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Cancer cachexia is characterized by reductions in peripheral
lean muscle mass. Prior studies have primarily focused on
increased protein breakdown as the driver of cancer-associated
muscle wasting. Therapeutic interventions targeting catabolic
pathways have, however, largely failed to preserve muscle mass
in cachexia, suggesting that other mechanisms might be
involved. In pursuit of novel pathways, we used untargeted
metabolomics to search for metabolite signatures that may be
linked with muscle atrophy. We injected 7-week–old C57/BL6
mice with LLC1 tumor cells or vehicle. After 21 days, tumor-
bearing mice exhibited reduced body and muscle mass and
impaired grip strength compared with controls, which was
accompanied by lower synthesis rates of mixed muscle protein
and the myofibrillar and sarcoplasmic muscle fractions. Reduc-
tions in protein synthesis were accompanied by mitochondrial
enlargement and reduced coupling efficiency in tumor-bearing
mice. To generate mechanistic insights into impaired protein
synthesis, we performed untargeted metabolomic analyses of
plasma and muscle and found increased concentrations of two
methylarginines, asymmetric dimethylarginine (ADMA) and
NG-monomethyl-L-arginine, in tumor-bearing mice compared
with controlmice. Comparedwith healthy controls, human can-
cer patients were also found to have higher levels of ADMA in
the skeletal muscle. Treatment of C2C12myotubes with ADMA
impaired protein synthesis and reduced mitochondrial protein
quality. These results suggest that increased levels of ADMA
and mitochondrial changes may contribute to impaired muscle
protein synthesis in cancer cachexia and could point to novel
therapeutic targets by which tomitigate cancer cachexia.

Cachexia is a multifactorial, illness-associated wasting syn-
drome characterized by a loss of skeletal muscle mass, with
or without concomitant losses in fat mass (1, 2). In cancer
patients, cachexia contributes to cancer-associated morbidity
andmortality. The loss inmusclemass leads to significant func-

tional impairment, physical disability, and diminished quality
of life (2). Furthermore, cancer cachexia is associated with
decreased tolerance to chemotherapy and to tumor resection
surgery and an increased susceptibility to infection (3). In addi-
tion to its associations with poor prognosis and reduced sur-
vival time, 20% of cancer deaths are the direct result of cancer
cachexia (4). The incidence of cachexia in cancer patients varies
depending on the type of cancer, but the prevalence may be as
high as 50–85% in pancreatic, lung, gastrointestinal, and colo-
rectal cancer patients (5, 6).
The mechanisms driving the loss of muscle mass in cancer

cachexia are multifactorial and include malnutrition, decreased
physical activity, increased pro-inflammatory signaling, and
derangements in metabolism (3, 7). Although anorexia and
decreased physical activity are common in cancer patients
and contribute to weight loss, adequate nutritional support
does not fully prevent the muscle wasting (8). Furthermore,
unlike the loss of fat mass that occurs during starvation,
there is a preferential loss of peripheral lean mass in cachec-
tic patients (4), indicating a primary role of metabolic
derangements, independent of nutrition, in the etiology of
cancer cachexia.
Hypercatabolism is a key component of cancer cachexia (2).

In addition to increased rates of skeletal muscle protein degra-
dation, decreased skeletal muscle protein synthesis has also
been observed in cachexia (9). Understanding the causes of this
dysregulatedmuscle protein turnover is paramount to develop-
ing therapeutic strategies to prevent or reverse cancer cachexia.
Myriad factors have been proposed to explain the dysregulated
anabolic and catabolic skeletal muscle processes, including
systemic inflammation, mitochondrial dysfunction, insulin re-
sistance, hypermetabolism, and hypogonadism (2, 3, 5, 10).
Unfortunately, clinical trials to date have largely failed to pre-
serve body weight in cachectic cancer patients. Therefore, iden-
tifying novel targets to slow muscle protein degradation or
enhance protein synthesis may be beneficial.
In the present study, we sought to examine the effects of can-

cer on muscle protein synthesis and on processes involved
in protein degradation in a mouse model of cancer cachexia.
We explored novel potential mechanisms mediating observed
changes in muscle protein metabolism. Because mitochondrial
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defects have been observed in cancer cachexia (10–13) and
because energetic stress resulting from reduced ATP production
(14) and production of reactive oxygen species (ROS) (15) have
been shown to increase protein degradation by interfering with
the phosphorylation of substrates of mTOR (16), we examined
mitochondrial protein synthesis, physiology, and function in the
context of cancer cachexia (17, 18). We observed changes in mi-
tochondrial morphology and altered mitochondrial coupling
efficiency in our model of cancer cachexia. We also used
whole genome RNA-Seq and untargeted metabolomics to
identify potential novel pathways involved in cancer-induced
imbalances in muscle protein turnover. Using these agnostic
approaches, elevated concentrations of the methylarginines
asymmetric dimethylarginine (ADMA) and NG-monomethyl-L-
arginine (L-NMMA) were observed in the muscle and plasma of
tumor-bearing mice, and ADMA was also found to be elevated
in the skeletal muscle of human cancer patients. Interestingly,
ADMA inhibited muscle protein synthesis, mTOR signaling,
and mitochondrial quality in cultured myotubes. These findings
identify the methylarginines as both biomarkers and potential
targets for cachexia treatment.

Results

Tumor-bearing male and female mice show evidence of
cachexia

A previously established mouse model of cancer cachexia
(10, 19) was utilized to explore the mechanisms by which
cachexia induces skeletal muscle atrophy. Lewis lung carci-
noma (LLC1) cells or a vehicle control (PBS) were injected sub-
cutaneously into the left flank of 7-week–old C57BL/J6 male (n
= 20; 10 PBS, 10 LLC1) and female mice (n = 20; 10 PBS, 10
LLC1). Three male and three female tumor-bearing mice were
euthanized prior to study completion and data were not col-
lected on these mice. Despite similar starting weights, 3 weeks
after injection tumor-bearing mice had significantly lower body
mass, lean mass, and fat mass compared with vehicle-injected
controls. The wet weights of the quadriceps and the gastrocne-
mius muscles isolated from the nontumor bearing limb were
also significantly lower in tumor-bearing mice compared with
vehicle-injected controls, indicating cancer-associated reduc-

tions in skeletal muscle lean mass. Tumor-bearing mice also
had functional decrements compared with vehicle-injected
control mice, exhibiting significantly lower grip strength (Table
1). Despite significant differences in body size and composition
between male and female mice, sex did not impact the effects
of the tumor on body composition or muscle function (condi-
tion 3 sex interaction p . 0.05), and sex did not appear to
be a contributing factor in the majority of outcomes; there-
fore, male and female mice were combined for all subsequent
analyses.

Tumor-bearing mice exhibit decreased protein synthesis rates
but no difference in fiber-type composition

Although increased protein degradation with cachexia has
been studied extensively, decreased muscle protein synthesis
also contributes to the imbalance in muscle protein turnover.
To determine whether decreased protein synthesis may con-
tribute to the observed reductions in lean mass in tumor-bear-
ing mice, fractional synthesis rates (FSR) were measured by in
vivo labeling with an intraperitoneally-administered stable iso-
tope [13C6]phenylalanine and subsequent MS analysis of iso-
tope incorporation into protein. Tumor-bearingmice exhibited
significantly reduced FSR of whole quadriceps muscle tissue
(mixedmuscle protein), and of proteins in myofibrillar and sar-
coplasmic muscle fractions (Fig. 1A). There was also a trend for
the FSR of the mitochondrial muscle fraction to be lower in tu-
mor-bearing mice, but this was not statistically significant (Fig.
1A). As myofibrillar protein synthesis was reduced, we next
sought to assess whether specific muscle fiber types were pref-
erentially affected in tumor-bearing mice. Similar fiber-type
compositions were observed in the soleus muscles of the vehi-
cle- and LLC1 tumor-injected mice (Fig. 1, B and C), as deter-
mined by immunofluorescent staining of laminin and myosin
heavy chain (MyHC) types I and IIA (20, 21). Overall, the data
indicate that marked reductions in protein synthesis likely con-
tribute to the reduced muscle mass observed in tumor-bearing
mice. The lack of differences in fiber-type composition between
vehicle-injected and tumor-bearing mice indicates both type I
and type IIA fibers are equally impacted.

Table 1
The effects of LLC1 xenografts on body composition and grip strength in male and female mice
Male and female 7-week–old mice were injected with LLC1 tumor cells or vehicle control (PBS). Body mass was measured prior to injection (day 0) and 21-days post-
injection (day 21). At day 20 post-injection, grip strength was measured and body composition was assessed by dual-energy X-ray absorptiometry. Mice were euthanized
on day 21, and quadriceps and gastrocnemius muscles were isolated and weighed. The effects of treatment condition (PBS, LLC1), sex, and the interaction between sex
and treatment condition was assessed by 2-way ANOVA with Sidak-corrected post hoc pairwise comparisons examining between group differences.

Male Female Combined Condition Gender Interaction

PBS
(n = 10)

LLC1
(n = 7)

PBS
(n = 10)

LLC1
(n = 7)

Pbs
(n = 20)

LLC1
(n = 14) F (p value) F (p value) F (p value)

Body mass Day 0 (g) 22.96 1.1 22.36 1.1 18.36 0.8 18.46 1.0 20.66 2.5 20.46 2.3 0.384 (0.540) 151.001 (,0.001) 0.860 (0.361)
Body mass Day 21

(g, excluding tumor mass)
24.46 0.9 22.36 1.8a 19.46 0.6 18.56 0.9 21.96 2.6 20.46 2.4a 15.66 (,0.001) 131.052 (,0.001) 2.076 (0.160)

D Body mass (g) 1.516 1.19 -0.026 1.74a 1.156 0.70 0.086 0.56 1.336 0.97 0.036 1.24a 11.22(0.002) 0.122 (0.730) 0.354 (0.556)
Lean mass (g) 19.26 0.8 18.56 1.0 15.26 0.8 14.46 0.9 17.26 2.2 16.46 2.3a 7.06(0.013) 188 (,0.001) 0.018 (0.895)
Fat mass (g) 2.56 0.3 1.96 0.3a 2.56 0.5 2.36 0.3 2.56 0.4 2.16 0.4a 7.45(0.011) 1.61 (0.214) 2.391 (0.133)
Fat mass (%) 10.36 1.0 8.66 1.3 12.76 2.7 12.56 1.7 11.56 2.4 10.66 2.5 2.04(0.164) 24.17 (,0.001) 1.257 (0.271)
Quadriceps mass (mg) 1956 18 1806 21 1446 15 1266 17a 1706 31 1536 34a 7.504(0.010) 74.07(,0.001) 0.044 (0.835)
Gastrocnemius mass (mg) 1436 14 1296 10a 1056 4 956 8a 1246 22 1126 20a 12.767(0.001) 109.225(,0.001) 0.214 (0.647)
Grip strength (Newtons) 1.0036 0.092 0.9096 0.113a 1.0356 . 0.63 0.9336 0.090a 1.0196 0.078 0.9216 0.099a 10.02(0.004) 0.832 (0.369) 0.012 (0.912)
aRepresents a statistically significant difference (p, 0.05) from the corresponding PBS-injected control group. Data are expressed as mean6 S.D.
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Changes in mitochondrial morphology and reduced coupling
efficiency are observed in tumor-bearing mice

Dysfunctional mitochondria have been proposed as a
potential contributor to muscle loss in cachexia (11). To
examine potential mechanistic roles for mitochondrial biol-
ogy in muscle protein synthesis and degradation, we
assessed mitochondrial morphology and function in tumor-
bearing mice compared with vehicle-injected control mice.
Mitochondria are highly dynamic organelles and undergo
morphological adaptations that regulate their function in
response to a variety of stressors (22). Transmission EM
(TEM) of skeletal muscle from tumor-bearing mice and con-
trols revealed an increase in the mitochondrial cross-sec-
tional area of tumor-bearing mice compared with the vehi-
cle-injected controls (Fig. 2, A and B). Furthermore, the
mitochondrial aspect ratios (AR, major/minor axis) were
higher in the tumor-bearing mice, indicating an elongation
of the mitochondria (Fig. 2C); however, mitochondrial form
factors and densities were similar between the tumor-bear-
ing and vehicle-injected groups (Fig. 2, D and E). Concomi-
tant with the larger, more elongated mitochondria in the tu-
mor-bearing mice, elevated protein levels of mitofusin 1
(MFN1) and a trend for increased mitofusin 2 (MFN2), key
proteins involved in mitochondrial fusion, were observed in

tumor-bearing mice (Fig. 2F). Western blotting of the mito-
chondrial respiratory chain complexes revealed a trend for a
reduction in respiratory chain complex III in the muscle tu-
mor-bearing mice (Fig. 2G), but levels of respiratory com-
plexes I, II, and V were similar between groups (Fig. 2G). To-
gether these data suggest a more fused intermyofibrillar
mitochondrial network in the skeletal muscle of tumor-
bearing mice, whereas mitochondrial abundance was rela-
tively unchanged.
To examine the influence of LLC1 xenografts on muscle mi-

tochondrial phenotype, high resolution respirometry and fluor-
ometry were performed on permeabilized extensor digitorum
longus (EDL) muscles from tumor-bearing and vehicle-injected
controls to measure oxygen consumption and ROS production,
respectively. Although oxygen consumption and ROS produc-
tion rates were similar between the tumor-bearing mice and
the vehicle-injected controls (Fig. 2, H and I), the respiratory
control ratio (RCR), a measure of mitochondrial coupling effi-
ciency, was significantly reduced in tumor-bearing mice (Fig.
2H). In sum, the assessment of mitochondrial function shows
that muscle oxidative capacity is unchanged in LLC1 compared
with PBS controls, but there are reductions in mitochondrial
coupling efficiency consistent with altered mitochondrial
dynamics.

Figure 1. Skeletal muscle protein synthesis is impaired in tumor-bearing mice, whereas fiber type composition is unchanged. Male and female 7-
week–oldmice were injected with LLC1 tumor cells or vehicle control (PBS). A, 21 days post-injection, the FSR of mixedmuscle protein and of proteins in myo-
fibrillar, sarcoplasmic, and mitochondrial muscle fractions were measured by in vivo stable isotope labeling and subsequent MS analysis of isotope incorpora-
tion into protein. B and C,muscle fiber type composition was assessed by immunohistochemical staining of laminin (blue staining, indicated by blue arrow) to
define the fiber sarcolemma, MyHCslow (green) to identify Type I fibers, and MyHCIIA (red) to identify type IIa fibers. Fibers without staining were classified as
Type IIx and/or IIb fibers (labeled in white). *, signifies significant differences (p, 0.05) between PBS-injected and LLC1-injected tumor-bearing mice. Data are
presented asmean6 S.D.
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Figure 2. Skeletal muscle mitochondrial morphology and function in tumor-bearingmice. 21 days following the injection of LLC1 tumor cells or PBS ve-
hicle into the hind-limb of 7-week–oldmice, themitochondrial morphology and function of skeletal muscle was assessed. A–E, transmission EM images of gas-
trocnemius muscle were used to assess mitochondrial morphology, including mitochondrial; B, cross-sectional area; C, aspect ratio; D, form factor; and E,
density by area. F, protein expression of the mitochondrial fusion proteins mitofusin (MFN) 1 and MFN2 in gastrocnemius tissue were assessed by Western
blotting and normalized to voltage-dependent anion channel protein concentration. G, the simultaneous assessment of the protein levels of the electron
transport chain complexes in the gastrocnemius was assessed by Western blotting. Protein expression was normalized to vinculin concentration. H and I, si-
multaneous high resolution respirometry and fluorometric measurement of H2O2 was used to assess (H) respiration and (I) ROS production in permeabilized
extensor digitorum longus muscles. Light bars represent PBS-injected mice and dark bars represent LLC1-injected mice. *, represents significant difference
(p, 0.05) between LLC1- and PBS-injectedmice. Data are presented asmean6 S.D.MFN, mitofusin; CI–CV, complex I–complex V; AA, antimycin A.
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Pathway analysis of whole transcriptome RNA-sequencing
indicates protein breakdown, inflammation, and extracellular
matrix alterations in tumor-bearing mice

Although multiple pathways and mechanisms have been
identified as contributors to the loss in muscle mass during
cachexia, therapeutic strategies targeting these pathways have
been largely unsuccessful. Therefore, we performed whole
transcriptome RNA-Seq in the skeletal muscle of tumor-bear-
ing and vehicle-injected control mice to explore new pathways
that may contribute to the imbalanced protein turnover. In tu-
mor-bearing mice, 799 transcripts were significantly up-regu-
lated (false discovery rate (FDR). 0.05; log fold-change. 0.5)
and 802 were down-regulated compared with control mice.
Hyperactivation of degradative pathways, including the ubiqui-
tin proteasome system, the autophagic-lysosomal pathway, and
apoptotic pathways have been reported in the skeletal muscle
in cachexia and are postulated to be drivers of the hypercata-
bolic state characteristic of cachexia (9, 23–27). Therefore, we
interrogated these catabolic processes in the RNA-Seq analysis
of the skeletal muscle of tumor-bearing mice. Ingenuity path-
way analysis (IPA, Qiagen) identified significant enrichment of
the protein ubiquitination pathway (p = 0.003) as well as sig-
nificant changes in transcripts downstream of both forkhead
box (FOX)O3 (p , 0.001) and FOXO1 (p , 0.001), both of
which are considered modulators of protein ubiquitination
and autophagy (28), in the skeletal muscle of tumor-bearing
mice. In addition, IPA identified p53, a key initiator of apo-
ptosis, as a significant upstream regulator (p , 0.001) of the
observed transcriptional changes, and IPA identified signifi-
cant enrichment of the p53 signaling pathway (p = 0.003). Sig-
nificant overlap of the differentially expressed genes (DEGs)
with the Reactome Programmed Cell Death Pathway (FDR
q value , 0.001) was also observed. The Gene Ontology bio-
logical processes of “regulation of cell death” and “proteoly-
sis” were also significantly enriched (FDR q values, 0.001) in
the skeletal muscle of tumor-bearing mice with 177 and 149
DEGs overlapping with genes involved in these processes,
respectively (Fig. 3A).
Ingenuity pathway analysis and analyses of the overlap of

DEGs with Reactome canonical pathways also revealed signifi-
cant enrichment of multiple pathways related to extracellular
matrix organization and fibrosis signaling (Fig. 3B). Of the 301
genes in the Reactome Extracellular Matrix Organization Ca-
nonical Pathway, 206 were identified by RNA-Seq, and 75 were
significantly differentially expressed in tumor-bearing mice
(FDR q value, 0.001; Fig. 3C). Interestingly, the expression of
21 different collagen transcripts was down-regulated in tumor-
bearing mice, and the expression of 7 matrix metalloprotei-

nases (MMPs), which degrade proteins of the extracellular ma-
trix, was altered (3 up-regulated, 4 down-regulated) (Fig. 3C).
In line with previous research demonstrating a significant
role for inflammation in the etiology of cachexia, enrichment
analyses also revealed significant changes in pathways related
to inflammation, cytokine signaling, and immune activation
(Fig. 3B). In addition, we observed significant overlap of
DEGs with the genes identified in the Gene Ontology Inflam-
matory Response Pathways (FDR q value , 0.001), with 94
DEGs involved in this pathway (Fig. 3D). Notably, whereas
others have reported alterations in mitochondrial pathways
(e.g. tricarboxylic acid cycle, oxidative phosphorylation) (29),
we did not observe significant transcriptional changes indica-
tive of alterations in mitochondria-related pathways.

Metabolomic profiling reveals increased levels of
methylarginines in the plasma and skeletal muscle of tumor
bearing mice

In addition to the need for novel therapeutic targets for treat-
ing cancer cachexia, the identification of early diagnostic or
predictive biomarkers of cachexia is needed, as the diagnosis of
cachexia can be challenging (3). We performed untargeted
metabolomic profiling of the plasma and skeletal muscle of
tumor-bearing and vehicle-injected control mice to further
explore new pathways that may contribute to muscle loss in
cachexia and to identify potential cachexia biomarkers. Com-
pared with vehicle-injected control mice, tumor-bearing mice
exhibited uniquemetabolite profiles in both the plasma and the
skeletal muscle (Fig. 4, A and B). Of the 1747 annotated com-
pounds identified in the plasma, the levels of 166 were signifi-
cantly different between tumor-bearing and vehicle-injected
control mice. Within the skeletal muscle, the levels of 48 of
the 1342 annotated compounds were significantly different
between the tumor-bearing mice and the control mice (Fig. 4,
C and D). Interestingly, two methylarginines: ADMA and L-
NMMA, were among the 15 compounds that were similarly
affected in the muscle and plasma of tumor-bearing mice com-
pared with vehicle-control mice (Fig. 4, C and D). A spike-in
MS experiment confirmed the compound identification of
these metabolites based on accurate masses and retention
times.

ADMA and L-NMMA inhibit protein synthesis in cultured
myotubes

ADMA and L-NMMA are endogenous nitric-oxide syn-
thase (NOS) inhibitors that are produced during the proteoly-
sis of proteins containing methylated arginines (30). Recently,

Figure 3. The transcriptional profile of the muscle of tumor-bearing mice indicates protein degradation, extracellular matrix reorganization, and
inflammation.Whole genome RNA-Seq was performed on gastrocnemius muscle samples collected 21 days after injection of LLC1 tumor cell or PBS vehicle.
The differential expression of genes in tumor-bearing mice compared with PBS-injected controls was assessed. Gene set overlap with Reactome pathways
and pathway enrichment of Ingenuity pathways analyses were performed on differentially expressed genes. A, differences in gene expression between LLC1
xenografts and PBS-injected control mice for genes involved in the Gene Ontology Biological Processes of Regulation of Cell Death and Proteolysis. The tran-
scripts of all genes identified by whole genome RNA-Seqwithin each process are presented, and significantly differentially expressed genes (FDR, 0.05; abso-
lute log(FC) . 0.5) are identified in red. B, the top 10 overlapping Reactome pathways and the top 10 enriched IPA pathways identified in the analysis of
differentially expressed transcripts in tumor-bearingmice compared with vehicle-injected control mice. C, differences in gene expression between LLC1 xeno-
grafts and PBS-injected control mice for genes involved in the Reactome Extracellular matrix organization pathway and the Gene Ontology Inflammatory
Response Biological Pathway. Heat maps of transcripts of all genes identified by whole genome RNA-Seq within each process are presented, and significantly
differentially expressed genes (FDR, 0.05; absolute log(FC). 0.5) are magnified. FC, fold-change.
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L-arginine–mediated increases in nitric oxide (NO) were
shown to enhance protein synthesis in cultured myotubes,
whereas treatment with the NOS antagonist N-nitro-L-argi-
nine methyl ester (L-NAME) blunted the stimulatory effect of
L-arginine on protein synthesis (31). Therefore, we hypothe-
sized that the endogenous methylarginines identified in our
metabolomics analyses might also inhibit L-arginine–stimu-
lated protein synthesis. To further test this hypothesis, differ-
entiated C2C12 myotubes were stimulated with L-arginine
and co-treated with rapamycin, ADMA, or L-NMMA. Protein
synthesis was measured using the surface sensing of transla-

tion (SUnSET) puromycin incorporation assay (32). Both
ADMA and L-NMMA significantly impaired protein synthesis
(Fig. 5, A and B). Wang et al. (31) demonstrated that the NO-
dependent stimulation of protein synthesis by L-arginine was
mediated through mTOR. In the present study, the ADMA-
and L-NMMA–mediated reductions in protein synthesis were
similar to those observed in L-arginine–stimulated myotubes
co-treated with rapamycin, a potent mTOR inhibitor (Fig. 5,
A and B). To explore the effects of ADMA and L-NMMA on L-
arginine–mediated mTOR signaling, cultured myotubes were
co-treated with L-arginine and either ADMA or L-NMMA and

Figure 4. The distinct metabolite profiles of the plasma and skeletal muscle of tumor-bearing mice include increased levels of the methylarginines
ADMA and L-NMMA.Untargetedmetabolomic profiling of the plasma and skeletal muscle ofmice 21 days following injection of LLC1 tumor cells or PBS vehi-
cle was performed to assess tumor-induced changes in metabolite profiles. A, normalized metabolite peak intensities of unique, putatively identified com-
pounds in the plasma and skeletal muscle of tumor-bearing LLC1-injected and PBS vehicle-injected control mice. B, scores plots from the partial least squares
discriminant analysis demonstrating group separation between tumor-bearing LLC1-injectedmice and PBS vehicle-injected control mice based onmetabolite
profiles in the plasma and skeletal muscle. C, differences in normalizedmetabolite peak intensity values between LLC1-injected and PBS-injected control mice
of all unique, putatively identified compounds in the plasma and skeletal muscle. Red values indicate significantly (FDR, 0.05; absolute log2(FC). 0.5) differ-
ent normalized intensity values. D, Venn diagram of unique compounds with significantly different normalized peak intensity values in the plasma and the
skeletal muscle of LLC1-injected tumor-bearing mice compared with PBS vehicle-injected control mice. Venn diagram generated using Biovenn (100). FC,
fold-change.

Figure 5. ADMA and L-NMMA impair muscle protein synthesis in cultured myotubes, and mTOR signaling is blunted by ADMA. A and B, cultured
C2C12myotubes were unstimulated (vehicle-treated) or stimulatedwith L-arginine alone or in the presence of rapamycin, (A) ADMA, or (B) L-NMMA. Myotubes
from each condition were treated with puromycin, and puromycin incorporation into the myotubes was quantified to assess protein synthesis. Data are
expressed as the fold-change values from the vehicle-treated control. Nonmatching superscript letters indicate significant (p , 0.05) differences. C and D,
phosphorylated mTOR at Ser-2448, total mTOR, phosphorylated p70S6K at Thr-421/Ser-424, and total p70S6K were assessed by Western blotting in cultured
myotubes treated with vehicle control (C) 500 mM ADMA, or (D) 500 mM L-NMMA for 48 h. The ratio of phosphorylated protein to total protein was calculated
and fold-changes from the control ratio were determined. *, represents significant difference (p , 0.05) between vehicle-treated and ADMA- or L-NMMA-
treated cells. Data are presented asmean6 S.D.
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the phosphorylation of mTOR and the downstream p70 S6
kinase (p70S6K) were assessed by Western blotting (Fig. 5, C
and D). ADMA treatment of L-arginine–stimulated myotubes
significantly reduced the phosphorylation of mTOR at Ser-
2448 and p70S6K at Thr-421/Ser-424 (Fig. 5C). Interestingly,
despite L-NMMA significantly reducing myotube protein syn-
thesis, it did not affect mTOR or p70S6K phosphorylation,
suggesting that mTOR-independent mechanisms are likely
involved in its inhibition of protein synthesis.

Alterations in methylarginine-, insulin signaling-, and
mTOR-related transcripts are observed in the skeletal muscle
of tumor-bearing mice

Given the observed elevation in ADMA and L-NMMA in the
plasma and skeletal muscle of tumor-bearing mice and the
effects of ADMA and L-NMMA on muscle protein synthesis
and mTOR signaling, we explored RNA-Seq data from skeletal
muscle of the tumor-bearing mice for evidence of potential
in vivo effects of ADMA and L-NMMA. Free ADMA and L-
NMMA are metabolized byNG,NG-dimethylarginine dimethy-
laminohydrolase (DDAH), which regulates their levels in blood
and tissue (33). In line with previous work indicating that
ADMA decreases the gene expression of both isoforms of
DDAH (DDAH1 and DDAH2), we observed small but signifi-
cant reductions in DDAH1 and DDAH2 gene expression in the
skeletal muscle of tumor-bearing mice (log fold-change =
20.45, FDR = 0.03; log fold-change = 20.55, FDR , 0.001,
respectively). Enrichment of the IPA mTOR signaling pathway

was borderline significant (p = 0.06), and mTOR was identified
as a significant upstream regulator of observed alterations in
skeletal muscle gene expression (p , 0.001). Circulating
ADMA and L-NMMA have also been shown to be elevated in
individuals with metabolic syndrome and insulin resistance
(33–35), and were recently proposed to be a biomarker of insu-
lin resistance in skeletal muscle (33). In the skeletal muscle of
tumor-bearing mice, insulin was a significant upstream regula-
tor of altered gene expression (p, 0.001), and the IPA Type II
Diabetes Mellitus Signaling pathway was significantly enriched
(p = 0.008). Taken together, these results indirectly suggest
potential methylarginine-mediated effects on the skeletal mus-
cle of tumor-bearingmice.

ADMA impairs mitochondrial protein quality

NO exposure stimulates mitochondrial biogenesis and en-
hances coupled respiration in a variety of tissues (36, 37). Given
the observed elevated levels of the endogenous NOS inhibitors
ADMA and L-NMMA and the reduced coupling efficiency of
mitochondria in cachectic mice, we examined the effects of
ADMA and L-NMMA on mitochondrial function and mor-
phology in cultured myotubes. Acute exposure of C2C12 myo-
tubes with ADMA for 1 h did not impact mitochondrial respi-
ration (data not shown), nor did the addition of ADMA during
the measurement of maximal respiration (data not shown).
However, C2C12myotubes treated with ADMA for 48 h exhib-
ited significantly decreased mitochondrial oxidative capacity
(Fig. 6A). Compared with the vehicle control, maximal respira-

Figure 6. ADMA reduces mitochondrial respiration and decreases mitochondrial quality in cultured myotubes. A and B, cultured C2C12 mytoubes
were vehicle-treated or treated with (A) 500mM ADMA, or (B) 500mM L-NMMA for 48 h. Mitochondrial respiration was measured by high-resolution respirome-
try, and the RCRwas calculated as the quotient of maximal respiration and respiration following oligomycin treatment. C and D, transmission EM images of dif-
ferentiated C2C12 myotubes treated for 48 h with vehicle control or 500 mM ADMA were used to assess mitochondrial morphology, including (D)
mitochondrial cross-sectional area, aspect ratio, form factor, and density by area. *, represents significant difference (p , 0.05) between vehicle-treated and
ADMA- or L-NMMA-treated cells. Data are presented asmean6 S.D.
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tion stimulated by titrating carbonyl cyanide-4 trifluorome-
thoxyphenylhydrazone (FCCP) was significantly reduced in
C2C12 myotubes treated with ADMA (Fig. 6A). In contrast,
treatment of myotubes with L-NMMAdid not have an effect on
mitochondrial respiration (Fig. 6B). As was observed in the mi-
tochondria of the tumor-bearing mice, the mitochondrial as-
pect ratio was higher (p = 0.057) in ADMA-treated myotubes
(Fig. 6, C and D). Interestingly, the ADMA-treated myotubes
had significantly greater mitochondrial density (p = 0.002). The
observed reduced respiratory capacity concomitant with the
increased mitochondrial density suggests decreased mitochon-
drial quality following long-term exposure of myotubes to
ADMA.

Cancer patients exhibiting evidence of cachexia have
increased levels of ADMA in the skeletal muscle

To explore potential roles for ADMA and L-NMMA in the
etiology of cancer cachexia in humans, the metabolite profiles
of the plasma and skeletal muscle of cancer patients and healthy
controls were interrogated for the presence of ADMA and L-
NMMA. Eight (7 female, 1 male) cancer patients with a self-
reported loss of �5% body weight since diagnosis and 19 (17
female, 2 male) healthy adults were assessed. Themean age and
body mass index did not differ between the cancer patients
(mean age of 68.46 6.1 years, mean BMI of 27.36 8.2 kg/m2)
and the healthy controls (67.86 5.5 years, 26.36 4.2 kg/m2).
Untargeted metabolomic profiling by liquid chromatography

quadrupole TOF-MS (LC-QTOF-MS) was performed on
plasma samples (n = 8 cancer patients, n = 18 control subjects)
and vastus lateralis muscle biopsy samples (n = 7 cancer
patients, n = 19 control subjects). Although L-NMMA was not
detected in either the plasma or skeletal muscle samples,
ADMA was identified in both sample types. The levels of
ADMA in the plasma of cancer patients did not differ from the
levels observed in the control subjects (Fig. 7A); however, can-
cer patients did have significantly higher (p = 0.0272) ADMA
levels in the skeletal muscle (Fig. 7B). Although plasma and
muscle ADMA levels were not correlated for the entire cohort
of subjects (Fig. 7C), in the 7 cancer patients for which both
plasma andmuscle samples were collected, the positive correla-
tion between plasma and skeletal muscle ADMA concentra-
tions approached significance (p = 0.0782; Fig. 7D).

Discussion

Cancer cachexia is a multifactorial illness characterized by
the preferential loss of peripheral lean mass (4). Cachexia is a
significant contributor to cancer-associated morbidity and
mortality, resulting in decreased physical function and mobility
and reduced tolerance to treatment (2, 3). Unfortunately, the
mechanisms driving the loss of muscle mass are not well
defined, treatments are limited, and predictive or early diagnos-
tic biomarkers have not been identified. Using a mouse model
of cachexia, we observed reduced skeletal muscle protein syn-
thesis in tumor-bearing mice, which likely contributed to the

Figure 7. ADMA is elevated in the skeletal muscle of cancer patients. A and B, the presence of ADMAwas identified in the untargeted metabolomic pro-
files of the (A) plasma and (B) skeletal muscle of cancer patients and of healthy control research participants. The median and interquartile ranges are pre-
sented in the box and whisker plots. *, represents significant difference (p , 0.05) between cancer patients and healthy controls. C and D, the correlation
between plasma and skeletal muscle ADMA levels was assessed (C) in all participants and (D) in cancer patients alone. Best fit lines and 95% confidence inter-
vals are presented.
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observed loss inmuscle leanmass. In exploring potential causes
of this decreased protein synthesis, we observed mitochondrial
morphological changes and reduced mitochondrial coupling
efficiency in the absence of overt changes in mitochondrial
abundance or oxidative capacity in tumor-bearingmice. Untar-
geted metabolite profiling revealed elevated levels of twometh-
ylarginines, ADMA and L-NMMA, in the plasma and skeletal
muscle of tumor-bearing mice, and ADMA was also found to
be elevated in the skeletal muscle of cancer patients. In addition
to serving as potential cachexia biomarkers, ADMA and L-
NMMA may contribute to losses in muscle mass, as protein
synthesis was inhibited in differentiated myotubes treated with
ADMA and L-NMMA, and mitochondrial quality was reduced
in ADMA-treatedmyotubes.
We hypothesized that mitochondria, which have recently

become a focus in cancer cachexia research and are thought to
play a role in the etiology of cachexia (11, 38–40), may lie at the
nexus of the activation of pro-degradative pathways and the
impaired muscle protein synthesis in tumor-bearing mice.
Interestingly, despite reports of decreased mitochondrial respi-
ration (41, 42) and increased mitochondrial ROS production
(10) in cachexia, we did not observe decreasedmaximal respira-
tion or increased ROS production in the skeletal muscle of
tumor-bearing mice; however, we did observe a significant
decrease in mitochondrial coupling efficiency. These findings
are in line with previous reports of energetic uncoupling in the
skeletal muscle in cachexia (10, 43). This energetic inefficiency
has been proposed to be a significant driver of cancer cachexia,
forcing increased rates of metabolism to generate sufficient
energy formaintaining homeostasis (44).
We also observed morphological changes indicative of

increased mitochondrial fusion, concomitant with an increased
expression of mitochondrial fusion proteins in skeletal muscle
of tumor-bearing mice. Mitochondria are highly dynamic,
interconnected organelles that undergo processes of fusion and
fission in response to diverse stimuli (45, 46). The process of fis-
sion helps preserve mitochondrial quality, separating damaged
or dysfunctional mitochondria from the mitochondrial net-
work. In contrast, the fusion of mitochondria expands the mi-
tochondrial network and has been proposed to improve mito-
chondrial ATP production efficiency (47). Findings on the
effects of cancer cachexia onmitochondrial dynamics andmor-
phology have yielded conflicting results (10, 12, 39, 47–51), but
given the apparent benefits of a more fused mitochondrial net-
work, the observed increased size and elongation in mitochon-
dria in tumor-bearing mice seems paradoxical. Cellular stress,
however, has been shown to induce mitochondrial fusion, a
process that has been proposed as a compensatory mechanism
to preserve cellular bioenergetics (52–54). Therefore, it is
tempting to speculate that the observedmitochondrial fusion is
an early compensatory mechanism in the tumor-bearing mice
that is helping to preserve mitochondrial function. Indeed, we
observed gene expression changes indicative of increased p53
signaling. The p53 transcription factor is activated by various
types of cellular stress and regulates numerous cell processes,
including apoptosis, DNA replication and repair, cell prolifera-
tion, and the cell stress response (55), and has been proposed to
regulate the expression of Mfn2 (56). Alternatively, in addition

to inducing apoptosis, p53 has also been shown to trigger the
opening of the mitochondrial permeability transition pore (57).
Mitochondrial permeability transition pore opening and cellu-
lar depletion of ATP have been proposed to be contributors to
the large, swollen mitochondria previously reported in the skel-
etal muscle with cachexia (12, 43, 58) and may explain the
observed enlargedmitochondria observed in the present study.
In addition to changes in mitochondrial function, multiple

pathways have been postulated to contribute to the imbalanced
muscle protein turnover observed in cachexia (59–61); how-
ever, to date, there are no approved therapeutic strategies for
forestalling muscle wasting with cancer (3). In addition, predic-
tive or diagnostic biomarkers of cancer cachexia do not exist.
In the hopes of identifying potentially novel pathways and
biomarkers, we performed whole transcriptome RNA-Seq
and untargeted metabolomic profiling in tumor-bearing mice.
RNA-Seq recapitulated findings of increased protein degrada-
tion and of enhanced inflammation in the skeletal muscle of tu-
mor-bearing mice. Systemic inflammation stemming from tu-
mor-secreted factors or from host immune-tumor interactions
is associated with cachexia and is thought to play a mechanistic
role in the imbalance in muscle protein turnover (5). Unfortu-
nately, clinical trials targeting specific inflammatory cytokines
have largely failed to preserve body weight in cachectic patients
(62). In addition to identifying numerous inflammatory path-
ways, pathway analyses of altered transcripts in the tumor-
bearing mice revealed significant enrichment in pathways
related to extracellular matrix (ECM) formation and degrada-
tion. The altered gene expression of multiple collagens and
MMPs mirror previously reported FOXO-dependent changes
in ECM gene transcripts in the skeletal muscle of cachectic
mice (63). As in the present study, Judge et al. (63) reported
down-regulated expression of transcripts for collagen types I
and VI, which play fundamental roles in maintaining the struc-
tural integrity of the skeletal muscle, and up-regulation of gene
expression of MMP8 and MMP9, which degrade collagen.
Interestingly, this same group recently found that the skeletal
muscle of cachectic pancreatic cancer patients was character-
ized by increased collagen content and significant fibrosis (64).
These findings seem to suggest that in addition to the dysregu-
lation of skeletal muscle protein metabolism, cachexia may also
result in dysfunctional deposition and degradation of proteins
of the ECM. As the ECM plays an important role in muscle
contractile function, targeting fibrosis may improve functional
outcomes in cachectic patients.
Although RNA-Seq analysis recapitulated previously re-

ported mechanistic contributors to skeletal muscle wasting, to
our knowledge, the observed elevations in the methylarginine
metabolites ADMA and L-NMMA in both the plasma and skel-
etal muscle of tumor-bearing mice is a novel finding. These
methylarginines have primarily been studied in the contexts of
cardiovascular disease and metabolic syndrome, both of which
are associated with increased circulating ADMA and L-NMMA
(34, 65–67). Based on our findings, ADMA and L-NMMAmay
also serve as potential biomarkers of cancer cachexia. Free
ADMA and L-NMMA are derived from the proteolysis of post-
translationally modified arginines (68), and therefore, their
presence in the skeletal muscle may be indicative of protein
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degradation. Indeed, not only are plasma ADMA concentra-
tions higher in the elderly (69), a population in which muscle
wasting is prevalent, but in both aging and obesity, elevated cir-
culating levels of ADMA and L-NMMA have been shown to be
associated with increased protein turnover (34). As ADMA lev-
els increase with age (69), the absence of a difference in plasma
levels of ADMA between healthy control participants and can-
cer patients in the present study may be partially the result of
the age of the study cohort, which had a mean age of 68 years
and a range of 57 to 77 years. Nevertheless, the potential use of
ADMA as a biomarker for cancer cachexia is supported by the
observed elevated levels of ADMA in the skeletal muscle of can-
cer patients and the correlation of muscle and plasma levels of
ADMA in these patients. The trend for a correlation between
skeletal muscle and plasma ADMA levels in cancer patients is
also an interesting finding in that it may implicate wasting skel-
etal muscle as a source of circulating ADMA levels. Unfortu-
nately, no objective measure of cachexia severity was available
for the study cohort, but associations between ADMA levels
and disease severity would be necessary to establish ADMA as
a useful biomarker of cachexia.
In addition to serving as a cachexia biomarker, elevated levels

of ADMA and L-NMMA may actively contribute to impaired
protein synthesis in cancer cachexia. Not only did we show ele-
vated skeletal muscle and plasma ADMA and L-NMMA con-
centrations in tumor-bearing mice concomitant with reduc-
tions in in vivo protein synthesis, we also show that treatment
of cultured myotubes with ADMA and L-NMMA significantly
blunted protein synthesis. Our results suggest that the observed
ADMA-mediated impairments in protein synthesis in cultured
myotubes are modulated through the mTOR signaling path-
way. Recently, L-arginine was reported to stimulate protein syn-
thesis in culturedmyotubes throughmTOR phosphorylation at
Thr-2446 by increasing inducible NOS activity (31). Therefore,
as an endogenous NOS inhibitor, ADMAmay inhibit this path-
way. Interestingly, in the present study, mTOR phosphoryla-
tion was inhibited at Ser-2448. Furthermore, despite reducing
protein synthesis, L-NMMA did not affect mTOR signaling,
suggesting the potential involvement of additional pathways in
the methylarginine-mediated effects on protein synthesis. It is
possible that ADMA and L-NMMA may affect insulin signal-
ing, mediating their inhibition of protein synthesis. By impair-
ing NOS activity, ADMA and L-NMMAmay attenuate nutrient
delivery to the skeletal muscle and impair glucose uptake in the
tissue (35). Furthermore, ADMA treatment of cultured myo-
tubes was recently found to induce insulin resistance, as evi-
denced by decreased GLUT4 gene and protein expression,
increased PTP1B gene and protein expression, and decreased
insulin-stimulated phosphorylation of IRS1 and Akt (33). Insu-
lin stimulates protein synthesis and impairs protein breakdown
(70) and has been shown to increase mTOR phosphorylation at
Ser-2448 (71), the site at which ADMA-mediated reductions in
phosphorylation were observed in the present study. ADMA-
and L-NMMA-mediated reductions in skeletal muscle insulin
sensitivity may therefore explain the imbalanced protein turn-
over in cancer cachexia. Indeed, cancer cachexia is associated
with dysregulated glucose metabolism and insulin resistance,
and insulin resistance has been proposed as a mechanism driv-

ing muscle wasting in cachexia (72–74). The ADMA-mediated
changes in mitochondrial function that recapitulated observed
mitochondrial changes in tumor-bearing mice may be another
mechanism by which ADMA impairs protein synthesis. The
reduced respiration, despite a greater mitochondrial density,
in ADMA-treated myotubes suggests reduced mitochondrial
quality and the energetic inefficiency that is purported to be a
significant driver of cancer cachexia (44).
The observed elevations in plasma ADMA and L-NMMA

may also have implications for other cancer-associated comor-
bidities. Not only is ADMA associated with cardiovascular dis-
ease, but it has been shown to cause hypertension and cardiac
dysfunction (65).We recently reported evidence of heart failure
in tumor-bearing mice (75), and it is tempting to speculate that
ADMA and L-NMMA may have contributed to the observed
cardiac alterations. Elevated plasma ADMA is also a significant
independent risk factor for cardiovascular events in patients
with cardiovascular disease or organ failure and for peri- and
post-operative adverse events (76). Therefore, elevated ADMA
and L-NMMA levels in cachectic patients may have important
clinical consequences. Although the in vitro data presented in
this study provide strong evidence for ADMA- and L-NMMA-
mediated impairments in protein synthesis, the manipulation
of ADMA and L-NMMA levels in vivo will be required to fully
assess the roles of thesemethylarginines onmuscle protein syn-
thesis and other cancer-associated co-morbidities.
Cachexia is a devastating wasting syndrome that significantly

contributes to cancer-associated morbidity and mortality. To
date, treatments have largely failed to preserve muscle mass or
prevent muscle loss in cachectic cancer patients. In addition,
predictive or diagnostic biomarkers of cachexia are unavailable.
In the present study, we identify reductions in mitochondrial
efficiency that may contribute to the imbalanced muscle pro-
tein turnover that underlies the loss of musclemass in cachexia.
Furthermore, we identified two methylarginine metabolites,
ADMA and L-NMMA, which are elevated in the plasma and
skeletal muscle of tumor-bearing mice, and levels of ADMA
were also found to be higher in the skeletal muscle of cancer
patients. These metabolites may not only serve as potential
cachexia biomarkers, but they also appear to contribute to
impaired muscle protein synthesis, and therefore, may serve as
potential therapeutic targets for the treatment of cachexia.

Materials and methods

Animal use

Experiments were approved by the Mayo Clinic Institutional
Animal Care and Use Committee. C57BL/J6 male and female
mice were obtained from The Jackson Laboratory (Bar Harbor,
ME) and maintained on PicoLab® 5053 rodent diet. At 7 weeks
of age, mice were injected subcutaneously in the left flank with
0.1 ml of PBS-vehicle (n = 20; 10 male, 10 female) or 1 3 106

LLC1 cells (American Type Culture Collection (ATCC), Mana-
ssas, VA) grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco) and
resuspended in PBS (n = 20; 10 male, 10 female) (19). Mice
were kept on a 12:12 h light:dark cycle and allowed ad libitum
access to food and water. Three male and three female LLC1-
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injected tumor-bearing mice were euthanized prior to study
completion because of ulceration of tumors, and data were not
collected on these mice. Prior to and 20 days post-injection,
body mass was recorded and body composition was measured
using a PIXImus dual-energy X-ray absorptiometry scanner
(GEHealthcare). To assess forelimb grip strength,mice grasped
a bar connected to a force transducer, and the mouse was
pulled horizontally until grip was lost (77). The maximal force
generated for each of 5 attempts was recorded. The highest and
lowest force values were discarded and the average of the other
3 attempts was taken. At 21 days, the animals were weighed
and euthanized with carbon dioxide. Blood was collected via
cardiac puncture and plasma was isolated by centrifugation
and frozen at 280 °C. Tissues were isolated, weighed, and
either snap frozen in liquid nitrogen and stored at 280 °C or
transferred immediately to BIOPS buffer (10 mM Ca-EGTA
buffer, 0.1 mM free calcium, 20 mM imidazole, 20 mM taurine,
50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP,
15 mM phosphocreatine, pH 7.1) for mitochondrial functional
analyses.

Cell culture

C2C12 myoblasts (ATCC) were maintained in DMEM sup-
plemented with 10% heat-inactivated FBS (Gibco) and 1%
penicillin and streptomycin (Gibco) on 6-well collagen-
coated plates. When cells reached ;80% confluence, media
was replaced with DMEM supplemented daily with 2% horse
serum (Gibco) to induce differentiation into myotubes. Cells
were cultured in 2% horse serum for 6 days, at which point
subsequent experiments were performed.

Human studies

All experiments in the human cancer patients and healthy
control participants were approved by the Mayo Clinic Foun-
dation Institutional Review Board. Eight cancer patients and 19
healthy age- and sex-matched control participants (1:2-3 can-
cer subject:control subject ratio) were recruited from theMayo
Clinic and from the local community. All participants provided
written informed consent, and the study conformed to the
principles outlined in the Declaration of Helsinki. Blood sam-
ples were collected from a peripheral IV catheter into EDTA-
treated vacutainers. Plasma was isolated by centrifugation by
the Mayo Clinic Clinical Research and Trials Unit laboratory
and stored at 280 °C. Muscle biopsies were collected from the
vastus lateralis under local anesthesia (2% lidocaine) using a
modified Bergstrom needle. Biopsy samples were flash frozen
in liquid nitrogen and stored at280 °C.

Fractional protein synthesis

The incorporation of [ring-13C6]phenylalanine into mixed
muscle protein and into the mitochondrial, myofibrillar, and
sarcoplasmic protein compartments, measured by HPLC and
tandem MS (MS/MS), was used to assess fractional synthesis
rates in mice, as previously described (78–81). On the morning
of sacrifice, food was removed 3 h prior to an intraperitoneal
injection of 1.5 mmol/kg of [ring-13C6]phenylalanine (99 atom
% excess; Cambridge Isotope Laboratories, Tewksbury, MA)

administered 25 min prior to euthanasia. Quadriceps were
extracted, snap frozen in liquid nitrogen, and the time of freez-
ing post-[13C6]phenylalanine injection was recorded. Tissue
fluid (TF) free amino acids were extracted from ;20 mg of
pulverized quadriceps tissue with 5% sulfosalicylic acid, and the
remaining tissue was used for mixed muscle protein analysis
(75). The mitochondrial, sarcoplasmic, and myofibrillar com-
partments were isolated by differential centrifugation from
;75 mg of pulverized quadriceps muscle homogenized in
Buffer A (100 mM KCl, 50 mM Tris, 5 mM MgCl2, 1.8 mM ATP,
and 1 mM EDTA, pH 7.2) on a Sartorius Potter S homogenizer
(82). Mixed muscle and protein compartments were hydro-
lyzed overnight in 6 N HCl at 110 °C. The hydrolyzed protein
and TF samples were purified using cation exchange columns
(AG 50W-X8 resin; Bio-Rad) and dried prior to derivatization
to isobutyl esters (79, 80). HPLC and MS/MS data acquisition
was performed in positive electrospray ionization mode select-
ing ion monitoring at 222.4 . 121.6 and 226.4 . 125.6 for the
m1 2 and m1 6 fragments of phenylalanine and L-[ring-13C6]
phenylalanine, respectively (80). The moles percent excess for
TF and for each protein compartment was calculated against a
6-point enrichment standard curve. Samples were processed
for 20 vehicle-injected controls and 14 tumor-bearing mice;
however [13C6]phenylalanine was not detectable in 4 samples
(2 PBS, 2 LLC1). Analyses were therefore performed on n = 18
PBS controls and n = 12 LLC1 xenograft mice. Fractional syn-
thesis rates (FSR) of mixed muscle protein and the protein
compartments were calculated, as previously described (78),
using the equation: FSR (%/h) = [Ie/(Pe 3 t)] 3 100, where
Ie represents isotopic enrichment of [13C6]phenylalanine in the
protein compartment, Pe represents isotopic enrichment of the
TF precursor pool, and t represents enrichment time.

Immunofluorescent fiber type staining

The gastrocnemius (n = 6; 3 PBS, 3 LLC1) was dissected, rap-
idly frozen, and stored at 280 °C. Samples were processed and
stained by the Mayo Clinic Biomaterials and Histomorphome-
try Core laboratory. Serially-cut cross-sections (10 mM) were
triple-labeled with primary antibodies for anti-MyHCSlow,
(BA-F8, Developmental Studies Hybridoma Bank, Iowa City
IA), anti-MyHC2A (SC-71, Developmental Studies Hybridoma
Bank), and laminin (L9393, Sigma-Aldrich) to identify the sar-
colemma, as previously described (20, 21). Sections were subse-
quently treated with fluorescently-conjugated secondary anti-
bodies, and images were obtained on a confocal microscope
equipped with Argon (488 nm) and solid state (405 and 561
nm) lasers for simultaneous multilabel imaging (Nikon Eclipse
C1, Nikon Instruments Inc., Melville NY). A confocal image for
each fluorescent channel was saved as an 8-bit grayscale TIFF
file, pseudo-colored, and merged with the corresponding la-
beled images using NIS-Elements software (Nikon Instru-
ments). Sections were randomly sampled to obtain;400 fibers,
and fibers were classified as type I, type IIa, and type IIx and/or
IIb based on MyHCSlow staining, MyHC2A staining, or the ab-
sence of staining, respectively (83). The total number of fibers
was used to assess the proportions of each individual fiber type
(20).
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Transmission EM

All TEM was performed by the Mayo Microscopy and Cell
Analysis Core Laboratory. Mouse gastrocnemius samples were
isolated and stored in Trump’s fixative (4% paraformaldehyde,
1% glutaraldehyde, 100 mM cacodylic acid, 2 mM MgCl2) at
4 °C. Samples were processed for osmium trioxide staining,
resin embedded, and ultrathin-sectioned for TEM. Microscopy
was performed on longitudinal sections collected at random,
and five images from each of 19 muscle samples (9 PBS, 10
LLC1) were analyzed.
In the cell culture experiments, differentiated C2C12 cells

were treated with vehicle control or 500 mM ADMA (D4268,
Sigma-Aldrich) for 48 h (n = 3 per condition). Following treat-
ment, cells were fixed in 4% paraformaldehyde 1 1% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.2. Following fixation,
cells were washed with phosphate buffer, suspended in 2% low
melt agar and pelleted. The agar-suspended cells were then
sequentially stained with 1% osmium tetroxide and 2% uranyl
acetate, dehydrated, and embedded in Embed 812 resin. Fol-
lowing a 24 h polymerization at 60 °C, 0.1 mM ultrathin sections
were prepared and post-stained with lead citrate. Analysis was
performed on 2-3 sections per sample.
Micrographs were acquired with a fixed magnification of

20,000 formouse gastrocnemius samples and 40,000 for C2C12
samples on a JEOL JEM-1400microscope (JEOL, Inc., Peabody,
MA) with an accelerating voltage of 80 kV and equipped with a
Gatan Orius camera (Gatan, Inc., Warrendale, PA). Mitochon-
dria were counted and traced using NIH ImageJ software (84,
85). The mitochondrial density by area was the quotient of the
total mitochondrial area and the area of the field of view, cali-
brated to a digital scale bar. Mitochondrial cross-sectional area,
aspect ratio (a measure of mitochondrial length defined as the
ratio of the major:minor axis), and form factor (a measure of
the degree of mitochondrial branching determined using the
equation [perimeter2]/[4p·area]) were calculated (86).

Immunoblotting

Following euthanasia, gastrocnemius samples were excised
and snap-frozen in liquid nitrogen and stored at280 °C. Frozen
samples were pulverized and suspended in tissue protein ex-
traction reagent (T-PER, Thermo Fisher). Tissue homogenates
(2 mg of protein/lane) were loaded onto NuPAGE 4–12% gradi-
ent gels (Invitrogen) for SDS-PAGE (75). Proteins were then
transferred to polyvinyliden fluoride membranes (Bio-Rad) and
protein abundance was assessed with antibodies against the
OXPHOS complexes (ab110413, Abcam, Cambridge, MA; n =
9; 5 PBS, 5 LLC1), mitofusin 1 (ab57602, Abcam; n = 24; 12
PBS, 12 LLC1), and mitofusin 2 (ab56889, Abcam; n = 24, 12
PBS, 12 LLC1). The protein abundance of vinculin (SC73614,
Santa Cruz Biotechnology, Dallas, TX) and voltage-dependent
anion channel 1 (ab15895, Abcam) were used as protein load-
ing controls for the OXPHOS complexes and the mitofusins,
respectively.
Differentiated C2C12myotubes were treated with 1mM L-ar-

ginine (A5006, Sigma-Aldrich) with or without 500 mM ADMA
or 500 mM L-NMMA (M7033, Sigma-Aldrich) for 48 h (n = 5
per condition). Harvested cells were stored at 220 °C prior to

lysing in radioimmunoprecipitation assay (RIPA) buffer (87).
The protein concentration of the myotube lysates was mea-
sured by the Pierce BCA Protein Assay Kit (Thermofisher) and
lysates (10mg/lane) were loaded onto NuPAGE 4–12% gradient
gels (Invitrogen) for SDS-PAGE (75). Proteins were then trans-
ferred to polyvinylidene fluoride membranes (Bio-Rad) and
protein abundance was assessed with antibodies against total
mTOR (number 2972), phospho-mTOR (Ser-2448) (number
2971), total p70S6 kinase (number 9202), and phospho-p70S6
kinase (Thr-421/Ser-424) (number 9204). All antibodies were
purchased from Cell Signaling Technology, Danvers, MA.
Site-specific phosphorylation was calculated as the ratio of
phosphorylated protein expression to corresponding total
protein expression.
For all Western blots, membranes were developed using a

Roche chemiluminescent reagent kit (Sigma-Aldrich). Pro-
tein band density was quantified using NIH ImageJ software
(84, 85).

Respiration and ROS production

Respiration and ROS production were measured in perme-
abilized EDL muscle fibers (n = 16; 8 PBS, 8 LLC1), as previ-
ously described (81, 88). EDLs were isolated, weighed, and
transferred to ice-cold BIOPS buffer. Fiber bundles were gently
separated along their longitudinal axis and permeabilized with
saponin (50 mg/ml; Sigma) (88). Fibers were washed in MiRO5
(110 mM sucrose, 60 mM potassium lactobionate, 0.5 mM

EGTA, 1 g/liter of BSA essentially fat free, 3 mM MgCl2, 20 mM

taurine, 10 mM KH2PO4, 20 mM HEPES, pH 7.1) and trans-
ferred to an Oxygraph high resolution respirometer (Oroboros
Instruments, Innsbruck, Austria). A stepwise protocol utilizing
the serial addition of substrates, inhibitors, and activators was
used to assess oxygen consumption during respiratory states
1–4 (82, 89). Respiration measurements were performed
between 200 and 400 mM oxygen and with addition of 25 mM

blebbistatin (B0560, Sigma-Aldrich) to inhibit fiber contraction
(90). The quotient of state 3 and state 4 respiration was calcu-
lated to determine the RCR. Following respiration measure-
ments, fibers were washed in distilled water, frozen, and lyophi-
lized to obtain dry tissue, and respiration was normalized to the
dry tissue weight.
In a subset of samples (n = 8; 4 PBS, 4 LLC1), H2O2 produc-

tion in permeabilized fibers was measured in conjunction
with the measurement of mitochondrial respiration using the
Oxygraph-O2K-Fluorescence LED2-Module (Oroboros Instru-
ments), as previously described (91). H2O2 production was
measured continuously throughout the stepwise protocol by
fluorometric monitoring of the oxidation of Amplex Red (Invi-
trogen). H2O2 production was normalized to dry tissue weight
and to oxygen consumption at the corresponding respiratory
state.
Differentiated C2C12 myotubes were vehicle-treated or

treated with either 500 mM ADMA or 500 mM L-NMMA (n = 3
per group) 48 h prior to respiration measurements. Cells were
transferred to Oxygraph high resolution respirometer cham-
bers containing 2 ml of DMEM culture media. A stepwise pro-
tocol utilizing the serial addition of substrates, inhibitors, and
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activators was used to assess oxygen consumption (92). Briefly,
basal (routine) respiration was measured prior to the addition
of substrates. The ATP synthase inhibitor oligomycin (O4876,
Sigma-Aldrich) was added (2 mg/ml) to decrease electron flow
through the electron transport chain. The uncoupling agent
FCCP (C2920, Sigma-Aldrich) was then titrated (0.05mM/addi-
tion) to stimulatemaximumoxygen consumption. The sequen-
tial addition of rotenone (0.5 mM; R8875, Sigma-Aldrich) and
antimycin A (2.5mM; A8674, Sigma-Aldrich) inhibited complex
I and complex III, respectively. Respirationmeasurements were
performed between 0 and 200mM oxygen. The quotient ofmax-
imal respiration and state 4 respiration (respiration following
the addition of oligomycin) was calculated to determine the
RCR. Additional experiments were performed in which 500mM

ADMA was added 1 h prior to respiration measurements or
titrated into the chambers during respirationmeasurements.

RNA-Seq

Frozen gastrocnemius tissue (n = 24; 12 PBS, 12 LLC1) was
pulverized, suspended in Qiazol® Lysis Reagent (PN 79306,
Qiagen, Hilden, Germany) and homogenized with a syringe
and needle. Total RNA was purified with an miRNeasy® Mini
Kit (Qiagen) and quantified via NanodropTMND-1000 spectro-
photometry. RNA samples (200 ng) were submitted to the
Mayo Clinic Gene Expression Core for Illumina library prepa-
ration (RNA sample kit, v2) and sequencing (150 base paired
ends index reads, Illumina HiSeq4000 platform), as previously
described (93, 94). Sequence reads were aligned to the mouse
genome build (mm10). Data were processed by theMayo Bioin-
formatics Core pipeline. Gene expression data were normalized
and differential expression between PBS-injected and LLC1 tu-
mor-injected groups was assessed using EdgeR software (ver-
sion 2.6.2). Differential expression between groups was defined
by a FDR-corrected p value � 0.05 and an absolute log2 fold-
change � 0.5 (where a value of 0.0 signifies no change). IPA
(Qiagen) was performed on genes identified as differentially
expressed. The overlap of DEGs with genes identified in Reac-
tome pathways (95) and Gene Ontology biological pathways
was evaluated using molecular signatures database (MSigDB)
(96–98). Sequencing data are available in the Gene Expression
Omnibus database (GEO number GSE152553).

Untargeted metabolomics analysis

Snap-frozen, pulverized mouse quadriceps muscle (;20 mg;
n = 34, 20 PBS, 14 LLC1), pulverized human vastus lateralis
muscle (;20 mg; n = 26, 19 control, 7 cancer), and mouse and
human plasma (100 ml; n = 21 mice, 10 PBS, 11 LLC1; n = 26
humans, 18 control, 8 cancer) were analyzed by LC-QTOF-MS
by the Mayo Clinic Metabolomics Core Laboratory. LC-
QTOF-MSwas performed in positive and negative electrospray
ionization modes using polar (HILIC) and nonpolar (C18) ultra
performance liquid chromatography separation within the
mass to charge (m/z) ratio range of 100-1200. Putative identi-
fication of metabolites was performed against the Metlin
database using the accurate mass and a detection window of
7 ppm or less. Duplicate compounds were removed and
metabolite peak intensities for unique compounds were nor-

malized by sum, log2 transformed, and mean-centered using
MetaboAnalyst 4.0 (99). Unpaired t tests, fold-change analy-
ses, and partial least squares discriminant analysis were
performed inMetaboanalyst on the normalized data to exam-
ine the metabolite profiles and group differences in metabo-
lites. Following the putative identification of ADMA and
L-NMMA by mass and retention time, spike-in MS experi-
ments with purified ADMA and L-NMMA confirmed the
compound identifications based on accurate masses and
retention times. The Venn diagram was generated using Bio-
venn (100).

SUnSET protein synthesis assay

Following 6 days of differentiation, myotubes were treated
with DMEM containing DMSO (Sigma-Aldrich), 1 mM L-argi-
nine, 1 mM L-arginine and 200 nM rapamycin (sc-3504, Santa
Cruz Biotchnology), or 1 mM L-arginine and 500 mM ADMA or
500 mM L-NMMA for 3 h (n = 6 per condition for ADMA
experiments, n = 3 for L-NMMA experiments). After 3 h,
treatment media was removed, and the SUnSET puromycin
assay was performed, as previously described (32). Briefly,
cells were treated with DMEM complete media supple-
mented with 10% FBS and 10 mg/ml of puromycin (P8833,
Sigma-Aldrich) for 1 h. The puromycin-supplemented
media was subsequently removed and replaced with the re-
spective treatment media. Cells were incubated in treat-
ment media for an additional 30 min, washed twice in PBS,
and frozen at 220 °C until subsequent analysis. Treated
cells were lysed in RIPA buffer (87) and the protein concen-
tration was determined with the Pierce BCA Protein Assay
Kit (ThermoFisher). The incorporation of puromycin into
the cultured myotubes was used as a measure of protein
synthesis and was quantified by immunoblot. Myotube
lysates (10 mg per well) were loaded onto NuPAGE 4–12%
gradient gels (Invitrogen). Following electrophoresis, pro-
teins were transferred to polyvinyl difluoride membranes
and treated with an anti-puromycin antibody (MABE343,
EMDMillipore). Membranes were developed using a chem-
iluminescent reagent kit (Roche) and protein band intensity
was quantified using NIH ImageJ software (84, 85).

Statistical analysis

Prior to analysis, the distribution of data was assessed, and
non-normal data were log-transformed. Transformed data that
still did not meet the assumption of normality were assessed
using nonparametric analyses. All data are presented in their
original metrics. A two-way analysis of variance (ANOVA) was
used to assess differences in body composition and grip
strength between PBS-injected and LLC1 tumor-bearing (main
effects of treatment condition) and the effects of sex on group
differences (sex by treatment condition interaction). Unpaired
t tests or Mann-Whitney U tests (nonparametric) were used
to assess differences between LLC1 tumor-bearing and PBS-
injected mice for the remaining variables. To assess the effects
of ADMA or L-NMMA treatment on protein synthesis in cul-
tured myotubes, one-way ANOVAs with Sidak-corrected post
hoc pairwise comparisons were performed. Unpaired t tests
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were performed to assess differences between vehicle-treated
and ADMA- or L-NMMA–treated cells. Differences in the nor-
malized peak intensity of ADMA between cancer patients and
healthy controls were assessed by unpaired t tests, and univari-
ate correlation analysis between plasma and skeletal muscle
ADMA levels were performed. Statistics were performed using
GraphPad Prism 8 (San Diego, CA) and IBM Statistical Package
for the Social Sciences (SPSS, v25, Armonk, NY). Significance
was set a priori at p, 0.05.

Data availability

Sequencing data are available in the Gene Expression Omni-
bus database under accession number (GSE152553). All other
data will be shared upon request. Please contact Dr. Ian Lanza:
Lanza.ian@mayo.edu, or Dr. Rajiv Kumar: rkumar@mayo.edu.
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