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ABSTRACT  24 

Cancer-associated cachexia reduces survival, which has been attenuated by blocking the 25 

activin receptor type 2B (ACVR2B) ligands in mice. The purpose of this study was to unravel 26 

the underlying physiology and novel cachexia biomarkers using the colon-26 (C26) 27 

carcinoma model of cancer cachexia. BALB/c male mice were subcutaneously inoculated 28 

with C26 cancer cells or vehicle control. Tumor-bearing mice were treated with vehicle 29 

(C26+PBS) or soluble ACVR2B either before (C26+sACVR/b) or before and after 30 

(C26+sACVR/c) tumor formation. Skeletal muscle and serum metabolomics analysis was 31 

conducted by gas chromatography-mass spectrometry. Cancer altered various biologically 32 

functional groups representing: 1) amino acids, 2) energy sources and 3) nucleotide related 33 

intermediates. Muscle metabolomics revealed increased content of free phenylalanine in 34 

cancer that strongly correlated with the loss of body mass within the last two days of the 35 

experiment. This correlation was also detected in serum. Decreased ribosomal RNA content 36 

and phosphorylation of a marker of pyrimidine synthesis revealed changes in nucleotide 37 

metabolism in cancer. Overall, the effect of the experimental C26 cancer predominated over 38 

blocking ACVR2B ligands in both muscle and serum. However, the level of methyl 39 

phosphate, which was decreased in the muscle in cancer, was restored by sACVR2B-Fc 40 

treatment. In conclusion, experimental cancer affected muscle and blood metabolomes mostly 41 

independent of blocking ACVR2B ligands. Of the affected metabolites, we have identified 42 

free phenylalanine as a promising biomarker of muscle atrophy or cachexia. Finally, the 43 

decreased capacity for pyrimidine nucleotide and protein synthesis in tumor-bearing mice 44 

opens up new avenues in cachexia research. 45 
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INTRODUCTION 46 

Cancer cachexia is a life-threatening condition associated with skeletal muscle wasting with 47 

or without adipose tissue loss, and with systemic inflammation, reduced tolerance to anti-48 

cancer treatments as well as reduced survival (5, 17, 31, 46). Depending on the type and stage 49 

of cancer, 50–80 % of all cancer patients are affected by cachexia (20, 56). To date, there is 50 

no cure for cachexia, highlighting the complexity of this life-threatening condition. 51 

Cachexia evokes multiple changes in muscle metabolism affecting the balance of, for 52 

example, amino acids, carbohydrates and lipids (13, 14, 44). During cachexia, proteolysis of 53 

especially myofibrillar proteins increases (1), thus providing amino acids for energy 54 

production via tricarboxylic acid (TCA) cycle in the muscle (14). Concurrently, released 55 

amino acids can, for example, promote the synthesis of the hepatic acute phase response 56 

proteins (48). During cachexia, decreased energy and growth signaling as well as increased 57 

content of cytokines such as myostatin/activins downregulate the activity of the mechanistic 58 

target of rapamycin (mTOR) (30, 38, 43), which is one of the most important regulators of 59 

protein, nucleotide and lipid synthesis. Organs interact during cachexia, such as when a tumor 60 

releases “tumorkines”, which may negatively alter the normal function of muscle and other 61 

tissues. Activins and myostatin are negative regulators of muscle mass that can be secreted 62 

from the tumor among other tumorkines (58). They are ligands of the activin receptors type 63 

2A and 2B (ACVR2A/B) (67) Blocking of ACVR2 ligands by soluble activin receptor type 64 

2B (sACVR2B-Fc) has been reported by us (43), and by others (67), to improve survival in 65 

C26 experimental cancer. 66 

In recent years, omics approaches have become more popular in an attempt to reveal the 67 

major contributors to as well as the cause of cachexia (23). Mice bearing colon-26 carcinoma 68 

demonstrate reduced body, muscle and fat mass, decreased muscle strength, physical activity 69 

and feed intake as well as increases in the markers of inflammation and protein degradation 70 

(42, 43) and are thus thought to be a suitable preclinical model for cancer cachexia (42). 71 

Previous studies using experimental C26 cancer models have reported changes in metabolites 72 

such as amino acids, intermediates of the TCA cycle and markers of oxidative stress in 73 

skeletal muscle (14, 57). Furthermore, metabolome of serum and/or urine has previously been 74 

analyzed in other catabolic conditions causing muscle wasting such as human cancer 75 

cachexia (21, 65), ageing (19, 24) and muscle denervation (55). Yang et al. demonstrated in 76 

humans that the content of carnosine, leucine and phenyl acetate in serum were altered during 77 
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cachexia and that the content of these markers could be used to identify risk-populations (65). 78 

Tseng et al. showed that alterations in muscle metabolome were partially reversed by a 79 

histone deacetylase inhibitor that prevented cancer cachexia (57). Whether this also occurs 80 

with activin receptor ligand blocking has not been addressed. 81 

Others and we have previously demonstrated that sACVR2B-Fc administration improved 82 

survival in experimental C26 cancer cachexia (32, 43, 67), but the molecular mechanisms 83 

remain unknown. The primary aim of the present study was to assess the effects of 84 

experimental C26 cancer cachexia on skeletal muscle and/or serum metabolomes, and if the 85 

metabolomes are altered by the administration of soluble activin receptor type 2B ligand 86 

blocker. Furthermore, we aimed to find novel biomarkers of cancer cachexia that could also 87 

be used to predict survival or the severity of cachexia.        88 
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MATERIALS AND METHODS 89 

Animals. BALB/c male mice (Charles River Laboratories, Germany), aged 5–6 weeks, were 90 

housed under standard conditions (temperature 22 °C, 12:12 h light/dark cycle) with free 91 

access to water and food pellets (R36; 4 % fat, 55.7 % carbohydrate, 18.5 % protein, 3 kcal/g, 92 

Labfor, Stockholm, Sweden). The treatment of animals was in accordance with the European 93 

Convention for the protection of vertebrate animals used for experimental and other scientific 94 

purposes. The protocols were approved by the National Animal Experiment Board, and all 95 

the experiments were carried out in accordance with the guidelines of that committee (permit 96 

number: ESAVI/10137/04.10.07/2014), and following the ethical standards laid down in the 97 

1964 Declaration of Helsinki and its later amendments. 98 

Tumor cell culture. Colon 26 carcinoma (C26) cells were maintained as previously 99 

described (43). 100 

Experimental design. The mice were randomized into four groups matched by body mass 101 

and subcutaneously inoculated with 5 x 105 C26 cancer cells in 100 μl phosphate buffered 102 

saline (PBS) or an equal volume of vehicle control (PBS) into the intrascapular region as 103 

reported earlier (43). Healthy controls (CTRL, N = 9) were administered with vehicle (PBS), 104 

and the C26 tumor-bearing mice with vehicle (C26+PBS, N = 7) or sACVR2B-Fc (5mg/kg in 105 

~100 μl PBS, i.p.), either only before (C26+sACVR/b, N = 7) or both before and after tumor 106 

formation (C26+sACVR/c, N = 8). The mice were treated with PBS or sACVR2B-Fc every 107 

fourth day except the C26+sACVR/b group was treated with the vehicle from day 5 after 108 

cancer cell injection. This first experiment was repeated with the following groups 109 

(experiment 2): CTRL, C26+PBS and C26+sACVR/c to increase N-size for further 110 

metabolomics analyzes to amount to N = 15 in CTRL, N = 13 in C26+PBS and N = 13 in 111 

C26+sACVR/c, respectively. Study design is presented in Figure 1. 112 

Tissue collection. At the end of both experiments, the mice were anaesthetized by an 113 

intraperitoneal injection of ketamine and xylazine mixture, and euthanized by cardiac 114 

puncture followed by cervical dislocation as reported earlier (43). The mice were euthanized 115 

11 and 13 days after the cancer cell inoculation in experiments 1 and 2, respectively, to 116 

represent the onset of cachexia. Muscle samples were weighed and snap frozen in liquid 117 

nitrogen while the blood was collected in serum collection tubes and centrifuged at 2000 g 118 

for 10 min (Biofuge 13, Heraeus). Subcutaneous white adipose tissue (scWAT) samples were 119 

weighted and stored at -80 °C until use.  120 
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The production of soluble ACVR2B. Production and purification of the sACVR2B-Fc 121 

recombinant protein was conducted in house, as previously described (28). In brief, the 122 

ectodomain of human ACVR2B and human IgG1 Fc domain (ACVR2B-Fc) were fused and 123 

expressed in Chinese hamster ovary cells yielding a similar but not identical protein as 124 

originally reported by Lee (34). 125 

Sample Preparation for metabolomics 126 

Muscle. Gastrocnemius muscles were homogenized by grinding (Jingxin science, China) for 127 

2 min. Then metabolites were extracted by methanol-chloroform-water (1:2.5:1, v/v/v) 128 

solvent, mixed on a rotator for 1 min and kept at -20 °C for 20 min. The supernatant of the 129 

centrifugation at 15.000 g for 10 min at 4 °C was vacuum-dried (Huamei, China) at room 130 

temperature. After the addition of methoxyamine (15 mg/mL in pyridine) (Adamas, China), 131 

samples were mixed for 10 min and shaken at 30 °C for 90 min. Finally, BSTFA, with 1% 132 

TMCS (Supelco, USA) was added and samples shaken at 70 °C for 60 min. 133 

Serum. Metabolites from serum were extracted with methanol-chloroform (3:1, v/v) by 134 

mixing for 1 min on a rotor and keeping the samples at -20 °C for 20 min. From this step 135 

onwards, the sample preparation procedure was identical to the one used for muscle. 136 

Gas-Chromatography/Time-of-Flight–Mass Spectrometry analysis. GC/TOF-MS 137 

analysis was performed using an Agilent 6890 gas chromatography system coupled with a 138 

Pegasus III Time-of-Flight mass spectrometer. A DB-5ms capillary column (30 m x 0.25 139 

mm, 0.25 µm; Agilent J&W Scientific, Folsom, CA, USA) was used to separate the 140 

trimethylsilylated (TMS) sample. Helium was used as a carrier gas at a constant flow rate of 141 

1 mL/min. The injector temperature was set at 270 °C. The GC oven temperature was 142 

initially set at 90 ℃ for 0.5 min, then raised to 180 °C at a rate of 10 °C, to 240 °C at a rate of 143 

5 °C, to 290 °C at a rate of 25 °C, and finally held at 290 °C for 9 min. The temperature of 144 

transfer line and ion source was set at 270 °C and 220 °C, respectively. The mass 145 

spectrometry data were acquired with electron impact ionization (70 eV) at full scan mode 146 

(m/z 30–600). The dwell time for each scan was set at a rate of 10 spectra per second and the 147 

solvent delay at 7 min. The samples were injected in randomized order. 148 

Data analysis. The acquired MS data from GC/TOF-MS were analyzed by ChromaTOF 149 

software (v 4.34, LECO, St Joseph, MI). Briefly, after alignment with Statistic Compare 150 

component, the .csv files were generated with three-dimension data sets that included sample 151 

information, retention time-m/z and peak intensities. The internal standards were used for 152 
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data quality control (reproducibility). After removal of internal standards and known false 153 

positive peaks, such as those caused by mechanical noise, column bleed and the BSTFA 154 

derivatization procedure, the peaks representing the same metabolite were combined. The 155 

data sets were normalized using the sum intensities of peaks in each sample. 156 

Metabolite identification. Metabolites with both multivariate and univariate statistical 157 

significance (VIP >1.0 and P < 0.05) were annotated with the aid of available reference 158 

standards, NIST 11 standard mass spectral databases and the Fiehn databases linked to 159 

ChromaTOF software. The similarity of metabolite identification in the sample as compared 160 

to reference standards reaching more than 70% was considered positive identification. We 161 

detected 219 metabolites from the skeletal muscle and serum, of which 156 from both met the 162 

reporting threshold (i.e. metabolite was detected in over 30% of the animals). All 163 

differentially expressed compounds in the treated groups were selected by comparing the 164 

compounds in the treated group with the control using the multivariate statistical method and 165 

Wilcoxon−Mann−Whitney test. 166 

Ingenuity pathway analysis. Further bioinformatics searches were performed with Ingenuity 167 

software after the false discovery rate (FDR) correction with altered metabolites based on 168 

FDR < 0.05 and fold change (FC) > |1.2|. 169 

Muscle processing for the protein analysis. Tibialis anterior muscle and scWAT were 170 

homogenized and treated with proper inhibitors as previously described (29) with a slight 171 

modification. The muscle and scWAT homogenates were centrifuged at 10.000 g for 10 min 172 

or 12.000 g for 20 min, respectively, and the total protein content was measured by the 173 

Bicinchoninic Acid (BCA) Protein Assay Kit (Pierce Biotechnology, Rockford, USA), with 174 

an automated KoneLab analyzer (Thermo Scientific, Vantaa, Finland). 175 

Western blotting. Muscle homogenates were solubilized in Laemmli sample buffer and 176 

heated at 95 °C for 10 min to denature proteins. Samples containing 30 μg of proteins were 177 

separated by SDS-PAGE in Criterion electrophoresis cell (Bio-Rad Laboratories) and 178 

transferred to PVDF membranes using Trans-Blot® Turbo™ Transfer System (Bio-Rad 179 

Laboratories). Membranes were blocked in Tris-buffered saline (TBS) with 0.1% Tween-20 180 

(TBS-T) containing 5 % nonfat dry milk and incubated overnight at 4 °C with primary 181 

antibodies. Membranes were then washed in TBS-T and incubated with secondary antibody 182 

(horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG; Jackson ImmunoResearch 183 

Europe) for 1 h at room temperature, followed by washing in TBS-T. Proteins were 184 
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visualized by enhanced chemiluminescence (SuperSignal west femto maximum sensitivity 185 

substrate; Pierce Biotechnology) using a ChemiDoc MP device (Bio-Rad Laboratories) and 186 

quantified (band intensity × volume) with Image Lab software (version 6.0; Bio-Rad 187 

Laboratories). For muscle samples, GAPDH and Ponceau S were used as loading controls 188 

and the results were normalized to their mean value. The quantification of GAPDH 189 

normalized to Ponceau S was similar among the groups, indicating that GAPDH protein 190 

content remained stable under the experimental conditions. Subcutaneous white adipose 191 

tissue (scWAT) results were normalized to Ponceau S only. The antibodies used in this study 192 

are listed in the Supplemental Methods [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]. 193 

RNA and DNA extraction, cDNA synthesis and RT-qPCR. RNeasy Plus Universal Mini 194 

Kit (73404, QIAGEN) with QIAzol Lysis Reagent (1023537, QIAGEN) was used to extract 195 

RNA from scWAT and gastrocnemius muscle and DNeasy Blood & Tissue kit (69504, 196 

QIAGEN) was used to extract DNA from the latter, all according to manufacturer’s 197 

instructions. For cDNA synthesis, iScript™ Advanced cDNA kit for RT-qPCR (#172-5038, 198 

Bio-Rad Laboratories) was used. Real-time qPCR was conducted according to 199 

manufacturer’s protocol with iQ™ SYBR® Green Supermix (#170-8882, Bio-Rad 200 

Laboratories) and CFX96 Real-Time PCR Detection System combined with CFX Manager 201 

software (Bio-Rad Laboratories). Efficiency corrected ΔΔCt method was utilized in data 202 

analysis. Among the tested housekeeping genes (Tbp, Rn18S, Gapdh and 36B4), 36B4 was 203 

chosen for skeletal muscle and Tbp for scWAT normalization because they were unaffected 204 

by the treatments (P > 0.169 and P > 0.186, respectively) and due to their lowest variation 205 

between the groups. The primers used in this study are listed in Supplemental Methods 206 

[https://figshare.com/s/6cd6d7e2e283ad0ac6f1]. 207 

Enzyme activity analyzes. From the gastrocnemius, the activity of alanine aminotransferase 208 

(ALAT) was measured by ALT/GPT Kit (Thermo Scientific), aspartate aminotransferase 209 

(ASAT) by AST/GOT Kit (Thermo Scientific) and xanthine oxidase (XO) by Xanthine 210 

Oxidase Activity Assay Kit (Sigma-Aldrich). The activity of 3-hydroxyacyl-CoA 211 

dehydrogenase (β-HAD) was measured as previously described (16). The enzyme activities 212 

were analyzed according to manufacturer protocols using an automated KoneLab measuring 213 

device (Thermo Scientific, Vantaa, Finland). The enzyme activity results were normalized 214 

against total protein content. 215 
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Triacylglycerol extraction. Triacylglycerol from gastrocnemius muscle was extracted by 216 

using similar method as demonstrated earlier (8). Briefly, pulverized muscle sample was 217 

further homogenized into a chloroform-methanol (2:1) solution and the organic phase was 218 

evaporated by a vacuum evaporator. To dissolve the dried triacylglycerol, absolute ethanol 219 

was used and the concentration was measured by a Triglyceride kit (Thermo Scientific) using 220 

an automated KoneLab measuring device (Thermo Scientific, Vantaa, Finland). 221 

Statistical analysis. For the omics analysis, changes in metabolites were considered 222 

significant when FDR < 0.05 and FC > |1.2|. For analysis of proteins, mRNAs and lipids, data 223 

were checked for normality and equality of variances by using a Shapiro-Wilk test and 224 

Levene’s test, respectively. Following that, multiple group comparisons for the tumor-bearing 225 

groups were conducted by Holm-Bonferroni corrected t-tests or non-parametric Mann-226 

Whitney U-test, when appropriate. For two-group comparisons (C26+PBS vs. CTRL or 227 

CTRL vs. tumor-bearing groups pooled), a two-tailed unpaired Student’s t-test or non-228 

parametric Mann-Whitney U-test were used. Pooling the tumor-bearing mice (referred as C26 229 

effect) was justified in those cases in which the sACVR2B-Fc administration had no effect. 230 

Pearson correlation coefficient was used to analyze correlations. Katiska/Himmeli software 231 

[http://www.finndiane.fi/software/katiska/] used in a GNU Octave programing environment 232 

was used to present the correlation network among tumor-bearing mice (37). Statistical 233 

analyzes were performed with IBM SPSS Statistics, version 24 for Windows (SPSS, 234 

Chicago, IL). The level of significance in these analyzes was set at P < 0.05. Data are 235 

expressed as means ± SEM if not mentioned otherwise. 236 
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RESULTS  237 

We have previously demonstrated with these same mice that C26 cancer decreased both 238 

skeletal muscle and body mass, and these were prevented by sACVR2B-Fc treatment (43). 239 

Experimental cancer has a more significant effect on skeletal muscle metabolome than 240 

prevention of muscle wasting by blocking the activin receptor (ACVR) type 2B ligands. 241 

We studied the effects of the experimental C26 cancer on skeletal muscle metabolome by 242 

employing GC/TOF-MS. In vehicle-treated mice (C26+PBS vs. CTRL), C26 cancer alone 243 

resulted in alteration of 23 metabolites, of which 10 increased and 13 decreased at the level of 244 

FDR < 0.05 and FC > |1.2| (Figure 2A). Heat map clustering of 23 altered metabolites in 245 

C26+PBS vs. CTRL demonstrated the dominant effect of C26 cancer cachexia over 246 

sACVR2B-Fc administration on skeletal muscle metabolome (Figure 2B). As an exception to 247 

this dominant effect of cancer, we observed that the decrease of methyl phosphate detected in 248 

vehicle-treated tumor-bearing mice was restored by both sACVR2B-Fc administration 249 

protocols (Figure 3A). Metabolites significantly increased by sACVR2B-Fc administration in 250 

tumor-bearing mice without restoring the effect towards CTRL level included 2,6-251 

diaminopimelic, 2-amino-1-phenylethanol, 5-aminovaleric acid lactam, adenosine-5-252 

monophosphate, cortexolone, inosine-5-monophosphate,  N-(ԑ)-trimethyllysine, tryptophan 253 

and uric acid. Metabolites that decreased by sACVR2B-Fc administration encompassed 2-254 

ketoadipate, asparagine and N-acetyl-β-alanine. These sACVR-effects vs. C26+PBS group 255 

are presented in the Figure S1 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1], except the 256 

alterations in the levels of methyl phosphate, tryptophan and uric acid that are presented in 257 

Figures 3A, Figure 4A and Figure 6D, respectively. 258 

In addition, as compared with the C26+PBS group, the continued blocking of ACVR2B 259 

ligands (C26+sACVR/c) altered 13 metabolites, of which eight increased and five decreased 260 

(Figure 3). The discontinued treatment (C26+sACVR/b) altered 19 metabolites, of which 12 261 

increased and seven decreased (Figure 3). These two comparisons (C26+sACVR/c vs. 262 

C26+PBS and C26+sACVR/b vs. C26+PBS) shared three common metabolites with each 263 

other, whereas five and three altered metabolites were shared with C26+PBS vs. CTRL 264 

comparison, respectively (Figure 3). Comparison of the two sACVR2B-Fc administered 265 

groups yielded four metabolites differing between the treatments (Figure 3B). The most 266 

altered metabolites were distributed among various biological groups, such as amino acids, 267 

energy sources and nucleotide-related intermediates (Table S2 268 

[https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). Our correlation network analysis using 269 
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Katiska software revealed links between metabolites responding similarly to cancer or 270 

sACVR2B-Fc administration (Figure S2 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). 271 

Experimental cancer disturbs the homeostasis of the skeletal muscle amino acids. 272 

Among the 20 amino acids commonly found in contractile proteins, 15 were detected by 273 

GC/TOF-MS. Of those, eight were affected in the tumor-bearing mice (Figure 4A). More 274 

specifically, the content of aspartic acid, serine, glycine, serine, tryptophan, lysine and 275 

phenylalanine were altered by cancer alone whereas alanine and isoleucine were altered only 276 

when tumor-bearing mice were pooled (Figure 4A). To identify possible markers of cachexia 277 

in the skeletal muscle, we examined the correlations of metabolites to body mass loss within 278 

the last two days before tissue collection. A particularly strong negative correlation of 279 

phenylalanine was observed, namely, the more phenylalanine level has increased, the more 280 

body mass has decreased in the tumor-bearing mice (r = -0.873, P < 0.001; Figure 4B). Other 281 

over 60 significant correlations of examined variables in the tumor-bearing mice relative to 282 

the body mass change within the last two days (Table S3 283 

[https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). This effect may be due to decreased muscle 284 

protein synthesis in tumor-bearing mice as demonstrated by puromycin incorporation (43). 285 

Indeed, in the current study the phenylalanine level also negatively correlated with muscle 286 

protein synthesis (Figure S3 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). Concurrently, 287 

alanine and aspartic acid levels decreased in the tumor-bearing mice, which prompted us to 288 

scrutinize the corresponding enzymatic activities. We observed that the activity of aspartate 289 

aminotransferase (ASAT) significantly decreased while alanine aminotransferase (ALAT) 290 

was non-significantly decreased (P = 0.054) in the tumor-bearing mice (Figure 4C–D). L-291 

glutamate, a product of both enzymes, remained unchanged, as did pyruvate, a product of 292 

ALAT (Figure 4A). Next, we examined pathways of the altered metabolites by using the 293 

Ingenuity Pathway Analysis (IPA) software (data not shown). Based on the IPA algorithms, 294 

glycine and serine/glycine biosynthesis pathways were suggested to be decreased in tumor-295 

bearing mice, explained by lowered glycine and serine contents. Moreover, upstream analysis 296 

revealed sirolimus (rapamycin) as an upstream regulator in the tumor-bearing mice, which 297 

may in part be related to previously published alterations in mechanistic target of rapamycin 298 

(mTOR) signaling (43). 299 

Ribosomal RNA and a marker of nucleotide synthesis decreased in the experimental 300 

C26 cancer with only a minor effect of blocking ACVR2B ligands. We previously 301 

reported lowered protein synthesis and mTOR-signaling in skeletal muscle of the tumor-302 
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bearing mice (43), which led us to further examine the protein synthesis capacity. We 303 

observed a non-significant decrease in the RNA content of the skeletal muscle in tumor-304 

bearing mice (C26+PBS vs. CTRL, P = 0.061; C26 effect, P = 0.078; Figure 5A). There was 305 

also a significant decrease in 28S ribosomal RNA (Figure 5B) whereas in 18S ribosomal 306 

RNA this difference did not reach statistical significance (C26 effect, P = 0.151; Figure 5C). 307 

At this time-point, 45S pre-RNA and DNA content remained unchanged (Figure 5D–E). 308 

We also observed changes in other markers of nucleotide metabolism in the skeletal muscle.  309 

Interestingly, when sACVR2B-Fc treatment was discontinued, the content of uracil, thymine 310 

and their breakdown products hypoxanthine and uric acid increased (Figure 6A–D). To 311 

verify whether there is a change in de novo nucleotide synthesis, we analyzed CAD complex, 312 

which consists of the following enzymes: glutamine amidotransferase, carbamoyl-phosphate 313 

synthetase, aspartate transcarbamoylase, and dihydroorotase. The phosphorylation of 314 

CADSer1859 is regulated by mTORC1 via S6K1 (4, 49) to activate the initiation of pyrimidine 315 

synthesis. We observed that both phosphorylated CADSer1859 and total CAD decreased in the 316 

tumor-bearing mice independent of treatment, suggesting a decrease in nucleotide synthesis 317 

capacity in experimental cancer (Figure 6E–G). The activity of xanthine oxidase – the 318 

endpoint enzyme of pyrimidine breakdown pathway – remained unaltered yet a non-319 

statistical decrease in cancer condition alone was observed (C26+PBS vs. CTRL, P = 0.068; 320 

Figure 6H). 321 

Triacylglycerol concentration decreased and lipase content increased in the skeletal 322 

muscle of the tumor-bearing mice without the effect of blocking ACVR2B ligands. We 323 

found that triacylglycerol concentration decreased in the skeletal muscle of the tumor-bearing 324 

mice (Figure 7A). This observation was supported by a concurrent increase in the content of 325 

the adipose triglyceride lipase (ATGL, Figure 7B) and phosphorylated HSLSer660 (active 326 

lipase form) as well as total HSL (Figure 7C-D). We also observed an increase in the free 327 

fatty acid transporter carnitine in the tumor-bearing mice (Figure 7F). Interestingly, in tumor-328 

bearing mice, carnitine correlated with body mass change within the last two days (pool of 329 

the tumor-bearing mice r = -0.431, P = 0.012) meaning that the more carnitine increased, the 330 

larger was the body mass loss, (Table S3 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). 331 

The activity of 3-hydroxyacyl-CoA dehydrogenase (β-HAD), a β-oxidation enzyme, was 332 

non-significantly (P = 0.099) decreased in the cancer condition alone (Figure 7G). 333 

The majority of the altered metabolites decreased in the serum of the tumor-bearing 334 

mice. We further investigated whether the effect of experimental C26 cancer predominated 335 
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over ACVR2B ligand blocking in the serum as well. In vehicle-treated mice (C26+PBS vs. 336 

CTRL), C26 cancer alone resulted in the alteration of 13 metabolites, all of which decreased 337 

in their abundance (Figure 8 and Table S4 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]. 338 

No altered metabolites were detected amid sACVR2B-Fc and the vehicle-treated tumor-339 

bearing mice (FDR > 0.168). In serum, most of the altered metabolites encompassed free 340 

fatty acids (FFAs) that were decreased in tumor-bearing mice (Figure 8, and Table S4 341 

[https://figshare.com/s/6cd6d7e2e283ad0ac6f1]) at the time-point when the fat mass was 342 

already at a very low level (Figure 9A). However, the decrease in serum lipids is in line with 343 

the lipid-related findings from skeletal muscle, which demonstrates that C26-induced cancer 344 

cachexia also governs metabolic changes in the serum of the tumor-bearing mice independent 345 

of the ACVR2B ligand blocking. 346 

To discover possible biomarkers of cachexia in the serum, we examined correlations of 347 

metabolites to body mass loss within the last two days before tissue collection. Similar to 348 

skeletal muscle, in the tumor-bearing mice serum phenylalanine correlated negatively (i.e. the 349 

more phenylalanine increased, the more body mass decreased in all tumor-bearing mice) with 350 

the body mass change within the last two days (r = -0.899, P < 0.001). Furthermore, multiple 351 

other amino acids behaved in way similar to that observed for phenylalanine in serum, for 352 

example, tyrosine (r = -0.907, P < 0.001), methionine (r = -0.870, P = 0.001) and lysine (r = -353 

0.843, P = 0.002). For other significant correlations in the serum of tumor-bearing mice 354 

relative to body mass change within the last two days, see Table S5 and Figure S4 355 

[https://figshare.com/s/6cd6d7e2e283ad0ac6f1]. 356 

Browning of the subcutaneous fat was not observed in the tumor-bearing mice 357 

independent of the treatment. Finally, to complement the metabolomic analyzes, we tested 358 

if subcutaneous white adipose tissue (scWAT) browning (12, 46) was induced in 359 

experimental cancer and if it was affected by ACVR2B ligand blocking. We also examined if 360 

scWAT browning could in part explain the decrease in scWAT mass in tumor-bearing mice 361 

(Figure 9A), and serum FFA levels (Figure 8). Even though the gene expression of PR 362 

domain containing 16 (Prdm16), a modulator of scWAT browning, increased in the tumor-363 

bearing mice (Figure 9B), the most common scWAT browning marker, uncoupling protein 1 364 

(UCP1), decreased in the scWAT of the tumor-bearing mice. This decrease was independent 365 

of the treatment utilized at the mRNA and protein levels (Figure 9C–D). 366 
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DISCUSSION  367 

In this study, we have identified a few possible biomarkers of cachexia or muscle atrophy. 368 

However, most of the changes in metabolites in cachexia were not affected by the 369 

sACVR2B-Fc administration, which indicates that the contribution of the experimental 370 

cachexia to skeletal muscle and serum metabolome is much more prominent than the effect of 371 

blocking ACVR2B ligands, even though the latter alleviated cachexia (43). We have earlier 372 

demonstrated that the tumor-bearing mice treated with sACVR2B-Fc had improved survival 373 

(43), but the present results suggest that this may be only weakly associated with the studied 374 

metabolomic changes during the onset of cachexia. Furthermore, the current results imply 375 

that muscle protein and nucleotide synthesis capacity decreases during cachexia. Further 376 

studies are needed to investigate the importance of this finding considering that we 377 

previously observed a decrease in muscle protein synthesis in these tumor-bearing mice (43). 378 

As mentioned, almost all metabolic changes in the skeletal muscle were explained by the 379 

cancer condition, but the treatment protocols utilized in this study produced only minor 380 

effects on the affected metabolome. However, the administration of the sACVR2B-Fc 381 

reversed the cancer-induced decrease of methyl phosphate especially when the treatment was 382 

continued, almost to the level demonstrated by healthy mice. Little is known about the 383 

importance and function of this metabolite but it seems to be related to the metabolism of 384 

purines and pyrimidines (7). Our correlation network analysis using the Katiska software 385 

revealed a few metabolites that demonstrated a similar response to cancer and its treatment. 386 

The analysis suggests a possible functional link between methyl phosphate and some of these 387 

metabolites. In addition, both sACVR2B-Fc administration protocols resulted in a miniscule 388 

recovery in the level of N-carbamylglutamate that was decreased by cancer. Oral N-389 

carbamylglutamate administration has previously been used as a treatment in, for example, 390 

diseases causing hyperammonemia (9, 66), to enhance nitrogen excretion and to improve 391 

antioxidant status in liver and plasma (11) as well as in the intestine (64). Thus, the effect of 392 

dietary N-carbamylglutamate administration in cancer cachexia should be addressed in the 393 

future. In addition to these results, we identified few metabolites responsive to the blocking 394 

of ACVR2B ligands in tumor-bearing mice (FDR < 0.05 and FC > |1.2) that presented no 395 

recovering effect towards control level. Pooling of the sACVR groups resulted alterations in 396 

multiple metabolites including: 2,6-diaminopimelic, 2-amino-1-phenylethanol, 2-ketoadipate,  397 

5-aminovaleric acid lactam, adenosine-5-monophosphate, asparagine, cortexolone, inosine-5-398 

monophosphate, N-(ԑ)-trimethyllysine, N-acetyl-β-alanine, tryptophan and uric acid (Figure 399 
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S1 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]). In addition, we demonstrated that the 400 

continued and discontinued sACVR2B-Fc administration protocols resulted in different 401 

metabolic responses, which are presented in Figure 3B. Understanding the physiological 402 

importance of these alterations requires more dedicated research in the future. 403 

Similar to previous findings (14, 57), we also observed that amino acid homeostasis is 404 

disturbed in skeletal muscle during cachexia. The levels of ketogenic amino acid lysine and 405 

gluconeogenic and ketogenic amino acids phenylalanine and tryptophan increased in the 406 

tumor-bearing mice.  Free phenylalanine level correlated in both skeletal muscle and serum 407 

with the body mass loss. This may have been in part due to decreased muscle protein 408 

synthesis reported earlier (43) as it correlated, in the present study, with the phenylalanine 409 

content in the muscle. This result also supports the previous finding demonstrating a 410 

relationship between decreased muscle protein synthesis and increased phenylalanine content 411 

in the muscle (45). Taken together, free phenylalanine could be a biomarker of muscle loss 412 

and reduced protein synthesis in the skeletal muscle. However, in these same mice, the 413 

markers of protein degradation were found to be increased, accompanied by loss of fat (43). 414 

Thus, we cannot exclude that elevated phenylalanine may also reflect the protein degradation 415 

in addition to altered protein synthesis. Considering that body mass loss at this time point 416 

correlated strongly with survival (Cox regression analysis B = 0.902, P < 0.001) in another 417 

group of mice (43), biomarkers related to body mass loss, reported in the current study, could 418 

also predict survival. The increase in the content of phenylalanine and another aromatic 419 

amino acid tryptophan in the muscle of the tumor-bearing mice may be because of increased 420 

proteolysis in these mice (43). Unlike contractile proteins, acute phase proteins (APPs) are 421 

rich in aromatic amino acids and this may lead to an excessive muscle protein breakdown to 422 

provide an adequate amount of specific amino acids for APP synthesis (48). Indeed, this 423 

theory is supported by the fact that serum tryptophan has decreased, which suggests an 424 

enhanced liver uptake of aromatic amino acids for the synthesis of APPs (48), as we have 425 

previously demonstrated in these same mice (43). Our current results complement the 426 

previous studies in humans that report altered phenylalanine metabolism in the blood of 427 

cancer patients (10, 52). 428 

We observed a decrease in glycogenic amino acids (alanine, aspartic acid, serine and glycine) 429 

in the skeletal muscle of the tumor-bearing mice. This may suggest that as they are released 430 

during skeletal muscle proteolysis, their carbon skeletons are further directed into the TCA 431 
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cycle for energy production in muscle, released into circulation or used in other metabolic 432 

pathways (1, 14, 33, 48). Substrate delivery to the TCA cycle was probably compromised in 433 

the tumor-bearing mice, as demonstrated by the lower content of glucose, glycerol (see Table 434 

S2 [https://figshare.com/s/6cd6d7e2e283ad0ac6f1]) and 3-hydroxybutyric acid (FDR < 0.05, 435 

FC = 0.847, non-significant), which can be directed into TCA cycle for energy production 436 

(14). We also observed lowered enzyme activity of ASAT (which converts aspartic acid and 437 

α-ketoglutarate into oxaloacetate and glutamic acid) and a non-statistically significant (P = 438 

0.054) decrease in ALAT (which converts alanine and α-ketoglutarate into pyruvate and 439 

glutamic acid) in the tumor-bearing mice (27). A concurrent decrease in aspartic acid and 440 

alanine content suggests that less oxaloacetate and also pyruvate is available to sustain the 441 

TCA cycle. This finding is in agreement with the previous study by Tzika et al., which used 442 

Lewis lung carcinoma cachexia model and reported a reduced ATP synthesis rate 443 

accompanied by lowered TCA cycle flux (59). In line with this observation, we demonstrated 444 

lowered citrate synthase activity in the skeletal muscle of these mice (43). Serum lactate 445 

content correlated with body mass loss (Figure S1) with simultaneous decrease in muscle 446 

glucose content in tumor-bearing mice. Glycolysis pathway may have been induced by 447 

cancer as detected previously (14) at least in some mice, and the extent of this may predict 448 

the severity of cancer cachexia. Regarding the metabolites of energy metabolism, the used 449 

metabolomics platform did not allow detecting all the intermediates in these pathways. This 450 

could be overcome by using another type of metabolomics platform, such as pathway-451 

targeted metabolomic analysis utilizing capillary ion chromatography with mass spectrometry 452 

as previously demonstrated by Wang et al. (62). However, the untargeted GC-MS used in the 453 

present study offers broader possibility to discover novel biomarkers than the targeted 454 

platforms. Other metabolomics platforms may have revealed differences not detectable with 455 

the used platform. 456 

In support of a previous study by Der Torossian et al. (14), we also observed that amino acids 457 

derived from 3-carbon glycolytic intermediates (i.e. glycine, serine and alanine) decreased in 458 

the muscles of the tumor-bearing mice. This occurred independent of the sACVR2B-Fc 459 

treatment. Since glycine is a precursor for glutathione synthesis, the decrease in glycine 460 

content may be related to a decline in the level of reduced glutathione that was also observed 461 

in these mice (26) and thus oxidative stress (25). Furthermore, we observed a decrease in 462 

oxoproline content (indicator of glycine/glutathione availability) in the tumor-bearing mice, 463 

which has been shown to decline in humans by restricting dietary sulfur amino acids or 464 
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glycine (39). These observations further suggest that oxidative stress is increased in the 465 

tumor-bearing mice. 466 

To date, little is known about ribosome biogenesis in cachexia. The mechanistic target of 467 

rapamycin (mTOR) regulates ribosome biogenesis via mTOR complex 1 (mTORC1) by, for 468 

example, sensing the intracellular nutrient and nucleotide levels (30). In cachexia, nutrient 469 

availability decreases in part because of decreased food intake induced by the downregulated 470 

appetite (18) formerly observed in these mice (43). Recent studies suggest that increased 471 

ribosomal content may be important in some models of hypertrophy (60, 63) while total 472 

ribosome content may decrease in muscle atrophy (2, 15, 36). We observed a decrease in the 473 

content of 28S ribosomal RNA in the skeletal muscle of the tumor-bearing mice. Previously a 474 

decrease in total RNA content in rats with Yoshida ascites hepatoma (2), and in mice with 475 

XK1 tumor (15). Our finding was accompanied by a previously reported decrease in protein 476 

synthesis and decreased mTOR signaling in these tumor-bearing mice (43). Furthermore, the 477 

total protein content of ribosomal protein S6 itself, which is an important component of 40S 478 

ribosome (40), has decreased in cancer in these mice (43), suggesting that both RNA and 479 

protein machineries of the ribosomes are compromised in skeletal muscles during cancer 480 

cachexia. To verify whether this has any causal effect on skeletal muscle, further studies are 481 

required. 482 

Nucleotides consisting of sugar, base and phosphate components are the building blocks of 483 

RNA and DNA. Carbon and nitrogen skeleton of the nucleotide bases (purines and 484 

pyrimidines) originate from amino acids (glycine, aspartic acid and glutamine) and from one 485 

carbon metabolism (35). A decrease in muscle glycine and aspartic acid suggests that de novo 486 

synthesis of nucleotide bases may be downregulated in experimental cancer. De novo 487 

synthesis of pyrimidine bases is regulated by mTORC1 via phosphorylated S6K1 (4), the 488 

latter observed to be decreased in these tumor-bearing mice (43). Interestingly, supporting 489 

this finding we observed, as a novel result, a decrease in phosphorylated CADSer1859 and total 490 

CAD in the skeletal muscle of the tumor-bearing mice, an observation that further 491 

demonstrates that de novo pyrimidine synthesis may decrease in cancer. Barreto et al. 492 

predicted an inhibition of nucleotide synthesis by using IPA analysis of muscle proteomics in 493 

C26-induced cachexia, and our results support this finding (3). Disturbed nucleic acid 494 

synthesis due to a lack of building blocks may result in downregulation of anabolic processes 495 

and ribosome biogenesis (4). However, the DNA content remained unaltered in the tumor-496 

bearing mice. We also observed an increase in the content of free pyrimidines (uracil and 497 
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thymine) but not of purines in the skeletal muscle when sACVR2B-Fc administration was 498 

discontinued before tumor formation, which may be due to downregulated nucleotide, RNA 499 

and DNA synthesis or increased breakdown. Interestingly, this group (sACVR/b) also had 500 

lower survival than the group in which the treatment was continued (43). Xanthine oxidase, 501 

which is an enzyme in nucleotide breakdown, was analyzed but it remained unaltered. Our 502 

results highlight that more research is required on nucleotide metabolism in cancer. 503 

Lipids have been reported to accumulate in skeletal muscle in some cancer studies (12, 53). 504 

The reason why lipid accumulation in muscle was not observed in the present study may be 505 

due its capability to utilize lipids. This conclusion is supported by an increased protein 506 

content of phosphorylated HSLSer660, which activates the lipase, and of ATGL in skeletal 507 

muscle, which suggests that infiltrated fatty acids are hydrolyzed for energy production. 508 

Carnitine is required for transporting the long-chain fatty acids into mitochondria where they 509 

are subsequently used in β-oxidation (6), and the observed increase of carnitine supports the 510 

hypothesis of enhanced fatty acid transportation into mitochondria as observed previously in 511 

cachexia (47). Fukawa et al. have demonstrated that conditioned medium from RXF393 512 

cancer cells directly increased the content of various carnitine transporter isoforms as well as 513 

induced lipid atrophy and β-oxidation in human muscle cells (22). The effective lipid usage 514 

in the skeletal muscle occurred even though the activity of the β-oxidation enzyme, β-HAD, 515 

did not increase in the tumor-bearing mice. A decrease in the content of 3-hydroxybutyric 516 

acid, glycerol, triacylglycerol and glucose in the skeletal muscle as well as the depletion of 517 

adipose tissue suggest that the majority of all energy sources and derivatives are utilized for 518 

host maintenance, tumor growth and tumor-derived changes in energy metabolism. 519 

Almost all altered metabolites in the serum of the tumor-bearing mice decreased without any 520 

additional effect of sACVR2B-Fc administration. In agreement with the measurements of 521 

skeletal muscle metabolome, the altered metabolites in the serum were distributed among 522 

lipids, amino acids and carbohydrates. Interestingly, the higher was the content of several 523 

amino acids in the serum, the greater was the body mass loss, which suggests that these could 524 

be markers of the severity of cachexia, a finding that complements earlier studies (41, 54, 525 

65). All of the detected serum fatty acids decreased in the tumor-bearing mice, which is in 526 

agreement with the findings of Cala et al. that demonstrated altered blood lipid profile in 527 

cachectic patients (10). This is in line with the other observations of lower content of energy 528 

sources and TCA intermediates in muscle in this study as well as the previously reported 529 
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decrease in food intake in these mice (43). This may be reflected in serum fatty acids, 530 

because the food pellets contained, for example, linoleic acid which decreased in the serum 531 

similarly to arachidonic acid, and the metabolism of these two fatty acids is closely linked 532 

(51). We also did not observe increased browning of subcutaneous white adipose tissue in 533 

these mice. Recently, Rohm et al. (2016) suggested that in cancer, fat browning might not be 534 

as common or important phenomenon related to adipose tissue wasting as it was initially 535 

thought (50). This phenomenon, however warrants further research because in some murine 536 

cancer studies fat browning was reported to be induced (31, 46). 537 

CONCLUSION  538 

We have shown in the present study the effects of preclinical colon-26 cancer on muscle and 539 

serum metabolomes, a response that cannot be recovered by blocking muscle loss using 540 

soluble activin receptor. Additionally, we identified free phenylalanine as a potential 541 

biomarker of muscle atrophy and/or cancer cachexia. The reported decrease in ribosome and 542 

pyrimidine nucleotide biogenesis may pave the way towards new directions in cancer 543 

cachexia research. 544 
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FIGURE LEGENDS  561 

FIGURE 1. Schematic presentation of the study design. Mice were randomized into four 562 

groups; healthy controls (CTRL, N = 9) and three groups C26 tumor-bearing mice treated 563 

either with PBS vehicle (C26 + PBS, N = 7) or sACVR2B-Fc only before (C26 + sACVR/b, 564 

N = 7) or both before and after tumor formation (C26 + sACVR/c, N = 8). The mice were 565 

treated every fourth day and tissues were collected on day 11. The experiment was replicated 566 

(N = 5-6 per group) without the C26 + sACVR/b group to increase N-size. The tissues were 567 

collected when the growth of the tumor and the loss of body mass reached the levels in the 568 

first experiment (on day 13). 569 

FIGURE 2. Venn diagram and heat map visualization of the altered metabolites in the 570 

skeletal muscle. (A) C26 + PBS vs. CTRL comparison resulted in 23 altered metabolites, of 571 

which 19 were common with the pool of the tumor-bearing mice (T-B mice) vs. CTRL. The 572 

latter comparison resulted in 39 altered metabolites. Arrows point to the direction of the 573 

change based on their FC values in C26 + PBS vs. CTRL comparison. (B) Heat map of the 574 

23 altered metabolites in C26 + PBS vs. CTRL comparison. Representing the significances of 575 

the comparisons, a = PBS vs. CTRL, b = sACVR/b vs. CTRL, c = sACVR/c vs. CTRL, d = 576 

sACVR/b vs. C26+PBS and e = sACVR/c vs. C26+PBS. One letter depicts FDR < 0.05, two 577 

FDR < 0.01 and three FDR < 0.001 (in all FC > |1.2|). The N-sizes of the groups are as 578 

follows: CTRL (N = 15), C26 + PBS (N = 13), C26 + sACVR/b (N = 7) and C26 + sACVR/c 579 

(N = 13). Group comparisons were analyzed by FDR corrected Student´s t-test.  580 

FIGURE 3. (A) Venn diagram of the group comparisons in relative to C26+PBS group. 581 

Methyl phosphate was the only common metabolite to be altered among all the comparisons. 582 

(B) The altered metabolites among each group comparison. * and ** = FDR < 0.05 and < 583 

0.01, respectively (in all FC > |1.2|). The N-sizes of the groups are as follows: CTRL (N = 584 

15), C26 + PBS (N = 13), C26 + sACVR/b (N = 7) and C26 + sACVR/c (N = 13). Group 585 

comparisons were analyzed by FDR corrected Student´s t-test.  586 

FIGURE 4. Amino acid homeostasis is disturbed in the tumor-bearing mice. (A) The levels 587 

of alanine (Ala), aspartic acid (Asp), serine (Ser) and glycine (Gly) decreased in the skeletal 588 
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muscle during cachexia while levels of lysine (Lys), isoleucine (Ile) and aromatic amino 589 

acids phenylalanine (Phe) and tryptophan (Trp) increased. Notice that asparagine and 590 

tryptophan displayed sACVR (sACVR2B-Fc administered mice pooled) vs. C26 + PBS 591 

effect, FDR < 0.05 and FC > |1.2|.  Among these amino acids, isoleucine and aspartic acid 592 

(61) may be in part related to the tricarboxylic acid (TCA) cycle in the skeletal muscle, 593 

possibly also other amino acids in cancer cachexia (marked by dashed lines). Intermediates of 594 

the TCA cycle written in cursive were not detected by GC/TOF-MS. Presented box plots are 595 

depicted as C26+PBS = 1. * and ** = FDR < 0.05 and FDR < 0.01, respectively. #, ## and 596 

### = C26 effect, FDR < 0.05, < 0.01 and < 0.001, respectively with FC > |1.2| in all. (B) 597 

Pearson correlation between muscle phenylalanine and loss of body mass within the last two 598 

days prior to tissue collection in the tumor-bearing mice. Enzyme activities of (C) aspartate 599 

aminotransferase (ASAT) and (D) alanine aminotransferase (ASAT). In A-B, the N-sizes of 600 

the groups are as follows: CTRL (N = 15), C26 + PBS (N = 13), C26 + sACVR/b (N = 7) and 601 

C26 + sACVR/c (N = 13) and in C-D the N-sizes of the groups are presented in the bar 602 

graphs. CS = citrate synthase activity reported in (43). Group comparisons were analyzed by 603 

FDR corrected Student´s t-test (A) or by non-parametric Mann-Whitney U-test (C-D).  604 

FIGURE 5. Markers of the ribosomal RNA content and protein synthesis capacity. (A) 605 

Skeletal muscle RNA content. Among ribosomal RNAs, (B) 28S RNA content decreased in 606 

the tumor-bearing mice while (C) 18S RNA demonstrated a non-significant decrease. (D) 607 

45S pre-RNA and (E) DNA content remained unaltered in the skeletal muscle. # = C26 608 

effect, P < 0.05. CTRL vs. C26 + PBS and CTRL vs. C26 pooled were analyzed by Student´s 609 

t-test (A and E) or non-parametric Mann-Whitney (B-D). In A-B, the N-sizes of the groups 610 

are as follows: CTRL (N = 8-9), C26 + PBS (N = 7), C26 + sACVR/b (N = 7) and C26 + 611 

sACVR/c (N = 8). Differences among C26 tumor-bearing mice were analyzed either by 612 

Holm-Bonferroni corrected Student´s t-test (A and E) or by non-parametric Mann-Whitney 613 

U-test (B-D).  614 

FIGURE 6. Metabolites related to nucleotide metabolism and pyrimidine synthesis capacity. 615 

In C26 + sACVR/b group (A) free uracil, (B) free thymine and the breakdown product of the 616 

purine nucleotides (C) hypoxanthine increased in comparison to the C26+PBS group. 617 

Another breakdown product of purine nucleotides, (D) uric acid increased in both sACVR2B-618 

Fc administered groups vs. C26 + PBS. In A-D * = FDR < 0.05, FC > |1.2|. (E) The 619 

phosphorylation of CADSer1859 and (F) total CAD decreased in the tumor-bearing mice 620 
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independent of treatment. (G) Representative blots, C = CTRL, P = C26 + PBS, Ab = C26 + 621 

sACVR/b, Ac = C26 + sACVR/c. In E-F * = P < 0.05, # = C26 effect, P < 0.05. (H) Enzyme 622 

activity of xanthine oxidase (XO). In A-D the N-sizes of the groups are as follows: CTRL (N 623 

= 15), C26 + PBS (N = 13), C26 + sACVR/b (N = 7) and C26 + sACVR/c (N = 13) and in E-624 

H N-sizes of the groups are presented in the bar graphs. Group comparisons were analyzed by 625 

FDR corrected Student´s t-test (A-D). CTRL vs. C26 + PBS and CTRL vs. C26 pooled were 626 

analyzed by Student´s t-test and differences among C26 tumor-bearing mice were by Holm-627 

Bonferroni corrected Student´s t-tests (E-H).  628 

FIGURE 7. Cancer alters lipid metabolism in the skeletal muscle. (A) Muscle triacylglycerol 629 

concentration decreased while levels of lipases (B) adipose triglyceride lipase (ATGL) and 630 

(C) phosphorylated and (D) total hormone-sensitive lipase (HSL) increased in the tumor-631 

bearing mice. (E) Representative blots, C = CTRL, P = C26 + PBS, Ab = C26 + sACVR/b, 632 

Ac = C26 + sACVR/c. (F) Carnitine and (G) 3-hydroxyacyl-CoA dehydrogenase (β-HAD) 633 

enzyme activity. *, ** and *** = P < 0.05, P < 0.01 and P < 0.001, respectively. #, ## and 634 

### = C26 effect, P < 0.05, P < 0.01 and P < 0.001, respectively. In A-E and G, N-sizes of 635 

the groups are as follows: CTRL (N = 9), C26 + PBS (N = 7), C26 + sACVR/b (N = 7) and 636 

C26 + sACVR/c (N = 8) and in F in CTRL (N = 15), C26 + PBS (N = 13), C26 + sACVR/b 637 

(N = 7) and C26 + sACVR/c (N = 13). CTRL vs. C26+PBS and CTRL vs. C26 pooled were 638 

analyzed by Student´s t-test and differences among C26 tumor-bearing mice by Holm-639 

Bonferroni corrected Student´s t-test (A-E and G). Group comparisons were analyzed by 640 

FDR corrected Student´s t-test (F).  641 

FIGURE 8. In the serum metabolome, C26 cancer dominated the alterations in metabolites 642 

over blocking activin receptor ligands. Cancer altered the level of 13 metabolites in C26 + 643 

PBS vs. CTRL while pooling of tumor-bearing groups (T-B mice) vs. CTRL revealed 644 

alteration of 20 metabolites. FC values of the T-B vs. CTRL comparison are presented in 645 

brackets while FDR values of the group comparisons are shown on the right. Arrows present 646 

the direction of the change. Significant FDR values are in bold. N-sizes of the groups are as 647 

follows: CTRL (N = 15), C26 + PBS (N = 13) and C26 + sACVR/c (N = 13). Group 648 

comparisons were analyzed by FDR corrected Student´s t-test. 649 

FIGURE 9. White adipose tissue browning may not explain the decreased fat mass. (A) 650 

Subcutaneous white adipose tissue (scWAT) mass normalized to the length of the tibia (TL) 651 

in mm decreased in cancer independent of treatment. (B) Prdm16 mRNA level increased, 652 
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while (C) UCP1 protein decreased in cancer. Representative blot, C = CTRL, P = C26 + PBS, 653 

Ab = C26 + sACVR/b, Ac = C26 + sACVR/c. (D) Ucp1 mRNA level decreased in the 654 

tumor-bearing mice. Open circles represent outliers that are included in the statistical 655 

analyzes, but are excluded from the group mean values. * and *** = P < 0.05 and < 0.001, 656 

respectively. # and ### = C26 effect vs. CTRL, P < 0.05 and < 0.001, respectively. In N-sizes 657 

of the groups are as follows: CTRL (N = 6-9), C26 + PBS (N = 7), C26 + sACVR/b (N = 5-7) 658 

and C26 + sACVR/c (N = 6-8). CTRL vs. C26 + PBS and CTRL vs. C26 pooled were 659 

analyzed by Student´s t-test (A and C) or non-parametric Mann-Whitney U-test (B and D). 660 

Differences among C26 tumor-bearing mice were analyzed by Holm-Bonferroni corrected 661 

Student´s t-test (A and C) or by non-parametric Mann-Whitney U-test (B and D). 662 
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