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Abstract: Cancer-related sarcopenia is associated with impaired energy metabolism and increased
oxidative stress production in skeletal muscles. With an aim to treat cancer-related sarcopenia
using dietary intervention, we investigated the effects of vitamin B2 (VB2) and vitamin E (VE),
which are recognized to have antioxidant effects, on CT26 mouse colon cancer cells and skeletal
muscles in vitro and in vivo. VB2 suppressed tumor growth by suppressing cell proliferation and
inducing more pronounced apoptosis by increasing the production of adenosine triphosphate (ATP)
and reactive oxygen species (ROS). VE suppressed tumor growth by suppressing cell proliferation
and increasing apoptosis by decreasing the production of ATP and ROS. In C2C12 mouse skeletal
myoblast cells, VB2 treatment increased the production of ATP and ROS and VE treatment decreased
the production of ATP and ROS; both treatments suppressed skeletal myoblast maturation. In
the mouse model, intraperitoneal inoculation (peritoneal model) resulted in marked macrophage
infiltration and elevated blood tumor necrosis factor-α and high-mobility group box-1 inflammatory
cytokine levels, leading to cachexia. In contrast, subcutaneous inoculation (subcutaneous model)
showed poor macrophage infiltration and low inflammatory cytokine levels, without cachexia. VB2
and VE activated macrophages and exacerbated cancer-related sarcopenia in the peritoneal model,
whereas VB2 and VE treatment did not exhibit significant changes in sarcopenia in the subcutaneous
model. In order to improve cancer-related sarcopenia by dietary intervention, it is important to
consider the effect on inflammatory cytokines.
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1. Introduction

Cachexia is reportedly present in 40–80% of all patients with advanced cancer [1,2] and
accounts for 20–30% of all cancer-related deaths [3]. Sarcopenia, a pathognomonic factor, is
one of the most important features of cachexia [4,5]. Malnutrition, increased catabolism,
increased inflammatory cytokine levels, and oxidative stress are the main causes of cancer-
related cachexia [6]. Furthermore, in recent years, the concept of “gut-muscle axis” has
been introduced, suggesting that intestinal bacteria are involved in the development of
sarcopenia through inflammation and are also an important key in its treatment [7,8].

There are various reports on the effects of vitamins on sarcopenia. The risk of sarcope-
nia is known to increase in individuals who do not meet the recommended intake levels of
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energy, riboflavin, and vitamin C [9]. The effectiveness of vitamin C and vitamin D has
been reported in cancer-related sarcopenia [10,11]. In previous studies, we have shown
that disorders of skeletal muscles and the myocardium in cachexia are associated with
impaired energy metabolism and increased oxidative stress [12,13]. However, there are
few studies on the effectiveness of vitamin B2 (VB2) and vitamin E (VE), which exhibit
antioxidant effects, against cancer-related sarcopenia.

VB2, vitamin B12, calcium, and essential fatty acids in dairy products have high
biological usefulness compared with other nutrients [14,15]. VB2 possesses antioxidant
properties and reduces lipid peroxides and reperfusion-related oxidative stress [16]. VB2 is
used to improve nutritional levels in individuals with chronic diseases and may be effective
against sarcopenia [17]. Moreover, VB2 deficiency leads to increased oxidative stress and
promotes carcinogenesis [16]. The VB2 derivative flavin adenine dinucleotide, which is the
most commonly used riboflavin nucleotide [18], shows redox activity [19] and plays a role
in the epigenetic regulation of gene expression [20,21].

VE acts as a peroxy radical scavenger that protects polyunsaturated fatty acids present
in membranes and lipoproteins [22], and there are various forms of VE. α-Tocophenol,
which is mainly used clinically, has a certain antioxidant effect; however, its cancer-
inhibitory and cancer-preventing effects are debatable [23]. The protective effect of VE
on skeletal muscles owing to its antioxidant activity is predicted to be effective in the
prevention and treatment of sarcopenia [24].

Thus, VB2 and VE are expected to be effective against sarcopenia, although there is
insufficient evidence for this. In a previous study, we showed that the combination of
medium-chain fatty acids and glucose is effective in improving cancer-related cachexia,
but we did not examine the role of nutrients such as vitamins [12,13]. Therefore, in this
study, we investigated the effects of VB2 and VE using the mouse cachexia model that we
established previously [12]. While VB2 is hydrophilic, VE is lipophilic, and it was expected
that the difference in translocation to intracellular organelles such as mitochondria would
differ in their antioxidant activity. Then, the comparison between the two vitamins is
expected be relevant.

We established a cachexia model, wherein CT26 mouse colon cancer cells were in-
oculated into the peritoneal cavity of syngeneic BALB/c mice to study sarcopenia due
to cancer-related cachexia [12]. An intraperitoneal inoculation model is often used to
generate gastrointestinal and ovarian cancer models [25,26]. However, the mechanism of
the effectiveness of the peritoneal inoculation model compared with that of other models
in which cancer cells are inoculated into other sites remains clear. In this study, the effect of
subcutaneous inoculation of CT26 cells was also examined and compared with that of the
peritoneal model.

2. Materials and Methods
2.1. Cell Culture

The CT26 mouse colon cancer cell line was kindly gifted by Professor I.J. Fidler (MD
Anderson Cancer Center, Houston, TX, USA). The C2C12 myoblast cell line was purchased
from Public Health England (Salisbury, UK). Both cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Wako Pure Chemical Industries, Ltd., Osaka, Japan)
supplemented with 10% fetal bovine serum (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA). Cells were treated with VB2 (50 µg/mL) or VE (800 µg/mL) for 48 h. Apoptosis
was assessed by staining with ethidium bromide (Sigma). Apoptotic bodies were counted
from 200 cells observed using fluorescence microscopy. Proliferation of cells was assessed
by 5-bromo-2′-deoxyuridine (BrdU) intake (BrdU Cell Proliferation ELISA kit, CosmoBio,
Tokyo, Japan). Myotube formation was induced in C2C12 cells by treatment with insulin
(0.5 mg/mL, Sigma) in high-glucose DMEM (450 mg/mL in glucose, WAKO) for 6 days.
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2.2. Sphere Assay

Cells (10,000 cells per well) were seeded on uncoated bacteriological 35-mm dishes
(Coning Inc., Coning, NY, USA) with 3D Tumorsphere Medium XF (Sigma). Cells were
cultured with or without VB2 (50 µg/mL) or VE (800 µg/mL). After 7 d, sphere images
were captured using a computer and the sphere size was measured using NIH ImageJ
software (version 1.52, Bethesda, MD, USA). We counted the number of all spheres in the
culture wells. The designated sphere size was the mean of all spheres in the well.

2.3. Animals

Five-week-old male BALB/c mice were purchased from SLC Japan (Shizuoka, Japan).
The animals were maintained in a pathogen-free animal facility under a 12/12-h light/dark
cycle at 22 ◦C in a humidity-controlled environment, in accordance with the institutional
guidelines approved by the Committee for Animal Experimentation of Nara Medical
University, Kashihara, Japan and as per the current regulations and standards of the
Japanese Ministry of Health, Labor and Welfare (approval No. 11813, 25 October 2016).
Animals were acclimated to their housing for 7 days before the start of the experiment.

In the subcutaneous model, CT26 cancer cells (1 × 107 in 0.2 mL per mouse) were
inoculated into the mouse scapular tissue [12]. In the peritoneal model, CT26 cancer cells
(1 × 107 in 0.2 mL per mouse) were inoculated into the mouse peritoneal cavity [12].

To measure tumor weight, mice were euthanized by aortic blood removal under
anesthesia with sevoflurane (Maruishi Pharmaceutical Co. Ltd., Osaka, Japan), and the
subcutaneous tumors were excised, whereas the peritoneal tumors were dissected from the
intestine, mesenterium, diaphragm, and abdominal wall, grossly removing non-tumoral
tissues [12].

To prepare skeletal muscles, the quadriceps femoris muscle (QFM) was cut at the
muscle end on the upper edge of the patella, peeled off from the femur, and separated at
the muscle origin on the frontal surface of the anterior lower iliac spine [12]. The excised
QFM was weighed immediately to avoid drying. After measurement, the QFM was frozen
at −80 ◦C.

To prepare serum samples, the blood was obtained by cardiocentesis under anesthesia
with sevoflurane (Maruishi) before euthanasia.

2.4. Diet

Mice were fed with a CE-2 diet (containing 5% crude fat, mainly derived from soybean
oil; CLEA Japan, Inc., Tokyo, Japan) or experimental diets (VB2 diet (0.02% w/w in CE-2
diet) or VE diet (0.32% w/w in CE-2 diet), which yielded dosages of 50 mg/kg/day of VB2
and 800 mg/kg/day of VE).

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

To assess human and murine mRNA expression, RT-PCR was performed using 0.5 µg
total RNA extracted using an RNeasy kit from the three cell lines (Qiagen, Germantown,
MD, USA). The primer sets are listed in Table 1 and were synthesized by Sigma Genosys
(Ishikari, Japan). PCR products were electrophoresed on a 2% agarose gel and stained with
ethidium bromide. GAPDH mRNA was also amplified for use as an internal control. Semi-
quantification of RT-PCR products was performed using ImageJ software (NIH, Bethesda,
MD, USA).
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Table 1. Primer sets for RT-PCR.

Gene Name Gene Symbol GenBank ID Primer Sequence

Heme oxygenase-1 HO-1 NM_010442.2 U CACGCATATACCCGCTACCT
L CCAGAGTGTTCATTCGAGCA

E3 ubiquitin-protein ligase PARKIN AB019558.1 U TGGAAAGCTCCGAGTTCAGT
parkin L CCTTGTCTGAGGTTGGGTGT

PTEN-induced kinase-1 PINK1 NM_026880.2 U CCCACACCCTAACATCATCC
L ACTGGGAGTCTGCTCCTCAA

LON protease-1 LONP1 NM_028782.2 U GACAGAGAACCCGCTAGTGC
L CTCAGTGGTTCTGGGATGGT

Inhibitor of F1 IF1 AF002718.1 U TCTGGGGTATGAAGGTCCTG
L TCGAATGGTGGTCAATCTCA

CD44 CD44 M27130.1 U TGGATCCGAATTAGCTGGAC
L AGCTTTTTCTTCTGCCCACA

Nucleostemin NS BC037996.1 U ATGTGGGGAAAAGCAGTGTC
L TGGGGGAGTTACAAGGTGAG

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH NM_001289726.1 U AACTTTGGCATTGTGGAAGG
L ACACATTGGGGGTAGGAACA

CD68 CD68 BC021637.1 U TTCTGCTGTGGAAATGCAAG
L AGAGGGGCTGGTAGGTTGAT

Basic leucine zipper transcription factor,
ATF-like 2

Batf2 BC024521.1 U AGCACGAATCCTTGGAGAAA
L GTTCCTGGCAGCCATTGTAT

Parasite-induced macrophage novel gene
1 protein

Fizz1 AF316397.2 U CCCTTCTCATCTGCATCTCC
L CAGTAGCAGTCATCCCAGCA

β-actin BACT NM_007393.5 U ACAATGAGCTGCGTGTGGCC
L AGGGACAGCACAGCCTGGAT

2.6. Protein Extraction

The QFM stored at −80 ◦C was crushed with a hammer to remove tendons and fascia.
Only the muscle tissue was washed with cold phosphate-buffered saline and pelleted
with a sonicator (QSONICA, WakenBtech Co. Ltd., Kyoto, Japan). Whole-cell lysates
were prepared using 0.1% SDS-added RIPA-buffer, as previously described (Thermo Fisher
Scientific, Tokyo, Japan) [12]. Protein assays were performed using a Protein Assay Rapid
Kit (Wako Pure Chemical Corporation, Osaka, Japan).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits were used to measure the concentrations of MYL1, MYH, mouse CD44
(Cusabio Biotech Co., Ltd., Houston, TX, USA), HMGB1 (Shino-Test Co., Sagamihara,
Japan), mouse TNFα, 4-hydroxynonenal (4-HNE), and ATP (Abcam, Cambridge, MA,
USA) according to the manufacturer’s instructions. For measurement, whole-cell lysates or
serum were used.

2.8. Nitric Oxide (NO)

NO levels were measured according to our previous study [27]. For NO treatment of
cells, sodium nitroprusside was used as an NO donor at the concentrations mentioned in
the Results section. NO concentration was detected as the nitrite concentration measured
by the Griess method. Briefly, the cultured medium was mixed with the same amount
of Griess solution (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride,
2.5% phosphoric acid), and OD540 was measured after 10 min of incubation. Nitrite
concentration was determined using a standard curve made with various concentrations
of sodium nitrite.
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2.9. Peritoneal Macrophage

Peritoneal macrophages were collected according to our previous study [28]. Four-
week-old male BALB/c mice (Japan SLC, Inc., Shizuoka, Japan) were injected intraperi-
toneally with 1 mL of 10% thioglycolate (Becton-Dickinson Microbiology Systems, Sparks,
MD, USA). On the 4th day, the mice were euthanized, and the peritoneal cavities were
washed with cold phosphate-buffered saline to collect infiltrated macrophages. The lavages
were centrifuged, and the pellets were resuspended in 10% FBS-supplemented RPMI-
1640 medium. Suspended cells were cultured overnight. Adherent cells (peritoneal
macrophages) were reseeded at 1 × 104 cells per well in 24-well dishes and cultured
with DMEM supplemented with 20% CT26 cultured medium or 20% macrophage cultured
medium for 48 h. The cultured media were collected after 48 h culture of 10,000 cells with
3 mL DMEM and filtered with a 0.2 µm syringe filter (Advantec, Tokyo, Japan).

2.10. Statistical Analysis

Statistical significance was calculated using ordinary analysis of variance by InStat
software (version 3.0; GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as
the mean ± standard deviation of three independent experiments. p < 0.05 (two-sided)
was considered statistically significant.

3. Results
3.1. Effect of VB2 and VE on the Proliferation and Gene Expression of CT26 Cells

CT26 mouse colon cancer cells were treated with VB2 or VE (Figure 1). Both VB2
and VE suppressed the proliferation of CT26 cells (Figure 1A). Gene expression related
to oxidative stress (heme oxygenase (HO)-1), mitochondrial quality control (E3 ubiquitin-
protein ligase parkin (PARKIN), PTEN-induced kinase 1 (PINK1), LON protease (LONP)-1,
inhibitor of F1 (IF1)), and stemness (CD44 and nucleostemin) was examined (Figure 1B–F).
The expression of HO-1 and mitochondrial quality control-associated genes was increased
by VB2 and VE treatments (Figure 1B,C). VB2 treatment also increased the production
of ATP and 4-HNE. In contrast, adenosine triphosphate (ATP) and 4-HNE levels were
decreased by VE treatment (Figure 1D). The expression of stemness-related markers was
increased by both VB2 and VE treatments (Figure 1A,E). Upon examination of sphere
formation in CT26 cells, the sphere size was found to be decreased, whereas the sphere
number was increased by both VB2 and VE treatments.

3.2. Effect of VB2 and VE Treatments on the Proliferation and Maturation of C2C12 Myoblasts

We next examined the effects of VB2 and VE treatments on C2C12 mouse myoblasts
(Figure 2). The proliferation of C2C12 cells was decreased by VE treatment but not by VB2
treatment (Figure 2A). To evaluate the effect of VB2 and VE treatments on C2C12 cell matu-
ration, myotube formation and protein levels of sodium dodecyl sulfate-soluble myosin
light chain-1 (SDS-MYL1) and myosin heavy chain (MYH) were examined (Figure 2B,C).
Both VB2 and VE treatments decreased myotube formation and protein levels of SDS-MYL1
and MYH in C2C12 cells. VB2 increased 4-HNE and ATP levels, whereas VE decreased
both 4-HNE and ATP levels (Figure 2D).
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control (PARKIN, PINK1, LONP1, IF1), and stemness (CD44, NS); (C) Semi-quantification of mRNA 
expression of mitochondrial quality control-associated genes; (D) Intracellular ATP and 4-HNE; (E) 
Semi-quantification of mRNA expression of stemness-associated genes; (F) Sphere assay after treat-
ment with VB2 (50 μg/mL) or VE (800 μg/mL) for 7 days; (G) Evaluation of apoptosis; (H) BrdU 
intake for cell proliferation. Error bars indicate standard deviation from three independent exami-
nations. Statistical differences were calculated by ordinary analysis of variance. VB2, vitamin B2; 
VE, vitamin E; HO-1, heme oxidase-1; PARK, parkin; PINK1, PTEN-induced kinase-1; LONP, LON 
protease-1; IF1, inhibitor of F1; NS, nucleostemin; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; ATP: adenosine triphosphate; 4-HNE, 4-hydroxynonenal. 

Figure 1. Effect of VB2 and VE on cell growth, mitochondrial activity, and stemness in CT26 colon
cancer cells. CT26 cells were treated with VB2 (50 µg/mL) or VE (800 µg/mL) for 48 h. (A) Cell
numbers; (B) mRNA expression of genes associated with oxidative stress (HO-1), mitochondrial
quality control (PARKIN, PINK1, LONP1, IF1), and stemness (CD44, NS); (C) Semi-quantification
of mRNA expression of mitochondrial quality control-associated genes; (D) Intracellular ATP and
4-HNE; (E) Semi-quantification of mRNA expression of stemness-associated genes; (F) Sphere assay
after treatment with VB2 (50 µg/mL) or VE (800 µg/mL) for 7 days; (G) Evaluation of apoptosis;
(H) BrdU intake for cell proliferation. Error bars indicate standard deviation from three independent
examinations. Statistical differences were calculated by ordinary analysis of variance. VB2, vitamin
B2; VE, vitamin E; HO-1, heme oxidase-1; PARK, parkin; PINK1, PTEN-induced kinase-1; LONP,
LON protease-1; IF1, inhibitor of F1; NS, nucleostemin; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; ATP: adenosine triphosphate; 4-HNE, 4-hydroxynonenal.
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Intracellular concentrations of SDS-MYL1 and MYH for skeletal muscle maturation; (C) Myotube 
formation was induced with insulin (1 mg/mL) in high glucose (450 mg/mL) DMEM for 6 days (D) 
Intracellular ATP and 4-HNE. Error bars indicate standard deviation from three independent exam-
inations. Statistical differences were calculated by ordinary analysis of variance. VB2, vitamin B2; 
VE, vitamin E; SDS-MYL1, SDS-soluble myosin light chain-1; MYH, myosin heavy chain; 4-HNE, 4-
hydroxynonenal.  
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(Figure 4). Muscle weight was reduced by 24% in the peritoneal model compared with 
that in the tumor-free control, whereas no significant change was observed in the subcu-
taneous model (Figure 4A). In the peritoneal model, a further decrease in muscle weight 
was observed after both VB2 and VE treatments compared with the untreated control. In 
contrast, in the subcutaneous model, no significant changes were observed after VB2 and 
VE treatments. SDS-MYL1 expression was reduced by 26% in the peritoneal model com-
pared with that in the tumor-free control, whereas no significant change was observed in 
the subcutaneous model (Figure 4B). In the peritoneal model, both VB2 and VE treatments 
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Figure 2. Effect of VB2 and VE on cell growth and muscle maturation in C2C12 myoblast cells.
C2C12 cells were treated with VB2 (50 µg/mL) or VE (800 µg/mL) for 48 h. (A) Cell number;
(B) Intracellular concentrations of SDS-MYL1 and MYH for skeletal muscle maturation; (C) Myotube
formation was induced with insulin (1 mg/mL) in high glucose (450 mg/mL) DMEM for 6 days
(D) Intracellular ATP and 4-HNE. Error bars indicate standard deviation from three independent
examinations. Statistical differences were calculated by ordinary analysis of variance. VB2, vitamin
B2; VE, vitamin E; SDS-MYL1, SDS-soluble myosin light chain-1; MYH, myosin heavy chain; 4-HNE,
4-hydroxynonenal.

3.3. Effect of VB2 and VE Treatments on Tumors in the Peritoneal and Subcutaneous Models

We examined the effect of VB2 and VE treatments on tumors using the peritoneal and
subcutaneous models (Figure 3). Body weight was not affected by VB2 or VE treatments
in the two models (Figure 3A,B). As shown in Figure 3C, more significant tumor growth
was observed in the peritoneal model than in the subcutaneous model. Tumor growth was
suppressed by VB2 and VE treatments in the peritoneal model but not in the subcutaneous
model. Furthermore, 4-HNE levels were increased only in the VB2-treated peritoneal
model (Figure 3D). ATP production was increased by VB2 treatment in the two models;
however, VE decreased ATP production in the peritoneal model (Figure 3E). The protein
levels of CD44 were not different between the two models, and the levels were not affected
by VB2 or VE treatments (Figure 3F).

3.4. Effect of VB2 and VE Treatments on Skeletal Muscle Weight and Maturation in the Peritoneal
and Subcutaneous Models

We next compared the effects of VB2 and VE treatments in the two tumor models
(Figure 4). Muscle weight was reduced by 24% in the peritoneal model compared with
that in the tumor-free control, whereas no significant change was observed in the subcu-
taneous model (Figure 4A). In the peritoneal model, a further decrease in muscle weight
was observed after both VB2 and VE treatments compared with the untreated control.
In contrast, in the subcutaneous model, no significant changes were observed after VB2
and VE treatments. SDS-MYL1 expression was reduced by 26% in the peritoneal model
compared with that in the tumor-free control, whereas no significant change was observed
in the subcutaneous model (Figure 4B). In the peritoneal model, both VB2 and VE treat-
ments induced a further decrease in SDS-MYL1, whereas in the subcutaneous model, no
significant change was observed after VB2 and VE treatments. Thus, there was a clear
difference in the induction of muscular atrophy between the two tumor models.
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Figure 3. Effect of VB2 and VE on tumor growth of CT26 cells in mice. CT26 cells were inoculated in
the peritoneal cavity (peritoneal model) or subcutaneous tissue (subcutaneous model). Mice were
fed with a CE-2 diet or experimental diets: VB2 diet (50 mg/kg/day) or VE diet (800 mg/kg/day).
(A) Body weight of mice in the peritoneal model; (B) Body weight of mice in the subcutaneous
model; (C) Tumor weight; (D–F) Levels of 4-HNE (D), ATP (E), and CD44 (F) in tumors assessed
by ELISA. Error bars indicate standard deviation from three independent examinations. Statistical
differences were calculated by ordinary analysis of variance. VB2, vitamin B2; VE, vitamin E; 4-HNE,
4-hydroxynonenal.
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Figure 4. Effect of VB2 and VE on skeletal muscle in CT26-inoculated mice. CT26 cells were inoculated
in the peritoneal cavity (peritoneal model) or subcutaneous tissue (subcutaneous model). Mice were
fed with a CE-2 diet or experimental diets: VB2 diet (50 mg/kg/day) or VE diet (800 mg/kg/day).
(A) Wet weight of Table 1 levels in the muscle; (B) SDS-MYL1 was examined as muscle maturity. Error
bars indicate standard deviation from three independent examinations. Statistical differences were
calculated by ordinary analysis of variance. VB2, vitamin B2; VE, vitamin E; SDS-MYL1, SDS-soluble
myosin light chain-1.
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3.5. Effect of VB2 and VE Treatments on Macrophages in the Peritoneal and Subcutaneous Models

We previously reported that high mobility group box-1 (HMGB1) and tumor necrosis
factor (TNF)-α are strongly involved in the development of cancer-related cachexia [8,13].
In addition, macrophages are responsible for secreting HMGB1 and TNFα. In this study,
we examined the differences in macrophages between the peritoneal and subcutaneous
models (Figure 5). The amount of intratumoral macrophages was assessed by measuring
the mRNA expression of total macrophages (CD68), M1 macrophages (Batf2), and M2
macrophages (Fizz1) (Figure 5A). The expression of CD68, Batf2, and Fizz1 was higher
in the peritoneal model than in the subcutaneous model. In the peritoneal model, the
expression of CD68 and Batf2 was increased by VB2 and VE treatments, whereas Fizz1
expression was decreased by treatment with them. In contrast, VB2 and VE treatments did
not affect the expression of the macrophage markers in the subcutaneous model. As shown
in Figure 5B–D, the levels of nitric oxide (NO), TNFα, and HMGB1 were markedly higher
in the peritoneal model than in the subcutaneous model. The levels of NO, TNFα, and
HMGB1 were increased by VB2 and VE treatments in the peritoneal model, whereas no
change was found in these inflammatory factors in the subcutaneous model by VB2 and
VE treatments.
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Figure 5. Effect of VB2 and VE on immune cells. (A) Macrophage polarization in CT26 tumors. The
following markers were used: CD68 for general macrophage, Batf2 for M1 macrophage, and Fizz1
for M2 macrophage; (B–D) Serous concentrations of NO (B), mouse TNFα (C), and HMGB1 (D)
in CT26-inoculated mice; (E,F) Peritoneal macrophages collected from BALB/c mice were treated
with 20% CT26 cell cultured medium or 20% macrophage cultured medium in regular DMEM for
48 h. Concentrations of NO (E) and TNFα (F) in the medium were examined. Error bars indicate
standard deviation from three independent examinations. Statistical difference was calculated by
ordinary analysis of variance. Peritoneal, peritoneal inoculation mode; subcutaneous, subcutaneous
inoculation model; VB2, vitamin B2; VE, vitamin E; Batf2, basic leucine zipper transcription factor,
ATF-like 2; Fizz1, parasite-induced macrophage novel gene 1 protein; BACT, β-actin; NO, nitric
oxide; TNF, tumor necrosis factor; HMGB, high mobility group B.
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4. Discussion

In this study, we investigated the effects of VB2 and VE treatments on cancer cells
and skeletal muscles in vitro and in vivo. In vitro, VB2 and VE treatments exerted marked
inhibitory effects on CT26 cells. The expression of PARKIN and PINK1, which are involved
in mitochondrial quality control [29], was enhanced by both VB2 and VE treatments. Ex-
pression of LONP1, which is responsible for the shift in energy metabolism from oxidative
phosphorylation to glycolysis [30], and IF1, which inhibits F1F0-ATPase activity [31], was
also increased.

Differences in the production of ATP and oxidative stress were observed between
the two vitamins. VB2 increased both ATP production and oxidative stress, whereas VE
decreased both. VB2 increased both apoptosis and cell division, but the former was more
prominent. In contrast, VE reduced both apoptosis and cell division, but the latter was
more pronounced. Therefore, it was considered that both vitamins caused a decrease in the
number of cancer cells. Moreover, both vitamins have been reported to induce apoptosis in
cancer cells through alterations in membrane lipids and signal transduction [32–34]. How-
ever, the effect of VB2 and VE treatments on cancer stemness has not been reported thus far.
In our data, spheres decreased in size but increased in number as the cell number decreased.
The expression of stem cell markers also increased. It was considered that stem cell activity
increased with both vitamin treatments. The same tendency as above was observed in the
peritoneal model, whereas the alteration was unclear in the subcutaneous model.

In C2C12 skeletal myoblasts, VB2 and VE treatments showed a decrease in muscle
maturity. VB2 increased both ATP production and oxidative stress, whereas VE decreased
both. This effect was similar to that observed in CT26 cancer cells, although the alteration
was mild. In the peritoneal model, the maturity of skeletal muscles was decreased, whereas
no significant change was observed in the subcutaneous model. In C2C12 myoblasts,
vitamin B2 increased both ATP production and oxidative stress, but vitamin E decreased
both. These had similar results to CT26 cells, but the changes were mild. This may be due
to differences in mitochondrial quality control between C2C12 and CT26 cells. In cancer
cells, the quality control of mitochondria is deteriorated, and it is considered that they have
various impairments, which have been confirmed in our previous studies [12,13]. In this
study as well, decreased expression of mitochondrial quality control molecules such as
PARK and PINK1 was observed in CT26 cells. In contrast, it was not observed in C2C12
cells (data not shown).

We inoculated the same CT26 cells subcutaneously and intraperitoneally in syngeneic
BALB/c mice and examined the differences. Although there was no significant difference
in food intake, the peritoneal model evoked cachexia, resulting in weight loss and mus-
cle weight loss. In contrast, the subcutaneous model did not induce cachexia. A clear
difference between the two models reflected the varied response of macrophages to the
tumor. Compared with the subcutaneous model, the peritoneal model showed marked
infiltration of macrophages and an increase in the blood levels of TNFα, HMGB1, and NO,
which are thought to be derived from infiltrated macrophages. We previously reported
that TNFα and HMGB1 are involved in the development of cachexia in patients with
colorectal cancer [8]. Thus, it is suggested that abnormal activation of macrophages for
cancer induces cachexia.

Both models responded differentially to VB2 and VE treatments. The effect of VB2
and VE treatments was not clear in the subcutaneous model because of the low number of
infiltrating macrophages. In contrast, in the peritoneal model, the production of NO and
inflammatory cytokines was promoted by both VB2 and VE treatments.

Riboflavin activates macrophages [35], whereas decreased riboflavin impairs functions
such as proliferation, oxidative stress production, phagocytosis, cytokine secretion (TNFα
and HMGB1), and NO production [36]. In contrast, riboflavin reduces NOD-like receptor
family pyrin domain-containing-3 inflammasome activity in macrophages, including matu-
ration and secretion of interleukin (IL)-1β, IL-18, and caspase-1 [37], and suppresses nuclear
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factor (NF)-κB in response to bacterial stimulation. Further, it reduces the production of
TNFα and NO [38].

VE generally suppresses inflammation by reducing prostaglandin E2 expression, NO
production, and inflammatory cytokine production by suppressing macrophage cyclooxy-
genase and activating NF-E2-related factor-2 [39]. In contrast, tumor-bearing animals show
promoted intratumoral infiltration of immune cells such as killer cells [40] and increased
TNFα levels [41].

In our macrophage culture system experiments, cytokine production and NO pro-
duction were markedly induced by adding the culture supernatant of CT26 cancer cells
together with VB2 and VE. This suggests that the effects of VB2 and VE on macrophages
found in micropathogens and tumors may be different. Specifically, VB2 and VE treatments
may regulate macrophage activation upon micropathogen stimuli but may cause exces-
sive macrophage activation in tumors. The pro-inflammatory effect of VB2 and VE may
suppress tumor progression but exacerbate sarcopenia in skeletal muscles.

Risk for skeletal muscle atrophy is considered necessary for the use of VB2 and VE in
cancer patients. In this study, the effect of using VB2 and VE alone was examined; however,
VB2 and VE are used in the form of multivitamins in actual clinical situations. It is thought
that there are many cases. In the future, a comprehensive study of vitamin groups on
cancer-related sarcopenia is required. In addition, we have reported the improvement
of cancer-related sarcopenia by the combined use of glucose and a medium-chain fatty
acid [12,13], and it is desirable to examine the combined use of these nutrients and vita-
mins. Examination of the use of such comprehensive nutrients may enable more effective
nutritional interventions for cancer-related sarcopenia.
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