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Abstract: Objective: Primary tumor treatment through surgical resection and adjuvant therapy has been extensively studied, but
there is a lack of effective strategies and drugs for the treatment of tumor metastases. Here, we describe a functional product
based on a combination of compounds, which can be used as an adjuvant therapy and has well-known mechanisms for inhibiting
cancer metastases, improving anti-cancer treatment, and enhancing immunity and antioxidant capacity. Our designed combination,
named MVBL, consists of four inexpensive compounds: L-selenium-methylselenocysteine (MSC), D-o-tocopheryl succinic acid
(VES), B-carotene (B-Ca), and L-lysine (Lys). Methods: The effects of MVBL on cell viability, cell cycle, cell apoptosis, cell
migration, cell invasion, reactive oxygen species (ROS), and paclitaxel (PTX)-combined treatment were studied in vitro. The
inhibition of tumor metastasis, antioxidation, and immune enhancement capacity of MVBL were determined in vivo. Results:
MVBL exhibited higher toxicity to tumor cells than to normal cells. It did not significantly affect the cell cycle of cancer cells,
but increased their apoptosis. Wound healing, adhesion, and transwell assays showed that MVBL significantly inhibited tumor
cell migration, adhesion, and invasion. MVBL sensitized MDA-MB-231 breast cancer cells to PTX, indicating that it can be
used as an adjuvant to enhance the therapeutic effect of chemotherapy drugs. In mice, experimental data showed that MVBL
inhibited tumor metastasis, prolonged their survival time, and enhanced their antioxidant capacity and immune function.
Conclusions: This study revealed the roles of MVBL in improving immunity and antioxidation, preventing tumor growth, and
inhibiting metastasis in vitro and in vivo. MVBL may be used as an adjuvant drug in cancer therapy for improving the survival
and quality of life of cancer patients.
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1 Introduction

Cancer remains the second leading cause of death
worldwide (Zhou et al., 2019; Siegel et al., 2022).
Although surgical resection can be used for the treat-
ment of primary tumors, cancer patients still face a high
risk of tumor recurrence after surgery. Postoperative
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metastasis is the main cause of death among cancer
patients. Drug therapy is the routine treatment for tu-
mors, but has a variety of adverse reactions. Reactive
oxygen species (ROS) are oxygen-containing active
chemicals produced by chemical reactions in living
organisms. A variety of studies have proved that ROS
are involved in the malignant transformation of cells
(Prasad et al., 2017; Wang et al., 2021). Excessive
ROS can induce malignant transformation by regulat-
ing transcription factors (c-MYC/p53/hypoxia induc-
ible factor-1o, (HIF-1a)) (Crowder et al., 2013), pro-
mote tumor cell invasion by targeting kinases and tran-
scription factors, and influence other tumor-associated
signaling pathways. Research has shown that tumor
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cells with high ROS levels have high migration and
invasion capacities (Cheung et al., 2020). Antioxi-
dants have been shown to reduce ROS levels in xeno-
graft nude mouse models, and to inhibit hypoxia-
induced metastasis in human pancreatic cancer cells
(Shimojo et al., 2013; Liu et al., 2015; Guo et al.,
2021). ROS can also promote tumor metastasis by
modulating lipopolysaccharide-mediated Toll-like re-
ceptor 4 (TLR4) signaling in non-small-cell lung
cancer (NSCLC). The high levels of ROS in the mito-
chondria of NSCLC promote cell proliferation, survival,
migration, and epithelial-mesenchymal transition by
activating extracellular signals to regulate mitogen-
activated protein kinase (MAPK) and rat sarcoma virus
(Ras)-extracellular signal-regulated kinase (ERK) (Su
et al., 2019).

Prevention of tumor metastasis is critical for tu-
mor treatment. After surgery, chemotherapy, and radio-
therapy, patients with low immune function and met-
abolic disorders need exogenous nutrient supplemen-
tation to improve their metabolic states and anti-
tumor treatment tolerance, and to reduce complications
and adverse reactions. Based on this information, we
comprehensively analyzed the mechanisms of tumor
production, development, and metastasis, and the char-
acteristics of circulating tumor cells (CTCs) in the
blood. We then formulated a corresponding preventive
and adjuvant treatment, namely MVBL, which contains
four components: L-selenium-methylselenocysteine
(MSC), D-o-tocopheryl succinic acid (VES), B-carotene
(B-Ca), and L-lysine (Lys) (Fig. S1). As early as 2003,
the United States Food and Drug Administration
(FDA) confirmed that selenium (Se) is a cancer sup-
pressant. Se has an antioxidant effect that inhibits the
production of free radicals and reduces the risk of
cancer caused by peroxidation (Qrskov and Flyvbjerg,
2000; Fang et al., 2002; Zhou et al., 2007). It also
enhances human immune function by promoting lym-
phocyte proliferation (Avery and Hoffmann, 2018;
Jiang et al., 2021) and tumor cell apoptosis (Li et al.,
2020; Ganash, 2021). VES, a derivative of vitamin E
esterification, is one of the most potent anti-tumor
compounds in the vitamin E family. It inhibits multiple
cancer-promoting pathways such as nuclear factor-xB
(NF-kB) and signal transducer and activator of tran-
scription factor 3 (STAT3) (Jiang, 2017; Huang
et al., 2021). B-Ca prevents tumor formation by regu-
lating the levels of cytochrome P450 and glutathione

transferase (GST) in vivo (Satomi and Nishino, 2013).
It also inhibits the metastasis and invasion of neuro-
blastoma by decreasing the level of HIF-1a (Kim
et al., 2014). Lys is an essential amino acid in the
human body. It not only participates in the synthesis
of proteins (Ibrahim-Hashim et al., 2011), but also
binds to the active site of fibrinogen to reduce fibrino-
gen production. This protects the tissue matrix by pro-
moting the production of collagen, strengthening
the structure of the matrix, reducing the envelopment
of connective tissue around tumor cells, and effectively
inhibiting the secretion of matrix metalloproteinases
(MMPs) (Roomi et al., 2005; Kirchhain et al., 2021).
Previous research has focused only on the anti-tumor
function of the four compounds individually (Satomi
and Nishino, 2013; Jiang, 2017; Ganash, 2021; Kirch-
hain et al., 2021), and no studies have explored their
efficacy in combination for inhibiting tumor metas-
tasis. Thus, a combination of these four substances
may not only serve as a nutrient supplement, but
also effectively prevent the metastasis of postopera-
tive tumors.

Here, we described a custom-designed combin-
ation drug (MVBL), the results of its anti-metastatic
and cytotoxic properties, and its effects on tumor cell
migration, invasion, and adhesion in vitro. We revealed
the enhancement by MVBL of the cancer-inhibiting
effect of paclitaxel (PTX). We also analyzed the ef-
fects of MVBL on oxidation, immune function, metas-
tasis, and life expectancy in vitro and in vivo.

2 Methods
2.1 MVBL composition and HPLC analysis

MVBL consists of the following substances: MSC
(Jiangxi Chuangi Pharmaceutical Co., Ltd., Nan-
chang, China), VES (Sigma, St. Louis, USA), p-Ca
(Sigma), and Lys (Aladin, Shanghai, China). Drug
doses were chosen based on the human doses of each
of the four drugs, and converted to mouse doses ac-
cording to the body surface area index. The structural
changes after 24 h mixing of the four components
were determined by high-performance liquid chro-
matography (HPLC; Waters, Milford, USA). HPLC
analyses of MSC were carried out using a Waters At-
lantis T3 column (4.6 mmx250.0 mm, 5 pm), with pure
water as the mobile phase. The flow rate was set at



1.0 mL/min. The injection volume was 20 pL and the
column temperature was 35 °C. HPLC analyses of
VES were carried out using a Waters EclipseXDB-
C18 column (4.6 mmx250.0 mm, 5 pm), and the mo-
bile phase consisted of methanol (Merco, USA) and
acetic acid solution (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) (volume ratio at 500:3.2).
The flow rate was set at 0.8 mL/min. The injection
volume was 20 pL and the column temperature was
30 °C. HPLC analyses of -Ca were carried out using
the same column and mobile phase, with acetonitrile
(Merco) and trichloromethane (Sinopharm Chemical
Reagent Co., Ltd.) (volume ratio at 85:12.3) solution.
The flow rate was set at 1.5 mL/min. The injection
volume was 20 pL and the column temperature was
35°C.

2.2 Cell culture

Human breast cancer cells MDA-MB-231 and
MCEF-7, human lung cancer cells A549, mouse breast
cancer cells 4T1, human colon cancer cells HT29,
human normal liver cells LO2, and human lung fiber
cells HELF were purchased from the Type Culture
Collection of the Chinese Academy of Sciences
(Shanghai, China). The MCF-7, A549, 4T1, and LO2
cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Carlsbad, USA). MDA-
MB-231 and HELF cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone, Logan,
USA). All cells were cultured in medium contain-
ing 10% (volume fraction) fetal bovine serum (FBS;
Gibco) and 1% (volume fraction) penicillin/streptomy-
cin (Gibco) in a humidified atmosphere with 5% CO,
at 37 °C.

2.3 Cell viability assay

Cytostatic effects were determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Cells were seeded into 96-well
plates at 1x10* cells/well. After incubating at 37 °C for
24 h, the supernatant was replaced with medium con-
taining different concentrations of single drugs or
MVBL, and five-replicate wells were set for each sam-
ple. After 24 h, the medium was aspirated, MTT solu-
tion was added for 4 h, and finally formazan was dis-
solved in dimethyl sulfoxide (DMSO). Cell viability
was calculated from the absorbance, which was meas-
ured using a microplate reader (490 nm/570 nm).
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2.4 Cell cycle and apoptosis assays

The cell cycle was detected by staining nuclei
with propidium iodide (PI). A549, MCF-7, and MDA-
MB-231 cells were seeded in six-well plates and incu-
bated with single drugs and different concentrations
of MVBL (Table 1). After 24 h, the cells were har-
vested and centrifuged, washed twice with pre-cooled
phosphate-buffered saline (PBS), and fixed in 70%
(volume fraction) ice-cold ethanol overnight. After
centrifuging the ethanol, 500 uL of prepared PI was
added to each tube, which was then left in the dark at
37 °C for 40 min. The cell cycle distribution was de-
termined by flow cytometry (BD Biosciences, NJ,
USA) with laser excitation set at 488 nm.

Table 1 Drug concentrations in cell cycle, apoptosis, and
ROS experiments

Group MSC VES B-Ca Lys
(umol/L) (umol/L) (pumol/L) (umol/L)

Control 0 0 0 0
MSC 10
VES 20
p-Ca 20
Lys 200
Low MVBL 2 4 4 40
Medium MVBL 5 10 10 100
High MVBL 10 20 20 200

ROS: reactive oxygen species; MSC: L-selenium-methylselenocysteine;
VES: D-a-tocopheryl succinic acid; -Ca: B-carotene; Lys: L-lysine.

Consistent with the cell cycle dosing method de-
scribed above, the supernatant medium was collected
after incubation with the drugs for 24 h, and centri-
fuged with the harvested cells. After washing twice
with pre-cooled PBS, 500 pL of binding buffer, 5 pL
of Annexin-V fluorescein isothiocyanate (FITC), and
10 pL of PI were added to each tube. The cells were
incubated for 15 min at room temperature in the dark,
and detected by flow cytometry (BD Biosciences).

2.5 Cell migration and cell invasion assays

The cells were seeded in 12-well plates. After a
monolayer of cells completely covered the bottom of
each well, three cell lines were drawn vertically in each
well and washed with 2% (volume fraction) PBS,
and then different concentrations of MVBL (Table 2,
low/high) were added. The scratch width of each well
was observed under a fluorescence microscope at 0 h
and 24 h, and the migration distances in MVBL and
the control group were calculated and compared.
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Table 2 Drug concentrations for cell migration and
invasion assays

Group MSC VES p-Ca Lys
(umol/L) (umol/L) (umol/L) (umol/L)

Control 0 0 0 0

Low MVBL 2 4 4 40

High MVBL 5 10 10 100

MSC: L-selenium-methylselenocysteine; VES: D-a-tocopheryl succinic
acid; B-Ca: B-carotene; Lys: L-lysine.

The invasive ability of the cells was examined
by transwell experiments. Matrigel was first placed
at the bottom of the chamber, and then the MVBL-
containing medium was prepared using incomplete
medium containing 0.1% (1 g/L) bovine serum albu-
min (BSA) and suspended cells. Each chamber was
added with 250 pL of the cell suspension contain-
ing MVBL. Outside of the chamber, 750 uL of 20%
(volume fraction) FBS-containing medium was added,
and the culture was continued for 24 h. Five fields
were randomly selected under the microscope and
photographed, and the number of cells penetrating the
chamber was counted for each treatment.

2.6 Analyses of the effects of combined MVBL
and PTX treatment on cell cytotoxicity, cell cycle,
and apoptosis

Cell cytotoxicity, cell cycle, and apoptosis experi-
ments were used to detect the effects of MVBL com-
bined with PTX. We determined the inhibition of PTX
(0.2,0.4, 0.8, 1.6,3.2, 6.4, 12.5, 25.0, and 50.0 pmol/L)
for 24 h on breast cancer cells (MDA-MB-231) by
MTT assay. Based on MTT results, the best PTX con-
centration was combined with different MVBL con-
centrations. The effects of PTX plus different MVBL
concentrations on the cell cycle and apoptosis were
tested by flow cytometry (BD FACSAria™ III). Cell
cycle and apoptosis experimental methods are de-
scribed in Section 2.4.

2.7 Analyses of the effects of MVBL on ROS in
tumor cells

Different concentrations of MVBL were incubated
with 1x10° MCF-7 cells in a six-well plate for 24 h.
After incubation, cells from each well were collected
in a centrifuge tube and washed three times with PBS.
The prepared 2',7'-dichlorodihydrofluorescein-diacetate
(DCFH-DA) was added and incubated at 37 °C for
20 min. After staining was completed, cells were

washed three times with PBS, and tested using a flow
cytometer (BD FACSAria™ III) with laser detection
at a wavelength of 488 nm.

2.8 In vivo analyses of antioxidant capacity and
immunity

Kunming mice (females, aged 6—8 weeks) were
purchased from the Shanghai Laboratory Animal Co.,
Ltd. (SLAC, Shanghai, China). They were randomly
divided into four groups (#=10), including a control
group and three MVBL groups (low, medium, and
high) (drug dosing shown in Table 3). VES and B-Ca
were dissolved in oil, MSC and Lys were dissolved in
water, and then the two solutions were mixed to form
an oil-water mixture. The mice were orally inoculated
with 200 pL of the mixture for 30 consecutive days.
The mice were weighed the day before gavage, and
weighed once every 3 d until the 30th day of gavage.

Table 3 Drug dosage of each mice group

Group MSC VES B-Ca Lys
(mg/kg) (mg/kg) (mgkg) (mgkg)

Control 0 0 0 0

Low MVBL 0.008 18 0.24 8

Medium MVBL ~ 0.040 90 1.20 40

High MVBL 0.200 450 6.00 200

MSC: L-selenium-methylselenocysteine; VES: D-a-tocopheryl succinic
acid; B-Ca: B-carotene; Lys: L-lysine.

2.9 Immunity assay

Flow cytometry was used to detect the changes in
T cells in the mice. Blood was taken from the eyelids
on Days 0 and 15 after intragastric administration,
and the anticoagulant ethylene diamine tetraacetie
acid (EDTA) was added. And then, 1.25 pL of CD8a-
perCP antibody and 2.5 uL of CD3e-PE antibody were
added, and the samples were incubated for 20 min.
Ammonium-chloride-potassium (ACK) lysis buffer
was then added to remove the red blood cells, and the
samples were incubated for 3 min before being centri-
fuged at 400g for 5 min, and this step was carried out
three times. Then, 400 uL of PBS containing 1% (vol-
ume fraction) FBS was added, and the samples were
analyzed by flow cytometry (488 nm). The propor-
tions of T cells were recorded.

Two hours after the last gavage, the mice were
injected with India ink (0.01 mL/g) in the tail vein. At
the 2nd and 8th minutes, 10 pL of blood was taken
from the orbit, and 1 mL of 0.1% (1 g/L) Na,CO, was



added. The absorbance was then measured using a
microplate reader at 580 nm. The carbon clearance
(K) was calculated as K=(lg4,~1g4,)/(¢,~t,), where ¢, is
the 2nd minute, ¢, is the 8th minute, 4, is the absor-
bance of the blood sample taken at the 2nd minute,
and 4, is the absorbance of the blood sample taken at
the 8th minute. After blood was collected, the mice
were weighed and sacrificed. The spleen was dissected
from each mouse and weighed to calculate the spleen
index (spleen index=(spleen weight/mouse weight)x10).

2.10 Antioxidant capacity assay

Blood was taken from the eyelids on the 15th and
30th days after intragastric administration, and 4%
(volume fraction) sodium citrate was added for antico-
agulation. The samples were then centrifuged at 600g
for 10 min at 4 °C. The serum supernatant was collected
and stored at —80 °C.

First, the total antioxidant capacity (T-AOC) of
each sample was measured. FeSO,-7H,0 standard so-
lutions (1.5, 1.2, 0.9, 0.6, and 0.3 mmol/L) and 2,4,6-
tripyridyl-S-triazine (TPTZ)-containing ferric reduc-
ing antioxidant power (FRAP) working solutions were
prepared. A total of 5 pulL of FeSO, was added to 180 pL
of each FRAP working solution to make a standard
solution. For each sample, 5 puL of serum was added
to 180 pL of FRAP working solution, and 5 pL of
ultrapure water was added for the control group. The
solutions were placed in 96-well plates and tested at
593 nm. The T-AOC in the blood was determined by
calculating the TPTZ content.

Second, the malondialdehyde (MDA) content in
the blood was measured. Briefly, 200 uL. of MDA de-
tection working solution, 50 uL of serum (control, low,
medium, and high), and 50 uL of PBS for the blank
control or 50 puL of standard solution (1, 2, 5, 10, 20,
and 50 umol/L) were added to centrifuge tube. The
samples were incubated at 100 °C for 15 min and then
centrifuged at 100g for 5 min. The supernatant was re-
moved and added to a 96-well plate for detection with
a microplate reader (450 nm). The MDA content was
calculated according to the standard curve.

Finally, superoxide dismutase (SOD) activity in
the blood was measured. A total of 151 pL of SOD
detection buffer, 8 uL of water soluble tetrazolium-8
(WST-8, a kind of total SOD activity detection reagent),
and 1 pL of enzyme solution were mixed to make
a WST-8 working solution. There were six samples:
(1) control 1 (SOD detection buffer 20 uL+WST-8
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working solution 160 pL+initiation solution 40 uL),
(2) control 2 (WST-8 working solution 160 pL+initi-
ation solution 40 pL), (3) control 3 (control serum
20 pL+WST-8 working solution 160 pL+initiation
solution 20 pL), (4) low (low serum 20 pL+WST-8
working solution 160 pL+initiation solution 20 pL),
(5) medium (medium serum 20 pL+WST-8 work-
ing solution 160 pL+initiation solution 20 pL), and
(6) high (high serum 20 uL+WST-8 working solution
160 pL+initiation solution 20 pL). The absorbance
was measured at 450 nm with a microplate reader.

The SOD inhibition rate (IR) and the SOD en-
zyme activity were calculated using the following
formulas:

IR:[(Acomroll - AcomrolZ ) - (Asample -
(Acomml 1 Acomrol2 ) X 100%7

SOD enzyme activity=IR/ (1 - IR).

Acomrol 3 ) ] /

2.11 In vivo metastasis analysis

All animal experiments were performed in ac-
cordance with animal protocol procedures approved
by the Institutional Animal Care and Use Committee
(IACUC) of Minjiang University (Fuzhou, China).
BALB/c mice (females, aged 6-8 weeks) were pur-
chased from Shanghai Laboratory Animal Co., Ltd.
They were randomly divided into four groups (n=6),
which received an intravenous injection of PBS
(200 uL, pH=7.4) containing 4T1 cells (5.0x10% into
the tail vein. The mice were sacrificed 15 d after ga-
vage of the same dose as above, and their lungs were
dissected and placed in Bouin’s solution for 24 h for
pulmonary nodule counting.

2.12 Statistical analysis

Statistical differences were analyzed using Statis-
tical Package for the Social Sciences (IBM SPSS, Stat-
istics 25, Chicago, IL, USA) based on one-way analy-
sis of variance (ANOVA), for comparison among three
groups and more than three samples per group or un-
paired Student’s t-test for comparison between two
groups and more than three samples per group.

3 Results
3.1 Inhibition of tumor cell activity by MVBL

MVBL is composed of four compounds includ-
ing MSC, VES, B-Ca, and Lys. HPLC results (Fig. S2)
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showed that there was no mutual reaction among
them after mixing for 24 h, and their properties were
stable. We firstly examined the inhibitory effects of
MSC, VES, B-Ca, Lys, and MVBL on several tumor
cell lines, including A549, MDA-MB-231, HT-29,
MCEF-7, and 4T1 to determine the best concentration
for MVBL. The MTT assay results showed the sensi-
tivity of the different cells to B-Ca, Lys, VES, and MSC
(Figs. 1la—1d). A high concentration of B-Ca was the
most toxic to 4T1, HT29, A549, and MDA-MB-231
cells, but there was no obvious toxicity to any tumor
cells at lower concentrations (Fig. 1a). Lys had low
toxicity to all cells (Fig. 1b), with all showing cell via-
bility higher than 80%. VES had the most obvious
toxicity to LO2, 4T1, HT-29, and MDA-MB-231
cells (Fig. 1¢). Only A549 and 4T1 cells were sensi-
tive to MSC (Fig. 1d). We tested the effects of B-Ca,
Lys, VES, and MSC on normal cells, such as LO2 and
HELF cells. The drugs showed lower toxicity to nor-
mal cells than to tumor cells (Figs. 1a—1d). The com-
bination of the four compounds, MVBL, had obvious
inhibitory effects on various tumor cell types at differ-
ent concentrations (Fig. le and Table 4). Significantly,

(@) (b)

the cell viability of A549 cells after treatment with
the 5th concentration of MVBL (with concentrations
of MSC, VES, B-Ca, and Lys of 30, 60, 60, and
600 pmol/L, respectively) was about 50%—60%, while
each single compound showed no cytotoxicity to A549
cells at that concentration. The cell viability experiments

Table 4 Single drug and MVBL concentrations for cell
viability

Group No. MSC VES B-Ca Lys
(umol/L) (umol/L) (umol/L) (umol/L)
Control 0 0 0 0 0
MVBL 1 2 4 4 40
2 5 10 10 100
3 10 20 20 200
4 20 40 40 400
5 30 60 60 600
6 35 70 70 700
7 40 80 80 800
8 45 90 90 900
9 50 100 100 1000

MSC: L-selenium-methylselenocysteine; VES: D-o-tocopheryl succinic
acid; B-Ca: B-carotene; Lys: L-lysine; MVBL: combination of drugs
(MSC, VES, B-Ca, and Lys).
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Fig. 1 Cytotoxicities of p-Ca, Lys, VES, MSC, and MVBL toward various cell types. All cells were treated for 24 h.
(a) Effects of p-Ca on the viability of seven types (A549/HT29/MDA-MB-231/MCF-7/4T1/LO2/HELF) of cells. (b) Effects
of Lys on the viability of seven types of cells. (c) Effects of VES on the viability of seven types of cells. (d) Effects of
MSC on the viability of seven types of cells. (e) Effects of MVBL on the viability of seven types of cells. The data are
represented as meanzstandard deviation (n=5). The details of MVBL concentration Nos. are shown in Table 4. p-Ca:
B-carotene; Lys: L-lysine; VES: D-a-tocopheryl succinic acid; MSC: L-selenium-methylselenocysteine; MVBL: combination

of drugs (MSC, VES, B-Ca, and Lys).



demonstrated that the 5th concentration of MVBL
was more lethal to tumor cells than the single drugs.

3.2 Effects of MVBL on the cell cycle and apoptosis

The cell cycle and apoptosis are important for
tumor cell growth and proliferation, so we examined
the effects of different concentrations of MVBL on the
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MDA-MB-231 cells (Figs. S4b and S7), but there was
no apoptosis of MCF-7 (Figs. S3b and S7) or 4Tl
(Figs. S5b and S7) cells.

The high concentrations of MVBL were used to
alter the behavior of CTCs by inhibiting cell prolifer-
ation, such as by inhibiting tumor metastasis without
killing tumor cells, and to minimize side effects.

cell cycle and apoptosis in A549, MCF-7, MDA-MB-
231, and 4T1 tumor cells (Table 1). The results showed
that MVBL induced no obvious cell cycle arrest of
A549 (Figs. 2a and 2b), MCF-7 (Figs. S3a and S6),
MDA-MB-231 (Figs. S4a and S6), or 4T1 (Figs. S5a
and S6) cells. High concentrations of MVBL led to
substantial apoptosis in A549 (Figs. 2c and 2d) and

3.3 Inhibition of migration and invasion by MVBL

Migration and invasion are important processes
in tumor metastasis. Cancer metastasis may therefore
be inhibited through the suppression of tumor cell
migration and invasion. To measure the ability of MVBL
to inhibit migration, scratch assays were conducted.
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Fig. 2 Cell cycle and apoptosis of MVBL and single drugs in A549 cells. (a) Effects of MVBL and single drugs on the
cell cycle in A549 cells. (b) Column chart of cell cycle. (¢c) Effects of MVBL and single drugs on the cell apoptosis in
A549 cells. (d) Column chart of cell apoptosis, in which the data are represented as meantstandard deviation (7=3).
" P<0.001, vs. control. MVBL: combination of drugs (MSC, VES, B-Ca, and Lys); B-Ca: B-carotene; Lys: L-lysine;
VES: D-a-tocopheryl succinic acid; MSC: L-selenium-methylselenocysteine; PI: propidium iodide; FITC: fluorescein
isothiocyanate.



950 |

Compared with the control, MVBL significantly in-
hibited the migration of A549, MCF-7, and MDA-
MB-231 cells (Fig. 3a), decreasing mobility by
18%, 12%, and 15% at low concentrations, and 38%,
24%, and 29% at high concentrations, respectively.
Transwell assays were used to verify the inhibition
of tumor cell invasion by MVBL. The numbers of
cells penetrating the chambers decreased signifi-
cantly upon treatment with different MVBL concen-
trations (Fig. 3b). Combined with the results of the
cytotoxicity assays, these results indicated that MVBL
inhibited tumor cell migration, adhesion, and inva-
sion at the selected concentration, but did not kill the
cells.
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3.4 Sensitivity of tumor cells to PTX by MVBL

PTX, a first-line treatment drug for breast can-
cer, has greater side effects and induces greater drug
resistance when used at high doses. The MTT assay
results showed that low concentrations of PTX did
not have strong lethal effects on MDA-MB-231 cells
(Fig. 4a). The cell survival rates were 55% (6.25 pmol/L
PTX) and 51% (12.5 pmol/L PTX). We chose a low
concentration (6.25 pmol/L) PTX to study the syner-
gistic effect of PTX and MVBL. This dose had a cer-
tain inhibitory effect on tumor cells, but fewer side
effects than the higher doses (Fig. 4b). The results in-
dicated that when PTX was used in combination with

== Control == Low == High

100

A549

MCF-7 MDA-MB-231

Fig. 3 Inhibition of A549, MCF-7, MDA-MB-231 cell migration and invasion by MVBL. After 24 h of treatment
at selected low and high concentrations, the effect was found to increase with concentration. (a) The cell migration
distance of the treated cells was shorter than that of the control cells. (b) The numbers of cells passed through the
membrane after treatment with different drug concentrations. The data are represented as meantstandard deviation
(n=3). " P<0.05, " P<0.01, vs. control. MVBL: combination of drugs (MSC, VES, B-Ca, and Lys); MSC: L-selenium-
methylselenocysteine; VES: D-a-tocopheryl succinic acid; f-Ca: B-carotene; Lys: L-lysine.
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Fig. 4 Effects of MVBL combined with PTX on MDA-MB-231 cells. The cells were incubated with the drugs for 24 h. (a) The
cells were treated with PTX. (b) The cells were treated with MVBL. (c) The cells were treated with PTX (6.25 pmol/L)
combined with different concentrations of MVBL (Nos. 1-9). (d) The cells were treated with PTX (6.25 pmol/L) combined
with MVBL (Nos. 4-6). (e) Cell cycle distributions (control, PTX (6.25 pmol/L)+MVBL (No. 1), PTX (6.25 pmol/L)+MVBL
(No. 4), PTX (6.25 pmol/L), and PTX (12.5 pmol/L)). (f) Apoptosis (control, PTX (6.25 pmol/L)+MVBL (No. 1), PTX
(6.25 pmol/L)+MVBL (No. 4), PTX (6.25 pmol/L), and PTX (12.5 pmol/L)). The details of MVBL concentration Nos. are
shown in Table 5. The data are represented as meantstandard deviation (n=5). “P<0.01, vs. control. MVBL: combination of
drugs (MSC, VES, pB-Ca, and Lys); PTX: paclitaxel; p-Ca: p-carotene; Lys: L-lysine; VES: D-a-tocopheryl succinic acid;
MSC: L-selenium-methylselenocysteine; PI: propidium iodide; FITC: fluorescein isothiocyanate.
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MVBL, it was the most toxic to MDA-MB-231 cells
(Figs. 4c and 4d). We then examined the effects of dif-
ferent MVBL groups (Table 5) on cell proliferation
by flow cytometry. The results revealed that MVBL
combined with PTX (6.25 umol/L) exerted the same
effect as 12.5 umol/L PTX alone, and more cells were
retained in the S phase and the G2/M phase after
combined treatment than after single-drug treatment
(Fig. 4e). In addition, more apoptosis occurred in the
group treated with MVBL combined with 6.25 pmol/L
PTX than in the group treated with 12.5 umol/L PTX
alone (Fig. 4f). These results indicated that MVBL
could enhance the killing effect of PTX on tumor
cells, specifically by reducing cell survival, promot-
ing apoptosis, and inhibiting cell proliferation.

Table 5 Drug concentration for cell viability, cell cycle, and

apoptosis

Group MSC VES p-Ca Lys PTX

No.  (umol/L) (umol/L) (umol/L) (umol/L) (umol/L)
0 0 0 0 0 0

1 2 4 4 40 6.25

2 5 10 10 100 6.25

3 10 20 20 200 6.25

4 20 40 40 400 6.25

5 30 60 60 600 6.25

6 35 70 70 700 6.25

7 40 80 80 800 6.25

8 45 90 90 900 6.25

9 50 100 100 1000 6.25

MSC: L-selenium-methylselenocysteine; VES: D-a-tocopheryl succinic
acid; B-Ca: B-carotene; Lys: L-lysine; PTX: paclitaxel.

3.5 Effect of MVBL on ROS levels

In addition to Lys, the remaining three ingredi-
ents in MVBL have strong antioxidant capacities.
DCFH-DA is a non-labelled oxidation-sensitive
probe that can be hydrolyzed by intracellular esterase
to form DCFH. It can be oxidized by intracellular
ROS to form 2',7'-dichlorofluorescein (DCF), which is
fluorescent. Therefore, the intensity of DCF fluores-
cence measured by flow cytometry can be used to de-
termine the intracellular ROS content. ROS levels in
MCEF-7 cells decreased with increasing MVBL con-
centration (Fig. 5a). Excessive ROS levels increased the
malignant metastasis of tumors. MVBL could reduce
the levels of free oxygen species in cells and thereby
reduce the probability of tumor metastasis.

3.6 Effect of MVBL on antioxidant capacity in vivo

Due to metabolic abnormalities, the levels of
ROS are higher in tumor tissues than those in normal
tissues, and this plays an important role in the occur-
rence and development of tumors. Here, we collected
blood from the eyelids of mice on Days 15 and 30 after
gavage to detect the relationships between treatment
duration/dose and T-AOC, SOD, and MDA levels. As
shown in Fig. 5b, after 15 d of gavage, the T-AOC
levels of the low-, medium-, and high-dose groups were
respectively 1.44, 1.66, and 1.98 times of the control
group, and after 30 d were 1.47, 3.04, and 3.83 times
of the control group, respectively. Therefore, the T-AOC
in mouse plasma was enhanced with increasing dose
and prolonged administration time. SOD levels in
mouse plasma also increased with time and dose.
Analyses of these two indicators showed that the anti-
oxidant capacity of mice was getting strong with treat-
ment. MDA is another indicator of oxidative capacity.
Specifically, it is an indicator of lipid membrane per-
oxidation in mice. Contrary to the situations for T-
AOC and SOD, a higher MDA content indicated a
higher degree of oxidation. Fig. 5b revealed that MDA
decreased with time and dose. The above data showed
that MVBL had a strong antioxidation capacity.

3.7 Effect of MVBL on immunity in vivo

We tested the immunity of mice after treatment
with MVBL in two ways. First, we measured the
changes in carbon particle clearance and spleen
weight in the control and experimental groups. Sec-
ond, we determined the changes in the proportion of
T cells in the blood. After carbon particles were injected
into the tail vein of mice, the blood flowed to the liver
and spleen, where the particles were phagocytosed
and eliminated by macrophages. The carbon particle
clearance index increased with the dose of MVBL
(Fig. 5c¢). Spleen weight was also increased after
MVBL treatment, and it was the heaviest in the
medium-dose group. The spleen weight of mice in the
high-dose group was lower than medium-dose group,
probably because of the higher absorption burden
(Fig. 5d). The proportion of T lymphocytes in the
medium-dose group was also improved compared
with that in the untreated group (Fig. Se). The results
of these three experiments suggested that MVBL had
the ability to enhance the immune function of mice,
enabling them to resist disease with their own im-
mune systems.
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Fig. 5 Results of oxidative and immune function studies. (a) Effects of MVBL and single drugs on ROS levels in MCF-7
cells after 24 h. (b) Changes in T-TAOC/MDA/SOD levels on Days 15 and 30 after dosing in vivo. (¢) Carbon clearance.
(d) Spleen weight. (¢) Number of T cells per 1x10' WBCs as detected by flow cytometry on Days 0 and 15. The data are
represented as meanzstandard deviation (n=10). * P<0.05, * P<0.01, ™ P>0.05, vs. control. MVBL: combination of drugs
(MSC, VES, B-Ca, and Lys); ROS: reactive oxygen species; T-AOC: total antioxidant capacity; MDA: malondialdehyde;
SOD: superoxide dismutase; WBCs: white blood cells; FITC: fluorescein isothiocyanate; f-Ca: B-carotene; Lys: L-lysine;
VES: D-a-tocopheryl succinic acid; MSC: L-selenium-methylselenocysteine; ns: not significant.

3.8 Effect of MVBL on cancer metastasis in vivo

To determine the inhibitory effect of MVBL on
tumor metastasis in vivo, we formed a lung metastasis
model by injecting 4T1 cells into the tail veins of mice,
and counted the tumor nodes in the lungs after 15 d.
The average number of lung nodules in the control
group was 76, while the average number in the low-,
medium-, and high-dose groups were 73, 49, and 45,
respectively (Fig. 6¢). The average number of lung
nodules decreased with increasing dose. As shown by
the survival curve (Fig. 6a), the middle dose of MVBL
significantly prolonged the survival time of mice. Com-
pared with the control group, the three experimental
groups exhibited ameliorative effects, and the medium-
dose treatment was the most effective. During the ex-
periment, there were no obvious differences in mouse
body weight changes (Fig. 6b).

4 Discussion
In tumor patients, the infinite proliferation of

tumor cells and metabolic disorder of the body con-
sume a large amount of nutrients and energy (Dikic

and Elazar, 2018; Martinez-Reyes and Chandel, 2021),
resulting in malnutrition and abnormal energy-nutrient
metabolism, directly affecting their cells and tissues.
In this article, we propose a new combination of
drugs, MVBL, to inhibit cancer metastasis. We proved
that MVBL can improve the physical condition and
prolong the survival time of patients by increasing their
antioxidant capacity and supplementing their nutrition.

MVBL contains four components (Fig. S1): MSC,
VES, B-Ca, and Lys, which are rich in antioxidant
(Prasad et al., 2017; Cheung et al., 2020), antitumor
(Li et al., 2020; Ganash, 2021; Guo et al., 2021), and
nutritional supplementation (Marian and August, 2014)
functions. It is reported that B-Ca and MSC can inhibit
adhesion, invasion, migration, and lung metastasis of
hepatoma cells (Ma et al., 2017; Jiang et al., 2021).
We demonstrated that MVBL had excellent inhibitory
effects on a variety of tumor cell types, including
A549, MDA-MB-231, HT29, 4T1, and MCF-7 cells
(Figs. 1, 2, and S3—S7). The inhibition of migration,
adhesion, and invasion indicated that MVBL could
reduce the metastatic capacity of tumor cells (Fig. 3),
and which is also expected to inhibit the metastasis of
CTCs in vivo. It was reported that tumors are prone to
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Fig. 6 Inhibition of tumor metastasis by MVBL in vivo. (a) Average survival time of mice in the control group (16.5 d),
the low-dose group (17 d), the medium-dose group (21 d), and the high-dose group (20 d). (b) Mouse weight. (¢) Number
of lung metastases. The data are represented as meanstandard deviation (2=6). * P<0.05, ™ P<0.01, ™ P>0.05, vs. control.
MVBL: combination of drugs (MSC, VES, B-Ca, and Lys); p-Ca: B-carotene; Lys: L-lysine; VES: D-a-tocopheryl succinic
acid; MSC: L-selenium-methylselenocysteine; ns: not significant.

develop resistance to chemotherapy drugs such as
PTX (Abu Samaan et al., 2019). In our study, MVBL
combined with PTX significantly improved the anti-
tumor efficacy of low concentration PTX without ob-
vious side effects (Fig. 4). These results indicated that
MVBL may be used as an adjuvant chemotherapy
drug in the treatment of tumors. Recent research has
demonstrated that higher ROS levels are associated
with higher cell migration and invasion capacities
(Cheung et al., 2020). Our results proved that MVBL
significantly improved antioxidant capacity both in vivo
and in vitro (Fig. 5), and the associated reductions in
ROS helped to inhibit tumor growth and metastasis
(Zhang et al., 2019). At the animal level, MVBL
was able to significantly inhibit tumor metastasis in
a mouse lung metastasis model by enhancing the
immune function of macrophages and T cells in the
blood, thereby reinforcing the body’s ability to fight
cancer with no additional harm to the mice (Figs. 5
and 6). The effects of the four component drugs, MSC
(Avery and Hoffmann, 2018; Li et al., 2020; Ganash,
2021; Jiang et al., 2021), VES (Kontek et al., 2014;
Huang et al., 2021), B-Ca (Satomi and Nishino, 2013;

Kim et al., 2014), and Lys (Roomi et al., 2005; Ibrahim-
Hashim et al., 2011; Kirchhain et al., 2021), are
known, and the drugs are widely used. HPLC data
showed that their combination would not produce
new chemicals (Fig. S2). Therefore, MVBL retains
the original biological activity and high safety. The
combination and rational application of existing drugs
and nutrition for more effective treatment of tumors
are currently ignored (Hébert et al., 2014; Barrett et al.,
2020).

5 Conclusions

Our findings showed that MVBL may significantly
improve the physiological and nutritional status and
organ function of patients after surgery, chemotherapy,
and radiotherapy. Moreover, MVBL can inhibit tumor
metastasis and improve immune function, and be used
as an adjuvant drug to improve treatment effects.
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