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Abstract

Background Chemotherapy induces a cachectic-like phenotype, accompanied by skeletal muscle wasting, weakness
and mitochondrial dysfunction. Peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC1α), a reg-
ulator of mitochondrial biogenesis, is often reduced in cachectic skeletal muscle. Overexpression of PGC1α has yielded
mixed beneficial results in cancer cachexia, yet investigations using such approach in a chemotherapy setting are lim-
ited. Utilizing transgenic mice, we assessed whether overexpression of PGC1α could combat the skeletal muscle conse-
quences of cisplatin.
Methods Young (2 month) and old (18 month) wild-type (WT) and PGC1α transgenic male and female mice (Tg)
were injected with cisplatin (C; 2.5 mg/kg) for 2 weeks, while control animals received saline (n = 5–9/group). Ani-
mals were assessed for muscle mass and force, motor unit connectivity, and expression of mitochondrial proteins.
Results Young WT + C mice displayed reduced gastrocnemius mass (male: �16%, P < 0.0001; female: �11%,
P < 0.001), muscle force (�6%, P < 0.05, both sexes), and motor unit number estimation (MUNE; male: �53%,
P < 0.01; female: �51%, P < 0.01). Old WT + C male and female mice exhibited gastrocnemius wasting (male:
�22%, P < 0.05; female: �27%, P < 0.05), muscle weakness (male: �20%, P < 0.0001; female: �17%, P < 0.01),
and loss of MUNE (male: �82%, P < 0.01; female: �62%, P < 0.05), suggesting exacerbated cachexia compared with
younger animals. Overexpression of PGC1α had mild protective effects on muscle mass in young Tg + C male only (gas-
trocnemius: +10%, P < 0.05); however, force and MUNE were unchanged in both young Tg + C male and female, sug-
gesting preservation of neuromuscular function. In older male, protective effects associated with PGC1α overexpression
were heighted with Tg + C demonstrating preserved muscle mass (gastrocnemius: +34%, P < 0.001), muscle force
(+13%, P < 0.01), and MUNE (+3-fold, P < 0.05). Similarly, old female Tg + C did not exhibit muscle wasting or re-
ductions in MUNE, and had preserved muscle force (+11%, P < 0.05) compared with female WT + C. Follow-up mo-
lecular analysis demonstrated that aged WT animals were more susceptible to cisplatin-induced loss of mitochondrial
proteins, including PGC1α, OPA1, cytochrome-C, and Cox IV.
Conclusions In our study, the negative effects of cisplatin were heighted in aged animals, whereas overexpression of
PGC1α was sufficient to combat the neuromuscular dysfunction caused by cisplatin, especially in older animals. Hence,
our observations indicate that aged animals may be more susceptible to develop chemotherapy side toxicities and that
mitochondria-targeted strategies may serve as a tool to prevent chemotherapy-induced muscle wasting and weakness.
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Introduction

Despite recent progress, cancer remains a clinical concern,
with nearly two million new cases and over 600 000 deaths
expected in 2022 in the USA alone.1 As many as 80% of can-
cer patients will develop cachexia, a multi-organ wasting syn-
drome, thought to be the ultimate cause of death in nearly
30% of cases.2,3 Besides skeletal muscle wasting and weak-
ness, development of cachexia can also impair patients’ func-
tional abilities, reduce treatment tolerance, and lower overall
survival.4,5 Unfortunately, anticancer regimens have robust
off-target effects and are known to promote a cachexia-like
phenotype. Indeed, we and others have shown that chemo-
therapy, including cisplatin, directly promotes loss of body
weight, muscle mass and strength, as well as motor unit
connectivity.6–11 Unfortunately, no approved treatment op-
tions exist to combat this debilitating co-morbidity of cancer
or to counteract anti-cancer treatment toxicities.

We and others have suggested that cancer and chemother-
apy can promote mitochondrial abnormalities, which in turn
promote skeletal muscle dysfunction in cachexia.6,12–14 The
regulator of mitochondrial biogenesis, peroxisome
proliferator-activated receptor-gamma coactivator-1 alpha
(PGC1α), has received much attention with respect to cancer
cachexia, with genetic PGC1α muscle overexpression yielding
mixed results in experimental C26-induced and LLC-induced
cachexia.15–17 While the effectiveness of targeting PGC1α in
cancer-induced cachexia is up for debate, less is known with
respect to counteracting chemotherapy-induced muscle
wasting and weakness.

While few studies have investigated mitochondrial strate-
gies to counteract chemotherapy-induced muscle dysfunc-
tions, even less have considered the potential differences
that sex or age may have on cachexia. For example, evidence
suggests that male cancer patients have higher prevalence of
cachexia, though few experimental investigations have car-
ried out phenotypic differences in response to cancer or
chemotherapy.18 Regarding age, and given the rarity of can-
cer in young individuals, it has recently been suggested that
experimental cancer cachexia research should incorporate
older, age-appropriate animals, instead of young adult mice
up to 14 weeks of age, as in the case of the widely used
C26 or LLC mouse models.19,20 Moreover, few studies have
examined phenotypic cachexia differences between younger
and older animals. Interestingly, recent work suggests that
older animals may be more susceptible to cancer-induced ca-
chexia compared with younger animals, yet whether this also
occurs with chemotherapy is unknown.21

While most cachexia investigations have placed emphasis
on combating muscle mass, recent work has suggested that
loss of skeletal muscle function precedes muscle wasting,
demonstrating a greater need for assessing the occurrence
and mechanisms of muscle weakness in cachexia.22,23 Along
these lines, work from our group and others recently re-

ported indices of functional denervation in models of
cancer-induced and chemotherapy-induced cachexia.9,24 In
particular, we demonstrated that both tumours and
anti-cancer drugs promote reductions in the number of func-
tionally connected motor units, and that the loss of motor
unit number estimation (MUNE) is associated with skeletal
muscle wasting and weakness.9 Interestingly, mitochondrial
function has known roles in the maintenance of neuromuscu-
lar junctions (NMJs), yet whether overexpression of skeletal
muscle PGC1α is sufficient to preserve motor unit connectiv-
ity in the presence of chemotherapy is unknown.25–27

In the present study we carried out phenotypic assess-
ments in response to cisplatin treatment of young and old,
male and female wild-type (WT) or transgenic mice overex-
pressing skeletal muscle PGC1α (Tg). Utilizing a battery of
tests, we assessed cisplatin-induced alterations in body
weight, lean and fat mass, in vivo and ex vivomuscle function,
and electrophysiological parameters. Our present findings
suggest that cisplatin induces a cachectic-like phenotype in
both male and female mice, which is exacerbated in older an-
imals. Despite having mild effects on muscle mass in young
animals, overexpression of PGC1α proved effective in com-
bating cisplatin-induced loss of muscle function and motor
unit connectivity. Such protection was even greater in older
animals, likely due to the substantial loss of muscle mito-
chondrial proteins caused by cisplatin in this experimental
group.

Methods

Animals

Use of animals for all experimental studies was approved
by the Institutional Animal Care and Use Committee at In-
diana University School of Medicine and was in compliance
with the National Institutes of Health Guidelines for Use
and care of Laboratory Animals and with the 1964 Declara-
tion of Helsinki and its later amendments. Young (2 months)
and old (18 months) male and female WT C57BL/6J or
C57BL/6-Tg (Ckm-Ppargc1a)31Brsp/J (mPGC1α: referred to
as Tg throughout the manuscript; The Jackson Laboratory,
Bar Harbour, ME, USA) were used in separate experiments
and divided into four experimental groups (n = 5–9/group):
WT administered intraperitoneal injections of sterile saline;
WT administered cisplatin [(WT + C) 2.5 mg/kg; nine total
injections] in sterile saline; Tg administered intraperitoneal
injections of sterile saline; Tg administered intraperitoneal
injections of cisplatin [(Tg + C) 2.5 mg/kg; nine total injec-
tions] in sterile saline (Supporting Information, Figure
S1).7,9 At time of euthanasia, skeletal muscles were har-
vested, weighed, and snap frozen in liquid nitrogen and
stored at �80°C for further studies.
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Body composition

All experimental animals were assessed for lean and fat mass
(i.e. body composition) at baseline, 1 week post treatment,
and the day before sacrifice in un-anaesthetized physically re-
strained manner via Echo medical systems’ EchoMRI-100
(EchoMRI, Houston, USA), as carried out previously.6

Muscle contractility

In order to assess changes in strength upon cisplatin treat-
ment, animals underwent in vivo plantarflexion torque as-
sessment (Aurora Scientific Inc, Canada) at baseline and
2 days prior to sacrifice as carried out previously.9 Peak twitch
torque was established to determine maximal stimulus inten-
sity (< 1.5 mA) and torque was assessed at 100 Hz (0.2 ms).
At time of sacrifice, extensor digitorum longus (EDL) muscles
were dissected, and tendons were sutured to stainless-steel
hooks to assess whole-muscle contractility.9 Force frequency
relationships of the EDL were then assessed via a
supramaximal frequency stimulation protocol (10, 25, 40,
60, 80, 100, 125, and 150 Hz for 350 ms). Following comple-
tion of the force frequency protocol, muscles rested for 5 min
and then underwent a 60-contraction fatiguing protocol at
60 Hz (every 3 s). All in vivo and ex vivo force data was col-
lected and subsequently analysed using Dynamic Muscle Con-
trol/Data Acquisition and Dynamic Muscle Control Data Anal-
ysis programs (Aurora Scientific).

In vivo electrophysiology

Electrophysiological functional assessment was performed on
the triceps surae muscles in anaesthetized mice 1 day before
sacrifice using the Sierra Summit 3–12 Channel EMG (Cadwell
Laboratories Incorporated, Kennewick, WA, USA), as carried
out previously.9 Supramaximal stimulations (continuous cur-
rent: <10 mA; pulse duration: 0.1 ms) were used to obtain
peak-to-peak and baseline-to-peak compound muscle action
potentials (CMAP). An incremental stimulation technique9

was used to obtain peak-to-peak single motor unit (SMUP)
potentials. CMAP amplitudes (baseline-to-peak) were used
for comparison between experimental groups, and MUNE
was determined by the following equation: MUNE = CMAP
amplitude (peak-to-peak)/average SMUP (peak-to-peak).

Western blotting

Quadriceps muscles (~50 mg) were homogenized on ice, pro-
tein was extracted, and samples were prepared for western
blotting as performed previously.9 Extracted proteins
(30 μg) were electrophoresed, transferred onto nitrocellulose

membranes, and prepared for antibody incubations as car-
ried out previously.9 Antibodies used were PGC1α
(#AB3242) from MilliporeSigma (Burlington, MA, USA);
OPA1 (#80471), Mitofusin-2 (#9482), VDAC (#4866),
cytochrome-C (#11940) and Cox IV (#4844) from Cell Signal-
ling Technologies (Danvers, MA, USA); and α-Tubulin
(#12G10) from Developmental Studies Hybridoma Bank (Iowa
City, IA, USA). Membranes were then incubated with either
anti-rabbit IgG (H + L) DyLight 800 or anti-mouse IgG (H + L)
DyLight 680 secondary antibodies (Cell Signalling Technolo-
gies, Danvers, MA, USA), and analysed with Odyssey’s Infra-
red Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
Total proteins were normalized to the tubulin loading control.

Statistics

Two-way analysis of variance (ANOVA) tests, with genotype
and treatment factors, were performed to determine differ-
ences between age and sex-matched experimental groups.
Separate two-way ANOVA tests were performed within WT
groups to determine age-dependent effects of cisplatin treat-
ment. Post-hoc comparisons were accomplished via a Tukey’s
test, with statistical significance set a priori at P ≤ 0.05. If nor-
mality and heteroscedasticity tests failed, main effect statis-
tics were reported and Student’s t-test pairwise comparisons
were used to determine differences within genotypes. This
was the case for nearly all western blotting data as Tg animals
were consistently displaying robust increases in mitochon-
drial proteins. All statistics were performed using GraphPad
Prism 8.4.1 and data are presented as means ± SD.

Results

Cisplatin exacerbates weight loss in aged mice,
which is combatted by skeletal muscle PGC1α
overexpression

We and others have reported that cisplatin promotes signifi-
cant in vivo weight loss, skeletal muscle wasting and mito-
chondrial alterations, including reduced PGC1α.7,9,11,28–30

Whether this effect is worsened in aged animals or whether
overexpression of skeletal muscle PGC1α is sufficient to com-
bat cisplatin-induced cachexia remains unknown. Thus, we
treated young (2 months) and old (18 months) male and fe-
male WT and Tg mice with cisplatin for 2 weeks. In young
WT animals, cisplatin promoted losses in body weight [male:
�13% (Figure 1A,B); female: �12% (Figure 1F,G)], carcass
weight [male: �17% (Figure 1C); female: �13%
(Figure 1H)], fat content [male: �17% (Figure 1D); female:
�18% (Figure 1I)], gonadal fat [male: �39% (Figure S2A); fe-
male: �51%; (Figure S2F)], and lean mass [male: �14%
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(Figure 1E); female: �13% (Figure 1J)] compared with un-
treated WT littermates, altogether indicative of cachexia. In-
terestingly, 18-month-old WT mice appeared more suscepti-
ble to cisplatin-induced cachexia than young animals. Aged
WT + C male saw reductions in body weight (�34%), carcass
weight (�32%), as well as fat mass (�54%) and lean mass
(�19%) compared with aged WT male, suggestive of exacer-
bated cachexia when compared with young WT mice
(Figure 1K–O; Table S1). Similarly, aged WT + C female
displayed heightened cisplatin-induced cachexia, as reflected
by weight loss (�27%), reductions in carcass weight (�26%),
and losses in fat mass (�57%) and lean mass (�14%) com-

pared with 18-month-old untreated female (Figure 1P–T;
Table S2). Overexpression of skeletal muscle PGC1α had neg-
ligible effects in young animals. Male and female Tg + C
yielded no significant changes compared with WT + C ani-
mals, though mean changes in body weight, fat mass, and
lean mass were generally smaller compared with genotype
controls (Figure 1A–J). The most striking observations were
noticed in aged Tg + C male, exhibiting significant improve-
ments in body weight, carcass weight and lean mass com-
pared with WT + C mice (Figure 1K–O). Meanwhile, overex-
pression of PGC1α was mildly effective in aged female, with
carcass weight remaining unchanged in Tg + C versus Tg

Figure 1 Cisplatin exacerbates weight loss in aged mice which is combatted by overexpression of skeletal muscle PGC1α. Body weight (BW) curves,
BW percent (%) change at time of sacrifice (vs. Day 1), carcass weights normalized to initial body weight (IBW), fat content % change (vs. Day 1),
and lean content % change (vs. Day 1) of wild-type (WT) and PGC1α transgenic (Tg) mice treated with cisplatin (C: 2.5 mg/kg) or vehicle for 14 days.
Row 1 (A–E): 2-month-old male WT, Tg,WT + C, Tg + C (n = 5); row 2 (F–J): 2-month-old female WT, Tg,WT + C, Tg + C (n = 5); row 3 (K–O): 18-month-
old male WT, Tg, WT + C, Tg + C (n = 5–9); row 4 (P–T): 18-month-old female WT, Tg, WT + C, Tg + C (n = 5–9). Data are expressed as mean ± SD. Sig-
nificance of the differences: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WT; $P < 0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001
versus Tg;

#
P < 0.05 versus WT + C.
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(Figure 1R). However, similar to young animals, aged female
Tg + C saw significant losses in body weight, fat mass and lean
mass, though these reductions were generally smaller than
that of 18-month-old WT + C mice (Figure 1Q–T). Together
these results suggest that aged animals are more susceptible
to cisplatin-induced weight loss, and that muscle-restricted
overexpression of PGC1α efficacy increases with age, particu-
larly in male mice.

PGC1α overexpression provides greater protection
against cisplatin-induced muscle wasting in aged
mice

Similar to body composition, aged WT animals experienced
heighted cisplatin-induced muscle wasting compared with
young WT animals. Cisplatin promoted muscle wasting in
young WT male (gastrocnemius: �16%; tibialis anterior:
�12%; quadriceps: �17%) and WT female (gastrocnemius:
�11%; tibialis anterior: �11%) compared with age-matched
WT controls (Figure 2A–F). Meanwhile, muscle mass reduc-
tions witnessed in aged WT + C male (gastrocnemius:
�22%; tibialis anterior: �20%; quadriceps: �28%) and
WT + C female (gastrocnemius: �27%; tibialis anterior:
�36%; quadriceps: �25%) consistently reached greater sig-
nificance than that of young WT + C (Figure 2G–L; Tables S1
and S2). Similar to body weight, overexpression of PGC1α
had mild to negligible effects on muscle mass in young mice.
Young male Tg + C animals displayed increases in gastrocne-
mius (+10%) and tibialis anterior (+15%) compared with
WT + C, although there was no protection in quadriceps
weight, and gastrocnemius muscles in Tg + C were signifi-
cantly wasted (�12%) compared with Tg (Figure 2A–C).
Young female Tg + C displayed significant losses in gastrocne-
mius (�8%) and tibialis anterior (�9%) weights compared
with Tg, and did not display protection compared with
WT + C in any of the assessed muscles (Figure 2D–F). In con-
trast, PGC1α overexpression proved protective in maintaining
skeletal muscle in aged mice. Skeletal muscles (gastrocne-
mius: +34%; tibialis anterior: +33%; quadriceps: +39%) were
significantly protected in aged male Tg + C compared with
aged male WT + C (Figure 2G–I). Though aged female Tg + C
did not significantly differ fromWT + C, muscles in Tg + C were
not reduced compared with Tg or WT (Figure 2J–L). Taken
together these results demonstrate that cisplatin causes
heightened muscle wasting in aged animals, which is
counteracted by overexpression of skeletal muscle PGC1α.

Elevated PGC1α protects against cisplatin-induced
muscle weakness in young and aged mice

As we previously reported that cisplatin promotes loss of
muscle strength in young animals, we wanted to assess if cis-

platin exacerbates muscle weakness in older mice, and
whether muscle PGC1α overexpression is sufficient to com-
bat such event.9 In vivo plantarflexion assessment demon-
strated a 6% baseline-to-final drop in torque in young
WT + C male and female, while ex vivo contractility of the
EDL only revealed a decline in male WT + C specific force
(�18%) (Figures 3A–D and S3). In line with heightened mus-
cle wasting, plantarflexion torque assessment demonstrated
greater weakness in aged WT + C male (�20%) and female
(�17%) than young WT + C. Meanwhile, EDL contractility re-
vealed that only aged female WT + C (�14%) had greater
losses in specific force, with old WT + C male reduced
(�20%) to a similar extent as young WT + C when compared
with untreated controls (Figures 3G,H,J,K and S3, Tables S1
and S2). Interestingly, despite having mild and inconsistent
protection over muscle mass in young animals, overexpres-
sion of PGC1α was sufficient to protect against declines in
in vivo muscle strength and reductions in ex vivo specific
force in both young male and female Tg + C (Figures 3A–D
and S3). In aged animals, Tg + C male (+13%) and female
(+11%) were protected compared with WT + C, while EDL
specific force was no different between Tg + C and Tg in ei-
ther sex (Figures 3G,H,J,K and S3). Interestingly, fatigue as-
sessment of the EDL did not reveal higher fatigability in
WT + C compared with WT, although Tg and Tg + C generally
displayed lower fatigability across sex and age (Figures 3K,F,I,
L and S3).

PGC1α overexpression preserves MUNE in young
and aged mice treated with cisplatin

We recently reported that cancer and chemotherapy, includ-
ing cisplatin, promote functional loss of connected motor
units.9 Hence, we assessed whether this was also heighted
in aged animals treated with chemotherapy, and whether
overexpression of PGC1α would preserve motor unit connec-
tivity. Similar to our previous findings, CMAP levels were un-
changed in young animals treated with cisplatin, nor were
they changed in aged animals. SMUP was increased in young
WT + C (male: +145%; female: +119%), while MUNE was re-
duced (male: �53%; female: �51%) compared with young
untreated WT mice (Figure 4A–F). Interestingly, in line with
the muscle phenotype, indices of motor unit connectivity
were also exacerbated, consistently reaching greater levels
of significance in aged WT animals treated with cisplatin.
Aged WT + C male displayed larger increases in SMUP (+7-
fold) and marked reductions in MUNE (�82%) compared with
WT untreated male (Figure 4G–I; Table S1). Similarly, aged
WT female treated with cisplatin exhibited larger increases
in SMUP (+240%) and reductions in MUNE (�62%) than did
younger female when compared with untreated WT animals
(Figure 4J–L; Table S2). In the case of PGC1α overexpression,
Tg + C mice demonstrated consistent protection in SMUP and
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MUNE parameters. SMUP levels were reduced in young male
Tg + C (�46%), young female Tg + C (�56%), aged male
Tg + C (�79%), and aged female Tg + C (�56%) compared
with WT + C animals (Figure 4B,E,H,K). In the case of MUNE,

young male Tg + C were no different from any other group,
while young female Tg + C were protected (+76%) compared
with WT + C (Figure 4C,F). For aged animals, male Tg + C pre-
sented increased MUNE (3-fold) compared with WT + C, yet

Figure 2 Cisplatin exacerbates muscle wasting in aged mice which is combatted by elevated skeletal muscle PGC1α. Gastrocnemius, tibialis ante-
rior, and quadriceps weights normalized to initial body weight (IBW) of wild-type (WT) and PGC1α transgenic (Tg) mice treated with cisplatin (C:
2.5 mg/kg) or vehicle for 14 days. Row 1 (A–C): 2-month-old male WT, Tg, WT + C, Tg + C (n = 5); row 2 (D–F): 2-month-old female WT, Tg,
WT + C, Tg + C (n = 5); row 3 (G-I): 18-month-old male WT, Tg, WT + C, Tg + C (n = 5–9); row 4 (J–L): 18-month-old female WT, Tg, WT + C,
Tg + C (n = 5–9). Data are expressed as mean ± SD. Significance of the differences: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus
WT; $P < 0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001 versus Tg; #P < 0.05, ##P < 0.01, ###P < 0.001 versus WT + C.
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were also lower that untreated aged male Tg (�50%), while
aged female Tg + C were no different from WT + C, yet also
displayed no significant reductions in MUNE compared with
untreated WT or Tg animals (Figure 4I,L). Together these re-
sults suggest that disrupted motor unit connectivity with cis-
platin is heighted with age but can be protected against by
overexpression of skeletal muscle PGC1α.

Mitochondrial disruptions by cisplatin are
exacerbated with age

As we identified heightened wasting and weakness in aged an-
imals treated with cisplatin, we also assessed whether mito-
chondrial proteins were reduced to a greater extent. Gener-
ally, main effects were seen in PGC1α transgenic animals

Figure 3 High PGC1α protects against cisplatin-induced muscle weakness in young and aged mice. Plantarflexion torque % change (vs. Day 1), extensor
digitorum longus (EDL) ex vivo specific force (expressed as kN/m2) at 125 Hz, and EDL % fatigue of wild-type (WT) and PGC1α transgenic (Tg) mice
treated with cisplatin (C: 2.5 mg/kg) or vehicle for 14 days. Row 1 (A–C): 2-month-old male WT, Tg, WT + C, Tg + C (n = 5); row 2 (D–F): 2-month-
old female WT, Tg, WT + C, Tg + C (n = 5); row 3 (G–I): 18-month-old male WT, Tg, WT + C, Tg + C (n = 5–9); row 4 (J–L): 18-month-old female WT,
Tg, WT + C, Tg + C (n = 5–9). Data are expressed as mean ± SD. Significance of the differences: *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 versus WT; $P < 0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001 versus Tg; #P < 0.05, ##P < 0.01, ###P < 0.001 versus WT + C.
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regardless of age, sex, or treatment for all measured mito-
chondrial proteins including PGC1α, OPA1, Mitofusin-2, VDAC,
cytochrome-C, and Cox IV (Figure 5A–X). The one exception in
which there was no main effect of transgenic animals was for

Mitofusin-2 in aged male mice. Otherwise, mitochondrial pro-
teins were increased in Tg compared with WT animals
(Figure 5A–X). Interestingly, despite previous evidence that
cisplatin leads to reductions in PGC1α,28,29 young male

Figure 4 Overexpression of muscle PGC1α preserves MUNE in young and aged mice treated with cisplatin. Compound muscle action potential [CMAP:
Millivolts (mV)], single motor unit potential [SMUP; microvolts (μV)], and motor unit number estimation (MUNE) of wild-type (WT) and PGC1α trans-
genic (Tg) mice treated with cisplatin (C: 2.5 mg/kg) or vehicle for 14 days. Row 1 (A–C): 2-month-old male WT, Tg, WT + C, Tg + C (n = 5); row 2
(D–F): 2-month-old female WT, Tg, WT + C, Tg + C (n = 5); row 3 (G–I): 18-month-old male WT, Tg, WT + C, Tg + C (n = 5–9); row 4 (J–L): 18-month-
old femaleWT, Tg,WT + C, Tg + C (n = 5–9). Data are expressed as mean ± SD. Significance of the differences: *P< 0.05, **P< 0.01, ***P< 0.001 versus
WT; $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001 versus Tg; #P < 0.05, ##P < 0.01, ###P < 0.001 versus WT + C.
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WT + C did not display reductions in PGC1α compared with un-
treated WT animals (Figure 5A). Further, young male WT + C
did not show reductions in any mitochondrial proteins
assessed, including OPA1, VDAC, cytochrome-C, and Cox IV,
while Mitofusin-2 levels were increased compared with un-
treated WT animals (Figure 5B–F). Similar to young male,
young female WT + C, did not display reductions in the
expression of Mitofusin-2, VDAC, cytochrome-C, or Cox IV
(Figure 5I–L), whereas OPA1 was significantly reduced
(�21%) and PGC1α presented with a tendency for reductions
versus untreated WT counterparts (Figure 5G,H). Unlike youn-
gerWT animals treated with cisplatin, agedWTmice displayed
substantial and consistent reductions in nearly all assessed mi-
tochondrial proteins. Aged male WT + C exhibited reductions
in PGC1α (�42%), OPA1 (�45%), Mitofusin-2 (�54%),
cytochrome-C (�56%) and Cox IV (�55%) compared with
WT, while VDAC was non-significantly reduced (Figure 5M–R;
Table S1). Meanwhile, aged femaleWT + C had reduced PGC1α
(61%), OPA1 (�67%), VDAC (�56%), cytochrome-C (�55%)
and Cox IV (�75%) compared with WT, whereas Mitofusin-2
was elevated (+3-fold) (Figure 5S–X; Table S2). These results

demonstrate that aged animals, which appear to be more sus-
ceptible to cisplatin-induced cachexia, consistently also suffer
marked reductions in mitochondrial proteins.

Discussion

Chemotherapy remains a preferred treatment option for
most cancers, despite having robust off target effects. There
is now agreement that chemotherapy can independently
cause a cachectic-like phenotype, characterized by skeletal
muscle wasting and weakness,6–8,12,31 which, in turn, reduce
chemotherapy tolerance, often leading to cessation of treat-
ment and resulting in poorer outcomes in cancer patients.4,5

As there are no currently approved therapies to combat ca-
chexia and improve treatment tolerance, quality of life, and
survival in the nearly two million individuals that are diag-
nosed with cancer every year in the USA, identification of po-
tential strategies to preserve muscle mass and function is of
the utmost importance.

Figure 5 Overexpression of PGC1α preserves muscle mitochondrial proteins in mice treated with cisplatin. Representative western blotting and quan-
tification [expressed as fold change versus wild-type (WT)] for PGC1α, OPA1, Mitofusin-2, VDAC, cytochrome-C, and Cox IV of wild-type (WT) and
PGC1α transgenic (Tg) mice treated with cisplatin (C: 2.5 mg/kg) or vehicle for 14 days. Row 1 (A–F): 2-month-old male WT, Tg, WT + C, Tg + C
(n = 3–5); row 2 (G–L): 2-month-old female WT, Tg, WT + C, Tg + C (n = 5); row 3 (M–R): 18-month-old male WT, Tg, WT + C, Tg + C (n = 5–8); row
4 (S–X): 18-month-old female WT, Tg, WT + C, Tg + C (n = 5–9). Tubulin was used as loading control. Data are expressed as mean ± SD. Significance
of the differences: *P < 0.05, ***P < 0.001, ****P < 0.0001, versus WT;

$
P < 0.05,

$$$$
P < 0.0001 versus Tg;

###
P < 0.001 versus WT + C;― spanning

Tg-Tg + C indicates main effect of genotype: **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WT mice; ― spanning WT + C-Tg + C indicates main
effect of treatment: **P < 0.01, ***P < 0.001 versus untreated mice.
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Cachexia research has placed emphasis on preserving skel-
etal muscle mass, especially because preservation of muscle
mass improves survival in experimental models of
cachexia.11,32 However, recent works have demonstrated that
muscle dysfunction may precede wasting, highlighting the
importance of functional assessment in cachexia.22,23 Mean-
while, cancer patients may have persistent weakness and fa-
tigability for years following cancer remission,33 stressing the
importance of understanding the mechanisms that impose
muscle deficits during cachexia progression. Interestingly,
much like muscle weakness, mitochondrial dysfunction may
also precede loss of muscle mass in experimental
cachexia.14,22 Several routinely used chemotherapeutics are
known to induce skeletal muscle weakness and loss of muscle
mitochondrial proteins, including PGC1α.6,8,9,28,29 In the pres-
ent studies we assessed whether overexpression of skeletal
muscle PGC1α could preserve muscle mass and function in
mice treated with cisplatin. Our findings highlight that
cisplatin-induced cachexia occurs in both male and female
mice and is exacerbated in older animals compared with
younger mice, with the former benefitting more from the
protective effects associated with elevated muscle PGC1α.

With several recent reviews highlighting molecular, physio-
logical, and phenotypic differences between male and
female,18,34,35 biological sex differences have become an area
of interest in cachexia research. Phenotypically, male patients
seem to have higher prevalence of cachexia, with a study
from Baracos et al.36 demonstrating muscle wasting in 61%
of male and only 31% of female with non-small cell lung
cancer (see review18 for further examples). Similarly, in the
APCMin/+ mouse model of colorectal cancer, male exhibit
greater body weight loss than female.37 However, to our
knowledge few studies have observed phenotypic sex differ-
ences in response to chemotherapy alone. In the present
study both male and female WT mice were susceptible to
cisplatin-induced cachexia. In young WT mice, male (�13%)
and female (�12%) had comparable reductions in body
weight. Similarly, with respect to lean mass assessments by
EchoMRI, male and female displayed analogous losses of
14% and 13%, respectively. Moreover, young male and fe-
male WT mice also experienced equivalent declines in
plantarflexion torque, suggesting that cisplatin has similar
cachexia-like consequences regardless of sex. As we decipher
between sex differences in cachexia research, chemotherapy
regimens are certainly another variable to consider. It is im-
portant to note, that in the present study animals were not
inoculated with tumours, thus representing a limitation of
our approach. As our laboratory has previously shown that
cachexia can be exacerbated by the combination of cancer
and chemotherapy in male mice,31 further investigations
should also begin to investigate if this holds true in female
mice.

In similar fashion to identifying potential sex response dif-
ferences during cachexia, age of the experimental animals

used is another important consideration. Recent reports have
contended that age-appropriate (i.e. older) animals should be
included into experimental cancer research, especially be-
cause cancer in young individuals is far rarer.19,20 This is also
true of cachexia research, where a majority of tumour-in-
duced cachexia models (e.g. C26 or LLC) utilize young adult
mice up to 14 weeks of age, approximately equivalent to a
25 year old human.19 Few studies have examined the differ-
ences in cancer cachexia development between young and
old mice, and to our knowledge none have examined the
age-associated phenotypic effects of chemotherapy-induced
cachexia. Here, we show that cisplatin-induced losses in body
weight, fat mass, lean mass, skeletal muscle size and skeletal
muscle function all tend to be exacerbated in older
(18 month) male and female WT animals compared with tra-
ditionally used younger (2 month) mice. In line with this, re-
cent work from Geppert et al. demonstrated that older
C57BL/6N (16 month vs. 2 month) and C57BL/6J (20 month
vs. 3 month) LLC-tumour bearing mice were more susceptible
to develop body weight loss.21 However, much like our pres-
ent study did not include tumour implantations, the work
from Geppert et al. did not include chemotherapeutic regi-
mens. Whether the heightened cachexia observed with can-
cer or chemotherapy alone in aged mice would be
compounded by a combination of cancer and chemotherapy
is unknown. Future cachexia investigations should consider
incorporating combinations of cancer and chemotherapy in
aged animals to help clarify this point. Moreover, the present
study was only limited to one anti-cancer treatment. Given
that we and others have shown cachexia-like phenotypes in
young animals treated with a range of chemotherapeutics,
future studies should consider examining if the negative con-
sequences of these anti-cancer treatments are consistently
heighted with age.6,8,10,12,38

Identification of therapeutic targets to combat skeletal
muscle wasting and weakness caused by cancer and chemo-
therapy continues to progress, yet skeletal muscle mitochon-
dria have remained a focus point. Work from our group and
others have demonstrated that cachectic muscle is associated
with the loss of mitochondrial proteins. Regarding experi-
mental chemotherapy-induced cachexia, loss of skeletal mus-
cle PGC1α has been consistent across several chemothera-
peutic regimens, including folfiri, folfox, sorafenib,
doxorubicin and cisplatin.6,8,28,29,38 Interestingly, in contrast
to previous work, young WT male treated with cisplatin in
our study did not display reductions in skeletal muscle
PGC1α. We presently measured protein in quadriceps mus-
cles, while prior work assessed PGC1α levels in gastrocne-
mius, soleus, and tibialis anterior muscles, which may ac-
count for discrepancy of results.28,29 Further, these two
studies were conducted in rats, while our present work was
conducted in mice. Meanwhile, young treated female WT an-
imals did present reductions in mitochondrial proteins.
With recent reviews highlighting that female have greater
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mitochondrial content and activity, it is plausible that female
may be more susceptible to chemotherapy-induced mito-
chondrial dysfunction.18,35 Strikingly, and regardless of sex,
older WT animals displayed dramatic loss of muscle mito-
chondrial proteins. As we also observed heighted muscle
wasting and weakness in older mice treated with cisplatin,
which was largely protected against in PGC1α, our data sug-
gests that mitochondrial targeted strategies may be more ad-
vantageous in older animals. Interestingly, a majority of ca-
chexia studies using PGC1α transgenic mice, mitochondrial
targeting agents (e.g. SS-31, MitoQ, and trimetazidine), or ex-
ercise resulting in either mild benefits or negligible results
have been conducted in young animals.13,15–17,39,40 Interest-
ingly, tumours have shown to grow larger in young PGC1α
transgenic compared with WT mice, yet whether this occurs
in older animals, where tumours tend to grow slower than
in younger mice, has not been investigated.17,21 As we pres-
ently demonstrate improved anti-cachectic benefits of
muscle PGC1α overexpression in older animals, future
studies should consider examining whether other
mitochondria-targeted strategies have improved efficacy
when performed in older animals, particularly in the pres-
ence of cancer and chemotherapy.

We and others have recently reported that cancer and che-
motherapy promote loss of NMJ proteins and reduced pre-
synaptic staining, suggestive of disrupted skeletal muscle in-
nervation in cachexia.9,24 Moreover, we demonstrated
cancer and chemotherapy, including cisplatin, promote a loss
of functionally connected motor units (i.e. MUNE), which as-
sociates with muscle weakness.9 Interestingly, mitochondria
have been implicated in regulating NMJ stability, fragmenta-
tion, and formation in neuromuscular disease.25,26 Our cur-
rent results demonstrate that cisplatin, which causes greater
loss of mitochondrial proteins in aged animals, also induces
exacerbated loss of MUNE in aged WT animals. Meanwhile,
overexpression of PGC1α largely preserves MUNE in combi-
nation with cisplatin treatment, suggesting that maintenance
of mitochondria is likely sufficient to preserve neuromuscular
function.

In summary, our present study demonstrates that cisplatin
treatment promotes weight loss, muscle wasting, muscle
weakness and loss of motor unit connectivity in both male
and female mice. We also demonstrate that the negative
effects of cisplatin on body weight, muscle mass, muscle
force, and motor unit connectivity are exacerbated in aged

animals. Our approach including overexpression of skeletal
muscle PGC1α proved effective in reducing muscle weak-
ness and loss of MUNE caused by cisplatin. Taken together,
our results suggest that mitochondrial therapeutic strate-
gies may be able to counteract skeletal muscle dysfunction
caused by chemotherapy, with potentially greater efficacy
in older animals. Future cachexia studies should investigate
whether translational mitochondria-targeted approaches
are sufficient to preserve skeletal muscle mass and function
in older animals bearing cancer, alone or in combination
with chemotherapy.
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