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ARTICLE INFO ABSTRACT
Keywords: Houttuynia cordata Thunb. (HCT) is a perennial plant used in traditional Thai medicine for many
Anticancer centuries. This study aimed to investigate the antiproliferative effect of the hexane fraction,
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which has not been explored before. HCT ethanol extract (crude extract) was sequentially frac-
tionated to obtain a hexane (H) fraction. GC-MS was used to determine the phytochemicals. The H
fraction consisted of lipids, mainly a-linolenic acid and some terpenoids. MTT assay was used to
determine the cytotoxic effects of H fraction in MCF-7, MDA-MB-231, NIH3T3 and PBMCs. The
mode of cell death and cell cycle analysis were determined by flow cytometry. The mechanisms of
cell death were defined by mitochondrial transmembrane potential (MTP) reduction and acti-
vation of caspase-3, -8 and -9. The expression levels of the Bcl-2 family, cell cycle-related,
endoplasmic reticulum (ER) stress-associated proteins; and Akt/ERK signaling molecules were
investigated by immunoblotting. The H fraction was toxic to MDA-MB-231 more than MCF-7 cells
but not to NIH3T3 and PBMCs. The growth of MDA-MB-231 cells was inhibited through
apoptosis. MTP was disrupted whereas caspase-3, -8 and -9 were activated. The expression of pro-
apoptotic Bax and Bak was upregulated, while Bid and anti-apoptotic Bcl-xL proteins were
downregulated. Cyclin D1 and CDK4 levels were downregulated. The cell cycle was arrested at
G1. Moreover, GRP78 and CHOP elevation indicated ER stress-mediated pathway. The expression
ratio of pAkt/Akt and pERK/ERK were reduced. Taken together, the molecular mechanisms of
MDA-MB-231 cell apoptosis were via intrinsic/extrinsic pathways, cell cycle arrest, ER stress and
abrogation of Akt/ERK survival pathways. According to the most current research, the H fraction
may be used as an adjuvant in the BC treatment; however, before the anticancer strategy can be
applied to patients, it is important to determine each active compound’s effects in cell lines and in
vivo when compared with a combined mixture.

1. Introduction

Data from GLOBOCAN 2020 revealed that breast cancer (BC) is the most common cancer occurring in females [1]. Moreover, BC
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also occurs in men and transgender [2,3]. The heterogeneity of BC is explained by many parameters, such as tumor size, lymph node
involvement, histopathology, grading or severity and age of cancer onset in BC patients. The biomarkers like estrogen receptor (ER),
progesterone receptor (PR) and epidermal growth factor receptor 2 (HER2) are routinely used for diagnosis and implied for prognosis
in BC patients [4]. BC can be grouped into estrogen receptor positive (ER+), e.g., MCF-7 and T47D and ER-negative, e.g., SKBR3,
MDA-MB-231, MDA-MB-468 and MDA-MB-453. However, different molecular subtypes can be used to categorize BC, such as luminal
A (ER + PR + HER2-), luminal B (ER + PR + HER2+), and basal-like HER2-positive ones [5,6]. The human MDA-MB-231 cell line is
TNBC derived from the metastatic sites [7].

Plants contain phytochemicals that have been investigated in in vitro and in vivo models of efficiency for BC prevention [8].
Moreover, phytochemicals have played a significant role in BC treatment by increasing antioxidant enzyme expression, regulating cell
signaling pathways and mediating apoptosis by causing cell cycle arrest, altering pro- and anti-apoptotic proteins expression and
activating cell cycle arrest and caspases’ activities [8]. Thai traditional medicine (TTM) has been widely used for centuries in Thailand,
and it is essential to gain evidence-based research in cancer management to support the TTM practitioners’ practice [9]. Thai patients
frequently use TTM, which is popular for self-medication and as prescribed by TTM practitioners. However, their beneficial usage from
such therapies is rarely monitored. The uncontrolled use of TTMs, many of which are uncharacterized, raised concerns; therefore,
scientific research and validation of holistic medical regimes are urgently needed [10]. Houttuynia cordata Thunb. (HCT) is a member
of Saururaceae, commonly distributed in Eastern and Southeast Asia [11]. It has been used as an edible vegetable and in traditional
medicine including, TTM [9,10]. HCT has been consumed as food and either aqueous or ethanolic extracts or fermented ethanolic
products that are produced as food supplements [12,13]. The latest study proved that HCT, whether taken as an extract or as a whole
plant, has considerable medical advantages. HCT has been shown to have anti-leukemic, anti-cancer, anti-oxidative, anti-viral,
anti-allergic, and anti-SAR activities in recent investigations on its pharmacological effects [14].

Our previous study reported that in human leukemia, the ethanolic extract of fermented HCT is cytotoxic to HL-60 >Molt- 4 >
PBMCs, to a greater extent than the non-fermented preparation. The HCT ethanolic fermented extract can induce HL-60 and Molt-4 cell
apoptosis via oxidative stress and the mitochondrial pathway [15]. HCT ethanolic extract shows antiproliferative effects on various
cancer cell lines, including HeLa, HT29, HCT116, MCF-7and Jurkat; and induces cell cycle arrest [16,17]. We also have demonstrated
that the certain fraction 4 from thin layer chromatography of HCT ethanolic extract reduces Bcl-xL and increases Smac/Diablo, Bax and
GRP78 protein expression levels in Molt-4 cells, resulting in ER stress-mediated apoptosis [18]. Moreover, our groups also demon-
strated that HCT ethanolic extract inhibits breast cancer MCF-7 and MDA-MB-231 cell growth, migration and invasion via G1 arrest,
abolishes matrix metalloproteinases (MMPs) secretion and induces apoptosis via pro-apoptotic protein upregulation and caspase
activation [19]. Apart from other fractions of HCT, the ethyl acetate (EA) fraction of HCT also suppresses the activation of MAPKs (p38
and JNK) signaling pathway [20]. However, the study of the H fraction of HCT remains poorly illustrated for its cytotoxicity on human
BC cells. Hence, the current study aimed to investigate and compare the antiproliferative effects of HCT extract and various fractions
towards human BC cells, determine the mode(s) of cell death, and the relevant molecular mechanisms in HCT H-treated cells. The
MDA-MB-231 cell line possesses a highly invasive and poorly differentiated phenotype [7] that was used in this study. GC-MS was also
utilized to determine the active components in the H fraction.

2. Materials and methods
2.1. Reagents and antibodies

The organic solvents (hexane, chloroform, ethyl acetate, methanol and acetic acid) were analytical grade and purchased from RCI
Labscan Limited, Bangkok, Thailand. Dulbecco’s Modified Eagle’s Medium (DMEM)), fetal bovine serum, streptomycin and penicillin G
sodium were obtained from Gibco BRL (Thermo Fisher Scientific Inc., Waltham, MA, USA). Dimethyl sulfoxide (DMSO), 3-(4,5-
dimethyl)-2,5-diphenyl tetrazolium bromide (MTT), propidium iodide (PI), Ficoll-Hypaque reagent (HISTOPAQUE®-1077) and 3,3
dihexyloxacarbocyanine iodide (DiOCg) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC FLUOS kit (Cat No.
11858777 001) and protease inhibitor cocktail tablets (Cat No. 11697498001) were obtained from Roche Diagnostics, Mannheim,
Germany. The substrates of caspase-9, LEHD-para-nitroaniline (LEHD-p-NA), caspase-8, (IETD-p-NA), caspase-3, (DEVD-p-NA) and
RPMI-1640 medium were obtained from Invitrogen (Thermo Fisher Scientific Inc., Waltham, MA, USA). Primary antibodies against
Bax (ab32503), Bak (ab69404), Bcl-xL (ab32370), Bid (ab2388), cyclin D1 (ab226977), CDK4 (ab137675), p21 (ab227443), Akt
(ab32505), pAkt (Ser473) (ab81283), ERK (ab196883), pERK (ab76299), GRP78 (ab21685), DDIT3 (ab11419), p-actin (ab8227) and
peroxidase-labeled secondary antibodies: goat anti-rabbit IgG (ab97051) and goat anti-mouse IgG linked to horseradish peroxidase
(ab97023), were purchased from Abcam (Cambridge, UK).

2.2. Plant materials and extraction

Dried powder of H. cordata (Lot 05/2018) was obtained from the plant’s aerial parts, which were generously provided by Prolac
(Thailand) Co., Ltd., Lamphun Province, Thailand. For the taxonomic authentication, the whole plant of H. cordata, including roots,
stems and leaves, was collected from the plantation bed of Prolac (Thailand) Co., Ltd., Lopburi Province, Thailand, in May 2018. Plant
species were identified and authenticated by Dr. Narin Printarakul, a lecturer and senior plant taxonomist at the Department of
Biology, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand. The voucher specimen number is CMUB003997001,
deposited in CMU Herbarium, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand.

Sixty grams of powder were macerated in 1 L of 80% ethanol and refluxed at 70 °C overnight three times. The solution was filtered
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through Whatman® filter paper No.1. The solvent was removed under vacuum by rotary evaporator, followed by evaporation at 95 °C
to yield crude extract. The crude extract was re-dissolved in 3:7 of methanol-water and partitioned with various solvents in a ratio of
1:1 three times including, hexane (H), dichloromethane (DCM) and ethyl acetate (EA), respectively. For each fraction, the solvent was
removed by a rotary evaporator. To avoid the cytotoxicity of hexane and other solvents, we completely removed all solvents by
evaporation under a fume hood until the weight of extracts was constant. All fractions were kept at 4 °C until used.

2.3. Determination of total phenolic content

The total phenolic content was determined by a modified Folin-Ciocalteu colorimetric method [21]. Briefly, in a 96-well plate, five
L of each extract or fraction was mixed with 75 L of deionized water, 20 uL of Folin-Ciocalteu reagent and neutralized with 100 pL of
7.5% NapCOs solution. After 30 min of incubation in the dark at room temperature, the plate was measured at 765 nm against blank
using a microplate reader (BioTek, Winooski, Vermont, USA). The total phenolic content was calculated using an equation of a
standard linear curve, with data expressed as mg of gallic acid equivalent (mg GAE) per gram of extract.

2.4. Screening of chemical components using gas chromatography-mass spectrometry (GC-MS)

GC-MS was used to analyze the H fraction at the Science and Technology Service Center (STSC-CMU), Faculty of Science, Chiang
Mai University. The analysis was performed using GC 7890 Agilent Technology equipped with 5975C (EI) Agilent Technology (Santa
Clara, CA, USA). The sample was separated on a DB5-MS column (30 m x 0.25 mm ID x 0.25 pm, Agilent). The following oven
temperature program was used: an initial temperature of 50 °C, 3 min, a final temperature was 250 °C with 5 °C accelerating/min, with
43 min total run time. The injection was performed by a split mode with a split ratio of 1:1. Solvent delay time was 4 min. The mass
scanning range was from 50 to 550 amu. The temperature was 150 °C for the MS quadrupole and 23 °C for the MS source.

2.5. Cell culture

The human breast cancer MDA-MB-231, MCF-7 and NIH3T3 murine embryonic fibroblast cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 25
mM NaHCOj3, 100 units/mL penicillin, 100 pg/mL streptomycin and supplemented with 10% inactivated fetal bovine serum. The cells
were incubated at 37 °C under 5% CO» atmosphere. The cells were passaged not more than 5-6 passages and cultured until 80-90%
confluency before treatment.

Peripheral blood mononuclear cells (PBMCs) were obtained from the Blood Bank Unit of Maharaj Nakorn Chiang Mai Hospital,
Faculty of Medicine, Chiang Mai University, Thailand. It was initially provided as packed red cells from the donated blood from the
Blood Bank Unit of Maharaj Nakorn Chiang Mai Hospital, affiliated to the Faculty of Medicine, Chiang Mai University, Chiang Mai,
Thailand. Human PBMCs’ experiments were approved by the Institutional Review Board and the Research Ethical Committee at the
Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand (No. EXEMPTION: REC-25610515-13791, approved on June 5,
2018).

The healthy donors of the PBMCs used in this study were based on the criteria of the Blood Bank Unit at Maharaj Nakorn Chiang Mai
Hospital, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand. The characteristics of the donors include general healthy,
without risks of sexual behaviors to exclude HIV infection or sexually transmitted diseases and conditions that might increase infection
risks, such as Hepatitis B, and C virus infection; and a history of drug intake. The age range of donors is between 18 and 60 years old for
both genders. The volunteer must not have a history of chronic diseases, for example, diabetes, cancer, hematological disorders,
hypertension, renal and liver diseases. The hemoglobin range in males’ is between 13.0 and 18.5 g/dL, for females’, is 12.5-16.5 g/dL.
Systolic blood pressure must not be more than 160 mmHg, whereas diastolic blood pressure must not be more than 100 mmHg. The
pulse rate range must be between 50 and 100 per minute. The volunteers” weight must be over 50 kg. All volunteers’ information was
confidential. The consent form must be agreed upon and signed by every volunteer.

2.6. Cytotoxicity assay by MTT

MCF-7, MDA-MB-231, NIH3T3 and PBMCs were treated with crude extract, methanol fraction, ethyl acetate (EA) fraction,
dichloromethane (DCM) fraction and hexane (H) fraction at various concentrations in serial dilution, such as 50, 100, 150, 200, 300,
400 pg/mL. After 24 h of incubation with each extract and fractions, the cells were added with MTT dye and incubated at 37 °C for 4 h.
The formazan crystal was dissolved in DMSO, and the absorbance was measured at 540 nm and a reference wavelength at 630 nm
using a microplate reader (BioTek, Winooski, VT, USA). The following formula was used to calculate the percentage of cell viability
[22]. The inhibitory concentrations at 20% (ICg) and 50% (ICsg) were calculated and employed for further experiments to examine
the dose-response manner.

Percentage of cell viability = [Mean absorbance in treated wells/Mean absorbance in control wells] x 100
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2.7. Mode of cell death determination by flow cytometry

Cancer cells (5 x 10° cells/well in a 24-well culture plate) were treated at ICy, ICo and ICsg concentrations. After incubation at
37 °C under a 5% CO» atmosphere for 24 h, the cells were washed twice with phosphate-buffered saline (PBS) and centrifuged. Next,
the cells were resuspended and stained with 100 pL of binding buffer containing five pL of annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (PI) (Roche Diagnostics, Mannheim, Germany) for 15 min in the dark. The fluorescence intensity of the cells was
measured. The dot plot character of the cells was processed using a flow cytometer (Beckman Coulter, IN, USA). The percentage of
viable and apoptotic cells was calculated [23].

2.8. Measurement of caspase-3, -8 and -9 activities

Cancer cells (1.5 x 10° cells/well in a 6-well culture plate) were incubated with ICy, ICy and ICsg concentrations for 24 h. The cells
were collected and lysed in a lysis buffer for 15 min on ice. The colorimetric protease assay kit (Invitrogen, Thermo Fisher Scientific
Inc., MA, USA) was used to determine the caspase activities: caspase-3 substrate, DEVD- p-NA; caspase-8 substrate, IETD- p-NA; and
caspase-9 substrate, LEHD- p-NA, as described in a previous study. the optical density at 405 nm was measured by a spectrophoto-
metric microplate reader (BioTek, Winooski, VT, USA) [24].

2.9. Determination of mitochondrial transmembrane potential (MTP, Aym)

Cancer cells (5 x 10° cells/well in a 24-well culture plate) were treated with ICy, ICy and ICso concentrations for indicated times
(12 and 24 h). After incubation, cells were harvested and re-suspended in PBS. Then DiOCg (Sigma-Aldrich, St. Louis, MO, USA) was
added to the final concentration at 40 nM, and the cells were further incubated for 15 min at 37 °C. The reduction of mitochondrial
transmembrane potential was determined by a flow cytometer (Beckman Coulter, IN, USA) [18].

2.10. Cell cycle analysis

Briefly, cancer cells (1.5 x 10° cells/well in a 6-well culture plate) were incubated at ICy, ICy and ICso concentrations for 24 h. Cells
were stained with PI, cell cycle distribution as histograms and the percentages of cells in GO/G1, S and G2/M phases were analyzed by a
flow cytometer (Beckman Coulter, IN, USA) [17].

2.11. Determination of apoptosis-related/cell cycle regulating and survival pathway-associated protein expression by Western blotting

After cancer cell treatment at ICy, ICo0 and ICsg concentrations, the collected cells were lysed with a RIPA buffer containing protease
inhibitor (Roche, Mannheim, Germany). The protein concentration of each sample was measured by Bradford assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). As in the previous system, Western blot analysis was used to determine protein expression levels [19].
The membrane was then incubated with primary antibodies against individual protein such as apoptotic Bcl-2 related proteins (Bax,
Bak, Bcl-xL and Bid); cell cycle regulating proteins (cyclin D1, CDK4 and p21); survival signaling molecules (Akt, pAkt, ERK and pERK);
ER stress proteins (GRP78 and DDIT3) and f-actin at 4 °C overnight. Then the membrane was washed in appropriate conditions to
remove excess and non-specific binding antibodies. Afterward, it was incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies at room temperature. Finally, the protein-antibody complex was detected using enhanced chemiluminescence (ECL)
SuperSignal® protein detection kit (Thermo Fisher Scientific, Waltham, MA, USA). The band densities were measured by ImageJ
(National Institute of Health, Bethesda, MD, USA).

2.12. Statistical analysis

Data were presented as mean =+ standard deviation (S.D.) from triplicates of three independent experiments. All tests were
administered using commercially available software, namely, GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA,
USA). The data were assessed with one-way analysis of variance (ANOVA) using post hoc Tukey’s test. Comparisons between the two
unpaired groups were evaluated using unpaired or independent Student’s t-test. The standard linear graph of Fig. S1 was analyzed by
multiple linear regression. Data were considered significant when p value < 0.05.

3. Results
3.1. Alpha-linolenic acid as the main components in hexane fraction of H. cordata

The weight and percentage yield of each fraction from 60 g of H. cordata dried powder was as follows: crude extract (11.2 g,
18.67%), hexane (0.8 g, 1.33%), ethyl acetate (3.4 g, 5.67%) and dichloromethane (1.8 g, 3.0%) fractions (Table S1). The total
phenolic content in each fraction was determined and shown as gallic acid equivalence (GAE) (Table S2). The gallic acid in various
concentrations was used as standard in 80% MeOH, and its linear regression equation was shown in Fig. S1. The result of the GC-MS
chromatogram of the H fraction is shown in Fig. 1 and Table 1. The major components found in HCT H fraction were lipids (a-linolenic
acid (ALA) 42.76%, palmitic acid 15.49% and 9,12,15-octadecatrienoic acid ethyl ester 9.38%). Almost all the minor compounds were
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in the group of terpenoids such as phytol (5.76%), dodecanoic acid (2.22%), neophytadiene (0.64%), isophytol (0.56%), cyclopentanol
(0.39%) and eicosane (0.13%). In our study, we also found various phenolic acids and a few flavonoids in the ethanolic extract and
each fraction using the HPLC technique.

3.2. H. cordata H fraction-induced breast cancer cytotoxicity

Based on the mitochondrial enzyme NAD(P)H-dependent oxidoreductase, which converts MTT to insoluble purple formazan
crystal, metabolic activity indicates cell viability [25]. MTT assay was used to confirm the effect of crude extract and three fractions of
HCT (hexane, ethyl acetate and dichloromethane fractions) on human BC cell lines (MCF-7 and MDA-MB-231) compared with normal
murine fibroblast NIH3T3 cells and PBMCs.

After incubation for 24 h, the percentages of cell viability and the 50% inhibitory concentrations (ICso value) on MDA-MB-231 and
MCF-7 together with normal NIH3T3 and PBMC cells are shown in Fig. 2 and Table 2, respectively. The crude extract at 24 h
demonstrated inhibitory concentrations on MDA-MB-231 (IC5¢ = 156.90 + 8.58 pg/mL) and MCF-7 cells (IC59p = 174.03 + 1.88 pg/
mL). The selectivity index (SI), the ratio between ICs of individual normal PBMCs or NIH3T3 cells and ICs( of each cancer cell type at
24 h of treatment, are shown in Table 3. The percentages of cell viability and ICso of MDA-MB-231 and MCF-7 treated by H fraction
accounted for 289.53 pg/mL and 337.73 pg/mL, respectively (Fig. 2B and Table 2). H fraction significantly decreased the cell viability
in a concentration-dependent manner (Fig. 2B). The ICs¢ value indicated that MDA-MB-231 cells were more sensitive to crude extract
and H fraction than MCF-7 cells. Therefore, we selected the most sensitive breast cancer cell line when compared to the other BC cell as
same as in our previous studies presenting the cholangiocarcinoma cancer cells’ model [26] and the MDA-MB-231 when compared to
less sensitive cells or normal epithelial mammary MCF10A cells [27]. MDA-MB-231 cells were then chosen for further investigating the
mode and mechanisms of cell death induced by HCT H fraction.

Cancer and normal cells: NIH3T3 (an adherent cell) and PBMC (a suspending cell); were used to compare the sensitivity of HCT
crude extract and fractions. The crude extract, hexane and ethyl acetate fractions were nontoxic to NIH3T3 cells at a concentration of
400 pg/mL. However, the dichloromethane fraction was found to be harmful against NIH3T3 cells at concentrations greater than 100
pg/mL (ICsp = 176.07 £+ 9.94 pg/mL) when cultured for 24 h. It was demonstrated that neither crude extract nor H fraction was
harmful to PBMCs at a maximum concentration of 400 pg/mL for 24 h of incubation. In Fig. 2A and B, they showed the dose-response
manner of human BC MCF-7 and MDA-MB-231 cytotoxicity when the cells were treated with crude extract and H fraction.
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Fig. 1. The GC-MS chromatogram of bioactive compounds in the H fraction of H. cordata. The HCT H fraction was analyzed using GC-MS instrument
GC 7890 Agilent Technology equipped with 5975C (EI) Agilent Technology. The sample was separated on a DB5-MS column (30 m x 0.25 mm ID x
0.25 pm, Agilent). The chemical structures of three major compounds are presented.
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Table 1
The GC-MS profile of HCT-H fraction.
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Peak number Retention time

Peak area (%)

Name of the compound

1 4.213

2 7.131

3 7.663

4 8.275

5 8.573

6 8.979

7 20.818
8 25.653
9 31.690
10 32.193
11 32.565
12 33.486
13 33.893
14 34.287
15 34.671
16 34.820
17 34.957
18 36.525
19 36.662
20 36.765
21 36.960
22 37.629
23 37.887
24 37.995
25 38.115
26 38.493
27 38.825
28 41.274
29 41.869

0.45
0.84
2.03
0.56
0.41
4.69
1.90
0.28
0.67
0.17
0.27
0.19
0.48
15.49
0.78
3.56
0.19
0.54
0.31
0.67
5.27
42.76
4.06
9.38
1.47
1.37
0.69
0.24
0.29

Cyclopentanol

Unknown

Unknown

Unknown

Unknown

Unknown

Capric acid

Dodecanoic acid
Neophytadiene

Unknown

Neophytadiene

Palmitic acid

Isophytol

Palmitic acid

Vaccenic acid

Palmitic acid ethyl ester
Eicosane

Cyclohexadecane
9,12-Octadecadienic acid
9,12,15-Octadecatrienoic acid
Phytol isomer

a-Linolenic acid

Linoleic acid ethyl ester
9,12,15-Octadecatrienoic acid ethyl ester
Stearic acid

Stearic acid ethyl ester
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Ethyl icosanoate (Eicosanoic acid ethyl ester)
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N
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Fig. 2. Cytotoxicity of H. cordata crude extract and H fraction against human breast cancer MDA-MB-231 and MCF-7 cell lines, normal murine
embryonic fibroblast NIH3T3 cell line, and human peripheral blood mononuclear cells (PBMCs). The percentage cell viability of these cells is shown
on the Y-axis. The percentage of cell viability was determined after treatment with crude extract (A), and hexane fraction (B) for 24 h at various
concentrations as shown on the X-axis. The data are reported as mean =+ S.D. of triplicate from three independent experiments. The significance of

statistical values is marked with *p < 0.05, **p < 0.01,

Table 2

“*p < 0.001 vs control.

Summary of the 50% inhibitory concentration (ICs() of crude extract and each fraction on MDA-MB-231, MCF-7, NIH3T3 cells, and PBMCs.

Extract/fractions ICso (pg/mL) at 24 h

MDA-MB-231 MCEF-7 NIH3T3 PBMC
Crude 156.90 + 8.58 174.03 + 1.88 >400 >400
Hexane 289.53 +9.03 337.73 + 2.40 >400 >400
Ethyl acetate 297.67 + 18.22 80.63 + 3.21 >400 >400
Dichloromethane 155.80 + 8.41 126.50 + 19.08 176.07 + 9.94 >400
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Table 3

Selectivity index (SI) of HCT H fraction in BC cells compared to normal cells.
Cell lines SI (compared to NIH3T3) SI (compared to PBMCs)
MDA-MB-231 >2.25 >1.43
MCF-7 >1.93 >1.23

Note: Selectivity index (SI) is the ratio between ICs values of normal NIH3T3 cells or PBMCs and the ICs, value of
each BC cell.

3.3. Apoptosis induction in HCT H fraction-treated-MDA-MB-231 cells

Induction of cancer cell apoptosis is a potential mechanism to reduce cancer cell growth [28]. Phosphatidylserine externalization is
a characteristic of apoptotic cells [29,30]. Dot plot analyses showed the increased percentage of early apoptosis (lower right quadrant)
and late apoptosis cells (upper right quadrant) at ICyg, ICso (189.7 and 289.5 pug/mL) using positive control of 5 pM navelbine (a

conventional chemotherapeutic drug) (Fig. 3A). The percentage of early apoptotic cells at ICyy and ICsg significantly increased
dose-dependently (Fig. 3B).

3.4. Reduction of mitochondrial transmembrane potential (MTP) in H fraction-treated MDA-MB-231 cells

MTP is crucial for maintaining the function of the respiratory chain and ATP generation. When the electrochemical gradient across
the mitochondrial membrane collapses, the alteration in mitochondrial permeability is an important phenomenon that leads to
apoptosis induction [31]. The histograms of MDA-MB-231 cells treated with H fraction at ICy0, and ICso (189.7 and 289.5 pg/mL) for
12h (Fig. 4A) and 24 h (Fig. 4B) demonstrated that the fluorescence signal of DiOCg fluorochrome was reduced due to the disruption of
MTP. The percentage of cells with the loss of MTP increased in a dose-response manner. Bar graphs exhibited the increased percentage
of cells with MTP loss at 12, and 24 h of H fraction exposure significantly at both concentrations. When the two-time durations were
compared, the percentage of cells with MTP loss also enhanced in both dose- and time-dependent manners (Fig. 4C).
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Fig. 3. Apoptosis in MDA-MB-231 cells induced by HCT H fraction. Dot plot analysis of MDA-MB-231 cells treated with different concentrations of
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Fig. 4. Reduction of mitochondrial transmembrane potential (MTP) of HCT H fraction-treated MDA-MB-231 cells. The cells were treated with HCT
H fraction at 0, 189, and 289 pg/mlL, then stained with DiOCg (3,3' dihexyloxacarbocyanine iodide) and the fluorescence was measured by
employing flow cytometry technique. The histograms show the MTP of MDA-MB-231 cells after treatment with fraction at 0, 189, and 289 pg/mL,
for 12 h (A) and 24 h (B). The bar graphs show the percentage of cells with loss of MTP compared between 12 h (black bars) and 24 h (grey bars) (C).
The data are reported as mean =+ S.D. for the three independent experiments. The significance of statistical values is marked with *p < 0.05, **p <
0.01, ***p < 0.001 vs control. The comparison between groups is marked with **#p < 0.001.

3.5. Induction of caspase-3, -8 and -9 activities in H fraction treated-MDA-MB-231 cells
From the previous experiments, MTP disruption is one of the hallmarks of apoptosis [31]. Apoptosis is primarily implemented by a

family of cysteinyl aspartate-specific proteases or caspases [28,32]. The mechanism of apoptosis is mainly controlled by caspases
acting as both initiators and executioners [33]. Caspases’ activities can be applied to indicate the different apoptotic cell death
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Fig. 5. The induction of caspase-3, -8 and -9 activities in MDA-MB-231 cells after treatment with HCT H fraction at 0, 189, and 289 pg/mL, for 24 h
in the status without or with 10 uM z-VAD-fmk (a pan-caspase inhibitor) prior treatment for an hour. The bar graphs show the activity of each
caspase compared to the control in fold(s) of activity. Caspase-3 (A), caspase-8 (B) and caspase-9 (C) activities are exhibited, respectively. The black
bars are caspase activity without z-VAD-fmk, whereas the grey bars are with z-VAD-fmk prior treatment. The data are reported as mean + S.D. of
triplicate from three independent experiments. The significance of statistical values is marked with *p < 0.05, **p < 0.01, ***p < 0.001 vs control.
The comparison between groups is marked with, **p < 0.01, **#p < 0.001.
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pathways, viz., intrinsic, extrinsic and ER stress pathways [34,35]. The activities of caspase-3 (Fig. 5A), —8 (Fig. 5B) and —9 (Fig. 5C)
increased after H fraction treatment for 24 h in a dose dependent manner. Additionally, the induction of caspase-3, -8 and -9 activities
was reduced when MDA-MB-231 cells were pretreated with the pan-caspase inhibitor (z-VAD-fmk) for an hour before HCT H fraction
incubation.

3.6. Cell cycle arrest at G1 and alteration of apoptosis-related/cell cycle regulatory protein levels in H fraction-treated MDA-MB-231 cells

The balance between the pro-apoptotic and anti-apoptotic proteins in the Bcl-2 family is predominant in defining whether a cell
encounters apoptosis [32]. Activation of pro-apoptotic proteins counteracts the anti-apoptotic proteins leading to disruption of
mitochondrial outer membrane permeability (MOMP) and release of various kinds of mitochondrial proteins, such as cytochrome c,
into the cytosol [36]. HCT H fraction-treated MDA-MB-231 cells efficaciously promoted apoptotic cell death, while the expression
levels of Bax and Bak, multi-domain pro-apoptotic proteins, were significantly elevated at ICsg, viz., 289.5 pg/mL (Fig. 6A-C). The
anti-apoptotic protein Bcl-xL was majorly downregulated in a concentration-dependent manner (Fig. 6D). The expression of Bid was
cleaved by active caspase-8 and significantly downregulated at 289.5 pg/mL (Fig. 6E).

The inhibitory effects of HCT H fraction on MDA-MB-231 cell growth and cell cycle progression have not been studied before.
Firstly, the flow cytometric assay of the cell cycle distribution was investigated and exhibited that H fraction at ICsq (289.5 pg/mL)
increased the cell population at the G1 phase, accounting for a mere 2% more than the control (Fig. 7A and B). To confirm that HCT H
fraction induced anti-proliferation through cell cycle arrest, the expression of the G1 transition cell cycle checkpoint-regulated proteins
such as CDK4 and cyclin D1 [37,38] were investigated by immunoblotting. It was demonstrated that the CDK4 and cyclin D1 protein
expression levels were reduced, indicating cell cycle arrest at the G1 phase (Fig. 7C-E).

3.7. HCT H fraction-induced ER stress mediated-apoptosis in MDA-MB-231 cells

One of the unfolded protein response (UPR) downstream effectors, the transcription factor C/EBP homologous protein (CHOP) or
DNA damage-inducible transcript 3 (DDIT3) or Growth arrest and DNA damage gene 153 (Gadd153) inhibits Bcl-2 family proteins and
causes growth arrest and induces DNA damage and therefore promotes apoptosis [39,40]. The present study exhibited that the ER
stress protein bands (Fig. 8A), cytosolic GRP78 expression level was increased (Fig. 8B), along with the raised CHOP expression level
(Fig. 8C), indicating the ER stress pathway associated with HCT H fraction-induced MDA-MB-231 regulated apoptosis.

3.8. Attenuation of Akt and ERK pro-survival signaling pathways in HCT H fraction-treated MDA-MB-231 cells

The hallmarks of cancer include the capability to sustain proliferative signaling and resist cell death [41,42]. The cell pro-survival
signaling proteins such as Akt and ERK and their phosphorylated forms (pAkt and pERK) are also inversely related to apoptotic cell
death, namely in negatively regulated cell death signaling [43-45]. We performed immunoblotting to examine whether the H fraction
repressed a cell survival signaling pathway. Both pAkt/Akt and pERK/ERK protein expression levels were significantly downregulated,
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Fig. 6. The effects of HCT H fraction on the expression of apoptotic-involving proteins. MDA-MB-231 cells were treated with H fraction at 0, 189,
and 289 pg/mL, for 24 h. The whole lysates were prepared and subjected to Western blotting to determine the protein expression levels of Bax, Bak,
Bcl-xL, and Bid (A). The bar graphs represent the mean + S.D. of band density of Bax (B), Bak (C), Bcl-xL (D), and Bid (E) using p-actin as the loading
control. The data are reported from three independent experiments. The significance of statistical values is marked with *p < 0.05, **p < 0.01.
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MB-231 cells were treated with H fraction at 0, 189, and 289 pg/mL, for 24 h. The whole lysates were prepared and subjected to immunoblotting
and the protein bands are demonstrated (A). The bar graphs illustrated the mean + S.D. of the band density of pAkt/Akt (B) and pERK/ERK (C)
using B-actin as the loading control. The data are reported from three independent experiments. The significance of statistical values is marked with
*p < 0.05 vs control.

as shown in Fig. 9A-C.

4. Discussion

The HCT H fraction was evaluated in this study as a novel fraction for prospective BC therapy. It was more cytotoxic to MDA-MB-
231 breast cancer cells than to MCF-7 but not to normal murine fibroblast NTH3T3 cells or human PBMCs. According to our previous
studies, we used NIH3T3 as a control for MDA-MB-231 cells [46]. We also used PBMCs as another type of control for testing the
cytotoxicity of the HCT H fraction to compare with BC cells. Several studies conducted to determine the biological effects of HCT
extract and fractions. Many reports claim that HCT ethanolic extract has anti-BC effects. Houttuyninum, a phytochemical in HCT,
inhibits HER2 phosphorylation in MDA-MB-453 (TNBC) cells dose-dependently by preventing the downstream components ERK1/2
and Akt activation [47]. HCT ethanolic extract also lessens cell migration and invasion in MDA-MB-231 and MCF-7. In addition, BC
cells exposed to high doses of HCT ethanolic extract exhibit the activation of apoptosis. Moreover, HCT ethanolic extract increases
caspase activity and enhances caspase and pro-apoptotic Bcl-2 family protein expression [19]. In the recent date, the topical
administration of ethanol HCT extract model enhances the ratio of CD8+/Treg cells entering tumors and suppresses the growth of
cutaneous squamous cell carcinoma (SCC) [48]. HCT ethyl acetate (EA) fraction induces apoptosis in androgen-sensitive prostate
cancer cells (LNCaP) and castration-resistant prostate cancer (CRPC) (PCail) cells by caspases activation, down-regulation of androgen
receptors, and inactivation of Akt/ERK/MAPK signaling [49]. Another report found that HCT EA enhances HIF-1A-FOX03 and MEF2A
pathways and induces human HepG2 hepatocellular carcinoma cell apoptosis [50]. Besides, HCT EA represses the NF-kB and MAPK
signaling pathways in RAW 264.7 macrophages, which prevents the release of pro-inflammatory mediators [20]. Additionally, HCT
chloroform (CHL) and hexane fraction exhibit anti-oxidant effects as weak radical scavengers in ABTS and DPPH models [14].
Additionally, HCT butanol fraction increases the mRNA expression of apoptosis-mediated signaling molecules and reduces the pro-
liferation of the BGC-823 gastric cancer cell [51]. Recently, molecular docking techniques were used to validate the active HCT
components and they demonstrated a high affinity for binding to core targets. Through the TNF and PI3K/Akt signaling pathways,
these findings suggested a potential pharmacological effect on radiation-induced lung injury (RILI), the most prevalent and serious side
effect of radiation therapy for lung cancer and breast cancers [52]. Besides, using an in-silico docking technique, the top-hit phyto-
chemicals from HCT were discovered to be potential inhibitors for the overexpressed cancer genes HER2 (breast) and VEGFR2
(stomach). The highest binding affinities to the HER2 and VEGFR2 receptors are exhibited by f-sitosterol and quercetin, which do so
through both hydrogen and hydrophobic contacts [53]. In vitro studies have shown that sodium new houttuyfonate (SNH), a derivative
of an HCT component, significantly reduces the proliferation, migration, and invasiveness of human MCF-7 and canine CMT-1211
breast cancer cells and promotes apoptosis. SNH increases the production of unchecked ROS, which leads to mitochondrial
dysfunction. The PDK1-AKT-GSK3 pathway is then deactivated by SNH, which induces apoptosis [54]. Being a flexible plant, HCT has
a wide range of potential uses in the treatment of many diseases, including in the forms of extracts and derivatives. More in-depth
investigation is still needed to determine the full therapeutic potential and molecular mechanisms of action of each of these iso-
lates, both individually and collectively, for greater treatment effectiveness [55].

In this study, the major compounds in the HCT H fraction were a-linolenic acid (ALA), palmitic acid and 9,12,15-octadecatrienoic
acid ethyl ester, respectively, whereas the minor constituents were terpenoids. ALA is an omega-3 fatty acid, a necessary poly-
unsaturated fatty acid (PUFA) for humans with anti-inflammatory properties [56]. Additionally, both ALA and DHA can inhibit BC cell
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growth via the HER2 signaling pathway [57]. Regardless of receptor subtype expression, ALA inhibits cell growth and causes apoptosis
in MCF-7 (ER+/PR+/HER2-) and MDA-MB-231 (ER-/PR-/HER2- or TNBC) cells [58]. ALA also inhibits MCF-7 and MDA-MB-231 cell
proliferation through the regulation of NO release, induction of lipid peroxidation, activation of caspase-3 and induction of mito-
chondrial apoptosis pathway [59]. The essential oils of HCT consist of 346 volatile components, mainly terpenoids [11]. Terpenoids
are the diverse classes of plant secondary metabolites used and applied in pharmaceutical and industrial sections [60]. Terpenoids
possess anticancer action in ovarian and breast cancers [61,62]. The mechanisms of action against BC include inhibition of cell
proliferation and migration; activation of apoptosis; angiogenesis and metastatic suppression, both in vitro and in vivo [61]. For
example, triterpenoids such as ursolic acid (UA) and oleanolic acid (OA) from the fraction F4 (subsequent hexane fractions) of Wrightia
tomentosa Roem. & Schult. inhibit MCF-7 and MDA-MB-231 cell proliferation through G1 cell cycle arrest and induce apoptosis [63,
64]. Thus, UA and OA are potential phytochemicals for BC therapeutics [8,64]. Moreover, two important phytochemicals that have
been isolated from H. cordata and are used as anthelmintics by the Naga tribes of northeastern India are betulinic acid (BA) and ursolic
acid (UA) [65]. UA can stop the cell cycle, induce apoptosis, scavenge free radicals and control several anti- and pro-apoptotic proteins.
Furthermore, it is abundant in various fruits and vegetables. Additionally, in some human BC cells, UA has been demonstrated to have
potent anti-inflammatory, anticancer, and antioxidant properties [8,64]. Palmitate is another component found in the HCT H fraction
and has been associated with MDA-MB-231 cell apoptosis and phosphatidylinositol 3-kinase (PI3K) inhibition [66]. The components
mentioned above might contribute to the anti-cancer properties in the H fraction.

The ICso of HCT H fraction reflected a 50% inhibitory concentration of cell viability by MTT assay. ICs induced cell apoptosis,
whereas ICyo was less toxic. We have varied the concentrations from 0 to 400 pg/mL and found the cytotoxic effects in a dose-response
manner. We selected ICyp (189 pg/mL) and ICso (289 pg/mL) for further investigation of the molecular mechanisms according to our
previous research data [46]. The results of annexin V/PI staining in MDA-MB-231 treated cells demonstrated that the percentage of
early apoptotic cells increased dose-dependently. Our findings showed that the percentage of cells with MTP loss also increased
dose-dependently, indicating the mitochondrial apoptosis pathway.

Caspase-induced apoptosis is mediated by both initiator caspases, such as caspase-8 and -9 for the extrinsic and intrinsic apoptosis
pathways [67,68]. Activation of caspases-3, -6 and -7 resulting in apoptosis-related cellular morphological and biochemical charac-
teristics [69]. The results exhibited that caspase-3 and -9 activities were activated in a concentration-dependent manner, especially at
ICs0. The active caspase-8 cleaves Bid resulting in truncated Bid (tBid) and decreased level of Bid indicating apoptosis via both the
death receptor and mitochondrial pathways [70-72]. Therefore, it indicated that H fraction-treated MDA-MB-231 cells underwent
apoptosis via intrinsic and extrinsic pathways. However, we also used z-VAD-fmk (a pan-caspase inhibitor) pretreatment to suppress
caspase activities to confirm apoptosis-regulated cell death via caspase activation [73]. The oligomerization of the Bax and Bak
proteins on the outer mitochondrial membrane (OMM) is essential and allows the permeabilization of OMM [74]. The enhanced
expression of both Bax and Bak cooperated with the increased percentage of cells with MTP loss. Besides, the down-regulation of
anti-apoptotic Bcl-xL protein in the intrinsic pathway-mediated apoptosis was demonstrated.

Among cyclins/CDKs complexes, it was established that the D-type cyclins are expressed first, and form complexes with CDK4/
CDKG6 in the G1 checkpoint. We selected the cyclin D1/CDK4 complex as a representative in the G1 phase regulatory proteins because
MDA-MB-231 cells induced by H fraction were arrested at G1. The cell population in the G1 phase was enhanced [75]. Downregulation
of CDK4 and cyclin D1 expressions indicating the cell cycle arrest at the G1 phase corresponded to the cell cycle population histograms.
Nonetheless, the p21 protein expression disappeared. The mutation of p53 might accompany this. The absence of p21 expression might
be caused by other signaling pathways activation, such as the MAPK/EGFR axis [72].

The cancer environment, including hypoxia and low nutrients, disrupts the endoplasmic reticulum’s (ER) function, accumulating
unfolded proteins and leading to UPR and ER stress [76,77]. Glucose-regulated protein 78 (GRP78) is the main chaperone protein with
anti-apoptotic property, which involves newly synthesized polypeptide translocation across the ER membrane [78]. In addition to
being a predictor of excellent prognosis in BC patients and a potential marker for chemotherapy response, GRP78 is a master regulator
of ER stress that allows it to regulate the UPR signaling [79,80]. However, CHOP, one of the most well-characterized markers of ER
stress, is established for its pro-apoptotic activity during ER stress [80]. Our findings showed that GRP78 and CHOP expression levels
were upregulated in MDA-MB-231 treated cells. As a result, the H fraction sensitized MDA-MB-231 cells to ER stress-mediated
apoptosis.

Hyperactivation of some signaling pathways promotes excess cell proliferation and exaggerates anti-apoptotic activity. The
phosphoinositide 3-kinases (PI3Ks) are in a family of lipid kinases, whereas Akt (protein kinase B) is the key downstream effector of
PI3K [81]. Akt signaling leads to cell cycle progression by phosphorylation which prevents cyclin D1 degradation and increases the
translation of cyclin D1, D3, and E [82-84]. Furthermore, downregulation of the pAkt/Akt ratio causes inhibition of cell invasion,
migration, metastasis and causes the dormant cell cycle [85]. Another signaling pathway, the ERK/MAPK axis is related to a wide
variety of tumors such as ovarian, colon, breast and lung cancers [44,86]. Continual ERK/MAPK signaling activation promotes normal
cells to become tumorous cells, while ERK/MAPK pathway inhibition restores tumor cells to a non-transformed state in vitro and in vivo
[87]. Inhibition of ERK1/2 activity prevents colon cancer cells from entering the G1 phase into the S phase [87]. Besides, the rela-
tionship between PI3K signaling and the ERK pathway are associated with chemotherapy resistance [88]. pAkt/Akt ratio in H frac-
tion-treated-MDA-MB-231 cells was reduced. These results corresponded to the decreased expression level of cyclin D1 and CDK4.
Moreover, the pERK/ERK expression ratio decreased at ICq0, which enabled the cell cycle arrest at G1. Cell cycle arrest in the G1 phase
is also caused by the downregulation of cyclin D1 and CDK4 protein expression [89]. The suppression of the ERK/MAPK signaling
pathway enhances apoptosis induction by reducing downstream cell cycle regulatory protein in G1/S specific cyclin D1 and CDK4,
corroborating the current findings [90]. The signaling pathway that regulates cell survival and proliferation is ERK/Akt/MAPK. Ras
functions as an upstream activating molecule in this pathway, Raf acts as MAP3K, MAPK/ERK kinase (MEK), acts as MAPKK, and ERK
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is the MAPK, establishing the Ras-Raf-MEK-ERK pathway because ERK is a member of the MAPK cascade [91]. Serine/threonine
protein kinases of the ERK family are a sort of transducing pathway that delivers mitogen signals into cells, causing cells to divide [92].
This signaling cascade’s attenuation causes BC cells to undergo controlled apoptosis. Even if the indicated pathways are established by
the ERK/MAPK molecules, the p38 and JNK in the MAPK signaling can be distinguished and increased, whereas the ERK pathway is
blocked, as in the C-phycocyanin-induced MDA-MB-231 cell apoptosis model [93].

This is the first study to look at the influence of the HCT H fraction on apoptosis induction in human BC MDA-MB-231 cells. The
limitation of our study is time-consuming and uncertain about phytochemicals isolated from HCT. This problem can be solved by a
molecular docking technique, which gives likely binding affinities between the receptors and phytochemicals. The stability of these
phytochemicals is also another important factor. However, a comparison of HCT essential oils from various processing techniques
(such as medicinal components and drying processes) and harvest seasons revealed a direct correlation between the chemical
composition and quality of HCT and the pharmacological effects [94]. Developing stabilizers or coating by nanoparticles can promote
compounds’ stability and antioxidant potential. Moreover, these phytochemicals’ bioavailability, pharmacokinetics and therapeutic
efficacy remain unknown. In the therapeutic management of BC, their analogs may also play regulatory functions. For further research,
it is required to compare each active compound’s inhibitory impact and induction of apoptosis to a mixed mixture of the H fraction in
cell lines and in vivo models (both animals and human-beings).

5. Conclusion

The results exhibited that HCT H fraction induced intrinsic pathway-mediated apoptosis in MDA-MB-231 cells by disrupting
mitochondrial transmembrane potential (MTP) and increasing caspase-9 activation. The expression levels of pro-apoptotic proteins,
viz., Bax and Bak were enhanced, whereas the anti-apoptotic protein Bcl-xL. was decreased. The caspase-3 activity was elevated. The
caspase-8 induction by an extrinsic pathway was cross-linked to the intrinsic pathway via Bid protein cleavage. The HCT H fraction
also caused cell cycle arrest at the G1 phase by lowering cyclin D1 and CDK4 expression. Moreover, GRP78 and CHOP protein levels
were upregulated, indicating an ER stress-mediated regulated cell death mechanism. The pro-survival Akt and ERK signaling pathways
were blocked. As a result, the HCT H fraction triggered MDA-MB-231 apoptotic-regulated cell death via extrinsic, intrinsic and ER
stress pathways and attenuated survival ERK/Akt signaling. The graphical abstract (Fig. 10) depicts the hypothesized visual pathway
for HCT H fraction-induced MDA-MB-231 regulated cell death. This HCT H fraction therefore should receive more attention as a source
for the future development of non-toxic chemopreventive agents against breast cancer.
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(IAP) with low plI protein; ERK, Extracellular signal-regulated kinases; FADD, Fas-associated protein with death domain; FITC,
Fluorescein isothiocyanate; Gadd153, Growth arrest and DNA damage gene 153; GC-MS, Gas chromatography-mass spectrometry;
GRP78, Glucose-regulated protein 78; HCT, Houttuynia cordata Thunb.; JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein
kinases; MOMP, Mitochondrial outer membrane permeability; MTP, Mitochondrial transmembrane potential; MTT, 3-(4,5-Dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; pAkt, Phospho-Akt; pERK, Phospho-ERK; PI, Propidium iodide; RCD, Regulated
cell death; SDS-PAGE, Sodium dodecyl sulphate—polyacrylamide gel electrophoresis; Smac, Second mitochondrial-derived activators
of caspases; tBid, Truncated Bid; TNBC, Triple negative breast cancer; TTM, Thai traditional medicine.
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