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Abstract Ϯϵ 

In addition to skeletal muscle dysfunction, cancer cachexia is a systemic disease involving remodeling of non-ϯϬ 

muscle organs such as adipose and liver.  Impairment of mitochondrial function is associated with multiple ϯϭ 

chronic diseases.  The tissue-specific control of mitochondrial function in cancer cachexia is not well-defined.  ϯϮ 

This study determined mitochondrial respiratory capacity and coupling control of skeletal muscle, white ϯϯ 

adipose tissue (WAT), and liver in colon-26 (C26) tumor-induced cachexia.  Tissues were collected from PBS-ϯϰ 

injected weight-stable mice, C26 weight-stable mice, and C26 mice with moderate (10% weight loss) and ϯϱ 

severe cachexia (20% weight loss).  The respiratory control ratio (RCR, an index of OXPHOS coupling ϯϲ 

efficiency) was low in WAT during the induction of cachexia, due to high non-phosphorylating LEAK ϯϳ 

respiration.  Liver RCR was low in C26 weight-stable and moderately cachexic mice due to reduced OXPHOS. ϯϴ 

Liver RCR was further reduced with severe cachexia, where Ant2 but not Ucp2 expression was increased.  ϯϵ 

Ant2 was inversely correlated with RCR in the liver (r=-0.547, p<0.01).  Liver cardiolipin increased in moderate ϰϬ 

and severe cachexia, suggesting this early event may also contribute to mitochondrial uncoupling.  Impaired ϰϭ 

skeletal muscle mitochondrial respiration occurred predominantly in severe cachexia, at complex I. These ϰϮ 

findings suggest that mitochondrial function is subject to tissue-specific control during cancer cachexia, ϰϯ 

whereby remodeling in WAT and liver arise early and may contribute to altered energy balance, followed by ϰϰ 

impaired skeletal muscle respiration.  We highlight an under-recognized role of liver and WAT mitochondrial ϰϱ 

function in cancer cachexia, and suggest mitochondrial function of multiple tissues to be therapeutic targets.  ϰϲ 

 ϰϳ 

 ϰϴ 

 ϰϵ 

 ϱϬ 

 ϱϭ 

 ϱϮ 

 ϱϯ 

 ϱϰ 
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Introduction ϱϲ 

Approximately half of all cancer patients undergo cachexia, a life-threatening comorbidity of cancer in ϱϳ 

which tumor-induced metabolic abnormalities contribute to hallmark clinical features such as involuntary weight ϱϴ 

loss and skeletal muscle atrophy (45, 58).  Despite impairing responsiveness to anti-cancer treatment and ϱϵ 

accounting for an estimated 20% of all cancer-related deaths (30), cachexia continues to be an under-ϲϬ 

recognized issue in cancer care, and a major source of frustration for patients and family members alike (50, ϲϭ 

58).  Because the root causes of cancer cachexia are not well-defined at present, effective treatment options ϲϮ 

remain elusive (22).  While research efforts often emphasize skeletal muscle pathophysiology, current ϲϯ 

frameworks describe a systemic condition in which multiple organs such as adipose, bone, brain, heart, and ϲϰ 

liver are remodeled to generate the cachectic phenotype (2, 45, 46).  Convincing evidence supports the ϲϱ 

existence of cross-talk mechanisms between several of these organs, and targeted manipulation of non-ϲϲ 

muscle organs rescue losses of body weight and muscle mass (34, 35).  The multi-organ involvement ϲϳ 

underscores the highly complex nature of cancer cachexia, whereby multiple mechanisms of metabolic ϲϴ 

disturbance may be responsible for the hallmark clinical manifestations. ϲϵ 

 Several lines of evidence implicate mitochondria in the pathogenesis of cancer cachexia (3, 13).  ϳϬ 

Mitochondria are well known for their central role in cellular function due to their regulation of nutrient oxidation ϳϭ 

and bioenergetics, diverse signaling pathways, and cell fate decisions (40).  Given these critical roles, ϳϮ 

disturbances to mitochondria and their metabolic functions are implicated in aging, neurodegenerative disease, ϳϯ 

and cancer (1, 5, 6, 49).  In particular, effects on mitochondrial respiration are important because oxidative ϳϰ 

phosphorylation (OXPHOS), which couples the electron transfer system (ETS) to ADP phosphorylation, can ϳϱ 

affect redox status, oxidative stress, mitochondrial dynamics, quality control, and hence the overall health of ϳϲ 

the mitochondrial pool (40).  In cancer cachexia, mitochondrial function is most widely studied in skeletal ϳϳ 

muscle, with several mechanisms proposed to link mitochondrial functions to muscle mass.  Elevated oxidant ϳϴ 

emission could lead to protein degradation and muscle atrophy (39, 52).  Further, restricted ATP provision from ϳϵ 

impaired OXPHOS may cause energetic stress, downstream activation of protein degradation, and muscle ϴϬ 

dysfunction (16, 52).  Indeed, recent reports found decreased complex I-linked OXPHOS capacity and coupling ϴϭ 

efficiency in situ, and reduced coupling efficiency in vivo in skeletal muscle of rodents with cancer cachexia ϴϮ 

(10, 23, 55).  These defects were observed at or near time-points at which marked cachexia already occurred, ϴϯ 
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and are suggestive of muscle dysfunction secondary to global changes in systemic metabolism (27).  The ϴϰ 

coupling and function of skeletal muscle respiration throughout the development of cancer cachexia, from early ϴϱ 

to late stage, requires further investigation. ϴϲ 

 In addition to skeletal muscle oxidative metabolism, considerable interest has been devoted to adipose ϴϳ 

tissue function as a cause of cachexia.  White adipose tissue depots undergo a phenotypic switch to resemble ϴϴ 

the more metabolically active, mitochondrial-dense, heat producing brown adipose compartment (i.e. WAT ϴϵ 

beiging/browning) (35, 44).  In other conditions characterized by severe metabolic stress and beiging (i.e. burn ϵϬ 

injury), WAT shows high LEAK respiration (53), which reflects the permeability of the mitochondrial inner ϵϭ 

membrane to inward electron flow and intrinsic uncoupling, thereby generating heat independent of ATP ϵϮ 

synthase activity due to compensation for the dissipation of the proton gradient.  The metabolic rewiring of ϵϯ 

WAT has been proposed as a source of elevated energy expenditure and thus involuntary weight loss (44, 53).  ϵϰ 

It has also been suggested that inefficiency of OXPHOS and uncoupling in the liver could be another ϵϱ 

mechanism by which energy is dissipated as heat, metabolic rate increases, and weight loss ensues (20, 46).  ϵϲ 

It is not well-established, however, if mitochondrial defects in liver are part of cancer cachexia severity.   ϵϳ 

How mitochondrial respiration functions in skeletal muscle, WAT, and liver before overt features of ϵϴ 

cachexia occur, along with the extent to which they change as severe cachexia arises, is not known.  This ϵϵ 

investigation tested the hypotheses that mitochondrial respiration is subject to tissue-specific control ϭϬϬ 

mechanisms during the induction and progression of cancer cachexia, and that these indices of mitochondrial ϭϬϭ 

function relate to body weight loss and skeletal muscle atrophy, the hallmark features of cancer cachexia.  To ϭϬϮ 

address this, we assessed mitochondrial respiratory function by high-resolution respirometry during the ϭϬϯ 

induction and progression of cancer cachexia using the colon-26 (C26) tumor-bearing mouse model. ϭϬϰ 

 ϭϬϱ 

Methods ϭϬϲ 

Animals and design ϭϬϳ 

Ten-week old Balb/c males (Envigo) were randomly assigned to receive either an injection of PBS or ϭϬϴ 

colon-26 (C26) tumor cells.  The C26 tumor-bearing mouse is a well-established pre-clinical model of cancer ϭϬϵ 

cachexia (4, 18, 19, 33, 42, 61).  In this model the salient features of cachexia develop (i.e. weight loss, muscle ϭϭϬ 

atrophy) over a typical tumor growth period of 3 weeks.  Tissue was collected from C26 mice between day 14 ϭϭϭ 
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and 21 after tumor cell injection based on weight loss, followed by evaluation of mitochondrial function in ϭϭϮ 

groups stratified by cachexia severity according to the degree of weight loss, similar to previous investigations ϭϭϯ 

(7, 59).  The 4 groups studied included: 1) Tumor-free, weight-stable mice that were PBS injected (PBS-WS, ϭϭϰ 

n=4), 2) C26 mice with confirmed tumors that did not exhibit weight loss (weight-stable, C26-WS, n=6), 3) C26 ϭϭϱ 

mice with moderate cachexia (10% weight loss; C26-MOD, n=7), and 4) C26 mice with severe cachexia (≥20% ϭϭϲ 

weight loss; C26-SEV, n=6).  These classifications were adapted from prior pre-clinical investigations in which ϭϭϳ 

10% weight loss was considered moderate cachexia, and 20% severe (7, 59).  Weight loss for each mouse ϭϭϴ 

was calculated as the percentage change between carcass weight (i.e. tumor-free body weight) and body ϭϭϵ 

weight recorded on the day of cell injection.  For all C26-SEV mice, tissue was collected on day 21 post-ϭϮϬ 

injection.  For C26-MOD, tissue was collected on day 14 (n=4), 15 (n=1), 17 (n=1), or 21 (n=1).  For the C26-ϭϮϭ 

WS group, tissue was collected on day 14 (n=1), 20 (n=2), or 21 (n=3).  Mice were individually housed, ϭϮϮ 

provided food and water ad libitum, and maintained on a 12:12 hr light:dark cycle.  C26 tumor-bearing mice ϭϮϯ 

may or may not exhibit anorexia depending on the source of the C26 cells and the phenotype they induce (42).  ϭϮϰ 

The C26 cells in the present study were obtained from a cell bank that others have used to show no significant ϭϮϱ 

anorexia as a result of C26 tumor-induced cachexia (4).  All procedures were approved by the Institutional ϭϮϲ 

Animal Care and Use Committee at Florida Atlantic University (Protocol # A16-39). ϭϮϳ 

 ϭϮϴ 

C26 tumor cell culture and injection  ϭϮϵ 

C26 cells (CLS Cell Lines Service, Eppelheim, Germany) were cultured in a humidified 5% CO2 ϭϯϬ 

incubator using complete media that contained RPMI 1640 supplemented with 1% penicillin/streptomycin ϭϯϭ 

(vol/vol) and 10% FBS (vol/vol).  Media was replaced every two to three days.  At sub-confluency, cells were ϭϯϮ 

harvested by incubation with trypsin (0.05%, Gibco) and subsequently pelleted by centrifugation.  The ϭϯϯ 

supernatant was then discarded and the pellet resuspended in sterile PBS.  Viable cells were counted in a ϭϯϰ 

hemocytometer by trypan blue staining and light microscopy.  Mice in C26 groups were gently restrained and ϭϯϱ 

injected s.c. in the upper back with a cell suspension containing 1 x 106 cells.  Mice assigned to weight-stable ϭϯϲ 

control were injected with an equivalent volume of sterile PBS (19, 60). ϭϯϳ 

 ϭϯϴ 

 ϭϯϵ 
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Tissue collection and processing ϭϰϬ 

Mice were euthanized by ketamine/xylazine overdose delivered i.p. (300/30 mg/kg).  Euthanasia was ϭϰϭ 

performed during a four-hour time window from 10:00 am to 2:00 pm to ensure consistency in the timing of ϭϰϮ 

tissue collection.  Mice were not food deprived overnight or immediately prior to tissue collection.  Hindlimb ϭϰϯ 

skeletal muscles, vital organs, and epididymal white adipose tissue (WAT) were carefully isolated and ϭϰϰ 

removed.  The left medial gastrocnemius, left epididymal WAT, and left lateral lobe of the liver, were ϭϰϱ 

immediately placed into ice-cold preservation buffer (BIOPS: 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 5.77 ϭϰϲ 

mM Na2ATP, 6.56 mM MgCl2ͼ6H2O, 20 mM Taurine, 15 mM Na2PCr, 20 mM Imidazole, 0.5 mM DTT, 50 mM ϭϰϳ 

MES hydrate) and stored on ice in preparation for in situ analysis of mitochondrial respiration.  The ϭϰϴ 

gastrocnemius was selected because it is a major locomotor muscle that atrophies in this model (33), and has ϭϰϵ 

been previously used to investigate mitochondrial respiration in mouse studies of metabolic dysfunction (38, ϭϱϬ 

41).  Epididymal WAT was selected due to its anticipated remodeling and relative abundance, which ensured ϭϱϭ 

adequate tissue availability for the respirometric assay.  WAT was not detectable in severe cachexia, and was ϭϱϮ 

therefore not analyzed in the C26-SEV group.  The left lateral lobe of the liver was chosen in accordance with ϭϱϯ 

Heim et al (28).  The right hind limb muscles were mounted cross-sectionally in tragacanth gum on cork, and ϭϱϰ 

frozen in isopentane cooled by liquid nitrogen for histological analysis.  Remaining tissues were snap frozen ϭϱϱ 

and stored at -80°C.   ϭϱϲ 

To prepare WAT for respirometry, a portion of tissue was gently blotted dry, and two samples were ϭϱϳ 

prepared that weighed ~20-50 mg.  Samples were sectioned into 2-3 pieces prior to placement into the two ϭϱϴ 

respirometer chambers.  Chemical permeabilization of WAT by addition of digitonin into the chambers was not ϭϱϵ 

performed based on preliminary tests and reports by others in which no effect on respiratory capacity was ϭϲϬ 

observed (12).  Preparation of the liver for respirometry was adapted from previous work (36).  Briefly, a pair of ϭϲϭ 

small sections from the left lateral lobe (~6 mg each) were placed in a petri dish with ice-cold BIOPS and ϭϲϮ 

subjected to gentle mechanical separation with forceps under a dissecting microscope.  Duplicate liver ϭϲϯ 

samples were blotted dry on filter paper, weighed, and placed into the respirometer chambers.  To prepare ϭϲϰ 

skeletal muscle for respirometry, the gastrocnemius was placed in a petri dish containing ice-cold BIOPS and ϭϲϱ 

mechanically separated with sharp forceps into duplicate fiber bundles (~4-6 mg each) under a dissecting ϭϲϲ 

microscope (26, 43).  Fiber bundles were then permeabilized by placing them into separate wells of a 6-well ϭϲϳ 
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plate filled with BIOPS containing saponin (50 µgͬml) and incubated with gentle shaking on ice for 20 minutes.  ϭϲϴ 

Following saponin treatment, fiber bundles were washed in respiration medium (MiR05) on ice with gentle ϭϲϵ 

shaking for 10 min (MiR05: 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM ϭϳϬ 

KH2PO4, 20 mM HEPES, 110 mM Sucrose, and 1g/l BSA, pH 7.1).  After washing, the fiber bundles were ϭϳϭ 

gently blotted dry on filter paper and weighed before being placed into the respirometer chambers.   ϭϳϮ 

 ϭϳϯ 

High-resolution respirometry  ϭϳϰ 

In situ respiration was measured in the pre-determined order of WAT, liver, and skeletal muscle.  This ϭϳϱ 

sequence was based on reported stability of mitochondrial performance following storage in BIOPS, with ϭϳϲ 

skeletal muscle showing the greatest retention of respiratory function whereas WAT shows a more rapid ϭϳϳ 

decline (12).  Oxygen flux per tissue mass (pmolās-1āmg-1) was recorded in real-time at 37°C in the oxygen ϭϳϴ 

concentration range of 550-350 nmol/ml using high-resolution respirometry (Oxygraph-2k, Oroboros ϭϳϵ 

Instruments, Innsbruck, AT) and Datlab software (Oroboros Instruments, Innsbruck, AT).  In WAT and liver, ϭϴϬ 

respiration was assessed by a substrate-uncoupler-inhibitor-titration (SUIT) protocol adapted from Porter et al. ϭϴϭ 

(47, 48) containing the following sequential injections: 1) 1 mM malate, 75 µM palmitoyl-carnitine, 5 mM ϭϴϮ 

pyruvate, and 10 mM glutamate, to determine non-phosphorylating LEAK respiration supported by complex I ϭϴϯ 

linked substrates (with fatty acids) (CIL); 2) 5 mM ADP to achieve maximal phosphorylating respiration from ϭϴϰ 

electron input through complex I (CIP); 3) 10 mM succinate to saturate complex II and achieve maximal ϭϴϱ 

convergent electron flux through complex I and II (CI+IIP); 4) 10 µM cytochrome c to assess the integrity of the ϭϴϲ 

outer mitochondrial membrane and hence quality of sample preparation (samples were rejected when flux ϭϴϳ 

increased by >15% (37)); 5) 0.5 µM carbonylcyanide m-cholorophenyl hydrazone (CCCP) to assess complex I ϭϴϴ 

and II linked ETS capacity (i.e. maximal capacity of the electron transfer system; CI+IIE); 6) 0.5 µM rotenone to ϭϴϵ 

inhibit complex I (CIIE); and 7) 2.5 µM Antimycin A to inhibit complex III and obtain residual oxygen ϭϵϬ 

consumption.  We note that in our evaluation of OXPHOS supported by complex I and II linked substrates (i.e. ϭϵϭ 

CIP, CI+IIP), a fatty acid was included in the protocol, therefore, electrons are also supplied into the respiratory ϭϵϮ 

chain via electron-transferring flavoprotein (43). ϭϵϯ 

For mitochondrial respiration in skeletal muscle, a similar SUIT protocol was followed with slight ϭϵϰ 

modifications to the sequence of injections in order to determine fatty acid based respiration (14): 1) 1 mM ϭϵϱ 
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malate and 75 µM palmitoyl-carnitine to determine LEAK respiration supported by fatty acids (FAOL); 2) 5 mM ϭϵϲ 

ADP to determine fatty acid OXPHOS capacity (FAOP); and 3) 5 mM pyruvate and 10mM glutamate to ϭϵϳ 

evaluate complex I supported OXPHOS capacity (with fatty acids) (CIP).  Subsequent assessment of CI+IIP, ϭϵϴ 

outer membrane integrity, CI+IIE, CIIE, and residual oxygen consumption were identical to steps 3-7 of the ϭϵϵ 

protocol used for WAT and liver. ϮϬϬ 

 ϮϬϭ 

Data reduction and analysis ϮϬϮ 

Oxygen fluxes of the different respiratory states were corrected by subtracting residual oxygen ϮϬϯ 

consumption following antimycin A treatment.  Fluxes from each duplicate measurement were averaged for ϮϬϰ 

statistical analysis.  To determine flux control ratios, which express respiratory control independent of ϮϬϱ 

mitochondrial volume-density, tissue mass-specific oxygen fluxes from the SUIT protocol were divided by ϮϬϲ 

maximal electron transfer system capacity (CI+IIE) as the reference state (43).  Because CI+IIE is an intrinsic ϮϬϳ 

indicator of mitochondrial function that represents the maximal capacity of the electron transfer system, it can ϮϬϴ 

be used to normalize the other respiratory states (43).  The respiratory control ratio (RCR), an index of ϮϬϵ 

coupling efficiency of the OXPHOS system, was calculated for WAT and liver in the complex I linked substrate ϮϭϬ 

state from the ratio of CIP to CIL (P/L) (11).  The inverse RCR in the complex I supported state (L/P) was also Ϯϭϭ 

calculated.  To determine the fraction of maximal OXPHOS capacity serving LEAK respiration, the oxygen flux ϮϭϮ 

measured with complex I substrates but not adenylates, CIL, was divided by CI+IIP. (11, 43)  The substrate Ϯϭϯ 

control ratio (SCR), which evaluates the change in oxygen flux by addition of substrate within a defined Ϯϭϰ 

coupling state, was calculated for succinate (SCRsuccinate) as CI+IIP/CIP (48). Ϯϭϱ 

 Ϯϭϲ 

Total homogenate and subcellular fractionation Ϯϭϳ 

Tissue homogenate (skeletal muscle, WAT, and liver) was prepared using a Potter-Elvehjem Ϯϭϴ 

homogenizer containing 1 mL of ice-cold mitochondrial isolation buffer (215 mM mannitol, 75 mM sucrose, Ϯϭϵ 

0.1% BSA, 20 mM HEPES, 1 mM EGTA, and pH adjusted to 7.2 with KOH), as previously described (56).  ϮϮϬ 

400 µl of tissue homogenate was frozen immediately in -80 °C for biochemical assays.  To isolate the ϮϮϭ 

mitochondria, the remaining tissue homogenate was centrifuged at 1,300 g for 3 min at 4 °C to obtain nuclear ϮϮϮ 

pellets.  The supernatant was further centrifuged at 10,000 g for 10 min at 4 °C to obtain mitochondrial pellets.  ϮϮϯ 
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The final mitochondrial pellet was resuspended in 40 µl isolation buffer.  The protein concentration of total ϮϮϰ 

homogenate and mitochondrial fraction was measured using the BCA protein assay kit. ϮϮϱ 

 ϮϮϲ 

H2O2 production ϮϮϳ 

Liver and skeletal muscle mitochondrial H2O2 production were measured using 50 ȝM Amplex Red ϮϮϴ 

(Cat#10187-606, BioVision) and 1 U/ml horseradish peroxidase (HRP) reagents at 30 °C as described ϮϮϵ 

previously (57).  The formation of fluorescent resorufin from Amplex red was measured after a 10 min period at ϮϯϬ 

530-nm excitation and 590-nm emission filters using a Biotek Synergy HTX spectrofluorometer (Winooski, Ϯϯϭ 

VT).  ϮϯϮ 

 Ϯϯϯ 

Citrate synthase activity Ϯϯϰ 

Citrate synthase (CS) was analyzed as a surrogate for mitochondrial volume-density in homogenized Ϯϯϱ 

liver and gastrocnemius tissues.  CS activity was not assayed in WAT due to limited tissue availability.  CS Ϯϯϲ 

activity was determined using a commercially available kit according to the manufacturer’s instructions Ϯϯϳ 

(MitoCheck® Citrate Synthase Activity Assay Kit, Cayman Chemical).  Absorbance was measured Ϯϯϴ 

spectrophotometrically in 30 second intervals for 20 minutes at 412 nm.  Samples were analyzed in duplicate Ϯϯϵ 

at a tissue concentration of 2 mg/ml.  CS activity was expressed as nM/min/µg protein. ϮϰϬ 

 Ϯϰϭ 

Cardiolipin content ϮϰϮ 

The fluorescent dye 10-N-Nonyl-Acridine Orange (Cat # A7847, Sigma) was used to measure Ϯϰϯ 

mitochondrial cardiolipin content (24, 25). Briefly, 50 µg of liver mitochondria and white adipocyte total protein Ϯϰϰ 

homogenate was incubated with 50 µM of NAO reagent in mitochondrial isolation buffer at 30°C for 20 min in Ϯϰϱ 

the dark.  After incubation, the red fluorescence of NAO bound to cardiolipin was measured at wavelengths of Ϯϰϲ 

495 nm (excitation) and 519 nm (emission) with a Biotek spectrofluorometer. Ϯϰϳ 

 Ϯϰϴ 

Myofiber cross-sectional area Ϯϰϵ 

Procedures for determining myofiber cross-sectional area (CSA) were performed as previously ϮϱϬ 

described (33).  Briefly, transverse sections 8 µm thick were sectioned from the mid-belly of the gastrocnemius Ϯϱϭ 
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on a cryostat at -20°C.  Sections were subsequently fixed with 10% formalin, stained with hematoxylin, washed ϮϱϮ 

with PBS, and coverslipped with Immu-Mount medium.  Images were acquired at 20x and analyzed by NIH-Ϯϱϯ 

Image J software. Ϯϱϰ 

 Ϯϱϱ 

Western blotting Ϯϱϲ 

A total of 30 ȝg of protein from total homogenate or mitochondrial fraction of liver and skeletal muscle Ϯϱϳ 

were resolved by SDS-PAGE using 4–20% Criterion™ TGX™ Precast gels (Cat# 5671095, Bio-Rad, Hercules, Ϯϱϴ 

CA).  The proteins were transferred onto polyvinylidene difluoride (PVDF) membranes, blocked with 6% nonfat Ϯϱϵ 

dry milk or 5% BSA (for phospho-specific antibodies) for one hour at room temperature, and then incubated at ϮϲϬ 

4°C overnight with the primary antibody of interest.  The primary antibodies included: mitochondrial anti-Ϯϲϭ 

adenine nucleotide translocase 2 rabbit mAb (Ant2, 1:2500 dilution, cat#14671), mitochondrial anti-uncoupling ϮϲϮ 

protein 2 rabbit mAb  (Ucp2, 1:2500 dilution, cat#89326), anti-phospho-AMP activated protein kinase Į rabbit Ϯϲϯ 

mAb (Thr172) (p-AMPKĮ, 1:2000, cat#2535), total anti-AMP activated protein kinase Į rabbit polyAb (AMPKĮ, Ϯϲϰ 

1:2000 dilution, cat#2532), anti-Į-tubulin mouse mAb (1:5000, cat#3873) and mitochondrial anti-voltage Ϯϲϱ 

dependent anion channel rabbit mAb (VDAC, 1:5000 dilution, cat#4661) from Cell Signaling Technology Inc.  Ϯϲϲ 

The mitochondrial anti-creatine kinase 2 rabbit polyAb (CKMT2, 1:3000 dilution, cat#SAB2100437) was from Ϯϲϳ 

Sigma-Aldrich.  For secondary antibodies, peroxidase-conjugated horse anti-mouse IgG (cat#7076) and goat Ϯϲϴ 

anti-rabbit IgG (cat # 7074) were obtained from Cell Signaling Technology.  The immunoreactive protein Ϯϲϵ 

reaction was revealed using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (cat# PI34580, ϮϳϬ 

Thermo Fisher).  The reactive bands were detected by ChemiDocTM XRS+ imaging system (Bio-rad) and Ϯϳϭ 

density measured using NIH ImageJ software.   ϮϳϮ 

 Ϯϳϯ 

Statistical analysis Ϯϳϰ 

All data are reported as mean±SE.  Group differences were determined by one-way ANOVA.  In the Ϯϳϱ 

event of a significant F-test, post hoc analysis was conducted using Tukey’s HSD.  Pearson correlation Ϯϳϲ 

coefficients (r) were used to determine the associations among mitochondrial respiration, percent body weight Ϯϳϳ 

change, myofiber cross-sectional area and protein expression.  To obtain the proportion of shared variance Ϯϳϴ 
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between these variables, the coefficient of determination (R2) was calculated for each correlation by squaring Ϯϳϵ 

the Pearson-r value.  Significance was accepted at p<0.05. ϮϴϬ 

 Ϯϴϭ 

Results ϮϴϮ 

Weight loss and organ atrophy in colon-26 tumor-induced cachexia Ϯϴϯ 

Body weight change averaged -10±1% in C26-MOD, and -22±2 % in C26-SEV, which were significantly Ϯϴϰ 

different from PBS-WS and C26-WS (Fig. 1a).  Weight loss was also significantly greater in C26-SEV Ϯϴϱ 

compared to C26-MOD (Fig. 1a).  Tumor burden increased in accordance with weight loss (Fig. 1b).  Muscle Ϯϴϲ 

weights were ~20-30% lower in C26-MOD and C26-SEV compared to PBS-WS and C26-WS (Fig. 1c).  Ϯϴϳ 

Epididymal fat was substantially depleted in C26-MOD relative to PBS-WS and C26-WS; epididymal fat was Ϯϴϴ 

not detected in C26-SEV. (Fig. 1d).  The spleen was significantly enlarged in C26-WS and C26-MOD versus Ϯϴϵ 

PBS-WS (+44-74%) (Fig. 1e), consistent with an inflammatory response to tumor load.  Although spleen mass ϮϵϬ 

was 34% greater in C26-SEV compared to PBS-WS, this did not reach statistical significance (p=0.183).   Ϯϵϭ 

Absolute liver mass was lower in C26-MOD and C26-SEV compared to the WS groups (Fig. 1f).  Fiber cross-ϮϵϮ 

sectional area was ~45% lower in C26-MOD, and ~55% lower in C26-SEV compared to the WS groups (Fig. Ϯϵϯ 

1g-h).  Fiber size distribution revealed the greatest percentage of small fibers in C26-SEV, followed by C26-Ϯϵϰ 

MOD (Fig. 1i). Ϯϵϱ 

 Ϯϵϲ 

Impairment of complex I-supported skeletal muscle mitochondrial respiration in severe cachexia Ϯϵϳ 

In comparison to PBS-WS and C26-WS, mass-specific fluxes for FAOL, FAOP, CIP, CI+IIP, and CI+IIE Ϯϵϴ 

were lower in C26-MOD and C26-SEV (Fig. 2a), indicating a general cachexia-associated loss of muscle Ϯϵϵ 

respiratory capacity per tissue mass under various substrate and coupling states.  In particular, CIP, CI+IIP, and ϯϬϬ 

CI+IIE were 23-40% lower in C26-MOD, and 58-79% lower in C26-SEV (Fig. 2a).  Oxygen flux for select ϯϬϭ 

substrate and coupling states were also lower in C26-SEV compared to C26-MOD (Fig. 2a), supportive of a ϯϬϮ 

progressive deterioration in muscle mitochondrial function per tissue mass as cachexia severity increased.  ϯϬϯ 

There were no differences in CS activity (p>0.05) (Fig. 2d), consistent with an impairment of skeletal muscle ϯϬϰ 

respiration in cachexia as opposed to a reduced mitochondrial volume-density.  Mass-specific fluxes FAOL, ϯϬϱ 
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FAOP, CIP, CI+IIP, and CI+IIE each related linearly with body weight change (r=0.689-0.804) and fiber CSA ϯϬϲ 

(r=0.684-0.762) (Figs. S1a-e, h-l, doi.org/10.6084/m9.figshare.7880999.v2).   ϯϬϳ 

Normalization of mass-specific fluxes to ETS capacity, an internal mitochondrial marker, yielded flux ϯϬϴ 

control ratios that are independent of mitochondrial density, therefore providing an index of mitochondrial ϯϬϵ 

quality.  The flux control ratio for FAOP (FAOP/CI+IIE) was 33% lower in C26-MOD (p=0.058), and 60% lower in ϯϭϬ 

C26-SEV (p=0.001) compared to PBS-WS (data not shown).  FAOP/CI+IIE in C26-SEV was also lower than ϯϭϭ 

C26-WS (-51%, p=0.007) and C26-MOD (-40%, p=0.086) (data not shown).  Suppression of fatty acid based ϯϭϮ 

respiration may therefore depend on cachexia severity.  The flux control ratio for CIP (CIP/CI+IIE) was 44-53% ϯϭϯ 

lower in C26-SEV compared to PBS-WS, C26-WS, and C26-MOD (Fig. 2b).  The lower ETS-normalized CIP in ϯϭϰ 

C26-SEV suggests that muscle mitochondrial quality was impaired, primarily as a consequence of severe, late ϯϭϱ 

stage cachexia, and that the source of this dysfunction may reside at complex I.  The substrate control ratio for ϯϭϲ 

succinate, SCRsuccinate, was ~4-5-fold greater in C26-SEV compared to PBS-WS, C26-WS, and C26-MOD (Fig. ϯϭϳ 

2c).  This may implicate a compensatory reliance of severely cachectic muscle on electron supply through ϯϭϴ 

complex II in order to stimulate OXPHOS.  Body weight change related significantly with both CIP/CI+IIE ϯϭϵ 

(r=0.487) and SCRsuccinate (r=-0.476) (Fig. S1f-g, doi.org/10.6084/m9.figshare.7880999.v2).   ϯϮϬ 

H2O2 in the mitochondrial fraction of skeletal muscle was ~40-50% lower in C26-MOD and C26-SEV ϯϮϭ 

compared to PBS-WS and C26-WS (Fig. 2e).  Phosphorylation of AMPK was ~100-150% greater in C26-WS ϯϮϮ 

and C26-MOD compared to PBS-WS (Fig. 3a, c), indicating early activation of AMPK in skeletal muscle.  ϯϮϯ 

CKMT2 expression in C26-MOD was ~4-fold greater than PBS-WS, and ~2-fold greater than C26-WS ϯϮϰ 

(p=0.091) and C26-SEV (p=0.054) (Fig. 3b, d), consistent with energetically stressed skeletal muscle in early ϯϮϱ 

cachexia.  Ant2 expression showed a similar pattern of response to CKMT2 (Fig. 3b, e).  ϯϮϲ 

 ϯϮϳ 

Increased respiratory rates and uncoupling in WAT during the induction of cancer cachexia ϯϮϴ 

Mass-specific fluxes for WAT including CIL, CIP, CI+IIP, and CI+IIE were significantly greater in C26-ϯϮϵ 

MOD compared to the WS groups (Fig. 4a), consistent with an increase in overall mitochondrial electron ϯϯϬ 

transport and respiratory capacity.  CIL in particular showed robust expansion, exceeding the WS groups by ϯϯϭ 

~200% (Fig. 4a).  This reflects greater leakiness of the inner mitochondrial membrane.  RCR for WAT was ϯϯϮ 

~50% lower in C26-MOD compared to the WS groups (Fig. 4b), suggesting loss of OXPHOS coupling ϯϯϯ 
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efficiency.  The LEAK to OXPHOS ratios L/P and CIL/CI+IIP were greater in C26-MOD by 85-94% and 55-86% ϯϯϰ 

respectively, compared to the WS groups (Figs. 4c-d).  Flux control ratio for CIL (CIL/CI+IIE) was also greater in ϯϯϱ 

C26-MOD, by 47-75%, compared to the WS groups (Fig. 4e).  These elevated LEAK ratios are consistent with ϯϯϲ 

uncoupled mitochondria.  Cardiolipin content was ~50% lower in C26-MOD compared with C26-WS (Fig. 4f).  ϯϯϳ 

CIL, CI+IIP, and CI+IIE were inversely related to body weight change (r=-0.772-0.834) and fiber CSA (r=-0.732-ϯϯϴ 

.817) (Figs. S2a-c, g-I, doi.org/10.6084/m9.figshare.7881110.v1), indicating elevated WAT metabolic capacity ϯϯϵ 

in weight-losing mice with smaller myofibers, and lower WAT metabolism in weight-stable mice with larger ϯϰϬ 

myofibers.  Further, RCR for WAT was positively associated with body weight change and fiber CSA (r=0.709, ϯϰϭ 

r=0.565) (Fig. S2d, j, doi.org/10.6084/m9.figshare.7881110.v1), whereas the LEAK ratios L/P and CIL/CI+IIP ϯϰϮ 

related inversely with body weight change and fiber CSA (r=-0.628-0.789) (Fig. S2e-f, k-l, ϯϰϯ 

doi.org/10.6084/m9.figshare.7881110.v1), suggesting uncoupled WAT mitochondria to be a feature of tumor-ϯϰϰ 

induced weight loss and myofiber atrophy. ϯϰϱ 

 ϯϰϲ 

Severity dependent loss of liver OXPHOS coupling efficiency and elevated LEAK in C26 mice ϯϰϳ 

Compared with PBS-WS, mass-specific respiration for CIL, CIP, CI+IIP, and CI+IIE were ~40-80% lower ϯϰϴ 

in all three C26 groups, indicating loss of liver respiratory capacity due to cancer, and not cachexia per se, for ϯϰϵ 

each coupling state (i.e. LEAK, OXPHOS, ETS) (Fig. 5a).  CS activity, a proxy for mitochondrial volume-ϯϱϬ 

density, was not different between groups (p>0.05) (Fig. 5e), suggesting the impairment of liver respiratory ϯϱϭ 

function to be independent of mitochondrial mass.  AMPK phosphorylation status, an upstream signal for PGC-ϯϱϮ 

1Į-dependent mitochondrial biogenesis, was not different between groups (p>0.05) (e.g. see Fig. 6b, e).  RCR ϯϱϯ 

of the liver was ~25-60% lower in C26-WS, C26-MOD, and C26-SEV compared to PBS-WS (Fig. 5b).  C26-ϯϱϰ 

SEV also had lower liver RCR than C26-MOD (Fig. 5b).  Together this may signify a severity dependent loss of ϯϱϱ 

OXPHOS coupling efficiency due to cancer, which subsequently worsens when severe cachexia develops. ϯϱϲ 

CIL/CI+IIP was greater in C26-WS (+82%), C26-MOD (+74%), and C26-SEV (+93%) compared to PBS-ϯϱϳ 

WS (Fig. 5c), consistent with an early, sustained increase in the fraction of maximal OXPHOS capacity that is ϯϱϴ 

LEAK due to cancer rather than cachexia.  The P/E ratio (CI+IIP/CI+IIE) was greater in C26-SEV compared to ϯϱϵ 

all other groups (Fig. 5d).  Because P/E in C26-SEV approached 1.0 (0.94±0.05), this may indicate dyscoupled ϯϲϬ 

liver mitochondria in severe cancer cachexia.   ϯϲϭ 
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Mass-specific respiration was positively related to body weight change (r=0.382-0.430) and fiber CSA ϯϲϮ 

(r=0.395-0.459) (Figs. S3a-c, g-j, doi.org/10.6084/m9.figshare.7881143.v1), suggesting that depression in liver ϯϲϯ 

mitochondrial function may be linked to cachexia-related weight loss and fiber atrophy.  Liver RCR (r=0.497) ϯϲϰ 

was positively associated with weight change.  Thus, LEAK ratios L/P (r=-0.569) and CIL/CI+IIE (r=-0.484) were ϯϲϱ 

inversely related to weight change (Figs. S3d-f, doi.org/10.6084/m9.figshare.7881143.v1). This suggests that ϯϲϲ 

liver mitochondria with tighter coupling appeared more often in weight-stable mice, whereas uncoupling ϯϲϳ 

typically appeared with weight loss. ϯϲϴ 

 ϯϲϵ 

Decreased ROS, increased cardiolipin, and greater Ant2 expression in cachectic liver mitochondria ϯϳϬ 

To identify events associated with uncoupling of OXPHOS and elevated LEAK, we measured H2O2 ϯϳϭ 

production and cardiolipin content by amplex red and NAO fluorescence, respectively, in the mitochondrial ϯϳϮ 

fraction of the liver.  H2O2 is an indicator of mitochondrial ROS emission, and uncoupling may occur as a ϯϳϯ 

protective response against high levels of ROS.  H2O2 declined in a severity-dependent manner compared to ϯϳϰ 

PBS-WS (Fig. 5f).  This gradual decline in ROS emission paralleled the decrease in respiratory capacity, and ϯϳϱ 

may represent part of a broad, cachexia-associated loss of liver mitochondrial function.  Cardiolipin, a ϯϳϲ 

phospholipid of the mitochondrial inner membrane that regulates OXPHOS function, was ~40% greater in C26-ϯϳϳ 

MOD and C26-SEV compared to C26-WS (Fig. 5g).  The greater cardiolipin content in both groups of ϯϳϴ 

cachectic mice may support an involvement of this mitochondrial phospholipid in the uncoupling of liver ϯϳϵ 

OXPHOS in cancer cachexia.  We next probed for Ucp2 and Ant2 expression in liver mitochondria by ϯϴϬ 

immunoblotting to determine whether proteins with reported uncoupling properties may be associated with the ϯϴϭ 

increased LEAK respiration and uncoupling of OXPHOS (Fig. 6a).  Ucp2 protein expression was not ϯϴϮ 

significantly different between groups (p>0.05) (Fig. 6a, c).  However, Ant2 protein expression was significantly ϯϴϯ 

greater in C26-SEV compared to PBS-WS, C26-WS, and C26-MOD, by 30%, 15%, and 16%, respectively ϯϴϰ 

(Fig. 6a, d).  There was a significant inverse relationship between Ant2 expression and RCR in the liver (r=-ϯϴϱ 

0.547), implying higher liver Ant2 content to be associated with uncoupling of OXPHOS (Fig. 6f). ϯϴϲ 

 ϯϴϳ 

 ϯϴϴ 

 ϯϴϵ 
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Discussion ϯϵϬ 

We report tissue-specific alterations in mitochondrial function during colon-26 tumor-induced cachexia.  ϯϵϭ 

The progression and characteristics of mitochondrial function adaptations differed among skeletal muscle, liver ϯϵϮ 

and WAT; but there were no differences in CS activity, consistent with impaired respiratory control that was ϯϵϯ 

independent of changes in tissue mitochondrial volume-density.  In liver, ETS and OXPHOS capacity and RCR ϯϵϰ 

decreased in tumor-bearing mice, even before weight loss was observed.  Weight loss and muscle atrophy ϯϵϱ 

was linearly correlated with these effects. The impairment of liver mitochondrial respiration was associated with ϯϵϲ 

increased cardiolipin and Ant2 but not Ucp2 expression. These data suggest roles for Ant2 and cardiolipin in ϯϵϳ 

uncoupling of liver OXPHOS.  In WAT, the first effects on mitochondrial respiration were observed in mice with ϯϵϴ 

moderate cachexia. The induction of moderate cachexia was associated with an increase in ETS and ϯϵϵ 

OXPHOS capacities, an increase in non-phosphorylating LEAK respiration, and a decrease in RCR, consistent ϰϬϬ 

with the uncoupling of respiration from ATP synthesis.  Weight loss and muscle atrophy were linearly ϰϬϭ 

correlated with these effects.  In skeletal muscle, ETS and OXPHOS capacity were reduced in severe ϰϬϮ 

cachexia.  Adaptation in mitochondrial respiratory control in skeletal muscle resided at complex I.  Overall, ϰϬϯ 

mitochondrial respiratory variables in liver, WAT, and skeletal muscle accounted for a significant proportion of ϰϬϰ 

the variance in body weight change and myofiber size (Figs. S1, S2, S3).  These findings suggest that ϰϬϱ 

mitochondrial function is subject to tissue-specific control during cancer cachexia, whereby early alterations ϰϬϲ 

arise in liver and WAT, followed by later impairment of skeletal muscle respiration (Fig. 7). ϰϬϳ 

Skeletal muscle is the most widely studied organ in cancer cachexia.  Several pre-clinical investigations ϰϬϴ 

examined in situ mitochondrial respiration in skeletal muscle using a cross-sectional design comparing controls ϰϬϵ 

and tumor-bearing rodents with marked cachexia.   Impaired complex I and complex II OXPHOS were reported ϰϭϬ 

(23, 31), consistent with a loss of mitochondrial respiratory capacity and altered respiratory control in severely ϰϭϭ 

cachectic skeletal muscle.  We expand upon these findings by evaluating in situ respiration across a range of ϰϭϮ 

coupling states and substrate conditions, in tissue obtained from tumor-bearing mice with varying degrees of ϰϭϯ 

cachexia severity.  In skeletal muscle, reduction in mass-specific complex I and complex I+II OXPHOS and ϰϭϰ 

ETS capacities only occurred in severe cachexia, suggesting that altered skeletal muscle mitochondrial ϰϭϱ 

respiration is not an early event in cancer cachexia.  Loss of muscle mass and fiber CSA were evident in mice ϰϭϲ 

with moderate cachexia despite no significant impairment of complex I and II linked respiration compared with ϰϭϳ 
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saline control.  The exception to this was that fatty acid driven respiratory capacity (i.e. FAOL, FAOP) was ϰϭϴ 

reduced in moderate cachexia and remained suppressed in the severe state.   ϰϭϵ 

Since these parameters represent tissue mass-specific fluxes and do not account for changes in ϰϮϬ 

mitochondrial volume-density, we also calculated flux control ratios by normalization to maximal ETS capacity ϰϮϭ 

to provide indices of mitochondrial quality that are independent of mitochondrial density.  The flux control ratio ϰϮϮ 

for complex I OXPHOS in skeletal muscle was impaired only in severe cachexia, consistent with the notion that ϰϮϯ 

muscle mitochondrial dysfunction occurred only in late-stage cachexia.  The substrate control ratio for ϰϮϰ 

succinate was ~4-5 fold greater in severe cachexia, an apparent compensation for complex I dysfunction, to ϰϮϱ 

stimulate OXPHOS via complex II.  Impairment in OXPHOS capacity could contribute to energetic stress in ϰϮϲ 

skeletal muscle of cachectic mice.  We found that phosphorylation of AMPK was increased early, in weight-ϰϮϳ 

stable C26 mice, and remained elevated in moderate cachexia.  This implies that energetic stress precedes ϰϮϴ 

protein degradation and muscle atrophy.  The ~2-4-fold increase in mitochondrial creatine kinase (CKMT2) ϰϮϵ 

expression in moderate cachexia is consistent with this implication; this could represent a compensatory ϰϯϬ 

adaptation to protect oxidative energy provision in skeletal muscle (56).  A similar expression pattern was seen ϰϯϭ 

for Ant2, an ADP transport protein, suggesting that Ant2 may also be involved in this compensation.  In ϰϯϮ 

addition to impaired OXPHOS, dysfunctional mitochondria may generate high levels of ROS that in turn affects ϰϯϯ 

protein turnover and causes atrophy.  We did not observe increased H2O2 in the mitochondrial fraction of ϰϯϰ 

skeletal muscle as anticipated.  H2O2 production actually declined in moderate and severe cachexia (perhaps ϰϯϱ 

consequent to reduced ETS capacity in these conditions) and does not appear associated with muscle atrophy ϰϯϲ 

in this model.  ϰϯϳ 

The elevated rates of mitochondrial respiration in WAT were not surprising.  A recent report found ϰϯϴ 

increased oligomycin and FCCP induced respiration in white adipocytes treated with parathyroid hormone-ϰϯϵ 

related protein, a tumor-derived product that induces beiging (35).  Others found increased respiratory capacity ϰϰϬ 

of beige-like WAT in cachectic mice using glycerol-3-phosphate as a substrate (44).  Our data extends these ϰϰϭ 

findings by evaluating in situ respiration of WAT in a broader spectrum of coupling and substrates states.  A ϰϰϮ 

unique finding was the increase in coupled (phosphorylating) respiration with electron input through complex I ϰϰϯ 

and complex I+II, which to our knowledge has not been previously reported.  Upregulation of TCA cycle, ϰϰϰ 

electron transport, and OXPHOS genes in WAT of cancer patients with cachexia has been documented by ϰϰϱ 
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others (17), and our elevated OXPHOS and ETS capacities are consistent with that gene profile.  The increase ϰϰϲ 

in phosphorylating respiration could be a compensatory response to mitochondrial uncoupling in WAT, leading ϰϰϳ 

to increased energy expenditure.  Alternatively, increased OXPHOS and ETS capacity could be related to ϰϰϴ 

lipolysis and intracellular accumulation of free fatty acids.  Treatments that inhibit coupling and ATP synthesis ϰϰϵ 

are believed to suppress lipogenesis in adipose tissue (9, 51).  Further, insulin-dependent suppression of ϰϱϬ 

lipolysis may depend on ATP availability (9, 54).  Thus, increased phosphorylating respiration capacity may be ϰϱϭ 

a compensatory effort to provide the energy supply to promote lipogenesis and/or suppress lipolysis, in order ϰϱϮ 

to maintain adipose mass in the face of tumor-induced catabolism. ϰϱϯ 

While coupled respiration of WAT increased in early cachexia, the LEAK state increased dramatically.  ϰϱϰ 

By dividing coupled and LEAK respiration (in the same complex I-linked substrate conditions), we obtained the ϰϱϱ 

respiratory control ratio (RCR), an index of OXPHOS coupling efficiency.  Because LEAK expanded to a much ϰϱϲ 

larger degree relative to coupled respiration, WAT RCR decreased in early cachexia relative to weight-stable ϰϱϳ 

mice.  The presence of elevated LEAK was a consistent finding in this study, with greater WAT LEAK in early ϰϱϴ 

cachexia even when normalized to maximal OXPHOS and ETS capacities.  These findings are significant ϰϱϵ 

because they imply increased resting energy expenditure.  In burn injury, WAT undergoes browning and shows ϰϲϬ 

high LEAK respiration in parallel with elevated resting energy expenditure.  Reprogramming of WAT ϰϲϭ 

metabolism in this manner could potentially contribute to hypermetabolism in cancer cachexia.  Therapies that ϰϲϮ 

normalize WAT mitochondrial function by reducing LEAK and promoting tighter OXPHOS coupling may be ϰϲϯ 

beneficial.  ϰϲϰ 

Despite exerting major control over systemic metabolism, mitochondrial function in liver is not well ϰϲϱ 

studied in cancer cachexia.  Therefore, we measured in situ respiration in permeabilized liver samples.  The ϰϲϲ 

three C26 groups all showed significantly lower oxygen flux compared to PBS-injected mice, suggesting that ϰϲϳ 

the tumor was mainly responsible for impairment of hepatic mitochondrial respiration per unit of tissue mass.  ϰϲϴ 

RCR was also lower in all three C26 groups, although C26 mice with severe cachexia had the greatest decline.  ϰϲϵ 

These data suggest that early loss of OXPHOS coupling efficiency in the liver arises from tumor load, and ϰϳϬ 

subsequently worsens as cachexia severity increases.  Consistent with this, the P/E ratio was greatest in mice ϰϳϭ 

with severe cachexia.  A P/E ratio that approaches 1, as was the case in the severely cachectic mice, implies ϰϳϮ 
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the presence of dyscoupled mitochondria (i.e. pathologically uncoupled) (43) that would be energetically ϰϳϯ 

inefficient, and increase resting energy expenditure. ϰϳϰ 

We are aware of only a few prior investigations on liver mitochondrial energetics in cancer cachexia.  ϰϳϱ 

Using rats bearing the peritoneal carcinoma as a model of cancer cachexia, Dumas et al. reported reduced ϰϳϲ 

P/O and increased energy wasting in liver mitochondria (20), events consistent with our finding of reduced liver ϰϳϳ 

RCR.  They also found the increased energy wasting to be associated with greater cardiolipin content ϰϳϴ 

(R2=0.64).  In the present work, cardiolipin content increased in moderate cachexia, and stayed elevated in the ϰϳϵ 

severe state, consistent with their findings.  The expansion of cardiolipin mass in liver is of note given that in ϰϴϬ 

the elderly, and in many pathologies (e.g. heart failure, Barth syndrome, ischemia-reperfusion injury),  ϰϴϭ 

modifications to cardiolipin profiles typically consist of decreased content, altered fatty acid composition, and/or ϰϴϮ 

peroxidation (15).  We are unable to address whether changes in composition occurred, however the ϰϴϯ 

decreased H2O2 in liver mitochondrial lysates during cachexia suggests minimal peroxidation due to ϰϴϰ 

mitochondrial ROS emission.  We cannot exclude the possibility, though, of low antioxidant capacity and high ϰϴϱ 

oxidative stress.  Treatment of normal liver mitochondria with cardiolipin-enriched liposomes has been shown ϰϴϲ 

to adversely affect ATP synthesis and increase non-phosphorylating respiration, offering a possible ϰϴϳ 

explanation for the significance of enhanced liver cardiolipin in cancer cachexia (21, 32). ϰϴϴ 

The role of Ant in mediating cachexia-associated energy wasting has received some attention (32).  Ant ϰϴϵ 

is an ADP/ATP exchanger in the inner mitochondrial membrane that has uncoupling capability.  Treatment of ϰϵϬ 

liver mitochondria from cachectic rats with carboxyatractylate, an inhibitor of Ant, did not mitigate energy ϰϵϭ 

wasting, suggesting that Ant is not a major contributor to LEAK respiration in liver mitochondria from cachectic ϰϵϮ 

rodents.  Therefore, inefficiency of OXPHOS and energy wasting may depend on cardiolipin, but not Ant.  ϰϵϯ 

However, we observed a significant inverse relationship between Ant2 and RCR in the liver, suggesting a ϰϵϰ 

potential role for Ant2 expression to be involved in uncoupling.  Direct manipulations of liver Ant2 are ϰϵϱ 

necessary to better understand the role of this molecule in OXPHOS function in cancer cachexia.  We also ϰϵϲ 

anticipated an increase in Ucp2 expression in liver mitochondria from C26 mice with cachexia.  Although Ucp2 ϰϵϳ 

expression was ~2-fold greater in C26 mice compared to PBS-WS, this did not reach statistical significance.  ϰϵϴ 

Therefore, the increased LEAK respiration and uncoupling of OXPHOS does not appear to be mediated by ϰϵϵ 

Ucp2, at least in colon-26 tumor-induced cachexia.  These findings bring attention to the previously ϱϬϬ 
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underappreciated role of liver mitochondrial function in cancer cachexia, and suggest a benefit of therapies that ϱϬϭ 

improve mitochondrial function of the liver. ϱϬϮ 

We note several limitations in this investigation.  Food intake measurements were incomplete and are ϱϬϯ 

therefore not reported.  This information is needed to determine whether or not tumor-induced anorexia is ϱϬϰ 

present, and by extension if muscle mass changes relate in part to energy intake.  A previous study using C26 ϱϬϱ 

cells sourced from the same bank reported no anorexia in cachexic C26 mice (4), and this could be a possible ϱϬϲ 

indication that our C26 mice would also not exhibit significant anorexia.  However, this suggestion remains to ϱϬϳ 

be verified.  Food intake and nutrient absorption are also important, due to the potential impact of fed versus ϱϬϴ 

prolonged fasted states on OXPHOS and ETS capacity (29).  Furthermore, assessment of whole body ϱϬϵ 

metabolism was not performed, and this would have been a key addition in order to relate alterations at the ϱϭϬ 

mitochondrial level to the whole body.  For instance, the broader physiological significance of tissue-specific ϱϭϭ 

changes in mitochondrial respiration could be demonstrated by their relationship to a whole body measurement ϱϭϮ 

such as resting energy expenditure, which is elevated in cachexia.  Another important consideration is the ϱϭϯ 

identification of upstream triggers, such as tumor-derived products, that may be responsible for the effects we ϱϭϰ 

observed.  Others have reported interleukin-6 and parathyroid hormone-related protein to be triggers of white ϱϭϱ 

adipose beiging (35, 44), and they could be possible candidates for our mitochondrial alterations in adipose.  ϱϭϲ 

Whether inflammatory cytokines or tumor-derived products account for our observed effects in liver are ϱϭϳ 

uncertain.  We did not analyze tumors or plasma to screen for potential triggers of mitochondrial dysregulation, ϱϭϴ 

and this merits further experimental consideration.   ϱϭϵ 

Lastly, we note that our tissue collection methods were adopted from prior investigations with ϱϮϬ 

modifications in order to attain 10% and 20% weight loss in moderate and severe cachexia, respectively.  Body ϱϮϭ 

weight was routinely monitored to determine the timing of tissue collection, however, any measurement taken ϱϮϮ 

before sacrifice would be confounded by tumor weight.  Thus, we drew upon our previous experience with this ϱϮϯ 

model, anticipating a final tumor mass at necropsy of ~2g with severe cachexia (20% weight loss), and tumor ϱϮϰ 

mass of ~1g at moderate (10% weight loss).  For the typical adult Balb/c male weighing 25g, 1g tumor mass ϱϮϱ 

would account for ~3-4% of body weight.  During routine monitoring, a mouse showing ~7% weight loss would ϱϮϲ 

be euthanized in anticipation of tumor mass accounting for ~3-4% of body weight, in order to attain the target ϱϮϳ 

weight loss of 10% for the moderate cachexia group.  This deviates somewhat in comparison to other groups ϱϮϴ 



ϮϬ 
 

that also study cachexia severity in the C26 model.  For instance, Zimmers laboratory use 5%, 10%, and 15% ϱϮϵ 

weight loss for mild, moderate, and severe cachexia, respectively (8).  When one group of mice reaches 10% ϱϯϬ 

weight loss (weight measurements include the tumor), all other groups are euthanized (8).  This uniform timing ϱϯϭ 

of tissue collection differed from the present work, and this methodological difference should be considered ϱϯϮ 

when making comparisons between investigations. ϱϯϯ 

In conclusion, we provide evidence for tissue-specific adaptation in mitochondrial respiratory control in ϱϯϰ 

colon-26 tumor-induced cachexia.  Impairment of skeletal muscle mitochondrial OXPHOS occurred ϱϯϱ 

predominantly in severe, late stage cachexia, whereas negative adaptations in mitochondria of liver and WAT, ϱϯϲ 

including increased LEAK and reduced coupling control, were found earlier in cachexia progression and could ϱϯϳ 

contribute to increased whole body energy expenditure and involuntary weight loss characteristic of cancer ϱϯϴ 

cachexia.  Together these findings suggest mitochondrial function of multiple tissues to be potential sites of ϱϯϵ 

targeted therapies. ϱϰϬ 

 ϱϰϭ 

Perspectives and Significance ϱϰϮ 

 There are currently no approved treatments for cancer cachexia, which occurs in up to 80% of ϱϰϯ 

advanced cancer patients and accounts for an estimated 20% of cancer-related deaths.  Paths toward effective ϱϰϰ 

treatments are complicated in part by the systemic nature of the disease, where dysfunction of multiple organs ϱϰϱ 

contributes to the cachexic phenotype.  Unraveling the mechanisms by which multi-organ remodeling ϱϰϲ 

contributes to cachexia are necessary in order to devise supportive care and treatment strategies that improve ϱϰϳ 

the lives of affected cancer patients.  Here we contribute to the understanding of some of these mechanisms.  ϱϰϴ 

We identify tissue-specific responses that mitochondria undergo at varying degrees of cachexia severity.  We ϱϰϵ 

show that mitochondria in both muscle and non-muscle organs (liver, adipose) are involved in the onset of ϱϱϬ 

moderate cachexia, and appear to also regulate progression towards a severe presentation of the disease.  ϱϱϭ 

Targeting mitochondrial function in a variety of tissue types, and defining how those targeted manipulations ϱϱϮ 

impact cachexia onset and progression, are important next steps to show which mitochondrial mechanisms ϱϱϯ 

could be exploited to improve patient outcomes.  ϱϱϰ 

 ϱϱϱ 

 ϱϱϲ 
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ϮϬ͘ DƵŵĂƐ JF͕ GŽƵƉŝůůĞ C͕ JƵůŝĞŶŶĞ CM͕ PŝŶĂƵůƚ M͕ CŚĞǀĂůŝĞƌ S͕ BŽƵŐŶŽƵǆ P͕ SĞƌǀĂŝƐ S͕ ĂŶĚ CŽƵĞƚ C͘ EĨĨŝĐŝĞŶĐǇ ŽĨ ϲϯϬ 
ŽǆŝĚĂƚŝǀĞ ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ ŝŶ ůŝǀĞƌ ŵŝƚŽĐŚŽŶĚƌŝĂ ŝƐ ĚĞĐƌĞĂƐĞĚ ŝŶ Ă ƌĂƚ ŵŽĚĞů ŽĨ ƉĞƌŝƚŽŶĞĂů ĐĂƌĐŝŶŽƐŝƐ͘ J HĞƉĂƚŽů ϱϰ͗ ϯϮϬͲϲϯϭ 
ϯϮϳ͕ ϮϬϭϭ͘ ϲϯϮ 
Ϯϭ͘ DƵŵĂƐ JF͕ PĞǇƚĂ L͕ CŽƵĞƚ C͕ ĂŶĚ SĞƌǀĂŝƐ S͘ IŵƉůŝĐĂƚŝŽŶ ŽĨ ůŝǀĞƌ ĐĂƌĚŝŽůŝƉŝŶƐ ŝŶ ŵŝƚŽĐŚŽŶĚƌŝĂů ĞŶĞƌŐǇ ŵĞƚĂďŽůŝƐŵ ϲϯϯ 
ĚŝƐŽƌĚĞƌ ŝŶ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ BŝŽĐŚŝŵŝĞ ϵϱ͗ ϮϳͲϯϮ͕ ϮϬϭϯ͘ ϲϯϰ 



Ϯϯ 
 

ϮϮ͘ FĞĂƌŽŶ K͕ AƌĞŶĚƐ J͕ ĂŶĚ BĂƌĂĐŽƐ V͘ UŶĚĞƌƐƚĂŶĚŝŶŐ ƚŚĞ ŵĞĐŚĂŶŝƐŵƐ ĂŶĚ ƚƌĞĂƚŵĞŶƚ ŽƉƚŝŽŶƐ ŝŶ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ ϲϯϱ 
NĂƚ RĞǀ CůŝŶ OŶĐŽů ϭϬ͗ ϵϬͲϵϵ͕ ϮϬϭϯ͘ ϲϯϲ 
Ϯϯ͘ FĞƌŵŽƐĞůůĞ C͕ GĂƌĐŝĂͲAƌƵŵŝ E͕ PƵŝŐͲVŝůĂŶŽǀĂ E͕ AŶĚƌĞƵ AL͕ UƌƚƌĞŐĞƌ AJ͕ ĚĞ KŝĞƌ JŽĨĨĞ ED͕ TĞũĞĚŽƌ A͕ PƵĞŶƚĞͲϲϯϳ 
MĂĞƐƚƵ L͕ ĂŶĚ BĂƌƌĞŝƌŽ E͘ MŝƚŽĐŚŽŶĚƌŝĂů ĚǇƐĨƵŶĐƚŝŽŶ ĂŶĚ ƚŚĞƌĂƉĞƵƚŝĐ ĂƉƉƌŽĂĐŚĞƐ ŝŶ ƌĞƐƉŝƌĂƚŽƌǇ ĂŶĚ ůŝŵď ŵƵƐĐůĞƐ ŽĨ ϲϯϴ 
ĐĂŶĐĞƌ ĐĂĐŚĞĐƚŝĐ ŵŝĐĞ͘ EǆƉ PŚǇƐŝŽů ϵϴ͗ ϭϯϰϵͲϭϯϲϱ͕ ϮϬϭϯ͘ ϲϯϵ 
Ϯϰ͘ GĂůůĞƚ PF͕ MĂĨƚĂŚ A͕ PĞƚŝƚ JM͕ DĞŶŝƐͲGĂǇ M͕ ĂŶĚ JƵůŝĞŶ R͘ DŝƌĞĐƚ ĐĂƌĚŝŽůŝƉŝŶ ĂƐƐĂǇ ŝŶ ǇĞĂƐƚ ƵƐŝŶŐ ƚŚĞ ƌĞĚ ϲϰϬ 
ĨůƵŽƌĞƐĐĞŶĐĞ ĞŵŝƐƐŝŽŶ ŽĨ ϭϬͲNͲŶŽŶǇů ĂĐƌŝĚŝŶĞ ŽƌĂŶŐĞ͘ EƵƌ J BŝŽĐŚĞŵ ϮϮϴ͗ ϭϭϯͲϭϭϵ͕ ϭϵϵϱ͘ ϲϰϭ 
Ϯϱ͘ GĂƌĐŝĂ FĞƌŶĂŶĚĞǌ MI͕ CĞĐĐĂƌĞůůŝ D͕ ĂŶĚ MƵƐĐĂƚĞůůŽ U͘ UƐĞ ŽĨ ƚŚĞ ĨůƵŽƌĞƐĐĞŶƚ ĚǇĞ ϭϬͲNͲŶŽŶǇů ĂĐƌŝĚŝŶĞ ŽƌĂŶŐĞ ŝŶ ϲϰϮ 
ƋƵĂŶƚŝƚĂƚŝǀĞ ĂŶĚ ůŽĐĂƚŝŽŶ ĂƐƐĂǇƐ ŽĨ ĐĂƌĚŝŽůŝƉŝŶ͗ Ă ƐƚƵĚǇ ŽŶ ĚŝĨĨĞƌĞŶƚ ĞǆƉĞƌŝŵĞŶƚĂů ŵŽĚĞůƐ͘ AŶĂů BŝŽĐŚĞŵ ϯϮϴ͗ ϭϳϰͲϭϴϬ͕ ϲϰϯ 
ϮϬϬϰ͘ ϲϰϰ 
Ϯϲ͘ GŶĂŝŐĞƌ E͘ CĂƉĂĐŝƚǇ ŽĨ ŽǆŝĚĂƚŝǀĞ ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ ŝŶ ŚƵŵĂŶ ƐŬĞůĞƚĂů ŵƵƐĐůĞ͗ ŶĞǁ ƉĞƌƐƉĞĐƚŝǀĞƐ ŽĨ ŵŝƚŽĐŚŽŶĚƌŝĂů ϲϰϱ 
ƉŚǇƐŝŽůŽŐǇ͘ IŶƚ J BŝŽĐŚĞŵ CĞůů BŝŽů ϰϭ͗ ϭϴϯϳͲϭϴϰϱ͕ ϮϬϬϵ͘ ϲϰϲ 
Ϯϳ͘ GŽŶĐĂůǀĞƐ MD͕ HǁĂŶŐ SK͕ PĂƵůŝ C͕ MƵƌƉŚǇ CJ͕ CŚĞŶŐ Z͕ HŽƉŬŝŶƐ BD͕ WƵ D͕ LŽƵŐŚƌĂŶ RM͕ EŵĞƌůŝŶŐ BM͕ ZŚĂŶŐ ϲϰϳ 
G͕ FĞĂƌŽŶ DT͕ ĂŶĚ CĂŶƚůĞǇ LC͘ FĞŶŽĨŝďƌĂƚĞ ƉƌĞǀĞŶƚƐ ƐŬĞůĞƚĂů ŵƵƐĐůĞ ůŽƐƐ ŝŶ ŵŝĐĞ ǁŝƚŚ ůƵŶŐ ĐĂŶĐĞƌ͘ PƌŽĐ NĂƚů AĐĂĚ SĐŝ U S ϲϰϴ 
A ϭϭϱ͗ EϳϰϯͲEϳϱϮ͕ ϮϬϭϴ͘ ϲϰϵ 
Ϯϴ͘ HĞŝŵ AB͕ CŚƵŶŐ D͕ FůŽƌĂŶƚ GL͕ ĂŶĚ CŚŝĐĐŽ AJ͘ TŝƐƐƵĞͲƐƉĞĐŝĨŝĐ ƐĞĂƐŽŶĂů ĐŚĂŶŐĞƐ ŝŶ ŵŝƚŽĐŚŽŶĚƌŝĂů ĨƵŶĐƚŝŽŶ ŽĨ Ă ϲϱϬ 
ŵĂŵŵĂůŝĂŶ ŚŝďĞƌŶĂƚŽƌ͘ Aŵ J PŚǇƐŝŽů RĞŐƵů IŶƚĞŐƌ CŽŵƉ PŚǇƐŝŽů ϯϭϯ͗ RϭϴϬͲRϭϵϬ͕ ϮϬϭϳ͘ ϲϱϭ 
Ϯϵ͘ HŽĞŬƐ J͕ ǀĂŶ HĞƌƉĞŶ NA͕ MĞŶƐŝŶŬ M͕ MŽŽŶĞŶͲKŽƌŶŝƉƐ E͕ ǀĂŶ BĞƵƌĚĞŶ D͕ HĞƐƐĞůŝŶŬ MK͕ ĂŶĚ SĐŚƌĂƵǁĞŶ P͘ ϲϱϮ 
PƌŽůŽŶŐĞĚ ĨĂƐƚŝŶŐ ŝĚĞŶƚŝĨŝĞƐ ƐŬĞůĞƚĂů ŵƵƐĐůĞ ŵŝƚŽĐŚŽŶĚƌŝĂů ĚǇƐĨƵŶĐƚŝŽŶ ĂƐ ĐŽŶƐĞƋƵĞŶĐĞ ƌĂƚŚĞƌ ƚŚĂŶ ĐĂƵƐĞ ŽĨ ŚƵŵĂŶ ϲϱϯ 
ŝŶƐƵůŝŶ ƌĞƐŝƐƚĂŶĐĞ͘ DŝĂďĞƚĞƐ ϱϵ͗ ϮϭϭϳͲϮϭϮϱ͕ ϮϬϭϬ͘ ϲϱϰ 
ϯϬ͘ IŶĂŐĂŬŝ J͕ RŽĚƌŝŐƵĞǌ V͕ ĂŶĚ BŽĚĞǇ GP͘ PƌŽĐĞĞĚŝŶŐƐ͗ CĂƵƐĞƐ ŽĨ ĚĞĂƚŚ ŝŶ ĐĂŶĐĞƌ ƉĂƚŝĞŶƚƐ͘ CĂŶĐĞƌ ϯϯ͗ ϱϲϴͲϱϳϯ͕ ϲϱϱ 
ϭϵϳϰ͘ ϲϱϲ 
ϯϭ͘ JƵůŝĞŶŶĞ CM͕ DƵŵĂƐ JF͕ GŽƵƉŝůůĞ C͕ PŝŶĂƵůƚ M͕ BĞƌƌŝ C͕ CŽůůŝŶ A͕ TĞƐƐĞƌĂƵĚ S͕ CŽƵĞƚ C͕ ĂŶĚ SĞƌǀĂŝƐ S͘ CĂŶĐĞƌ ϲϱϳ 
ĐĂĐŚĞǆŝĂ ŝƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ Ă ĚĞĐƌĞĂƐĞ ŝŶ ƐŬĞůĞƚĂů ŵƵƐĐůĞ ŵŝƚŽĐŚŽŶĚƌŝĂů ŽǆŝĚĂƚŝǀĞ ĐĂƉĂĐŝƚŝĞƐ ǁŝƚŚŽƵƚ ĂůƚĞƌĂƚŝŽŶ ŽĨ ATP ϲϱϴ 
ƉƌŽĚƵĐƚŝŽŶ ĞĨĨŝĐŝĞŶĐǇ͘ J CĂĐŚĞǆŝĂ SĂƌĐŽƉĞŶŝĂ MƵƐĐůĞ ϯ͗ ϮϲϱͲϮϳϱ͕ ϮϬϭϮ͘ ϲϱϵ 
ϯϮ͘ JƵůŝĞŶŶĞ CM͕ TĂƌĚŝĞƵ M͕ CŚĞǀĂůŝĞƌ S͕ PŝŶĂƵůƚ M͕ BŽƵŐŶŽƵǆ P͕ LĂďĂƌƚŚĞ F͕ CŽƵĞƚ C͕ SĞƌǀĂŝƐ S͕ ĂŶĚ DƵŵĂƐ JF͘ ϲϲϬ 
CĂƌĚŝŽůŝƉŝŶ ĐŽŶƚĞŶƚ ŝƐ ŝŶǀŽůǀĞĚ ŝŶ ůŝǀĞƌ ŵŝƚŽĐŚŽŶĚƌŝĂů ĞŶĞƌŐǇ ǁĂƐƚŝŶŐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ĐĂŶĐĞƌͲŝŶĚƵĐĞĚ ĐĂĐŚĞǆŝĂ ǁŝƚŚŽƵƚ ϲϲϭ 
ƚŚĞ ŝŶǀŽůǀĞŵĞŶƚ ŽĨ ĂĚĞŶŝŶĞ ŶƵĐůĞŽƚŝĚĞ ƚƌĂŶƐůŽĐĂƐĞ͘ BŝŽĐŚŝŵ BŝŽƉŚǇƐ AĐƚĂ ϭϴϰϮ͗ ϳϮϲͲϳϯϯ͕ ϮϬϭϰ͘ ϲϲϮ 
ϯϯ͘ KŚĂŵŽƵŝ AV͕ PĂƌŬ BS͕ Kŝŵ DH͕ YĞŚ MC͕ OŚ SL͕ EůĂŵ ML͕ JŽ E͕ AƌũŵĂŶĚŝ BH͕ SĂůĂǌĂƌ G͕ GƌĂŶƚ SC͕ CŽŶƚƌĞƌĂƐ RJ͕ ϲϲϯ 
LĞĞ WJ͕ ĂŶĚ Kŝŵ JS͘ AĞƌŽďŝĐ ĂŶĚ ƌĞƐŝƐƚĂŶĐĞ ƚƌĂŝŶŝŶŐ ĚĞƉĞŶĚĞŶƚ ƐŬĞůĞƚĂů ŵƵƐĐůĞ ƉůĂƐƚŝĐŝƚǇ ŝŶ ƚŚĞ ĐŽůŽŶͲϮϲ ŵƵƌŝŶĞ ŵŽĚĞů ϲϲϰ 
ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ MĞƚĂďŽůŝƐŵ ϲϱ͗ ϲϴϱͲϲϵϴ͕ ϮϬϭϲ͘ ϲϲϱ 
ϯϰ͘ Kŝƌ S͕ KŽŵĂďĂ H͕ GĂƌĐŝĂ AP͕ EĐŽŶŽŵŽƉŽƵůŽƐ KP͕ LŝƵ W͕ LĂŶƐŬĞ B͕ HŽĚŝŶ RA͕ ĂŶĚ SƉŝĞŐĞůŵĂŶ BM͘ PTHͬPTHƌP ϲϲϲ 
RĞĐĞƉƚŽƌ MĞĚŝĂƚĞƐ CĂĐŚĞǆŝĂ ŝŶ MŽĚĞůƐ ŽĨ KŝĚŶĞǇ FĂŝůƵƌĞ ĂŶĚ CĂŶĐĞƌ͘ CĞůů MĞƚĂď Ϯϯ͗ ϯϭϱͲϯϮϯ͕ ϮϬϭϲ͘ ϲϲϳ 
ϯϱ͘ Kŝƌ S͕ WŚŝƚĞ JP͕ KůĞŝŶĞƌ S͕ KĂǌĂŬ L͕ CŽŚĞŶ P͕ BĂƌĂĐŽƐ VE͕ ĂŶĚ SƉŝĞŐĞůŵĂŶ BM͘ TƵŵŽƵƌͲĚĞƌŝǀĞĚ PTHͲƌĞůĂƚĞĚ ϲϲϴ 
ƉƌŽƚĞŝŶ ƚƌŝŐŐĞƌƐ ĂĚŝƉŽƐĞ ƚŝƐƐƵĞ ďƌŽǁŶŝŶŐ ĂŶĚ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ NĂƚƵƌĞ ϱϭϯ͗ ϭϬϬͲϭϬϰ͕ ϮϬϭϰ͘ ϲϲϵ 
ϯϲ͘ KƵǌŶĞƚƐŽǀ AV͕ SƚƌŽďů D͕ RƵƚƚŵĂŶŶ E͕ KŽŶŝŐƐƌĂŝŶĞƌ A͕ MĂƌŐƌĞŝƚĞƌ R͕ ĂŶĚ GŶĂŝŐĞƌ E͘ EǀĂůƵĂƚŝŽŶ ŽĨ ŵŝƚŽĐŚŽŶĚƌŝĂů ϲϳϬ 
ƌĞƐƉŝƌĂƚŽƌǇ ĨƵŶĐƚŝŽŶ ŝŶ ƐŵĂůů ďŝŽƉƐŝĞƐ ŽĨ ůŝǀĞƌ͘ AŶĂů BŝŽĐŚĞŵ ϯϬϱ͗ ϭϴϲͲϭϵϰ͕ ϮϬϬϮ͘ ϲϳϭ 
ϯϳ͘ KƵǌŶĞƚƐŽǀ AV͕ VĞŬƐůĞƌ V͕ GĞůůĞƌŝĐŚ FN͕ SĂŬƐ V͕ MĂƌŐƌĞŝƚĞƌ R͕ ĂŶĚ KƵŶǌ WS͘ AŶĂůǇƐŝƐ ŽĨ ŵŝƚŽĐŚŽŶĚƌŝĂů ĨƵŶĐƚŝŽŶ ŝŶ ϲϳϮ 
ƐŝƚƵ ŝŶ ƉĞƌŵĞĂďŝůŝǌĞĚ ŵƵƐĐůĞ ĨŝďĞƌƐ͕ ƚŝƐƐƵĞƐ ĂŶĚ ĐĞůůƐ͘ NĂƚ PƌŽƚŽĐ ϯ͗ ϵϲϱͲϵϳϲ͕ ϮϬϬϴ͘ ϲϳϯ 
ϯϴ͘ LĂŶƚŝĞƌ L͕ WŝůůŝĂŵƐ AS͕ WŝůůŝĂŵƐ IM͕ YĂŶŐ KK͕ BƌĂĐǇ DP͕ GŽĞůǌĞƌ M͕ JĂŵĞƐ FD͕ GŝƵƐ D͕ ĂŶĚ WĂƐƐĞƌŵĂŶ DH͘ ϲϳϰ 
SIRTϯ IƐ CƌƵĐŝĂů ĨŽƌ MĂŝŶƚĂŝŶŝŶŐ SŬĞůĞƚĂů MƵƐĐůĞ IŶƐƵůŝŶ AĐƚŝŽŶ ĂŶĚ PƌŽƚĞĐƚƐ AŐĂŝŶƐƚ SĞǀĞƌĞ IŶƐƵůŝŶ RĞƐŝƐƚĂŶĐĞ ŝŶ HŝŐŚͲFĂƚͲϲϳϱ 
FĞĚ MŝĐĞ͘ DŝĂďĞƚĞƐ ϲϰ͗ ϯϬϴϭͲϯϬϵϮ͕ ϮϬϭϱ͘ ϲϳϲ 
ϯϵ͘ MĐLĞĂŶ JB͕ MŽǇůĂŶ JS͕ ĂŶĚ AŶĚƌĂĚĞ FH͘ MŝƚŽĐŚŽŶĚƌŝĂ ĚǇƐĨƵŶĐƚŝŽŶ ŝŶ ůƵŶŐ ĐĂŶĐĞƌͲŝŶĚƵĐĞĚ ŵƵƐĐůĞ ǁĂƐƚŝŶŐ ŝŶ ϲϳϳ 
CϮCϭϮ ŵǇŽƚƵďĞƐ͘ FƌŽŶƚ PŚǇƐŝŽů ϱ͗ ϱϬϯ͕ ϮϬϭϰ͘ ϲϳϴ 
ϰϬ͘ MŝƐŚƌĂ P͕ ĂŶĚ CŚĂŶ DC͘ MĞƚĂďŽůŝĐ ƌĞŐƵůĂƚŝŽŶ ŽĨ ŵŝƚŽĐŚŽŶĚƌŝĂů ĚǇŶĂŵŝĐƐ͘ J CĞůů BŝŽů ϮϭϮ͗ ϯϳϵͲϯϴϳ͕ ϮϬϭϲ͘ ϲϳϵ 
ϰϭ͘ MŽƌƌŽǁ RM͕ PŝĐĂƌĚ M͕ DĞƌďĞŶĞǀĂ O͕ LĞŝƉǌŝŐ J͕ MĐMĂŶƵƐ MJ͕ GŽƵƐƉŝůůŽƵ G͕ BĂƌďĂƚͲAƌƚŝŐĂƐ S͕ DŽƐ SĂŶƚŽƐ C͕ ϲϴϬ 
HĞƉƉůĞ RT͕ MƵƌĚŽĐŬ DG͕ ĂŶĚ WĂůůĂĐĞ DC͘ MŝƚŽĐŚŽŶĚƌŝĂů ĞŶĞƌŐǇ ĚĞĨŝĐŝĞŶĐǇ ůĞĂĚƐ ƚŽ ŚǇƉĞƌƉƌŽůŝĨĞƌĂƚŝŽŶ ŽĨ ƐŬĞůĞƚĂů ϲϴϭ 
ŵƵƐĐůĞ ŵŝƚŽĐŚŽŶĚƌŝĂ ĂŶĚ ĞŶŚĂŶĐĞĚ ŝŶƐƵůŝŶ ƐĞŶƐŝƚŝǀŝƚǇ͘ PƌŽĐ NĂƚů AĐĂĚ SĐŝ U S A ϭϭϰ͗ ϮϳϬϱͲϮϳϭϬ͕ ϮϬϭϳ͘ ϲϴϮ 
ϰϮ͘ MƵƌƉŚǇ KT͕ CŚĞĞ A͕ TƌŝĞƵ J͕ NĂŝŵ T͕ ĂŶĚ LǇŶĐŚ GS͘ IŵƉŽƌƚĂŶĐĞ ŽĨ ĨƵŶĐƚŝŽŶĂů ĂŶĚ ŵĞƚĂďŽůŝĐ ŝŵƉĂŝƌŵĞŶƚƐ ŝŶ ƚŚĞ ϲϴϯ 
ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ ŽĨ ƚŚĞ CͲϮϲ ŵƵƌŝŶĞ ŵŽĚĞů ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ DŝƐĞĂƐĞ ŵŽĚĞůƐ Θ ŵĞĐŚĂŶŝƐŵƐ ϱ͗ ϱϯϯͲϱϰϱ͕ ϮϬϭϮ͘ ϲϴϰ 
ϰϯ͘ PĞƐƚĂ D͕ ĂŶĚ GŶĂŝŐĞƌ E͘ HŝŐŚͲƌĞƐŽůƵƚŝŽŶ ƌĞƐƉŝƌŽŵĞƚƌǇ͗ OXPHOS ƉƌŽƚŽĐŽůƐ ĨŽƌ ŚƵŵĂŶ ĐĞůůƐ ĂŶĚ ƉĞƌŵĞĂďŝůŝǌĞĚ ϲϴϱ 
ĨŝďĞƌƐ ĨƌŽŵ ƐŵĂůů ďŝŽƉƐŝĞƐ ŽĨ ŚƵŵĂŶ ŵƵƐĐůĞ͘ MĞƚŚŽĚƐ MŽů BŝŽů ϴϭϬ͗ ϮϱͲϱϴ͕ ϮϬϭϮ͘ ϲϴϲ 



Ϯϰ 
 

ϰϰ͘ PĞƚƌƵǌǌĞůůŝ M͕ SĐŚǁĞŝŐĞƌ M͕ SĐŚƌĞŝďĞƌ R͕ CĂŵƉŽƐͲOůŝǀĂƐ R͕ TƐŽůŝ M͕ AůůĞŶ J͕ SǁĂƌďƌŝĐŬ M͕ RŽƐĞͲJŽŚŶ S͕ RŝŶĐŽŶ ϲϴϳ 
M͕ RŽďĞƌƚƐŽŶ G͕ ZĞĐŚŶĞƌ R͕ ĂŶĚ WĂŐŶĞƌ EF͘ A ƐǁŝƚĐŚ ĨƌŽŵ ǁŚŝƚĞ ƚŽ ďƌŽǁŶ ĨĂƚ ŝŶĐƌĞĂƐĞƐ ĞŶĞƌŐǇ ĞǆƉĞŶĚŝƚƵƌĞ ŝŶ ĐĂŶĐĞƌͲϲϴϴ 
ĂƐƐŽĐŝĂƚĞĚ ĐĂĐŚĞǆŝĂ͘ CĞůů MĞƚĂď ϮϬ͗ ϰϯϯͲϰϰϳ͕ ϮϬϭϰ͘ ϲϴϵ 
ϰϱ͘ PĞƚƌƵǌǌĞůůŝ M͕ ĂŶĚ WĂŐŶĞƌ EF͘ MĞĐŚĂŶŝƐŵƐ ŽĨ ŵĞƚĂďŽůŝĐ ĚǇƐĨƵŶĐƚŝŽŶ ŝŶ ĐĂŶĐĞƌͲĂƐƐŽĐŝĂƚĞĚ ĐĂĐŚĞǆŝĂ͘ GĞŶĞƐ DĞǀ ϲϵϬ 
ϯϬ͗ ϰϴϵͲϱϬϭ͕ ϮϬϭϲ͘ ϲϵϭ 
ϰϲ͘ PŽƌƉŽƌĂƚŽ PE͘ UŶĚĞƌƐƚĂŶĚŝŶŐ ĐĂĐŚĞǆŝĂ ĂƐ Ă ĐĂŶĐĞƌ ŵĞƚĂďŽůŝƐŵ ƐǇŶĚƌŽŵĞ͘ OŶĐŽŐĞŶĞƐŝƐ ϱ͗ ĞϮϬϬ͕ ϮϬϭϲ͘ ϲϵϮ 
ϰϳ͘ PŽƌƚĞƌ C͕ HĞƌŶĚŽŶ DN͕ CŚŽŶĚƌŽŶŝŬŽůĂ M͕ CŚĂŽ T͕ AŶŶĂŵĂůĂŝ P͕ BŚĂƚƚĂƌĂŝ N͕ SĂƌĂĨ MK͕ CĂƉĞŬ KD͕ RĞŝĚǇ PT͕ ϲϵϯ 
DĂƋƵŝŶĂŐ AC͕ KŽůŽŶŝŶ MG͕ RĂƐŵƵƐƐĞŶ BB͕ BŽƌƐŚĞŝŵ E͕ TŽůŝǀĞƌͲKŝŶƐŬǇ T͕ ĂŶĚ SŝĚŽƐƐŝƐ LS͘ HƵŵĂŶ ĂŶĚ MŽƵƐĞ BƌŽǁŶ ϲϵϰ 
AĚŝƉŽƐĞ TŝƐƐƵĞ MŝƚŽĐŚŽŶĚƌŝĂ HĂǀĞ CŽŵƉĂƌĂďůĞ UCPϭ FƵŶĐƚŝŽŶ͘ CĞůů MĞƚĂď Ϯϰ͗ ϮϰϲͲϮϱϱ͕ ϮϬϭϲ͘ ϲϵϱ 
ϰϴ͘ PŽƌƚĞƌ C͕ HƵƌƌĞŶ NM͕ CŽƚƚĞƌ MV͕ BŚĂƚƚĂƌĂŝ N͕ RĞŝĚǇ PT͕ DŝůůŽŶ EL͕ DƵƌŚĂŵ WJ͕ TƵǀĚĞŶĚŽƌũ D͕ SŚĞĨĨŝĞůĚͲMŽŽƌĞ ϲϵϲ 
M͕ VŽůƉŝ E͕ SŝĚŽƐƐŝƐ LS͕ RĂƐŵƵƐƐĞŶ BB͕ ĂŶĚ BŽƌƐŚĞŝŵ E͘ MŝƚŽĐŚŽŶĚƌŝĂů ƌĞƐƉŝƌĂƚŽƌǇ ĐĂƉĂĐŝƚǇ ĂŶĚ ĐŽƵƉůŝŶŐ ĐŽŶƚƌŽů ĚĞĐůŝŶĞ ϲϵϳ 
ǁŝƚŚ ĂŐĞ ŝŶ ŚƵŵĂŶ ƐŬĞůĞƚĂů ŵƵƐĐůĞ͘ Aŵ J PŚǇƐŝŽů EŶĚŽĐƌŝŶŽů MĞƚĂď ϯϬϵ͗ EϮϮϰͲϮϯϮ͕ ϮϬϭϱ͘ ϲϵϴ 
ϰϵ͘ RĂŶĂ A͕ OůŝǀĞŝƌĂ MP͕ KŚĂŵŽƵŝ AV͕ AƉĂƌŝĐŝŽ R͕ RĞƌĂ M͕ RŽƐƐŝƚĞƌ HB͕ ĂŶĚ WĂůŬĞƌ DW͘ PƌŽŵŽƚŝŶŐ DƌƉϭͲŵĞĚŝĂƚĞĚ ϲϵϵ 
ŵŝƚŽĐŚŽŶĚƌŝĂů ĨŝƐƐŝŽŶ ŝŶ ŵŝĚůŝĨĞ ƉƌŽůŽŶŐƐ ŚĞĂůƚŚǇ ůŝĨĞƐƉĂŶ ŽĨ DƌŽƐŽƉŚŝůĂ ŵĞůĂŶŽŐĂƐƚĞƌ͘ NĂƚ CŽŵŵƵŶ ϴ͗ ϰϰϴ͕ ϮϬϭϳ͘ ϳϬϬ 
ϱϬ͘ RĞŝĚ J͕ MĐKĞŶŶĂ HP͕ FŝƚǌƐŝŵŽŶƐ D͕ ĂŶĚ MĐCĂŶĐĞ TV͘ AŶ ĞǆƉůŽƌĂƚŝŽŶ ŽĨ ƚŚĞ ĞǆƉĞƌŝĞŶĐĞ ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͗ ǁŚĂƚ ϳϬϭ 
ƉĂƚŝĞŶƚƐ ĂŶĚ ƚŚĞŝƌ ĨĂŵŝůŝĞƐ ǁĂŶƚ ĨƌŽŵ ŚĞĂůƚŚĐĂƌĞ ƉƌŽĨĞƐƐŝŽŶĂůƐ͘ EƵƌŽƉĞĂŶ ũŽƵƌŶĂů ŽĨ ĐĂŶĐĞƌ ĐĂƌĞ ϭϵ͗ ϲϴϮͲϲϴϵ͕ ϮϬϭϬ͘ ϳϬϮ 
ϱϭ͘ RŽŐŶƐƚĂĚ R͕ ĂŶĚ KĂƚǌ J͘ TŚĞ ĞĨĨĞĐƚ ŽĨ Ϯ͕ϰͲĚŝŶŝƚƌŽƉŚĞŶŽů ŽŶ ĂĚŝƉŽƐĞͲƚŝƐƐƵĞ ŵĞƚĂďŽůŝƐŵ͘ BŝŽĐŚĞŵ J ϭϭϭ͗ ϰϯϭͲϰϰϰ͕ ϳϬϯ 
ϭϵϲϵ͘ ϳϬϰ 
ϱϮ͘ RŽŵĂŶĞůůŽ V͕ ĂŶĚ SĂŶĚƌŝ M͘ MŝƚŽĐŚŽŶĚƌŝĂů QƵĂůŝƚǇ CŽŶƚƌŽů ĂŶĚ MƵƐĐůĞ MĂƐƐ MĂŝŶƚĞŶĂŶĐĞ͘ FƌŽŶƚ PŚǇƐŝŽů ϲ͗ ϰϮϮ͕ ϳϬϱ 
ϮϬϭϱ͘ ϳϬϲ 
ϱϯ͘ SŝĚŽƐƐŝƐ LS͕ PŽƌƚĞƌ C͕ SĂƌĂĨ MK͕ BŽƌƐŚĞŝŵ E͕ RĂĚŚĂŬƌŝƐŚŶĂŶ RS͕ CŚĂŽ T͕ Aůŝ A͕ CŚŽŶĚƌŽŶŝŬŽůĂ M͕ MůĐĂŬ R͕ ϳϬϳ 
FŝŶŶĞƌƚǇ CC͕ HĂǁŬŝŶƐ HK͕ TŽůŝǀĞƌͲKŝŶƐŬǇ T͕ ĂŶĚ HĞƌŶĚŽŶ DN͘ BƌŽǁŶŝŶŐ ŽĨ SƵďĐƵƚĂŶĞŽƵƐ WŚŝƚĞ AĚŝƉŽƐĞ TŝƐƐƵĞ ŝŶ ϳϬϴ 
HƵŵĂŶƐ ĂĨƚĞƌ SĞǀĞƌĞ AĚƌĞŶĞƌŐŝĐ SƚƌĞƐƐ͘ CĞůů MĞƚĂď ϮϮ͗ ϮϭϵͲϮϮϳ͕ ϮϬϭϱ͘ ϳϬϵ 
ϱϰ͘ SƚĞŝŶĨĞůĚĞƌ HJ͕ ĂŶĚ JŽŽƐƚ HG͘ RĞǀĞƌƐŝďůĞ ƌĞĚƵĐƚŝŽŶ ŽĨ ŝŶƐƵůŝŶ ƌĞĐĞƉƚŽƌ ĂĨĨŝŶŝƚǇ ďǇ ATP ĚĞƉůĞƚŝŽŶ ŝŶ ƌĂƚ ĂĚŝƉŽĐǇƚĞƐ͘ ϳϭϬ 
BŝŽĐŚĞŵ J Ϯϭϰ͗ ϮϬϯͲϮϬϳ͕ ϭϵϴϯ͘ ϳϭϭ 
ϱϱ͘ TǌŝŬĂ AA͕ FŽŶƚĞƐͲOůŝǀĞŝƌĂ CC͕ SŚĞƐƚŽǀ AA͕ CŽŶƐƚĂŶƚŝŶŽƵ C͕ PƐǇĐŚŽŐŝŽƐ N͕ RŝŐŚŝ V͕ MŝŶƚǌŽƉŽƵůŽƐ D͕ BƵƐƋƵĞƚƐ S͕ ϳϭϮ 
LŽƉĞǌͲSŽƌŝĂŶŽ FJ͕ MŝůŽƚ S͕ LĞƉŝŶĞ F͕ MŝŶĚƌŝŶŽƐ MN͕ RĂŚŵĞ LG͕ ĂŶĚ AƌŐŝůĞƐ JM͘ SŬĞůĞƚĂů ŵƵƐĐůĞ ŵŝƚŽĐŚŽŶĚƌŝĂů ϳϭϯ 
ƵŶĐŽƵƉůŝŶŐ ŝŶ Ă ŵƵƌŝŶĞ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ ŵŽĚĞů͘ IŶƚ J OŶĐŽů ϰϯ͗ ϴϴϲͲϴϵϰ͕ ϮϬϭϯ͘ ϳϭϰ 
ϱϲ͘ VŝƐĂǀĂĚŝǇĂ NP͕ KĞĂƐĞǇ MP͕ RĂǌƐŬĂǌŽǀƐŬŝǇ V͕ BĂŶĞƌũĞĞ K͕ JŝĂ C͕ LŽǀŝŶƐ C͕ WƌŝŐŚƚ GL͕ ĂŶĚ HĂŐŐ T͘ IŶƚĞŐƌŝŶͲFAK ϳϭϱ 
ƐŝŐŶĂůŝŶŐ ƌĂƉŝĚůǇ ĂŶĚ ƉŽƚĞŶƚůǇ ƉƌŽŵŽƚĞƐ ŵŝƚŽĐŚŽŶĚƌŝĂů ĨƵŶĐƚŝŽŶ ƚŚƌŽƵŐŚ STATϯ͘ CĞůů CŽŵŵƵŶ SŝŐŶĂů ϭϰ͗ ϯϮ͕ ϮϬϭϲ͘ ϳϭϲ 
ϱϳ͘ VŝƐĂǀĂĚŝǇĂ NP͕ MĐEǁĞŶ ML͕ PĂŶĚǇĂ JD͕ SƵůůŝǀĂŶ PG͕ GǁĂŐ BJ͕ ĂŶĚ SƉƌŝŶŐĞƌ JE͘ AŶƚŝŽǆŝĚĂŶƚ ƉƌŽƉĞƌƚŝĞƐ ŽĨ ϳϭϳ 
NĞƵϮϬϬϬ ŽŶ ŵŝƚŽĐŚŽŶĚƌŝĂů ĨƌĞĞ ƌĂĚŝĐĂůƐ ĂŶĚ ŽǆŝĚĂƚŝǀĞ ĚĂŵĂŐĞ͘ TŽǆŝĐŽů IŶ VŝƚƌŽ Ϯϳ͗ ϳϴϴͲϳϵϳ͕ ϮϬϭϯ͘ ϳϭϴ 
ϱϴ͘ ǀŽŶ HĂĞŚůŝŶŐ S͕ ĂŶĚ AŶŬĞƌ SD͘ CĂĐŚĞǆŝĂ ĂƐ Ă ŵĂũŽƌ ƵŶĚĞƌĞƐƚŝŵĂƚĞĚ ĂŶĚ ƵŶŵĞƚ ŵĞĚŝĐĂů ŶĞĞĚ͗ ĨĂĐƚƐ ĂŶĚ ϳϭϵ 
ŶƵŵďĞƌƐ͘ J CĂĐŚĞǆŝĂ SĂƌĐŽƉĞŶŝĂ MƵƐĐůĞ ϭ͗ ϭͲϱ͕ ϮϬϭϬ͘ ϳϮϬ 
ϱϵ͘ WŚŝƚĞ JP͕ BĂǇŶĞƐ JW͕ WĞůůĞ SL͕ KŽƐƚĞŬ MC͕ MĂƚĞƐŝĐ LE͕ SĂƚŽ S͕ ĂŶĚ CĂƌƐŽŶ JA͘ TŚĞ ƌĞŐƵůĂƚŝŽŶ ŽĨ ƐŬĞůĞƚĂů ŵƵƐĐůĞ ϳϮϭ 
ƉƌŽƚĞŝŶ ƚƵƌŶŽǀĞƌ ĚƵƌŝŶŐ ƚŚĞ ƉƌŽŐƌĞƐƐŝŽŶ ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ ŝŶ ƚŚĞ AƉĐ;MŝŶͬнͿ ŵŽƵƐĞ͘ PůŽS ŽŶĞ ϲ͗ ĞϮϰϲϱϬ͕ ϮϬϭϭ͘ ϳϮϮ 
ϲϬ͘ XƵ H͕ CƌĂǁĨŽƌĚ D͕ HƵƚĐŚŝŶƐŽŶ KR͕ YŽƵƚǌ DJ͕ LƵĐĐŚĞƐŝ PA͕ VĞůƚĞŶ M͕ MĐCĂƌƚŚǇ DO͕ ĂŶĚ WŽůĚ LE͘ MǇŽĐĂƌĚŝĂů ϳϮϯ 
ĚǇƐĨƵŶĐƚŝŽŶ ŝŶ ĂŶ ĂŶŝŵĂů ŵŽĚĞů ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ͘ LŝĨĞ ƐĐŝĞŶĐĞƐ ϴϴ͗ ϰϬϲͲϰϭϬ͕ ϮϬϭϭ͘ ϳϮϰ 
ϲϭ͘ ZŚŽƵ X͕ WĂŶŐ JL͕ LƵ J͕ SŽŶŐ Y͕ KǁĂŬ KS͕ JŝĂŽ Q͕ RŽƐĞŶĨĞůĚ R͕ CŚĞŶ Q͕ BŽŽŶĞ T͕ SŝŵŽŶĞƚ WS͕ LĂĐĞǇ DL͕ GŽůĚďĞƌŐ ϳϮϱ 
AL͕ ĂŶĚ HĂŶ HQ͘ RĞǀĞƌƐĂů ŽĨ ĐĂŶĐĞƌ ĐĂĐŚĞǆŝĂ ĂŶĚ ŵƵƐĐůĞ ǁĂƐƚŝŶŐ ďǇ AĐƚRIIB ĂŶƚĂŐŽŶŝƐŵ ůĞĂĚƐ ƚŽ ƉƌŽůŽŶŐĞĚ ƐƵƌǀŝǀĂů͘ CĞůů ϳϮϲ 
ϭϰϮ͗ ϱϯϭͲϱϰϯ͕ ϮϬϭϬ͘ ϳϮϳ 

 ϳϮϴ 

 ϳϮϵ 

 ϳϯϬ 

 ϳϯϭ 

 ϳϯϮ 

 ϳϯϯ 



Ϯϱ 
 

Figure Legends ϳϯϰ 

Figure 1.  Weight loss and organ atrophy in colon-26 tumor-induced cachexia  ϳϯϱ 

(a) Body weight changes of PBS Weight-Stable (n=4), C26 Weight-Stable (n=6), C26 Moderate (n=7), and C26 ϳϯϲ 

Severe (n=6).  (b) Tumor weights of experimental groups.  (c) Skeletal muscle wet weights of plantaris (PLT), ϳϯϳ 

gastrocnemius (GAS), and quadriceps (QUAD).  (d) Epididymal white adipose tissue (WAT) wet weight.  WAT ϳϯϴ 

was not detected (ND) in C26 severe group.  (e-f) Wet weight of spleen (e) and liver (f).  (g) Representative ϳϯϵ 

myofiber cross-sections of gastrocnemius muscle imaged at 20x.  Imaged cross-sections were analyzed for all ϳϰϬ 

mice excluding n=1 from C26 Weight-Stable, and n=2 from C26 Severe due to unavailable tissue mounts (total ϳϰϭ 

analyzed n=20).  (h) Mean myofiber cross-sectional area.  (i) Fiber size distribution between groups displayed ϳϰϮ 

as relative frequency (percentage).  Data presented as mean ± SE.  Differences determined by one-way ϳϰϯ 

ANOVA.  p<0.05 (*), p<0.01 (**), p<0.001 (***).  ϳϰϰ 

 ϳϰϱ 

Figure 2.  Impairment of complex I-linked skeletal muscle mitochondrial respiration in severe cachexia.  ϳϰϲ 

(a) Mass-specific oxygen (O2) flux of gastrocnemius muscle determined in situ by a substrate-uncoupler-ϳϰϳ 

inhibitor titration protocol, including fatty acid supported LEAK (FAOL) through addition of malate and palmitoyl-ϳϰϴ 

carnitine (M+PC); fatty acid supported oxidative phosphorylation (OXPHOS) (FAOP) by addition of adenosine ϳϰϵ 

diphosphate (ADP); complex I supported OXPHOS (CIP) by addition of pyruvate and glutamate (P+G); ϳϱϬ 

complex I+II supported OXPHOS (CI+IIP) by addition of succinate (S); maximal electron transfer system (ETS) ϳϱϭ 

capacity (CI+IIE) by stepwise addition of carbonyl cyanide m-chlorophenyl hydrazine (CCCP); and complex II ϳϱϮ 

ETS (CIIE) by addition of rotenone (Rot).  (b) Flux control ratio for complex I supported OXPHOS (CIP/CI+IIE).  ϳϱϯ 

(c) Substrate control ratio (SCR) for succinate calculated by dividing CI+IIP by CIP.  (d) Citrate synthase ϳϱϰ 

enzyme activity in gastrocnemius muscle homogenate.  (e) Hydrogen peroxide (H2O2) production in quadriceps ϳϱϱ 

muscle mitochondria.  Data presented as mean ± SE.  Tissues assayed from PBS Weight-Stable (n=4), C26 ϳϱϲ 

Weight-Stable (n=6), C26 Moderate (n=7), and C26 Severe (n=6).  Differences determined by one-way ϳϱϳ 

ANOVA.  p<0.05 (*), p<0.01 (**), p<0.001 (***).   ϳϱϴ 

 ϳϱϵ 

 ϳϲϬ 

 ϳϲϭ 
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Figure 3.  AMPK activation and ADP transport proteins in skeletal muscle of colon-26 mice.  ϳϲϮ 

(a-b) Immunoblots for p-AMPKĮ, AMPKĮ, mitochondrial creatine kinase (CKMT2), Ant2, and tubulin in skeletal ϳϲϯ 

muscle homogenate.  (c) p-AMPKĮ expression normalized to total AMPKĮ.  (d) CKMT2 normalized to tubulin.  ϳϲϰ 

(e)  Ant2 normalized to tubulin.  Data presented as mean ± SE.  Tissues assayed from PBS Weight-Stable ϳϲϱ 

(n=4), C26 Weight-Stable (n=6), and C26 Moderate (n=7).  Differences determined by one-way ANOVA.  ϳϲϲ 

p<0.05 (*), p<0.01 (**).  ϳϲϳ 

 ϳϲϴ 

Figure 4.  Increased respiratory rates and uncoupling in white adipose tissue (WAT).  ϳϲϵ 

(a) Mass-specific oxygen (O2) flux of WAT determined in situ by a substrate-uncoupler-inhibitor titration ϳϳϬ 

protocol, including complex I supported LEAK (CIL) through addition of malate (M), pyruvate (P), palmitoyl-ϳϳϭ 

carnitine (PC), and glutamate (G); complex I supported oxidative phosphorylation (OXPHOS) (CIP) by addition ϳϳϮ 

of adenosine diphosphate (ADP); complex I+II supported OXPHOS (CI+IIP) by addition of succinate (S); ϳϳϯ 

maximal electron transfer system (ETS) capacity (CI+IIE) by stepwise addition of carbonyl cyanide m-ϳϳϰ 

chlorophenyl hydrazine (CCCP); and complex II ETS (CIIE) by addition of rotenone (Rot).  (b) Respiratory ϳϳϱ 

control ratio (RCR) determined by dividing CIP by CIL.  (c) L/P determined by dividing CIL by CIP.  (d) Ratio of ϳϳϲ 

CIL and maximal OXPHOS (CI+IIP).  (e) Ratio of CIL and maximal ETS capacity (CI+IIE).  (f) Cardiolipin content ϳϳϳ 

in WAT homogenate.  Data presented as mean ± SE.  Tissues assayed from PBS Weight-Stable (n=4), C26 ϳϳϴ 

Weight-Stable (n=6), and C26 Moderate (n=7).  Epididymal WAT was not detected in C26 Severe and thus ϳϳϵ 

unavailable for analysis.  Differences determined by one-way ANOVA.  p<0.05 (*), p<0.01 (**), p<0.001 (***).  ϳϴϬ 

 ϳϴϭ 

Figure 5.  Early loss of liver respiratory function and coupling efficiency in colon-26 mice. ϳϴϮ 

(a) Mass-specific oxygen (O2) flux of liver measured in situ by a substrate-uncoupler-inhibitor titration protocol,  ϳϴϯ 

including complex I supported LEAK (CIL) through addition of malate (M), pyruvate (P), palmitoyl-carnitine ϳϴϰ 

(PC), and glutamate (G); complex I supported oxidative phosphorylation (OXPHOS) (CIP) by addition of ϳϴϱ 

adenosine diphosphate (ADP); complex I+II supported OXPHOS (CI+IIP) by addition of succinate (S); maximal ϳϴϲ 

electron transfer system (ETS) capacity (CI+IIE) by stepwise addition of carbonyl cyanide m-chlorophenyl ϳϴϳ 

hydrazine (CCCP); and complex II ETS (CIIE) by addition of rotenone (Rot).  (b) Respiratory control ratio ϳϴϴ 

(RCR), calculated by dividing CIP by CIL.  (c) Ratio between CIL and maximal OXPHOS (CI+IIP).  (d) The P/E ϳϴϵ 
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ratio, calculated as maximal OXPHOS (CI+IIP) divided by maximal ETS capacity (CI+IIE).  (e) Citrate synthase ϳϵϬ 

enzyme activity in liver homogenate.  (f) Hydrogen peroxide (H2O2) production in liver mitochondria.  (g) ϳϵϭ 

Cardiolipin content in liver mitochondria.  Data presented as mean ± SE.  Tissues assayed from PBS Weight-ϳϵϮ 

Stable (n=4), C26 Weight-Stable (n=6), C26 Moderate (n=7), and C26 Severe (n=6).  Differences determined ϳϵϯ 

by one-way ANOVA.  p<0.05 (*), p<0.01 (**), p<0.001 (***).  ϳϵϰ 

 ϳϵϱ 

Figure 6.  Elevated expression of Ant2 but not Ucp2 in cachectic liver mitochondria of colon-26 mice. ϳϵϲ 

 (a) Immunoblots for Ucp2, Ant2, and VDAC in mitochondrial lysates from the liver.  (b) Immunoblots for p-ϳϵϳ 

AMPK, AMPK, and tubulin in liver homogenate.  (c)  Ucp2 expression normalized to VDAC.  (d)  Ant2 ϳϵϴ 

expression normalized to VDAC.  (e)  p-AMPK normalized to total AMPK.  (f)  Association of Ant2 expression ϳϵϵ 

with respiratory control ratio (RCR) in the liver.  Data presented as mean ± SE.  Tissues assayed from PBS ϴϬϬ 

Weight-Stable (n=4), C26 Weight-Stable (n=6), C26 Moderate (n=7), and C26 Severe (n=6).  Differences ϴϬϭ 

determined by one-way ANOVA.  p<0.05 (*), p<0.01 (**).  ϴϬϮ 

 ϴϬϯ 

Figure 7.  Proposed mechanisms linking tissue-specific mitochondrial function to cancer cachexia. ϴϬϰ 

During the induction of moderate cachexia, mitochondrial respiration is impacted in white adipose tissue and ϴϬϱ 

liver, but not skeletal muscle.  White adipose mitochondria show drastically elevated LEAK respiration, a ϴϬϲ 

surrogate of proton leak.  The drastic expansion of LEAK lowers the respiratory control ratio (RCR), an index of ϴϬϳ 

oxidative phosphorylation (OXPHOS) coupling efficiency.  Thus, white adipose mitochondria are uncoupled, ϴϬϴ 

and this may increase resting energy expenditure (REE) and cause involuntary weight loss.  In severe ϴϬϵ 

cachexia, white adipose becomes depleted and measurements of respiration are not available (N/A).  In the ϴϭϬ 

cachexic liver, mitochondria are also uncoupled, due to reduced OXPHOS and increased LEAK.  Cardiolipin ϴϭϭ 

content is increased, which contributes to LEAK and uncoupling.  The persistent elevation of cardiolipin across ϴϭϮ 

cachexia severity suggests a role for this inner membrane phospholipid in the maintenance of the cachexic ϴϭϯ 

state.  Adenine nucleotide translocase 2 (Ant2) also contributes to uncoupling in the liver, and is only increased ϴϭϰ 

in severe cachexia, suggesting that the transition to severe disease may depend on hepatic Ant2.  Cachexic ϴϭϱ 

liver mitochondria, therefore, are uncoupled and energetically inefficient, which may increase energy ϴϭϲ 

expenditure and cause unintended weight loss.  In skeletal muscle, impairment of OXPHOS occurs primarily in ϴϭϳ 



Ϯϴ 
 

severe cachexia due to dysfunction at complex I (CI).  Attempted compensation occurs by electron supply into ϴϭϴ 

complex II, as reflected by the increased substrate control ratio (SCR) for succinate.  Restricted ATP provision ϴϭϵ 

from impaired OXPHOS in skeletal muscle may contribute to atrophy, exercise intolerance and fatigue in ϴϮϬ 

cachexic cancer patients, thereby reducing quality of life.  AMPK, adenosine monophosphate-activated protein ϴϮϭ 

kinase.  CKMT2, mitochondrial creatine kinase 2.  ϴϮϮ 

 ϴϮϯ 
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Figure S2.   ϴϮϳ 
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Figure S3.   ϴϯϬ 
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