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Abstract: 19 

Cancer survivors suffer from progressive frailty, multimorbidity and premature morbidity. We 20 

hypothesize that therapy-induced senescence and senescence progression via bystander effects is a 21 

significant cause of this premature ageing phenotype. Accordingly, the study addresses the question 22 

whether a short anti-senescence intervention is able to block progression of radiation-induced frailty 23 

and disability in a pre-clinical setting.  24 

Male mice were sub-lethally irradiated at 5 months of age and treated (or not) with either a 25 

senolytic drug (Navitoclax or dasatinib + quercetin) for 10 days or with the senostatic metformin for 26 

10 weeks. Follow up was for one year. Treatments commencing within a month after irradiation 27 

effectively reduced frailty progression (p<0.05) and improved muscle (p<0.01) and liver (p<0.05) 28 

function as well as short-term memory (p<0.05) until advanced age with no need for repeated 29 

interventions. Senolytic interventions that started late, after radiation-induced premature frailty was 30 

manifest, still had beneficial effects on frailty (p<0.05) and short-term memory (p<0.05). Metformin 31 

was similarly effective as senolytics.  At therapeutically achievable concentrations metformin acted 32 

as a senostatic neither via inhibition of mitochondrial complex I, nor via improvement of mitophagy 33 

or mitochondrial function, but by reducing non-mitochondrial ROS production via NOX4 inhibition in 34 

senescent cells.  35 

Our study suggests that the progression of adverse long-term health and quality-of-life effects of 36 

radiation exposure, as experienced by cancer survivors, might be rescued by short-term adjuvant 37 

anti-senescence interventions.  38 

 39 

 40 
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Introduction 42 

Cancer has become an increasingly survivable disease, with cancer-specific mortality in developed 43 

countries having dropped sharply in the last few decades. Many cancer types have now high cure 44 

rates (Bray et al., 2018), and in some fields the emphasis has started to shift towards efforts to 45 

improve the quality of survivorship after successful cancer treatment (Damlaj, El Fakih, & Hashmi, 46 

2019).This is necessary as long-term survivors of childhood and adult cancers undergo a wide-range 47 

of negative health and quality of life changes that lead to increased frailty, multi-morbidity and 48 

mortality compared to the general population (Bluethmann, Mariotto, & Rowland, 2016; Cupit-Link 49 

et al., 2017; Robison & Hudson, 2014). These changes are indicative of accelerated or premature 50 

ageing in long-term cancer survivors, for which there is currently no validated therapy. 51 

Premature ageing in cancer survivors appears to be largely caused by DNA-damaging cancer 52 

therapies. Numerous biological processes have been proposed as drivers of this (Cupit-Link et al., 53 

2017; Ness et al., 2018), with therapy-induced cell senescence prominent amongst them (Short, 54 

Fielder, Miwa, & von Zglinicki, 2019).  55 

Cell senescence is a complex cellular stress response program that can be induced by DNA damage 56 

(e.g. radio- or chemotherapy) and involves persistent cell cycle arrest, aberrant regulation of 57 

metabolism (specifically energy metabolism), epigenetic programming and secretory processes 58 

(Gorgoulis et al., 2019; von Zglinicki, 2021). Therapy-induced senescence may constitute a 59 

cytostatic clinical response contributing to stable disease (te Poele, Okorokov, Jardine, Cummings, & 60 

Joel, 2002), however, there is increasing evidence that therapy-induced senescent cells can promote 61 

both primary relapse and secondary cancers, often leading to less successful treatment outcomes of 62 

consequent disease (Jena, Das, Bharadwaj, & Mandal, 2020; Saleh, Tyutyunyk-Massey, & Gewirtz, 63 

2019). Senescent cells release both pro-inflammatory and pro-oxidant signaling molecules (the 64 

Senescence-Associated Secretory Phenotype, SASP) which can damage and induce senescence in 65 

bystander cells (Nelson et al., 2012), and thus spread the phenotype from the point of origin 66 

throughout tissues and organisms (da Silva et al., 2019; Xu et al., 2018). As such, adjuvant tumour 67 

therapy not only induces transiently (and locally) high concentrations of senescent cells but may also 68 

result in faster accumulation of these cells both locally and systemically over the whole life course 69 

(Short et al., 2019).  70 

Accumulation of senescent cells is causal for a wide range of ageing-associated diseases and 71 

disabilities as evidenced by the far-reaching successes of interventions that reduce the systemic load 72 

of senescence [for review see (Short et al., 2019)]. In fact, acute ablation of senescent cells by 73 

continuous pharmacogenetic or pharmacologic intervention has been able to reduce chemotherapy-74 

induced multimorbidity (Demaria et al., 2017) and liver toxicity (Baar et al., 2017) as well as 75 

radiation-induced haematoxicity (Chang et al., 2016) and sarcopaenia (Zhu et al., 2015) in mice. 76 

However, if induction of secondary senescence by bystander effects is a major driver of post-77 

therapeutic senescence, continuous anti-senescence interventions might not be necessary. Rather, 78 

we hypothesized that specific ablation of senescent cells (senolytic intervention) or specific 79 

inhibition of the SASP (senostatic intervention) shortly after adjuvant cancer therapy might be 80 

sufficient to rescue enhanced mortality, multimorbidity and frailty in cancer survivors over their life 81 

course (Short et al., 2019). 82 

Senolytics are potent drugs with frequently serious side effects (Demaria, 2017) that would raise 83 

significant safety concerns in a preventive setting, even in a high-risk group like tumour survivors. In 84 

contrast, senostatics (sometimes also termed senomorphics) are chemicals that do not kill 85 

(senescent) cells but block SASP signals, thus inhibiting the spread of senescence via bystander 86 
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effects. In fact, senostatic interventions, including the dietary restriction mimetics rapamycin and 87 

metformin, or dietary restriction itself, caused lasting reductions of senescent cell burden in 88 

different tissues of mice with improved lifespan and healthspan (Blagosklonny, 2017; Fontana, 89 

Nehme, & Demaria, 2018; Lopez-Otin, Galluzzi, Freije, Madeo, & Kroemer, 2016; Selvarani, 90 

Mohammed, & Richardson, 2021). However, their efficiency to rescue premature ageing has not 91 

been pre-clinically tested in comparison to senolytic intervention. 92 

The senostatic metformin has an extraordinarily good safety profile, which has been testified in its 93 

long clinical history as well as in a myriad of clinical trials. However, the drug acts through multiple 94 

pathways, and it is not at all clear how it reduces the SASP in a therapeutically achievable setting. It 95 

is often assumed that it blocks complex I of the electron transport chain, thus reducing production of 96 

reactive oxygen species in mitochondria, which in turn would reduce NF-B activation and thus the 97 

SASP (Moiseeva et al., 2013). However, metformin efficiently blocks complex I only in millimolar 98 

concentrations, while tissue concentrations that can be achieved in mice or man are one to two 99 

orders of magnitude lower (Wilcock & Bailey, 1994). A mechanistic examination of the senostatic 100 

effect of metformin in vivo is therefore urgently warranted. 101 

To address these questions in a pre-clinical setting, we used a simple mouse model of premature 102 

ageing induced by fractionated whole-body irradiation (Fielder et al., 2019). We show here that i) 103 

irradiation-induced lifelong premature ageing can be rescued by a one-off post-irradiation senolytic 104 

intervention, ii) senolytics are still partially efficient in reducing progression after establishment of a 105 

premature ageing phenotype, iii) a relatively short metformin intervention is similarly effective in 106 

rescuing premature ageing and iv) metformin at therapeutic concentrations acts as a senostatic 107 

neither via inhibition of complex I, nor via improvement of mitophagy or mitochondrial function, but 108 

by reducing non-mitochondrial ROS production in senescent cells. 109 

 110 

 111 

  112 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 16, 2021. ; https://doi.org/10.1101/2021.12.15.472756doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.15.472756
http://creativecommons.org/licenses/by/4.0/


   
 

5 
 

Materials and Methods 113 

Study design 114 

This study addressed the hypothesis that premature frailty and accelerated ageing after sublethal 115 

irradiation are caused by accelerated accumulation of senescent cells triggered by bystander 116 

signalling from radiation-induced senescence, and that thus a short treatment with either a senolytic 117 

or the senostatic metformin would be protective. A series of controlled laboratory experiments were 118 

performed to determine the progression of frailty and other markers of biological age following 119 

irradiation with and without intervention at prespecified time points. All studies were conducted at 120 

Newcastle University in agreement with ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & 121 

Altman, 2010). On the basis of previous work, two-sided two-sample test were used to generate 122 

animal group sizes. Incorporating expected attrition rates during long-term follow-up, this resulted 123 

in group sizes of 12 animals at start of the experiments for physiological phenotyping. Data 124 

collection was performed at prespecified time points unless limited by animal distress as identified 125 

by facility staff and/or veterinary surgeons. Primary and secondary end points were prespecified. 126 

Each mouse represented one experimental unit. Mice were coded with randomized allocation to 127 

experimental groups and housing cages. Data collection, tissue collection and tissue analyses were 128 

done by staff members blinded to experimental group allocation with unblinding performed only 129 

after data acquisition was complete. For ex-vivo assessments, power calculations informed by 130 

previous experience indicated a minimum number of 5 animals per group. Tissues were either 131 

randomly selected or all available tissues were used for analysis. 132 

To address the mechanism of senostatic activity of metformin in therapeutically achievable 133 

concentration, a stepwise series of controlled laboratory in vitro experiments was performed, where 134 

experimental outcomes guided alternative hypotheses. Individual cell culture dishes represented 135 

experimental replicates except in the case of mitophagy experiments, where each cell was treated as 136 

a biological unit. Again, in vitro treatments were coded and codes were broken only after data 137 

collection and analysis. In vitro experiments were independently reproduced at least three times. 138 

Animals 139 

Male C57Bl/6J mice were bought past weaning from Charles River and were maintained in groups of 140 

six littermates per cage as described (Cameron, Miwa, Walker, & von Zglinicki, 2012). The mice were 141 

fed standard pelleted food (CRM-P formulation rodent diet, SDS Diets), except those used for 142 

metformin treatment and their control, which received soaked food (same as above) with or without 143 

metformin from one-month post-IR. Mice were sacrificed at the end of the study by cervical 144 

dislocation and tissues harvested, and stored in 4% paraformaldehyde for 24 hours for paraffin 145 

embedding, or frozen in liquid nitrogen. The work was licensed by the UK Home Office (PB048F3A0) 146 

and complied with the guiding principles for the care and use of laboratory animals.  147 

Irradiation 148 

At 5 months of age, mice were sub-lethally irradiated thrice (NDT320, 225kV) with 3 Gy of X-ray 149 

irradiation, with two days of recovery between each dose, as described (Fielder et al., 2019). Mice 150 

received 1% Baytril solution in drinking water for 2 days before, and for 14 days after, to the start 151 

and end of irradiation, respectively. 152 

Senolytic and senostatic treatments  153 

Mice were orally gavaged with either 5mg/kg/day dasatinib and 50mg/k/day quercetin or with 154 

5mg/kg/day Navitoclax for 10 days total (5 days, 2 days recovery, and 5 days). Compounds were 155 
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prepared for oral gavage in 10% Polyethylene Glycol (PEG400). Control mice were gavaged with 156 

PEG400 only. Interventions were started at 1 month post-irradiation for the early intervention 157 

group, and 7 months post-irradiation for the late intervention group. Dasatinib (CDS023389), 158 

quercetin (1592409), and PEG400 (8074851000) were purchased from Sigma-Aldrich (now Merck). 159 

Navitoclax (285063-USB) was purchased from Stratech. 160 

Metformin hydrochloride was a kind gift from FARMHISPANIA, (Barcelona) and prepared at 1g/kg in 161 

dry food (0.1% (w/w) in food) and provided at 6mg/6ml water in 6g food per mouse in the cage. 162 

Treatment was started at 1 month post-irradiation and was given daily for 10 weeks. 163 

Mouse phenotyping 164 

Frailty was assessed regularly using a 30-parameter index based on (Whitehead et al., 2014), with 165 

modifications as described in (Fielder et al., 2019). Rotarod, wire hanging and spontaneous 166 

alternation Y-Maze were performed as described in (Fielder et al., 2019). Tumour incidence at death 167 

was assessed by gross pathological examination. 168 

Immuno-histochemistry (IHC) and immunofluorescence 169 

Paraformaldehyde (PFA)-fixed paraffin embedded tissue samples were cut and stained with primary 170 

and secondary antibodies as detailed in Table 1, see also (Fielder et al., 2020) for a step-by-step 171 

protocol. Fixed cells were blocked with 2% normal goat serum + 0.1% BSA and stained overnight 172 

with the primary antibody at 4C (Tab 1). 173 

Immuno-fluorescence in situ hybridisation (immuno-FISH) 174 

The Immuno-FISH for telomere associated foci (TAF) were performed as previously described 175 

(Hewitt et al., 2012), (Fielder et al., 2020) with the following modifications for quadriceps: The 176 

blocking step used 1% BSA, 5% Normal Goat Serum in PBS, for 30 minutes at 30°C. Fluorescein Avidin 177 

DCS was substituted with Texas Red-labelled Avidin DCS (Vector Laboratories) in PBS for 30 minutes 178 

at 30°C. CCCTAA Cy-3 probe was substituted for TTAGGG probe (Pangene). 179 

Microscopy and image analysis 180 

IHC images were taken using a widefield light microscope ECLIPSE E800 (Nikon, Japan) at total 181 

magnification of 100x. Microscopy for IF and immuno-FISH was performed using a DMi8 182 

fluorescence microscope (Leica, Germany) with total magnification of 400x for IF and 630x (with Z-183 

stack/depth) for immuno-FISH. 184 

Positive and negative nuclei were manually identified by observers blinded to the treatment groups, 185 

counted on 5 images per animal and the average was calculated as the individual value for the 186 

sample/animal. Nuclear size was manually measured with ImageJ software (NIH, USA).  187 

Epidermal thickness was measured on 3 m back skin sections stained with Picro-sirius red/fast 188 

green. 3 different regions were imaged per animal, and 25 measurements were taken in each region 189 

using the straight-line tool in ImageJ.  190 

To identify TAF in brain, the colocalisation of DNA damage foci and telomeres were detected 191 

manually and confirmed in Icy software through 3D image setup as described (Hewitt et al., 2012), 192 

(Fielder et al., 2020). For liver and muscle, detection and 3D location of DNA damage foci and 193 

telomeres was automated using Icy software (Institut Pasteur & France Bioimaging, France). A 194 

Python programme was used to assess their colocalization. Results from this automated counting 195 

were validated against manual counts in individual liver and muscle sections. 196 
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Western blotting 197 

Cells were collected using Accutase (StemCell Technologies #07922) and lysed using RIPA buffer 198 

supplemented with protease inhibitors. Western blotting was performed as described (Miwa et al., 199 

2014) with antibodies against NOX4 and -Actin as detailed in Table 1. 200 

Liver function assessment 201 

Liver function was assessed using the Alanine Transaminase Activity Assay Kit (Abcam, ab105134) 202 

and Aspartate Aminotransferase Activity Assay Kit (Abcam, ab105135) according to the 203 

manufacturer’s instructions. Average of duplicates was used as individual data of a sample/animal, 204 

and then the data were grouped by treatment types and compared. 205 

Cell culture 206 

Human lung MRC5 fibroblasts were grown in Dulbecco's modified Eagle's medium (DMEM, Sigma, # 207 

D5671) supplemented with 10% heat‐inactivated foetal Bovine Serum (FBS, Sigma), 100 units/ml 208 

penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine at 37°C in a humidified atmosphere with 209 

5% CO2. Stress‐induced senescence was induced by X‐ray irradiation with 20 Gy or (for DPI 210 

experiments) with 200M H2O2 in serum-free medium. 211 

For metformin treatment, medium was replaced with fresh medium containing 100M metformin or 212 

DMSO (vehicle control) immediately post irradiation. Treatment was maintained for 10 days, with 213 

medium changes every 3 days. 214 

For NOX4 overexpression, pcDNA3.1-hNOX4 (Addgene #69352) was used, with pcDNA3.1(+)eGFP 215 

(Addgene #129020) as control. Plasmids were extracted using the EndoFree Plasmid Maxi Kit 216 

(Qiagen 12362). 80% confluence MRC5 cells (PD 15-25) were transfected using 500ng of plasmid per 217 

well with Lipofectamine 3000 (ThermoFisher L3000001). For selection, cells were grown for one 218 

week in G418 (400g/ml) from the 3rd day post-transfection and fixed with 4% PFA for staining. 219 

For NOX4 inhibition, senescent MRC5 cells treated with diphenyleneiodonium chloride (DPI, Bio-220 

Techne 4673-26-1 at either 50nM, 10nM or DMSO control) for 3 days. 221 

For Sen--Gal staining, cells were fixed for 5 min with 2% PFA in PBS-Mg before incubation with the 222 

staining solution (PBS-Mg containing 1mg/ml X-gal, 5mM potassium ferrocyanide and 5mM 223 

potassium ferricyanide, pH 5.5) overnight at 37C.  224 

Mitophagy measurement 225 

Neonatal human dermal fibroblasts (HDFns) were transduced with lentiviruses containing pCHAC-226 

mt-mKeima (Addgene plasmid #72342) (Lazarou et al., 2015). Cells were irradiated with 20Gy X-ray 227 

radiation and the mt-mKeima signal was measured up to 3 days later. During this time cells were 228 

treated with metformin (100 μM) or rapamycin (10nM). The live-cell mt-mKeima signal was captured 229 

on a Leica DMi8 inverted microscope with a 63x oil objective. Numbers of red dots per cell, 230 

indicating lysosomal mt-mKeima signal were quantified using ImageJ. 231 

ROS measurements 232 

Cells were stained with dihydroethidium (DHE, ThermoFisher Scientific) to measure intracellular 233 

peroxides or with MitoSOX (ThermoFisher Scientific) to assess mitochondrial superoxide.  Cells were 234 

incubated with either 10 μM DHE or 5 M MitoSOX for 30 min at 37°C in the dark and analysed by 235 

flow cytometry or in a DMi8 fluorescence microscope (Leica). 236 
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Extracellular release of hydrogen peroxide was measured by Amplex Red assay (ThermoFisher 237 

Scientific) as described (Miwa et al., 2016) in a 96 well plate using a fluorescent plate reader 238 

(FLUOstar Omega, BMG Labtech) at excitation 544nm and emission 590 nm at 37°C.  239 

Oxygen consumption rates 240 

Cellular oxygen consumption rates (OCR) and media acidification rates (extracellular acidification 241 

rate, ECAR) in intact cells were measured in parallel using a Seahorse XF24 analyzer in unbuffered 242 

basic media (DMEM, Sigma, #D5030) supplemented with 5mM glucose,  2mM L-Glutamine and 3% 243 

FBS. Whilst the measurements were taken, the following compounds were injected to test 244 

mitochondrial activity and cellular bioenergetics: Oligomycin (0.5μM) to inhibit ATP synthase, 245 

carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP) (2.5μM), a respiratory chain 246 

uncoupler, 2-deoxyglucose (2DG) (80mM), a glucose analogue competitively inhibiting glucose 247 

uptake and glycolytic flux, and Rotenone (0.5μM) and Antimycin (2.5μM), mitochondrial complex I 248 

and complex III inhibitors, respectively. Data analysis to calculate absolute ATP production rates was 249 

carried out using the methods described by Mookerjee and Brand (Mookerjee & Brand, 2015) taking 250 

into account the acidification rates due to mitochondrial CO2 production (Birket et al., 2011; Brand, 251 

2005).  252 

Permeabilised cells were used to measure mitochondrial oxygen consumption rates using Pyruvate 253 

(10mM) and Malate (1mM) as complex I-linked substrate. Cells were permeabilised using Plasma 254 

membrane permeabiliser (PMP, Agilent Technologies) according to manufacturer’s instructions, and 255 

oxygen consumption was measured in medium containing 220mM Mannitol, 70mM Sucrose, 10mM 256 

KH2PO4, 5mM MgCl2, 2mM Hepes, 1mM EGTA and 0.2% (w/v) Fatty Acid Free BSA. To determine the 257 

effects of metformin on mitochondrial complex I activity, sequential additions of metformin (at 258 

concentrations as indicated in Figure 4A), Rotenone (0.5μM), Succinate (4mM), and FCCP (4μM) 259 

were made. For determination of Respiratory Control Ratio (RCR), permeabilised cells respiring with 260 

Pyruvate (10mM) and Malate (1mM) received 4mM ATP (State 3) followed by 0.5μM Oligomycin 261 

(State 4). RCR was calculated as state 3 divided by state 4 respiration rates. 262 

Cytokine measurement 263 

Cytokines secreted from MRC5 cells were analysed by Human Cytokine Array Proinflammatory 264 

focused 13-plex Assay (Eve Technologies, Calgary, Canada). The cells were grown in 75cm flasks, and 265 

the culture media was switched to serum free media for 24 hours and the media samples were 266 

collected for the analysis. 267 

Mass Cytometry 268 

Markers for multiple stress response pathways (Table 2) were analysed at single cell level 269 

simultaneously by mass cytometry (Helios, Fluidigm). MRC5 cells were treated with either 2mM or 270 

0.1 mM metformin for 2 days. Positive controls were challenged with either 300 M H2O2 in serum-271 

free medium, heat shock (50°C for 45 min) or starvation (serum-free medium for 24 h). The cells 272 

were trypsinized, washed in PBS, and stained with metal-conjugated antibodies (Table 2). Antibodies 273 

were either pre-conjugated (Fluidigm), or purified antibodies were conjugated to lanthanide metals 274 

using the Maxpar antibody labeling kit (as per manufacturer’s instructions; DVS Sciences) and were 275 

stabilised with an antibody stabilisation solution (Candor Bioscience) (Table 2). Cells were stained as 276 

described (Cytlak et al., 2020). Briefly, cells were first stained with 2.5μM Cisplatin (Fluidigm 277 

#201064) for 5 minutes in PBS for live/dead cell discrimination and washed promptly using Wash 278 

buffer (PBS containing 2% FBS). Then the cells were fixed using 1.6% formaldehyde in a working 279 

fixation buffer (eBioscience Foxp 3 fixation permeabilisation kit, ThermoFisher Scintific #00-5523) for 280 
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30 minutes, and washed twice with eBioscience perm buffer. Cells were stained in perm buffer for 281 

1hr with the antibody cocktail containing each intracellular antibody (approximately 0.5μg in 100μl 282 

per sample) for 1 hour at room temperature and washed twice with PBS. Finally the cells were fixed 283 

with 1.6% formaldehyde in PBS with a nuclear marker, 125nM iridium (Cell-ID™ Intercalator-Ir, 284 

Fluidigm #201192B) for 1 hour, and washed using Wash buffer for overnight storage at 4°C. Prior to 285 

CyTOF acquisition, cells were washed twice in 200 μL MilliQ water (600xg for 5 minutes), counted, 286 

diluted to a maximum final concentration of 0.55x106/ml in MilliQ water and filtered through a 40 287 

μm filter (BD). EQ beads were added (10% by volume) and 0.1x106 cells per sample were acquired on 288 

the Helios mass cytometer running CyTOF software v 6.7.1014. The data were analysed using FCS 289 

Express 7 (De Novo Software). 290 

Statistics 291 

Data were analysed with Microsoft Excel and Prism software (GraphPad). Values were expressed 292 

either as means with error bars representing SDs or as boxplots with median, upper and lower 293 

quartiles (boxes) and percentiles (whiskers). Graphs were overlaid with the values of all individual 294 

biological replicates. Linear regressions and survival curves show means and 95% confidence 295 

intervals. Depending on results of normality testing, groups were compared using unpaired t test, 296 

Mann-Whitney or One-Way Analysis of Variance with Tukey post-hoc test. Statistical significance is 297 

indicated as *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001. 298 

  299 
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 300 

Results  301 

1. Short-term post-irradiation senolytic interventions rescue premature ageing 302 

Male C57Bl/6J mice received fractionated sub-lethal whole-body irradiation (IR, 3 x 3Gy) at an age of 303 

5 to 6 months and were treated with a short course (10 days) of senolytics. Either 5mg/kg/day 304 

Dasatinib + 50mg/kg/day Quercetin  (D+Q) or 5 mg/kg/day Navitoclax, comparable to the lower 305 

range of therapeutically used doses, by oral gavage at one month after irradiation, i.e. when acute 306 

radiation sickness had abated (Fig. 1A). Irradiated mice experienced premature ageing as 307 

documented by a doubling of the rate of frailty progression, decreased neuromuscular coordination, 308 

decreased short-term memory and increased general and cancer-associated mortality ((Fielder et al., 309 

2019) and Fig. 1). When mice were treated with either senolytic drug at 1 month after IR indicators 310 

of premature ageing were rescued over almost one year of follow-up (Figs. 1B – G). Although frailty 311 

was not reversed, rates of frailty progression decreased after senolytic treatment to values 312 

comparable to non-irradiated mice (Fig. 1B). The frailty index is composed of 30 different 313 

assessments. Early intervention with each of the senolytics improved 6 of them, namely mouse 314 

grimace scale, body condition, breathing rate, eye discharge/swelling, whisker loss and body weight 315 

loss. In addition, Navitoclax treatment also reduced loss of fur colour and tumour incidence (Figure 316 

1-figure supplement 1). Irradiated mice progressively lost neuromuscular coordination as indicated 317 

by increasingly poorer performance in the wire hanging (Fig. 1C) and rotarod (Fig. 1D) tests. 318 

Improvements for both interventions became greater with increasing age, with Navitoclax being 319 

more effective than D+Q (Figs 1C, D). Short-term memory was assessed using spontaneous 320 

alternation frequency in a Y-maze test at 16 months of age (Fielder et al., 2019). It was improved 321 

substantially following Navitoclax treatment, with a modest improvement following D+Q (Fig. 1E). 322 

Liver damage was assessed by the activity of alanine transaminase (ALT) and aspartate 323 

aminotransferase (AST) in serum, which indicates leakage from hepatocytes, at 16 months of age. 324 

ALT activity in serum was reduced under both interventions (Fig. 1F), suggesting that they enabled 325 

better liver maintenance.  However, intervention-dependent changes were not significant for AST 326 

although ALT and AST activities were positively correlated amongst all mice (Correlation coefficient = 327 

0.533, P=0.0000234). Picrosirius Red staining did not show a significant effect of senolytics on liver 328 

fibrosis. Although cohort sizes were not powered to assess long-term survival effects, both 329 

treatments tended to result in improved survival and lower tumour prevalence at death in 330 

comparison to irradiated control mice (Fig. 1G). While normal skin ageing is characterized by 331 

epidermal thinning, irradiation-induced premature ageing is accompanied by hypertrophy of the 332 

epidermis in the skin (Figure 1-figure supplement 2A,B). Neither D+Q nor Navitoclax treatment 333 

reduced epidermal hypertrophy at late age (Figure 1-figure supplement 2C). 334 
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 335 

Fig. 1: Short-term senolytic interventions rescue irradiation-induced accelerated ageing.  336 

A) Layout of the experiment. B) Frailty index vs mouse age for non-irradiated (Non-IR, black), 337 

irradiated (IR, red), and irradiated plus treated with either D+Q (green) or Navitoclax (blue) 338 

mice. Irradiation and treatment times are indicated by vertical lines. Dots indicate FI for 339 

individual mice, regression lines and 95% confidence intervals are indicated by bold and 340 

dotted lines, respectively. C) Wire Hanging Test results (% success) under the indicated 341 

treatments and ages. D) Maximum speed achieved on Rotarod under the indicated 342 

treatments and ages. E) Short-term memory assessed as spontaneous alternation in a Y 343 

maze under the indicated treatments. F) ALT activity in plasma at 16 months. G) Tumour 344 

prevalence at death. Data are from 12 mice per group at start with attrition to 8-10 mice 345 

over the course of the experiment. 346 

 347 
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 348 

Sublethal irradiation resulted in persistently enhanced levels of markers for cellular senescence in 349 

multiple tissues of mice for up to 12 months (Le et al., 2010; Seol et al., 2012). Senescence marker 350 

levels in one year old irradiated mice were similar to those found in normally ageing mice older than 351 

24 months (Hudgins et al., 2018; Jurk et al., 2014). We focused first on liver in which hepatocyte 352 

senescence contributes causally to age-associated functional decline (Jurk et al., 2014; Ogrodnik et 353 

al., 2017). As senescence markers, we measured nuclear size and karyomegaly (Aravinthan & 354 

Alexander, 2016; Ogrodnik et al., 2017), nuclear HMGB1 exclusion (Davalos et al., 2013), nuclear 355 

accumulation of Telomere-Associated DNA Damage Foci (TAF) and frequencies of TAF-positive 356 

hepatocyte nuclei (Hewitt et al., 2012; Ogrodnik et al., 2017). Among TAF-positive cells, we assayed 357 

both cells with any TAF and those with at least 3 TAF, because of previous evidence suggesting that 358 

the latter might be more representative of cells in ‘full’ or ‘late’ senescence (Zou, Sfeir, Gryaznov, 359 

Shay, & Wright, 2004) (Jurk et al., 2014). The markers indicated higher frequencies of senescent 360 

hepatocytes at 7 months after irradiation (Figure 1-figure supplement 3A-F). Marker changes were 361 

similar to those seen in normally ageing mice at ages above 30 months (Figure 1-figure supplement 362 

3G-K). Navitoclax intervention at 6 months of age resulted in reduced senescent hepatocyte 363 

frequencies in liver 10 months later as indicated by all markers tested (Figure 1-figure supplement 364 

4A-F). However, D+Q intervention led to reduced nuclear size and hepatocyte karyomegaly but did 365 

not maintain a significant long-term reduction of HMGB1-negative or TAF-positive hepatocytes 366 

(Figure 1-figure supplement 4A-F). 367 

Senescent cell burden, specifically in the hippocampus, is associated with memory deficits in ageing 368 

mice (Fielder et al., 2020; Musi et al., 2018; Ogrodnik et al., 2021). To assess the mechanistic basis 369 

for the observed improvements of short-term memory (Fig. 1E), we measured markers for a 370 

senescence-like phenotype (nuclear size, loss of nuclear Lamin B1 expression and TAF frequencies) 371 

and for neuroinflammation (ionized calcium-binding adapter molecule 1 (Iba1)-positive cell density 372 

and soma size) in the CA1 and CA3 hippocampal regions (Figure 1-figure supplement 5). Both D+Q 373 

and Navitoclax reduced nuclear size (Figure 1-figure supplement 5A,B) and TAF frequencies (Figure 374 

1-figure supplement 5E-I) as markers for a senescent phenotype in CA1 and CA3 pyramidal layer 375 

neurons, but Navitoclax had no effect on laminB1 expression (Figure 1-figure supplement 5C,D). 376 

Similarly, Navitoclax had no effect on frequencies of Iba1-positive microglia (Figure 1-figure 377 

supplement 5J,K), although microglia soma size was reduced in CA1 and CA3 after both treatments 378 

(Figure 1-figure supplement 5L,M).  379 

We also examined the effects of D+Q or Navitoclax treatment on morphological and functional 380 

parameters of hind limb muscle (Figure 1-figure supplement 6). Interestingly, improvements of 381 

neuromuscular coordination (Fig. 1C) and strength/endurance (Fig. 1D) were not associated with 382 

enhanced muscle fibre diameter (Figure 1-figure supplement 6A,B), decreased frequency of p21-383 

positive myonuclei (Figure 1-figure supplement 6C,D) or decreased frequency of TAF-positive 384 

myonuclei (Figure 1-figure supplement 6E) as senescence marker. Neither irradiation alone or 385 

combination with either of the senolytic interventions changed hind limb muscle fibrosis or fat 386 

accumulation as assessed by Picro-SiriusRed/FastGreen staining.  387 

 388 

2. Late senolytic interventions block further progression of irradiation-induced premature 389 

ageing 390 
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So far, our data showed that a short senolytic intervention at an early timepoint can rescue 391 

irradiation-induced premature accumulation of senescent cells as well as premature physiological 392 

ageing. We next asked the question, whether senolytics could still be effective if mice were treated 393 

late after irradiation, when premature ageing was already manifest. Animals were again irradiated at 394 

5 months of age, but senolytic interventions were delayed for 6 months and mice were treated with 395 

the senolytics D+Q or Navitoclax (using the same regimen as before) at 11 months of age (Fig. 2A). At 396 

this timepoint, the frailty index in irradiated mice was already significantly above that in sham-397 

irradiated mice (Fig. 2B). However, similar to early intervention, late senolytic treatment did not 398 

reduce the frailty index score, but rescued its further accelerated progression (Fig. 2B). Late 399 

intervention with each of the senolytics improved largely the same components of the frailty index 400 

as early senolytic intervention, namely mouse grimace scale, body condition, breathing rate, and eye 401 

discharge/swelling (Figure 1-figure supplement 1). Mice that had been treated with senolytics at 11 402 

months of age still showed a tendency for improved results of the hanging wire test at 14 months 403 

(Fig. 2C), however, rotarod performance was not better than in irradiated animals (Fig. 2D). Late 404 

intervention with either senolytic improved short-term memory at late age (Fig. 2E). Neither liver 405 

damage (Fig. 2F) nor tumour incidence (Fig. 2G) following late senolytic treatment was significantly 406 

reduced. Epidermal thickness was unchanged (Figure 2-figure supplement 1).  407 
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 408 

Fig. 2: Late senolytic interventions partially block further progression of irradiation-409 

induced accelerated ageing.  A) Layout of the experiment. B) Frailty index vs mouse age for 410 

non-irradiated (Non-IR, black), irradiated (IR, red), and irradiated plus treated with either 411 

D+Q (green) or Navitoclax (blue) mice. Irradiation and treatment times are indicated by 412 

vertical lines. Dots indicate FI for individual mice, regression lines and 95% confidence 413 

intervals are indicated by bold and dotted lines, respectively. C) Wire Hanging Test results (% 414 

success) under the indicated treatments. D) Maximum speed achieved on Rotarod under the 415 

indicated treatments at 14 months of age. E) Short-term memory assessed as spontaneous 416 

alternation in a Y maze under the indicated treatments. F) ALT activity in serum, 16 months 417 

old. G) Tumour prevalence at death. Data are from 12 mice per group at start with attrition 418 

to 8-10 mice over the course of the experiment. 419 
 420 
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In agreement with a diminished effect of late treatments on liver damage, there was also less impact 421 

on persistent systemic cell senescence as assessed by TAF frequencies in liver (Figure 2-figure 422 

supplement 2D-F), however, treatment with Navitoclax still reduced nuclear size (Figure 2-figure 423 

supplement 2A), karyomegaly (Figure 2-figure supplement 2B) and frequencies of HMGB1-negative 424 

hepatocytes (Figure 2-figure supplement 2C) suggesting a reduced senescent burden. There was no 425 

improvement of hind limb myofibre cross sectional area but rather a tendency (significant for 426 

Navitoclax) to reduce it (Figure 2-figure supplement 3A,B). There was no reduction of TAF 427 

frequencies in muscle (Figure 2-figure supplement 3C). However, in agreement with improved 428 

memory maintenance (Fig 2E) we found a reduction of neuroinflammation markers in the CA1 (both 429 

markers) and CA3 (microglia soma size only) regions of the hippocampus following both late 430 

interventions (Figure 2-figure supplement 4). 431 

Together, these data show that a short-term senolytic intervention even if applied at an advanced 432 

age still has beneficial effect on irradiation-induced premature progression of frailty and cognitive 433 

decline. 434 

  435 

3. A short-term intervention with the senostatic metformin rescues irradiation-induced 436 

premature ageing 437 

Senolytics can have serious side effects, for instance Navitoclax-induced thrombocytopenia at higher 438 

doses (Demaria, 2017), that may be limiting for preventive applications. Senostatic or senomorphic 439 

caloric restriction mimetics, which block senescence-stabilizing signalling, can also reduce net 440 

accumulation of senescent cells in tissues (da Silva et al., 2019; C. Wang et al., 2010). One example is 441 

metformin, which has been shown to act as a senostatic (Moiseeva et al., 2013) and has an excellent 442 

safety profile as testified by about 70 years of clinical application. We therefore decided to treat our 443 

irradiated mice with metformin for a relatively short period (10 weeks), starting at one month after 444 

irradiation, and assessed the long-term effects of this treatment (Fig. 3A). Similar to senolytic 445 

interventions, metformin treatment rescued the enhanced rate of frailty progression due to 446 

irradiation (Fig. 3B). Among the components of frailty, metformin improved mouse grimace scale, 447 

body condition, breathing rate, whisker loss and body weight loss at late age (Figure 1-figure 448 

supplement 1).  It also improved neuromuscular coordination as tested by hanging wire test (Fig. 449 

3C), but had only a minor effect on performance on the rotarod at late age (Fig. 3D), which might be 450 

due to the high body weights of mice fed soaked food.  At 16 months of age, metformin-treated 451 

animals tended to perform better in the short term memory test (Fig. 3E), showed less liver damage 452 

(Fig. 3F) and tumour prevalence at death was reduced to the levels as in sham-irradiated mice (Fig. 453 

3G). Metformin treatment also tended to reduce irradiation-induced epidermal hypertrophy 454 

assessed at 16 months of age (Figure 3-figure supplement 1).  455 
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 456 

Fig. 3: A short-term intervention with the senostatic metformin rescues irradiation-457 

induced accelerated ageing. A) Outline of the experiment. Animals were  irradiated at 5 458 

months of age and treated with either soaked food (controls) or metformin in soaked food 459 

(Met) from 6 months of age for 10 weeks. B) Frailty index vs mouse age for non-irradiated 460 

(no IR, black), irradiated (IR, red), and irradiated plus treated with metformin (blue) mice. 461 

Irradiation and treatment times are indicated by vertical lines. Dots indicate FI for individual 462 

mice, regression lines and 95% confidence intervals are indicated by bold and dotted lines, 463 

respectively. C) Wire Hanging Test results (% success) under the indicated treatments and 464 

ages. D) Maximum speed achieved on Rotarod under the indicated treatments and ages. E) 465 

Short-term memory assessed as spontaneous alternation in a Y maze under the indicated 466 

treatments. F) ALT activity in plasma at 16 months of age. G) Tumour prevalence at death. 467 

Data are from 12 mice per group at start with attrition to 8-10 mice over the course of the 468 

experiment. 469 
 470 
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All tested senescence markers in livers of metformin-treated mice indicated the reduction of 471 

senescent cell frequencies at old age (16 months) (Figure 3-figure supplement 2A-F). Similarly, 472 

senescence and neuroinflammation markers in the CA1 and CA3 regions of the hippocampus were 473 

deceased (Figure 3-figure supplement 3A-F). Interestingly, metformin treatment improved skeletal 474 

muscle fibre maintenance as shown by larger cross-sectional area of both oxidative and non-475 

oxidative muscle fibres (Figure 3-figure supplement 4A,B) and reduced TAF frequencies in myocyte 476 

nuclei (Figure 3-figure supplement 4C). 477 

In conclusion, these data indicate that a relatively short treatment with the senostatic metformin 478 

rescues multiple domains of irradiation-induced premature ageing in mice for at least 10 months 479 

after cessation of the intervention. 480 

 481 

4. At therapeutic concentrations, metformin inhibits the SASP by reducing NOX4 activity in 482 

senescent cells  483 

Metformin can block the SASP, and thus act as a senostatic, by inhibiting complex I of the electron 484 

transport chain, thus causing a reduction of mitochondrial ROS production, which in turn will reduce 485 

the activity of the NF-B transcription factor, the major driver of the pro-inflammatory SASP. This 486 

pathway has been identified in vitro, using millimolar concentrations of metformin (Moiseeva et al., 487 

2013). However, therapeutically achievable metformin concentrations in the vast majority of tissues 488 

in mice or man are typically well below 100 M (Wilcock & Bailey, 1994). In permeabilised human 489 

fibroblasts in vitro, metformin inhibits complex I-dependent respiration with pyruvate and malate in 490 

concentrations around 1 mM or higher but has no detectable effect on oxygen consumption rates at 491 

100 M (Fig. 4A). Supplementation of the complex II substrate succinate completely restored 492 

respiration under metformin, confirming that metformin at high concentrations inhibits complex I 493 

specifically (Fig. 4A).  Even when senescent human fibroblasts were treated with various 494 

concentrations of metformin for 10 days to mimic longer term in vivo interventions, low metformin 495 

concentrations (100 M) did not decrease mitochondria dependent ATP production compared with 496 

senescent untreated controls. In contrast, 2 mM metformin shifted cellular ATP production almost 497 

entirely to glycolysis with little contribution from mitochondrial oxidative phosphorylation (Fig. 4B). 498 

Interestingly, the senescence-associated enhanced H2O2 production from whole cells (as measured 499 

by Amplex Red assay) was rescued only by low (up to 400 M), but not by high metformin 500 

concentrations (Fig. 4C).  Reduction of ROS production in senescent cells by long-term treatment 501 

with low metformin concentrations was confirmed by measuring cellular ROS levels using DHE 502 

fluorescence (Fig. 4D), with a stronger effect for metformin as compared to rapamycin. In 503 

accordance with the ROS data (Figs. 4C, D), low concentrations of Metformin were more effective 504 

than higher ones in reducing a wider range of cytokines in the secretome of senescent fibroblasts 505 

(Fig. 4E). Together, these data indicate that low, therapeutically relevant concentrations of 506 

metformin reduce the release of ROS and SASP cytokines from senescent cells, which can explain the 507 

senostatic activity of metformin in vivo. Importantly, this effect was not mediated by complex I 508 

inhibition. 509 
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 510 

Fig. 4. At therapeutic concentrations, metformin reduces ROS and SASP but not by 511 

inhibition of complex I. A) Mitochondrial oxygen consumption rate of permeabilised MRC5 512 

human fibroblasts treated sequentially (at timepoint indicated by arrow) with various 513 

concentrations of metformin (Met), 0.5μM rotenone (Rot), 4mM Succinate (Suc) and 2.5μM 514 

FCCP. M± SD, n=4. B) ATP production rate by Oxidative phosphorylation (OXPHOS) 515 

and glycolysis in young and senescent MRC5 human fibroblasts treated for 10 days with the 516 

indicated metformin concentrations. M± SD, n=4.   C) Impact of metformin in the indicated 517 

concentrations on ROS production measured by AR in human fibroblasts. Cells were induced 518 

to senescence by IR and treated with metformin for 10 days. M± SD, N=3. D) Impact of 519 

rapamycin and metformin on ROS levels in human fibroblasts measured by DHE fluorescence 520 

in FACS. Left: representative FL3 histograms. Light blue: young, red: senescent (10d past IR), 521 

purple: senescent + 0.1mM metformin, black: senescent + 10nM rapamycin. Right: Average 522 

DHE fluorescence intensities. M± SD, n=5. E) Cytokine concentrations in the supernatant of 523 

human fibroblasts. N= 2. Senescent fibroblasts were treated with the indicated metformin 524 

concentrations for 10 days.  525 
 526 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 16, 2021. ; https://doi.org/10.1101/2021.12.15.472756doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.15.472756
http://creativecommons.org/licenses/by/4.0/


   
 

19 
 

To identify potential alternative mechanisms of the senostatic activity of metformin, we subjected 527 

human fibroblasts treated with either low (100 M) or high (2 mM) metformin concentrations to a 528 

stress response pathway identifier assay by cytometry by time of flight (CyTOF). Two or three 529 

antigens were chosen to represent each of seven cellular stress response pathways, namely heat 530 

shock, oxidative stress response, xenobiotics response, ER-UPR, Mito-UPR, nutrient signalling 531 

pathway/autophagy and DNA damage response(DDR)/senescence, resulting in a panel of 21 532 

antibodies (Table 2). Cells were treated with test interventions for 2 days and analysed by CyTOF 533 

using the antibody panel. Starvation, heat shock and oxidative stress by H2O2 treatment were used 534 

as positive control interventions. In the positive control experiments, activation of heat shock and 535 

oxidative stress response pathways were evident following the respective control treatments 536 

together with induction of autophagy and a DDR/senescence, while starvation impacted primarily 537 

onto the mTOR pathway, together validating the assay (Fig. 5A). Treatment with high metformin 538 

reduced the levels of marker proteins in a wide range of pathways, including heat shock, oxidative 539 

stress response, ER-UPR, Mito-UPR, nutrient signalling pathway/autophagy and DDR/senescence. In 540 

contrast, low metformin only reduced indicators of oxidative stress response as expected (compare 541 

Figs. 4C, D) and nutrient signalling (Fig. 5A). This suggested that low metformin might activate 542 

autophagy and mitophagy via suppression of the mTOR pathway and thus contribute to a reduction 543 

of mitochondrial ROS production in senescence. Therefore, we next examined mitophagy activity in 544 

human fibroblasts transfected with the mitophagy reporter mt-mKeima (Katayama, Kogure, 545 

Mizushima, Yoshimori, & Miyawaki, 2011), which localises to mitochondria and displays a shift in 546 

fluorescence emission under low pH, when mitochondria are delivered into lysosomes (indicated in 547 

red, Fig. 5B). As shown before (Dalle Pezze et al., 2014; Korolchuk, Miwa, Carroll, & von Zglinicki, 548 

2017), mitophagy activity was reduced in senescent cells. This reduction occurred within hours after 549 

irradiation and mitophagy remained low in irradiated cells for multiple days (Fig. 5C). Treatment with 550 

rapamycin improved mitophagy at all time points, but 100 M metformin had no effect (Fig.5C). 551 

Mitochondrial dysfunction in senescence is characterized by high ROS production together with low 552 

respiratory coupling (Passos et al., 2007). In accordance with their effects on mitophagy, rapamycin, 553 

but not metformin, suppressed senescence-associated mitochondrial superoxide production as 554 

measured by MitoSOX fluorescence (Fig. 5D). Moreover, metformin did not rescue mitochondrial 555 

dysfunction in senescent cells as assessed by respiratory control ratio with the complex I-linked 556 

substrate, pyruvate+malate (Fig. 5E).  557 
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 558 

Fig. 5. Low concentrations of metformin do not improve mitochondrial turnover and 559 

function. A) Impact of high (2mM) and low (100µM) concentrations of metformin on stress 560 

response pathways in human fibroblasts. CyTOF with the indicated antibodies was 561 

performed on human MRC5 fibroblasts treated for 2 days with the indicated interventions. 562 

Heat map colour codes indicate strong decrease (dark blue), mild decrease (light blue), no 563 

change (white), light increase (amber) or strong increase (red) as exemplified in Figure 5-564 

figure supplement 1. Data are pooled from two independent experiments. B) Dermal 565 

fibroblasts expressing mt-mKeima were irradiated with 20Gy and treated with either 100µM 566 

Metformin or 10nM Rapamycin for 3 days. Red fluorescence indicates mitochondria 567 

engulfed in lysosomes. C) Number of mitophagy events per cell. Dermal fibroblasts 568 

expressing mt-mKeima were irradiated with 20Gy and treated with either 100µM Metformin 569 
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or 10nM Rapamycin for the indicated times. N= 196 – 271 cells per condition pooled from 3 570 

biological repeats. D) Impact of rapamycin and metformin on mitochondrial superoxide 571 

levels in human fibroblasts either young or at 10d after IR measured (Sen) by MitoSOX 572 

fluorescence in FACS. N=5. E) Respiratory Control Ratio (RCR) of mitochondria in fibroblasts 573 

at 10d after IR treated with the indicated concentrations of metformin. N≥3. 574 
 575 

Together, these data suggested that low metformin has no effect on mitochondrial (dys)function in 576 

senescence. Therefore, we tested the alternative possibility that it might primarily reduce non-577 

mitochondrial, rather than mitochondrial, ROS production in senescent cells. ROS production by the 578 

NADPH oxidase 4 (NOX4) has been shown to contribute to replicative (Lener et al., 2009), oncogene-579 

induced (Weyemi et al., 2012) and stress-induced senescence (Goy et al., 2014) although its knock-580 

out had no impact on lifespan in mice (Rezende et al., 2017). To test the hypothesis that low 581 

metformin might act as a senostatic via reduction of the major cytoplasmic ROS generator NOX4, we 582 

first measured the abundance of NOX4 in senescent fibroblasts, which was enhanced as expected 583 

(Fig. 6A, B). Moreover, NOX4 did not colocalise with mitochondria (Figure 6-figure supplement 1). A 584 

low concentration of metformin (100 M) reduced NOX4 protein levels in senescent human 585 

fibroblasts as shown by both immunofluorescence (Fig. 6A) and Western blotting (Fig. 6B). To test 586 

whether manipulation of NOX4 alone would be sufficient to explain the senostatic activity of 587 

metformin, we over-expressed NOX4 in young fibroblasts and assessed its effects on markers of 588 

senescence, SASP and ROS. In comparison to EGFP-overexpressing controls, NOX4-overexpressing 589 

fibroblasts were more often positive for Sen--Gal (Fig. 6C) and produced higher levels of ROS (Fig. 590 

6D). Importantly, cells overexpressing NOX4 produced significantly more of the SASP interleukin IL-6 591 

(Fig. 6E), and there was a strong positive correlation between NOX4 and IL-6 levels (Fig. 6F), but not 592 

between EGFP and IL-6 (Fig. 6G). Finally, we treated fibroblasts in stress-induced senescence with 593 

the NADPH oxidase inhibitor Diphenyleneiodonium chloride (DPI), which reduced both Sen--Gal 594 

activity as a marker for the senescent phenotype (Fig 6H) and DHE fluorescence, indicative of 595 

decreased production of senescence-associated ROS (Fig 6I). 596 
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 597 

Fig. 6. Low concentrations of metformin reduce ROS in senescence via suppression of NOX4. A) 598 

Human fibroblasts were irradiated with 20Gy and treated with 100µM Metformin for 10 days. Left: 599 

representative images of cells treated as indicated, red: NOX4 immunofluorescence, Blue: DAPI. 600 

Right: Quantification of NOX4 fluorescence intensity. B) Left: Representative NOX4 Western blot. 601 

Cells treated as above. Right: Average NOX4 signal intensity, normalised to total protein. C) Left: 602 

Sen--Gal staining in EGFP- and NOX4-overexpressing fibroblasts. Right: Average frequencies of Sen-603 

-Gal-positive cells.  D) Left: DHE staining in EGFP- and NOX4-overexpressing fibroblasts. DHE 604 

fluorescence in red, cells visualised in phase contrast. Right: Average DHE fluorescence intensity per 605 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 16, 2021. ; https://doi.org/10.1101/2021.12.15.472756doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.15.472756
http://creativecommons.org/licenses/by/4.0/


   
 

23 
 

cell. E) Co-staining for NOX4 (red) and IL-6 (green) on EGFP- or NOX4-transfected fibroblasts. Right: 606 

Fluorescence intensity levels for EGFP (top), NOX4 (middle) and IL-6 in EGFP- and NOX4-transfected 607 

cells. F) Correlation between cellular NOX4 and IL6 fluorescence signals in NOX4-transfected cells. G) 608 

Correlation between cellular EGFP and IL6 fluorescence signals in EGFP-transfected cells. H) Left: 609 

Sen--Gal staining in senescent fibroblasts treated with the indicated concentrations of DPI. Right: 610 

Frequencies of Sen--Gal-positive cells. I) Left: DHE staining in senescent fibroblasts treated with the 611 

indicated concentrations of DPI. DHE fluorescence in red, cells visualised in phase contrast. Right: 612 

Average intensity of DHI fluorescence per cell. All experiments N≥3. 613 

 614 

Together, our data indicate that metformin at low, therapeutically achievable concentrations 615 

reduces senescence-associated ROS production by diminishing NOX4 abundance in senescent cells, 616 

which in turn causes the reduction of other facets of the senescent phenotype, importantly including 617 

a reduction of SASP production. 618 

 619 

Discussion 620 

Irradiation is a mainstay of successful therapy for the vast majority of cancers. However, sublethal 621 

irradiation causes progressive, premature frailty in both humans (Ness et al., 2018; Robison & 622 

Hudson, 2014) and mice (Fielder et al., 2019). Frailty is a medical syndrome characterised by system-623 

wide decreased physiological reserves and thus increased vulnerability (Rockwood, Mitnitski, & 624 

Howlett, 2015) predicting multimorbidity and mortality in humans (Kojima, Iliffe, & Walters, 2018) 625 

and mice (Whitehead et al., 2014). In long-term tumour survivors, frailty prevalence reaches a level 626 

equal to the general population of 60 – 70 year olds about 30 years earlier (Ness et al., 2013), and in 627 

mice frailty progression after sublethal whole-body irradiation is about twice as fast as in non-628 

irradiated animals (Fielder et al., 2019). Together with multimorbidity and increased mortality, 629 

greatly enhanced frailty is a major component of a serious premature ageing phenotype in long-term 630 

tumour survivors, for which no treatment is available so far. 631 

Adjuvant senolytic intervention can relieve some of the consequences of experimental irradiation or 632 

chemotherapy in mice. For instance, pharmacogenetic or pharmacologic senolytic intervention up to 633 

12 weeks after irradiation or treatment with the radiation mimetic doxorubicin (partially) corrected 634 

treatment-induced loss of immune function (Chang et al., 2016; Palacio et al., 2019), bone loss 635 

(Chandra et al., 2020), cardiac dysfunction and loss of physical activity (Demaria et al., 2017) and 636 

liver damage (Baar et al., 2017). However, whether an adjuvant senolytic intervention would be able 637 

to rescue organism-wide radiation-induced premature ageing as documented by frailty levels has 638 

not been shown before.  Moreover, there is very little data addressing the possible persistence of 639 

beneficial effects of senolytic interventions; most published experiments test the outcomes of 640 

senolytic treatments only within days to weeks after the intervention. We are only aware of a single 641 

paper (Zhu et al., 2015) showing that a beneficial effect of a treatment with D+Q (improvement of 642 

muscle strength in an irradiated mouse leg) could last for up to 7 months. 643 

Our core hypothesis was that therapy-induced senescence would greatly and persistently accelerate 644 

the accumulation of senescent cells by enhancing secondary senescence via bystander signalling, 645 

thus causing progressive worsening of ageing-associated symptoms with time following a single bout 646 

of DNA-damaging therapies (Short et al., 2019). If this hypothesis is correct, eliminating therapy-647 

induced senescent cells by a one-off, short senolytic or senostatic intervention adjuvant to radiation- 648 
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or chemotherapy should be sufficient to prevent progressive premature ageing and to normalise the 649 

rate of frailty progression.  650 

Our data support this hypothesis. A single, relatively short adjuvant intervention with either 651 

senolytic or the senostatic metformin rescued the radiation-induced accelerated progression of 652 

multi-system frailty for at least almost one year. We started the interventions at one month after 653 

completion of radiation, i.e. when signs of acute radiation sickness in the mice had abated but levels 654 

of radiation-induced senescence in many tissues were still not significantly above controls (Mylonas 655 

et al., 2021; Palacio et al., 2019; Palacio, Krishnan, Le, Sharpless, & Beausejour, 2017). That this was 656 

sufficient to cause a significant reduction of senescence markers in tissues like liver and brain 10 657 

months later is again in agreement with a central role of bystander-mediated accelerated 658 

progression of senescence following irradiation. 659 

When senolytic interventions were performed only after enhanced frailty was established, beneficial 660 

long-term effects were reduced. There was no longer an effect on muscular or liver function and 661 

little improvement on senescence markers in liver at old age. Similarly, Mylonas et al. (Mylonas et 662 

al., 2021) recently reported that a late intervention with Navitoclax reduced senescence markers in 663 

kidney but did not improve kidney fibrosis. However, late interventions were still efficient in rescuing 664 

further frailty progression and liver maintenance and tended to improve short-term memory at high 665 

age consistent with a significant reduction of markers for neuroinflammation. This confirms recent 666 

data (Yabluchanskiy et al., 2020) showing improvements of brain senescence markers, neurovascular 667 

coupling and memory after relatively late (3 months past whole brain irradiation) pharmacogenetic 668 

(ganciclovir in 3MR mice) or Navitoclax intervention. Our results might be interpreted to suggest that 669 

ongoing brain cell senescence, including neuron senescence, could be a physiologically relevant 670 

driver of neuroinflammation. 671 

While senolytic drugs work in principle on a systemic level, their senolytic activity is cell type-672 

specific. For instance, Navitoclax has senolytic activity against HUVECs and fibroblasts, but not 673 

adipocytes in vitro (Zhu et al., 2016), while D+Q in combination eliminated senescent HUVECs, 674 

fibroblasts and fat progenitor cells (Zhu et al., 2015). The specific activity of these senolytics against 675 

many other senescent cell types is not known. Our data show cell type-specific differences in the 676 

capacity of Navitoclax vs D+Q for long-term reduction of senescence markers in vivo: under an early 677 

intervention regime, Navitoclax and D+Q reduced hippocampal pyramidal neuron senescence at late 678 

age equally well but had no effect on senescence marker in muscle fibres, while senescence markers 679 

in liver hepatocytes were only efficiently reduced by Navitoclax but not by D+Q. This pattern was 680 

different from the physiological responses in the same tissues: Navitoclax and D+Q improved 681 

function in the liver (as measured by ALT release), brain (short-term memory) and muscle (rotarod 682 

and hanging wire performance) with only a slightly better performance of Navitoclax in terms of 683 

memory and muscle function. The senostatic metformin might be expected to have less cell type 684 

specificity, and in fact it did reduce late age senescent cell frequencies both in liver, brain and 685 

muscle. Together, these data suggest that cognitive improvement by senolytics could be tissue-686 

autonomous, but that there must be significant contributions from systemic effects causing 687 

improvements in muscular and possibly liver function. However, measuring the serum abundance of 688 

18 major interleukins at late age, we did not find evidence for obvious impacts of any of the 689 

interventions, suggesting that the mediation of systemic effects might be more complex than 690 

persistent suppression of some pro-inflammatory cytokines. 691 

The capacity of the dietary restriction mimetic metformin to extend lifespan and healthspan in mice 692 

(Martin-Montalvo et al., 2013) and probably man (Campbell, Bellman, Stephenson, & Lisy, 2017; C. 693 

P. Wang, Lorenzo, Habib, Jo, & Espinoza, 2017) is well documented. Among other mechanisms, 694 
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metformin, like dietary restriction itself (da Silva et al., 2019), inhibits the pro-inflammatory SASP 695 

(Moiseeva et al., 2013) and thus limits the spread of senescence via bystander effects. We therefore 696 

expected it to be similarly effective as senolytics in reducing persistent therapy-induced senescence 697 

and its physiological consequences, and our results confirmed this expectation.  698 

It has been shown that metformin inhibits complex I of the mitochondrial electron transport chain, 699 

thus reducing ROS production (Moiseeva et al., 2013). ROS levels are high in senescent cells (Passos 700 

et al., 2010; Passos et al., 2007) and their ability to activate the SASP is well documented (Coppe, 701 

Desprez, Krtolica, & Campisi, 2010; Nelson, Kucheryavenko, Wordsworth, & von Zglinicki, 2018). 702 

Thus, it has been suggested that metformin diminishes the SASP via complex I inhibition (Moiseeva 703 

et al., 2013). However, metformin inhibits complex I only at supraphysiological concentrations. At 704 

therapeutically achievable and effective concentrations, it still reduces cellular ROS (Fig. 4C, D) and 705 

the SASP (Fig. 4E), but has no effect on mitochondrial complex I-linked oxygen consumption (Fig. 4A, 706 

B).  707 

Complex I is a multiprotein enzyme consisting of more than 40 subunits. In ageing and cellular 708 

senescence, incompletely assembled subcomplexes of complex I accumulate and contribute to 709 

cellular ROS production (Miwa et al., 2014). Decreased efficacy of mitophagy in senescence and 710 

ageing is a possible cause of this accumulation (Dalle Pezze et al., 2014; Korolchuk et al., 2017). 711 

Therefore, we next tested whether metformin at therapeutic concentrations might be able to rescue 712 

the low mitophagy activity in senescence, using rapamycin as a positive control. Surprisingly, low 713 

metformin concentrations did not improve mitophagy (Fig. 5B, C). In agreement with this, they did 714 

not reduce mitochondrial ROS production as measured by MitoSOX fluorescence (Fig 5D) and did not 715 

rescue low mitochondrial coupling (Fig. 5E) in senescence, suggesting a non-mitochondrial pathway 716 

for reduction of ROS by therapeutic metformin concentrations. Suppression of NOX4 was identified 717 

as a mechanism by which low metformin reduces senescence-associated ROS production and SASP 718 

(Fig. 6). It had been shown that metformin suppresses NOX4 induction via activation of AMPK both 719 

at concentrations as high as 10 mM (Sato et al., 2016) and as low as 0.1 mM (Shi & Hou, 2021). 720 

However, protective effects of metformin against the radiation mimetic doxorubicin were only 721 

observed at low concentrations due to the suppression of platelet-derived growth factor receptor 722 

(PDGFR) expression by high metformin (Kobashigawa, Xu, Padbury, Tseng, & Yano, 2014). In vivo, 723 

high metformin doses shortened the lifespan of mice (Palliyaguru et al., 2020). Other receptor 724 

tyrosine kinases including FGFR1 have also been involved in the cellular responses to metformin (Shi 725 

et al., 2021). In low concentrations, metformin was able to suppress oxidative stress-associated 726 

senescence of adipose-derived stromal cells via activation of AMPK, but it is unclear whether this 727 

was NOX-dependent (Le Pelletier et al., 2021). A more detailed analysis of the network of signaling 728 

pathways mediating NOX4 suppression by low metformin is clearly warranted but remains outside 729 

the scope of the present study. 730 

Our study has a number of limitations. Whole body irradiation is an over-simplified model for 731 

therapeutic irradiation of tumour patients. However, experiments with localised radiation to the 732 

brain have also shown improvements in cognition immediately after senolytic intervention 733 

(Yabluchanskiy et al., 2020). Moreover, senolytic intervention with D+Q after irradiation targeted to 734 

a single leg resulted in long-term improvements of muscle function (Zhu et al., 2015). These, 735 

together with our results, strongly suggest that senolytic or senostatic interventions could be 736 

effective against progressive frailty, multimorbidity and mortality even in realistic radiation therapy 737 

situations. We have now established a more realistic mouse model for targeted brain tumour 738 

radiation therapy. Pilot phenotyping results show progressive frailty development together with 739 
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cognitive decline not dissimilar to the effects of whole-body irradiation, and results of an 740 

intervention study will be published as soon as possible. 741 

Lifespan-extending interventions frequently show strong sexual dimorphism (Nadon, Strong, Miller, 742 

& Harrison, 2017). It is therefore important to test the impact of senolytic/senostatic interventions 743 

post-irradiation in both males and females. This could not be done in the present cohorts due to 744 

funding restrictions. However, independent validation cohorts have been set up using the same 745 

protocols and show significant improvements in frailty in irradiated females as well, following 746 

senolytic interventions (M. Weigand et al., in preparation).  747 

In conclusion, we have shown that short senolytic or senostatic interventions can effectively rescue 748 

premature progressive frailty and accelerated ageing induced by whole body irradiation over a 749 

significant part of the life history in male mice. We believe these results warrant further efforts to 750 

translate senolytic and senostatic interventions towards an adjuvant therapy for long-term tumour 751 

survivors. 752 

  753 
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Tables 990 

 991 

Table 1: Immunostaining and blotting methods 992 

 

Tissue 

Thickness Techni
que 

Primary 
antibody 

Cat No, 
vendor 

Dilution Secondary 
antibody 

Cat No, 
vendor 

Dilution Detection 

Liver 
 

3 IF Rabbit 
anti-
HMGB1 

Ab7982
3 
(Abcam) 

1:250 Goat Anti-
Rabbit IgG 
H&L, Texas 
Red  

Ab6719 
(Abcam) 

1:500  

 3 IF Mouse 
anti-
TOMM20 

Ab5678
3 
(Abcam) 

1:200 Goat anti-
mouse  
(Alexa Fluor 
594) 

Ab1501
16 

1:1000  

Quads 3 IF Rabbit 
anti-
HMGB1 

Ab7982
3 
(Abcam) 

1:250 Goat anti-
rabbit 
(Alexa Fluor 
594) 

A32740 
(Thermo
Fisher) 

1:1000  

Brain 
 

 

10 IHC Rabbit 
anti-Iba1 

Ab1788
46 
(Abcam) 

1:2000 Biotinylated 
Goat anti-
rabbit 

BA-1000 
(Vector 
labs) 

1:250 VECTASTA
IN ABC-
HRP Kit,  
NovaRED 
(Vevtor 
labs) 

3 IF Rabbit 
anti-
γH2A.X 
primary 
antibody 

9718 
(Cell 
Signallin
g) 

1:250 Biotinylated 
Goat anti-
rabbit 

BA-1000  
(Vector 
labs) 

1:250 Fluorescei
n Avidin 
DCS 
(1:500) 
(Vector 
labs) 

3 IF Rabbit 
anti-
Lamin B1 

ab1604
8 
(Abcam) 

1:200 Biotinylated 
Goat anti-
rabbit  

BA-1000 
(Vector 
labs) 

1:250 Fluorescei
n Avidin 
DCS 
(1:500) 
(Vector 
labs) 

MRC5 

Cells 

ICC Anti-
NADPH  
oxidase 4 
antibody 

ab1092
25 
(Abcam) 
 

1:200 Goat Anti-
Rabbit IgG 
H&L (Alexa 
Fluor® 594) 

ab1500
80 
(Abcam) 
 

1:1000  

Anti-IL6 
antibody 

ab9324 
(Abcam) 
 

1:500 Anti-Mouse 
IgG (H+L) 
Alexa Fluor 
488 
 

A-11017 
(vector 
labs) 
 

1:1000  

Rabbit 
anti-p21  

ab1095
20 
(Abcam) 

1:100 Goat Anti-
Rabbit IgG 
H&L (Alexa 
Fluor® 594) 

ab1500
80 
(Abcam) 
 

1:1000  
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 993 

Table 2. List of metal conjugated antibodies for stress response pathway analysis by CyTOF  994 

Antibody Metal cat # Vendor 

SOD2/MnSOD [9E2BD2] 176Yb ab110300 Abcam 

GSTM2 (9E975) 167Er H00002946-
M03 

Novus Biologicals 

HSF1  153Eu 825801 BioLegend  

Hsp-70 (2A4) 154Sm ab5442 Abcam 

Nrf2 (phospho S40) [EP1809Y] 142Nd ab180844 Abcam 

NR1L2/PXR (6H11D8) 164Dy LS-C682408-LSP Stratech Scientific Ltd.  

GRP78 BiP [EPR4041(2)] 161Dy ab108615 Abcam 

EIF2S1 (phospho S51) (E90) 169Tm ab214434 Abcam 

ATF-6 (-Carboxy terminal end) 175Lu ab62576 Abcam 

GADD153/CHOP 141Pr NBP2-13172 Novus Biologicals 

CLPP [EPR7133] 165Ho ab236064 Abcam 

Hsp-60 (LK1) 144Nd ab212454 Abcam 

pS6 [S235/S236] 172Yb 3172008A Fluidigm 

p21 Waf1/Cip1 159Tb 3159026A Fluidigm 

Phospho-Acetyl-CoA Carboxylase (Ser79) 
(10HCLC) 

170Er 711289 ThermoFisher 

p62 / SQSTM1 (C-terminus) 146Nd GP62-C Progen 

p-p38 [T180/Y182] 156Gd 3156002A Fluidigm 

DNA/RNA damage 173Yb ab62623 Abcam 

pHistone H2A.X [Ser139] 147Sm NB100-384 Novus Biologicals 

PHB 151Eu NBP2-32305 Novus Biologicals 

p16INK4 174Yb ab54210 Abcam 

Cell-ID™ Intercalator-Ir—500μM  201192B Fluidigm 

 995 

  996 

Rabbit 
anti-
HMGB1 

ab7982
3 
(Abcam) 
 

1:250 Goat Anti-
Rabbit IgG 
H&L (Alexa 
Fluor® 594) 

ab1500
80 
(Abcam) 
 

1:1000  

Protein WB Anti-
NADPH  
oxidase 4 
antibody 

ab1092
25 
(Abcam) 

1:2000 Goat Anti-
Rabbit IgG 
H&L (HRP)  
 

ab6721 
(Abcam) 
 

1:10000 
 

 

  Anti-β-
Actin 
antibody 

5125 
(Cell 
Signalin
g) 

1:1000 Goat Anti-
Rabbit IgG 
H&L (HRP)  
 

ab6721 
(Abcam) 
 

1:10000 
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Supplementary Figures 1024 

 1025 

 1026 

 1027 

Figure 1-Figure supplement 1. Components of the frailty index (FI). Colours represent the mean FI 1028 

of all animals alive at that given point (8 – 12 animals/group). Red arrows indicate components that 1029 

were improved under the interventions. 1030 
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 1032 

 1033 

Figure 1 – Figure supplement 2. Impact of interventions on epidermal thickness. A) Epidermal 1034 

thickness decreases in old (median age 32months) as compared to young adult (median age 10 1035 

months) mice. B) IR at 5 months of age results in increased epidermal thickness at 12 months. C) 1036 

Treatment of irradiated mice with senolytics D+Q or Navitoclax at 7 months of age does not change 1037 

epidermal thickness at 16 months of age. Data are from at least 7 animals/group. 1038 
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 1040 

Figure 1-figure supplement 3. Validation of senescence markers in liver. (A-F) Irradiated vs sham-1041 

irradiated mice at 12 months of age.  A) nuclear area, B) Frequency of karyomegalic hepatocytes. C) 1042 

HMGB1 immunohistochemistry. Left: representative HMGB1 micrographs (left: control, right: 1043 

7months past IR). Right: Frequencies of HMGB1-negative hepatocytes. D) TAF assay. Left: 1044 

Representative TAF immunoFISH image (single focal plane, arrowhead indicates overlap of a 1045 

telomere (red) with a H2AX focus (green), e.g. TAF). Right: Average TAF frequency per hepatocyte 1046 

nucleus. E) Frequency of TAF-positive hepatocytes. F) Frequency of hepatocytes with at least 3 TAF.  1047 

(G-K) Young adult (8-14 months) vs old (32 months) mice. Nuclear area (G), frequencies of 1048 

karyomegalic hepatocytes (H), frequencies of HMGB1-negative hepatocytes (I), TAF frequency per 1049 

nucleus (J) and Frequency of hepatocytes with at least 1 TAF (K). Data are from at least 6 1050 

animals/group. 1051 
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 1053 

 1054 

 1055 

Figure 1-figure supplement 4. Impact of early senolytics treatment on hepatocyte senescence at 1056 

late age (16 months). Nuclear size (A), percentage of karyomegalic hepatocytes (B), percentage of 1057 

HMGB1-negative hepatocytes (C), TAF frequency per nucleus (D),  frequency of TAF-positive cells (E) 1058 

and frequency of cells with at least 3 TAF (F) in mice livers at 16 months of age, irradiated at 5 1059 

months and treated with either D+Q, Navitoclax or sham gavage at 6 months. Data are from at least 1060 

6 animals/group. 1061 
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 1063 

 1064 

Figure 1 – figure supplement 5. Senescence and neuroinflammation markers in hippocampus after 1065 

early senolytic intervention. Neuron nuclear area in CA1 (A) and CA3 (B). C,D) Left: LaminB1 1066 

Immunostaining (green) in CA1 (C) and CA3 (D) regions of the hippocampus under the different 1067 

treatments. Blue: DAPI. Arrowheads indicate Lmn1-positive (red) and –negative (white) nuclei.  1068 

Right: Frequencies of laminB1-negative neurons in CA1 (top) and CA3 (bottom). E) TAF ImmunoFISH 1069 

of neurons in the CA1 area. Left: Higher magnification of a single TAF (single plane image) and 1070 

intensity scans for green (gH2AX) and red (telomere) fluorescence. Right: Maximum intensity 1071 

projections. Frequencies of TAF-positive neurons in CA1 (F) and CA3 (H). Frequencies of neurons 1072 

with at least 3 TAF in CA1 (G) and CA3 (I). Iba1+ cell density in CA1 (J) and CA3 (K). Iba1+ cell soma 1073 

size in CA1 (L) and CA3 (M). Data are from at least 6 animals/group. 1074 
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 1077 

Figure 1 – figure supplement 6. Functional and senescence markers in skeletal muscle after early 1078 

intervention with D+Q or Navitoclax. Muscle fibre cross-sectional area in oxidative (A) and non-1079 

oxidative (B) fibres from irradiated mice at 16 months of age. Frequencies of p21-positive myonuclei 1080 

in oxidative (C) and glycolytic (D) fibres. E) TAF frequencies in myonuclei. Data are from at least 5 1081 

animals/group. 1082 
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 1086 

 1087 

Figure 2 – Figure supplement 1. Late intervention with either D+Q or Navitoclax (at 12 months of 1088 

age) does not change epithelial thickness at 16 months. Data are from at least 7 animals/group. 1089 

  1090 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 16, 2021. ; https://doi.org/10.1101/2021.12.15.472756doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.15.472756
http://creativecommons.org/licenses/by/4.0/


   
 

43 
 

 1091 

 1092 

 1093 

Figure 2-figure supplement 2. Impact of late senolytics treatment on senescence markers in liver. 1094 

Nuclear size (A), percentage of karyomegalic hepatocytes (B), percentage of HMGB1-negative 1095 

hepatocytes (C), TAF frequency per nucleus (D), frequency of TAF-positive cells (E) and frequency of 1096 

cells with at least 3 TAF (F) in mice livers at 16 months of age, irradiated at 5 months and treated 1097 

with either D+Q, Navitoclax or sham gavage at 12 months. Data are from at least 6 animals/group. 1098 
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 1103 

Figure 2-figure supplement 3. Functional and senescence markers in skeletal muscle after late 1104 

intervention with D+Q or Navitoclax. Muscle fibre cross-sectional area in oxidative (A) and non-1105 

oxidative (B) fibres from irradiated mice after late intervention at 16 months of age. C) TAF 1106 

frequencies in myonuclei at 16 months of age after late senolytic intervention. Data are from at least 1107 

5 animals/group. 1108 
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 1110 

Figure 2-figure supplement 4. Impact of late intervention on neuroinflammation.  Iba1+ cell density 1111 

in CA1 (A) and CA3 (C). Iba1+ cell soma size in CA1 (B) and CA3 (D). Data are from at 5 -6 1112 

animals/group. 1113 
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 1117 

 1118 

Figure 3 – Figure supplement 1. Treatment of irradiated mice for 2.5 months with metformin 1119 

(starting at 7 months of age) tends to reduce epidermal thickness at late age (16 months). Data are 1120 

from at least 6 animals/group. 1121 
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 1126 

Figure 3 – Figure supplement 2.   Impact of metformin on senescence markers in liver. Mice were 1127 

irradiated at 5 months of age and treated with metformin for 10 weeks starting at 6 months of age. 1128 

A) Nuclear size with representative images (left, blue DAPI, green autofluorescence) and 1129 

quantification (right). B) Frequency of karyomegalic hepatocytes. C) Frequency of hepatocytes 1130 

negative for nuclearHMGB1. D) TAF frequency per nucleus. E) Frequency of hepatocytes with at least 1131 

one TAF. F) Frequency of hepatocytes with at least 3 TAF. Data are from at least 6 animals per group 1132 

at 16 months of age. 1133 
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 1135 

Figure 3 – Figure supplement 3.  Senescence and neuroinflammation markers in hippocampus 1136 

after intervention with metformin. A) Neuron nuclear area in CA1 (top) and CA3 (bottom). B) 1137 

Frequencies of laminB1-negative neurons in CA1 (top) and CA3 (bottom). C) Frequencies of TAF-1138 

positive neurons in CA1 (top) and CA3 (bottom). D) Frequencies of neurons with at least 3 TAF in CA1 1139 

(top) and CA3 (bottom). E) Iba1+ cell density in CA1 (top) and CA3 (bottom). F) Iba1+ cell soma size in 1140 

CA1 (top) and CA3 (bottom). Data are from at 5 -6 animals/group. 1141 
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 1145 

Figure 3 – Figure supplement 4.  Impact of metformin on hind limb muscle. Myofibre cross-1146 

sectional area of oxidative (A) and non-oxidative (B) fibres. C) Frequencies of TAF-positive myonuclei. 1147 

Data are from at least 8 animals per group at 16 months of age 1148 
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 1151 

Figure 5 – Figure supplement 1.  Representative histogram overlay examples for use of CyTOF as 1152 

stress pathway identifier. Treatments are indicated on the left. Colour codes at the bottom 1153 

represent strong decrease (dark blue), mild decrease (light blue), no change (white), light increase 1154 

(amber) or strong increase (red) and  correspond to the heatmap in Fig. 5A. 1155 
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 1159 

Figure 6 – supplement 1. NOX4 does not co-localise with mitochondria. Senescent MRC5 1160 

fibroblasts, representative double staining with Nox4 (green) and TOMM20 (red). Blue: DAPI. 1161 
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