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Cancer cachexia is commonly seen in patients with malignant
tumors, which usually leads to poor life quality and negatively
affects long-term prognosis and survival. Mitochondria dysfunc-
tion and enhanced autophagy are well-established to play an
important role in skeletal muscle wasting. However, whether
mitophagy is engaged in the pathogenesis of cancer cachexia
requires further investigation. This study comprised a clinical
study and animal experimentation. Clinical data such as CT images
and laboratory results were obtained and analyzed. Then mice
model of cancer cachexia and mitophagy inhibition were
established. Data including skeletal muscle mass and function,
mitochondria structure and function, inflammatory factors as well
as ROS concentration. Mitophagy was enhanced in cancer
cachexia patients with increased inflammatory factors. Greater
disruption of skeletal muscle fiber and mitochondria structure
were seen in cancer cachexia, with a higher level of inflammatory
factors and ROS expression in skeletal muscle. Meanwhile, ATP
production was undermined, indicating a close relationship with
mitophagy, inflammation, and oxidative stress in the skeletal
muscle of cancer cachexia mice models. In conclusion, mitophagy
is activated in cancer cachexia and may play a role in skeletal
muscle atrophy, and inflammation and oxidative stress might
participate in mitophagy-related skeletal muscle injury.
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Cancer cachexia is a syndrome caused by multiple factors,
characterized by different degrees of skeletal muscle
wasting and dysfunction,’V causing impairment during daily
activities, motor function degeneration and a negative effect on
the quality of life, worsening long-term prognosis.** Therefore,
the mechanism and the treatment of skeletal muscle loss in
cancer cachexia warrant further research.

An increasing body of evidence suggests that autophagic-
lysosomal system (ALS) overactivation is responsible for skeletal
muscle protein degradation in cancer cachexia patients.*
Autophagy is a cleansing process in different varieties of cells;
damaged or aging proteins and organelles automatically form
into autophagosomes and are subject to degeneration by lyso-
somes to maintain an overall metabolic balance.®” However, in
wasting diseases like cancer cachexia, unduly ALS activation
causes body composition wasting, negative energy balance
and skeletal muscle loss.® As a special form of autophagy,
mitophagy is characterized by the removal of mitochondria.?”
Previous studies have revealed that mitophagy is accomplished
through different pathways, Parkin-dependent and non-Parkin
protein-dependent pathways such as Bcl2 and adenovirus
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E1B19 kDa interacting protein 3 (BNIP3) and FUN14 domain
containing 1 (FUNDCI) protein pathways documented in different
diseases.(112)

As the major factory of energy production, the overall wellness
of mitochondria is critical for physical maintenance. Mitochon-
drial fission and fusion simultaneously exist in different cells,
and a dynamic mitochondrial metabolism is balanced with
mitophagy.!*!¥ It has been established that the dynamic balance
between mitochondrial generation and degradation is critical for
quality maintenance, and dynamic dysfunction might be closely
related to skeletal muscle loss in cancer cachexia.!>!9 Although
the relationship between mitophagy and cancer cachexia is not
clear, recent studies revealed that mitophagy is promoted in
diseases such as sepsis and renal diseases.!”'® Enhanced inflam-
mation and oxidative stress have been related to dysregulated
mitophagy, which leads to organ dysfunction and systemic
damage.1*20

Therefore, the current study aims at exploring mitophagy
activity in the skeletal muscle of cancer cachexia subjects and
whether inflammation and oxidative stress are related to dysregu-
lated mitophagy, hoping to identify a new target for the treatment
of this particular patient population.

Methods

Patients. This study was approved by the Ethics committee
of Zhongshan Hospital, Fudan University. Thirty one patients
with gastrointestinal cancer indicated for surgery from June 2021
to June 2022 were prospectively recruited. The inclusion criteria
were as follows: (1) aged from 18 to 90 years old; (2) diagnosed
with gastrointestinal cancer; (3) patients with surgical indica-
tions; (4) written consent was provided. The exclusion criteria
included: (1) patients that underwent emergency surgery; (2)
patients with severe comorbidities such as heart failure and
sepsis; (3) weight loss unrelated to cancer; (4) contraindicated for
surgery. General characteristic includes disease type, age, height,
body weight, body mass index (BMI), weight loss in recent 6
months, NRS-2002 score and comorbidities. Examination infor-
mation included: albumin, inflammatory factors, computed
tomography (CT) scan images, and clinicopathological features.

After being recruited, patients were divided into a control
group and a cancer cachexia group. The cachexia diagnostic
criteria were as follows: (1) >5% weight loss over the past 6
months; (2) BMI <20 kg/m? and >2% weight loss over the past 6
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months; (3) Absence of sarcopenia and >2% weight loss over
the past 6 months. Rectus abdominis muscle specimens were
acquired during surgery. A 1 cm® muscle specimen was obtained
from each patient using sharp dissection and stored at —80°C
until further use.

Animal models. Balb/c mice were obtained from the central
laboratory and divided into 4 groups: a control group (C, n=15),
mitophagy inhibited group (M, n=15), cancer cachexia group
(CC, n=15), and cancer cachexia with mitophagy inhibited group
(CCM, n=35). Mice in the control group did not receive any
treatment. Mice in the mitophagy-inhibited group were injected
with mitochondrial division inhibitor 1 (mdivi-1) while the
cancer cachexia group was inoculated with tumor cells. The
cancer cachexia with mitophagy-inhibited group was inoculated
with tumor cells and injected with mdivi-1. After a week of
acclimation, C26 cells were injected subcutaneously on the first
day of the experiment to establish the cancer cachexia model.
Mdivi-1 was used daily through intraperitoneal injection since
day 14 with 30 mg/kg body weight to inhibit mitophagy. During
modeling, all groups were weighed every two days, and grip
strength and autonomous activity were tested every week. All
four groups were anesthetized on day 21 and sacrificed to harvest
the gastrocnemius muscle. Part of the muscle specimen was
divided and fixed in fixation liquid. The remaining tissues were
stored at —80°C until further usage. This study was approved by
the Ethics committee of Zhongshan Hospital, Fudan University.

CT image analysis. CT scan was performed before surgery,
and the images of the third lumbar vertebra layer were extracted.
Skeletal muscle were selected through tissue-specific Hounsfield
units (HU) thresholds from —29 to +150 HU, and the area of
skeletal muscle was documented and normalized by height and
represented as skeletal muscle index (SMI, cm?/m?).

Skeletal muscle fiber area. After formalin fixation and
paraffin embedding, the gastrocnemius muscle was cut into
cross-sections and was observed under light microscopy after
hematoxylin and eosin staining. Fiber areas in cross-sections of
>150 fibers were measured using ImageJ software ver. 1.53t.

Ultrastructural analyses. After glutaraldehyde-osmium
fixation and upon embedding, the gastrocnemius muscle was
longitudinally sectioned. Skeletal fiber arrangement, mitochon-
drial diameter and structure were assessed by a scanning Trans-
mission Electron Microscope (HT7800; HITACHI, Tokyo, Japan).

Western blot analysis. Fifty mg skeletal muscle was
divided and added into RIPA buffer, phosphatase inhibitors,
and protease. Proteins were extracted and quantified to 5 pg/ml
with BCA protein quantitation Kit, then were separated by 7.5%
and 12.5% SDS-PAGE, electrophoretically transferred to a
polyvinylidene difluoride membrane and blocked by BSA. After
incubation overnight at 4°C with anti-LC3A/B, anti-Bnip3
(1:1,000, Cell Signaling Technology, Danvers, MA) and anti-
PINK1 (1:1,000; Abcam, Cambridge, UK), membranes were
washed by TBST and incubated with anti-mouse or anti-rabbit
Ig. Immunoreactive bands were visualized by enhanced chemilu-
minescence solution (Thermo Scientific, Waltham, MA). Band
quantitative analysis was performed using Image] software
ver. 1.53t.

Inflammatory factors. Protein was extracted from gastroc-
nemius muscles, and analyzed by mouse IL-6 Elisa Kit
(HO007-1-2; Nanjing Jiancheng, Nanjing, China) and mouse TNF-
o Elisa Kit (HHO052-1; Nanjing Jiancheng), according to the
manufacturer’s instructions, and the results were analyzed by
GraphPad Prism 8 software.

ATP concentration. Gastrocnemius muscles were lyzed with
RIPA buffer and a mixture of phosphatase inhibitors and protease.
The ATP assay kit (A095-1-1; Nanjing Jiancheng) was utilized,
and through phosphorylation of glycerol, samples were quanti-
fied by colorimetric means (570 nm). ATP concentration analysis
was conducted following the instructions of the ATP assay kit,
and the results were analyzed by GraphPad Prism 8§ software.

Immunohistochemistry. Gastrocnemius  muscles  were
formalin-fixed and paraffin-embedded. After endogenous peroxi-
dase inactivation, heat-induced antigen retrieval and serum incu-
bation, samples were incubated overnight at 4°C with primary
antibodies Anti-Fbx32 and Anti-MuRF1 (1:400, Abcam) and

Table 1. Clinical characteristics of patients with digestive tumor
Characteristic Overall patients Control Cancer cachexia p value
(n=31) (n=18) (n=13)

Sex Male 19 (61.3) 11(61.1) 8 (61.5) 0.98
Female 12 (38.7) 7 (38.9) 5(38.5)

Age (year) 63.8+11.6 64.8 +8.9 0.8

Comorbidity Yes 14 (45.2) 8 (44.4) 6 (46.2) 0.93
No 17 (54.8) 10 (55.6) 7 (53.8)

Height (cm) 165.0 + 10.3 1645+ 7.5 0.88

Weight (kg) 66.3+9.9 58.9+7.5 0.03*

BMI (kg/m?) 243 +2.7 21722

NRS-2002 score <3 13 (41.9) 13 (72.2) 0(0) <0.01*
>3 18 (58.1) 5(27.8) 13 (100)

Albumin (g/L) 41.0+3.0 384+3.6 0.02*

SMI (cm?/m?) 46.9 +8.8 37.9+7.0 0.01

Histological types Poor differentiated 4(12.9) 3(16.7) 1(76.9) 0.84
Poor-medium differentiated 13 (41.9) 7 (38.9) 6 (46.1) 0.69
Medium differentiated 13 (41.9) 7 (38.9) 6 (46.1) 0.69
High differentiated 1(3.2) 1(5.5) 0 (0) 1

Clinical stages | 3(9.7) 3(16.7) 0 (0) 0.25
1l 19 (61.3) 11(61.1) 8 (61.5) 1
I 6 (19.4) 3(16.7) 3(23.1) 0.68
\Y, 3(9.7) 1(5.6) 2 (15.4) 0.56

Values are means + SD or n (%). Differences between groups were tested by one-factor ANOVA followed by least significant difference post hoc

tests. * indicates p<0.05.
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Fig. 1.
cancer cachexia group; SMI, skeletal muscle index.
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(A) Weight changes of subjects in the groups during 3 weeks of modeling. (B) Body weight at day 21 in each group. *Significant difference

at p<0.05 between indicated groups, **Significant difference at p<0.01 between indicated groups. C, control group; M, mitophagy inhibited
group; CC, cancer cachexia group; CCM, cancer cachexia + mitophagy inhibited group.

incubated in goat anti-mouse IgG antibody. Then sections were
incubated in an avidin-biotin complex at 37°C for 30 min and
nuclear stained with hematoxylin. After treatment with
diaminobenzene, sections were dehydrated with ethanol and
treated with xylene. Imagel software ver. 1.53t was used for data
analysis.

Skeletal muscle specimens stored at —80°C were sliced by
cryostat and stained with Dihydroethidium (DHE). After incu-
bating at 37°C for 30 min, 4',6-diamidino-2-phenylindole (DAPI;
G1012; Servicebio, Wuhan, China) was used for nuclear counter-
staining and sections were mounted with Antifade Mounting
Medium (G1401; Servicebio), observed with a Zeiss 780 laser
scanning confocal microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany). Quantitative analysis was performed using
Image] software ver. 1.53t.

Statistical analysis. Quantitative data from different groups
were expressed as means = SD (normally distributed) or median
(nonnormally distributed) and were compared by one-way

36

ANOVA and Bonferroni post hoc test. Categorical data were
expressed as numbers and percentages, while the Chi-squared
test or Fisher’s exact probability tests were used to compare
differences between groups. A p value <0.05 was statistically
significant. Statistical analyses were performed with GraphPad
Prism 8 software (GraphPad Software, San Diego, CA) and
SPSS Statistics ver. 23.0 (IBM, New York, NY).

Results

Patients characteristics. Thirty one patients with gastroin-
testinal cancer were enrolled and divided into cancer cachexia
(n=13) and control (n = 18) groups. The clinical characteristics
are shown in Table 1. The skeletal muscle area in the cancer
cachexia group exhibited a significant decline in CT imaging
(Fig. 1A). The mean age of the patients was 64 years, and the
SMI of the cancer cachexia group was significantly lower than
the control group (Fig. 1B).
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(A) Grip changes of subjects in the groups during 3 weeks of modeling. (B) Mean + SD grip at day 21 of each group. ****Significant differ-

ence at p<0.001 between indicated groups. C, control group; M, mitophagy inhibited group; CC, cancer cachexia group; CCM, cancer cachexia +

mitophagy inhibited group.
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Expression of mitophagy markers in rectus abdominis muscles of patients in the groups. LC3A/B, bnip3 and PINK1 protein expression was
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evaluated by Western blotting: protein expression was normalized using GAPDH as a loading control. *Significant difference at p<0.05 between
two groups. NC, non-cancer cachexia group; CC, cancer cachexia group; LC3, microtubule associated protein 1 light chain 3 B; BNIP3, Bcl2 and
adenovirus E1B19 kDa interacting protein 3; PINK1, PTEN-induced putative kinase 1.

Cancer cachexia model establishment. To establish a
cancer cachexia model, C26 cells were injected subcutaneously
in Balb/c mice. During the process, grip strength tests were
performed weekly, and subjects loaded with tumors exhibited a
gradual decline in muscle strength (Fig. 2A). Compared to the C
and M groups, the CC and CCM groups exhibited lower grip
strength at the end of the experiment (Fig. 2B). Meanwhile,
we found that the autonomic activity of subjects with cancer
cachexia declined weekly (Fig.3A), exhibiting less activity

Z.Zhang et al.

compared to the C and M groups (Fig. 3B). These findings
indicated that the cancer cachexia model was established
successfully.

Expression of mitophagy in skeletal muscles. Western
blot was performed to assess the expression of mitophagy protein
in the rectus abdominis muscle of patients. PINK1 and Bnip3
proteins represent different pathways of mitophagy initiation, and
LC3A/B protein was used to measure ALS marker expression.
Bnip3 and LC3A/B protein expression were significantly higher
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in the cancer cachexia group, while no significant difference was
observed in the PINK1 protein (Fig. 4), indicating mitophagy is
partially activated in rectus abdominis muscles of patients with
cancer cachexia.

Gastrocnemius muscle specimens were acquired, and Western
blots were performed to assess the expression of mitophagy in
animal models. BNIP3 and LC3 proteins expression in the C
group were relatively higher than the other 3 groups, and mice
injected with Mdivi-1 exhibited lower expression of BNIP3
proteins (Fig. 5), indicating Mdivi-1 could suppress mitophagy
activity. Mitophagy in cancer cachexia models was activated,
similar to findings in human skeletal muscle.

Expression of inflammatory factors. To evaluate systemic
inflammatory reaction, we obtained blood samples preoperatively
and found that TNF-o, IL-6, and IL-8 were elevated in the cancer
cachexia group (Fig. 6). The results suggested that the inflamma-
tory reaction was overactivated in patients with cancer cachexia.

38

ELISA was performed to determine the relative expression of
IL-6 and TNF-a in the skeletal muscle of animal models. CC
group showed a higher concentration of inflammatory factors
than the CCM group and the other 2 groups (Fig. 7), indicating
the enhanced mitophagy activity was closely related to the
inflammatory reaction in skeletal muscle with cancer cachexia.

Skeletal muscle fiber area. Gastrocnemius muscle sections
stained with hematoxylin and eosin were observed under an
optical microscope. Cross-sectional observations showed that
skeletal muscle fibers were sparsely arranged and less regulated
in the CC group compared with the other 3 groups (Fig. 8A).
Meanwhile, the muscle fiber cross-sectional area was signifi-
cantly decreased in the CC group (Fig. 8B). Although the CCM
group exhibited a loss of skeletal muscle fiber, the severity was
milder compared to the CC group, indicating mitophagy overacti-
vation.
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Fig. 8. Muscle fiber morphology and cross-sectional area of gastrocnemius muscle fibers of subjects in each group. (A) Representative hema-
toxylin and eosin-stained gastrocnemius muscle sections from each group. In cross-sections, the gastrocnemius muscle fibers were round and
compactly arranged in the C and M groups. Atrophy was observed in the CC and CCM groups, which manifested as sparsely arranged shrinking
triangles or polygons. (B) Mean = SD cross-sectional areas of muscle fibers in the gastrocnemius muscle of each group. *Significant difference at
p<0.05 between indicated groups. ****Significant difference at p<0.001 between indicated groups. C, control group; M, mitophagy inhibited
group; CC, cancer cachexia group; CCM, cancer cachexia + mitophagy inhibited group.

Expression of skeletal muscle atrophy protein. We
performed immunohistochemistry to assess the expression of
Murfl and atroginl protein to observe the degree of skeletal
muscle atrophy. The results showed that the expression of Murfl
in the CC group was higher than the other 3 groups (Fig. 9A),
while atroginl protein exhibited higher expression (Fig. 9B).
This finding suggested that mitophagy overactivation might be
related to skeletal muscle atrophy.

Ultrastructural muscle architecture. The structure and
arrangement of skeletal muscle fiber and mitochondria of
gastrocnemius muscles were observed under electron micros-
copy. The CC group exhibited a disorganized sarcomere arrange-
ment with swollen and broken mitochondria, while mitochondria
in the M and CCM groups were merged and presented with
clearer cristae (Fig. 10), indicating that cancer cachexia has a
negative influence on mitochondria structure.

Mitochondrial function. ATP concentration was used to
mirror the mitochondrial energy supply. Compared to the other 3

Z.Zhang et al.

groups, the concentration of ATP was significantly decreased in
the CC group, and energy deficiency was less obvious in the
CCM group (Fig. 11A).

It is widely acknowledged that ROS immunofluorescence can
be used to visualize the cellular levels of oxidative stress. ROS
were highly expressed in the CC group compared to the CCM
group (Fig. 11B), indicating enhanced mitophagy activity might
be closely related to oxidative stress in skeletal muscle with
cancer cachexia.

Discussion

In our study, patients with cancer cachexia presented a loss of
skeletal muscle and activation of mitophagy, as well as systemic
inflammatory reactions. Based on these findings, we established
a cancer cachexia animal model, and through Mdivi-1 intraperi-
toneal injection, mitophagy activity was suppressed in M and
CCM groups to observe the relationship between skeletal muscle
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Fig. 9. Muscle atrophy protein expression of gastrocnemius muscle fibers of subjects in the groups. (A) IHC of gastrocnemius muscle sections from
each group. Murf1 and atrogin1 protein was observed in the CC and CCM groups. (B) Mean = SD of Murf1 and atrogin1 protein expression in the
gastrocnemius muscle of each group. *Significant difference at p<0.05 between indicated groups. **Significant difference at p<0.01 between indi-
cated groups. ***Significant difference at p<0.005 between indicated groups. C, control group; M, mitophagy inhibited group; CC, cancer cachexia

group; CCM, cancer cachexia + mitophagy inhibited group.

dysfunction and mitophagy in cancer cachexia. Furthermore,
inflammation and oxidative stress in skeletal muscle with cancer
cachexia were assessed to primarily explore the mechanism of
mitophagy-induced skeletal muscle injury.

Patients with gastrointetinal cancer were recruited in this
study. To ensure accuracy of our findings, strict inclusion and
exclusion criteria were established to minimize the influence of
confounding factors on skeletal muscle structure and function
disability, enhanced inflammatory reaction and oxidative reac-
tion. Patients recruited in the control group and cancer cachexia
group exhibited no significant difference in age, sex and other
basic characteristics. Compared with the control group, patients
in the cancer cachexia group exhibited lower serum albumin and
higher NRS-2002 score. Meanwhile, CT scan images of the third
lumbar vertebra layer showed that SMI in the cancer cachexia
group was significantly lower than the control group, indicating
skeletal muscle loss in patients with cancer cachexia, which is in
accordance with previous studies. It has been established that

40

autophagy activity is increased in the skeletal muscle of patients
with cancer cachexia, which was also observed in our study with
an elevation of LC3A/B protein. In recent years, PINK1 and
BNIP3 proteins have been associated with important mitophagy
pathways.@? The present study showed that BNIP3 protein
expression was elevated in the skeletal muscle, while PINK1
protein levels were comparable between the two groups, consis-
tent with a previous study,®® suggesting that mitophagy is unduly
expressed in the skeletal muscle of patients with cancer cachexia
through different pathways. We also found that compared to the
control group, the cancer cachexia group exhibited a higher level
of inflammatory factors. Previous study have revealed that
preemptive administration of TNF-o antibody might mitigate
cancer cachexia, indicating an important role of inflammatory
factors in the development of cancer cachexia.?¥ There is a
growing consensus that increased inflammatory reaction and
mitophagy activation occur separately.?>?>2% In our study,
mitophagy and systemic inflammatory reaction were exacerbated
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at the same time, emphasizing the need for future research on
their relationship.

The cancer cachexia model and mitophagy suppression model
were established and we observed alterations in their skeletal
muscle structure, functions, inflammation, and oxidative stress.
Patients with cancer cachexia exhibited smaller skeletal muscle
fiber areas and higher expression of skeletal muscle atrophy
protein MURF1 and atrogin-1. By injecting Mdivi-1 consecu-
tively for a week, mitochondria number and structure were
rescued compared to the C group. ATP concentration was
elevated and oxidative stress was suppressed in CCM group
though with cancer cachexia, inflammatory factors IL-6 and
TNF-0 were also decreased comparing to CC group. These
results indicate that mitophagy is unduly stimulated in the

Z.Zhang et al.

skeletal muscle of subjects with cancer cachexia, accompanied
by an inflammatory reaction and oxidative stress, which might be
responsible for skeletal muscle loss and dysfunction to a certain
extent.

Although we revealed a potential link between mitophagy and
skeletal muscle loss in cancer cachexia, some limitations and
shortcomings were found in this study. Indeed, it has been estab-
lished that Mdivi-1 inhibits mitophagy and suppresses the Drpl
protein.?’*® However, little is known about the influence of
mitochondrial dynamics, nor is it clear how mitophagy influences
inflammation and oxidative stress, warranting further study.®*3"
Further research based on cell experiments will be conducted in
our future studies to explain the relationship between mitophagy
and skeletal muscle loss.

J. Clin. Biochem. Nutr. | July 2023 | vol. 73 | no. 1 | 41
©2023 JCBN



In conclusion, mitophagy is enhanced in the skeletal muscle
of subjects with cancer cachexia. Inflammation and oxidative
stress were also observed simultaneously. Overall, suppressing
mitophagy could rescue mitochondrial function and skeletal
muscle loss to a certain extent. Indeed, further research on
mitophagy and cancer cachexia is essential to improve the
outcomes of this patient population.
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