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A functional dietary supplement (FDS) containing Coenzyme Q10, branched-chain amino acids and 
L-carnitine was administered to tumor-bearing mice, investigating its effects on tumor and muscle tissues.
Experiment (A): B16 melanoma cells were implanted subcutaneously into the right side of the abdomen of
8- to 9-week-old C57BL/6J mice. The mice were divided into two groups: a FDS group that received oral
administration of FDS (n=10), and a control group that received oral administration of glucose (n=10). The
moribund condition was used as the endpoint, and median survival time was determined. Experiment (B):
On day 21 after tumor implantation, tumors, soleus muscle, gastrocnemius muscle, and suprahyoid muscles
were collected. Tumor and muscle weight and other aspects were evaluated in each group: FDS group (n=15)
and control group (n=15). The median survival time was comparable (21 d in the FDS group vs. 18 d in the
control group, p=0.30). However, cumulative food intake was significantly higher in the FDS group than the
control group (p=0.011). Metastasis of melanoma to the lung was observed in the control group but not in
the FDS group (p=0.043). The weight of the suprahyoid muscles was significantly higher in the FDS group
than in the control group (p=0.0045). The weight of the tumor was significantly lower in the FDS group than
in the control group (p=0.013). The results possibly suggest oral administration of FDS in tumor-bearing
mice enhances the maintenance of suprahyoid muscles, resulting in an extended feeding period and suppres-
sion of tumor growth and metastasis.
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Cancer cachexia is a syndrome that affects many patients 
with advanced cancer. It is characterized by refractory mal-
nutrition and has significant impact on prognosis and QOL. 
Managing cachexia is therefore a high priority when providing 
palliative care. Cachexia is a complex metabolic syndrome, 
with loss of muscle mass being a primary symptom. Develop-
ment of cachexia involves many factors and accompanies pro-
gressive functional impairment, but the pathogenesis remains 
unknown.1,2)

Recent studies suggest that metabolic and neuroendo-
crinological abnormalities in cancer cachexia are caused 
by inflammatory cytokines secreted by the tumor and host 
cells and other tumor-derived substances. It is essential for 
cancer patients to maintain good nutritional status for better 
prognosis and QOL. As such, managing cancer cachexia is a 
major goal for the future of cancer therapy and palliative care. 
Since its foundation in 2003, our laboratory has implemented 
a unique nutritional support system to manage cancer ca-
chexia.3–5) With the nutritional support, patients with cachexia 
have shown reduced symptoms and improved bodily function 
through control of metabolic dynamics. We have developed a 
functional dietary supplement (FDS) for improving symptoms 
and function, containing Coenzyme Q10 (CoQ10), branched-
chain amino acids (BCAA), L-carnitine and citric acid and re-
ported the effectiveness of its use in clinical settings.6,7) In this 
study, we have experimentally evaluated the effects of FDS on 
tumors and muscle tissues to corroborate the clinical findings.

METHODS

Mice  C57BL/6J mice (7-week-old males) were purchased 
from Japan SLC Inc. (Shizuoka, Japan). After 1 to 2 weeks 
of acclimatization, a tumor-bearing model was established by 
first removing hair from the right side of the abdomen and 
then subcutaneously implanting B16 melanoma cells (B16F6). 
These mice were maintained under laboratory animal man-
agement at the Nanakuri Laboratory of Animal Models for 
Human Diseases, Fujita Health University. The mice were 
kept alone or in pairs in plastic cages with wood chip bedding 
and were fed normal diet MF (Oriental Yeast Co., Ltd., Tokyo, 
Japan) in an animal facility controlled at a temperature of 
23±5°C with humidity at 60±5% with a 12-h light/dark cycle.

Tumor Cells  B16 melanoma cells (B16F6) have been used 
in tumor-bearing models and cancer cachexia models in a 
number of studies.8) Because melanoma cells typically form 
subcutaneous tumors, the size and shape of the tumor can be 
easily evaluated. The highly malignant cell line B16F6 can 
also metastasize to the lung.9)

B16 melanoma cells were grown in RPMI-1640 (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) with 10% fetal bo-
vine serum (Gibco, Life Technologies, Carlsbad, CA, U.S.A.) 
in humidified atmosphere containing 5% CO2 at 37°C. The 
medium was replaced every 2 to 3 d, and the subcultures 
were obtained by harvesting using 0.25% trypsin/ethylenedi-
aminetetraacetic acid (EDTA) (Sigma-Aldrich, St. Louis, MO, 
U.S.A.).
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For subcutaneous implantation, 2×106 B16 melanoma cells 
(B16F6) in 0.2 mL of the medium were prepared for each 
mouse and implanted into the right side of the abdomen.

Reagents  The FDS sample used in this study was Inner 
Power®, purchased from Otsuka Pharmaceutical Co., Ltd. 
Each 125-g package of FDS contained 139 kcal of energy and 
the following ingredients: 1.7 g of proteins, 0 g of fat, 13.5 g 
of sugars, 33 g of carbohydrate, 2 g of fiber, 90 mg of sodium, 
3 mg of zinc, 0.3 mg of copper, 1000 mg of citric acid, 2500 mg 
of BCAA (917 mg of leucine, 833 mg of isoleucine, 750 mg of 
valine), 30 mg of CoQ10, 50 mg of L-carnitine, 1 mg of vitamin 
B1, 3 mg of vitamin B2, 0.9 mg of vitamin B6, 1.5 µg of vita-
min B12, and 10 mg of vitamin E. The contents of FDS were 
mixed in a blender into a gel consistency and administered 
using an oral gavage. A glucose solution was prepared [5.56 g 
(22.24 kcal) in 20 mL] and administered to the control group.

mRNA was analyzed by real-time PCR. RNA was extract-
ed from the gastrocnemius muscle and the tumor. mRNA for 
mammalian target of rapamycin (mTOR), muscle RING-finger 
protein-1 (MuRF1), and vascular endothelial growth factor 
(VEGF) were quantified.

Experimental Procedures
Experiment (A)
Male C57BL/6J mice (7 weeks old) were allowed ad libitum 

access to food and water and acclimatized for 1 to 2 weeks. 
At 8 to 9 weeks of age, B16 melanoma (B16F6) cells (2×106 
cells in 0.2 mL) were subcutaneously implanted into the right 
side of the abdomen (Fig. 1). The mice were divided into two 
groups (n=10 each). FDS [0.1 mL (0.1 kcal)/10 g body weight 
(BW)/d] was orally administered in the FDS group, and glu-
cose [0.1 mL (0.1 kcal)/10 g BW/d] was orally administered in 
the control group. Food intake and general health status of the 
mice were recorded daily. The moribund condition was used 
as the experimental endpoint.

Experiment (B)
Tumor-bearing mice (8 to 9 weeks of age) were prepared as 

in Experiment A. The mice were divided into FDS and control 
groups (n=15 each), and their health status was recorded daily. 
We designed Experiment (A) and observed the condition of 

the tumor-bearing mice to select a day as an endpoint. Based 
on the results, the endpoint was set as day 21, which was the 
median survival time. On day 21, whole blood was collected 
by cardiac puncture under isoflurane anesthesia. Subsequently, 
the tumor was removed, and the soleus and gastrocnemius 
muscles of both hind limbs, and suprahyoid muscles were col-
lected. After weighing, the tissue samples were immediately 
frozen in liquid nitrogen and stored at −80°C for protein and 
mRNA measurements to be conducted at a later time.

Protein contents were determined as follows: A portion of 
the frozen gastrocnemius muscle stored at −80°C was excised 
and weighed. The muscle tissue was homogenized in 10 vol-
umes of radioimmunoprecipitation assay (RIPA) buffer (Pierce 
Biotechnology, Rockford, IL, U.S.A.) containing 1% protease 
inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan). The 
homogenate was cooling centrifuge at 13000×g for 10 min, 
and the supernatant was used for protein assay using BCA 
Protein Assay Kit (Pierce Biotechnology).

MuRF-1, mTOR, and VEGF mRNA levels were determined 
as follows: Total RNA was extracted from the tumor tissue 
and gastrocnemius muscle stored at −80°C using High Pure 
RNA Tissue Kit (Roche Diagnostics GmbH, Mannheim, Ger-
many). cDNA was synthesized using Transcriptor Universal 
cDNA Master Kit (Roche Diagnostics GmbH) and quantified 
by real-time PCR using TaqMan probes. Relative mRNA ex-
pression levels were calculated by normalizing to an internal 
control, eukaryotic translation elongation factor 2 (eEF-2) 
mRNA.

Statistical Analysis  Statistical analysis was performed 
using® Pro 11.2.1 statistical analysis software (SAS Institute. 
Inc., NC, U.S.A.). To evaluate incidence of lung metastasis, 
difference between the FDS and control groups was deter-
mined using Fisher’s exact test. For other measurements, 
difference between the two groups was determined using the 
Wilcoxon rank-sum test. All contentious variables were ex-
pressed as median and interquartile range (IQR). Survival rate 
was estimated using the Kaplan–Meier method with Log-rank 
test. The change in food intake was evaluated using two-way 
repeated measure ANOVA by SPSS 21 software (SPSS Inc., 
Chicago, IL, U.S.A.). In all analyses, p<0.05 was considered 
statistically significant.

Ethical Considerations  The care and use of the animals 
was according to the Regulations for the Management of 
Laboratory Animals at Fujita Health University, which is ac-
credited by the Japanese Association of Laboratory Animal 
Facilities of Public and Private Universities (JALAP). The 
experimental protocols were approved by the Institutional 
Animal Care and Use Committee of Fujita Health University 
(Permit No. S0141).

RESULTS

Experiment (A)
Survival Rate: The median survival time (MST) was 21 d 

(IQR: 15–27 d) in the FDS group, and 18 d (IQR: 8–25 d) in 
the control group (p=0.30) (Fig. 2).

Cumulative Food Intake: Food intake was analyzed for 
the first 9 d when all 10 animals were alive in both FDS and 
control groups. The change in food intake had significant 
difference between the groups (from 5.62 to 25.42 mg in the 
FDS group and from 5.44 to 22.01 mg in the control group) 

Fig. 1. Representative Photograph of Mice after Receiving B16 Mela-
noma Cells Implantation

B16 melanoma cells were subcutaneously implanted into the right side of the 
abdomen, and has been grown.
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(Fig. 3).
Lung Metastasis: We performed dissection of the lungs. 

Lung metastasis was not present macroscopically in the 10 
mice in the FDS group, while lung metastasis was present 
macroscopically in 4 out of 10 mice in the control group 
(p=0.043).

Experiment (B)
Loss of Body Weight: Changes in body weight from before 

tumor implantation to day 21 (after tumor removal) were 
comparable between the FDS groups [2.1% (IQR: −0.48–6.3)] 
and control groups [2.4% (IQR: −0.72–8.83)] (p=0.9).

Muscle Tissues: Gastrocnemius and soleus muscles of 
both hind limbs, and suprahyoid muscles were collected, 
and the tissue weight was compared between the FDS and 
control groups. The median weight of suprahyoid muscles 
was 0.021 g (IQR: 0.018–0.024) in the FDS group and 0.017 g 
(IQR: 0.017–0.020) in the control group, indicating that 
the FDS group maintained significantly more muscle mass 
(p=0.0045) (Table 1). There was no significant difference in 
the weight of gastrocnemius and soleus muscles, and protein 
contents of the gastrocnemius muscle between the two groups. 
Relative expression levels of mTOR and MuRF1 in left 
gastrocnemius muscle were determined. The median mTOR 
expression was 0.96 (IQR: 0.89–1.06) in the FDS group 
and 0.94 (IQR: 0.88–1.12) in the control group. The median 
MuRF1 expression was 0.93 (IQR: 0.79–0.98) in the FDS 
group and 1.01 (IQR: 0.91–1.11) in the control group. Although 
expression levels of mTOR and MuRF1 were not significantly 
different between the two groups, the median values were 
higher in the FDS group, indicating a trend for better muscle 
growth and less muscle atrophy in the FDS group (Table 2).

Tumor Weight: The median tumor weight was significantly 
lower in the FDS group [4.50 g (IQR: 3.96–5.44)] compared 
to the control group [6.08 g (IQR: 5.12–6.76)] (p=0.013) 

(Fig. 4). When the ratio of the tumor weight to the net body 
weight (weight after tumor removal) was compared, the 
median value was significantly lower in the FDS group [21.1% 
(IQR: 17.39–24.95)] than in the control group [27.1% (IQR: 
23.24–31.05)] (p=0.016) (Fig. 5).

Relative mTOR and VEGF Expression Levels in 
the Tumor Tissue: The median value of relative mTOR 
expression within the tumor tissue showed no significant 
difference between the FDS group [0.96 (IQR: 0.84–1.05) 
(n=12)] and the control group [0.98 (IQR: 0.86–1.09) (n=12)] 
(p=0.82). The median value of relative VEGF expression 
didn’t show significant difference between the FDS group 
[0.70 (IQR: 0.59–0.80) (n=12)] and the control group [0.67 
(IQR: 0.64–0.90) (n=12)] (p=0.79) (Table 3).

Fig. 2. Survival Rate in Tumor-Bearing Mice
The number of survival time after implanting the B16 melanoma cell to mice 

was measured. The median survival time (MST) was 21 d (IQR: 15–27 d) in the 
FDS group, and 18 d (IQR: 8–25 d) in the control group.

Fig. 3. Cumulative Food Intake
Food intake was analyzed for the first 9 d when all 10 animals were alive in both 

FDS and control groups. The change in food intake had significant difference be-
tween the groups (※p=0.011).

Table 1. Weight of Muscle Tissue in Tumor-Bearing Mice

Weight (g)

Gastrocnemius  
muscles

Soleus  
muscles

Suprahyoid  
muscles

FDS 0.23  
(0.22–0.24)

0.015  
(0.014–0.017)

0.021  
(0.018–0.024)

Control 0.22  
(0.21–0.23)

0.014  
(0.014–0.016)

0.017  
(0.017–0.02)

p Value 0.43 0.24 0.0045*

Median (IQR).

Gastrocnemius and soleus muscles of both hind limbs, and suprahyoid muscles 
were collected, and the tissue weight was compared between the FDS and control 
groups (*p=0.0045) .

Table 2. Relative Expression Levels of mTOR and MuRF1 and Protein 
Contents in Left Gastrocnemius Muscle

Protein contents  
(µg/g) mTOR MuRF1

Gastrocnemius muscles

FDS 66.8  
(63.6–68.49)

0.96  
(0.89–1.06)

0.93  
(0.79–0.98)

Control 65.16  
(62.32–66.84)

0.94  
(0.88–1.22)

1.01  
(0.91–1.11)

p Value 0.28 0.65 0.13

Median (IQR).

The median mTOR expression was 0.96 (IQR: 0.89–1.06) in the FDS group and 
0.94 (IQR: 0.88–1.12) in the control group. The median MuRF1 expression was 0.93 
(IQR: 0.79–0.98) in the FDS group and 1.01 (IQR: 0.91–1.11) in the control group.

Fig. 4. Tumor Weight in Tumor-Bearing Mice
On day 21 after tumor was implanted to mice, whole blood was collected by 

cardiac puncture under isoflurane anesthesia, subsequently the tumor was removed. 
The median tumor weight was significantly lower in the FDS group [4.50 g (IQR: 
3.96–5.44)] compared to the control group [6.08 g (IQR: 5.12–6.76)] (※p=0.013).
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DISCUSSION

In our ongoing effort, we have developed a dietary 
supplement for improving symptoms and function, named 
“CoQ10+BCAA+L-carnitine (FDS),” and reported its effec-
tiveness in clinical cases of cachexia. To our knowledge, this 
study is the first to evaluate the effects of FDS on tumors and 
muscle tissues, focusing on mechanistic aspects. The results 
possibly suggest oral administration of FDS in tumor-bearing 
mice enhances the maintenance of suprahyoid muscles, result-
ing in an extended feeding period and suppression of tumor 
growth and metastasis.

The most important issue in this study, cachexia-associated 
loss of suprahyoid muscles was significantly reduced in the 
FDS group. To date, there is no report on the effect of cancer 
cachexia on muscles involved in mastication, including supra-
hyoid muscles. Our study revealed that cancer cachexia may 
affect mastication muscles before affecting hind limb muscles, 
and that FDS administration could ameliorate the sarcopenia. 
In cancer cachexia-associated anorexia, ghrelin has drawn 
much attention because of its role in the regulation of gas-
trointestinal activity and energy consumption.10) Our findings 
indicate that impaired mastication should also be considered 
as a cause of anorexia.

In addition we have evaluated several muscles: suprahyoid 
muscles, which are important in deglutition; the fast-twitch 
gastrocnemius muscle; and the slow-twitch soleus muscle.

We also investigated mTOR, which has a critical role in 
tumor growth.11) However, since there is no difference in 
the mTOR muscle tissue as well as tumor tissue, FDS may 

not affect the mTOR. In the weight of the muscular tissue, 
the possibility that FDS affected MuRF1, an amyotrophy-
causing gene,12) was shown. On the significant difference in 
tumor weight, an unknown mechanism different from mTOR 
pathway might participate in suppression of tumor growth. 
For example, the antitumor effect of these nutrients such as 
L-carnitine, citrate, CoQ10 and zinc may also be considered.

There was no significant difference in the number of days 
of survival of tumor-bearing mice between the FDS group 
and the control (glucose) group. However, the most important 
aspect of this study was a difference in the median values, re-
flecting the fact that more animals in the control group expe-
rienced sudden death early in the study compared to the FDS 
group. The reason for this could be that significantly more 
mice had lung metastases in the control group, affecting the 
median value of survival time.

There are different opinions about the timing of sample col-
lection from mice. Some studies set the endpoint as the time 
when the melanoma reached a certain size.13,14) Others set the 
endpoint as a certain day (from day 6 to 28) after melanoma 
cells were implanted, though the basis for selecting the day 
was not provided.15–18) In the beginning of our study, we con-
sidered measuring the tumor volume over time, but opted not 
to do so because of the inaccuracy due to the irregular shape 
of the tumor formed by the melanoma cells used in the study. 
We then designed Experiment (A) and observed the condi-
tion of the tumor-bearing mice to select a day as an endpoint. 
Based on the results, the endpoint was set as day 21, which 
was the median survival time. With this endpoint, we may 
have evaluated an early cachexic state. In the future, a later 
endpoint should be set to investigate an advanced cachexic 
state.

FDS also contains L-carnitine, citric acid, CoQ10, and zinc, 
each of which is expected to have antitumor and anti-inflam-
matory effects.

Huang et al.19) reported that L-carnitine therapy reduced 
ATP production and increased p21 mRNA and protein in 
hepatoma cells (HepG2, SMMC-7721). Further, L-carnitine 
acted as an intrinsic inhibitor of histone deacetylase (HDAC). 
Based on these findings, L-carnitine therapy is expected to 
have antitumor effects.

Citrate inhibits phosphofructokinase 2 (PFK2) in cancer 
cells. Overexpression of the nuclear isoform of PFK2 fa-
cilitates cancer cell growth by modulating central cell cycle 
regulatory factors. Conversely, selective inhibition of PFK2 
suppresses cell growth. Further, citrate slows the activity of 
pyruvate dehydrogenase (PDH) at the entry into the tricar-
boxylic acid (TCA) cycle and inhibits the exit by interacting 
with succinate dehydrogenase. Citrate also indirectly inhibits 
β-oxidation. Thus, citrate can fine-tune the metabolic flow and 
ATP production by regulating strategic enzymes at the entry 
and exit of glycolysis, TCA cycle, gluconeogenesis, and fatty 
acid synthesis, all of which leads to suppression of cancer 
cells.20)

Effect of CoQ10 against hepatocellular carcinoma was 
reported by Fouad et al.21) CoQ10 significantly reduced per-
oxidation of lipids and prevented the loss of reduced glutathi-
one (GSH) and superoxide dismutase activity (SOD). It also 
reduced the increase of tumor necrosis factor-α (TNF-α) and 
nitric oxide (NO) in the liver of the rats with hepatocellular 
carcinoma. Histopathology of the liver revealed that dysplastic 

Fig. 5. The Ratio of Tumor Weights to Body Weights
The ratio of the tumor weight to the net body weight (weight after tumor re-

moval) was compared. The median value was significantly lower in the FDS group 
[21.1% (IQR: 17.39–24.95)] than in the control group [27.1% (IQR: 23.24–31.05)] 
(※p=0.016).

Table 3. Relative mTOR and VEGF Expression Levels in the Tumor 
Tissue

mTOR VEGF

Tumor tissue

FDS 0.96  
(0.84–1.05)

0.70  
(0.59–0.80)

Control 0.95  
(0.86–1.09)

0.67  
(0.64–0.90)

p Value 0.82 0.79

Median (IQR).

The median value of relative mTOR expression within the tumor tissue showed 
no significant difference between the FDS group [0.96 (IQR: 0.84–1.05) (n=12)] 
and the control group [0.98 (IQR: 0.86–1.09) (n=12)] (p=0.82). The median value 
of relative VEGF expression didn’t show significant difference between the FDS 
group [0.70 (IQR: 0.59–0.80) (n=12)] and the control group [0.67 (IQR: 0.64–0.90) 
(n=12)] (p=0.79).
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changes were ameliorated by CoQ10.
Antioxidant effect of zinc was reviewed by Prasad.22) In a 

human model of zinc deficiency, even mild zinc deficiency 
caused an increase in interleukin (IL)-1β production in mono-
cytes ex vivo. Wong et al.23) reported that zinc deficiency 
caused abnormal activation of immune cells and dysregulation 
of IL-6. Taken together, these findings suggest that zinc defi-
ciency itself can activate macrophages, induce proinflamma-
tory cytokines, and increase oxidative stress.

There is a concern that one of the BCAA components in 
FDS, leucine, may facilitate tumor growth. Liu et al.24) report-
ed that leucine supplementation enhanced pancreatic cancer 
growth in both lean and overweight mice. On the other hand, 
Diaz-Meco25) demonstrated that melanoma cells were highly 
sensitive to leucine deprivation, which caused inhibition of 
autophagy.

Reference Intake for Japanese set by the Ministry of Health, 
Labour and Welfare is 39 mg of leucine, 20 mg of isoleucine, 
and 26 mg of valine per 1 kg of body weight.26) These amounts 
roughly correspond to 2 packs of Inner Power® per day for a 
60 kg human. The BCAA dose used in our study was in ac-
cordance with the recommended volume for mice, 0.1 mL/10 g 
BW,27) which contained 0.7336 mg of leucine, 0.6664 mg of 
isoleucine, and 0.6 mg of valine per 10 g of body weight. In 
animal studies, the equivalent doses of test substances are 
often tens of times higher than standard doses in humans. The 
dose we used in the current study was relatively low (equiva-
lent to 2 to 3 times the standard dose for humans). While 
effect of BCAA alone on protein synthesis in cancer patients 
has been evaluated,28) data are scarce for complex mixtures 
such as FDS. We therefore used the original composition of 
Inner Power® in this study.

In future study, the dose load should be optimized by ex-
tracting individual components of FDS and creating various 
combinations of the components.

The results suggest the possibility that oral administration 
of FDS in tumor-bearing mice enhances the maintenance of 
suprahyoid muscles, resulting in an extended feeding period 
and suppression of tumor growth and metastasis.
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