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Abstract

Toxicodendron vernicifluum Stokes has long been used as a food supplement and tradi-

tional herbal medicine in East Asia. We applied a new extraction method to produce Toxico-

dendron vernicifluum Stokes extract (TVSE), that doesn’t contain urushiol (an allergenic

toxin) but dose have higher levels of some flavonoids such as fustin and fisetin. This study

was conducted to investigate the anticancer effects of TVSE in an in vivo system. Fifty

BALB/c mice were acclimated for one week and then injected with 4T1 murine mammary

carcinoma cells in mammary fat pads. After 7 days, the mice were randomly divided into 5

groups, and orally administered with 0, 50, 100, 200 or 400 mg of TVSE/kg body weight

(BW)/day for 20 days. TVSE reduced tumor volume and weight dose-dependently. The

expression of Ki67 was significantly reduced and the number of TUNEL-positive apoptotic

cells was significantly increased in the TVSE-treated group over 100 mg/kg BW/day. While

tumor nodules were not found in the liver, but only in lungs, the number of tumor nodules

was reduced in a dose-dependent manner in the TVSE treated groups compared to the con-

trol group. In breast tumors, expression of platelet endothelial cell adhesion molecule

(PECAM-1) and vascular endothelial growth factor (VEGF) was reduced by TVSE treat-

ment. TVSE treatment significantly suppressed mRNA expression in tumors of matrix metal-

loproteinase (MMP)-2, tissue inhibitor of metalloproteinase (TIMP)-1, urokinase-type

plasminogen activator (uPA), intercellular adhesion molecule (ICAM)-1, and vascular cell

adhesion molecule (VCAM)-1 while increasing plasminogen activator inhibitor (PAI)-1.

These results suggest that TVSE is potentially beneficial for the suppression of breast can-

cer growth and its-associated lung metastasis.

Introduction

Among women, breast cancer is the most commonly diagnosed cancer (24.2% of all cancer)

and the leading cause of cancer death (15.0% of deaths) worldwide [1]. Breast cancer is a very
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heterogeneous disease and the etiology is still unclear. Early detection and early treatment can

increase survival. However, metastasis to other tissues occurs in a large number of patients,

especially in triple-negative (TN) breast cancer [2]. More than 90% of breast cancer deaths are

due to metastasis-related complications [3]. Breast cancer cells can metastasize to diverse

organs including lung, liver, bone, brain, etc., and once resident can proliferate into macro-

scopic masses, leading ultimately to death [4]. Five-year survival rates for distant metastasis

breast cancer patients are less than 20% [5].

Metastasis is frequently a final and fatal step in the progression of solid tumors. The meta-

static process consists of tumor cell intravasation, survival in circulation, extravasation into a

distant organ, angiogenesis and uninhibited growth [6]. When cancer cells metastasize to

other distant organs, microenvironmental factors work to overcome many barriers. In particu-

lar, when breast cancer cells metastasize from primary tumors to specific tissues, communica-

tion between the disseminated tumor cells and the resident stromal cells in those colonized

tissues is varied but thought to be important to tumor progression. There are a variety of com-

ponents that make up the microenvironment of tumors such as growth factors, immune cells,

cytokines, chemokines, extracellular matrix (ECM), tumor-associated macrophages, and can-

cer-associated fibroblasts [7].

The mechanisms that determine which organs become metastasized by breast cancer are

complex and influenced by many factors. One of them is the molecular subtype. Breast cancer

is subdivided into four major clinical subtypes based on gene expression profiles and receptor

status (estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor

receptor 2 (HER2) and proliferative status as assessed by Ki67 [8]. These clinical subtypes can

be classified as luminal A (ER +/PR +), luminal B (ER +/PR +/HER2-/+/Ki67 +), HER2 over-

expression (ER-/PR-/HER +) and basal-like/TN (ER-/PR-/HER2-). Bone is the most common

site of metastasis in all subtypes, but TN breast cancer is most likely to metastasize to the lung

[9]. However, the timing and mechanism by which breast cancer molecular subtypes can affect

metastasis to the lung are still unknown. Endeavors to understand the molecular mechanisms

that induce breast cancer metastasis in the lung and to incorporate it into new therapies con-

tinue [10].

Recently, there is active interest in using products of natural medicinal plants that have

anticancer effects and do not have cytotoxic values for cancer therapy or to overcome cancer

cell drug resistance. Among these, taxol analogues, vinca alkaloids, and podophyllotoxin ana-

logues play an important role in the treatment of some cancer patients [11]. Toxicodendron
vernicifluum (formerly Rhus verniciflua) Stokes belongs to the Anacardiaceae family and is

commonly known as the lacquer tree. In East Asia, including Korea and China, it has long

been used as a food supplement and traditional herbal medicine [12]. Toxicodendron vernici-
fluum Stokes (TVS) was found to contain a number of bioactive phytochemicals, including

alkaloids, polyphenols and flavonoids [12]. Previous research has shown that TVS extract has

antioxidant, anti-bacterial, anti-obesity, anti-proliferative, anti-inflammatory, and anti-tumor

effects [12–22]. Despite the beneficial pharmacological effects of TVS, its use has been some-

what limited due to the presence of urushiol an allergenic substance, that is a mixture of several

derivatives of catechol. In order to safely and more widely use TVS, it is essential to remove

urushiol from extracts. Various methods have been developed to detoxification by removing

urushiol from TVS [23–25]. Depending on the method, the main components, activities, and

safety extracted from TVS differ. Therefore, it is important to find a safe way to selectively

remove only urushiol and retain other healthy ingredients [12].

We applied a new variation to an existing extraction method to produce a new urushiol—

free TVS extract (TVSE). Briefly, the method is a classic detoxification method that removes

urushiol activity by high-temperature treatment in the process of hot water extraction of TVS,
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and adds a concentration and purification process. As a result of analyzing the new TVSE by

HPLC, not only urushiol was not detected, but also the extract had a higher content of flavo-

noids such as fustin and fisetin than the existing method. We demonstrated in vitro studies

that this new TVSE is safe and has anti-cancer effects [26].

This study was conducted to determine whether TVSE may help prevent breast cancer

metastasis in an in vivo system. 4T1 murine mammary carcinoma cells were injected into the

mammary fat pad of BALB/c mice to induce breast cancer, and then TVSE was orally adminis-

tered to investigate the effects on solid tumor growth and cancer metastasis.

Materials and methods

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM) and other cell culture reagents were purchased

from Welgene (Daegu, Korea). Fetal bovine serum (FBS) was purchased from Cambrex Bio Tech-

nology (Walkersville, MD, USA). Antibodies against Ki67, platelet endothelial cell adhesion mole-

cule (PECAM-1), and vascular endothelial growth factor (VEGF) were purchased from Cell

Signal Technology (Beverly, MA, USA). Fluorochrome-conjugated secondary antibodies (Alexa-

488 and 564) were purchased from Thermo Fisher Scientific (Waltham, MA, USA) while 4’,6-dia-

midino-2-phenylindole (DAPI) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of TVSE

TVSE used in the experiment was prepared from Medience Co. Ltd, according to the methods

described previously [26]. Dried trunk of TVS cultivated in Chuncheon, Korea were purchased

from an herbal medicine store (Chuncheon, Korea). Dried trunk of TVS were sliced to 2 cm,

after which, 100 g of sliced TVS was refluxed in 1 L of water at 100˚C for 10 h. This extraction

procedure was repeated twice. The extracts were filtered through Whatman filter paper #2,

after which the filtrate was freeze-dried. To concentrate and refine, 100 g of freeze-dried pow-

der was refluxed in 1L of 95% ethanol at room temperature for 1 h. The extract was centrifuged

at 3,000 rpm for 10 min, after which the supernatant was collected and dried below 60˚C in a

vacuum. The resulting powder was used as TVSE. The contents of fustin and fisetin in TVSE

were analyzed using an HPLC (SPD-20A, Shimadzu, Tokyo, Japan) as per method described

previously [26]. The contents of fustin and fisetin were 219 mg/g of TVSE and 82 mg/g of

TVSE, respectively.

4T1 cell culture

4T1 murine mammary carcinoma cells were acquired from the American Type Culture Col-

lection (Rockville, MA, USA). 4T1 cells were cultured in DMEM supplemented with 100 mL/L

fetal bovine serum, 100,000 U/L penicillin, and 100 mg/L streptomycin at 37˚C in a humidified

atmosphere of 5% CO2 and 95% air.

Animals

All animal experiments were conducted according to protocols ratified by the Institutional

Animal Care and Use Committee of Hallym University (Hallym 2018–22). Five-week-old

female BALB/c mice were purchased from Dooyeol Biotech Co. Ltd. (Seoul, Korea) and

housed at the animal research facility of Hallym University in controlled standard conditions:

23 ± 3˚C temperature, 50 ± 10% relative humidity, and a 12-h light/dark cycle. The mice were

fed on a commercial rodent diet (Cargil Agri Purina, Inc., Seongnam, Korea) and water pro-

vided ad libitum.
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In vivo orthotropic breast tumor experiment

After acclimation for 1 week, 4T1 cells (1 x 105 cells) were injected into the mammary fat pads

of mice. When tumors size reached a volume of 50 mm3, the mice were divided randomly into

5 groups: (1) 0 mg of TVSE/kg BW/day (vehicle fed, CON), (2) 50 mg of TVSE kg BW/day

(T50), (3) 100 mg of TVSE/kg BW/day (T100), (4) 200 mg of TVSE/kg BW/day (T200), and

(5) 400 mg of TVSE/ kg BW/day (T400). The mice were subjected to oral gavage with vehicle

(distilled water) or TVSE (50, 100, 200, or 400 mg/kg BW/day) for 20 days. The tumor volume

was measured with a set of calipers every 3 days and calculated using the formula 0.52 x long

diameter x short dismeter2 [27]. After 20 days of administering TVSE, all mice were anesthe-

tized with tribromoethanol diluted with tertiary amyl alcohol (1: 40 ratio), after which blood

was collected from the orbital vein. The mice were euthanatized by carbon dioxide asphyxia-

tion and the tumors, lungs, and livers were excised from the mice. The lungs were fixed in

Bouin’s solution and the lung metastatic nodules were counted to evaluate metastasis. The

tumors were formalin-fixed and paraffin-embedded for immunohistological analyses or

homogenized to prepare total RNA for real-time RT-PCR.

Immunofluorescence staining

Paraffin-embedded tumor tissues were sectioned to a thickness of 5 μm, deparaffinized with

xylene, rehydrated through xylene and graded alcohol and blocked with 5% bovine serum

albumin. Immunofluorescence (IF) staining was conducted with the indicated antibodies and

fluorochrome-conjugated secondary antibodies (Alexa-488 and 564). Apoptotic cells were

identified by terminal deoxynucleotidyl transfer-mediated dUTP nick-end labeling (TUNEL)

staining using an in situ BrdU-Red DNA fragmentation assay kit (Abcam, Cambridge, UK).

Nuclei were counterstained with DAPI. The slides were examined in a blinded manner and

randomly chosen fields were photographed at 400x magnification. The immune-positive cells

were quantified with a Carl Zeiss AxioImager microscope and Image M1 Software (Carl Zeiss,

Jena, Germany).

Quantitative real-time RT-PCR

Total RNA from the tumor tissue was extracted with Trizol (Invitrogen Life Technologies,

Carlsbad, CA, USA) according to the manufacturer’s instruction. The content and the purity

of the total RNA were determined using a micro-volume spectrophotometer (BioSpec-nano,

Shimadzu, Kyoto, Japan). Complementary DNA was synthesized from 2 μg of total RNA

using HyperScriptTM RT master mix kit (GeneAll Biotechnology, Seoul, Korea). Real-time

PCR of cDNA was conducted using a Rotor-gene 3000 PCR (Corbett Research, Mortlake,

Australia) and a Rotor-GeneTM SYBR Green kit (Qiagen, Valencia, CA, USA) according to

the manufacturer’s instructions. The primer sequences used in this study are shown in

Table 1. The results were analyzed with Rotor-Gene 6000 Series System Software program,

version 6 (Corbett Research) and normalized to those of glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH).

Statistical analysis

All data are presented as the mean ± SEM and analyzed by analysis of variance. Differences

between the treatment groups were analyzed by Duncan’s multiple range test. Differences

were considered significant at P< 0.05. All statistical analyses were conducted using Statistical

Analysis System for Windows version 9.4 (SAS Institute, Cary, NC, USA).
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Results

TVSE inhibits solid tumor growth and lung metastasis of 4T1 cells in

BALB/c mice

Seven days after the injection of 4T1 cells, solid tumors were visible and volumes were approxi-

mately 50 mm3. From then on, daily oral administration of TVSE was initiated, and continued

for 20 days. The volume of tumors continued to increase until the mice were sacrificed. At the

end of the experiment, the tumor volume in the CON group was 1,038 ± 26 mm3. The tumor

volume in the T400 group was reduced by 19.5% compared to the CON group (Fig 1A). As

shown in Fig 1B and 1C, the wet tumor weight was reduced dose-dependently by the adminis-

tration of TVSE. The wet tumor weight in the T400 group was reduced by 20.9% compared to

the CON group.

Tumor nodules were observed in the lungs, but not in the livers when the mice were sacri-

ficed 28 days after 4T1 cell injection. The administration of TVSE significantly reduced the

number of tumor nodules on the lung, with the number in T50, T100, T200 and T400 groups

reduced by 20.4, 26.0, 31.5 and 36.3%, respectively, compared to the CON group (Fig 2).

TVSE inhibits cell proliferation and induces apoptosis in 4T1 tumors in

BALB/c mice

IF staining results showed that the expression of Ki67, a cellular marker for proliferation, was

noticeably suppressed in the tumor by the administration of TVSE (Fig 3A). As shown in Fig

3B, the number of TUNEL-positive apoptotic cells was markedly increased in tumors adminis-

tered with TVSE (Fig 3B). In the T400 group, the expression of Ki67 was decreased by 46.1%

but the number of TUNEL-positive apoptotic cells was increased by 456%, compared to the

CON group (Fig 3).

TVSE inhibits angiogenesis in 4T1 tumors in BALB/c mice

To evaluate the degree of tumor angiogenesis, the expression of PECAM-1, also known as clus-

ter of differentiation 31 (CD31) in tumors was examined by IF staining. The expression of

PECAM-1 was dose-dependently diminished by the administration of TVSE. In addition, the

expression of VEGF in tumors was also significantly reduced by the administration of TVSE.

Expression of PECAM-1 and VEGF were reduced by 55.5% and 52.6% in the T400 group,

respectively, compared to the CON group (Fig 4A and 4B). As shown in Fig 4C, serum VEGF

concentration was significantly reduced by the administration of TVSE, but there was no sig-

nificant difference between the different groups administered TVSE.

Table 1. Primer sequences used in this study.

Target gene Forward primer (5’-3’) Reverse primer (5’-3’)

MMP-2 CCCATACTTTACTCGGA TGACCTTGACCAGAACACCA

MMP-9 GTCTTCCTGGGCAAGCAGTA CTGGACAGAAACCCCACTTC

TIMP-1 GGTTCCCTGGCATAATCTGA GTCATCGAGACCCCAAGGTA

TIMP-2 GCATCACCCAGAAGAAGAGC TGATGCAGGCAAAGAACTTG

uPA GAAACCCTACAATGCCCACAGA GACAAACTGCCTTAGGCCAATC

PAI-1 CCGTCTCTGTGCCCATGAT GGCAGTTCCACGACGTCATA

ICAM-1 GTGGCGGGAAAGTTCCTG CGTCTTGCAGGTCATCTTAGGAG

VCAM-1 AGTTGGGGATTCGGTTGTTC CATTCCTTACCACCCCATTG

GAPDH AGGTTGTCTCCTGCGACT TGCTGTAGCCGTATTCATTGTCA

https://doi.org/10.1371/journal.pone.0241805.t001
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Fig 1. Oral administration of TVSE inhibits tumor growth in BALB/c mice injected with 4T1 mammary cancer

cells. 4T1 cells (1 × 105 cells/ mice) were injected into the mammary fat pads of six-week-old female BALB/c mice.

After the tumor size reached 50 mm3 (7 days after 4T1 cell injection), TVSE was administered by oral gavage for 20

days. (A) The tumor volume was measured using calipers and calculated using the formula (0.52 × long

diameter × short diameter2), n = 10. (B) At the end of the administration period, all mice were sacrificed. The tumors

were excised and photographed. (C) Tumors weights. Each bar represents the mean ± SEM (n = 10). Means without a

common letter differ, P< 0.05. CON, 0 mg of TVSE/kg body weight (BW)/day; T50, 50 mg of TVSE/ kg BW/day;

T100, 100 mg of TVSE/ kg BW/day; T200, 200 mg of TVSE/ kg BW/day; T400, 400 mg of TVSE/ kg BW/day.

https://doi.org/10.1371/journal.pone.0241805.g001
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TVSE induces alternation in the transcript expression of metastasis-related

genes in 4T1 tumors in BALB/c mice

To elucidate the mechanisms by which TVSE inhibits lung metastasis, the mRNA expressions

of metastasis-related genes were examined. The administration of TVSE significantly sup-

pressed expression of matrix metalloproteinase (MMP)-2, tissue inhibitor of metalloproteinase

(TIMP)-1, urokinase plasminogen activator (uPA), intercellular adhesion molecule (ICAM)-1,

and vascular cell adhesion molecule (VCAM)-1 in tumors. Of these, MMP-2 mRNA expres-

sion was the most dramatically reduced and was 81.2% lower in the T400 group, compared to

the CON group. In contrast, the administration with TVSE dramatically increased plasmino-

gen activator inhibitor (PAI)-1 mRNA expression. Transcript expression of PAI-1 in the T400

group increased by 169.6% compared to the CON group. The administration of TVSE did not

affect mRNA expression of MMP-9 and TIMP-2 in tumors (Fig 5).

Discussion

Fustin and fisetin both have antioxidant properties [28, 29]. According to a recent comparative

analysis of antioxidant activity of substances in Rhus typhina L. stem, fustin is less than methyl

Fig 2. Oral administration of TVSE inhibits the lung metastasis of 4T1 cells in BALB/c mice. Mice were injected

with 4T1 cells and administered with TVSE as described. After 20 days administration, the lungs were excised and

fixed in Bouin’s solution. (A) Lung photographs. (B) Metastatic tumor nodules in the lungs were counted. Each bar

represents the mean ± SEM (n = 10). Means without a common letter differ, P< 0.05. CON, 0 mg of TVSE/kg body

weight (BW)/day; T50, 50 mg of TVSE/ kg BW/day; T100, 100 mg of TVSE/ kg BW/day; T200, 200 mg of TVSE/ kg

BW/day; T400, 400 mg of TVSE/ kg BW/day.

https://doi.org/10.1371/journal.pone.0241805.g002
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gallate, gallic acid and quercetin, but has a greater antioxidant capacity than vitamin C and

rutin [30]. Fisetin from TVS significantly reduced inflammatory cytokines [31]. In in vitro
studies, it has been reported that fisetin has anti-cancer effects by affecting various cell signal

pathways and transcriptional factors; fisetin inhibited cancer cell proliferation by down-

Fig 3. Oral administration of TVSE suppresses cell proliferation and induces apoptosis in 4T1 tumors in BALB/c

mice. Mice were injected with 4T1 cells and administered with TVSE as described. (A) Tumor sections were stained

with Ki67 antibody. Representative images of IF staining are shown. Scale bar, 100 μm (upper panel). The

Ki67-positive cells were counted (lower panel). (B) Tumor sections were stained with TUNEL. Images of TUNEL

staining are shown. Scale bar, 100 μm (upper panel). TUNEL-positive apoptotic cells were counted (lower panel). Each

bar represents the mean ± SEM (n = 4). Means without a common letter differ significantly, P< 0.05. CON, 0 mg of

TVSE/kg body weight (BW)/day; T50, 50 mg of TVSE/ kg BW/day; T100, 100 mg of TVSE/ kg BW/day; T200, 200 mg

of TVSE/ kg BW/day; T400, 400 mg of TVSE/ kg BW/day.

https://doi.org/10.1371/journal.pone.0241805.g003
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Fig 4. Oral administration of TVSE decreases angiogenesis in 4T1 tumors in BALB/c mice. Mice were injected

with 4T1 cells and administered with TVSE as described. (A) Tumor sections were stained with PECAM-1 and VEGF

antibodies. Representative images of IF staining are shown. Scale bar, 50 μm. (B) The staining intensity of the indicated

protein was quantified. Each bar represents the mean ± SEM (n = 4). (C) Blood samples were collected from mice at

sacrifice, and sera were prepared. Serum levels of VEGF were measured with a VEGF ELISA kit. Each bar represents

the mean ± SEM (n = 10). Means without a common letter differ significantly, P< 0.05. CON, 0 mg of TVSE/kg body

weight (BW)/day; T50, 50 mg of TVSE/ kg BW/day; T100, 100 mg of TVSE/ kg BW/day; T200, 200 mg of TVSE/ kg

BW/day; T400, 400 mg of TVSE/ kg BW/day.

https://doi.org/10.1371/journal.pone.0241805.g004
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regulating AMP-activated protein kinase, cyclooxygensae, epidermal growth factor receptor,

extracellular signal regulated kinase 1/2, MMP, nuclear factor-kappa B, prostate-specific anti-

gen, transcription factor T-cell factor, TNF-related apoptosis inducing ligand, Wnt inhibitory

factor, X linked inhibitor of apoptosis, and PI3K/AKT/mTOR pathway [32–36]. Fisetin also

showed anti-cancer effects in cells and animal models by influencing cell cycles [37] and acting

as a topoisomerase inhibitor [38].

In this study, after inducing tumors by injection of 4T1 murine mammary carcinoma cells

into BALB/c mice, oral administration of TVSE for 20 days resulted in dose-dependent tumor

growth inhibition. In the T400 group, tumor volume and weight were reduced by 19.5% and

20.9%, respectively, compared to the control group (Fig 1A). Ki67 expression and TUNEL-

positive cell analysis showed that at doses above TVSE 100 mg/kg BW/day, cancer cell prolifer-

ation was significantly reduced and apoptosis was increased (Fig 3A and 3B). These results

show that TVSE inhibits the solid tumor growth of breast cancer.

On day 28 of 4T1 cell injection, several tumor nodules were found in the lungs of BALB/c

mice, indicating metastasis to lungs. However, in mice treated with TVSE, the number of tumor

nodules was reduced in a dose-dependent manner (Fig 2B). The potential for primary tumor cells

becoming macrometastases at secondary sites is a very inefficient process (0.01%) [39]. Long ago,

it was suggested that cancer metastasis follows a pattern of organ-specific metastasis rather than

randomness, which is influenced by the microenvironment of secondary organs [40]. This is sup-

ported by the creation of tissue media in areas where breast cancer metastasizes well in general

(lymph node, lung, liver, bone, brain), showing that breast cancer cells exhibit organ-specific

responses in proliferation and migration [41]. Breast cancer spreads particularly well to bones,

lungs, liver and brain. In breast cancer patients with metastases; 30–60% occurs in bones, 4–10%

in brains, 15–32% in livers, and 21–32% metastases have been reported in the lungs [9], which is

explained by the fact that certain organs not only provide the physical environment in which

breast cancer metastasis occurs, but also produce soluble components that facilitate growth.

The lungs are the major capillary bed where breast cancer cells meet for the first time after

they exit the bloodstream. The capillaries of the lungs are 1/5 the size of the tumor cells, so

breast cancer cells in the capillaries are more likely to arrest. In addition, successful metastasis

followed by the occurrence of transendothelial migration and extravasation is regulated by the

expression of cell surface markers specific to the lung microenvironment [42, 43], various

tumor secretion factors, exosomes, and substrate components [10]. Lung metastasis tends to

occur, especially within five years after initial breast cancer diagnosis, and has a significant

impact on morbidity and mortality in patients. The average time of survival after breast cancer

metastasis to the lung is only 22 months [44]. It is estimated that 60 to 70% of patients who die

from breast cancer have lung metastases [45]. Therefore, in breast cancer patients, inhibiting

metastasis to the lung is expected to have a significant effect on the survival rate. In the current

study, tumor nodules were found only in lung, but not in liver. Nonetheless, it is extremely

meaningful that metastasis to the lung can be significantly reduced by TVSE administration.

To begin to define the mechanism by which TVSE suppresses lung metastasis in breast can-

cer, we identified the expression of genes associated with metastasis: MMP-2, MMP-9, TIMP-

1, TIMP-2, uPA, PAI-1, ICAM-1, and VCAM-1. RVSE administration decreased MMP-2,

uPA, ICAM-1, and VCAM-1, but increased PAI-1. The gene expression of TIMP-1 and

TIMP-2 showed differences in response to administration of TVSE. While TIMP-2 was not

significantly different between control and TVSE administration groups, TIMP-1 tended to

decrease with increasing TVSE administration. Unlike MMP-2, MMP-9 was not affected by

TVSE administration (Fig 5).

MMP family proteins are involved in breaking down the ECM during normal physiological

processes such as embryonic development, reproduction, and tissue regeneration as well as
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during disease processes such as arthritis and cancer. In cancer progression, MMPs break

down the ECM allowing cancer cells to migrate out of the primary tumor and metastasize.

MMP-2, along with MMP-9, degrades type IV collagen, the most abundant component of the

basement membrane. Since the basement membrane plays important roles in the maintenance

of tissue composition, in providing structural support, and in maintaining cellular signaling

and polarity, its breakdown is an essential step in the metastatic progression of most cancers

[46]. MMP-2 and MMP-9 also play important roles in the angiogenesis and lymphangiogen-

esis required for metastasis [47]. In particular, MMP-2 may affect tumor growth, invasion and

metastasis by regulating lymphatic vessel formation as well as angiogenesis [48]. In this study,

TVSE reduced MMP-2 gene expression, but did not affect MMP-9. The mechanism behind

this differential responsiveness requires further study.

TIMP-1 and TIMP-2 are natural inhibitors of MMPs. We anticipated that the expression of

TIMP-1 and TIMP-2 would be elevated by TVSE supplementation, but TIMP-1 tended to

decrease dose-dependently in RVSE, and there was no change in TIMP-2. TVSE therefore

seems to have relatively little effect on these genes of proteins that act as metalloproteinase sup-

pressors. On the other hand, it has been reported that the incidence of cancer is increased

when the actions of TIMP-1 and TIMP-2 are abnormal, and increased expression of TIMP-1

has been suggested to be a useful basis for diagnosing of malignant tumors [49, 50]. In this

respect, the reduction of TIMP-1 gene expression by TVSE may be considered a positive influ-

encer of cancer growth and metastasis. However, as with MMP-2 and MMP-9, the different

results between TIMP-1 and TIMP-2, suggest further study is needed.

uPA is a serine protease involved in degradation of the extracellular matrix and possibly

tumor cell migration and proliferation. ICAM-1 is a type of epithelial and leukocyte-associated

transmembrane protein that promotes leukocyte endothelial transmigration [51]. When

ICAM-1 is expressed in vascular endothelial cells, it binds to the integrin LFA-1, a receptor

found on leukocytes. And activated leukocytes bind to endothelial cells via ICAM-1/LFA-1

and then transmigrate into tissue [52]. VCAM-1 mediates the attachment of lymphocytes,

monocytes, eosinophils, and basophils to vascular epithelial cells [53]. PAI-1 is the most

important inhibitor of uPA, and irreversibly inhibits its proteolytic activity [54]. PAI-1 inhibits

uPA through active site binding and inhibits fibrin degradation, a physiological process that

prevents the formation of plasmin and lowers blood clots. PAI-1 also inhibits the activity of

MMPs, which play a critical role in the invasion of malignant cells through the basal layer.

Increases in PAI-1 have been found in several forms of cancer, and also in obesity and meta-

bolic syndrome which are associated with increased thrombosis [55]. In this study, the T400

group showed significantly lower gene expression of uPA, ICAM-1, and VCAM-1, and PAI-1

was significantly higher than in other experimental groups. These indicate that TVSE reduces

gene transcription related to angiogenesis and lymphangiogenesis, processes related to promo-

tion of metastasis and simultaneously increases gene expression associated with inhibition of

metastasis.

Solid tumors cannot grow without a proper blood supply. This implies that angiogenesis

must accompany the early stages of metastasis. We examined the effect of TVSE on angiogene-

sis by analyzing expression of PECAM-1 and VEGF in tumor tissues. PECAM-1 is found on

Fig 5. Oral administration of TVSE alters the mRNA expression of metastasis-related genes in 4T1 tumors in BALB/c

mice. Mice were injected with 4T1 cells and administered with TVSE as described. The total RNA in tumors was extracted,

reverse transcribed, and real-time PCR was conducted. The amount of each mRNA was normalized to the amount of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and the control levels were set at 100. Each bar represents the

mean ± SEM (n = 10). Means without a common letter differ significantly, P< 0.05. CON, 0 mg of TVSE/kg body weight

(BW)/day; T50, 50 mg of TVSE/ kg BW/day; T100, 100 mg of TVSE/ kg BW/day; T200, 200 mg of TVSE/ kg BW/day; T400,

400 mg of TVSE/ kg BW/day.

https://doi.org/10.1371/journal.pone.0241805.g005
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the surface of platelets, monocytes, neutrophils, and T-cells and is present in a substantial por-

tion of endothelial cell intercellular junctions. It is involved in leukocyte migration, angiogene-

sis and integrin activation. The expression of PECAM-1 in tissues can be applied to assess the

extent of tumor angiogenesis [56]. VEGF, originally known as vascular permeability factor, is a

signaling protein produced by cells that stimulates the formation of blood vessels [57]. VEGF

is responsible for fetal development and creation of new blood vessels after wounding or to

bypass blocked vessels. However, when VEGF is overexpressed, it can contribute to disease.

Cancer cells can facilitate growth and metastasis by expressing VGEF. Numerous studies have

shown reduced overall and disease-free survival in tumors that overexpress VEGF [57]. In par-

ticular, VEGF is associated with a poor prognosis in breast cancer. Overexpression of VEGF

corresponds to an angiogenic switch. Increased blood VEGF levels have been reported in

angiosarcoma patients [58]. Once released, VEGF induces several responses, including cell

survival, migration, and further differentiation. Therefore, the use of VEGF as a target in can-

cer treatment was explored and in 2004, the first anti-VEGF drug, bevacizumab, was approved.

In the current study, oral administration of TVSE between 50 and 400 mg/kg BW/day resulted

in dose-dependent decreases in PECAM-1 and VEGF (Fig 4A and 4B). Serum VEGF levels

were significantly decreased by TVSE administration, but the same results were observed at all

concentrations (Fig 4C). These results show that even low levels of TVSE administration can

effectively prevent angiogenesis. TVS has been reported to increase the survival rate and slow

the progression of cancer by applying it to patients with metastasized end-stage colon or pan-

creatic cancer and non-small cell lung cancer [59–62]. These results show that TVSE is likely

to be used as a substitute for overcoming the side effects of chemotherapeutic agents in drug-

resistant cancer including breast cancer. Perhaps the combination of chemotherapeutic drugs

and TVSE can create a more synergistic effect. Further research on this is needed in the future.

In Korea, TVS extract or powder has long been traditionally used for food or medicinal

purposes. In recent years, TVSE powder with no urushiol detected and fustin (an indicator)

content of 57 mg/kg has been certified as a health functional food material (which may help

men’s health in menopause) [63]. This is because toxicity, side effects, and adverse reactions

have not been confirmed, and its function as well as safety have been confirmed in human

application tests conducted with the same raw materials. Its daily intake was 1 g/day. The

TVSE concentration of 50–400 mg/kg which was used on experimental animals in this study is

converted in terms of the human body to a high concentration of 0.25–2.0 g. Although human

studies have reported that TVSE 120 mg/kg body weight was safe [64], further studies are

needed to determine whether it is safe at higher doses as well.

Conclusion

This study was performed to investigate the effects of TVSE produced by a new extraction

method, on the growth and lung metastasis of breast cancer in vivo. TVSE dose-dependently

decreased breast tumor volume and weight and the number of lung tumor nodules. Expression

of Ki67 was reduced and the number of apoptotic cells increased by TVSE administration.

PECAM-1 and VEGF levels in breast tumor cells were reduced by TVSE administration.

TVSE decreased gene expression of MMP-2, TIMP-1, uPA, ICAM-1, and VCAM-1 and

increased that of PAI-1. Collectively, these results indicate that TVSE inhibits both metastasis

to the lung as well as growth of solid tumors in the breast. Mechanistically, TVSE affects the

transcriptional regulation of several genes involved in metastasis and the data suggests that

TVSE could be used as an effective alternative or supplement for breast cancer treatment and

metastatic inhibition. Further research is needed to investigate the effects of TVSE on different

types of breast cancer, and to determine whether TVSE is effective in inhibiting metastasis in
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other organs that are specific for breast cancer metastasis. Detailed mechanisms involved in

inhibiting metastasis also require further study.
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