
 

 

 University of Groningen

The chemotherapeutic drug doxorubicin does not exacerbate p16Ink4a-positive senescent cell
accumulation and cardiometabolic disease development in young adult female LDLR-
deficient mice
Postmus, Andrea C.; Kruit, Janine K.; Eilers, Roos E.; Havinga, Rick; Koster, Mirjam H.;
Johmura, Yoshikazu; Nakanishi, Makoto; van de Sluis, Bart; Jonker, Johan W.
Published in:
Toxicology and Applied Pharmacology

DOI:
10.1016/j.taap.2023.116531

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Postmus, A. C., Kruit, J. K., Eilers, R. E., Havinga, R., Koster, M. H., Johmura, Y., Nakanishi, M., van de
Sluis, B., & Jonker, J. W. (2023). The chemotherapeutic drug doxorubicin does not exacerbate p16Ink4a-
positive senescent cell accumulation and cardiometabolic disease development in young adult female
LDLR-deficient mice. Toxicology and Applied Pharmacology, 468, Article 116531.
https://doi.org/10.1016/j.taap.2023.116531

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.1016/j.taap.2023.116531
https://research.rug.nl/en/publications/0f3ba724-6729-4800-8507-d3e20f06f4b8
https://doi.org/10.1016/j.taap.2023.116531


Toxicology and Applied Pharmacology 468 (2023) 116531

Available online 23 April 2023
0041-008X/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The chemotherapeutic drug doxorubicin does not exacerbate 
p16Ink4a-positive senescent cell accumulation and cardiometabolic disease 
development in young adult female LDLR-deficient mice 

Andrea C. Postmus a, Janine K. Kruit a, Roos E. Eilers a, Rick Havinga a, Mirjam H. Koster a, 
Yoshikazu Johmura b, Makoto Nakanishi c, Bart van de Sluis a, Johan W. Jonker a,* 

a Department of Pediatrics, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands 
b Division of Cancer and Senescence Biology, Cancer Research Institute, Institute for Frontier Science Initiative, Kanazawa University, Kakuma, Kanazawa, Japan 
c Division of Cancer Cell Biology, Institute of Medical Science, University of Tokyo, Tokyo, Japan   

A R T I C L E  I N F O   

Editor: Lawrence Lash  

Keywords: 
Cancer survivor 
Chemotherapy 
Doxorubicin 
Cellular senescence 
Cardiometabolic disease 

A B S T R A C T   

Cancer survivors who received chemotherapy, such as the anthracycline doxorubicin (DOX), have an increased 
risk of developing complications later in life, including the development of chronic metabolic diseases. Although 
the etiology of this increased risk for late metabolic complications in cancer survivors is poorly understood, a 
causal role of therapy-induced senescent cells has been suggested. 

To study the role of cellular senescence in chemotherapy-induced metabolic complications, young adult fe
male low-density lipoprotein receptor-deficient (Ldlr− /− )-p16-3MR mice, in which p16Ink4a-positive (p16Ink4a+) 
senescent cells can be genetically eliminated, were treated with four weekly injections of DOX (2.5 mg/kg) 
followed by a high-fat high-cholesterol diet for 12 weeks. While DOX treatment induced known short-term ef
fects, such as reduction in body weight, gonadal fat mass, and adipose tissue inflammation, it was not associated 
with significant long-term effects on glucose homeostasis, hepatic steatosis, or atherosclerosis. We further found 
no evidence of DOX-induced accumulation of p16Ink4a+-senescent cells at 1 or 12 weeks after DOX treatment. 
Neither did we observe an effect of elimination of p16Ink4a+-senescent cells on the development of diet-induced 
cardiometabolic complications in DOX-treated mice. Other markers for senescence were generally also not 
affected except for an increase in p21 and Cxcl10 in gonadal white adipose tissue long-term after DOX treatment. 

Together, our study does not support a significant role for p16Ink4a+-senescent cells in the development of diet- 
induced cardiometabolic disease in young adult DOX-treated female Ldlr− /− mice. These findings illustrate the 
need of further studies to understand the link between cancer therapy and cardiometabolic disease development 
in cancer survivors.   

1. Introduction 

Survival rates of cancer patients have significantly increased over the 
last decades due to advancements in therapy (Bleyer et al., 2006; Keegan 
et al., 2016; Liu et al., 2019). As a consequence, long-term adverse ef
fects of cancer therapy are rapidly becoming a major cause of morbidity 
and mortality (Dowling et al., 2013). Pediatric and adult-onset cancer 

survivors show accelerated ageing and are at increased risk of devel
oping chronic cardiometabolic disease, such as type 2 diabetes, non- 
alcoholic fatty liver disease (NAFLD), and atherosclerosis, which pre
sent years after completion of their treatment (Ben-Yakov et al., 2018; de 
Haas et al., 2010; Juanjuan et al., 2015; Smitherman et al., 2020; Stel
wagen et al., 2020). 

The anthracycline doxorubicin (DOX) is one of the most effective 

Abbreviations: DOX, doxorubicin; LDLR, low-density lipoprotein receptor; NAFLD, non-alcoholic fatty liver disease; ROS, reactive oxygen species; SASP, senes
cence-associated secretory phenotype; mRFP, monomeric red fluorescent protein; HSV-TK, herpes simplex virus thymidine kinase; GCV, ganciclovir; i.p., intra
peritoneal; HFC, high-fat high-cholesterol; TAM, tamoxifen; TOM, tdTomato; LV, left-ventricular; oGTT, oral glucose tolerance test; ITT, insulin tolerance test; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin-eosin; CLS, crown-like structure; gWAT, gonadal white adipose tissue; mWAT, 
mesenteric white adipose tissue; scWAT, subcutaneous white adipose tissue; WBC, white blood cell; ANP, atrial natriuretic peptide. 

* Corresponding author. 
E-mail address: j.w.jonker@umcg.nl (J.W. Jonker).  

Contents lists available at ScienceDirect 

Toxicology and Applied Pharmacology 

journal homepage: www.elsevier.com/locate/taap 

https://doi.org/10.1016/j.taap.2023.116531 
Received 8 March 2023; Received in revised form 5 April 2023; Accepted 19 April 2023   



Toxicology and Applied Pharmacology 468 (2023) 116531

2

anti-cancer drugs and widely used to treat a variety of cancers including 
hematological and solid malignancies (Young et al., 1981). However, 
the clinical use of DOX is restricted due to its severe toxic effects on 
multiple tissues such as the heart, liver, kidney, adipose, vasculature, 
and reproductive system (Mohan et al., 2021; Prasanna et al., 2020; 
Rahimi et al., 2022; Lahoti et al., 2012; Vergoni et al., 2016; Volkova 
and Russell, 2011). Cancer patients usually receive multiple chemo
therapeutic drugs combined with radiotherapy or surgery making it 
difficult to study potential long-term cardiometabolic effects induced by 
DOX in clinical studies. However, studies in animal models indicate that 
DOX can negatively impact metabolic health. In vivo administration of 
low-dose DOX in mice resulted in adipose tissue inflammation and 
adipocyte insulin resistance (Vergoni et al., 2016; Biondo et al., 2018), 
whereas administration of high-dose DOX led to impaired systemic in
sulin sensitivity (de Lima Junior et al., 2016), liver damage (Renu et al., 
2019), systemic inflammation (Sauter et al., 2011), and vascular dam
age (Rahimi et al., 2022) in different rodent models and might thereby 
drive the development of cardiometabolic disease such as diabetes, 
NAFLD, and atherosclerosis. 

The primary mechanism of action of DOX is intercalation of the drug 
into DNA, which inhibits topoisomerase II-mediated DNA repair and 
results in cell cycle arrest (Thorn et al., 2011). DOX also induces the 
generation of reactive oxygen species (ROS) leading to oxidative stress, 
lipid peroxidation, and damage to DNA, cellular membranes, and pro
teins (Thorn et al., 2011). Unrepaired DNA damage in cells can induce 
apoptotic or necrotic cell death or trigger cells to go into cellular 
senescence, a stress response in which cells stop dividing but remain 
metabolically active (Childs et al., 2014; van Deursen, 2014). Senescent 
cells persist in tissues and can induce tissue inflammation and 
dysfunction through the secretion of pro-inflammatory cytokines, che
mokines, and proteases, the so-called senescence-associated secretory 
phenotype (SASP) (Postmus et al., 2019). DOX is widely used in pre
clinical studies to investigate the role of cellular senescence in the pa
thology of diseases, including cardiometabolic disease and it has been 
suggested that induction of cellular senescence could be a potential 
mechanism by which DOX induces its long-term adverse effects (Baar 
et al., 2017; Baboota et al., 2022; Bonnet et al., 2022; Demaria et al., 
2017; Xu et al., 2015). 

So far, most rodent studies have only explored the acute effects of 
DOX on metabolic function up till days or weeks after a single high-dose 
injection. However, in clinical practice, patients receive multiple treat
ment cycles and cardiometabolic disease often manifests many years 
after completion of treatment. In the current study, we therefore 
investigated the long-term effects of DOX on the induction of cellular 
senescence and the development of cardiometabolic disease under 
conditions of metabolic stress in atherosclerosis-prone mice. 

2. Methods 

2.1. Animals 

C57BL/6 J low-density lipoprotein receptor-deficient (Ldlr− /− ) mice 
(Jackson Laboratory, Bar Harbor, ME, US) were bred in house and 
crossed with C57BL/6 J p16-3MR mice, in which p16Ink4a-positive 
(p16Ink4a+) cells can be visualized (renilla luciferase, monomeric red 
fluorescent protein (mRFP)) and genetically eliminated (truncated her
pes simplex virus 1 thymidine kinase (HSV-TK)) upon administration of 
ganciclovir (GCV) (Demaria et al., 2014). The p16-3MR mice were 
kindly provided by Dr. M. Demaria (European Research Institute for the 
Biology of Ageing, University Medical Center Groningen, The 
Netherlands). Experimental mice were homozygous for the Ldlr- 
knockout allele (Ldlr− /− ) and contained a single copy of the 3MR 
transgene (Ldlr− /− -p16-3MR). C57BL/6 J Ldlr− /− -p16-CreERT2-tdTomato 
mice were generated by crossing C57BL/6 J Ldlr− /− mice with C57BL/6 
J p16-CreERT2-tdTomato mice (Omori et al., 2020). Experimental mice 
were homozygous for the Ldlr-knockout allele (Ldlr− /− ) and 

heterozygous for the p16-CreERT2 allele and the tdTomato allele. Unless 
otherwise specified, age-matched female mice were used for all exper
iments as female Ldlr− /− mice are more susceptible to the development 
of atherosclerosis (Daugherty et al., 2017). Mice were housed in a light- 
and temperature-controlled facility (21 ◦C) with ad libitum access to 
water and standard chow (Sniff, Germany) or high-fat high-cholesterol 
(HFC) diet (40% of kcal from fat, 0.15% cholesterol, Research Diets, 
D12079B, New Brunswick, NJ, US). Mice used for the chow experiments 
were housed in groups, whereas mice used for the HFC-diet experiment 
were housed individually to assess food intake. All animal experiments 
were approved by the Ethical Committee for Animal Experiments of the 
University of Groningen and were performed in accordance with rele
vant guidelines and regulations (including laboratory and biosafety 
regulations). 

2.2. Animal experiments 

Ldlr− /− -p16-3MR mice were kept on standard chow diet until 8–10 
weeks of age after which they received weekly intraperitoneal injections 
(i.p.) with 2.5 mg/kg of DOX hydrochloride (in phosphate-buffered sa
line (PBS), Tebu-Bio) or vehicle (PBS) for 4 weeks with a total cumu
lative dose of 10 mg/kg, unless otherwise specified. This DOX treatment 
regimen was chosen based on previous studies showing that adminis
tration of 2–10 mg/kg DOX resulted in toxicity in male and female mice, 
including impaired heart function, adipocyte insulin resistance, ovarian 
toxicity, and p16Ink4a+-senescent cell accumulation (Vergoni et al., 
2016; Biondo et al., 2018; Demaria et al., 2017; Pecoraro et al., 2016; 
dos Silva et al., 2023; Wang et al., 2019). Furthermore, a cumulative 
dosage of 10 mg/kg DOX is equivalent to 30 mg/m2 (Reagan-Shaw et al., 
2008), which is a relevant dosage in human clinical settings where 
cancer patients receive 15–90 mg/m2 DOX (Quagliariello et al., 2021; 
Sedeman et al., 2022). Mice were randomly assigned to experimental 
groups. After DOX administration, Ldlr− /− -p16-3MR mice were enrolled 
in different experimental designs. To determine the acute effects of DOX, 
Ldlr− /− -p16-3MR mice were anesthetized using isoflurane (TEVA Phar
machemie), euthanized by cardiac puncture followed by cervical 
dislocation, and metabolic tissues were weighed and collected 1 week 
after the last DOX injection. Tissues for mRNA expression analysis were 
snap-frozen in liquid nitrogen and stored at − 80 ◦C until further anal
ysis. For heart function measurements, Ldlr− /− -p16-3MR mice were kept 
for 6 additional weeks on chow until echocardiography was performed. 
To assess the effect of DOX on long-term cardiometabolic health, Ldlr− / 

− -p16-3MR mice were treated with HFC-diet for 12 weeks, starting 7 
days after the last DOX injection. Together with the start of the HFC-diet, 
one group of mice received GCV (in H20, Selleckchem, Germany) 
through i.p. injection for 5 consecutive days at a dose of 25 mg/kg to 
genetically eliminate p16Ink4a+-cells. GCV was administered biweekly 
for in total 4 cycles of 5 days. After 12 weeks of HFC-diet, mice were 
fasted for 4–6 h and euthanized as described above. To investigate the 
induction of cellular senescence by DOX treatment, two additional 
experimental groups of Ldlr− /− -p16-3MR mice were included that 
received 1 × 10 mg/kg DOX or 3 × 5 mg/kg DOX (consecutive days) 
through i.p. injection. Tissues for mRNA expression analysis were 
collected 1 week after the last DOX treatment as described above. Ldlr− / 

− -p16-CreERT2-tdTomato mice were kept on chow diet and received 4 ×
2.5 mg/kg DOX (weekly interval) or 1 × 10 mg/kg DOX through i.p. 
injection at 8–10 weeks of age. Starting 7 days after the last DOX in
jection, Ldlr− /− -p16-CreERT2-tdTomato mice were treated with a daily i.p. 
injection of tamoxifen (TAM, 80 mg/kg in sunflower oil, Sigma Aldrich, 
St. Louis, MO, US) for 5 consecutive days to label p16Ink4a-expressing 
cells with tdTomato (TOM). One week later, mice were terminated 
under isoflurane anesthesia and tissues were collected to measure per
centage of TOM-positive (TOM+) cells by immunofluorescence imaging. 
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2.3. Echocardiography 

Transthoracic echocardiography was performed using a Vevo imag
ing station and a Vevo 3100 preclinical imaging system (FUJIFILM 
VisualSonics, Canada), equipped with a 40-MHz MX550D linear array 
transducer (FUJIFILM VisualSonics). Prior to echocardiographic imag
ing, mice were anesthetized (2% isoflurane mixed with oxygen, 
administered via an aerial dispenser) and fur was removed from the 
thorax using a commercially available topical depilation agent with 
potassium thioglycolate (Veet). Mice were fixed in supine position on 
the temperature-maintained (37 ◦C) platform of the Vevo imaging sta
tion (FUJIFILM VisualSonics) over the integrated electrode pads to 
monitor heart and respiration rates. Vevo LAB software (version 5.6.1, 
FUJIFILM VisualSonics) was used for image analysis. Short axis M-mode 
recordings were used to determine heart rate, left ventricular (LV) end- 
diastolic internal diameter, LV end-systolic internal diameter, and 
fractional shortening by outlining the epicardial and endocardial bor
ders using the LV Trace tool. For all measurements, three subsequent 
cardiac cycles unaffected by respiration were analyzed. 

2.4. Analysis of glucose homeostasis 

To determine the effect of DOX on glucose homeostasis, an oral 
glucose tolerance test (oGTT) was performed on Ldlr− /− -p16-3MR mice 
after 9 weeks of HFC-diet. For the oGTT, 10-h overnight fasted mice 
received an oral gavage of 1.5 g/kg glucose. Blood glucose levels were 
measured at baseline and 15, 30, 60, 90, and 120 min after glucose 
administration using an Accu-Chek Performa glucose meter (Roche 
Diabetes Care). During the oGTT, blood spots were collected on filter 
paper (Sartorius Stedim, TFN 180 g⋅m− 2, Germany) at baseline and 15 
min after glucose administration to determine insulin levels. Insulin was 
extracted from blood spots and measured by ELISA (Crystal Chem Rat 
Insulin Elisa Cat. 90,010 with mouse insulin standard Cat.90020) ac
cording to the manufacturer’s instructions. To assess insulin sensitivity, 
an insulin tolerance test (ITT) was performed on Ldlr− /− -p16-3MR mice 
after 11 weeks of HFC-diet. After a 5-h fast, mice received an i.p. in
jection of 0.5 unit(U)/kg insulin (Novorapid, Novo Nordisk, Denmark). 
Blood glucose levels were measured at baseline and 15, 30, 60, 90, and 
120 min after insulin injection. After 10 weeks of HFC-diet, body 
composition of Ldlr− /− -p16-3MR mice was determined using a Minispec 
Body Composition Analyzer (LF90; Bruker Daltonics, Billerica, MA, US). 

2.5. Gene expression analysis 

For gene expression analysis, aortas were enzymatically digested 
with liberase TH (Roche), hyaluronidase (Sigma-Aldrich), and DNase 
(Sigma-Aldrich) for 30 min at 37 ◦C. Subsequently, cold PBS was added 
and samples were centrifuged at 4 ◦C for 10 min at 15.000 rcf. The pellet 
was resuspended in RLT Buffer (Qiagen) and RNA was isolated using the 
RNeasy mini kit (Qiagen). For liver and heart tissues, total RNA was 
isolated using TRI reagent (Sigma-Aldrich). Total RNA from adipose 
tissue was isolated using an RNeasy Lipid Tissue Mini Kit (Qiagen). RNA 
was reverse transcribed using Moloney-Murine Leukemia Virus reverse 
transcriptase (Thermo Fisher Scientific) and transcript levels of syn
thesized cDNA were measured with Fast Start SYBR Green (Roche) on a 
Quantstudio 7 Flex Real-time PCR System (Applied Biosystems). Gene 
expression levels were quantified by the relative standard curve method 
and normalized to a housekeeping gene (36b4 for adipose tissue, heart, 
and aorta, Cyclophilin for liver). qPCR primer sequences are listed in 
Table S1. 

2.6. Analysis of blood and plasma parameters 

After 12 weeks of HFC-diet, blood was drawn from 4 to 6-h fasted 
mice by cardiac puncture under isoflurane anesthesia, collected into 
EDTA-coated tubes (Sarstedt, Germany), and plasma was separated by 

centrifugation. Circulating levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) in plasma were measured by a routine 
clinical chemistry analyzer (Cobas 6000; Roche Diagnostics) with 
standard reagents (Roche Diagnostics). Plasma triglycerides (Roche 
Diagnostics #1187771) and total cholesterol (DiaSys Diagnostic Sys
tems) were measured using commercially available kits. To determine 
whether DOX affected hematological parameters, blood was collected 
before the start of the HFC-diet and after 5 and 9 weeks of HFC-diet. 
Blood was taken through the tail vein and collected in heparin-coated 
capillaries. Per animal, 25 μl of whole blood was diluted in 5 ml sam
ple diluent (Medonic CA 620, Clinical Diagnostic Solutions) and 
measured using the Medonic CA620 (Medicon, Ireland). 

2.7. Hepatic lipid content 

To determine hepatic lipid content, liver homogenates (15% wt/vol 
in PBS) were subjected to lipid extraction as described by Bligh & Dyer 
(Bligh and Dyer, 1959). For assessment of hepatic triglyceride levels, 
extracts were diluted in 2% Triton-x-100 and measured using a Trig/GB 
kit (Roche Diagnostics #1187771). Total cholesterol levels were deter
mined using a colorimetric assay (DiaSys Diagnostic Systems). 

2.8. Histological analysis 

For histological analysis, tissues were isolated and fixed using 4% 
formaldehyde solution in phosphate buffer (Klinipath BV). After fixa
tion, tissues were dehydrated, embedded in paraffin, and cut into 4-μm 
sections. Slides were subjected to hematoxylin-eosin (H&E) staining and 
were imaged using a Hamamatsu NanoZoomer (Hamamatsu Photonics). 
Adipocyte area was quantified by randomly counting >150 adipocytes 
per mouse using ImageJ (NIH). Cells <350 μm were excluded as they 
could be stromal vascular cells. Number of crown-like structures (CLS) 
were calculated as average of three microscopic fields per animal. To 
detect TOM expression, immunofluorescence staining was performed 
using a primary antibody against RFP (Abcam, ab124754) and a sec
ondary antibody conjugated to Alexa Fluor™ 488 (Invitrogen, 
#A11008). Slides were scanned using the SLIDEVIEW VS200 slide 
scanner (Olympus) and imaged using OlyVIA software (version 3.4.1, 
Olympus). TOM+-cells were quantified using ImageJ software and 
normalized to total number of DAPI-positive cells on two randomly 
selected fields (3000 μm × 1500 μm) per animal per tissue. 

2.9. Atherosclerotic lesion analysis 

Atherosclerotic lesion analysis was performed on 4-μm H&E-stained 
cross sections of the aortic root area of the heart. For each animal, 
morphometric analysis of the valves was performed on five evenly 
spaced sections (40 μm separation) using Aperio ImageScope Software 
(Leica Biosystems, Pathology) in a blinded manner. Average plaque size 
per animal was calculated as the sum of the plaque size of three valves. 
Necrotic core area was identified as acellular area, lacking nuclei and 
cytoplasm, and quantification of the necrotic core was performed using 
Aperio ImageScope Software as previously described with a threshold of 
3000 μm2 (Seimon et al., 2009). Necrotic core area is presented as μm2 

area per animal. Fibrous cap thickness was measured by choosing the 
largest necrotic core from serial sections (40 μm apart). Using Aperio 
ImageScope, two measurements (2 μm apart) were taken from the 
thinnest part of the cap, determined by measuring the area between the 
outer edge of the cap and the necrotic core boundary, as previously 
described (Seimon et al., 2009). Per animal, the average fibrous cap 
thickness was expressed in length units (μm). 

2.10. Statistical analysis 

Statistical analysis was performed using Graphpad Prism Software 
version 9.5.0 (GraphPad Software, San Diego, CA, US). Differences 
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between two groups were analyzed using an unpaired 2-tailed Student’s 
t-test. Multiple comparisons were tested using a one-way ANOVA fol
lowed by Tukey’s multiple comparisons test. A repeated measurement 
two-way ANOVA followed by a Bonferroni’s post hoc test was used to 
evaluate glucose tolerance, insulin tolerance, and body weight in time. 
Data are presented as mean ± standard error of the mean (SEM) with a p 
value <0.05 considered significant. 

3. Results 

3.1. Acute toxicity of doxorubicin in Ldlr− /− -p16-3MR mice 

The cell-cycle inhibitor p16Ink4a has been generally used as senes
cence marker in human and mouse tissues (He and Sharpless, 2017). The 
p16-3MR mouse model, in which p16Ink4a+-senescent cells can be visu
alized and genetically eliminated upon administration of ganciclovir 
(GCV), has been widely used in studies investigating the role of senes
cent cells in ageing and age-related diseases (Demaria et al., 2014). 
Using this mouse model, a causal role for p16Ink4a+-senescent cells has 
been demonstrated for various DOX-induced side effects, including 
cardiac and arterial dysfunction, increased blood clotting, frailty, and 
tumor recurrence (Demaria et al., 2017; Wiley et al., 2019; Hutton et al., 
2021). Therefore, to study the effect of DOX on senescence and car
diometabolic disease development, we crossed atherosclerosis-prone 
Ldlr− /− mice with p16-3MR mice. First, we assessed the acute toxic 

effects of four weekly injections of 2.5 mg/kg DOX in chow-fed Ldlr− / 

− -p16-3MR mice (Fig. 1A). As expected, body weight as well as gonadal 
white adipose tissue (gWAT) weight were significantly reduced in DOX- 
treated mice, whereas mesenteric white adipose tissue (mWAT) and 
subcutaneous adipose tissue (scWAT) depots were not affected (Fig. 1B, 
C). Furthermore, we found a reduction in circulating white blood cells 
(WBCs), specifically in the lymphocyte population, which is also a 
common side-effect of chemotherapeutic treatment (Fig. 1D). Together, 
these results are in line with the known acute effects of DOX and thus 
indicate that our DOX treatment was effective. 

As the effect of DOX was most prominent in gWAT, we further 
analyzed this tissue for effects on inflammation and senescence. While 
one week after DOX treatment no difference was observed in adipocyte 
size, a significantly increased number of crown-like structures (CLS) was 
observed in DOX-treated mice, indicating increased adipose inflamma
tion (Fig. 1E-G). Induction of adipose inflammation was further 
confirmed by increased gene expression of Tnf, Cxcl10, and Mmp13 
(Fig. 1H). Interestingly, we also found an increase in the cell-cycle in
hibitor and p53-target gene p21 in gWAT. The p21 gene controls cell- 
cycle progression in response to various stressors, including DNA dam
age (Karimian et al., 2016) and has, in addition to p16Ink4a, recently 
been recognized as marker and major regulator of cellular senescence 
(Wang et al., 2021). In contrast to p21, expression of p16Ink4a was not 
induced by DOX treatment. Furthermore, DOX treatment did not result 
in decreased expression of lamin B1 (Lmnb1), another biomarker of 

Fig. 1. Acute toxicity of DOX in Ldlr− /− -p16-3MR mice. (A) Experimental timeline of the chow experiment in which Ldlr− /− -p16-3MR mice received 4 weekly in
jections of 2.5 mg/kg DOX or vehicle. (B) Body weight (n = 17), (C) weights of different white adipose tissue depots (n = 5–6), and (D) white blood cell (WBC) counts 
1 week after DOX treatment (n = 7–12). MID = mid-range other WBCs. (E) Representative H&E-stained images of gWAT, (F) corresponding quantification of 
adipocyte area, and (G) average number of crown-like structures (CLS) (indicated by arrows) per field 1 week after DOX treatment (n = 6). (H) Gene expression of 
senescence and SASP-markers in gWAT 1 week after DOX treatment (n = 6). Data are presented as mean ± SEM with * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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senescence (Freund et al., 2012). Other tissues examined (liver, heart, 
and aorta) did not show significant induction of senescence or SASP- 
markers upon DOX treatment (Fig. S1A-C). Overall, DOX treatment 
induced acute gWAT inflammation and p21 expression, which could 
indicate senescent cell accumulation, but not p16Ink4a expression. 

3.2. Long-term effects of doxorubicin treatment on gonadal white adipose 
tissue 

To investigate the long-term effects of DOX on induction of cellular 
senescence and the development of cardiometabolic disease, we induced 
metabolic stress by feeding Ldlr− /− -p16-3MR mice a high-fat high- 
cholesterol (HFC) diet for 12 weeks (Fig. 2A). No effect of DOX was 

Fig. 2. Long-term effects of DOX treatment on gonadal white adipose tissue in Ldlr− /− -p16-3MR mice. (A) Experimental timeline of the HFC-diet experiment in which 
Ldlr− /− -p16-3MR mice received 4 weekly injections of 2.5 mg/kg DOX or vehicle followed by 12 weeks of HFC-diet feeding. A third experimental group received GCV 
following DOX treatment to clear p16Ink4a+-senescent cells. * indicates 5 consecutive days of GCV treatment. (B) Body weight during DOX treatment and 12 weeks of 
HFC-diet feeding (n = 14–17). (C) Lean mass and (D) fat mass after 10 weeks of HFC-diet feeding (n = 14–17). (E) Weights of different white adipose tissue depots 
after 12 weeks of HFC-diet feeding (n = 8–17). (F) Representative H&E-stained images of gWAT, (G) corresponding quantification of adipocyte area, and (H) average 
number of CLS (indicated by arrows) (n = 8). (I) Gene expression of senescence markers in gWAT (n = 8). Data are presented as mean ± SEM with * p < 0.05, ** p <
0.01, *** p < 0.001 and **** p < 0.0001. 
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observed on body weight, body composition, or food intake (Fig. 2B-D, 
S2). The reduction in gWAT weight that was observed acutely after DOX 
treatment, however, was still present in mice fed a 12-week HFC-diet 
and there was still a trend towards an increase in the number of CLS 
(Fig. 2E-H). Gene expression of p21 and Cxcl10 remained significantly 
elevated in gWAT long-term after DOX treatment, while other senes
cence and SASP-factors were not altered (Fig. 2I). These findings suggest 
that while DOX treatment induced a long-term reduction in gWAT mass 
and increase in p21 expression, which could indicate accumulation of 
p21+-senescent cells, these effects were not associated with an accu
mulation of p16Ink4a+-senescent cells. 

Transplantation studies have shown that only a small number of 
senescent cells (0.01% to 0.03%) throughout the body is already suffi
cient to cause physical dysfunction in young mice (Xu et al., 2018). DOX 
treatment could therefore have physiological consequences by inducing 
a small number of p16Ink4a+-senescent cells, which we were not able to 
detect by qPCR in whole tissue homogenates. To exclude that unde
tected p16Ink4a+-senescent cells play a role in the effects of DOX on the 
gWAT depot, we treated mice with GCV following DOX administration 
to eliminate p16Ink4a+-senescent cells (Fig. 2A). However, removal of 
p16Ink4a+-senescent cells did not restore gWAT weight (Fig. 2E) or 
reduce the expression of p21 or Cxcl10 (Fig. 2I), suggesting that the 
effect of DOX on gWAT is not mediated through p16Ink4a+-senescent 
cells nor is reversible. 

3.3. Long-term effects of doxorubicin treatment on glucose homeostasis 

Adipose tissue plays a central role in whole-body glucose homeo
stasis (Luo and Liu, 2016). Since DOX had a significant effect on gWAT, 

the adipose depot most strongly linked to insulin resistance, we deter
mined whether this also had an effect on glucose homeostasis in 
response to HFC-diet. No effect of DOX, however, was observed on 
random or fasted glucose levels, glucose tolerance (oGTT), fasted insulin 
levels, glucose-stimulated-insulin-secretion after an oral glucose bolus, 
and insulin sensitivity (ITT) (Fig. 3A-E). In line with the gWAT data, 
clearance of p16Ink4a+-senescent cells did not improve glucose tolerance 
and insulin sensitivity in HFC-diet fed animals, except that a slightly 
lower blood glucose level was observed at the end of the ITT as 
compared to control mice (Fig. 3A-E). Together, these data show that 
DOX treatment has no significant long-term effects on whole-body 
glucose homeostasis and that this was also not affected by clearance of 
p16Ink4a+-cells in this mouse model. 

3.4. Long-term effects of doxorubicin treatment on liver 

Next, we determined the effect of DOX on steatosis, inflammation, 
and damage of the liver in response to an HFC-diet. DOX did not affect 
liver weight, liver to body weight ratio, and hepatic levels of total 
cholesterol and triglycerides (Fig. 4A-E). Plasma ALT levels were 
significantly lower in DOX-treated mice compared to control mice, 
whereas plasma AST levels were similar between the groups, indicating 
that liver damage was not increased, or maybe even reduced (Fig. 4F, G). 
Senescence and SASP-markers were not changed after 12 weeks of HFC- 
diet feeding (Fig. 4H). Removal of p16Ink4a+-senescent cells did reduce 
liver weight, however not after correction for body weight, hepatic tri
glyceride levels, and hepatic Mmp13 expression compared to HFC-diet 
fed control mice, but not to DOX-treated mice (Fig. 4A, B, E, H). Over
all, these findings indicate that DOX does not have a significant effect on 

Fig. 3. Long-term effects of DOX on glucose homeostasis in Ldlr− /− -p16-3MR mice. Measurements of glucose homeostasis were performed according to the timeline 
in Fig. 2A. (A) Random blood glucose levels after 12 weeks of HFC-diet feeding (n = 14–17). (B) 10-h overnight fasted blood glucose levels (n = 14–17), (C) blood 
glucose levels during the oGTT (n = 14–17), and (D) whole-blood insulin levels at baseline and T = 15 min of the oGTT (n = 8) after 9 weeks of HFC-diet feeding. (E) 
Blood glucose levels during the ITT after 11-weeks of HFC-diet feeding, * indicates significance compared to vehicle (n = 8–10). Data are presented as mean ± SEM 
with * p < 0.05 and ** p < 0.01. 
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hepatic steatosis, inflammation, or damage. 

3.5. Long-term effects of doxorubicin treatment on heart function 

Cardiotoxicity is one of the most common toxic side effects of DOX 
(Volkova and Russell, 2011). At six weeks after the last DOX injection, 
however, mice on chow showed normal heart rate and did not display 

reduced ejection fraction or fractional shortening as determined by 
echocardiography (Fig. 5A-D). In addition, no effect of DOX was 
observed on heart weight and morphology (Table 1). At 12 weeks after 
HFC-diet feeding, expression levels of p16Ink4a and p21 were not 
increased and no changes were observed in the expression of Nppa, 
which encodes atrial natriuretic peptide (ANP), a cardiac hormone and 
biomarker for heart failure (Song et al., 2015), and of Col1a1, a marker 

Fig. 4. Long-term effects of DOX treatment on liver in Ldlr− /− -p16-3MR mice. (A) Liver weight and (B) liver weight to body weight ratio (n = 14–17) after 12 weeks 
of HFC-diet feeding. (C) Hepatic total cholesterol content, (D) representative H&E-stained images of livers from vehicle-, DOX-, and DOX + GCV-treated mice, and (E) 
hepatic triglyceride content after 12 weeks of HFC-diet feeding (n = 8). (F) ALT and (G) AST levels in 4-h fasted plasma samples after 12 weeks of HFC-diet feeding (n 
= 10–11). (H) Relative mRNA expression of senescence and SASP-markers in liver tissue after 12 weeks of HFC-diet feeding (n = 8). Experiments were performed 
according to the experimental timeline in Fig. 2A. Data are presented as mean ± SEM with * p < 0.05 and ** p < 0.01. 
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of cardiac fibrosis (Fig. 5E, F). In conclusion, we did not find evidence 
for impaired cardiac function or induced cardiac senescence after four 
cycles of low-dose DOX in Ldlr− /− -p16-3MR mice. 

3.6. Long-term effects of doxorubicin treatment on atherosclerotic plaque 
size and stability 

Children and adolescents who have been treated with DOX are not 
only at risk to develop heart failure, but also of developing severe 
vascular disease later in life (Mitry and Edwards, 2016). The vascular 
endothelium, consisting of a monolayer of endothelial cells lining the 
vessel wall, can be disrupted by DOX, which can trigger the onset of 
atherosclerosis, especially in a hyperlipidemic environment (Luu et al., 
2018). Although Ldlr− /− -p16-3MR mice displayed considerable athero
sclerotic plaque development in response to the HFC-diet, no effect was 
observed of DOX on atherosclerotic lesion size in the aortic root (Fig. 6A, 
B, S3). Atherosclerosis development is also importantly influenced by 
circulating monocytes as they infiltrate into the vessel wall and become 
lipid-laden macrophages (Moore et al., 2013). Because acute exposure to 
DOX resulted in myelosuppression (Fig. 1D), we also measured blood 
cell counts after 5 and 9 weeks of HFC-diet feeding. Total WBC counts as 
well as different WBC subpopulations, including monocytes, however, 
were normal again at 5 weeks after DOX treatment and remained similar 

to control mice throughout the course of the study (Table S2). 
Furthermore, plasma levels of cholesterol and triglycerides, the main 
drivers of atherosclerosis, were not different between the experimental 
groups (Fig. 6C, D). 

Unstable plaques are vulnerable to spontaneous rupture, causing 
acute thrombosis, arterial occlusion, and infarction (Childs et al., 2021). 
Therefore, we questioned whether DOX affected plaque stability. How
ever, necrotic core size as well as fibrous cap thickness were not changed 
upon DOX treatment (Fig. 6E, F). To determine whether the aortic arch 
showed signs of senescence that could predispose for future plaque 
instability, we measured gene expression of relevant markers. However, 
DOX treatment did not affect expression levels of p16Ink4a, p21, Tnf, or 
Il1α after 12 weeks of HFC-diet feeding (Fig. 6G). Finally, clearance of 
p16Ink4a+-senescent cells did not affect atherosclerotic lesion size or 
stability between vehicle- and DOX-treated mice (Fig. 6A, B, E, F). 
Together, these results indicate that DOX treatment does not affect size 
and stability of atherosclerotic plaques and that atherosclerosis devel
opment was also not affected by clearance of p16Ink4a+-cells in this 
mouse model. 

3.7. Different doxorubicin treatment regimens do not induce p16Ink4a+- 
senescent cell accumulation in two independent mouse models 

As administration of 4 × 2.5 mg/kg DOX did not result in a signifi
cant senescence induction in metabolic tissues, except for increased 
expression of p21 and a few SASP-factors in gWAT, we wondered 
whether higher DOX treatment regimens that have been reported in the 
literature to induce p16Ink4a+-senescent cell accumulation, could also 
induce senescence in our Ldlr− /− -p16-3MR mouse model (Demaria et al., 
2017; Wang et al., 2022a). However, we did not observe an effect of 
these higher DOX regimens on levels of p16Ink4a or SASP-factors in liver 
or gWAT (Fig. 7A-C). Only p21 showed a dose-dependent increase with a 
significant higher expression in 3 × 5 mg/kg DOX-treated mice 
compared to controls. In gWAT, p21 and Cxcl10 were increased to the 
same extent in the 3 × 5 mg/kg and 4 × 2.5 mg/kg DOX groups, whereas 
the 1 × 10 mg/kg DOX group showed a similar trend but did only reach 
statistical significance for Il1α (Fig. 7C). Similarly, heart tissue of none of 
the DOX-treated groups showed differences in the expression of p16Ink4a, 

Fig. 5. Long-term effects of DOX treatment on heart function in Ldlr− /− -p16-3MR mice. (A) Experimental timeline of the experiment in which heart function was 
assessed. Ldlr− /− -p16-3MR mice received 4 weekly injections of 2.5 mg/kg DOX or vehicle followed by echocardiography 6 weeks after the last DOX injection by 
which (B) heart rate, (C) ejection fraction, and (D) fractional shortening were measured (n = 5). (E) Experimental timeline of the results depicted in (F), * indicates 5 
consecutive days of GCV treatment. (F) For gene expression analysis of relevant markers heart tissues were collected after 12 weeks of HFC-diet feeding (n = 6–9). 
Data are presented as mean ± SEM. 

Table 1 
Cardiac parameters in chow-fed Ldlr− /− -p16-3MR mice 6 weeks after DOX 
treatment.  

Parameter Vehicle Doxorubicin 

Heart weight/tibia length (mg/mm) 7.0 ± 0.2 7.4 ± 0.3 
Stroke volume (μl) 34.1 ± 0.7 33.7 ± 1.4 
End-systolic volume (μl) 22.1 ± 2.3 23.3 ± 1.3 
End-diastolic volume (μl) 56.2 ± 2.5 56.9 ± 2.0 
Diastolic diameter (mm) 3.65 ± 0.07 3.67 ± 0.05 
Systolic diameter (mm) 2.48 ± 0.11 2.54 ± 0.06 
Diastolic anterior wall (mm) 0.84 ± 0.03 0.86 ± 0.03 
Systolic anterior wall (mm) 1.24 ± 0.03 1.19 ± 0.01 
Diastolic posterior wall (mm) 0.79 ± 0.04 0.74 ± 0.02 
Systolic posterior wall (mm) 1.11 ± 0.02 1.06 ± 0.01  
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p21, Nppa, and Col1a1 (Fig. 7D). 
Because the lack of an induction of p16Ink4a+-senescent cells upon 

DOX treatment could potentially be caused by the mouse model that we 
used, we also tested the effects of DOX in a different p16-reporter mouse 
model, the Ldlr− /− -p16-CreERT2-tdTomato model, which allows the 
labelling of p16Ink4a+-cells with tdTomato (TOM) specifically in the 
presence of tamoxifen (TAM) [31, Fig. 8A]. Treatment, however, of this 
mouse model with 4 × 2.5 mg/kg or 1 × 10 mg/kg DOX followed by 
TAM treatment also did not increase the presence of p16Ink4a+-cells 
(TOM+-cells) in any of the examined organs (Fig. 8B-F). Together, these 
findings show that the used DOX treatment regimens did not exacerbate 
p16Ink4a+-senescent cell accumulation in different tissues of two inde
pendent p16 reporter mouse models. 

4. Discussion 

Anthracycline-based chemotherapy has been associated with an 
increased risk of cardiometabolic disease later in life (de Haas et al., 
2010; Dieli-Conwright et al., 2022). While the underlying mechanisms 
have not been identified, therapy-induced p16Ink4a+-senescent cells 
have recently been proposed as a causal player (Demaria et al., 2017). 
Here, we show that four cycles of low-dose (2.5 mg/kg) DOX does not 
exacerbate p16Ink4a+-senescent cell accumulation or development of 
cardiometabolic disease in metabolically stressed young adult female 
Ldlr− /− -p16-3MR mice. 

Treatment of Ldlr− /− -p16-3MR mice with DOX resulted in an acute 
reduction in gWAT mass, which was accompanied by inflammation and 

Fig. 6. Long-term effects of DOX treatment on atherosclerotic plaque size and stability in Ldlr− /− -p16-3MR mice. (A) Representative images of H&E-stained 
atherosclerotic plaques in the aortic root area of the heart and (B) corresponding quantification of atherosclerotic lesion area after 12 weeks of HFC-diet feeding (n =
13–17). (C) Plasma total cholesterol and (D) plasma triglycerides in 4-h fasted plasma samples after 12 weeks of HFC-diet feeding (n = 12–13). (E) Quantification of 
necrotic core area and (F) fibrous cap thickness of H&E-stained atherosclerotic plaques in (A). (G) Relative mRNA expression of senescence markers after 12 weeks of 
HFC-diet feeding (n = 8). Experiments were performed according to the experimental timeline depicted in Fig. 2A. Data are presented as mean ± SEM. 
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increased expression of the senescence marker p21. Our findings are in 
line with previous experiments in rodents that have shown that DOX can 
impair adipose tissue function and metabolic homeostasis (Vergoni 
et al., 2016; Biondo et al., 2018; de Lima Junior et al., 2016). However, 
these studies only determined acute effects up till a few days after DOX 
administration, while, in human patients, perturbations in metabolic 
function can occur years after completion of treatment. Although the 
effects of DOX on gWAT in our study remained present after 3 months of 
HFC-diet feeding, we did not find any DOX-related long-term effects on 
metabolic health. 

The finding that DOX treatment does not have long-term effects on 
cardiometabolic symptoms in our mouse model was unexpected as 
several human studies have reported that cancer survivors treated with 
anthracyclines have an increased risk of developing cardiometabolic 
disease (Baker et al., 2020; Clayton et al., 2021; Sharma et al., 2016; 
Shimizu et al., 2022). In line with human data, we observed acute 
toxicity of DOX in our mice, including effects on body weight, white 
blood cell count, and gonadal adipose tissue. Furthermore, the dosage of 
DOX used in this study was comparable to human patients, who receive 
6–8 doses of DOX at 1.25 mg/kg (Demaria et al., 2017), suggesting that 
our findings cannot be explained by an insufficient treatment regimen. 
However, we cannot rule out that the biologically effective DOX dose in 
mice is different due to differences in metabolic rate, pharmacokinetics, 
and route of administration (van Calsteren et al., 2009). In most rodent 
studies, DOX is administered i.p. where most of the drug can be taken up 
by local adipose tissue before entering the systemic circulation. In 
contrast, cancer patients receive DOX intravenously (i.v.) where it first 
reaches the endothelial cell layer of the blood vessels and the heart. 
Detrimental effects on the heart, vasculature, and distant metabolic 

tissues that occur due to high levels of DOX in the systemic circulation 
are thus potentially not induced in studies where DOX is injected i.p. 
such as in this study. However, as several studies reported DOX-induced 
toxicity in mice after i.p. administration of 2–10 mg/kg DOX, including 
cardiac toxicity, impaired adipocyte function, and ovarian toxicity 
(Vergoni et al., 2016; Biondo et al., 2018; Demaria et al., 2017; Pecoraro 
et al., 2016; dos Silva et al., 2023; Wang et al., 2019), this indicates that 
the DOX dose that we used is also relevant in mice. 

We hypothesized that therapy-induced cellular senescence could 
play a role in DOX-induced cardiometabolic toxicity as clearance of 
senescent cells improved DOX-induced liver damage and DOX-induced 
cardiac dysfunction in mice (Baar et al., 2017; Demaria et al., 2017; 
Lérida-Viso et al., 2022). However, we did not find an increase in 
p16Ink4a+-senescent cells or a clear increase in SASP factors after 
different DOX treatment regimens in multiple tissues of two independent 
mouse models. Only a few SASP-markers were elevated in gWAT, which 
could also reflect local inflammation observed in response to DOX 
administration. In line with our findings, a study by Lérida-Viso et al. 
(Lérida-Viso et al., 2022) found no difference in p16Ink4a and p21 
expression in heart tissue of wild-type C57BL/6 J mice treated with 1 ×
10 mg/kg DOX. Treatment of the same mice with 8 × 2.5 mg/kg DOX 
did result in a significant increase in p16Ink4a and p21, which was 
reduced upon treatment with the senolytic drug Navitoclax, however 
this cumulative DOX dosage was twice as high as in our study. Our 
findings are in contrast with studies by Demaria et al. (Demaria et al., 
2017), who found increased p16Ink4a expression in skin, lung, liver, and 
heart after 1 × 10 mg/kg DOX, and Wang et al. (Wang et al., 2022a), 
who used 3 × 5 mg/kg DOX and observed increased p16Ink4a expression 
in kidney. While these studies also used p16-3MR mice, they were not on 

Fig. 7. Different DOX treatment regimens do not induce p16Ink4a+-senescent cell accumulation in Ldlr− /− -p16-3MR mice. (A) Experimental timeline of the different 
DOX treatment regimens in Ldlr− /− -p16-3MR mice. Gene expression of senescence markers and other relevant markers in (B) liver, (C) gWAT, and (D) heart tissue (n 
= 6). Data are presented as mean ± SEM with * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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an LDLR-deficient background. In addition, these studies used a mix of 
males and females for their experiments whereas we used females only. 
As female mice are reported to be more resistant to DOX-toxicity 
compared to male mice (Norton et al., 2021; Grant et al., 2019) this 
could potentially explain the discrepancy in outcome. To test this, we 
also treated male mice with 1 × 10 mg/kg DOX but also did not observe 
an increase in p16Ink4a expression in liver, kidney, lung, and heart 
(Fig. 8E, F). Therefore, sex differences in DOX sensitivity do not appear 

to explain the lack of p16Ink4a expression in our study. Furthermore, 
several studies reported ovarian toxicity in female mice upon 7.5–10 
mg/kg DOX administration indicating that female mice are susceptible 
to DOX-induced toxicity (Pecoraro et al., 2016; dos Silva et al., 2023; 
Ben-Aharon et al., 2010). As DOX is widely used in women with breast 
cancer (Christowitz et al., 2019), it is important to elucidate potential 
sex differences in long-term adverse effects of DOX. 

The gonadal adipose tissue depot did show an upregulation of p21 

Fig. 8. Different DOX treatment regimens do not induce p16Ink4a+-senescent cell accumulation in Ldlr− /− -p16-CreERT2-tdTomato mice. (A) Schematic representation 
of the p16-CreERT2-tdTomato mouse model. (B) Experimental timeline of the different DOX treatment regimens in Ldlr− /− -p16-CreERT2-tdTomato mice. (C) Repre
sentative immunofluorescent staining against tdTomato (green secondary antibody) in liver, kidney, and lung tissue, and (D) the corresponding quantifications 
presented as % of TOM+-cells of total DAPI+-cells (n = 4–6). (E) Representative immunofluorescent images of liver, kidney, lung, and heart stained against tdTomato 
(green) and (F) the corresponding quantifications (n = 3–4). Mice used in (C) and (D) were female, whereas mice used in (E) and (F) were male. Data are presented as 
mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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both acutely after DOX and after 12 weeks of HFC-diet feeding, which 
could indicate short-term cell-cycle arrest in response to acute DNA 
damage or persistent cell-cycle inhibition associated with senescence. A 
recent study by Wang et al. (Wang et al., 2022b) showed that p21+-se
nescent cells and p16Ink4a+-senescent cells are two distinct cell pop
ulations and that specifically p21+-senescent cells in adipose tissue play 
a causal role in metabolic dysfunction during obesity. Induction of p21- 
mediated senescence in adipocyte precursors could be a potential 
explanation for the reduction in gonadal adipose tissue mass after DOX, 
as senescent preadipocytes lose the ability to proliferate and develop 
into mature lipid-storing adipocytes (Xu et al., 2015). However, despite 
the possible loss of adipocyte precursors, we did not observe a detri
mental effect on glucose homeostasis after DOX treatment. Clearance of 
p16Ink4a+-senescent cells did not restore gWAT mass in our mice, but 
since p21+-cells were not targeted in our model they could still be a 
potential player in the detrimental effects of DOX on gWAT. However, as 
other markers of cellular senescence, such as SASP factors, were not 
clearly increased, it remains unclear whether these p21+- cells represent 
senescent cells. 

Discrepancies in the impact of DOX on metabolic health could also be 
due to different DOX treatment regimens or the use of different mouse 
models. First of all, we did not assess long-term metabolic health in our 
1 × 10 mg/kg and 3 × 5 mg/kg DOX-treated mice. Therefore, we cannot 
rule out the possibility that these DOX dosing regimens do sensitize mice 
to develop cardiometabolic disease later in life. Secondly, we used 
atherosclerosis-prone Ldlr− /− mice, in which atherosclerosis is driven by 
very high plasma cholesterol levels, which were not affected by DOX 
administration. If DOX treatment mainly results in early initiation of 
atherosclerosis through the induction of endothelial dysfunction rather 
than atherosclerosis progression, these effects could be masked by the 
lipid-overload in Ldlr− /− mice. Lastly, the mice used in this study were 
young-adults, which could be more flexible in resolving DOX-induced 
damage than older mice. It is thus possible that DOX-induced senes
cent cells have been cleared more efficiently by the immune system at 
the time metabolic outcomes were evaluated, as senescent cells are more 
prone to be cleared by the immune system in young mice than in aged 
mice (Karin et al., 2019). However, if DOX-induced senescent cells are a 
major player in cardiometabolic toxicity, we would still have expected a 
significant senescence induction acutely after DOX in our chow-fed 
mice. 

Clearance of p16Ink4a+-senescent cells did not affect atherosclerotic 
lesion size in our HFC-diet fed Ldlr− /− -p16-3MR mice. These findings are 
in line with results obtained by Garrido et al. (Garrido et al., 2022), who 
treated ApoE− /− -p16-3MR mice with GCV and found no detectable dif
ferences in plaque size. In contrast, a study by Childs et al. (Childs et al., 
2016) showed that removal of p16Ink4a+-senescent cells by GCV resulted 
in a ~ 50% reduction in atherosclerotic plaque size using the same 
Ldlr− /− -p16-3MR mice and a similar period of HFC-diet feeding. How
ever, we only administered GCV to mice that received DOX and can 
therefore not rule out that beneficial effects of senescent cell clearance 
were mitigated by the presence of DOX. In addition, in a follow-up study 
Childs et al. (Childs et al., 2021) reported that senescent cells induce 
fibrous cap thinning, which was restored after treatment with the 
senolytic drug ABT-263. In contrast, in our mouse model and in the 
study of Garrido et al. (Garrido et al., 2022), necrotic core size and 
fibrous cap thickness were not affected after p16Ink4a+-senescent cell 
elimination. Together, these results indicate that genetic removal of 
p16Ink4a+-senescent cells does not alleviate the development of 
atherosclerosis. 

In conclusion, our study demonstrates that treatment of young adult 
female Ldlr− /− -p16-3MR mice with four weekly injections of 2.5 mg/kg 
DOX does not exacerbate p16Ink4a+-senescent cell accumulation or car
diometabolic disease development in response to an HFC-diet. 
Furthermore, clearance of p16Ink4a+-cells does not improve diet- 
induced metabolic disturbances in our mouse model. Therefore, we 
conclude that studies reporting a role for DOX-induced p16Ink4a- 

senescent cells in cardiometabolic disease should be interpreted with 
caution and that the impact of DOX on metabolic health warrants further 
research to understand the molecular link between cancer therapy and 
increased risk of cardiometabolic disease in cancer survivors. 
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