli et al., 2014) and a recent study also reported that inducing cellular quiescence with β-HB has an inhibitory effect on replicative senescence and stress-induced premature senescence (Han et al., 2018). Another research investigated the effect of exercise and diet on senescent cells and showed that fast-food diet led to the increased expression of senescence markers (SASP, SA-β-gal, p16 and EGFP) in the adipose tissue of mice. Interestingly, expression of SASP factors was inhibited after fast-food fed mice performed exercise (Schafer et al., 2016). Taken together, these findings highlight new approaches and potential treatments for CS-related diseases which is to prevent the senescence accumulation before they enter senescence. Indeed, the possibility of senotherapies becoming clinical drugs in real life might have challenges in efficacy and for a maximised effect, treatments should be considered either in a proactive manner or in the very early stages.
CLINICAL PERSPECTIVES AND CONCLUSION
Even though several molecular mechanisms of CS have been elucidated, other possible pathways may contribute to the development of CS during aging. Although there have been many studies focused on CS biology and its mechanisms of action, the lack of a universal marker for the detection of CS is still an important challenge due to the complexity of the process. Therefore, future studies are expected to lead to the discovery of novel pathways pointing out particular biomarkers based on the diseases or tissue types, instead of focusing on one universal marker.
Most of the resources, now, also have shown that not all the model systems are exactly suitable to study CS in various conditions, disease states and cell/tissue types. For that reason, it is suggested that, instead of choosing one single model, the combination of the results from various models would provide a better understanding of this complex phenomena (Barros et al., 2021). While there are several studies on alternative aging models such as NMR and BMR, there is no sufficient data to fully understand how these unique species adapt CS mechanisms to achieve healthy aging. It should be noted that new perspectives are required to go beyond the current CS knowledge and further studies with long-lived species may pave the way for humans to switch to their longevity status.
For decades, CS studies have been conducted by in vitro cell culture systems or nonhuman models. However, within the current scientific innovations, now, researchers are focusing on more advanced and reliable techniques for humans. Of them, 3D patient-derived organoid studies have recently gained interest in aging and age-related diseases by their potential to change the dependence on non-human model systems (Uchida et al., 2019). This technique might solve two of the major bottlenecks of aging, which are the discovery of new biomarkers of human aging and the translation of preclinical studies to humans. Furthermore, recent rapid progress in computational techniques will aid to improve the efficiency of the senotherapeutic approaches (Regnault et al., 2021) that would fit better to human pathologies and will enhance the possibility of successful human clinicals.
Lastly, senotherapeutic approaches have been used in the treatment of various age-related diseases including CVD in the last couple of years (Anderson et al., 2019; Walaszczyk et al., 2019) and new methods are in the process (Balistreri et al., 2021). Although many mechanism-based approaches for targeting senescent cells have been validated, their side effects are likely to limit therapeutic use. Besides, the long effect of killing senescent cells in humans stands a big question mark. That’s why, interest in different therapeutic methods, including immune surveillance and senomorphics has been raised. Successful translation of preclinical studies with the help of alternative models and techniques is emerging for the novel therapeutic approaches and may facilitate the way to the extension of healthspan and lifespan in humans.
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This paper presents a global statistical analysis of the RNA-Seq results of the entire Mus musculus genome. We explain aging by a gradual redistribution of limited resources between two major tasks of the organism: its self-sustenance based on the function of the housekeeping gene group (HG) and functional differentiation provided by the integrative gene group (IntG). All known disorders associated with aging are the result of a deficiency in the repair processes provided by the cellular infrastructure. Understanding exactly how this deficiency arises is our primary goal. Analysis of RNA production data of 35,630 genes, from which 5,101 were identified as HG genes, showed that RNA production levels in the HG and IntG genes had statistically significant differences (p-value <0.0001) throughout the entire observation period. In the reproductive period of life, which has the lowest actual mortality risk for Mus musculus, changes in the age dynamics of RNA production occur. The statistically significant dynamics of the decrease of RNA production in the HG group in contrast to the IntG group was determined (p-value = 0.0045). The trend toward significant shift in the HG/IntG ratio occurs after the end of the reproductive period, coinciding with the beginning of the mortality rate increase in Mus musculus indirectly supports our hypothesis. The results demonstrate a different orientation of the impact of ontogenesis regulatory mechanisms on the groups of genes representing cell infrastructures and their organismal functions, making the chosen direction promising for further research and understanding the mechanisms of aging.
Keywords: aging, ontogenesis, housekeeping genes, integrative genes, RNA-seq data analysis

INTRODUCTION
The biological mechanism of aging remains one of the main mysteries in modern biology. Most scientists dealing with this problem agree in the opinion that aging is either the result of a purposeful evolutionary program inherent in the genome (Larocca et al., 2021; De Magalhães Church., 2005; Bilinski et al., 2021), or a consequence of spontaneous disturbances in the organism leading to maladaptation (Soto-Palma et al., 2022; Kinzina et al., 2019). At the same time both approaches to the causes of aging are not yet presented by the description of a specific mechanism explaining the emergence and acceleration of aging after reaching fertility (Walker, 2022; West et al., 2019).
In our work we present the analysis of RNA-Sequencing (RNA-Seq) results from the point of view of the theoretical model we presented earlier, where the inseparable connection between the processes of aging and ontogenesis is obvious (Salnikov and Baramiya, 2020; Salnikov and Baramiya, 2021). The definition of aging itself as a universal process is given in (Gavrilov Gavrilova, 2001), where it is shown that this phenomenon will occur in any objects where insufficient recovery of damaged or consumed resources occurs. In the case of a multicellular organism, its aging is also caused by a decrease in resources required by its cells for their reparation and tissue regeneration and starts at the moment when its recovery begins to be incomplete (Naviaux, 2019).
At the end of the 19th century, the famous biologist August Weissmann presented his theory of germplasm, where he described the division of roles between cells, making possible the evolution of complex multicellular life forms (Weissman, 1891). To make the transition from unicellular to multicellular organisms, two fundamentally different types of cells originally constituting a multicellular organism emerged in the course of evolution, these are the mortal Soma or body cells, which eventually age and die, and the immortal self-renewing germline cells, which carry hereditary information for the next-generation. It is the ability of germline cells to self-renew that makes them immortal.
In our theoretical model we adhere to a partially similar but different basic distinction, which is based on the concept of functional division of the metazoa cell genome presented in our publications (Salnikov Baramiya, 2020; Salnikov Baramiya, 2021). We argue that during ontogenesis (reflecting phylogeny or evolutionary origin), any multicellular organism is built on the basis of not all but only a part of its genome, which has changed in the course of evolution. The other part of the genome remains virtually unchanged, constantly ensuring the viability of the cell. These are the genes that are close or almost identical to those of unicellular organisms. We argue that a prerequisite for the development of an organism is the presence of two functionally independent parts in the DNA of all its cells. One of them is the most conserved part of the genome, which provides internal needs of any cell, or cellular infrastructure, are housekeeping genes (HG). This group of genes is essentially analogous to Weisman’s “germline” cells. The group of genes with this name was defined quite a long time ago and one of the main criteria of this group was a relatively constant level of activity of the genes included in it (Eisenberg Levanon, 2013; Wei and Ma, 2017). Another functional part of the cellular genome, are the genes providing the integrative function, or genes responsible for all specialized structures produced by cells during differentiation and creating the organism as an integrated whole (IntG). This group of genes is similar in its function to the Weisman cell line “Soma”. Confirmation of reliable differences between the functional groups we identified was presented in our previous work on genome methylation (Salnikov et al., 2022).
An essential condition for the development of any multicellular organism is the presence of the developmental program in its genome, which determines the entire course of ontogenesis. We understand the ontogenesis program as a strictly defined sequence of IntG gene expression with the assignment of an advantage in the consumption of cellular resources in order to form the organism and achieve its maximum development by the beginning of reproductive age. In our views we proceed from two basic statements: resource capabilities of any cell are always limited; the main goal of the ontogenesis program is to achieve the maximum competitive advantage by the time the organism reaches reproductive age, because natural selection is aimed at this very stage of development (Gems et al., 2021; Bilinski et al., 2021; Gems et al., 2021; Kirkwood and Holliday, 1979). This advantage, gained at a critical moment for the continuation of the species, is paid for by the suppression of autonomous and regenerative potential in the future. This situation is essentially a pleiotropic relationship (Williams,1957), but applies not to individual genes, but to the HG and IntG groups we have identified.
Note that the difference in approach between the “hyperfunction theory” (Blagosklonny, 2007; Blagosklonny, 2022; Gems, 2022) and our theoretical model is that the leading role in aging processes for us is not a direct and continuous gain of functions in the organism, or the work of the “quasiprogram”, but the decrease in activity of cell infrastructure leading to shift of cell resources to IntG part of the genome. In addition, the assumption of increased activity of all genes in the organism is not experimentally confirmed. On the contrary, according to the latest data, the level of metabolism providing the organism functions remains constant in people between 20 and 60 years of age (Rhoads and Anderson, 2021), which cannot provide the continuous increase of functions.
We are most interested in the period of the first third of life, during which the processes that trigger aging take place, allowing us to analyze its causes rather than consequences. From our point of view, the deficiency of reparative capabilities arising in the course of the organism development explains all aging manifestations, starting from genes DNA damage and finishing with inherent functional disorders and diseases (Walker, 2022). Actual mortality risk curve are equally applicable both for humans and laboratory animals, allows to visualize the specifics of the time interval of interest. Widely used at present statistical index of mortality probability is also a universal parameter of general resistance to external conditions. The averaged curve of Mus musculus mortality probability presented in (Gavrilova and Gavrilov, 2014; Hughes and Hekimi, 2016) shows a similar increase in the mortality rate depending on age. Comparing the age of humans and Mus musculus, we obtain an approximate correspondence in which the age of mice at 1 month corresponds to the age of humans at 3 years, 3 months correspond to 10 years, 6 months correspond to 20, 9 months–30, 12 months to 40, 15 months–50, 18 months–60, 21 months to 70, 24 months–80, and 27 correspond–90 years. We identified the following periods of ontogenesis or Stages for Mus musculus: Stage I—childhood and development (completion of formation of the skeletal and cardiovascular systems)—1–6 months (Maupin and Childress.(2019); Stage II—the beginning and end of the reproductive period—6–15 months; Stage III - the postreproductive period, 15–21 months; Stage IV—old age, 21–27 months. To determine the point of maximum physiological maturity we used the information provided by the growth model (West et al.,2001; Bueno Juan and Ángel, 2014). The model shows that the mass of the body first increases rapidly, and then stops its growth at a level determined by the competition between the processes of metabolism and regeneration. Using this approach, we identified the age of Mus musculus at 9 months as the point at which their physical growth is completed and their metabolic needs virtually disappear. It is possible to designate this age as the point of reaching the physiological peak of development. It follows from these data that the mortality rate itself becomes significant after the end of the reproductive period (after reaching the age of 40–50 years for humans) and respectively about 15 months for Mus musculus (Brust et al., 2015; Kinzina et al., 2019). For us it is the reproductive age period when the organism demonstrates the greatest resistance to external influences that is of primary interest. At this time there are changes, the consequence of which is aging, and in our work we will consider this very period. For this purpose we used the whole genome RNA sequencing data. Currently, the RNA sequencing method has become one of the main ways to study the fundamental mechanisms of aging. In studies on age-related changes in the transcriptome, a decrease in its production during life was found (Kang et al., 2022), as well as multidirectional changes in RNA production levels across individual gene groups (Santra et al., 2019; Meyer and Schumacher, 2021; Stoeger et al., 2022). Summarizing the currently available data on age-associated reduction of gene expression, it can be argued that it contributes to the progressive reduction of cellular functions. Understanding the mechanisms that determine transcriptome aging is necessary to determine the underlying mechanisms of aging (Stegeman and Weake, 2017; Lu et al., 2022; Stoeger et al., 2022). Based on our theoretical model, one of the main questions to test it is whether the level of RNA synthesis and related resources are redistributed between the functional groups of HG and IntG genes during ontogenesis.
In this work we set ourselves the following goal: using mathematical statistics to obtain results capable of verifying our assumptions about the relationship between ontogenesis and aging based on the analysis of the RNA synthesis database. In our work, we encountered limitations related to the database we used. In many ways, such noisy data prevented us from getting statistically significant answers, but we were able to see a number of trends in the data that indirectly support our hypothesis.
MATERIALS AND METHODS
In this study we used the data and results presented in the articles by the authors (Tabula Muris Consortium, Overall coordination, Logistical coordination, 2018; Ferreira et al., 2021). The RNA-Seq data on the Mus musculus mouse genome transcriptome is available in the GEO repository, under the accession number GSE132040 (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132040). The analyzed database contains the RNA-Seq data from 17 tissue types: Brain, BAT, Bone, GAT, Heart, Kidney, Lung, Marrow, MAT, Pancreas, SCAT, Skin, Small, Splin, Spleen, WBC, Limb, Liver. Samples for each tissue type were taken from five or six male and female Mus musculus individuals (3M+3F or 3M+2F). For the age dynamics a new group of experimental mice was used each time they reached the age of 1, 3, 6, 9, 12, 15, 18, 21, 24 and 27 months. The Mus musculus RNA-seq was converted into FASTQ format and quantified the expression for each gene using Salmon, where GRCm39 (Genome Reference Consortium Mouse Reference 39) was used as a reference transcript for all samples. The tissue types and their labeling are also taken from the database we mentioned earlier. Quality control and initial data normalization were used in the process of extracting them from the database. The quantification output was processed and computed in order to obtain the mean and standard deviation for the gene expression level. Total number of genes from the database was 35,630.
Selection into the HG gene group was performed according to the Housekeeping and Reference Transcript Atlas (HRT Atlas v1.0, (www.housekeeping.unicamp.br) (Hounkpe et al., 2021). Genes responsible for the following cellular functions were included in the group classified as HG: Transcription factors, Translation factors, RNA splicing, tRNA synthesis, Ribosomal proteins, Mitochondrial ribosomal proteins, RNA polymerase, Protein processing, Histone, Cell cycle, DNA repair/replication, Metabolism, Lysosome, Proteasome, Structural Cytoskeletal, Surface Channels and transporters, Kinases/signalling, Organelle synthesis. When the HG list was compiled, all variants of genes from those already listed, were additionally included. Total number of the Housekeeping genes was 5,101. All remaining genes (30,529) were assigned to the IntG group. Genes with the same name in both groups were removed from the total list of the whole genome. The stochasticity of the original data due to the use of genetically heterogeneous Mus musculus and the small (5 or 6) number of samples to represent the value at each age point impose certain limitations on the use of statistical methods for analyzing the results. These limitations excluded the use of polynomial analysis of variation in the resultant curve or cluster analysis.
Therefore, we applied linear regression analysis to analyze the 27-month behavior of the HG and IntG groups. The F-test was used to compare the slopes of the linear regressions. All p-values were based on two-sided hypothesis testing. A p-value of less than 0.05 was considered statistically significant. The total gene productivity of all 17 tissue types was considered for each time point. Sometimes the variance of gene productivity between mice in a given experiment was very large. Therefore, time point analysis was performed for genes whose coefficient of variation was <1. The behavior of HG and IntG was examined independently at two intervals from 1 to 9 months and from 9 to 27 months, with the point of separation into the two 9-month age segments chosen a priori by us before the analysis began.
RESULTS
Giving a general characteristic for the entire database, first of all, we should note a high uneven distribution of the registered activity in the genome. The main amount of production falls on a relatively small group of genes with a high level of RNA synthesis in both HG and IntG groups of genes. Thus, the number of genes that produce more than 80% of all RNA production is only 4,850, or 13.6% of the total number of genes. At the same time, the genes of the HG group (1,857 genes from total (4,850) have slightly higher productivity per gene. One of the main results we obtained in this work is the age-related total dynamics of the studied gene groups. When calculating the combined mean value at each age point for all tissue types, we obtained the statistical data presented in Tab. 1 and Figure 1.
TABLE 1 | Total average values (and their confidence intervals) of RNA production in all tissues in the HG and IntG groups during the observation period of age.
[image: Data table displaying mean values with ninety-five percent confidence intervals for Hg and IntG across age groups ranging from one to twenty-seven, showing a general decrease in both Hg and IntG means with increasing age.][image: Scatter plot with two data sets compares gene expression means for HG (red points, upper trend) and IntG (blue points, lower trend) across ages from one to thirty months. Linear regression lines and formulas for both groups show a slight decline over time. A vertical dashed line marks the end of the reproductive period at twelve months, with “Reproductive period” labeled beneath the x-axis.]FIGURE 1 | Dynamics of RNA production value of all genes divided into HG and IntG groups in the period from 1 month to 27 months.
The average Gene expression for HG decreases by 3.0446 per month between 1 and 9 months, and by 1.3055 per month between 9 and 27 months, which is statistically significant (p = 0.0045). At the same time, IntG dynamics are expressed much less, where there is a decrease in RNA production by 0.9222 per month in the interval 1–9 months and by 0.2354 per month in the interval 9–27 months, giving no statistically significant difference.
The results allow us to conclude that the differences in the level of RNA synthesis between the HG and IntG parts of the genome were statistically highly significant at all age points presented (p-value < 0.0001). Analyzing the dynamics of changes in the level of RNA production in our isolated HG and IntG parts of the genome, the following results were obtained. For HG as a whole, a decrease per month −1.54 (t-test = −4.46, p-value = 0.0021) was obtained over the entire time interval of observation, from 1 to 27 months. At the same time for IntG in the same period, a decrease per month was −0.34 (t-test = −3.02, p-value = 0.0166). When comparing the values of production decrease between HG and IntG on the whole time interval—from 1 to 27 months using the F test, a value of 10.92 was obtained confirming a statistically significant difference (p = 0.0045). Pearson Correlation between Mean HG and Age was −0.84 p = 0.0021, and between Mean IntG and Age was −0.73 p = 0.0162.
The most interesting for us was to compare the dynamics of HG and IntG in two time intervals: in the period from the beginning of development (1 month) to reaching the peak of physiological development (9 months), as well as from this age to the end of the observation period (27 months).
As can be seen from the linear regression equations, the average Gene expression for HG decreases by 3.0446 per month in the interval 1–9 months, which is statistically significant (p = 0.0045) and by 1.3055 per month in the interval 9–27 months. At the same time, the IntG dynamics is expressed much less, where there is a decrease in RNA production by 0.9222 per month in the interval 1–9 months and by 0.2354 per month in the interval 9–27 months, giving no statistically significant difference. Comparing the groups of HG and IntG on the level of regression in both observation periods (1–9) the F test = 2.56 (p-value 0.1406) and on 9–27 months F test = 0.86 (p-value 0.4067). Statistically significant difference was obtained in both time periods (p = 0.0045). The obtained decrease in the level of RNA production in the HG group for all tissues exactly matches the reproductive age in Mus musculus, being established in the period from 1 to 9 months and mainly ending by the age of 15 months (Brust et al., 2015). Comparing the data on the M. musculus mortality rate with the results obtained, we note that their mortality rate begins to increase significantly from 15 months of age, exactly when the production of HG genes reaches its minimum value. Starting from age of 18 months the actual risk of mortality begins to rise, increasing more than twofold to the age of 24 months (Gavrilova and Gavrilov, 2015; Kinzina et al., 2019).
Given the considerable scatter of initial data, the most reliable method for comparing the functional groups of genes that we identified is the analysis of their ratio. For this purpose, we obtained data representing the result of HG/IntG ratio in relative figures, presented as a graph in Figure 2.
[image: Line graph showing HG/INHG ratio versus age in months, divided into Stages I–IV, with a marked “reproductive period” from months 9 to 18. Data points indicate a slight decrease in ratio over time.]FIGURE 2 | Dynamics of the RNA production ratio—HG/IntG in relative numbers during the observation period of age, divided into four stages of ontogenesis—Stage I (1–6 months), Stage II (6–15 months), Stage III (15–21 months), Stage IV (21–27 months).
As can be seen from the graph, the ratio of production of the selected groups of genes HG/IntG changes in different periods of ontogenesis. Thus, in the period of body formation and growth (1–9 months) there is a slight tendency to increase the ratio in favor of HG (the slope value is positive (+0.003 of the average value per month). Further from the end of the reproductive period, when the physical growth of the body is completed, to the middle of the post-reproductive stage of ontogenesis (9–18 months) a significant shift of the ratio in favor of IntG (negative slope −0.011 of the average value per month) is observed with a slight increase at the beginning of old age (21 months). Note that the age point at 21 months corresponds to the age at which the probability of death in mice begins to rise significantly. Thus, the dynamics of HG/IntG gene production ratio shown in Figure 2 clearly demonstrates the relationship between this index and the stages of growth and development regulated by the ontogenesis program. When attempting to analyze the individual tissue types presented in the database, a significant value of the coefficient of variation of the data was found in all individual tissues. Preliminary analysis of the individual tissues revealed a decreasing trend in HG levels from 1 to 15 months in all tissues. The dynamics of the HG/IntG ratio also repeats the behavior of the total ratio. Further, different variations in the activity of this group of genes are observed. Such results are consistent with the data showing heterochronicity of aging processes (Yousefzadeh et al., 2020; Srivastava et al., 2020; Yamamoto et al., 2022). In our future work we plan to study in detail the age-related dynamics of RNA production in various tissues. For this purpose we intend to use in our work databases obtained on experimental animals representing one genetic line (C57BL/6 or BALB/c).
Of undoubted interest of our work was to determine the overall dynamics of age-related RNA production of genes that perform the necessary function of cellular DNA repair. For this purpose, within the HG group we identified 56 genes responsible for this function according to the list given in the works devoted to this topic (Wood et al., 2005; Knijnenburg et al., 2018). The results are presented in Figure 3.
[image: Line graph showing gene expression mean values on the y-axis and age in months on the x-axis, with two lines representing HG (red) and DNA repair genes (blue). The graph is divided into four stages labeled at the top, and a "Reproductive period" is marked with a green bar. The blue line for DNA repair genes declines over time, while the red HG line remains relatively stable. Trend equations for each gene group are displayed, and the “DNA repair genes block” is labeled in the central region.]FIGURE 3 | Dynamics of the average RNA production (block of 56 genes) responsible for cellular DNA repair processes during the observation period of age, divided into four stages of ontogenesis—Stage I (1–6 months), Stage II (6–15 months), Stage III (15–21 months), Stage IV (21–27 months).
As can be seen from Figure 3, we obtained a tendency to a smooth decrease in the activity of these genes, repeating the dynamics of the entire HG group. In the age period from 1 to 9 months there was a decrease (241.71-3.72 per month). Subsequently, the value of RNA production of the reparase gene block remained practically unchanged. Such trends in the dynamics indirectly confirm our assumption about the growing infrastructure deficit in the body cells with age. Also one of our main tasks was to compare the age-dependent changes in RNA production of genes responsible for the implementation of the ontogenesis program with the dynamics of HG genes in total. For this purpose, we selected two blocks of such genes, presented in the articles devoted to this topic. Thus, Block I contains the main HOXA genes, responsible for the early stages of development and formation of the neuromuscular and skeletal system. Block II contains the genes responsible for the formation of the cardiovascular system and the overall level of metabolism (Dou et al., 2016; Peter, 2020). These blocks included the genes are—Block I: HOXA1,HOXA2, HOXA3, HOXA4, HOXA5, HOXA6, HOXA7, HOXA9, HOXA10, HOXA11, HOXA13; Block II: CDX,CUX1,GDF1,GDF3,GDF5, GDF 10,GDF15,GSX,PAX3, PAX6,SRGAP2,GDF11. Analysis of the behavior of gene blocks representing the regulation of ontogenesis is shown in Figure 4.
[image: Line graph showing gene expression mean values on the y-axis and age in months on the x-axis, divided into four stages. Three blocks, Block I, Block II, and HG, are labeled with colored data series and linear trend equations, depicting declining trends with age.]FIGURE 4 | Dynamics of RNA production values in blocks of genes regulating ontogenesis (Block I: and Block II) during the observation period of age, divided into four stages of ontogenesis—Stage I (1–6 months), Stage II (6–15 months), Stage III (15–21 months), Stage IV (21–27 months).
As can be seen from the graph, Block I tends to show a significant decrease in values by 3 months. From 1–9 months, the downward trend remained strong (61.83–5.03 drops per month), and remained approximately at the same level from 9 to 27 months. RNA production in Block II also declined at 1–9 months (206.71–4.97 declines per month) and little changed thereafter until 27 months of age. Changes in RNA production values in these blocks, especially in Block I, precede the decrease in total production in the HG gene group. The relationship between RNA production, ontogenesis stages and mortality risk indicators will be analyzed in the next section of our article.
DISCUSSION
We agree with the criticism of using the hallmarks of aging as a paradigm, (Gems and de Magalhães, 2021). Our work is aimed at creating the missing new paradigm of understanding and studying the phenomenon of aging. In our opinion, the search for the main mechanism of aging should be aimed at an in-depth study of the work of the leading regulators of ontogenesis. It is in this direction that we plan our future research. For us the fundamental approach is to consider not individual genes, but their ontogenetically determined and various in their role in the organism functional groups necessary both for implementation of the ontogenesis program and for normal functioning of the organism. Again, we proceed from the statement that an insufficient level of repair is the main cause of aging. Understanding exactly how this deficiency occurs is our main task. The connection between ontogenesis and aging is evident to us, in which aging itself is a by-product of the ontogenesis program. Given the limitations associated with the small number of experimental animals used to obtain a result at each time point and the availability of only 10 such points, the results obtained are also limited due to the high noise level in the data.
Let us present our analysis of the results. Putting the obtained data into a whole picture, let us dwell on the comparison of changes in the ratio between the functional groups of HG and IntG genes presented in Figures 1, 2 with the current actual level of mortality risk in Mus musculus at different periods of ontogenesis. There is a “resilience zone” with an optimal ratio of minimum mortality, where we observe a peak of physiological resilience at 9 months of age (30 years for humans). This age was obtained using a model of growth and distribution of metabolic energy between maintenance of existing tissues and production of new biomass (West et al.(2001), According to this model, the growth curve ends in Mus musculus after 9 months (Brust et al., 2015). With the end of the reproductive period and starting from 18 months (60 years), we observed the greatest changes in the HG/Intg ratio. Exactly at this time the probability of mortality begins to increase steadily, increasing more than twice by the age of 24 months (80 years) (Kinzina et al., 2019). Confirmation of changes occurring in the post-reproductive period of ontogenesis (45–50 and 60–65 years) are presented in an article where data were obtained on significant changes in blood plasma composition at these ages (Lehallier et al., 2019). The increasing cascade of changes responsible for aging occurring during this period is accompanied by a constant increase in the probability of death (Kaplan and Robson, 2009), appearing as a side effect of ontogenesis mechanisms. Note that the obtained change of HG/IntG ratio observed at the end of postreproductive and beginning of senile age has its own explanation. For each study of RNA production, a separate group of mice up to a certain age was used. This leads to the fact that only those animals whose peculiarities help them to survive to senile age are included into the group of old mice, probably associated with the possibility to partially restore the optimal HG/IntG ratio. In the course of the ontogenesis program directing the course of differentiation, the target genes get an advantage. A vivid example of such prevalence is skin cells producing keratin or erythrocytes filled with hemoglobin during their maturation. Moreover, in the course of rejuvenation experiments there was shown a direct correlation between the level of cell differentiation and its biological age (Lemaitre, 2014; Brunet et al. 2022). It can be concluded that almost all differentiated cells, except for stem cells, reach their final stage of development already having a disproportion between functional groups of HG and IntG genes, making aging inevitable. The direct connection between ontogenesis and aging program implementation lies in the fact that although this program is aimed at the organism as a whole, it is implemented at the genome level of each individual cell, demonstrating a direct connection between the program and the cell cycle.
In our previous work on genome methylation (Salnikov et al., 2022) we obtained the results confirming significant differences in this parameter between functional groups HG and IntG, which decreases over time. Considering the fact that methylation itself reflects the processes of epigenetic regulation, the results showing the highest level of dispersion of its values in the reproductive age period also deserve attention.
In conclusion, let us separate the established facts from our proposed theoretical justification of our hypothesis. Data analysis showed that the level of RNA production in the HG and IntG genes had statistically significant differences (p-value <0.0001) during the entire observation period. During the observation period, statistically significant dynamics of RNA production decrease was determined in the HG group in contrast to the IntG group (p-value = 0.0045).
Given the fact that only 10 time points were presented in the database, we were only able to obtain statistically significant results for the slope of the curves (correlation with age) in the population. Less extended time intervals showed only trends. Of these, we highlight the detected significant change in the HG/IntG ratio in the postreproductive stage of ontogenesis indirectly confirms our hypothesis. This imbalance, in turn, leads to insufficient supply of cellular functions with their infrastructure represented in the genome by the HG functional group that may trigger the whole cascade of changes leading to aging.
We are aware of the limitations of the first results of our work, which do not yet provide an opportunity to prove analytically the correctness of our assumptions. However, the first results presented in our work allow us to support the proposed hypothesis, making the chosen direction promising for further research and understanding the mechanisms of aging.
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Age-related loss of skeletal muscle mass leads to a reduction of strength. It is likely due to an inadequate stimulation of muscle protein synthesis (MPS) in response to anabolic stimuli, such as mechanical load. Ribosome biogenesis is a major determinant of translational capacity and is essential for the control of muscle mass. This mini-review aims to put forth the hypothesis that ribosome biogenesis is impaired by aging in response to mechanical load, which could contribute to the age-related anabolic resistance and progressive muscle atrophy. Recent animal studies indicate that aging impedes muscle hypertrophic response to mechanical overload. This is associated with an impaired transcription of ribosomal DNA (rDNA) by RNA polymerase I (Pol I), a limited increase in total RNA concentration, a blunted activation of AKT/mTOR pathway, and an increased phosphorylation of AMPK. In contrast, an age-mediated impairment of ribosome biogenesis is unlikely in response to electrical stimulations. In human, the hypertrophic response to resistance exercise training is diminished with age. This is accompanied by a deficit in long-term MPS and an absence of increased total RNA concentration. The results addressing the acute response to resistance exercise suggest an impaired Pol I-mediated rDNA transcription and attenuated activation/expression of several upstream regulators of ribosome biogenesis in muscles from aged individuals. Altogether, emerging evidence indicates that impaired ribosome biogenesis could partly explain age-related anabolic resistance to mechanical load, which may ultimately contribute to progressive muscle atrophy. Future research should develop more advanced molecular tools to provide in-depth analysis of muscle ribosome biogenesis.
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1 INTRODUCTION
Skeletal muscle plays a vital role in movement, body temperature regulation and inter-organ crosstalk. Aging can lead to sarcopenia, which is characterized by decreased muscle mass, strength, and physical performance (Cruz-Jentoft et al., 2019). Sarcopenia is associated with increased risk for adverse health events, including falls, loss of independence and chronic disability (Batsis et al., 2014; Cruz-Jentoft and Sayer, 2019). Muscle atrophy directly relates to loss of muscle strength (Nilwik et al., 2013). Thus, understanding the mechanisms behind age-related muscle atrophy is crucial to develop early preventive measures and mitigate sarcopenia risk in advanced aging.
The etiology of age-related atrophy is multifactorial but could mainly result from an imbalance between muscle protein synthesis (MPS) and muscle protein breakdown (Wilkinson et al., 2018). Cumulative evidence indicates that basal rates of MPS are not compromised in old compared with young adults (Volpi et al., 2001; Cuthbertson et al., 2005; Katsanos et al., 2005; Mayhew et al., 2009). Instead, an inadequate stimulation of MPS in response to anabolic stimuli [called anabolic resistance (AR)], including mechanical load associated with resistance exercise (RE), dietary amino acids (AA), and anabolic hormonal milieu could underlie age-related catabolic perturbations in protein homeostasis, leading to a progressive decline in muscle mass (Wilkinson et al., 2018). Recent reviews have analyzed the mechanisms linking AR and age-related muscle atrophy (Wilkinson et al., 2018; Prokopidis et al., 2021; Zhao et al., 2021; Kanova and Kohout, 2022).
Novel insights indicate that ribosome biogenesis is a major determinant of translational capacity and is involved in the control of skeletal muscle mass (Chaillou et al., 2014; Figueiredo and McCarthy, 2019; von Walden, 2019). To date, the impact of age-related AR to mechanical load on translational capacity is under debate. After providing a brief overview of the regulation of ribosome biogenesis, this mini-review will put forth the hypothesis that ribosome biogenesis is impaired by aging in response to mechanical load, which could contribute to the age-related AR and progressive muscle atrophy.
2 BRIEF OVERVIEW OF THE REGULATION OF RIBOSOME BIOGENESIS
The human 80S ribosome, a 4.3-MDa ribonucleoprotein complex, is composed of one small 40S subunit (40S-SU) and one large 60S subunit (60S-SU). The 40S-SU contains 18S rRNA and 33 ribosomal proteins (RPs), while 60S-SU is composed of 5S, 5.8S, and 28S rRNAs, and 47 RPs (Khatter et al., 2015). During protein translation, 40S-SU decodes the mRNA by promoting the interaction between the mRNA codons and the transfer RNA (tRNA) anticodons (aminoacyl-tRNA), and each added amino acid is then incorporated into the newly translated polypeptide by 60S-SU. Ribosomes are crucial for protein translation, which is determined by both translational efficiency (i.e., protein synthesis rate per ribosome) and translational capacity (i.e., number of ribosomes per unit tissue or total number).
Ribosome biogenesis is a multistep process leading to the de novo synthesis of ribosomes [for more detailed information, see (Thomson et al., 2013; Chaillou et al., 2014; Kusnadi et al., 2015; Figueiredo and McCarthy, 2019)]. It includes numerous steps (Figure 1): the transcription of ribosomal DNA (rDNA), mRNAs encoding RPs, and tRNAs, the translation of RPs, the processing of the polycistronic 47S rRNA precursor (47S pre-rRNA) into smaller rRNA (18S, 5.8S and 28S rRNAs), the assembly of rRNAs and RPs to form 40S- and 60S-SU, and the nuclear export and maturation of these subunits. Ribosome biogenesis requires the coordinated actions of all three RNA polymerases (Pol): RNA Pol I is responsible for the transcription of 47 pre-rRNA, RNA Pol II transcribes mRNAs encoding RPs (as well as all other mRNAs), and RNA Pol III transcribes 5S rRNA gene (as well as tRNA genes).
[image: Diagram illustrating how mechanical load and metabolic stress regulate ribosome biogenesis via signaling pathways such as MYC, ERK, mTOR, and AMPK, impacting rDNA transcription, ribosome assembly, and translational capacity within the nucleolus, nucleoplasm, and cytoplasm.]FIGURE 1 | Schematic representation of the regulation of ribosome biogenesis and translational capacity in response to mechanical load and metabolic stress. The figure was adapted from previous reviews (Chaillou et al., 2014; Kusnadi et al., 2015; Figueiredo and McCarthy, 2019). AKT, protein kinase B; AMPK, AMP-activated protein kinase; ERK, extracellular signal-regulated kinase; mTOR, mechanistic target of rapamycin; PIC, pre-initiation complex; RPS, ribosomal protein small; RPL, ribosomal protein large; Pol, RNA polymerase; SL-1, selectively factor 1; TIF-1A, transcription initiation factor 1A; UBF, upstream binding factor.
Pol I-mediated rDNA transcription is the rate-limiting step in ribosome biogenesis, and 47S pre-rRNA production is considered as the major regulatory point of ribosome biogenesis (Kusnadi et al., 2015). Pol I-mediated rDNA transcription is largely dependent on the expression and activity of the pre-initiation complex (PIC) at the rDNA promoter. PIC is composed of RNA Pol I complex, and the Pol I-specific transcription factors transcription initiation factor 1A (TIF-1A), selectively factor 1 (SL-1) complex [formed by the TATA-binding protein (TBP) and four TBP-associated factors (TAFs)], and upstream binding factor (UBF) (Gorski et al., 2007; Goodfellow and Zomerdijk, 2013). UBF first binds to the rDNA promoter and recruits SL-1 complex. UBF/SL-1 complex facilitates DNA binding and TIF-1A promotes the connection between these factors and Pol I.
Pol I-mediated rDNA transcription and the other steps of ribosome biogenesis are controlled by several signaling pathways which receive inputs from different cellular stimuli, including mechanical load, growth factors, hormonal, nutritional and metabolic influences [for more detailed information, see (Chaillou et al., 2014; Kusnadi et al., 2015; Brook et al., 2019; Figueiredo and McCarthy, 2019; Kirby, 2019; von Walden, 2019)]. The MAPK-ERK kinase (MEK)/extracellular signal-regulated kinase (ERK) and AKT/mechanistic target of rapamycin (mTOR) signaling pathways plays a critical role in regulating rDNA transcription. For instance, ERK and mTOR complex 1 (mTORC1) activates TIF-1A, and ERK and ribosomal protein S6 kinase 1 (P70S6K1) activates UBF (Kusnadi et al., 2015). Moreover, mTOR stimulates rDNA transcription through its association with the rDNA promoter (von Walden et al., 2016). AKT also promotes rDNA transcription by improving Pol I loading on rDNA promoter and transcription elongation, which are mediated by mTORC1-dependent and independent mechanisms (Chan et al., 2011). The transcription factor MYC is another key regulator of ribosome biogenesis, through its direct and indirect influences on Pol I-mediated rDNA transcription (Kusnadi et al., 2015). MYC stimulates the transcription of several factors associated with Pol I-mediated rDNA transcription, including the core factors of PIC (UBF, TIF-1A and Pol I subunits). Furthermore, MYC can translocate into the nucleolus where it binds to the rDNA promoter, thereby activating Pol I transcription. It can also interact with SL-1, which facilitates the stabilization of UBF/SL-1 complex and the initiation of rDNA transcription. Furthermore, AMP-dependent protein kinase (AMPK) is a crucial sensor of metabolic stress, which is activated in response to depletion of adenosine triphosphate (ATP) and accumulation of adenosine monophosphate (AMP). AMPK can directly and indirectly inactivate mTORC1 by phosphorylation (Hardie, 2008), which thus potentially impair rDNA transcription and ribosome biogenesis (Kusnadi et al., 2015). AMPK could also prevent Pol I-mediated rDNA transcription by inhibiting the interaction between TIF-1A and Pol I complex with the rDNA promoter, which blunts PIC assembly (Hoppe et al., 2009).
Although Pol I-mediated rDNA transcription is considered as the rate-limiting step of ribosome biogenesis, other regulatory steps could be influenced. RPs and other components of the translational machinery are translated from 5′-terminal tract of pyrimidine (5′-TOP) mRNAs. P70S6K was proposed to promote the translation of 5′-TOP mRNAs (Jefferies et al., 1997), while AMPK could suppress the translation of specific 5′-TOP mRNAs (Reiter et al., 2008). MYC could also promote the transcription of several genes encoding RPs of 40S-SU (ribosomal protein small, RPS) and 60S-SU (ribosomal protein large, RPL) (Coller et al., 2000; Kim et al., 2000).
3 RIBOSOME BIOGENESIS IN AGED SKELETAL MUSCLE IN RESPONSE TO MECHANICAL LOAD
For the analysis of this mini-review, we selected studies comparing the level/expression of markers/regulators of skeletal muscle ribosome biogenesis between healthy young and healthy old humans/animals in response to mechanical load (RE in human studies; mechanical overload, and electrical stimulations in animal studies) (Table 1). We also included a few human studies combining RE and AA supplementation. These factors include markers of ribosome content/concentration (total RNA, rRNA, RPs), specific mediators of rDNA transcription by Pol I (TIF-1A, UBF, POL1s, TAFs, pre-47S rRNA) and important upstream regulators of ribosome biogenesis (MEK/ERK and AKT/mTOR pathways, MYC, AMPK) introduced in the previous section.
TABLE 1 | Summary of the studies comparing the changes in ribosome biogenesis in response to mechanical load between young and old animals and subjects.
[image: Table summarizing animal and human studies related to muscle overload protocols, participants or animal models, main findings regarding muscle protein synthesis and signaling pathways, and the likelihood of impaired ribosome biogenesis; studies are divided into animal and human sections with columns for references, protocol, main findings, and ribosome biogenesis status.]3.1 Animal studies
3.1.1 Mechanical overload
Several rodent studies indicate that aging impairs muscle hypertrophic response to mechanical overload induced by synergist ablation (Thomson and Gordon, 2005; Thomson and Gordon, 2006; Chalé-Rush et al., 2009; Hwee and Bodine, 2009; Kirby et al., 2015). This was accompanied by a lower increase in total RNA concentration in hypertrophied plantaris muscle from old compared with young mice (Kirby et al., 2015). This difference in total RNA concentration (µg/mg muscle) implies that total RNA content (µg/muscle) was reduced in old vs. young hypertrophied muscles due to the differences in muscle mass between the two groups. Given that rRNAs constitutes the largest proportion of total cellular RNA (ranging from 70% to 90%), reduced total RNA content indicates a decreased translational capacity mediated by impaired ribosome biogenesis (Chaillou et al., 2014; Figueiredo and McCarthy, 2019). Kirby et al., found that pre-47S rRNA and 28S rRNA levels paralleled the changes in total RNA concentration. In addition, they observed that the expression of numerous RP genes similarly increased in young and old hypertrophied muscles until 5 days of overload, after which some of these RP genes (especially Rpl11) remained only highly expressed in old muscles subjected to mechanical overload. This finding is consistent with previous results showing that the expression of numerous RP genes was negatively correlated with the increase in human lean mass after 20 weeks of resistance exercise training (RET) (Phillips et al., 2013). Although it remains to be investigated, impaired induction of ribosome biogenesis with age in response to mechanical load might be associated with changes in RP translation (all or specific RPs).
The activation of AKT/mTOR pathway is also attenuated by aging during the first week of overload (Thomson and Gordon, 2006; Hwee and Bodine, 2009). The increase in AKT phosphorylation in hypertrophied plantaris muscles (7 days of overload) was impaired in old compared with young rats (Hwee and Bodine, 2009), a result not confirmed in another study (Thomson and Gordon, 2006). However, the latter study observed that overload-mediated increase in P70S6K phosphorylation was attenuated in plantaris muscles from old vs. young rats. In addition, AMPK-α phosphorylation status (phosphorylated/total forms) was more elevated in overloaded plantaris muscles (but not in overloaded soleus muscles) from old than young rats, which is consistent with the diminished overload-induced hypertrophy by aging only observed in plantaris muscles (Thomson and Gordon, 2005). Furthermore, the attenuation of muscle hypertrophy by aging following prolonged overload (28 days), was not associated with age-differences in translational signaling (mTOR pathway and ERK1/2 phosphorylation) (Chalé-Rush et al., 2009). Altogether, aging blunts muscle hypertrophy induced by synergist ablation, and this corroborates with an altered ribosome biogenesis, as evidenced by a lower ribosome content (i.e., rRNA content), and an impaired rDNA transcription and blunted anabolic pathways during the early phase of muscle growth.
3.1.2 Electrical stimulation
To our knowledge, no studies have investigated in a more physiological model inducing mild muscle growth, whether age-related attenuation of muscle hypertrophy is directly associated with impaired ribosome biogenesis. Some studies assessed markers/regulators of ribosome biogenesis following a single bout of electrical stimulations (Parkington et al., 2004; Haddad and Adams, 2006; West et al., 2018), a physiological model of RE known to stimulate MPS (Wong and Booth, 1990; West et al., 2018) and to moderately increase muscle mass (Baar and Esser, 1999). Following maximal eccentric contractions induced by electrical stimulations, MPS similarly increased in young and old rats at 18 h, while it remained only elevated in young animals at 48 h (West et al., 2018). No age-related differences were found for pre-47S rRNA, total RNA concentration, P70S6K1 and UBF phosphorylations, and Myc and Taf-1b mRNA. These findings suggest that ribosome biogenesis is not impaired by aging in response to electrical stimulation, and this cannot explain the age-mediated attenuation of MPS observed at 48 h. In another study using maximal isometric contractions induced by electrical stimulation (Haddad and Adams, 2006), total RNA content similarly increased at 24–48 h following exercise in young and old rats. Furthermore, the activation of several upstream regulators of ribosome biogenesis was impaired by aging (AKT, ERK1/2, mTOR, P70S6K) in response to electrical stimulation (Parkington et al., 2004; Haddad and Adams, 2006). Despite these results, the absence of specific impact of aging on ribosome content and Pol I-mediated rDNA transcription suggests that ribosome biogenesis is not altered by aging after a single bout of electrical stimulation. Further studies should investigate the effect of aging on muscle hypertrophy and translational capacity in response to chronic electrical stimulation.
3.2 Human studies
3.2.1 Training intervention
Currently, only one study investigated the causes of age-related AR and attenuated muscle hypertrophic growth during a training intervention with a focus on ribosome biogenesis (Brook et al., 2016). Following 6 weeks of unilateral RET, muscle hypertrophy was blunted in old compared with young men, and this was accompanied by a deficit in long-term MPS. An increase in total RNA concentration was found in young but not in old males following 3 weeks of the training intervention, and similar results were observed for phosphorylated P70S6K1 and ERK1/2, MYC, and TIF-1A 75 min after the first RE session. Noteworthy, other factors associated with ribosome biogenesis were unaffected by aging in this study (phosphorylated forms of Akt, mTORC1, UBF, and TIF-1A, and 5 RP genes), while RPS26 mRNA only increased in old males 75 min after the first RE session (Table 1). Although blunted muscle hypertrophy and AR mediated by aging are certainly multifactorial, impaired ribosome biogenesis (and more likely rDNA transcription) seems to be one contributing factor of this age-related deficit. In another study, no clear age-differences in MPS and translational signaling (AKT and P70S6K1) were found 24 h following the first session of a 16-week RET program, which is consistent with the similar gains in lean mass and fiber size observed in young and old subjects after RET (Mayhew et al., 2009). Although type-II muscle fibers were smaller in old than in young individuals in this study, the absence of age-related differences in hypertrophic response is surprising and is in contrast to most studies published in the field (Welle et al., 1996; Kosek et al., 2006; Greig et al., 2011; Peterson et al., 2011; Mero et al., 2013; Brook et al., 2016). An age-related effect on translational signaling associated with ribosome biogenesis (AKT, mTOR and P70S6K) was also uncertain in another study where muscle biopsies were collected after the first and last sessions of a 12-week RET (Farnfield et al., 2012). Unfortunately, clear conclusions cannot be drawn from this study because changes in muscle size after RET were not assessed.
Recently, the magnitude of RET-induced muscle hypertrophy was assessed in relation to changes in ribosome biogenesis in old subjects (65 years of age) (Stec et al., 2016). Unfortunately, this study did not include a control group of young participants (study not presented in Table 1 for this reason). Following 4 weeks of RET (3 sessions/week), total RNA concentration increased in moderate and extreme responders, but not in nonresponders. RET led to a more robust increase in MYC levels in moderate and extreme responders compared with nonresponders, and rRNA abundance only increased in extreme responders after RET. Other studies have proposed that the extent of ribosome biogenesis may be predictive of the hypertrophic response irrespective of age (Kim et al., 2007; Figueiredo et al., 2015), while blunting Pol I-mediated rRNA transcription abolishes in vitro hypertrophy in human cells (Stec et al., 2016). Altogether, these findings support the idea that impaired ribosome biogenesis (especially Pol I rDNA transcription) may contribute to the limited hypertrophic response observed in aged populations displaying a chronic deficit in MPS during RET.
3.2.2 Single resistance exercise session
Currently, only one study compared Pol I-mediated rRNA transcription between old and young subjects following a single RE bout (Stec et al., 2015). Increased pre-45S rRNA levels 24 h following RE were observed in muscle from young but not old individuals. This was associated with a concomitant elevation of TIF-1A protein in the young group only, while UBF and MYC levels remained unchanged. Intriguingly, muscles from older participants had at baseline higher total RNA concentration, levels of several RPs and TIF-1A, and tended to present greater levels of pre-45S rRNA in comparison with younger participants. These results are in agreement with the higher muscle RNA concentration found in old than in young rats (Haddad and Adams, 2006) (Table 1), which according to Stec et al. (2015), might indicate an age-related accumulation of ribosome (potentially dysfunctional) at rest. Another possibility is that ribosome content (number/muscle) is not affected by aging in rested muscle, but its concentration (number/unit muscle) increases due to muscle atrophy (Figueiredo and McCarthy, 2019). This idea seems plausible since RNA content was similar in young and aged muscles at baseline, at least in rodents (Haddad and Adams, 2006). These two discordant hypotheses underline that accurate normalization of biological data in conditions of marked changes of muscle mass is crucial to properly interpret scientific results and avoid misleading conclusions (Chaillou et al., 2011).
Finally, other studies investigated the impact of aging on upstream regulators of muscle ribosome biogenesis after one RE session. An attenuated stimulation of MPS by aging is commonly observed following RE (Drummond et al., 2008; Kumar et al., 2009; Fry et al., 2011). This corroborates with an impaired activation of AKT/mTOR pathway and ERK1/2 (Drummond et al., 2008; Kumar et al., 2009; Fry et al., 2011; Rivas et al., 2012; Stec et al., 2015; Francaux et al., 2016), although one study did not confirm this result (Lees et al., 2020). AMPK phosphorylation was also higher in muscles from old compared with young participants at 1 and 3 h following RE (Drummond et al., 2008), which was not confirmed in another study ∼30 min after RE (Francaux et al., 2016). Factors such as protein supplementation (only applied in the latter study) and the time-points of tissue collection might explain the discrepancy between the two studies. In summary, the human studies focusing on the acute response to RE suggest that aging impairs Pol I rDNA transcription and limits the activation/expression of several upstream regulators of ribosome biogenesis, which may contribute to the attenuated stimulation of MPS.
4 CONCLUSION, PERSPECTIVES AND FUTURE RESEARCH DIRECTIONS
Aging appears to impair muscle hypertrophic response to mechanical load in both animals and humans. This is associated with a deficit in long-term MPS (only studied in humans) and a blunted increase in RNA concentration. An attenuated acute stimulation of MPS and anabolic signaling by aging in response to mechanical load is commonly observed in animal and human studies. Although multifactorial, several lines of evidence indicate that AR to mechanical load partly results from the impaired induction of ribosome biogenesis (especially rDNA transcription by Pol I), which may contribute to the progressive decline in muscle mass with age.
The analysis presented in this mini-review focused on healthy aged humans and animals (Table 1). Aging is also associated with higher risks of developing diseases, such as cancer (White et al., 2014). Patients with advanced stage cancer are susceptible of suffering from cachexia, a wasting and multifactorial syndrome characterized by a severe loss of skeletal muscle mass with or without a reduction of body fat (Dodson et al., 2011). Skeletal muscle wasting is accompanied by a blunted protein synthetic capacity in preclinical models of cancer cachexia (Brown et al., 2018; Kim et al., 2021). This muscle anabolic deficit corroborates with an impaired ribosomal production in several models of cancer cachexia, including ovarian cancer (Kim et al., 2021), colorectal cancer (Kim et al., 2022), and lung cancer (Belcher et al., 2022). Specifically, a reduced rRNA concentration, and an impaired Pol I-mediated rDNA transcription initiation and/or elongation were found in these three types of cancer (Kim et al., 2021; Belcher et al., 2022; Kim et al., 2022). Nevertheless, some divergences in ribosomal capacity were observed in these studies, which were likely due to differences in tumor types (e.g., LP07 and LLC models of lung cancer) and tumor burdens (e.g., metastatic and xenograft tumors) (Belcher et al., 2022; Kim et al., 2022). Although these findings remain to be confirmed in clinical studies with cancer patients, impaired ribosome biogenesis could contribute to anabolic deficits associated with cancer cachexia. Chemotherapeutic agents, which are commonly used to treat cancer and blunt tumor progression, have also a detrimental effect on skeletal muscle mass (Barreto et al., 2016; Damrauer et al., 2018). A recent study showed in C2C12 myotubes that exposure to chemotherapeutic agents reduced protein synthesis, rRNA content, and Pol I-mediated rDNA transcription at the initiation step, suggesting that chemotherapy-induced anabolic deficits may partly result from impaired ribosome production (Guo et al., 2021).
Muscle disuse, which is commonly observed in older individuals due to frequent hospitalizations, immobilization, or bed rest, leads to a rapid loss of skeletal muscle mass and force (Urso et al., 2006; Kortebein et al., 2007). A recent study indicates in middle-aged rats (10 months) that muscle disuse (hindlimb suspension) reduces Pol I-mediated rDNA transcription, total RNA concentration and RNA synthesis, and increases RNA degradation (Figueiredo et al., 2021a). A reduced total RNA concentration was also observed in the latter study in healthy middle-aged men (50 years) after 2 weeks of knee immobilization. These findings provide strong evidence that translational capacity is impaired during muscle disuse, which could contribute to muscle atrophy. Since elderly population has higher risks of developing cancer and being hospitalized or immobilized, impaired ribosome biogenesis and translational capacity could be common mechanisms contributing to muscle wasting in aging population exhibiting sarcopenia, cachexia and muscle disuse.
The selected studies of our analysis essentially used standard methods (i.e., immunoblotting, quantitative Polymerase Chain Reaction, and spectrophotometry) to compare the level/expression of markers/regulators of ribosome biogenesis between young and old skeletal muscles in response to mechanical load. These methods are unfortunately limited to capture complex molecular events and provide an in-depth analysis of ribosome biogenesis. In addition, current knowledge on muscle ribosome biogenesis is recent (10–15 years) and has mainly focused on rDNA transcription. Future research should develop more advanced molecular tools and innovative technologies. For instance, proteomic analyses and translatomic methods such as ribosomal profiling could be used to assess changes in RP translation (Brar and Weissman, 2015). A recent study performed in skeletal muscle of older individuals (72 years) and combining ribosomal profiling and RNA-sequencing revealed a reduced translation of most mRNAs encoding for RPs in response to physical inactivity, while the opposite result was found after leucine ingestion (Mahmassani et al., 2021). Using identical methods, another study from the same group found in adult mice that leucine administration increased the translation of ribosomal transcripts (32 Rpl and 25 Rps) and the abundance of Snord22 and Snord82, two small nucleolar RNAs essential for rRNA maturation and ribosome biogenesis (Drummond et al., 2017). Future studies should use these innovative tools to investigate whether RP translation and other regulatory processes of ribosome biogenesis are impaired with age in response to mechanical load. Because muscle cells do not exclusively contribute to global gene expression in a baseline state and during skeletal muscle hypertrophy (Murach et al., 2022), combining ribosome profiling with a ribosome-tagging approach in animal models would be of interest to answer the latter research question specifically in muscle fibers during aging (Doroudgar et al., 2019).
The results from Mahmassani et al. (2021) indicate that changes in RP translation observed in skeletal muscle from aged adults in response to physical inactivity or leucine ingestion are not specific to the small or large ribosome subunit. Nevertheless, a recent study performed in Drosophila showed that the mRNA levels of RpS28a and RpS28-like declined in skeletal muscle during aging (Jiao et al., 2021). In addition, the results reported in Table 1 suggest that aging increases the level of some specific RP transcripts in response to mechanical load in both animals (Kirby et al., 2015) and humans (Brook et al., 2016), and increases the abundance of some ribosomal proteins at baseline in humans (Stec et al., 2015). Since manipulation of specific ribosome proteins appears to influence skeletal muscle growth, at least in vitro (Chaillou et al., 2015), the possibility of an age effect on muscle ribosome composition, in particular in response to anabolic stimuli such as mechanical load, deserves further consideration. The concepts of ribosome heterogeneity and functional ribosome specialization are relatively recent and currently poorly explored in skeletal muscle (Chaillou, 2019). The impact of aging on muscle RP composition and stoichiometry of both polysomes and free subunits could be investigated by employing selected reaction monitoring-based proteomics and mass spectrometry using tandem mass tag technology (Shi et al., 2017). Finally, some other emerging fields such as genetic and epigenetic regulation of ribosome biogenesis (Figueiredo et al., 2021b) and ribophagy (Figueiredo et al., 2021a) would also be of interest to explore ribosome turnover in aged muscle.
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Endosomal trafficking protein TBC-2 is required for the longevity of long-lived mitochondrial mutants
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Mutations that result in a mild impairment of mitochondrial function can extend longevity. Previous studies have shown that the increase in lifespan is dependent on stress responsive transcription factors, including DAF-16/FOXO, which exhibits increased nuclear localization in long-lived mitochondrial mutants. We recently found that the localization of DAF-16 within the cell is dependent on the endosomal trafficking protein TBC-2. Based on the important role of DAF-16 in both longevity and resistance to stress, we examined the effect of disrupting tbc-2 on lifespan and stress resistance in the long-lived mitochondrial mutants nuo-6 and isp-1 in Caenorhabditis elegans. Loss of tbc-2 markedly reduced the long lifespans of both mitochondrial mutants. Disruption of tbc-2 also decreased resistance to chronic oxidative stress in nuo-6 and isp-1 mutants but had little or no detrimental effect on resistance to other stressors. In contrast, tbc-2 inhibition had no effect on oxidative stress resistance or lifespan in isp-1 worms when DAF-16 is absent, suggesting that the effect of tbc-2 on mitochondrial mutant lifespan may be mediated by mislocalization of DAF-16. However, this result is complicated by the fact that deletion of daf-16 markedly decreases both phenotypes in isp-1 worms, which could result in a floor effect. In exploring the contribution of DAF-16 further, we found that disruption of tbc-2 did not affect the nuclear localization of DAF-16 in isp-1 worms or prevent the upregulation of DAF-16 target genes in the long-lived mitochondrial mutants. This suggests the possibility that the effect of tbc-2 on lifespan and stress resistance in the long-lived mitochondrial mutants is at least partially independent of its effects on DAF-16 localization. Overall, this work demonstrates the importance of endosomal trafficking for the extended longevity and enhanced stress resistance resulting from mild impairment of mitochondrial function.
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INTRODUCTION
Mitochondria are membrane-bound organelles that account for most of the energy production in the cell and have important roles in intracellular signaling and metabolism. Despite the importance of mitochondria to cellular function, mild impairment of mitochondrial function can extend lifespan and increase resistance to stress (Wong et al., 1995; Lakowski and Hekimi, 1996; Feng et al., 2001; Yang and Hekimi, 2010; Schaar et al., 2015; Dues et al., 2017; Wu et al., 2018). The ability of mutations affecting the mitochondria to extend lifespan has been demonstrated in multiple species including worms (Wong et al., 1995; Lakowski and Hekimi, 1996; Feng et al., 2001; Yang and Hekimi, 2010), flies (Copeland et al., 2009) and mice (Dell’agnello et al., 2007; Liu et al., 2005), thereby indicating conservation across species.
Among the most well studied mitochondrial mutants in Caenorhabditis elegans are nuo-6 and isp-1. The nuo-6 gene encodes a subunit of Complex I of the mitochondrial electron transport chain (Yang and Hekimi, 2010), while the isp-1 gene encodes a subunit of the Rieske iron sulfur protein in Complex III of the electron transport chain (Feng et al., 2001). Although a number of studies have identified factors that are important for the long lifespan of these mitochondrial mutants (Lee et al., 2010; Walter et al., 2011; Baruah et al., 2014; Hwang et al., 2014; Yee et al., 2014; Munkacsy et al., 2016; Senchuk et al., 2018; Wu et al., 2018; Campos et al., 2021; Jung et al., 2021; Harris-Gauthier et al., 2022), the mechanism by which mild mitochondrial impairment extends longevity remains incompletely understood.
Among the factors that are required for the longevity of the long-lived mitochondrial mutants is the FOXO transcription factor DAF-16 (Senchuk et al., 2018). nuo-6 and isp-1 mutants exhibit increased expression of DAF-16 target genes, which is dependent on DAF-16 and the DAF-16 deubiquitylase MATH-33. DAF-16 is part of the insulin/IGF-1 signaling pathway. Under conditions of decreased insulin/IGF-1 signaling or increased stress, DAF-16 translocates from the cytoplasm to the nucleus to modulate gene expression. Disrupting DAF-16 reverts nuo-6 and isp-1 lifespan to wild-type (Senchuk et al., 2018).
We recently showed that cytoplasmic DAF-16 can be localized to endosomes (Meras et al., 2022). Disruption of the insulin/IGF-1 signaling pathway decreases endosomal localization of DAF-16 while increasing its localization to the nucleus. Endosomal localization of DAF-16 is also affected by disruption of endosomal trafficking proteins. Specifically, loss of the Rab GTPase activating protein (GAP) TBC-2 increases the localization of DAF-16 to endosomes, while inhibition of the TBC-2 targets RAB-5 and RAB-7 has the opposite effect (Chotard et al., 2010; Law and Rocheleau, 2017; Meras et al., 2022). The increased endosomal localization of DAF-16 in tbc-2 mutants results in a decreased ability of DAF-16 to translocate to the nucleus in response to specific stresses (Traa et al., 2022). In addition, disruption of tbc-2 reduces the upregulation of DAF-16 target genes in long-lived daf-2 mutants and decreases their lifespan (Meras et al., 2022).
Under normal conditions, internalized vesicles containing cargo from the plasma membrane, such as ligand bound receptors, fuse together to form early endosomes, which contain RAB-5. From the early endosome, the internalized cargo can be sorted to the recycling endosome, the Trans-Golgi network or to late endosomes, which contain RAB-7. Cargo transported to late endosomes can then be degraded by the lysosome. When tbc-2 is disrupted, there is an accumulation of enlarged late endosomes resulting from increased activation of RAB-5 (Chotard et al., 2010).
In this work, we examined the role of TBC-2 in the extended longevity and enhanced stress resistance of long-lived C. elegans mitochondrial mutants. We found that disruption of tbc-2 decreases lifespan and resistance to specific exogenous stressors in nuo-6 and isp-1 worms. Surprisingly, the tbc-2 deletion did not affect the increased nuclear localization of DAF-16 in isp-1 mutants and failed to prevent upregulation of DAF-16 target genes in the long-lived mitochondrial mutants. Overall, this work demonstrates the importance of TBC-2 in stress resistance and longevity and suggests that tbc-2 disruption may be affecting these phenotypes in long-lived mitochondrial mutants at least partially through DAF-16-independent pathways.
MATERIALS AND METHODS
Strains
N2 (WT)
QR15 tbc-2(tm2241) II
JVR171 isp-1(qm150) IV
MQ1333 nuo-6(qm200) I
JVR555 isp-1(qm150) IV;tbc-2(tm2241)
JVR556 nuo-6(qm200) I;tbc-2(tm2241)
JVR502 daf-16(mu86) I;isp-1(qm150) IV
JVR596 daf-16(mu86) I;tbc-2(tm2241) II
JVR619 daf-16(mu86) I;tbc-2(tm2241) II;isp-1(qm150) IV
JVR333 daf-16(mu86) I;zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)] IV
JVR640 daf-16(mu86) I;isp-1(qm150) IV;zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)] IV
JVR641 daf-16(mu86) I;isp-1(qm150 IV; tbc-2(tm2241) II; zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)] IV
Worms were maintained at 20°C on NGM plates seeded with OP50 bacteria.
Heat stress assay
Resistance to heat stress was measured by transferring 25 pre-fertile young adult worms to freshly seeded NGM plates, incubating at 37°C and monitoring survival every 2 h for a total of 10 h.
Chronic oxidative stress assay
Resistance to chronic oxidative stress was measured by transferring 30 pre-fertile young adult worms to 60 mm NGM plates containing 4 mM paraquat (methyl viologen, Sigma Catalog No. 856177) and 100 μM FUdR and seeded with concentrated OP50 bacteria (see (Senchuk et al., 2017) for detailed protocol). Worms were kept at 20°C and survival was monitored daily until all worms died.
Acute oxidative stress assay
Resistance to acute oxidative stress was measured by transferring 30 pre-fertile young adult worms to 300 μM juglone plates seeded with OP50 bacteria and monitoring survival at 20°C every 2 h for a total of 8 h. Plates were made fresh on the day of the assay as juglone toxicity diminishes rapidly with time (see http://wbg.wormbook.org/2016/07/14/measuring-sensitivity-to-oxidative-stress-the-superoxide-generator-juglone-rapidly-loses-potency-with-time/).
Osmotic stress assay
To measure resistance to osmotic stress, 25 pre-fertile young adult worms were transferred to 450 or 550 mM NaCl plates seeded with OP50 bacteria and survival was scored after 24 h at 20°C.
Anoxia assay
To measure resistance to anoxic stress, 45 pre-fertile young adult worms were transferred to NGM plates freshly seeded with OP50 bacteria and sealed in low-oxygen Becton-Dickinson Bio-Bag Type A Environmental Chambers. After 48 h at 20°C, worms were allowed to recover outside of the chamber for 24 h before survival was measured.
Bacterial pathogen stress assay
Resistance to bacterial pathogen stress was performed as previously described (Campos et al., 2021). 45 L4 worms were transferred to 100 mg/L FUdR plates seeded with OP50 bacteria and were grown at 20°C until day 3 of adulthood. Day 3 adult worms were then transferred from these plates to 20 mg/L FudR plates seeded with Pseudomonas aeruginosa (PA14). Worms were kept at 20°C and survival was monitored daily until all worms died.
Lifespan assay
To measure lifespan, 50 pre-fertile young adult worms were transferred to 25 µM FUdR plates seeded with OP50 bacteria and kept at 20°C. Low concentrations of FUdR limit internal hatching and inhibit development of progeny without affecting longevity in wild-type worms (Van Raamsdonk and Hekimi, 2011). Survival was monitored daily until all worms died.
Quantification of mRNA levels by quantitative RT-PCR
Quantitative RT-PCR was performed by collecting worms in M9 buffer. RNA was extracted using Trizol as we have described previously (Machiela et al., 2016) and converted to cDNA using a high-capacity cDNA Reverse Transcription kit (Applied Biosystems 4368814). Quantitative PCR was performed using a PowerUp SYBR Green Master Mix (Applied Biosystems A25742) in a MicroAmp Optical 96-well reaction plate (Applied Biosystems N8010560) and a Viia 7 applied biosystems qPCR machine. mRNA levels were calculated as the copy number of the gene of interest relative to the copy number of the endogenous control, act-3, and expressed as a percentage of WT. Primer sequences for each target gene are as follows:
sod-3 (AAA​GGA​GCT​GAT​GGA​CAC​TAT​TAA​GC, AAG​TTA​TCC​AGG​GAA​CCG​AAG​TC), dod-3 (AAG​TGC​TCC​GAT​TGT​TAC​GC, ACA​TGA​ACA​CCG​GCT​CAT​TC), mtl-1 (ATG​GCT​TGC​AAG​TGT​GAC​TG, GCT​TCT​GCT​CTG​CAC​AAT​GA), sodh-1 (GAA​GGA​GCT​GGA​AGT​GTT​GTT​C, CTC​CAC​GTA​TAG​TGA​GGT​ACT​CCT​G), ftn-1 (GAG​TGG​GGA​ACT​GTC​CTT​GA, CGA​ATG​TAC​CTG​CTC​TTC​CA), icl-1 (TGT​GAA​GCC​GAG​GAC​TAC​CT, TCT​CCG​ATC​CAA​GCT​GAT​CT), act-3 (TGC​GAC​ATT​GAT​ATC​CGT​AAG​G, GGT​GGT​TCC​TCC​GGA​AAG​AA).
Nuclear localization of DAF-16
DAF-16 localization to the nucleus was imaged in young adult hermaphrodite worms at the level of the whole body using the DAF-16::GFP reporter (zIs356[daf-16p::daf-16::GFP]) in isp-1;daf-16 worms and isp-1;daf-16;tbc-2 worms. We used worms with mutations in the endogenous daf-16 gene to ensure that the DAF-16 being localized to the nucleus has the GFP reporter. Worms were mounted onto 2% agarose pads and immobilized with 5–10 μL of 10 mM levamisole. Images were obtained used a ZEISS LSM780 confocal microscope using a ×40 objective lens. Images were then analyzed on Fiji (ImageJ) where the number of GFP positive foci was determined using the particle analysis tool. Approximately 20 worms per genotype were imaged over 3 replicates.
Statistical analysis
At least three biological replicates were completed in each experiment. For lifespan and stress assays, the experimenter was blinded to the genotype to ensure unbiased results. Worms were excluded from lifespan and stress assays if they crawled off the agar and died on the side of the plate, had internal hatching of progeny or expulsion of internal organs. Statistical significance of differences between genotypes was determined using a one-way ANOVA with Dunnet’s multiple comparison test, two-way ANOVA with Šidák’s multiple comparison test, a repeated measures ANOVA, or a log-rank test using Graphpad Prism. Complete statistical analysis can be found in Supplementary Table S1.
RESULTS
Disruption of TBC-2 decreases the lifespan of long-lived mitochondrial mutants
We previously showed that both daf-2 mutants and the long-lived mitochondrial mutants nuo-6 and isp-1 are dependent on DAF-16 for their enhanced longevity (Senchuk et al., 2018; Dues et al., 2019). We also showed that loss of tbc-2 decreases the lifespan of long-lived daf-2 insulin-IGF1 receptor mutants (Meras et al., 2022). Since deletion of tbc-2 affects the ability of DAF-16 to translocate to the nucleus (Traa et al., 2022), we wondered whether the disruption of tbc-2 would also decrease the lifespan of the long-lived mitochondrial mutants. Accordingly, we crossed tbc-2 deletion mutants to nuo-6 and isp-1 worms and quantified the resulting effect on lifespan. We found that nuo-6 and isp-1 worms both exhibit a marked decrease in lifespan when tbc-2 is disrupted (Figure 1).
[image: Two line graphs show survival curves for different C. elegans genotypes. Top graph compares WT, nuo-6, tbc-2, and nuo-6;tbc-2; bottom compares WT, isp-1, tbc-2, and isp-1;tbc-2. WT has the highest survival; double mutants show reduced lifespan. Both graphs report p values less than 0.0001.]FIGURE 1 | TBC-2 is required for the longevity of long-lived mitochondrial mutants. The long-lived mitochondrial mutants nuo-6 and isp-1 were crossed to tbc-2 deletion mutants. Disruption of tbc-2 markedly reduced the lifespan of both mutants, while only having a minor impact on wild-type lifespan. Significance indicates differences between blue and purple lifespan curves and was determined using the log-rank test. The Bonferroni-corrected threshold for significance is p = 0.00833. A minimum of three biological replicates per strain were performed. Raw lifespan data and full statistical comparisons can be found in Supplementary Table S1.
Disruption of TBC-2 decreases resistance to specific stresses in long-lived mitochondrial mutants
Next, we sought to determine the role of TBC-2 in the enhanced stress resistance of the long-lived mitochondrial mutants and whether this might be contributing to the effect of tbc-2 disruption on their lifespan. We quantified resistance to chronic oxidative stress (4 mM paraquat), acute oxidative stress (300 µM juglone), heat stress (37°C), bacterial pathogen stress (P. aeruginosa strain PA14), osmotic stress (450 mM and 550 mM NaCl) and anoxic stress.
In nuo-6 mutants, disruption of tbc-2 significantly decreased resistance to both chronic and acute oxidative stress (Figures 2A, B). In contrast, the loss of tbc-2 did not significantly decrease resistance to heat stress (Figure 2C), bacterial pathogen stress (Figure 2D), osmotic stress (Figures 2E, F) or anoxic stress (Figure 2G) in nuo-6 worms. In isp-1 mutants, deletion of tbc-2 decreased resistance to chronic oxidative stress (Figure 3A) but did not reduce resistance to acute oxidative stress (Figure 3B), heat stress (Figure 3C) or bacterial pathogens (Figure 3D). Disruption of tbc-2 decreased resistance to osmotic stress in isp-1 worms (Figures 3E, F), but did not decrease resistance to anoxia (Figure 3G). Combined, these results indicate that disruption of tbc-2 alters resistance to some, but not all, external stressors in long-lived mitochondrial mutants, and primarily affects resistance to chronic oxidative stress.
[image: Figure containing seven panels presents survival curves and bar graphs comparing wild type, nuo-6, bcl-2, and nuo-6;bcl-2 mutant C. elegans. Panels A-D show line graphics tracking percent survival or moving animals over time or age for each group, with statistical significance noted. Panels E-G feature bar graphs quantifying percent survival or moving animals, with control versus bcl-2 overexpression indicated for several genotypes and individual data points plotted. Data highlight lifespan and movement differences between genotypes and conditions.]FIGURE 2 | Disruption of tbc-2 decreases resistance to oxidative stress in long-lived nuo-6 mutants. Disruption of tbc-2 decreases resistance to both chronic (A); 4 mM paraquat) and acute (B); 300 µM juglone) oxidative stress in nuo-6 worms but has no significant effect on resistance heat stress (C); 37°C) in these worms. Disruption of tbc-2 did not affect resistance to bacterial pathogen stress (D); Pseudomonas aeruginosa strain PA14), osmotic stress (E, F); 450 mM NaCl, 550 mM NaCl) or anoxia (G); 48 h) in nuo-6 worms. A minimum of three biological replicates were performed. Statistical significance was assessed using the log-rank test in panels (A–D). In panels (A–D), p-values indicate the significance of difference between nuo-6 (red line) and nuo-6;tbc-2 (purple line). Significance was determined using a two-way ANOVA with Šidák’s multiple comparison test in panels (E–G). Full statistical analyses can be found in Supplementary Table S1. Error bars indicate standard error (SE). ***p < 0.001.
[image: Composite scientific figure with seven panels (A-G) displaying various survival and assay results. Panel A shows a line graph of percent survival versus age for four groups with significant differences. Panels B and C show line charts of percent survival over time for four groups exposed to different conditions, indicating varying survival rates. Panel D displays a survival curve comparing two groups with highly significant differences. Panels E-G are bar graphs illustrating percent survival or related metric, with individual data points overlaid, showing group comparisons and significant differences as indicated by asterisks. All graphs include appropriate labeling for clarity.]FIGURE 3 | Disruption of tbc-2 decreases stress resistance in long-lived isp-1 mutants. Disruption of tbc-2 decreases resistance to chronic oxidative stress in isp-1 worms (A); 4 mM paraquat) but has no effect on resistance to acute oxidative stress (B); 300 µM juglone) or heat stress (C); 37°C) in these worms. The tbc-2 deletion increases resistance to bacterial pathogen stress in isp-1 worms (D); P. aeruginosa strain PA14). Disruption of tbc-2 decreased resistance to osmotic stress in isp-1 worms (E, F); 450 mM NaCl, 550 mM NaCl), but resulted in an increased resistance to anoxia in isp-1 mutants (G); 48 h). Control data on wild-type and tbc-2 mutants is repeated from Figure 2 for comparison. A minimum of three biological replicates were performed. Statistical significance was assessed using the log-rank test in panels (A–D), and a two-way ANOVA with Šidák’s multiple comparison test in panels (E–G). In panels (A–D), p-values indicate significance of difference between isp-1 (red line) and isp-1;tbc-2 (purple line). Full statistical analyses can be found in Supplementary Table S1. Error bars indicate standard error (SE). *p < 0.05, ***p < 0.001.
Disruption of TBC-2 does not decrease isp-1 lifespan and resistance to oxidative stress in a DAF-16 null background
Our previous work suggests that the effect of TBC-2 disruption on stress resistance in wild-type and daf-2 worms is primarily dependent on DAF-16, while its effect on wild-type and daf-2 lifespan is also mediated by TBC-2’s impact on DAF-16-independent pathways (Traa et al., 2022). To gain insight into the extent to which deletion of tbc-2 decreases oxidative stress resistance and lifespan through DAF-16-dependent pathways, we examined the effect of disrupting tbc-2 in isp-1 worms lacking DAF-16 (isp-1;daf-16 mutants). We did not examine the DAF-16 dependency of the effect of tbc-2 disruption on nuo-6 worms because we are unable to generate nuo-6;daf-16 or nuo-6;daf-16;tbc-2 worms because of the close proximity of nuo-6 and daf-16 on the same chromosome.
We found that isp-1;daf-16 mutants have markedly decreased resistance to oxidative stress (4 mM paraquat) compared to isp-1 worms and that this deficit was not significantly exacerbated by disruption of tbc-2 (Figures 4A, B). Similarly, isp-1;daf-16 worms have a greatly reduced lifespan compared to isp-1 worms and their lifespan is not further decreased by loss of tbc-2 (Figures 4C, D). In both cases, however, there was a trend towards decrease in the absence of tbc-2.
[image: Panel A shows a Kaplan-Meier survival curve comparing percent survival over 20 days for wild-type (black), isp-1 (blue), isp-1;daf-16 (green), isp-1;tbc-2 (magenta), and isp-1;daf-16;tbc-2 (red) strains. Panel B presents box plots showing survival time in days after 4 millimolar paraquat exposure for isp-1 and isp-1;daf-16 groups, with control (white) and tbc-2 (red) bars; significant reduction is indicated in isp-1, not in isp-1;daf-16. Panel C displays percent alive by days of adulthood for the same strains as panel A; panel D shows corresponding lifespan box plots indicating significant difference in isp-1 but not isp-1;daf-16 with tbc-2.]FIGURE 4 | Loss of TBC-2 does not exacerbate the effects of disrupting DAF-16 on oxidative stress resistance or lifespan in isp-1 mutants. To determine the role of DAF-16 in tbc-2’s detrimental impact on oxidative stress resistance and longevity, tbc-2 was disrupted in isp-1 worms with a deletion in daf-16. In isp-1;daf-16 worms, deletion of tbc-2 did not significantly decrease resistance to oxidative stress when exposed to 4 mM paraquat (A, B). Similarly, disruption of tbc-2 did not significantly decrease isp-1;daf-16 lifespan (C, D). In both cases, there was a trend towards decrease with the loss of tbc-2. Four biological replicates were performed. Statistical significance was assessed using a log-rank test in panels (A, C), or a two-way ANOVA with Šidák’s multiple comparison test in panels (B, D). In panels (A, C), the p-value indicated is the significance of the difference between the isp-1;daf-16(blue line) and isp-1;daf = 16;tbc-2 (purple line). Full statistical analysis can be found in Supplementary Table S1. Box plot error bars show minimum and maximum values. Box plot line indicates average value. NS = not significant, ****p < 0.0001.
Disruption of TBC-2 does not prevent upregulation of DAF-16 target genes in long-lived mitochondrial mutants
In daf-2 mutants, the nuclear localization of DAF-16 and the upregulation of DAF-16 target genes is inhibited by the loss of tbc-2 (Meras et al., 2022). Similarly, TBC-2 is required for nuclear localization of DAF-16 in response to some stresses and for the full upregulation of DAF-16 target genes in wild-type worms exposed to exogenous stressors (Traa et al., 2022). Since the long-lived mitochondrial mutants also exhibit increased nuclear localization of DAF-16 and upregulation of DAF-16 target genes (Senchuk et al., 2018), we wondered whether TBC-2 is required for the increased expression of DAF-16 targets in these mutants and if the prevention of this gene upregulation might be contributing to the decrease in stress resistance and lifespan resulting from tbc-2 deletion.
To examine the effect of tbc-2 disruption on the nuclear localization of DAF-16 in the long-lived mitochondrial mutants, we used a strain expressing DAF-16 linked to GFP under its endogenous promoter (zIs356[daf-16p::daf-16::GFP]). These experiments were performed in a daf-16 mutant background, as previous studies have shown that it is important to remove the endogenous daf-16 allele in order to properly visualize the nuclear localization of DAF-16::GFP likely because DAF-16 moves to the nucleus more readily than DAF-16::GFP (Putker et al., 2013; Senchuk et al., 2018). As we have observed previously, we found that isp-1 worms have increased nuclear localization of DAF-16::GFP compared to wild-type worms (Senchuk et al., 2018). However, the increased nuclear localization of DAF-16 in isp-1 worms was not affected by the disruption of TBC-2 (Figure 5A).
[image: Panel A contains three fluorescence microscopy images of C. elegans with green staining, labeled d o f dash sixteen, i s p dash one semicolon d o f dash sixteen, and i s p dash one semicolon d o f dash sixteen semicolon t b c dash two, showing morphological differences. To the right, a bar graph with scattered points compares quantification of G A F dash E positive foci across genotypes, showing significant increase in i s p dash one semicolon d o f dash sixteen but not in the t b c dash two triple mutant.   Panel B displays six bar charts with data points measuring mRNA levels of various genes, each panel comparing wild type, mutant, and l s p one backgrounds under control and t b c dash two conditions; t b c dash two mutants show significant upregulation in l s p one backgrounds, indicated by red asterisks.]FIGURE 5 | Disruption of TBC-2 does not affect nuclear localization of DAF-16 or prevent upregulation of DAF-16 target genes in long-lived mitochondrial mutants. (A) The nuclear localization of DAF-16 was assessed using zIs356[daf-16p::daf-16::GFP] worms. This experiment was performed in a daf-16 mutant background because DAF-16 moves to the nucleus more readily than DAF-16::GFP. isp-1 mutants have increased nuclear localization of DAF-16::GFP compared to wild-type worms. The nuclear localization of DAF-16 in isp-1 worms was not affected by the disruption of tbc-2. Statistical significance was assessed using a one-way ANOVA with Dunnett’s multiple comparison test. (B) Quantitative RT-PCR was used to quantify the effect of tbc-2 deletion on the upregulation of DAF-16 target genes (sod-3, dod-3, mtl-1, sodh-1, ftn-1, and icl-1) in the long-lived mitochondrial mutants, nuo-6 and isp-1. All of the DAF-16 target genes were upregulated in nuo-6 and isp-1 mutants. In all but one instance, the disruption of tbc-2 did not prevent the upregulation of DAF-16 target genes in the long-lived mitochondrial mutants. This suggests that TBC-2 is not required for the upregulation of DAF-16 target genes in the long-lived mitochondrial mutants. Three biological replicates were performed. Statistical significance was assessed using a two-way ANOVA with Šidák’s multiple comparison test. Full statistical analyses can be found in Supplementary Table S1. Error bars indicates SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
Next, we used quantitative RT-PCR to compare the expression of DAF-16 target genes between long-lived mitochondrial mutants in a wild-type and tbc-2 mutant background. For this purpose, we chose six DAF-16 target genes (sod-3, dod-3, mtl-1, sodh-1, ftn-1, icl-1) that were among the top fifty DAF-16 upregulated genes identified by a meta-analysis of DAF-16 gene expression studies (Tepper et al., 2013), and which we have previously used to examine DAF-16 activity (Senchuk et al., 2018; Campos et al., 2021; Meras et al., 2022; Traa et al., 2022).
Consistent with our past results (Senchuk et al., 2018), we found that all six DAF-16 target genes are upregulated in both nuo-6 and isp-1 mutants (Figure 5B). Disruption of tbc-2 did not result in a strong or consistent effect on the expression of DAF-16 target genes in the long-lived mitochondrial mutants. There was one example in which loss of tbc-2 significantly decreased DAF-16 target gene expression (ftn-1 levels in isp-1 mutants) and two examples in which the loss of tbc-2 resulted in a significant increase in the expression of DAF-16 target genes (dod-3 in isp-1 worms and sodh-1 in nuo-6 mutants). Disruption of tbc-2 did not significantly alter the expression of most of the DAF-16 target genes examined in wild-type, nuo-6 or isp-1 worms (Figure 5B). Combined, this suggests that disruption of tbc-2 does not markedly inhibit the ability of nuo-6 and isp-1 worms to upregulate DAF-16 target genes. However, it is possible that the upregulation of other DAF-16 target genes in nuo-6 and isp-1 worms is affected by tbc-2 disruption.
DISCUSSION
What is the role of TBC-2 is stress resistance and lifespan? The results from our current and previous studies indicate that stress responsive factors such as the FOXO transcription factor DAF-16 can be localized to endosomes and that this localization is affected by TBC-2. Under normal conditions a small amount of DAF-16 is present on endosomes, while disruption of tbc-2 results in increased levels of endosomal DAF-16 (Meras et al., 2022). When we originally observed DAF-16 on endosomes, we hypothesized that the increase in endosomal DAF-16 might allow for a stronger DAF-16 response to stress because of the larger stockpile of DAF-16 at the endosomes. However, it was also possible that disruption of TBC-2 would cause a weaker DAF-16 response because DAF-16 was stuck to endosomes. It turns out that both may be true depending on the stress. For heat stress, bacterial pathogen stress and anoxia, the nuclear localization of DAF-16 was slower in tbc-2 mutants than wild-type worms, suggesting that endosomal DAF-16 is less able to move to the nucleus under these stresses (Traa et al., 2022). In contrast, DAF-16 moved to the nucleus more rapidly under chronic oxidative stress and osmotic stress in tbc-2 mutants, suggesting that having a stockpile of DAF-16 at the endosomes enhances DAF-16 nuclear localization under these stresses.
In our current work, we find that the loss of TBC-2 decreases both stress resistance and lifespan in nuo-6 mutants and isp-1 mutants. We previously showed that disruption of tbc-2 also decreases stress resistance and lifespan in long-lived daf-2 mutants (Traa et al., 2022). Interestingly, the pattern of decreased stress resistance resulting from deletion of tbc-2 differs between these three strains (Supplementary Table S2). While disruption of tbc-2 decreases resistance to oxidative stress, heat stress, bacterial pathogen stress, osmotic stress and anoxia in daf-2 mutants, resistance to heat stress, bacterial pathogen stress and anoxic stress is not decreased in either of the long-lived mitochondrial mutants when tbc-2 is deleted. As our previous work suggests that the effect of tbc-2 deletion on resistance to stress is primarily mediated by DAF-16 (Traa et al., 2022), it is plausible that stress resistance is more affected in daf-2 mutants than nuo-6 or isp-1 mutants because the enhanced stress resistance of daf-2 worms is entirely dependent on DAF-16 (Dues et al., 2019), while the long-lived mitochondrial mutants also rely on other pathways such as the mitochondrial unfolded protein response (Wu et al., 2018), the p38-mediated innate immune signaling pathway (Campos et al., 2021) and the mitochondrial thioredoxin system (Harris-Gauthier et al., 2022).
The only type of stress resistance that is significantly affected in all three strains is resistance to chronic oxidative stress. While this result is consistent with the possibility that disruption of tbc-2 is decreasing lifespan by diminishing resistance to oxidative stress, the deletion of tbc-2 also decreases lifespan in wild-type worms without affecting their ability to survive chronic oxidative stress (Traa et al., 2022). In addition, there are multiple examples in which resistance to oxidative stress can be experimentally dissociated from longevity (Van Raamsdonk and Hekimi, 2009; Van Raamsdonk et al., 2010; Shields et al., 2021).
To determine the extent to which deletion of tbc-2 is decreasing oxidative stress resistance and lifespan through its effect on DAF-16, we examined the effect of disrupting tbc-2 when DAF-16 is absent. We reasoned that if the tbc-2 deletion is acting entirely through DAF-16 then disruption of tbc-2 should not further decrease stress resistance or lifespan when DAF-16 is absent. We found that disruption of tbc-2 resulted in a trend towards decreased resistance to chronic oxidative stress and lifespan in isp-1;daf-16 mutants, which did not reach significance. This result is consistent with the effects of tbc-2 deletion being mediated by DAF-16 but could also be explained by a floor effect since disruption of daf-16 markedly reduces the lifespan and stress resistance of isp-1 worms.
In exploring further, we found that disruption of tbc-2 did not affect the nuclear localization of DAF-16 or prevent the upregulation of DAF-16 target genes in the long-lived mitochondrial mutants. These findings are consistent with the effects of tbc-2 deletion being mediated by DAF-16-independent pathways (Figure 6). These differing conclusions may stem from the daf-16 deletion having such a severe impact on isp-1 stress resistance and longevity that the effects of tbc-2 disruption on DAF-16-independent pathways are being masked. This possibility is supported by the fact that we did observe a trend towards decrease in isp-1;daf-16;tbc-2 mutants compared to isp-1;daf-16 mutants.
[image: Two diagrams illustrate genetic pathways affecting DAF-16 and lifespan in C. elegans. The top diagram shows daf-2 mutation and Δtbc-2 influencing nuclear DAF-16, which regulates target genes and lifespan through DAF-16-dependent and independent pathways. The bottom diagram shows isp-1, nuo-6, and Δtbc-2 mutations similarly influencing nuclear DAF-16, its targets, and lifespan via separate but analogous pathways. Both highlight roles in oxidative stress resistance and lifespan regulation.]FIGURE 6 | Model for contribution of DAF-16-dependent and DAF-16-independent pathways to effect of tbc-2 deletion on stress resistance and longevity. In daf-2 mutants, deletion of tbc-2 decreases the nuclear localization of DAF-16 and decreases the expression of DAF-16 target genes. Decreased activation of DAF-16 is primarily responsible for the decreased stress resistance in daf-2;tbc-2 mutants and partially contributes to their decrease in lifespan compared to daf-2 worms. Decreased activation of DAF-16-independent pathways also contributes to the detrimental effect of tbc-2 deletion on daf-2 lifespan. In the long-lived mitochondrial mutants, isp-1 and nuo-6, deletion of tbc-2 does not affect the nuclear localization of DAF-16 or decrease the expression of DAF-16-target genes. Deletion of tbc-2 also has little effect on resistance to most types of stress in isp-1 and nuo-6 worms. Disruption of tbc-2 decreases chronic oxidative stress resistance and lifespan in isp-1 and nuo-6 worms primarily through DAF-16-independent pathways.
In contrast to the long-lived mitochondrial mutants, TBC-2 is required for the full upregulation of DAF-16 target genes in daf-2 worms (Meras et al., 2022) and also important for the nuclear localization of DAF-16 in daf-2 mutants (Traa et al., 2022). In these worms, the disruption of TBC-2 appears to be affecting stress resistance primarily through DAF-16 but affecting lifespan through DAF-16 and DAF-16-independent pathways (Traa et al., 2022). These differences likely stem from daf-2 mutants being more dependent on DAF-16 for their stress resistance and longevity than the long-lived mitochondrial mutants, which rely more on DAF-16-independent pathways compared to daf-2 worms. These DAF-16-independent pathways may include signaling through the nuclear hormone receptor NHR-49, epidermal growth factor signaling and notch signaling, all of which have been shown to be present on endosomes and influence longevity (Arantes-Oliveira et al., 2002; Wang et al., 2002; Curran and Ruvkun, 2007; Fortini and Bilder, 2009; Iwasa et al., 2010; Walter et al., 2011; Yu and Driscoll, 2011; Khan et al., 2013; Zheng et al., 2013; Dresen et al., 2015; Watterson et al., 2022). In the future, it will be important to assess the contribution of these and other signaling pathways that are present on endosomes in the long-lived mitochondrial mutants.
Two other endosome related proteins were recently shown to be required for the longevity of isp-1 worms. After using proteomics to identify differentially expressed proteins in long-lived clk-1 and isp-1 mutants, a targeted RNAi screen was performed to assess the contribution of these proteins to their longevity. It was found that RNAi knockdown or genetic deletion of mon-2 decreases isp-1 lifespan (Jung et al., 2021). MON-2 regulates trafficking between endosomes and the Golgi apparatus (Mahajan et al., 2013). Similarly, TBC-3 is also involved in transport between endosomes and Golgi (Kanamori et al., 2008) and is required for isp-1 lifespan (Jung et al., 2021). While MON-2 appears to be promoting longevity by upregulating autophagy, it is unclear how elevated endosomal MON-2 increases autophagy (Jung et al., 2021; Artan et al., 2022). Future studies will be needed to determine whether MON-2 and TBC-3 are required for endosomal signaling pathways, similar to TBC-2, or whether these endosome-related proteins are all acting through independent mechanisms.
CONCLUSION
We find that disruption of the endosomal trafficking protein TBC-2 decreases oxidative stress resistance and lifespan in the long-lived mitochondrial mutants nuo-6 and isp-1. Interestingly, the loss of TBC-2 does not prevent the upregulation of DAF-16 target genes in these mutants suggesting that the disruption of tbc-2 may be affecting lifespan and resistance to stress in these worms by affecting other DAF-16-independent signaling pathways localized to endosomes. This work demonstrates an important role of endosomal signaling in stress resistance and lifespan.
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Genetic deletion of Kvβ2 (AKR6) causes loss of muscle function and increased inflammation in mice
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The voltage-gated potassium channels (Kv) are complex ion channels with distinct roles in neurotransmission, electrical conductivity of the heart, and smooth and striated muscle functions. Previously, we demonstrated that deletion of Kvβ2 in mice results in decreased Pax7 protein levels, hindlimb muscles and body weights, and fiber type switching. In the present study, we tested the hypothesis that Kvβ2 regulates skeletal muscle function in mice. The young and old Kvβ2 knockout (KO) and wildtype (WT) mice were utilized to test the aging phenotype and skeletal muscle function. Consistent with our previous finding, we found a significant reduction in hindlimb skeletal muscles mass and body weight in young Kvβ2 KO mice, which was also significantly reduced in old Kvβ2 KO mice compared with age-matched WT mice. Forelimb grip strength, and the hindleg extensor digitorum longus (EDL) muscles force-frequency relations were significantly decreased in young and old Kvβ2 KO mice compared to age-matched WT mice. Analysis of transmission electron microscopy images of EDL muscles in young mice revealed a significant reduction in the sarcomere length for Kvβ2 KO vs. WT. Hematoxylin and eosin-stained tibialis anterior muscles cryosections displayed a significant decrease in the number of medium (2,000–4,000 µm2) and largest (>4,000 µm2) myofibers area in young Kvβ2 KO vs. WT mice. We also found a significant increase in fibrotic tissue area in young Kvβ2 KO mice compared with age-matched WT mice. Analysis of RNA Seq data of the gastrocnemius muscles (GAS) identified significant increase in genes involved in skeletal muscle development, proliferation and cell fate determination, atrophy, energy metabolism, muscle plasticity, inflammation, and a decrease in circadian core clock genes in young Kvβ2 KO vs. WT mice. Several genes were significantly upregulated (384 genes) and downregulated (40 genes) in young Kvβ2 KO mice compared to age-matched WT mice. Further, RT-qPCR analysis of the GAS muscles displayed a significant increase in pro-inflammatory marker Il6 expression in young Kvβ2 KO mice compared to age-matched WT mice. Overall, the present study shows that deletion of Kvβ2 leads to decreased muscles strength and increased inflammation.
Keywords: Kvβ2, KCNAB2, AKR6, sarcopenia, inflammation, skeletal muscle

INTRODUCTION
The voltage-gated potassium (Kv) channels are transmembrane channels selective to K+ and belong to the larger ion channel families (Gutman et al., 2003). The Kv channels modulate action potential shape and duration in a variety of tissues, including skeletal and cardiac muscles (Nerbonne, 2016; Kilfoil et al., 2019). The human genome encodes 40 Kv channels that are classified into 12 groups based on their amino acid sequence homology (Kv1-12) with diverse physiological functions (Wulff et al., 2009). The α-subunits form homo- or heterodimers and can also associate with cytoplasmic β-subunits (Long et al., 2005). The voltage gated Kv channels (Kv1,4,7) influence the threshold and number of action potentials generated during depolarization or excitatory synaptic potentials. Whereas Kv2 and Kv3 modulate the duration and firing pattern of the action potentials. The kinetics of Kv channels also influence the action potentials generated. The Kv channels also play a role in calcium signaling, cell proliferation, migration, differentiation, cell death and maintenance of cell volume (Bachmann et al., 2020). Deficiency of Kv channels leads to neurological and metabolic disorders, cardiovascular and autoimmune diseases, cancer, and deafness (Glasscock et al., 2010; Leitner et al., 2011; Anderson et al., 2019; Trosclair et al., 2021). Therapeutically, the Kv channel activators or blockers alter the action potential’s firing pattern (Vyas et al., 2019).
Skeletal muscle is a major tissue comprising around 40% of the total body mass in humans. Skeletal muscle is also an active metabolic organ and helps in movement through contraction and relaxation of the myofibrillar proteins upon nervous stimulation. It has high tissue plasticity to adapt to varying conditions such as exercise, pathophysiological states, and aging (Manickam and Wahli, 2017). Sarcopenia, the age-associated decline in muscle mass and mechanical function, occurs in the context of chronic inflammation, mitochondrial dysfunction, metabolic deregulation, reduced stem cell number and function, and altered gene expression (Larsson et al., 2019). In a previous study, we demonstrated that loss of Kvβ2 leads to decrease muscle size and mass, and therefore in the present study we evaluated the effect of Kvβ2 deletion on muscle strength and impact in both young and aging mice.
The Kvβ subunits 1–3/KCNAB family of Kv channels belong to NADPH-dependent aldo-keto reductases (AKR) and bind to NADPH-cofactors. These Kvβ subunits form complexes with Kv1 and Kv4 channels α-subunits and modulates the gating and kinetics of Kv channels, membrane localization, and their redox sensitivity (Bähring et al., 2001; McCormack et al., 2002; Tipparaju et al., 2008). The expression of different Kvβ subunits such as Kvβ1.1–1.3, and Kvβ2 plays an important role in skeletal muscle development and physiology (Grande et al., 2003). Intriguingly, the deletion of Kvβ2 in mice leads to decreased life span, increased seizures and cold-induced tremors (McCormack et al., 2002). Previously, we reported that deletion of Kvβ2 in mice led to reduce body weight, hindlimb muscle mass and size, and decreased muscle stem cells marker Pax7 protein levels, with increased Nedd4, Calcineurin, and MHC1 and MHC2a protein levels (Grande et al., 2003; Chapalamadugu et al., 2018). We also demonstrated that Kvβ2 is involved in cardiomyocyte repolarization and metabolism (Kilfoil et al., 2019), and that deletion of Kvβ2 in mice decreases isoproterenol-induced heart muscle injury and circadian clock genes (Tur et al., 2021). Therefore, we hypothesized that deletion of Kvβ2 in mice not only affects the skeletal muscle mass but also its contractile function and grip strength.
MATERIALS AND METHODS
Animals
The hemizygous Kvβ2+/− null mice were a generous gift from Dr. Geoffrey Murphy (University of Michigan, MI, United States). The Kvβ2+/− null mice were interbred to generate the age-matched wildtype (WT) and Kvβ2−/− knockout (KO) mice as described previously (McCormack et al., 2002). All mice were fed with food and water ad libitum, and were maintained at Morsani College of Medicine, University of South Florida, FL, United States. The young (14–20 weeks) and old (1–2 years) WT and KO male mice were used in this study. All animal work was approved before the start of the study by the Institutional Animal Care and Use Committee (IACUC) at the University of South Florida, FL, United States.
Grip strength
The forelimb grip strengths of 14–16 weeks and 50–58 weeks old WT and KO mice were measured with Chatillon force measurement DFE II grip strength meter (Ametek, Columbus Instruments, OH, United States) as described previously (Manickam et al., 2022). Five individual measurements were recorded per mouse and is represented as the average grip strength expressed as KGF/Kg body weight, where n = 6–15 mice/group.
Myofiber force frequency relationship
The ex vivo contractility and force-frequency relationship (FFR) were measured as described previously (Manickam et al., 2022). Briefly, the extensor digitorum longus (EDL) muscles from both hindlimbs were collected after euthanizing the mice in compliance with the University of South Florida, IACUC guidelines. Immediately after dissecting the EDL free, it was tied with surgical suture to a force transducer in buffer containing 137 mM NaCl, 0.4 mM NaH2PO4, 5.1 mM KCl, 1.05 mM MgCl2, 2.0 mM CaCl2, and 10 mM glucose at pH 7.4 in the bath maintained at 22°C and continuously aerated with 95% O2/5% CO2. After equilibration the optimal muscle length (l0) for each muscle was calculated and subjected to stimulation trains (500 ms) of frequencies ranging from 1 to 125 Hz, 1 per minute to determine the force-frequency relationship. The stimulation was delivered with S48 stimulators (Grass Products, RI, United States), and all pulses were 1 ms in duration. The peak forces of each contraction at the different stimulation frequencies were used to plot the FFR. The FFR was expressed in both absolute (mN) and normalized (mN/mg muscle mass) terms, with n = 4–7 mice/group.
Transmission electron microscopy
The transmission electron microscopy (TEM) images were obtained as described previously (Manickam et al., 2022). Briefly, the hindlimb EDL muscles were dissected and fixed immediately with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer for 2 h at room temperature (RT), and overnight at 4°C. Subsequent washes were carried out in phosphate buffer solution and then fixed with 1% osmium tetroxide in phosphate buffer for 2 h at 4°C. After rinsing in phosphate buffer, the muscles were then dehydrated in ethanol and acetone at RT and infiltrated in acetone: pure resin for 4 h and then embedded in the embedding wax. Polymerization of the embedding mix was carried out at 70°C overnight. 1 µm and 70 nm thin sections were cut with Reichert Ultracut microtome, stained with 2% uranyl acetate, and contrasted with lead citrate as per standard protocol. Images were obtained at x15,000, ×30,000 and ×50,000 magnifications with JOEL1400 transmission electron microscope. The myofibrillar sarcomere lengths were analyzed at ×30,000 magnified images and quantified using ImageJ software, where n = 3 mice/group. 7–14 images were analyzed per mouse with a total of 184 and 191 myofibrils for the young WT and KO mice, respectively. For quantification, the yellow lines were drawn from one Z-line to the next Z-line of the I bands using NIH ImageJ software to measure the length of myofibrils sarcomeres.
Van Gieson staining
The hindlimb tibialis anterior (TA) muscles were dissected out from the young and old WT and KO mice and embedded in optimal cutting temperature (OCT) medium and frozen in isopentane chilled in liquid nitrogen and stored at −80°C. 10 µm thick transverse serial cryosections were cut at the mid-belly region using Leica (CM1860) cryostat machine and stained with Weigert’s iron hematoxylin for 10 min at RT. After washing with tap water, the sections were left in picrofuchsin solution for 20 min at RT. Washes were done with graded ethanol with picric acid, and finally with 100% ethanol until clear. The sections were then cleared with xylene for 5 min twice at RT and mounted with DPX mountant. Montage images were obtained at ×10 magnifications with Olympus IX73 inverted microscope using CellSens Standard software (Olympus Soft Imaging Solution, United States). Quantification of the fibrotic tissues area (red color) was carried out with ImageJ software (NIH, United States), where n = 3 mice/group. The representative images were taken at ×20 magnification.
Quantitative real-time polymerase chain reaction
Total RNA was isolated from the hindlimb gastrocnemius (GAS) muscles of the young and old WT and KO mice using Exiqon miRCURY RNA isolation kit (Exiqon, MA, United States) as per manufacturer’s recommendation. cDNA was synthesized from the isolated total RNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, CA, United States). Il6 expression was measured with iTaq Universal SYBR Green Supermix with CFX96 Real-Time C1000 Touch Thermal Cycler System (Bio-Rad Laboratories, CA, United States). The cDNA synthesis and qPCR procedures were performed as described previously (Chapalamadugu et al., 2018). The mouse GAPDH was used as an internal control reference gene, where n = 5–8 mice/group.
Whole transcriptomic sequencing (RNA seq)
The hindlimb GAS muscles whole transcriptome sequencing was carried out as described previously (Manickam et al., 2022). Total RNA was extracted from the GAS muscles of young WT and KO mice, and the RNA quality and integrity were determined. RNA Seq library was then prepared. The cDNA library quality was determined before sequencing with Illumina PE150 platform. The data generated were analyzed between the WT and KO mice, where n = 3 mice/group for bioinformatics analysis.
Bioinformatics
RNA-Seq data was analyzed by using two open-source software programs: TopHat and Cufflinks (Trapnell et al., 2012). Raw reads were mapped to mice GRCm38 genome by using TopHat. Cufflinks quantified genes across WT and KO groups to find differentially expressed genes (q value < 0.05) between these two groups. The differentially expressed genes were then entered into the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Sherman et al., 2022) to explore the KEGG gene pathways that are enriched in these genes.
Statistical analysis
Statistical analyses were performed with GraphPad Prism 9.5.1 or SigmaPlot software. An unpaired Student’s t-test was utilized when comparing only two groups. A 3-way ANOVA, with 2 between-subjects factors (age and genotype) and one repeated factor (frequency) was used to test the FFR. Data are represented as mean ± SD. Statistical significance was set at p < 0.05 for all data analyzed either with GraphPad Prism 9.5.1 or SigmaPlot software with post hoc tests.
RESULTS
Genetic ablation of Kvβ2 in mice results in decreased body weight
Consistent with our previous publication, the young (20 weeks) Kvβ2 KO mice displayed a significant (p = 0.0215) decrease in body weight compared to littermate WT mice (Chapalamadugu et al., 2018). In the present study, we demonstrate that a similar significant (p = 0.0161) reduction in body weight was noticed in old (1.5–2 years) Kvβ2 KO mice compared with age-matched WT mice (Figures 1A, B). Together this suggests that the deletion of Kvβ2 in mice results in decreased body weight postnatally and during aging.
[image: Two scatter plots labeled A and B compare body weight in grams between wild type (WT) and knockout (KO) mice at twenty weeks and one point five two years, respectively. Both plots display individual data points with means and standard deviation bars. An asterisk above each plot indicates statistically significant differences between WT and KO groups.]FIGURE 1 | Genetic ablation of Kvβ2 in mice results in decreased body weight. (A) Body weight of young (20 weeks) and (B) old (1.5–2 years) wildtype (WT) and Kvβ2 knockout (KO) male mice in grams (g). Data are expressed as mean ± SD; *p < 0.05.
Deletion of Kvβ2 in mice results in decreased physical performance and muscle force-frequency relationship
Previously, we demonstrated that deletion of Kvβ2 in mice results in decreased hindlimb muscles size and mass, and the muscle stem cells marker Pax7 protein levels (Chapalamadugu et al., 2018). However, it was not known if those changes resulted in any alterations in skeletal muscle contractile function and grip strength. Therefore, in the present study we assessed the forelimb grip strength and ex vivo skeletal muscle force-frequency relationship (FFR) of the hindlimb EDL muscles as a measure of function in the age-matched WT and KO mice. Young (14–16 weeks) Kvβ2-KO mice displayed a significant (p = 0.0446) decrease in forelimb grip strength compared to age-matched WT mice (Figure 2A). A similar significant (p = 0.0417) reduction in the forelimb grip strength was also noticed during aging in the 50–58 weeks-old Kvβ2 KO mice compared to age-matched WT mice (Figure 2B). In addition, the young (Y-20 weeks) and old (O-2yr) Kvβ2 KO mice displayed a decrease in the hindlimb EDL muscles absolute and normalized FFR compared with age-matched WT mice. There was a significant effect of genotype (p < 0.001), and an age x genotype (p = 0.006) interaction (Figures 2C, D). Together, these data suggests that deletion of Kvβ2 in mice results in impaired muscle function both in vivo and ex vivo.
[image: Panel A shows a scatter plot comparing grip strength normalized to body weight between WT and KO mice at fourteen to sixteen weeks, with WT having higher values. Panel B shows a similar comparison at fifty to fifty-eight weeks, again with higher values in WT. Panels C and D display line graphs of muscle force versus stimulation frequency; both show greater absolute and normalized force in WT compared to KO, with force increasing by frequency and age group indicated by line color. Asterisks mark statistically significant differences.]FIGURE 2 | Decreased physical performance and myofiber force frequency of Kvβ2 KO mice. (A) Forelimb grip strength of young (14–16 weeks) and (B) old (50–58 weeks) wildtype (WT) and Kvβ2 knockout (KO) male mice. Data are expressed as mean ± SD; *p < 0.05. (C) The absolute force frequency, and (D) normalized force frequency of young (20 weeks) and old (2 years) WT and KO male mice hindlimb EDL muscles. The F statistics of the myofiber force frequencies with frequencies as a repeated measure displayed a significant effect on genotype (p < 0.001) and the age x genotype interactions (p = 0.006). Data are expressed as mean ± SD; where Y, Young; O, Old mice.
Decreased hindlimb skeletal muscle mass in Kvβ2 KO mice
Previously, we showed that deletion of Kvβ2 in young mice results in decreased mass of hindlimb muscles: biceps femoris, gastrocnemius, and soleus (Chapalamadugu et al., 2018). Here we show a similar significant decrease not only in the young (20 weeks) Kvβ2 KO mice hindlimb muscles EDL (p = 0.0343), GAS (p = 0.0056), and Quadriceps (QUAD) (p = 0.0001) but also in the old Kvβ2 KO mice EDL (p = 0.0213), GAS (p = 0.0021), and QUAD (p = 0.0003) muscles compared to age-matched WT mice (Figures 3A–F). In addition, the direct comparison of old (2 years) WT and young (20 weeks) Kvβ2 KO mice hindlimb muscles EDL (p = 0.4146), GAS (p = 0.1065), and QUAD (p = 0.1169) did not show any significant difference in their weights (Supplemental Figures S1A–C). This clearly suggests that the reduction in muscle mass in Kvβ2 KO mice leads to decreased hindlimb muscles grip strengths both in the young and old mice.
[image: Six dot plots compare muscle weight between wild-type (WT) and knockout (KO) mice at twenty weeks and two years. Panels show EDL, GAS, and QUAD muscle groups. Significant differences are indicated with asterisks and horizontal bars.]FIGURE 3 | Deficiency of Kvβ2 in mice results in decreased hindlimb muscles weight. (A) The hindlimb EDL muscles weight of young (20 weeks) and (B) old (2 years) WT and KO male mice in milligrams (mg). (C) GAS muscles weight of young (20 weeks) and (D) old (2 years) WT and KO male mice in milligrams (mg). (E) The QUAD muscles weight of young (20 weeks) and (F) old (2 years) WT and KO male mice in milligrams (mg). Data are expressed as mean ± SD; *p < 0.05.
Kvβ2 regulates skeletal muscle fiber size
The transmission electron microscopy image analysis of the longitudinal sections of the hindlimb EDL muscles displayed a significant (p = 0.0086) reduction in myofibrils sarcomere length in the young (20 weeks) Kvβ2 KO mice compared to age-matched WT mice (Figures 4A–C). In addition, a significant reduction in the myofiber cross-sectional area of the medium (2,000–4,000 µm2) (p = 0.0016) and largest (>4,000 µm2) (p = 0.0009) sized myofiber areas was also observed in the young (20 weeks) Kvβ2 KO mice hindlimb TA muscles cryosections stained with hematoxylin and eosin (H&E) compared to age-matched WT mice (Figures 4D, E), These results further confirm that deletion of Kvβ2 in mice results in decreased hindlimb muscle mass.
[image: Panel A shows a grayscale microscopic image labeled WT with yellow dashed and red solid lines marking measurements, likely sarcomeres. Panel B displays a similar image labeled KO with comparable markings. Panel C is a scatterplot comparing sarcomere length in micrometers between WT and KO groups, indicating significant difference. Panel D presents a bar graph of myofiber frequency versus myofiber area for WT and KO groups, demonstrating distribution patterns. Panel E shows a scatterplot of myofiber frequency by area in three size groups for WT and KO, highlighting statistical significance with an asterisk and one not significant group marked.]FIGURE 4 | Reduced sarcomere length and myofiber size of Kvβ2 KO mice. Representative images of transmission electron microscopy of the hindlimb EDL muscles of young (20 weeks) (A) WT and (B) KO male mice. (C) Quantification of the EDL myofibrils sarcomere length (marked in yellow lines from one Z-line to the next Z-line [red arrow heads] of the I-bands [red lines] of the sarcomere) of WT and KO mice, where n = 184 and 191, respectively. (D,E) Quantification of 250 random myofibers cross-sectional areas of hematoxylin and eosin-stained TA muscles, where n = 3 mice/group x 3 sections/mouse. Data are expressed as mean ± SD; *p < 0.05; ns, non-significant.
The young Kvβ2 KO mice phenocopy inflammaging phenotype
We then assessed the inflammaging phenotype of the skeletal muscles of the young (20 weeks) and old (2 years) mice through Van Gieson staining (fibrosis) of the hindlimb TA muscles cryosections and expression of the proinflammatory marker Il6 through RT-qPCR. Deletion of Kvβ2 displayed a significant (p = 0.0103) increase in fibrotic tissue area in the young (20 weeks) mice compared to age-matched WT mice, whereas it was found to be non-significant (p = 0.3081) in the old mice between the genotypes (Figures 5A–C). This was accompanied by a significant (p = 0.0008) increase in the proinflammatory marker Il6 expression in the young (20 weeks) Kvβ2 KO mice compared to age-matched WT mice (Figure 5D). However, the expression levels Il6 was found to be non-significant (p = 0.1699) in the 2 years old WT and KO mice (Figure 5E).
[image: Panel A shows histological sections comparing fibrotic tissue in adipose tissue of wild-type (WT) and knockout (KO) mice at twenty weeks and two years; KO samples display increased fibrosis. Panel B and C are scatter plots quantifying fibrotic tissue area in WT and KO at twenty weeks and two years, respectively, with a significant increase in KO at twenty weeks and no significant difference at two years. Panel D and E display Il6 expression levels in WT and KO at both time points; Il6 is significantly increased in KO at twenty weeks but not at two years.]FIGURE 5 | Deletion of Kvβ2 results in increased skeletal muscle tissue fibrosis in young mice. (A) Representative ×20 magnification images of the hindlimb TA muscles cross-sections at mid-belly region of young (20 weeks) and old (2 years) WT and KO male mice stained with Van Gieson stain. (B) Quantification of fibrotic tissues area (red color) of young (20 weeks) and (C) old (2 years) WT and KO male mice stained with Van Gieson stain, where n = 3 mice/group whole sections. (D) RT-qPCR analysis of Il6 expression levels in young (20 weeks) and (E) old (2 years) WT and KO male mice, where n = 5−8 mice/group. Data are expressed as mean ± SD; *p < 0.05, ns, non-significant.
Deletion of Kvβ2 in mice results in enhanced skeletal muscle atrophy, inflammation, altered metabolism, and circadian clock genes expression
To evaluate the differential gene expression of the young Kvβ2 KO and WT mice, RNA Seq analysis was performed in the hindlimb GAS muscles. The volcano plot shows the number of differentially expressed key genes (Figure 6A) that were significantly (p < 0.05) upregulated (384 genes) and downregulated (40 genes) in the young Kvβ2 KO mice compared to age-matched WT mice. Subsequent heat map analysis of the differentially expressed key genes in the young Kvβ2 KO and WT mice displayed a significant (p < 0.05) increase in the expression of genes involved in skeletal muscle development, cell proliferation and determination (Myo1d, Notch1, and Notch4), muscle atrophy (Trim54, Hdac5, Sumo2, Acvr1b, and N4bp3), energy metabolism and muscle plasticity (Irs2, Akt1, Ucp2, Fndc5, Plin3, Plin4, Ppara, and Ppard), and inflammation (Il6ra and Il34), and a decrease in circadian core clock (Clock and Arntl) genes along with an increase in the negative feedback loop clock gene repressors such as Per1, Per2 and Cry2 in young Kvβ2 KO mice compared to age-matched WT mice. However, there was also a decrease in Acvr2a, Cry1 and Il1r1 genes expression in the young Kvβ2 KO mice compared to age-matched WT mice (Figure 6B) suggesting the differential regulation of various signaling pathways involved in muscle atrophy, peripheral circadian rhythm and inflammation between the genotypes (Figures 6C, D).
[image: Panel A displays a volcano plot with significantly upregulated genes highlighted in red and downregulated genes in green, alongside a fold change heatmap legend. Panel B presents a gene expression heatmap for wild type and knockout conditions, with gene names listed on the right and a blue-to-red color scale indicating expression levels. Panels C and D show horizontal bar charts of enriched biological pathways for each condition, with pathway names on the left and log-scaled p-values on the x-axes.]FIGURE 6 | RNA Seq data analysis of the hindlimb GAS muscles of young (20 weeks) WT and KO mice. (A) Volcano plot showing differentially expressed genes in the KO_vs._WT mice. (B) Heat map of the key genes that are differentially expressed in the KO_vs._WT mice. (C) Signaling pathways that are downregulated and (D) upregulated in the KO_vs._WT mice. Data are expressed as significantly different where q < 0.05, and n = 3 mice/group.
DISCUSSION
The voltage-gated potassium channel β2 subunit (Kvβ2) has been implicated in many physiological functions, however, its role in skeletal muscle function remains unknown. Therefore, in the present study we sought to test the effect of Kvβ2 deletion on mouse skeletal muscle function. We report three major changes in the mouse skeletal muscle based on the deletion of Kvβ2 in mice: 1) deletion of Kvβ2 leads to decreased muscle function, 2) genetic deletion of Kvβ2 leads decreased myofibrils sarcomere length and myofiber cross-sectional area and 3) RNA seq analysis provides insights into the differential gene expression patterns that are consistent with muscle atrophy, inflammation, altered energy metabolism and circadian rhythm.
Based on the study, we demonstrate that there was reduced forelimb grip strength in the young Kvβ2 KO mice, which was also apparent during aging in these mice. Previously, we reported that the deletion of Kvβ2 in mice leads to reduced hindlimb muscle and body weights with decreased Pax7 protein levels during postnatal growth (Chapalamadugu et al., 2018). Here, we confirm a robust reduction in the hindlimb muscles and body weights in young Kvβ2 KO as well as in old Kvβ2 KO mice. Consistent with our previous finding, we also found a similar reduction in the medium to largest diameter sized myofibers area in the hindlimb TA muscles cross-sections of the young Kvβ2 KO mice analyzed (Chapalamadugu et al., 2018). Similarly, the transmission electron microscopy image analysis of the hindlimb EDL muscles longitudinal sections also revealed a decrease in the myofibrils sarcomere length in the young Kvβ2 KO mice suggesting plausible myofiber atrophy. Together, this suggests that the observed decline in the muscle function might be due to its direct association with the decreased muscle weights. To address this question, we utilized the ex vivo hindlimb EDL myofibers force-frequency relationship and found that the deletion of Kvβ2 in mice leads to decreased absolute and normalized EDL myofibers FFR both in the young and old Kvβ2 KO mice, suggesting that muscle function is compromised by loss of muscle mass as well as the decreased length of the sarcomere.
Intriguingly, the young Kvβ2 KO mice displayed an increase in fibrotic tissue area in hindlimb TA muscles cross-sections stained with Van Gieson’s staining but was found to be non-significant between the genotypes in the old mice as the aged WT mice also displayed an increase in the fibrotic tissue area consistent with the aging muscle phenotype. To test this, we performed an in-depth RNA-Seq analysis of the differentially expressed genes in the hindlimb GAS muscles of the young Kvβ2 KO_vs._WT mice. The volcano plot analysis identified 384 and 40 genes to be up- and downregulated in the Kvβ2 KO mice, respectively. Subsequent, heat map analysis revealed an increase in the expression of number of key genes involved in skeletal muscle development, proliferation and cell fate determination (Notch signaling), atrophy (Neurogenic), inflammation (Interleukins), energy metabolism and muscle plasticity (Ppars and Insulin signaling), along with a decrease in the circadian peripheral core clock genes (Clock and Bmal1/Arntl) and an increase in the negative feedback loop core clock gene repressors (Per and Cry) reflective of impaired muscle phenotype (Luo et al., 2005; Perera et al., 2012; Manickam and Wahli, 2017). Noticeably, we showed previously the downregulation of circadian core clock Bmal1 gene expression in the cardiac tissue samples of the young Kvβ2 KO mice (Tur et al., 2021). In addition, we also validated the pro-inflammatory Il6 myokine expression through real-time quantitative PCR analysis of the hindlimb GAS muscles of the young and old Kvβ2 KO mice and found that Il6 expression was higher in both the young and old Kvβ2 KO mice.
Previously, we showed that deletion of Kvβ2 in mice enhanced NEDD4 levels and decreased PAX7 protein levels in skeletal muscle during postnatal myogenesis (Chapalamadugu et al., 2018) suggesting that Nedd4 might negatively regulate Pax7 expression in the young Kvβ2 KO mice. In this study we show an increase in NEDD4 ubiquitin ligase binding protein 3 (N4bp3) expression in the young Kvβ2 KO mice. We also found that deletion of Kvβ2 in mice leads to an increase in Myo1d (Myosin1d), along with an increase in Notch 1 and 4 expression levels in the Kvβ2 KO mice, suggesting that there might be an increase in the early progenitor population in these mice (Luo et al., 2005). In addition, we also noticed an increase in the Acvr1b, Hdac5, and Trim54/MuRF3 expression levels in the Kvβ2 KO mice suggesting possible activin receptor signaling, and neurogenic muscle atrophy of skeletal muscles in these mice leading to reduced muscle mass, grip strength, the contractile unit sarcomere length, myofiber size, and increased fibrosis (Moresi et al., 2010; Lee et al., 2020). Furthermore, the circadian core clock genes Clock and Arntl/Bmal1 expression was found to be downregulated in the Kvβ2 KO mice with a simultaneous increase in the negative feedback loop core clock gene repressors Per1, Per2, and Cry2 expression levels, which clearly indicates the involvement of peripheral circadian clock genes in the Kvβ2 KO mice (Sadria and Layton, 2021). There was also an increase in the pro-inflammatory markers such as Il34, Il6ra, and a decrease in the Il1r1 agonist/antagonist receptor suggesting that there is increased inflammation in the skeletal muscles of the young Kvβ2 KO mice. Additionally, we also noticed an increase in the expression of genes involved in energy metabolism and muscle plasticity such as Ppars (Ppar-α and Pparδ) and insulin (Irs2/Akt1) signaling, lipid droplets associated proteins (Plin3, 4), browning of adipose tissues (Fndc5, Ucp2), and a decrease in the small ubiquitin-like modifier 2 (Sumo2) in the young Kvβ2 KO mice. Interestingly, there was also an increase in the longevity associated pathway, i.e., the NAD+-dependent protein deacetylase Sirt6 expression in the Kvβ2 KO mice, which is implicated in cellular stress resistance, genomic stability, aging and energy homeostasis (Roichman et al., 2021). Collectively, these data suggest that the genetic ablation of Kvβ2 in mice results in the use of alternate energy metabolism to overcome the overt skeletal muscle phenotype observed in young adults.
CONCLUSION
The present study demonstrates that deletion of Kvβ2 decreased muscle mass and strength. The deletion of Kvβ2 in mice also resulted in increased fibrotic tissues area in the young Kvβ2 KO mice along with an increase in the proinflammatory markers. RNA Seq analysis showed increased expression of genes involved in muscle atrophy, energy metabolism, inflammation, and circadian rhythm. Overall, this is the first study linking kcnab2 gene to age related muscle function along with molecular insights into signaling pathways.
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In this review, we explore the application of novel biomaterial-based therapies specifically targeted towards craniofacial bone defects. The repair and regeneration of critical sized bone defects in the craniofacial region requires the use of bioactive materials to stabilize and expedite the healing process. However, the existing clinical approaches face challenges in effectively treating complex craniofacial bone defects, including issues such as oxidative stress, inflammation, and soft tissue loss. Given that a significant portion of individuals affected by traumatic bone defects in the craniofacial area belong to the aging population, there is an urgent need for innovative biomaterials to address the declining rate of new bone formation associated with age-related changes in the skeletal system. This article emphasizes the importance of semiconductor industry-derived materials as a potential solution to combat oxidative stress and address the challenges associated with aging bone. Furthermore, we discuss various material and autologous treatment approaches, as well as in vitro and in vivo models used to investigate new therapeutic strategies in the context of craniofacial bone repair. By focusing on these aspects, we aim to shed light on the potential of advanced biomaterials to overcome the limitations of current treatments and pave the way for more effective and efficient therapeutic interventions for craniofacial bone defects.
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INTRODUCTION
In this review, we will discuss the current issues facing researchers in developing strategies to heal critical-sized and compromised bone defects. This includes understanding the role that large defects have on bone regeneration, complications associated with compromised healing, and aspects of aging and other related conditions that further confound this situation. We will also illustrate the role those new biomaterials must play as they are interventions to stabilize and promote bone defect healing. Further, we will discuss how these materials must play active roles in the healing process.
Burden of care
Large bone defects affecting the craniomaxillofacial region (Figure 1) (Koller et al., 2020) can arise from high energy impact, trauma, blast injuries, congenital bone defects, and the resection of locally aggressive tumors (Keating et al., 2005). A considerable number of these defects are sufficiently large and cannot spontaneously heal on their own. These defects are “critical-sized”, as they require surgical intervention and planned reconstruction to heal successfully. In all, more than 400,000 patients present to the emergency room with facial fractures or large craniofacial defects and require treatment each year, which costs over $1 billion in healthcare costs (Erdmann et al., 2008; Allareddy et al., 2011; American Society of Plastic Surgeons, 2017). Recent reports show that the incidence of craniomaxillofacial defects continues to rise by nearly 15% per year (Roden et al., 2012). Craniomaxillofacial defects, regardless of the cause, can affect function and esthetics which can be debilitating and socially incapacitating. Large-sized bone defects are also biomedically and economically burdensome (Szpalski et al., 2010). These defects require three-dimensional structural support, including permanent protection of the underlying brain tissue, mechanical integrity, allowance for the full range of jaw movement, and excellent facial esthetics along with faster healing rates.
[image: Panel A shows two 3D renderings of a human skull with a large section of the cranial bone missing. Panel B displays the same skull in similar views, now with a mesh implant reconstructing the cranial defect.]FIGURE 1 | Digital image of a large cranial defect (A) with mesh implant (B).
Complexity in craniomaxillofacial healing
The thickness and stiffness of cranial and maxillofacial bone varies according to different sites in the skull, and is covered with a multi-layered soft tissue envelope, making the craniomaxillofacial region a morphologically complex structure to heal (McElhaney et al., 1970; Dewey and Harley, 2021). As the skeleton ages, morphological changes occur. For example, in a study on skulls analyzed by dimensional changes in bone structure over time, the aged skulls exhibited resorbed bone in all areas (e.g., orbit, maxilla, mandible, skull) and likely led to soft tissue (e.g., muscle, fascia) laxity (Toledo Avelar et al., 2017). Another factor that affects the bone microenvironment is the various cell types. The vascular tubule-forming endothelial cells, bone-forming mesenchymal stem cells (MSCs), and osteoblasts and osteoclasts maintain bone homeostasis. The osteoblasts and osteoclasts work together for bone formation and bone resorption (bone remodeling) which maintains bone density and strength. The osteoblasts when mature, become incorporated in the bone matrix and become osteocytes. Osteocytes remain in the bone matrix and are responsible for bone turnover and adaptation (Aarden et al., 1994; Teitelbaum, 2007; Dewey and Harley, 2021). The endothelial cells also play an important role in homeostasis as they build and maintain vascular networks within the bone tissue. As we age, these homeostatic events become unbalanced, causing resorption of the existing bone structure coupled with soft tissue laxity or recession. This can cause bone to be more prone to defect formation or increase the potential of these defects to form upon injury, thereby increasing the burden of care. These bone defects may also be associated with compromised wound healing resulting from deficient vascularization, hypoxia, wound contamination, chemo/radiotherapy, or scarring from multiple surgical treatments. Studies have noted that compromised defects and injuries induced a delay in bone turnover rate (Sandukji et al., 2011; Hannemann et al., 2013) and re-vascularization in adults (Prasad and Bao, 2019) that imposed extended periods of hospital stay and significantly delayed healing time (Hwang and You, 2010). This delayed healing can be attributed to a marked increase in reactive oxygen species (ROS) (Sandukji et al., 2011), and prolonged inflammation (Wang et al., 2014). Prolonged oxidative stress causes damage to nucleic acids and proteins causing irreparable cellular injury and restricting cell viability, growth, and proliferation (Kubo et al., 2019). Furthermore, as we age, our bodies become less efficient at managing ROS and this can lead to oxidative stress. Oxidative stress occurs when there is an imbalance between the production of ROS and the body’s ability to eliminate them. Aging is also characterized by both impaired wound healing and chronic low-grade inflammation, also known as “Inflamm-Aging” (Ferrucci and Fabbri, 2018). Impaired wound healing can lead to a slower bone turnover rate, reduced re-vascularization, and prolonged inflammatory response, caused by an elevated level of ROS. Inflamm-Aging is caused by an increase in pro-inflammatory cytokines and a decrease in anti-inflammatory molecules due to factors like cellular damage, metabolic dysfunction, and the accumulation of senescent cells (Shafiq et al., 2021). Controlling inflammation could potentially delay the onset and progression of age-related diseases and improve overall health outcomes in older adults (Chung et al., 2019). To promote healing, it is necessary to increase tissue-level antioxidant activity to mitigate ROS and promote angiogenesis and osteogenesis.
Overall, intrinsic oxidative stress due to an underlying systemic disease can also impair bone regenerating capacity by the production of oxidants and elimination of protective antioxidant mechanisms (Sies, 1997; Hamada et al., 2009; Patel et al., 2013; Duryee et al., 2018; Li et al., 2020). Elevating tissue-level antioxidant activity can reduce ROS and promote angiogenesis and osteogenesis needed for healing (Wang et al., 2014). A controlled ROS level has a key role in the regulation of many fundamental cellular processes in the body such as proliferation, differentiation, and repair (Chavan et al., 2007; Mottaghi and Nasri, 2021). However, increased ROS production causes structural damage to the genomic DNA of osteoblasts and osteoclasts disrupting their normal function and can lead to apoptosis (Mlakar et al., 2010). ROS-activated lipid peroxidation-dependent lipoxygenase is associated with decreased osteoblastic activity and increased osteoclastic activity (Gullberg et al., 1997). ROS is a major determinant of oxidative stress and controls the remodeling capacity of bone (Jahanian et al., 2016).
Role of antioxidant mechanisms in bone healing
Antioxidants play a key role in regulating a myriad of life processes within the body, including the musculoskeletal system. We often encounter antioxidants in our daily lives through the consumption of food, beverages, and taking supplements in our diets. These are dietary antioxidants which interface with our bodies by stimulating various cellular and extracellular matrix mechanisms that then couple to other mechanisms within cells. For example, a well-known antioxidant, Vitamin C or ascorbic acid, has been well documented to prevent many bone diseases and promote bone health (Rondanelli et al., 2021). Many of our food products contain several key vitamins and minerals to boost our antioxidant defenses. These defenses are mechanistic antioxidant enzymes expressed and secreted by tissues to reduce the accumulation of ROS or free radicals involved in the aging process. Mitochondrial ROS are highly reactive molecules produced as natural byproducts of cellular respiration within the mitochondria (Kageyama et al., 2021). While mitochondria are essential for generating energy in the form of ATP, they can also generate ROS during this process. Mitochondrial ROS includes molecules such as superoxide anions (O2•−), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). Although ROS are typically associated with cellular damage and oxidative stress, they also play important roles as signaling molecules in various cellular processes (Hernansanz-Agustín and Enríquez, 2021). In low levels, ROS can regulate cellular functions such as cell proliferation, apoptosis, and immune response. However, excessive accumulation of mitochondrial ROS can lead to oxidative damage of cellular components, including DNA, proteins, and lipids, contributing to the development of various diseases and aging processes (Hernansanz-Agustín and Enríquez, 2021; Kageyama et al., 2021). Therefore, maintaining a delicate balance of mitochondrial ROS is crucial for cellular health and overall wellbeing. Below we discuss how these mechanisms play a key role in bone signaling.
Antioxidant transcription factors such as nuclear factor erythroid 2-related factor 2 (NRF2) play a vital role in promoting bone and vascular healing (Figure 2) (Jakob et al., 2002; Lean et al., 2003; Mathy-Hartert et al., 2008; Yin et al., 2009; Sun Y.-X. et al., 2015; Kubo et al., 2019). NRF2 induces cell viability, migration, endothelial cell angiogenesis, and mesenchymal stem cell (MSC) osteogenesis (Sun Y.-X. et al., 2015) while acting as a master antioxidant promoter that reduces ROS to promote healing (Narimiya et al., 2019). NRF2 deficiency downregulates endothelial cell vascular endothelial growth factor (VEGF) expression, reduces bone strength by 30% and prevents bony union (Lippross et al., 2014). NRF2 is activated by two key mechanisms: 1) phosphorylation of cell surface glycogen synthase kinase- (p-GSK3-beta) that activates promoter regions on NRF2, and 2) the presence of electrophilic compounds such as sulforaphane can indirectly affect the Kelch-like ECH-associated protein (Keap1)-NRF2 nuclear binding through the modification of cysteine residues on the Keap1 surface which subsequently affect NRF2 (Dinkova-Kostova et al., 2005; Tebay et al., 2015; McMahon et al., 2018). This activation promotes downstream antioxidants (e.g., superoxide dismutase (SOD1) and glutathione peroxidase (GPX1)) (Mohammadzadeh et al., 2012; Ma, 2013; Sultan et al., 2018; Dai et al., 2020). SOD1 plays a vital role in osteogenesis (via collagen cross linking and osteocalcin expression (Badr, 2008; Nojiri et al., 2011; Sandukji et al., 2011; Yamada et al., 2013; Duryee et al., 2018)) while GPX1 promotes angiogenesis (via VEGF expression and vascular tissue repair (Galasso et al., 2006)). Thus, these key antioxidants signaling pathways are integral to the regeneration of new bone.
[image: Diagram illustrating bone healing over time, starting from a cranial bone defect (CSD) and showing mesenchymal stem cell homing, endothelial cell adhesion, angiogenesis, collagen deposition, osteoblast differentiation, osteocyte formation, and bone maturation, with molecular markers indicated at each stage, progressing toward healed bone from week 1 to weeks 5-8.]FIGURE 2 | Proposed mechanism of healing CSDs over time: (A) Critical sized defect; (B) Endothelial Cells and Mesenchymal Stem Cells arrive in bone defect; (C) Antioxidant activity (NRF2, SOD1, GPX, CAT); (D) Angiogenic transcription markers expressed (HIF, ANG1, VEGF); (E) Vascular tubule formation; (F) Osteogenic transcription (RUNX2, OSX); (G) Collagen matrix formation; (H) Bone matrix protein synthesis (ALP, COL, OCN); (I) Bone formation; (J) Healed CSDs.
Several authors noted differences in NRF2-linked bone response for males and females as it relates to aging (Pellegrini et al., 2017). The bone phenotype of NRF2 moderate activation suggested sexual dimorphism. In male Keap1+/−mice, bone formation significantly increased, while bone resorption significantly reduced compared to their littermate controls. However, there were no notable effects observed in females (Han et al., 2022). Researchers noted sex differences in craniofacial healing, even considering the type of fracture or defect in bone (Merten et al., 2022). This was found in mouse models which showed that NRF2 activation through the disruption of Keap1 ubiquitination has some effects on bone mass (Yin et al., 2020). These differential effects indicate age and sex are factors affecting NRF2-linked bone response. This could help to explain key differences in bone morphology as we age. These appear in humans as morphological and mechanical changes which occur with changes in the frontal and peripheral craniofacial skeleton (Urban et al., 2016). However, since this field is still very new, extensive developmental or epigenetic studies in animals would need to be conducted to prove this hypothesis.
Aging, oxidative stress, and compromised bone defects
As discussed above, aging offsets the balance in regenerating new bone and allows resorption of existing bone (Demontiero et al., 2012; Deng et al., 2022). This can cause small bone defects to heal improperly when under normal conditions they would heal on their own. For larger defects and fractures, this problem is exacerbated and can lead to permanent disability. For example, implant osteointegration is challenged due to alveolar and mandibular bone loss limiting their ability to replace missing dentition (Deng et al., 2022). During aging, alterations in local signaling result in a diminished ability of skeletal cell lineages to withstand stress. This leads to the promotion of a more fibroblastic phenotype, increased osteoclastogenesis, and pro-inflammatory cytokine production, along with decreased bone regeneration. These changes reflect the balance between skeletal homeostasis and regeneration (Tevlin et al., 2020). Aging affects bone differently from normal trauma-induced inflammation in that inflammation processes become less organized under aging conditions in which the NF-kB signaling pathway plays a key role (de Gonzalo-Calvo et al., 2010). Further, aged skeletal stromal cells showed decreased Wnt signaling, increased senescence, impaired cell function, and reduced osteogenic capacity that was partially rescued with administration of a dietary antioxidant resveratrol (Ambrosi et al., 2020; Clarke, 2021; Butler et al., 2022). For example, Wnt10b deficiency resulted in age-dependent loss of bone mass and progressive reduction in MSCs (Stevens et al., 2010). Also previous studies indicated that Wnt10b is significantly reduced with osteoporotic derived stem cells (Huang et al., 2023).
Oxidative stress is another condition limiting angiogenic and osteogenic activity. Oxidative stress induces loss of bone mass and strength and increased risk of fractures and impaired healing. Factors involved in elevated oxidative stress include estrogen deficiency, elevated endogenous glucocorticoid levels, age-related diseases, and prolonged exposure to ROS (Ardura et al., 2020). The exact mechanism perpetuating oxidative stress has not yet been elucidated, but the likely chemical induction mechanism could be related to increased ROS levels leading to cellular senescence (Liguori et al., 2018). Moreover, the loss of estrogens or androgens in the body weakens bone defense against oxidative stress and is responsible for an increase in bone resorption (Manolagas, 2010). Exacerbating this problem is the fact that inflammation and oxidative stress are inextricably linked to aging (Leyane et al., 2022), which can perpetuate the resorption of bone and throw off the homeostatic balance and regenerative capacity of bone to heal. Nature has developed various antioxidant mechanisms as defense against oxidative stress, but their efficacy decreases with aging (Portal-Núñez and Esbrit, 2013).
Several cell types occupying the skeletal framework are affected in diverse ways in aging or related conditions in bone. Oxidative stress induces negative effects on osteocytes (Kitase et al., 2018). ROS causes osteocyte apoptosis and cell death. L-Beta Amino Iso-Butyric Acid (L-BAIBA) reduces the impact of ROS on osteocytes (Wang et al., 2020). The protective effects of L-BAIBA are lost with age despite its production not being lost with age. The ability to activate oxidative stress protection in osteocytes is the main issue causing this phenomenon. The protective receptor involved in L-BAIBA protection involves activation of Mas-related G-protein-coupled receptor type D (MRGPRD, Figure 3) (Wang et al., 2020), MRGPRDs are regulators of bone homeostasis and reduced in expression as osteocytes and osteoblasts age (Hsiao et al., 2010; He et al., 2020). Thus, targeting these receptors could be used to mitigate the issues related to aging and promote bone homeostasis and regeneration.
[image: Scientific diagram illustrating interactions between muscle, osteocyte, and bone involving BAIBA and GABA signaling in response to exercise. Highlights roles in modulating muscle plasticity, bone function, bone quality, and mass relevant to osteoporosis and osteopenia.]FIGURE 3 | MRGPRD (MAS-related GPR family member D), FFAR3 (a G-protein-coupled receptor), GABAaR (gamma-aminobutyric acid type A receptor), GABBR1-2 (gamma-aminobutyric acid type B receptor subunit 1–2), GLRA1-4 (glycine receptor alpha 1–4), and GAD (glutamate decarboxylase) are all involved in the control of muscle tonicity. GABA is a major neurotransmitter that is generated in the central nervous system (CNS) and spinal cord, and its action controls muscle tonicity both centrally and peripherally. BAIBA is a myokine secreted from skeletal muscles that has direct effects on bone/osteocytes in mice. Exercise promotes the secretion of both myokines and osteokines, which can have autocrine and paracrine effects. It is hypothesized that muscle tonicity could potentially influence the release of myokines, which could in turn affect the levels of BAIBA, and vice versa. The receptors for GABA and BAIBA mediate their functions, and certain SNPs may act as modifiers of these effects. Thus, muscle tonicity may represent a novel mechanism for the regulation of myokine release and its effects on bone and muscle.
Despite the benefits of antioxidants to fight aging or related conditions, dietary antioxidants do not have the capacity to heal large bone defects or fractures on their own. They are nutrients for every system in the body and to have these molecules locally delivered has become the subject of recent studies. Because of the large size of critical-size bone defects, they require the use of fixative or resorbable implants to stabilize the defect while facilitating bone regeneration. We will discuss the use of various biomaterials used to treat these defects and illustrate how these materials can target antioxidants to promote bone healing.
Current biomaterial and tissue engineering treatment strategies
As mentioned above, large-sized craniofacial bone defects require three-dimensional structural support, including permanent protection to the underlying tissues, mechanical integrity, the support of full-range jaw movement, and facial esthetics along with faster healing rates, which makes them difficult to restore. Current treatment strategies for repair and reconstruction require a consideration of appropriate biomaterial scaffolds, bioactive factors, and appropriate delivery kinetics of those factors to the wound healing environment (Figure 4). Some of these are explained below.
[image: Infographic on craniofacial bone regeneration showing a graph of growth factor levels over time, jawbone illustration, arrows summarizing development of a controlled growth factor release system, scaffold material, and an animal model.]FIGURE 4 | Tissue Engineering in Craniofacial Bone Regeneration. Many strategies have been used to induce bone regeneration in craniofacial defects and have employed various biomaterial formats (e.g., nanoparticles, scaffolds, implants) and/or bioactive factor release (e.g., small molecule, drug) to induce angiogenesis and osteogenesis for bone formation using clinically relevant animal models.
AUTOGRAFTS
Bone grafts from an autogenous source are the gold standard for treating craniomaxillofacial bone defects (Elsalanty and Genecov, 2009; Brown Baer et al., 2012; Kruijt Spanjer et al., 2017; Dewey and Harley, 2021). Autograft is bone tissue taken from a secondary site in the patient’s own body for replacing bone at the primary defect site. Iliac crest is one of the most common sites used for large autogenous bone grafts, with mandibular bone donor sites are commonly used when smaller volumes are needed. Smaller craniomaxillofacial defects show a very high success rate with autografts as it retains osteogenic and angiogenic cells and shows a favorable immunogenic response (Pogrel et al., 1997; Dewey and Harley, 2021). Despite the high success rate, there is limited bone availability for attaining autogenous bone grafts. Additionally, removing bone from a secondary area in the patient’s body can lead to an additional surgery site, pain, vascular and nerve injury, secondary bone fracture, high chances of bone morbidity and longer healing times (Elsalanty and Genecov, 2009; Dewey and Harley, 2021).
ALLOGRAFTS AND XENOGRAFTS
Allografts are bone grafts taken from a donor of the same species and xenografts are bone grafts taken from a different species. These grafts overcome drawbacks of autografts such as the need for secondary donor-site surgery, and increased chances of bone morbidity. Allografts and xenografts are required to undergo a series of processing such as decellularization and demineralization to minimize the immunologic response and disease transmission (Elsalanty and Genecov, 2009; Dewey and Harley, 2021). The vigorous pre-processing of these grafts can lead to a less osteogenic biomaterial, as it affects the extracellular matrix and collagen in the donor bone (Bae et al., 2006; Ghanaati et al., 2014; Dewey and Harley, 2021). There can also be significant variability between the different bone tissues that are being processed. Allograft and xenograft, even after sterilization, can lead to post-operative infections and unfavorable immunologic reactions. The bone grafts also have low mechanical strength for long-term stability in cases of large bone defects.
FIXATIVE METALS AND COATINGS
Large and complex craniofacial bone defects often require reduction of mobile segments, fixation using metal devices, and volume-filling bone substitutes to stabilize and regenerate the lost bone. Titanium (Ti) fixative devices or mesh provide strength to support cranial defects. Yet, they are unable to speed healing rates due to a lack of bioactivity (Iwai-Yoshida et al., 2012) or aseptic loosening (Jokstad, 2004; Katz et al., 2007; Gita and Ravi, 2011; MacInnes et al., 2012). Attempts to coat these fixation plates with bioactive hydroxyapatite (HA) or silica based Bioglass™ (45S5) did not improve bone regeneration rates. Coating structural quality suffered from high temperature processing (enameling, plasma-spraying) that induced metal-coating thermal expansion mismatch and interfacial cracking (Thomas et al., 1987; Hayashi et al., 1989; Soballe et al., 1990; Dhert et al., 1991; Klein et al., 1991; Wang et al., 1993; Yang et al., 1996; Bloyer et al., 1999; Foppiano et al., 2007), reduced quality and bioactivity owed to glass crystallization and mixing of soluble and insoluble phases (Koeneman et al., 1990; Ji et al., 1992; Weinlaender et al., 1992; Filiaggi et al., 1993; Frayssinet et al., 1993; Zyman et al., 1994; Mcpherson et al., 1995; Gross et al., 1997; Gomez-Vega et al., 2000; Gomez-Vega et al., 2001; Oku et al., 2001). As a result of these factors, immature bone healing and fibrous tissue attachment were observed in canines after 12 weeks (Oirschot et al., 2014) with poor long-term healing (Roy et al., 2011). As defect filler, mesoporous 45S5 fully resorbed, but only had 32%–38% of defect healing in 3 months (Liu et al., 2013; Zhao et al., 2015; Zhang et al., 2016).
CERAMICS
Clinicians use ceramics and hydroxyapatite-based materials in dental clinics. Bioglass and tricalcium phosphate are alternatives to allografts and autografts for bone regeneration (Athanasiou et al., 2010; Broggini et al., 2015; Tatara et al., 2019; Dewey and Harley, 2021). These calcium- and phosphorus-containing bioceramics have good biocompatibility and acceptable mechanical properties for defect stability. However, these materials are not as successful as bone grafts due to their brittle nature, longer resorption times and higher infection rates (Dewey and Harley, 2021). Other ceramic materials such as nanosilicates and silicate nanoparticles have also been studied and show promising results in combination with metals and other biomaterials (Dewey and Harley, 2021). Many clinicians use silica (SiO2) based biomaterials for their antibacterial properties (Ferraris and Spriano, 2016; Ferraris et al., 2021). Yet, silica-/bioactive glass-based nanoparticles and surface modifications (Gomez-Vega et al., 2000; Sanchez et al., 2005; Chen et al., 2011; Catauro et al., 2015) have not adequately shown any antioxidant effects.
POLYMERS
Many researchers have studied natural polymers derived from animals and plants (i.e., collagen-based biopolymers) for their effect on soft and hard tissue healing. These polymers have tunable porosity and orientation which is beneficial for use in drug delivery applications. However, due to the poor mechanical properties, there has been limited applications for these biomaterials. Synthetic polymers such as polycaprolactone (PCL) and poly (lactic acid) (PLA) are FDA approved for tissue engineering applications. They are biodegradable, biocompatible and have tunable biomechanical properties (Athanasiou et al., 1996; Gredes et al., 2016; Dewey and Harley, 2021). However, the synthetic biopolymers have longer than expected degradation rates and can produce cytotoxic degradation products.
NANO-COMPOSITE RESORBABLE MATERIALS
For bone substitutes, autogenous grafts are the gold standard due to limited immune response and endogenous cells, yet, donor site morbidity and low secondary site volume limit their use (Chatterjea et al., 2010). Collagen scaffolds produce new bone (modulus = 10 GPa, close to existing bone) in rat cranial CSDs, yet even with MSC inclusion, only 39% of the defect healed after 10 weeks (7.02 mm3 new bone volume/18.09 mm3 total defect volume (%BV/TV) (Al-Hezaimi et al., 2016). Additionally, extended culture time required for obtaining high cell numbers, exposure to serum prions and peptides, reduced viability, and increased senescence can contribute to the rejection of MSCs (Undale et al., 2009). Gelatin or chitosan hydrogels promote cell growth, form a glycosaminoglycan-like structure, and degrade (Angele et al., 2009; Chung and Burdick, 2009; An et al., 2010; Ragetly et al., 2010; Bian et al., 2013; Kim et al., 2013; Salamon et al., 2014; Xavier et al., 2015), yet they need modification to structurally support defects for new bone formation. Biopolymer surfaces modified with single peptides lack multi-functionality to mimic extracellular matrix (ECM) (Collier and Segura, 2011) and have a short half-life (Chow et al., 2008) while mini-proteins limit angiogenesis via low vascular endothelial growth factor (VEGF) activity and no antioxidant effect limiting their use (Treggiari et al., 2015). Recombinant human bone morphogenic protein (rhBMP2) (1–10 mg dose (Zara et al., 2011; Brierly et al., 2016), released by collagen scaffold) can have severe side effects including ectopic bone growth, prolonged inflammation, soft tissue swelling at the surgical site, cyst-like bone growth in vivo, and only 15% higher healing vs bare collagen scaffolds after 4 weeks due to rapid rhBMP2 depletion (Carragee et al., 2011; Zara et al., 2011; Lee et al., 2012; Brierly et al., 2016; Song et al., 2016; Shi et al., 2017; Ramly et al., 2019).
Limitations of biomaterials and antioxidant treatments for bone injuries
As discussed above, NRF2 is a key transcriptional factor that is responsible for activating an antioxidant response reaction against oxidative stress (Taguchi et al., 2011). NRF2 has also been known to affecting bone healing rates by maintaining homeostasis in bone cells, suggesting that NRF2 can promote fracture healing in the presence and absence of oxidative stress, thereby implicating its role in bone healing after traumatic injury (Sun Y. X. et al., 2015; Kubo et al., 2019). When there is no fracture injury or bone defect present, Keap1 (Kelch-like erythroid cell-derived protein with cap ‘n' collar homology-associated protein), a cytoplasmic antagonist, negatively regulates NRF2, resulting in the ubiquitination of NRF2 and its degradation by the ubiquitin proteasome system (UPS) (Wruck et al., 2008; Canning et al., 2015). Upon injury, NRF2 is mobilized by Keap1 cytosol transport into the nucleus, chelation with cations, and release of NRF2 to activate downstream antioxidant reactive elements. This then activates a downstream cascade of osteogenic and angiogenic transcription to stimulate bone formation.
Patients given exogenous or dietary antioxidants that target these endogenous antioxidant mechanisms such as Vitamin E, Vitamin C, carotenoids, and polyphenols improved overall bone health. Patients given dietary or natural antioxidants after fracture had higher SOD1 activity, which reduced ROS and increased osteocalcin activity (Badr, 2008; Sandukji et al., 2011), and lowered healthcare costs by lowering hospital stays (Fabian et al., 2011). Antioxidants exert these beneficial effects by electrochemically reducing ROS via increased antioxidant activity (e.g., NRF2, SOD1, and glutathione peroxidase (GPX)) (Lean et al., 2003; Mathy-Hartert et al., 2008) and increasing the cation concentration thereby increasing the overall cations available for ROS reduction (Lü et al., 2010). This leads to prompt healing in compromised defects by limiting inflammation and decreasing patient recovery time (Simunovic et al., 2011).
In some cases, though, exogenous factors exhibited limitations in efficacy for osteogenic and angiogenic activity with associated side effects (Fabian et al., 2011). Exogenous factors such as drugs (e.g., nitrates) or gene therapy vehicles (e.g., viral vectors) resulted in poor endogenous antioxidant activity, impeded endothelial cell function due to cytotoxicity, immune toxicity, nitrate tolerance, and altered gene expression (Duvall, 2005; Papageorgiou et al., 2013; Sun Y.-X. et al., 2015; Daiber et al., 2017). Resveratrol (<2,000 mg/d) and N-acetyl cysteine (NAC <30 mM) are potent drugs that promote NRF2 and SOD1 expression (Ungvari et al., 2010; Ali et al., 2016). However, they can cause nausea or diarrhea at higher doses (Schmidt and Dalhoff, 2001; Salehi et al., 2018) and only slightly improved healing rates (25% BV/TV 51) or slightly reduced defect size (30%, 30 days (Casarin et al., 2014)) in small defects (<6 mm diameter) in vivo. Thus, for targeted approaches, local delivery may be the alternative option to maximally affect large bone defect healing. Further, biomaterial strategies that incorporate fixation devices and/or biopolymer scaffolds will play a larger role in stabilizing and healing these large defects due to the large volume of missing bone. We discuss these strategies below.
Semiconductor materials for bone healing
As we discussed above, fixation devices stabilize bone defects but cannot directly contribute to rapid bone healing due to their bioinert nature and subsequent inability to activate antioxidant mechanisms. Coatings could be used to solve this issue. Such coatings must adhere well to the underlying Ti while also stimulating antioxidant activity via electron or covalent structure on the coating surface. Materials such as dielectric coatings provide semiconductors with rigorous and reproducible performance by controlling computers in the nano-electronics industry. The dielectric coating on the surface of a semiconductor that controls the release of current into an integrated circuit is fabricated by a process known as plasma-enhanced chemical vapor deposition (PECVD, Figure 5). This method deposits thin films on substrates from a gas (vapor) state to a solid state. The PECVD technique uses plasma, instead of thermal energy in conventional CVD (Duryee et al., 2018). This method creates a surface with amides and hydroxyl groups, forms an amorphous coating, and helps in evenly sputtering of the molecules which can maintain the surface morphology of the substrate (e.g., implant). Further, the coatings are fabricated at relatively low temperature (<400°C), thus, thermal expansion mismatch between the implant substrate and coating layers is markedly reduced (Gredes et al., 2016). The PECVD process is advantageous as the coating thickness, atom ratio, and interfacial formation onto a biomedical device are under computer control. Furthermore, the thin films are formed relatively quickly (within 1 h), and have high reliability and repeatability in manufacturing (Gredes et al., 2016).
[image: Diagram showing the Si-O-N cranial implant coating structure and bioactivity, illustrating oxygen-rich and nitrogen-rich regions with molecular models and surface nitrogen increasing across a gradient. The PECVD method flowchart below details the process: reagents enter a PECVD chamber, lithographic etching produces two thousand nanometer wide etched regions at ninety nanometers depth, followed by Ti fixation.]FIGURE 5 | (A) Schematic of PECVD process to form SiONx coatings for Ti implants. (B) Surface formation of hydroxyl, phosphate, and carbonate groups that make up bone mineral hydroxyapatite when introduced to in vitro environment.
We apply these concepts to bone regeneration via the material coating’s ability to sustain the release of degradation products which have a positive antioxidant effect and enhanced in vitro osteogenic biomarker expression. We fabricated silicon oxynitride (SiONx) coatings for implant surfaces using PECVD (Ilyas et al., 2015; Varanasi et al., 2017; do Monte et al., 2021). The PECVD process led to a stable coating of amorphous silica on the substrate material and released Si4+ for several weeks (Ilyas et al., 2016). This was accomplished by optimizing the surface nitrogen-to-oxygen (N/O) ratio in the coatings. This is an additional advantage of using PECVD for biomedical devices (Monte et al., 2019; Awad et al., 2022). For example, the nitrogen-to-oxygen atom ratio is controlled by controlling the source gases NH3 and N2O under the reductive ionized gas environment. This leads to varying levels of tetrahedral and trigonal chemical bond structure depending on the N/O atom ratio (Figure 5) (Varanasi et al., 2017) within the films which can change the surface charge, change the Si4+ ion release rate, and change the subsequent antioxidant response by cells. In fact, these implant coatings stimulated SOD1 activity and formed surface hydroxyapatite (HA) leading to osteogenesis in mouse osteoblast cells (Ilyas et al., 2015; Ilyas et al., 2016; Varanasi et al., 2017; Ilyas et al., 2019). Further, these coatings and their release of Si4+ appeared to rescue angiogenic activity in the presence of ROS in human endothelial cells (Monte et al., 2019). This shows the benefits of these coatings to play an antioxidant role during bone healing. Previous studies in our lab show that SiONx and Si4+ reduce ROS through cationic reduction, endothelial cell activity (Figure 6) (Monte et al., 2018), and enhanced SOD1 activity while enhancing proliferation and differentiation of osteoprogenitor cells (Awad et al., 2019; Ahuja et al., 2021). Furthermore, these biomaterials have been tested on skeletal muscle cells and showed antioxidant activity as indicated by attenuating the toxic oxidative stress induced by hydrogen peroxide (Awad et al., 2021). Our previous study on the effect of Si-ions on C2C12 myoblast cells showed that Si-ions exhibit significant antioxidant properties and can mitigate oxidative damage in these cells as shown from the significant increase of NRF2 and SOD1 gene expressions (Awad et al., 2021). Furthermore, our recent studies indicated that cells treated with H2O2 induce a significant increase in ROS production (Detected by Intracellular ROS fluorescent dye) compared to the normal control group with a p-value of 0.0006, while treating the cells with Si-ions significantly decrease the ROS production under H2O2 conditions (p-value = 0.0003 compared to H2O2 negative control group, data is not shown). When co-treated with different Silicon ion concentrations, ROS production significantly decreased compared to the H2O2 group Thus, the premise of our work is that oxidative stress, inflammation, and defect instability act as a large barrier for the rapid healing of severe bone loss. In contrast, SiONx-based coatings on fixative devices that release Si4+ will overcome this barrier by providing structural stability while inducing optimal antioxidant activity to lower ROS, and inflammation, and increase angiogenic and osteogenic activity to promote rapid defect healing (Figure 7).
[image: Panel A shows a fluorescent microscopy image of cells treated with one point zero millimolar ionic silicon, exhibiting dense network structures. Panel B displays cells treated with zero point six millimolar hydrogen peroxide, showing reduced fluorescence and disrupted morphology. Panel C presents three box-and-whisker plots comparing gene expression levels of VEGFA, KDR, and HIF-1α across different treatment groups, with significant differences marked by asterisks, indicating statistical significance among groups.]FIGURE 6 | Effect of small molecular delivery of Si4+ that rescues human endothelial cell angiogenesis when exposed to reactive oxygen species and normal conditions. Primary human endothelial cells showed thick and dense tubules when exposed to 1.0 mM ionic Si (A) vs no Si treatment exhibiting immature tubule formation (B) in 24 h in vitro. HUVECs under ROS conditions (H2O2) showed increased angiogenic marker expression vs no Si ion treatments (C) (All experiments were performed with n = 6 per group according to protocols and methods published by Monte et al. (Monte et al., 2018).
[image: Diagram illustrating two cellular processes: angiogenesis in endothelial cells (panel A) showing increased vascular tubule density, and osteogenesis in mesenchymal stem cells (panel B) resulting in enhanced collagen and bone matrix density, with key molecular pathways labeled.]FIGURE 7 | In Vitro and In Vivo model of NRF2 effect on (A) angiogenesis and (B) osteogenesis in bone regeneration.
Animals models to test normal and compromised tissue healing in bone
Many of the models of bone healing and approaches have examined the use of new treatment modalities in healthy bone. Several animal models have been utilized to study the bone regeneration after induced bone defects such as rats (do Monte et al., 2021; Ilyas et al., 2016), rabbits (Shah et al., 2016; Piotrowski et al., 2019), pigs (DeMitchell-Rodriguez, 2023), and dogs (Taha et al., 2023). A prime example of a rabbit model of tissue regeneration would be a critical sized defect model in which an 8–10 mm diameter trephine defect is administered in the body of the mandible. A titanium plate is then secured along the inferior side of the mandible to prevent iatrogenic fracture (Shah et al., 2016). In such a model, several types of interventions can be studied from implant coatings to dietary effects to implantable scaffolds.
However, few have studied bone regeneration strategies in the setting of a compromised wound. Preclinical models exhibiting a compromised wound healing environment are ones in which an initial insult to the bone is performed with either radiation or medications (i.e., bisphosphonates), mimicking osteoradionecrosis or medication-related osteonecrosis of the jaw, respectively. Preclinical animal models by Young and others (Piotrowski et al., 2019; Piotrowski et al., 2020) have studied aspects of compromised tissue environments. The basic premise is that the degenerating conditions afflicting bone act as a large barrier to inducing the natural healing processes of bone (Figure 8) (Piotrowski et al., 2019) and (Figure 9) (Piotrowski et al., 2020). This is a translational animal model that mimics the morbidities faced by patients suffering from osteoradionecrosis. Because the condition involves initial radiation of the animal, the natural response by these animals is a compromised state in which many of the normal functions of bone homeostasis and healing are impaired due to the insult to the bone cell microenvironment. Thus, these animal models could be potential candidates to study the conditions placed upon healing.
[image: Figure panel A shows a bar graph comparing bone volume between control and irradiated groups, with the control group displaying significantly higher bone volume. Panel B displays a three-dimensional illustration of a skull with a highlighted green region representing average bone volume of one hundred fifteen point zero cubic millimeters in the control group. Panel C presents a similar three-dimensional skull illustration with a highlighted green region showing average bone volume of twenty-three point two cubic millimeters in the irradiated group. A statistical significance indicator, p less than zero point zero zero zero one, is shown below the images.]FIGURE 8 | Micro-CT of compromised wound healing environment shows decreased bone formation in targeted area (A) Quantification of bone volume (B) Bone healing in control vs (C) irradiated animal defect and bone healing.
[image: Black and white illustration includes a cartoon rabbit on the left, a brain scan with outlined regions in the center, and a bar graph labeled “A” on the right showing control versus experimental group means with a significant decrease in the experimental group, as indicated by an asterisk and p-value notation.]FIGURE 9 | Compromised healing model of bone regeneration. DCE-MRI of compromised wound healing environment shows decreased tissue perfusion in targeted area.
SUMMARY AND FUTURE WORK
As discussed above, severe bone injuries are challenging to heal and reconstruct. Exacerbating this issue and complicating the healing process is the high prevalence of these patients afflicted with aging conditions. The use of traditional materials that were normally used to reconstruct the skeleton have low efficacy in stabilizing the bone layer if the disease or disorder continues to weaken the bone structure. Thus, treatment strategies and manufacturing of devices must incorporate new methods and materials to handle these conditions as well as stabilize the bone layer. The need for these new treatment strategies for targeting mechanisms involved in countering the aging condition while also stimulating faster regeneration of these bone structures will be the future development direction for healing these injuries. The use of improved methods of manufacture and materials with intrinsic properties or release of small molecules or drugs to target aging mechanisms to regulate cellular aging will be key to improving the outcome for patients and meet the burden of care. Still, these studies focusing on one approach yielded highly differential outcomes such that the clinical need cannot be met. Further, due to the complementary nature of the clinical need of fixation devices and bone substitutes to treat large bone defects, there is a need for new classes of biomaterials with similar compositional constructs. This will yield more predictable bone regeneration of biomaterials for sustainable and beneficial outcomes.
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¥ rats (7 M): 8 months

O rats (7 M): 30 months

¥ rats (12 M): 6 months

 rats (12 M): 30 months

Y rats (5 M per time point): 6 months

O rats (5 M per time point): 30 months

¥ rats (6 M): 10 months

O rats (6 M): 30 months

¥ physically active subjects (10 M): 23 years

O physically actve subjects (10 M): 69 years

¥ physically active subjects (16 M): 20 years

O physically actve subjects (15 M): 67 years

¥ untrained subjects (21): 28 years

O untrained subjects (15): 64 years

¥ physially active subjcts (7 M): 30 years

O physcally actve subjects (6 M): 70 years

¥ physically active subjcts (9 M): 22 years

O physially actve subjects (6 M, 4 F): 69 years

¥ physcally actve subjects (8 M, 8 P 27 years

O physially actve subjects (8 M, 8 F: 70 years

¥ physically active subjects (25 M): 24 years
O physically actve subjects (25 M): 70 years
¥ healthy subjects (4 M, 3 B): 28 years

O healthy subjects (4 M, 3 B): 71 years

Y healthy subjects (9 M) 27 years
O heathy subjects 10 M): 74 years
X physically active subjects (7M, 7F): 39 years

O physically actve subjects (6M, 6F): 76 years

Mechanical overload induced by bilateral ynergist abation
(28 days). PL and SO muscles

Mechanical overload induced by bilteral ynergist ablation
(7 and 14 days). PL muscle

Mechanical overload induced by bilateral synergist ablation
(up to 14 days). PL muscle.

Mechanical overload induced by unilateral synergis sblation
(7 days). PL and SO muscls.

Unilateral electrical stimulation inducing isometric
contractons (3 contractions/min for 30 min). MG muscle

High-frequency electrical stimulation for 30 min. PLand TA
muscles

Acute unilateral dlectrical stimultion inducing eccentric
contractions. TA muscle

Human studies

Protocol

-week unlateral RET, including 3 sesions/week: 6 8 KE at
75% LRM. Acute RE at the beginning of RET: 6 x § KE a1 75%
1RM, VL muscle

12:weck RET, including 3sssions/week whole by, 50%-80%

L-RM. Acute RE at the beginning and at the end of RET: 3 x

8 unilateral sokinetic KE at 607 Exercise combined or not
with 27 g of whey protein. VL muscle

16-weck RET, including 3 sessons/week: 3.x 8-12 RM of squat,
leg press and KE. Acute RE at the beginning of RET: 3 x
8-12 RM squat g press and KE. VL muscle.

Acute RE: 8 x 10 KE at 70% 1-RM. 20 g EAA supplemented
1h postRE. VL musde

Acute RE: 10 10 uniateral KE at 70% 3-RM. 30 g of whey
protein ingested immediately after RE. VL muscle

Acute RE: 8 x 10 KE at 70% 1-RM. 20 g EAA supplemented
1h postRE. VL musde

Acute RE: 3-6 sets unilateral KE and KF at 20%-90% 1-RM,
VL musdle

Acute RE: 8 x 10 unilsteal KE at 70% 1-RM. 15 g EAA.
Supplemented or not 20 min post-RE. VL muscle

Acute RE: 3 x 10 at $0% IRM (LP and KE) VL muscle

Acute RE: 9 x 10 KE at 65% 1-RM. VL musde

Lower increase in muscle mass (SO and PL) following 28 days of
overload in O vs. Y rats. Similar increase in p-mTOR (Ser2448)
levelsin hypertrophicd PLA muscle from both groups. p-mTOR
(Ser2448) not affected by overload in SOL muscle. RPS6,
P-P70S6K 1 (The389) and p-ERKI/2 (Thr202)levels not affected
by overload and aging in PLA muscle

Lower increase in muscle mass following 14 days of overload in
rats aged >18 months vs. Y rats, Blunted increase in p-AKT
(Serd73) levelsof hypertrophied muscles in O (26 months) vs. Y
(6 months) rats at 7 days of overload, with opposite result
observed at 14 days

Lower incress in muscle mass follovwing 14 days of overload i
O vs. Y mice. Diminished incress in 255 FRNA levels

(37 days),pre-475 ERNA levels (3-7 days),and totl RNA cone
(/g muscle (5-14 days) inhypertrophicd PLA musce from
O v. Y mice. Highe vl of RP genes (Rpl24, Rps19, Rpllon,
RILS and RpIL1) in O vs. Y from 7 o 14 days of hypertrophy

Lower increased mass of P muscle but not SO muscleat 7 days
ofoveloadin Ovs. Y mice Similarincresse n - AKT (Sri73),
P-TOR (Ser2448) and RPS el n hypertrophicd PL muscle
of ot groups,but lver increse n p-PT0SGK.(Thr389) levls
in Qv Y rts. Higher AMPK- ativity [p-AMPK-a (Thr172)/
toal AMPK-a] in hyperrophicd PL muscle (but not in SO
musce) of O v, Y ras

Lower absolute muscle mass in O vs. Y rats. Similar content of
total RNA (ug/muscl) in non-exercised muscle in ¥ and O ats,
with similar increase at 24-48 h post-clctrical stimulation.
Lower total conc (mg/g muscle)in non-exercised musclein Y vs.
O ats, which increased afer lctrical stimulation but remined
lowerin Y vs.old ratsat 48 . Lower levels of p-AKT (Thr308) in
non-exercised muscle in O vs. Y rats, and increased p-AKT
(Th308) levels 24 h ater elecrical simulation only in Y rats.
Increase n p-P70S6K1 (Thr339) 24 h post-stimulation in both.
groups, but only in O rats at 48 h

Blunted increase in p-ERKI/2 (Thi202/Ty1204) in TA and PL
‘muscles immediately afer lectricalstimulation (but notat 6 )
in O vs. Y rats, Low increase in p-mTOR (Ser2448) and in
P-PTOSGK (Thi3s) levels (only in PLand TA, respectively)in O
rats, but reportd data not compared with ¥ rats

Lower absolute muscle mass in O v, ¥ rats. Similar increase in

MPS up to 18 b post.stimulation in both groups,but o st
48 hin O v. Y rat. Sl ncrease in pre-475 rRNA (peak at
18 h)and olal RNA cone (ug/mg musce) (eak at 48 )i both
groups. Simiar leel of p-P70SGKI (THI389),p-UBF (Sr637),
My, Taf b in both groups

Main findings

Blunted hypertrophic response (i, impaired increase in thigh
fat free mass and VL thickness) in O .  subjects accompanied
by a deficit n long:term MPS (6 weeks) Increase in total RNA
cone (ug/mg muscle) only in Y males after 3 weeks of RET.
Increase in p-P70S6K1 (Thr389), MYC, p-ERKI/2 (Thr202/
“Tyr204) and TIF-1A proten levels 75 min afte thefirst bout of
RE in Y males only, but no changes in total UBF and p-UBF
(Serds4) levels in p-mTORCI (er2448), p-AKT (Serd73), and
in p-TIF-1A (Ser69). No changes in mRNA leels for the 6 RP
genes studied (exceptan increase in RPS26 75 min afer the first
bout of RE in O adults ony), and in mRNA levels of POLIRA,
"POLIRB, TAFIA, TIFIA and UBF.

Increase in p-P70S6K (The389) afte RE (2 b) combined with
protein ingestion more pronounced in O vs. Y subjects during
the inital RE sesion, but not during the last session. Sl
increase in p-mTOR (Ser2448) after RE (2 b) combined with
protein ingeston in both groups during the nitial session, while
it was observed only in Y subjects during the st sssion. Similar
el of p-AKT (Ser473) in both groups afte th inital and last
RE sessons

Simila increase in fiber CSA (type Land 1) and thigh lean mass
inboth groupsafer RET. Increase in MPS (performed only on
subset of subjects) and p-AKT (S 473) levels compared to
baseline at 24 h post-RE (frst session) only signiicant in ¥
subjects, but o significant time x age interacton. Similar
increase in p-P70S6K1 (Thed21/Ser124) in both groups at 24 h
post-RE. pP70S6KI (Thr389) not detectable

Lowerincrasein MPS at 1-3 h post-RE in O v. ¥ males,but
similar increase at 3-6 b post-RE in both groups. Increase in
PAKT (Seri73) (3 h post-RE) and p-ERKI/2 (The202/Tyr200
(1 postRE) only Y subjects. Highe levesof p-AMPKa
(The172) in O vs. ¥ subjects at 1-3 h post RE. Similr incresse
in p-mTOR (Ser2445) levels at 16 postRE in both groups.
“Trend t0 lower p-P70SGKI (Thi389) leel i 1 h post-RE n O
Vs ¥ subjcts butoverall,simila inceease i p-P7OSGKI
(Thi389)at 3-6 h post-RE.

Similar levls of p-mTOR (Ser2448) and p-AMPK (The172)
after RE (30 min) in both groups. Trend to lower p-P70S6K.
(1389) levels in O vs. Y subjects afer RE (30 min). Lower
increase in p-AKT (Serd73 and Thi308) n O v. ¥ subjectsafer
RE (30 min)

Blunted increase in - AKT (Ser173) at 24 h,p-mTOR (Ser2448)
at 24 b, p-P7OS6KI (Thr389) at6-24 hand MPS at3-24 hin O
Vi, Y subjects after RE. Increase in p-ERK1/2 (Thr202/Tyr204)
levels at 3-6 h post-RE only in Y subjects No diferences in
RPS6 levels

Blunted increase in MPS and p-P70S6K 1 (T389)levlsin Ovs. Y
subjects after RE (1-2 ), but only at higher ntensites (60%—
0% 1-RM combined)

Higher incresse in p-AKT (Serd73) lvels 2 h post-RE.
supplemented with EAA in O vs. Y subjects, No signifcant
diffrences betuseen groups for p-mTOR (Ser2481) and
P-P70S6KI (Thré21/Sert24) 2 h post-RE supplemented or not
with EAA.

Blunted increasein p- AKT (Serd73) and p-P70S6K1 (Thr3s9) in
O 5. subjects 10-6 h post-RE. No between.group differnces
for p-mTOR (Ser2448)

Higher total RNA conc (ng/mg muscle) at baseline and 24 h
PoStRE in Ovs. ¥ subjects. Tendency to higherlvelsof pre-455
TRNA at baseine in O s. ¥ subjects, and significant increase in
Pre-455 £RNA 24 h post-RE only in Y subjects. Higher protein
levels of RP (RPL3, RPL72 and RPS3, tendency for RPS6) at
baseline in O vs. ¥ subjects, and tendency to increased levels at
24 post-RE for RPS6 and RPS3 only in Y subjects. Higher
levels f TIF-1 and p-P70S6K (Thré21/Serd24) at baselne in O
V.Y subjects, withincreased TIF-1A levels 24 h post-RE only in
¥ subjcts and decreased i p-P70S6K (Thr3s9) 24 h post-RE in
O subjects. Similar increase in p-mTOR (er2448) 24 h post RE
in both groups. No changes in UBF and MYC.
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Age Hg means (confidence intervals) IntG means (confidence intervals)
1 49639 (95%CI: 474.49-518.29) 135.49 (95%Cl: 130.06-140.92)
3 486.62 (95%Cl: 464.47-508.78) 13096 (95%C: 125.71-136.21)
6 49884 (95%Cl: 476.33-521.35) 13488 (95%Cl: 129.34-140.43)
9 465.32 (95%Cl: 444.47-486.18) 125,83 (95%Cl: 120.84-130.81)
12 480.44 (95%CI: 459.26-501.62) 130.06 (95%CI: 124.95-135.1)
15 485.38 (95%Cl: 462.6-508.16) 130.53 (95%Cl: 125.17-135.88)
18 47554 (95%Cl: 454.77-496.3) 13269 (95%Cl: 127.45-137.93)
21 462.22 (95%CI: 441.06-483.38) 12545 (95%CI: 120.34-130.56)
u 460.17 (95%Cl: 439.31-481.02) 12675 (95%Cl: 121.61-131.89)
27 450 (95%CL: 428.02-471.95) 123.14 (95%CI: 118.02-128.27)






