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Abstract

Background Chemotherapy is extensively used to treat breast cancer and is associated with skeletal muscle decondi-
tioning, which is known to reduce patients’ quality of life, treatment efficiency, and overall survival. To date, skeletal
muscle mitochondrial alterations represent a major aspect explored in breast cancer patients; nevertheless, the cellular
mechanisms remain relatively unknown. This study was dedicated to investigating overall skeletal muscle mitochon-
drial homeostasis in early breast cancer patients undergoing chemotherapy, including mitochondrial quantity, function,
and dynamics.
Methods Women undergoing (neo)adjuvant anthracycline-cyclophosphamide and taxane-based chemotherapy par-
ticipated in this study (56 ± 12 years). Two muscle biopsies were collected from the vastus lateralis muscle before
the first and after the last chemotherapy administration. Mitochondrial respiratory capacity, reactive oxygen species
production, and western blotting analyses were performed.
Results Among the 11 patients, we found a decrease in key markers of mitochondrial quantity, reaching �52.0% for
citrate synthase protein levels (P = 0.02) and �38.2% for VDAC protein levels (P = 0.04). This mitochondrial content
loss is likely explained by reduced mitochondrial biogenesis, as evidenced by a decrease in PGC-1α1 protein levels
(�29.5%; P = 0.04). Mitochondrial dynamics were altered, as documented by a decrease in MFN2 protein expression
(�33.4%; P = 0.01), a key marker of mitochondrial outer membrane fusion. Mitochondrial fission is a prerequisite for
mitophagy activation, and no variation was found in either key markers of mitochondrial fission (Fis1 and DRP1) or
mitophagy (Parkin, PINK1, and Mul1). Two contradictory hypotheses arise from these results: defective mitophagy,
which probably increases the number of damaged and fragmented mitochondria, or a relative increase in mitophagy
through elevated mitophagic potential (Parkin/VDAC ratio; +176.4%; P < 0.02). Despite no change in mitochondrial
respiratory capacity and COX IV protein levels, we found an elevation in H2O2 production (P < 0.05 for all substrate
additions) without change in antioxidant enzymes. We investigated the apoptosis pathway and found an increase in
the protein expression of the apoptosis initiation marker Bax (+72.0%; P = 0.04), without variation in the
anti-apoptotic protein Bcl-2.
Conclusions This study demonstrated major mitochondrial alterations subsequent to chemotherapy in early breast
cancer patients: (i) a striking reduction in mitochondrial biogenesis, (ii) altered mitochondrial dynamics and potential
mitophagy defects, (iii) exacerbated H2O2 production, and (iv) increased initiation of apoptosis. All of these alterations
likely explain, at least in part, the high prevalence of skeletal muscle and cardiorespiratory deconditioning classically
observed in breast cancer patients.
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Introduction

Anthracycline/cyclophosphamide-based and taxane-based
chemotherapies (CT) are commonly administered as (neo)ad-
juvant therapies to treat patients with early breast cancer.1

Adverse events related to treatments have been extensively
reported, including skeletal muscle deconditioning.2,3

Resulting from a global perturbation of muscle homeostasis,
skeletal muscle deconditioning is characterized by both struc-
tural and functional alterations that will translate into a de-
crease in muscle mass and/or force as well as an increase in
muscle fatigability.2,4,5 Skeletal muscle mitochondrial dysfunc-
tion and overall metabolic alterations represent another
important aspect of skeletal muscle deconditioning,6–8 a
maladaptation known to reduce the quality of life and
contributing to an increased overall treatment-related toxicity
that ultimately leads to a higher mortality risk.2,9–11

Currently, mitochondrial alterations have been established
as a frequent event related to muscle deconditioning in both
pre-clinical12–14 and clinical settings.15–18 In breast cancer pa-
tients, a decrease in citrate synthase activity in the vastus
lateralis muscle was observed in only one longitudinal study17

after chemotherapy exposure, reflecting a reduced mitochon-
drial content.19 When compared with healthy subjects, breast
cancer patients also displayed a substantial reduction in
mitochondrial content and size, both at intermyofibrillar and
subsarcolemmal levels, at the end of CT treatment.16 Mito-
chondrial function also seemed directly impaired by
chemotherapy. Indeed, two pre-clinical studies showed the
potent negative impact of doxorubicin on mitochondrial
respiratory capacity.12,20 As a consequence of
mitochondrial dysfunction, fragmented and damaged mito-
chondria accumulate in skeletal muscle and, in addition to be-
ing less bioenergetically efficient, produce excessive amounts
of reactive oxygen species (ROS). In pre-clinical models of
doxorubicin administration in rodents, hydrogen peroxide
(H2O2) production has been unanimously reported to be
elevated.12,14 However, there is still no clinical study available
in cancer patients to confirm this increased ROS production.

Mechanistically, previous studies highlighted altered
mitochondrial dynamics, with decreased fusion and increased
fission, leading to mitochondrial fragmentation, as observed in
pre-clinical models,21,22 and in gastric cancer patients.23 Mito-
chondrial remodelling by fission and fusion processes is
essential for the removal of damaged mitochondria through
mitophagy. In breast cancer patients, a decrease in PINK1 pro-
tein expression with no variation in Parkin protein levels was
found,17 suggesting that mitophagy was likely down-regulated
or unchanged. However, if this study provided interesting in-
sights through indirect evidence,17 no study directly investi-
gated alterations in mitochondrial dynamics in breast cancer
(neither pre-clinical nor clinical models). Another mechanism
potentially explaining the decrease in mitochondrial content
is a reduction in mitochondrial biogenesis. Indeed, RNAseq

analysis performed on breast cancer patients15,18 showed a
clear dysregulation of multiple genes implicated in overall mi-
tochondrial homeostasis, including a reduction in PGC-1α, the
master regulator of mitochondrial biogenesis.

In this context, skeletal muscle mitochondrial alterations
appear to represent a major event implicated in muscle
deconditioning and may explain the high prevalence of
cardiorespiratory deconditioning classically observed in
patients treated for early breast cancer.2 However, very few
clinical studies have been conducted to explore the underly-
ing mechanisms. Therefore, this study was dedicated to in-
vestigating overall skeletal muscle mitochondrial homeostasis
in early breast cancer patients treated by CT, including mito-
chondrial quantity, function, and dynamics.

Material and methods

Participants and study design

Patients from the Institut de Cancérologie Strasbourg Europe
(ICANS) were included in the PROTECT-03 study
(NCT04638712). All participants provided written informed
consent prior to enrolment, and the study was conducted in
accordance with both the Declaration of Helsinki and the
ethics approval received from the national ethics committee
(2020-A01266-33). The participants performed two visits,
including a muscle biopsy procedure: before the first CT
administration (pre-CT) and within 1 week after the last CT
administration (post-CT).

The eligibility criteria included non-pregnant women of at
least 18 years old with a World Health Organization perfor-
mance status of 0–2 who were diagnosed with breast cancer
treated by anthracycline-cyclophosphamide and taxane-based
(neo)adjuvant CT. Women were excluded if they had psychiat-
ric, musculoskeletal, or neurological disorders and if they had
already received chemotherapeutic agents. All patients re-
ceived steroids the day of anthracycline administration and
the two following days to prevent nausea and vomiting. The
patients did not receive nutritional support or anabolic
therapy.

Skeletal muscle biopsies

Skeletal muscle biopsy was obtained from the left vastus
lateralis muscle and performed at 62.5% between the ante-
rior superior iliac spine and the lateral condyle of the femur,
according to a well-established method24 using a 5 mm
Bergström biopsy needle under sterile conditions and local
anaesthesia (1% lidocaine). Pre-CT and post-CT biopsies were
obtained from the same leg and at the same time in the
morning. Patients were asked not to practice rigorous exer-
cise at least 24 h prior to each visit. They were also asked
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to eat the same breakfast for the two visits while sources of
proteins, caffeine, and theine were prohibited. Tissue for mi-
tochondrial respiration, H2O2, and superoxide anion produc-
tion measurements was immediately immersed in Krebs
HEPES Buffer, and tissue for western blotting analysis was im-
mediately frozen in liquid nitrogen and stored at �80°C.

Mitochondrial respiratory capacity recording

Within 1 h post-biopsy intervention, muscle was dissected,
and muscle fibres were permeabilized by incubation under
stirring for 30 min at 4°C in buffer S (CaK2EGTA 2.77 mM,
K2EGTA 7.23 mM, Na2ATP 6.04 mM, MgCl2 6.56 mM, taurine
20 mM, Na2 Phosphocreatine 12.3 mM, imidazole 20 mM,
dithiothreitol 0.5 mM, K-methane sulfonate 50 mM, pH 7.0
at 4°C) with saponin (50 μg/mL). Then, muscle fibres were
incubated under stirring for 10 min at 4°C in buffer S without
saponin. Mitochondrial oxygen respiratory capacity was
analysed using a Clark electrode in a thermostated
oxygraphic chamber at 37°C with continuous stirring
(Oxygraph-2k, Oroboros instruments, Innsbruck, Austria).
Briefly, fibres (2–3 mg wet weight) were placed in 2 mL of
buffer in an oxygraphic chamber. Then, basal oxygen con-
sumption of the complex I (CI)-linked substrate state due to
proton leakage in the presence of glutamate (10 mM) and
malate (2.5 mM) was measured. Oxidative phosphorylation
(OXPHOS) by CI was recorded after the addition of saturating
amounts of ADP (2 mM), OXPHOS by CI&CII after the addition
of succinate (25 mM), and OXPHOS by CII after the addition
of rotenone (0.5 μM). Data analysis was performed in dupli-
cate using Oxygraph-2k-DatLab software version 6.2, and re-
sults are expressed in pmol/s/mg wet weight.

H2O2 measurement

H2O2 production in saponin-skinned muscle fibres was deter-
mined with 20 μM Amplex Red (Sigma), which reacts with
H2O2 in a 1:1 stoichiometry catalysed by horseradish peroxi-
dase (HRP; 1 U/mL, Sigma) to yield the fluorescent compound
resorufin and a molar equivalent of H2O2. Fluorescence was
measured simultaneously with mitochondrial respiratory
capacity recording on the high-resolution oxygraph. Thus,
Amplex Red (20 μM) and HRP (1 U/mL) were added to the
Oroboros chambers at the beginning of the experiment. The
results are expressed in pmol/s/mg wet weight.

Superoxide anion measurement

Electron paramagnetic resonance (EPR) was performed to
determine the production of superoxide anions using the
specific spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine hydrochloride (CMH). Minced muscle

samples were washed twice with Krebs HEPES Buffer
containing 25 μM deferoxamine and 5 μmol/L
diethyldithiocarbamate (DETC) to minimize CMH auto-oxida-
tion. Then, samples were incubated in a plate at 37°C with
CMH (200 μM) for 30 min under 20 mmHg oxygen partial
pressure (mimicking physiological conditions) using a gas
controller (Noxygen Sciences Transfer). Supernatant (40 μL)
was injected in a disposable capillary tube and placed in an
E-SCAN benchtop EPR spectrometer (Bruker-Biopsin,
Rheinstetten, Germany) at 15°C. Detection of ROS unpaired
electrons was conducted under the following EPR settings:
centre field 3461.144 g, microwave power 21.85 mW, modu-
lation amplitude 2.40 g, sweep time 5.24 s (10 scans), sweep
width 60 g, and number of lag curve points 1. Tissues were
finally dried at 150°C for 15 min. Superoxide anion produc-
tion analysis were performed in duplicate using Bruker
BioSpin WinEPR Spectrometer Software version 4.5, and re-
sults are expressed in μmol/min/mg dry weight.

Western blotting and antibodies

Muscle samples were homogenized in 10 volumes of lysis
buffer [50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM egtazic
acid, 1 mM EDTA, 100 mM NaF, 5 mM Na3VO4, 1% Triton X-
100, 1% sodium dodecyl sulfate (SDS), 40 mM β-glycerophos-
phate, and protease inhibitor mixture (P8340; Sigma–Aldrich)]
and centrifuged at 10 000g for 10 min (4°C), as in the studies
of Pagano et al.25 and Arc-Chagnaud et al.26 Forty micrograms
of protein extracts was loaded into 5–15% SDS-polyacrylamide
gels and transferred onto nitrocellulose or PVDF membranes
(iBlot 2 Dry Blotting System, Invitrogen). The membranes were
blocked for 1 h at room temperature with 50 mM Tris–HCl
(pH 7.5), 150 mM NaCl, and 0.1% Tween 20 (TBS-T) containing
5% skimmed milk. The membranes were incubated overnight
at 4°C with the following primary antibodies: anti-4-HNE
(Abcam, AB46545, 1:4000), anti-Bax (Santa Cruz, Sc-7480,
1:100), anti-Bcl-2 (Santa Cruz, Sc-7382, 1:200), anti-catalase
(Genetex, GTX110704, 1:1000), anti-citrate synthase (Santa
Cruz, Sc-390693, 1:200), anti-caspase 3 (Thermo Fisher
Scientific, MA1-91637, 1:500), anti-COX IV (Santa Cruz,
Sc-376731, 1:200), anti-p-DRP1 (Ser616, Cell Signalling,
#34555, 1:1000), anti-DRP1 (Cell Signalling, #5391S, 1:1000),
anti-p-eiF2α (Ser 51, Cell Signalling, #9722S, 1:1000), anti-
eiF2α (Cell Signalling, #3398S, 1:1000), anti GPx1 (Thermo
Fisher Scientific, PA5-26323, 1:1000), anti-Fis1 (Santa Cruz,
Sc-376447, 1:200), anti-MNF1 (Thermo Fisher Scientific,
PA5-38042, 1:1000), anti-MFN2 (Santa Cruz, Sc-100,560,
1:200), anti-Mul1 (Abcam, AB209263, 1:1000), anti-p-p38
MAPK (Thr180/Tyr182, Cell Signalling, #9211, 1:1000), anti-
OPA1 (Thermo Fisher Scientific, MA5-16149, 1:1000) anti-
p38 MAPK (Cell Signalling, #9212 1:1000), anti-p-p53
(Ser15, Cell Signalling, #9286S, 1:1000), anti-p53 (Cell Signal-
ling, #2524S, 1:1000), anti-Parkin (Abcam, AB77924, 1:2000),
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anti-PINK1 (Thermo Fisher Scientific, PA1-16604, 1:500),
PGC-1α1 (Millipore, AB3242, 1:1000), anti-SOD2 (Genetex,
GTX116093, 1:1000), and anti-VDAC (Santa Cruz, Sc-390996,
1:200). Then, the membranes were washed three times with
TBS-T and incubated with anti-rabbit (Cell Signalling, 1:4000
#7074S) or anti-mouse (Cell Signalling, 1:4000 #7076S) sec-
ondary antibodies at room temperature for 1 h. The blots
were revealed using a Pierce ECL kit (Thermo Fisher Scien-
tific) or SupraSignal Femto kit (Thermo Fisher Scientific),
and proteins were visualized by enhanced chemilumines-
cence (iBright 1500 Imaging System, Invitrogen) and quanti-
fied with the ImageJ Software (version 1.8.0). Ponceau
coloration was used as the loading control.

Carbonylated protein determination

As described by Arc-Chagnaud et al.,26 we determined
carbonylated protein levels through immunoblot detection
using an ‘OxyBlot’ protein oxidation kit (Millipore, MA, USA)
according to the manufacturer’s instructions. Total protein
carbonyls were visualized by enhanced chemiluminescence
(iBright 1500 Imaging System, Invitrogen) and quantified with
the ImageJ software (version 1.8.0). Ponceau coloration was
used as the loading control.

Sample size calculation and statistical analysis

Based on the study of Mijwel et al.17 showing a 30% (±30%)
decrease in mitochondrial content (through indirect mea-
surement) in breast cancer patients after chemotherapy
treatment, we predicted a similar decrease in our study. We
chose VDAC protein levels as marker of mitochondrial
content27,28 and calculated our sample size with an effect size
of 1.2, an α risk of 0.05 and a 1-β risk of 0.95. We found a to-

tal of 10 patients to include, and considering a 30% dropout,
we finally enrolled 13 patients.

The Shapiro–Wilk test was used to check the data normal-
ity. Appropriate parametric or non-parametric analyses were
then performed (t-test or Wilcoxon tests, respectively) to
compare pre-CT and post-CT variables. Statistical significance
was set at P < 0.05, and all values are expressed as the
mean ± standard deviation (SD). Statistical analyses and
graphs were made with the GraphPad Prism 6 software.

Results

Patient characteristics

A total of 25 patients were screened, and 13 patients were
included in the study (Figure 1). Participants’ characteristics
are shown in Table 1. Two patients were unwilling to undergo
the second muscle biopsy, and they were excluded from the
analysis. No adverse events of special interest occurred over
chemotherapy. No clinical adverse events were reported
following the investigational biopsy process. All samples were
assessable for biological tests as scheduled. Pre-CT, the
time-point for biopsy collection was 5 ± 6 days (all biopsies
were performed before the first CT administration). Post-CT,
namely, after 18 ± 1 weeks of treatment by CT, the
time-point collection was 7 ± 3 days.

Mitochondrial loss and reduced biogenesis

We found an important decrease in key markers of mitochon-
drial quantity, reaching �52% for citrate synthase protein
levels (P = 0.02; Figure 2A) and �38% for VDAC protein levels
(P = 0.04; Figure 2B). We therefore measured PGC-1α1 pro-
tein levels and found a reduction in its protein expression
(�29.5%; P = 0.04; Figure 2C).

Figure 1 Flow chart of the participants.
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Mitochondrial dynamics and mitophagy

Mitochondrial dynamics were impaired, as showed by an
important decrease in MFN2 protein expression (�33.4%;
P = 0.01; Figure 3A), a key marker of mitochondrial outer
membrane fusion, while MFN1 protein levels were unchanged
(P = 0.1 and P = 0.6 for the 85 and 71 kDa isoforms, respec-
tively, Figure 3B). Regarding OPA1, a marker of mitochondrial
inner membrane fusion, we detected the long form (L-OPA1)
and three short isoforms (S1, S2, and S3).29 We only found a
decrease in S3-OPA1 (�32.8%; P = 0.04) while the other iso-
forms remained stable (P > 0.05; Figure 3C). The mitochon-
drial fission process, investigated through Fis1 (P = 0.9; Figure
3D) and DRP1 (P = 0.9; Figure 3E) protein levels, remained un-
changed. We also did not find any variations in Parkin (P = 0.2;
Figure 3F) or PINK1 (P = 0.3; Figure 3G) protein levels, both es-
sential proteins of the mitophagy process. Mul1, a mitochon-
drial E3 ubiquitin protein ligase implicated in the initiation of
mitophagy, remained stable (P = 0.6; Figure 3H), emphasizing
that mitophagy seemed to be unchanged in pre-CT vs. post-
CT. However, we found an increase in mitophagic potential,
reflected by the ratio of Parkin/VDAC (+176.4%; P = 0.02;
Figure 3I) protein levels.30

Mitochondrial respiration and reactive oxygen
species production

We found no variation in the mitochondrial respiratory ca-
pacity for all complexes investigated between pre-CT and
post-CT (P > 0.05 for all substrate additions; Figure 4A and

Table 1 Participants characteristics

Participants characteristics n = 11

Characteristic (mean ± SD)
Age (year) 56 ± 12
Body mass pre-CT (kg) 75 ± 16
Body mass post-CT (kg) 74 ± 15
Body mass index pre-CT (kg/m2) 29 ± 7
Body mass index post-CT (kg/m2) 29 ± 6

WHO performance status pre-CT (n)
0 9
1 2

WHO performance status post-CT (n)
0 9
1 2

Tumour SBR grade (n)
I 1
II 4
III 6

Tumour stage (n)
1 2
2 4
3 5

Tumour type (n)
Triple negative 3
Luminal (A/B) 5
HER2-positive 3

Treatment setting (n)
Adjuvant 6
Neo-adjuvant 5

Chemotherapy regimen (n)
Anthracycline-cyclophosphamide followed

by paclitaxel
8

Anthracycline-cyclophosphamide
followed by paclitaxel + trastuzumab

3

CT, chemotherapy; HER2, human epidermal growth factor receptor
2; SBR, Scarff-Bloom-Richardson; WHO, World Health Organization
performance status.

Figure 2 Changes in key markers of mitochondrial quantity and mitochondrial biogenesis. Citrate synthase (A), VDAC (B), and PGC-1α1 (C) protein
levels from vastus lateralis muscle biopsies taken before (pre-CT) and after (post-CT) breast cancer chemotherapy (CT). Above each panel, western
blots from two representative subjects are displayed. All values are expressed as the mean ± SD (N = 11). *P < 0.05.
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4B), demonstrating that O2 consumption was not altered by
CT. Similarly, we did not observe any variation in COX IV pro-
tein levels (Figure 4C). Importantly, we found a significant
elevation in H2O2 produced at all stages of the experiment
between pre-CT and post-CT (Figure 4D and 4E), with
increases in H2O2 levels for the CI-linked substrate state
(+26.8%; P = 0.001), OXPHOS by CI (+16.7%; P = 0.009), CI&CII
(+23.9%; P = 0.002), and CII (+21.8%; P = 0.02). We also
reported a 21% decrease in superoxide anion production
(P = 0.02; Figure 4F), which is consistent with the H2O2 pro-
duced due to superoxide anion dismutation. Despite an in-
crease in H2O2 production, we observed no significant change
in the lipid peroxidation marker 4-HNE (P = 0.18; Figure 4G)
or in the total carbonylated protein levels (P = 0.68; Figure
4H). Interestingly, the protein levels of the antioxidant
enzymes SOD2 (P = 0.8; Figure 4I), catalase (P = 0.4; Figure
4J), and GPx1 (P = 0.7; Figure 4K) were also unchanged be-
tween pre-CT and post-CT. Additionally, H2O2 downstream
signalling was not upregulated post-CT, as evidenced by eIF2α
(P = 0.30, Figure 4L), p38 MAPK (P = 0.63, Figure 4M), and
p53 (P = 0.21, Figure 4N).

Induction of the apoptosis process

We investigated apoptosis, the programmed cell death
process, which is mainly regulated by mitochondria.31 An in-
crease in the protein levels of the proapoptotic marker Bax
was found (+72.0%; P = 0.04; Figure 5A), whereas the protein
levels of the antiapoptotic marker Bcl-2 remained stable
(P = 0.3; Figure 5B) between pre-CT and post-CT. However,

the increased active (cleaved)-caspase 3/pro-caspase 3 ratio
did not reach significance (+68.8%; P = 0.1; Figure 5C).

Discussion

The aim of this study was to identify the cellular mechanisms
involved in skeletal muscle mitochondrial homeostasis
alterations in patients treated for early breast cancer through
(neo)adjuvant chemotherapy. Chemotherapy treatment
definitively reduced mitochondrial content and biogenesis,
impaired mitochondrial dynamics and mitophagy, increased
H2O2 production, as well as initiated apoptosis as a response
to global mitochondrial homeostasis disruption (Figure 6).

Reduced mitochondrial content and biogenesis

We first confirmed that early breast cancer patients undergo-
ing chemotherapy significantly lost mitochondria. Indeed, we
found a substantial decrease in both citrate synthase and
VDAC protein levels, two key markers of mitochondrial
quantity.26,28,32 These results confirmed previous investiga-
tions showing reduced mitochondrial content in breast can-
cer patients at the end of their treatment compared with
healthy matched controls16 and a decrease in citrate synthase
activity in patients during CT.17 This mitochondrial loss ap-
pears to be a strong maladaptation consecutive to breast can-
cer and its treatment. Importantly, mitochondrial biogenesis
(investigated through PGC-1α1 protein levels) was only inves-
tigated, to date, in pre-clinical models.21,22,28,33 In this clinical
study, we documented a significant decrease in PGC-1α1 pro-

Figure 3 Changes in protein markers of mitochondrial dynamics and mitophagy. MFN2 (A); MFN1 85 and 71 kDa isoforms (B); OPA1 isoforms: L, S1, S2,
and S3 (C); Fis1 (D); p-DRP1 (Ser616)/DRP1 (E); Mul1 (F); Parkin (G); PINK1 (H); and Parkin/VDAC (I) protein levels from vastus lateralis muscle biopsies
taken before (pre) and after (post) breast cancer chemotherapy (CT). Above each panel, western blots from two representative subjects are displayed.
All values are expressed as the mean ± SD (N = 11). *P < 0.05.

Chemotherapy affects mitochondria in breast cancer patients 1901

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1896–1907
DOI: 10.1002/jcsm.12991



1902 J. Mallard et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1896–1907
DOI: 10.1002/jcsm.12991



tein levels, suggesting that the chemotherapy-induced loss of
mitochondria is explained, at least in part, by a reduction in
mitochondrial biogenesis.

Impaired mitochondrial dynamics and the
mitophagy paradox

The processes of mitochondrial fusion and fission form a
delicate balance that results in highly dynamic structures.7

In the present study, we did not report any change in two
different fission markers (Fis1 and DRP1). However, we found
a significant decrease in the mitochondrial fusion marker
MFN2 without any change in MFN1 protein levels,
documenting a dysregulation in the outer-membrane fusion
process balance. If L-OPA1 protein levels were unchanged,
suggesting that inner membranes fusion was preserved,34

the coordination between outer and inner membranes fusion
is needed to result in healthy mitochondria35 and, altogether,
our results suggest that the fusion process was impaired
post-CT. Only documented in pre-clinical models of other
cancers21,22 and in gastric cancer patients,23 this impaired
fusion process may indicate an overall altered mitochondrial

dynamics, leading to fragmented mitochondria.21,33 This
postulate is further supported by the reduction found in
S3-OPA1 protein levels, which has been previously reported
to cause mitochondrial fragmentation.36 Mitophagy repre-
sents an essential process to remove fragmented and dam-
aged mitochondria, and we found no change in the protein
levels of different key markers (Parkin, PINK1, and Mul1).
Consequently, two contradictory hypotheses can be sug-
gested: defective mitophagy or a relative increase in
mitophagy. The first hypothesis, most likely intuitive, is that
the mitophagy process is defective in breast cancer patients
undergoing CT. Indeed, the altered mitochondrial dynamics
and the presumably increased number of damaged mito-
chondria should have led to the activation of the mitophagy
process to remove these dysfunctional mitochondria. This
hypothesis is strengthened by studies emphasizing that
mitophagy is dysfunctional in cancer cachexia through a
decrease in PINK1 or Parkin levels.12,17,23,37 In contrast, the
second hypothesis is based on an increase in the relative ac-
tivity of the mitophagy process. While we and others16,17

found a substantial decrease in mitochondrial content, the
same amount of mitophagy should result in an increased
mitophagic potential, reflected by the ratio between Parkin

Figure 5 Changes in protein markers of apoptosis induction. Bax (A), Bcl-2 (B), and active/pro-caspase 3 (C) protein levels from vastus lateralis muscle
biopsies taken before (pre) and after (post) breast cancer chemotherapy (CT). Above each panel, western blots from two representative subjects are
displayed. All values are expressed as the mean ± SD (N = 11). *P < 0.05.

Figure 4 Changes in mitochondrial respiration, reactive oxygen species production, and redox signalling protein markers. Mitochondrial respiratory
capacity quantification (A), and associated mean representative curves (B), for CI-linked substrate state, OXPHOS by CI, OXPHOS by CI&CII, and OXPHOS
by CII on permeabilized fibres from vastus lateralis muscle biopsies taken before (pre) and after (post) breast cancer chemotherapy (CT). COX IV (C)
protein levels in pre-CT vs. post-CT. H2O2 production quantification (D), and associated mean representative curves (E), for CI-linked substrate state,
OXPHOS by CI, OXPHOS by CI&CII, and OXPHOS by CII in pre-CT vs. post-CT permeabilized fibres. Superoxide anion measurement (F) through electron
paramagnetic resonance in pre-CT vs. post-CT minced muscle samples. 4-HNE (G), total carbonylated (H), SOD2 (I), catalase (J), GPx1 (K), p-eIF2α
(Ser51)/eIF2α (L), p-p38 MAPK (Thr180/Tyr182)/p38 MAPK (M) and p-p53 (Ser15)/p53 (N) protein levels in pre-CT vs. post-CT. Above each panel with
western blot analyses, two representative subjects are displayed. All values are expressed as the mean ± SD (N = 11). *P < 0.05; **P < 0.01;
***P < 0.001; CI: complex I; CII: complex II; OXPHOS: oxidative phosphorylation.

Chemotherapy affects mitochondria in breast cancer patients 1903

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1896–1907
DOI: 10.1002/jcsm.12991



and VDAC protein levels.12,30,38 This ratio was dramatically
increased in our study, suggesting a relative increase in
mitophagy per mitochondrion. However, this ratio alone is
only indicative and the localization of Parkin should be
determined, considering that cytosolic p53 can sequester
Parkin and disturbs its translocation, leading to a reduced
mitophagy, and promoting the accumulation of damaged
mitochondria.39,40 These two hypotheses contradict each
other and reflect the need to better understand mitochon-
drial dynamics and mitophagy in breast cancer patients.

Unchanged mitochondrial respiratory capacity and
increased reactive oxygen species production

Since we found an alteration in mitochondrial content, biogen-
esis, and dynamics, we next investigated mitochondrial func-

tion and ROS production. We first measured COX IV protein
levels, an essential protein implicated in the electron transport
chain, and found no variation in its expression. We then ex-
plored mitochondrial respiratory capacity and also found no
change from pre- to post-CT. While mitochondrial function
seems to be preserved, we found an increase in H2O2 produc-
tion levels and expanded, in cancer patients, previous results
obtained in pre-clinical models after CT administration.22,41,42

Although excessive ROS production is classically associated
with impaired mitochondrial respiratory capacity,7 a significant
increase in H2O2 without any change in mitochondrial respira-
tory capacity at 4 weeks of anthracycline-based CT treatment
was previously shown in mice.12 In the same study, a decrease
in mitochondrial respiratory capacity was observed 12 weeks
after the last CT administration, highlighting that CT may in-
duce a long-term, and not a short-term, impairment of skeletal
muscle mitochondrial respiration. Therefore, by extrapolating

Figure 6 Summary of the mitochondrial alterations observed in early breast cancer patients undergoing chemotherapy. Through the analysis of vastus
lateralis muscle biopsies taken before (pre) and after (post) breast cancer chemotherapy (CT), we identified an increased mitochondrial loss (grey box)
that may be explained by a decrease in PGC-1α1 protein levels, reflecting a reduced mitochondrial biogenesis process (in blue). Mitochondrial dynam-
ics (in red) were also impaired, as evidenced by a dysregulation in the fusion process, mediated by a decrease in the mitochondrial outer membrane
fusion marker MFN2, without any change in MFN1 and OPA1. No change was observed in fission markers (Fis1 and DRP1), indicating a dysregulation in
the mitochondrial fusion/fission balance. These alterations are likely leading to the accumulation of fragmented and damaged mitochondria (rose-
coloured mitochondria), corroborated by the accumulation of S3-OPA1 isoform. As a consequence, fragmented and damaged mitochondria accumu-
late in skeletal muscle and produce excessive amounts of reactive oxygen species such as H2O2 (in orange). As mentioned above, we found no change
in mitochondrial fission, a prerequisite step for the activation of mitophagy. Despite the absence of change in the expression of different mitophagy
markers (Parkin, PINK1, and Mul1; in green), two contradictory hypotheses arise from these results: defective mitophagy (Hypothesis 1) or a relative
increase in mitophagy (increased mitophagic potential reflected by the Parkin/VDAC ratio; Hypothesis 2). Antioxidant enzyme (in orange), lipid perox-
idation (in brown), and carbonylated protein levels (in yellow) were unchanged. However, we found a large increase in Bax protein levels, a
proapoptotic protein that initiates apoptosis, and no change was observed for Bcl-2, its antiapoptotic counterpart (in black). While several
pre-clinical studies found increased levels in the active (cleaved)-caspase 3/pro-caspase 3 ratio, the slight increase observed in our study did not reach
significance (in black dotted line).
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these results from mice to patients, the reduction in mitochon-
drial respiratory capacity might not develop immediately but
would rather appear in the following weeks after CT comple-
tion. Further studies are needed to confirm this hypothesis
and explore the extent of the severity and duration of
mitochondrial dysfunction after CT.

In addition to excessive H2O2 production, a decrease in su-
peroxide anion levels was observed. This could be explained
by the dismutation of superoxide anion in the presence of
SOD2, an important ROS scavenger. While Mijwel et al.17

observed an increase in SOD2 protein expression after CT,
we did not find any variation in our study. This discrepancy
may be explained by the later time point of post-CT biopsy
collection in our study. Indeed, our post-CT measurement
was performed ~7 days after the last CT to prevent any acute
effect of CT, whereas Mijwel et al.17 performed the post-CT
biopsy 24 to 72 h after CT. Together with the fact that we
cannot exclude an increase in SOD2 enzymatic activity
without any change in its protein levels, the biopsy
time-point collection may explain the difference found in
SOD2 protein levels. This may provide a reason for the
absence of variation in key H2O2 downstream signalling
pathways (eIF2α, p38 MAPK, and p53). Indeed, these proteins
were likely up-regulated and/or phosphorylated acutely after
CT, as demonstrated in rodent studies with CT
administration.33,43

Altered oxidative balance without oxidative
damage: A matter of reactive oxygen species
production intensity?

Mitochondria have been identified as the main ROS genera-
tors in muscle cells,7 and considering the ‘double-edged
sword’ nature of ROS, excessive levels of ROS production
may induce oxidative stress and produce adverse modifica-
tions to cell components (DNA, proteins, and lipids). Under
normal conditions, antioxidant defences and ROS counterbal-
ance each other to maintain adequate oxidative balance and
preserve cells against these oxidative damages. In this study,
we then explored key antioxidant enzymes (catalase and
GPx1) and found no increase in their protein expression.
Therefore, there is an altered oxidative balance in breast
cancer patients undergoing CT, potentially resulting in an in-
creased oxidative stress. In this context, we investigated both
lipid peroxidation marker 4-HNE and carbonylated protein
levels and found no change from pre-CT to post-CT. These re-
sults strongly emphasize that this increase in ROS production,
7 days after CT completion, might not be intense enough to
induce oxidative stress and produce oxidative damages to
proteins and lipids. However, two pre-clinical studies demon-
strated increased lipid peroxidation and carbonylated pro-
teins levels 24 and 48 h after doxorubicin administration,44,45

showing that oxidative damage may occur in the early stages

after CT administration. Differences in ROS production inten-
sity might represent an explanation to these discrepancies.
Indeed, we found a 22% increase in H2O2 levels 7 days after
the last CT administration while others showed larger
increases (more than 100%) 2 and 24 h20 as well as 48 h45

after CT administration in rodents, indicating that ROS
production intensity appears essential and might underlie
the dose–response effect on oxidative stress damage. We
therefore cannot exclude the possibility that breast cancer
patients experienced substantial ROS production during their
treatment, and consequently oxidative stress-related cellular
damage, but further studies are needed in order to explore
this hypothesis.

Increased apoptosis initiation as a response to
global mitochondrial homeostasis disruption

We finally investigated the apoptosis pathway, a process
mainly controlled by mitochondria,31 an organelle that we
found to be substantially disrupted in breast cancer patients
after CT. We found a significant increase in the protein levels
of Bax, a proapoptotic protein that initiates apoptosis, and no
change in Bcl-2, its antiapoptotic counterpart. Surprisingly,
the initiation of apoptosis was not associated with an in-
crease in active/pro caspase 3 protein level ratio (P = 0.1),
which did not fully support the idea of an overactivated
apoptosis pathway in breast cancer patients undergoing CT.
Considering that many pre-clinical studies documented an
overactivated apoptosis pathway,2 further studies are needed
to explore apoptosis in breast cancer patients skeletal
muscle.

Conclusions

This clinical study, conducted in early breast cancer patients
undergoing chemotherapy, highlighted severe skeletal
muscle alterations. Specifically, this study identified four
major mitochondrial alterations: (i) a striking reduction in
the mitochondrial biogenesis marker PGC-1α1, (ii) altered
mitochondrial dynamics through weakened fusion process
and potential mitophagy defects, (iii) exacerbated
mitochondria-mediated H2O2 production, and (iv) an initia-
tion of the apoptosis pathway. All of these alterations likely
explain, at least in part, the high prevalence of cardiorespira-
tory deconditioning classically observed in breast cancer
patients.2 Therefore, the characterization of mitochondrial
alterations may help researchers and clinicians identify
appropriate therapeutic interventions to counteract skeletal
muscle deconditioning.
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