
Vol.:(0123456789)1 3

Toxicol Res. (2021) 37:485–493 
https://doi.org/10.1007/s43188-021-00089-y

ORIGINAL ARTICLE

Trans‑chalcone suppresses tumor growth mediated at least in part 
by the induction of heme oxygenase‑1 in breast cancer

Tatiana Takahasi Komoto1,2 · Jaehak Lee1 · Pattawika Lertpatipanpong1 · Junsun Ryu3 · Mozart Marins2,4 · 
Ana Lúcia Fachin2,4 · Seung Joon Baek1 

Received: 14 October 2020 / Revised: 11 January 2021 / Accepted: 15 January 2021 / Published online: 1 February 2021 
© The Author(s) 2021

Abstract
Despite intensive research efforts in recent decades, cancer remains a leading cause of death worldwide. The chalcone fam-
ily is a promising group of phytochemicals for therapeutic use against cancer development. Naturally-occurring chalcones, 
as well as synthetic chalcone analogues, have shown many beneficial biological properties, including anti-inflammatory, 
antioxidant, and anti-cancer activities. In this report, trans-chalcone (TChal) was found to increase cell death in breast cancer 
cells, assessed using high content screening. Subsequently, using antibody array analysis, TChal was found to increase heme 
oxygenase-1 (HO-1) expression in TChal-treated breast cancer cells. Blocking of HO-1 by siRNA in breast cancer cells dimin-
ished the effect of TChal on cell growth inhibition. TChal-fed mice also showed less tumor growth compared to vehicle-fed 
mice. Overall, we found that TChal increases HO-1 expression in breast cancer cells, thereby enhancing anti-tumorigenesis. 
Our results suggest that HO-1 expression could be a potential new target of TChal for anti-tumorigenesis in breast cancer.
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Introduction

Breast cancer is classified in four different groups, according 
to its molecular characteristics: luminal A, luminal B HER-2 
negative, luminal B HER-2 positive, and HER2 and basal-like 
tumors (basal-like or triple-negative) [1]. Luminal A and B are 
hormone-sensitive (estrogen receptor-positive or progesterone 

receptor-positive) with slightly invasive capacities and present 
a good clinical outcome. On the other hand, another subtype, 
HER-2 and basal-like breast cancer is insensitive to hormo-
nal therapy, enhanced invasiveness, and aggressive metastatic 
capacity and presents a poor clinical outcome [2]. In addition, 
few systematic treatment options are available for the triple 
negative breast cancer (TNBC), and thus, intensive research 
is needed to identify specific targets and additional treatment 
options. The resistance to all classical therapeutic strategies 
led us to search for new drugs or alternatives that exhibit a 
better therapeutic response against TNBC. In this context, 
phytochemicals found in medicinal plants have been shown 
to inhibit tumorigenesis in experimental animals and/or exhibit 
potent anti-cancer properties [3]. Among those, chalcone has 
gained increasing attention due to its anti-cancer activity, 
including its diverse biological activities [4–6]. Chalcone may 
exist in two isomeric forms, cis and trans; the trans-chalcone 
(TChal) form is considered the more thermodynamically sta-
ble. TChal has been shown to exert cytotoxic activity against 
many cancer cells through multiple mechanisms, including cell 
cycle disruption, angiogenesis inhibition, tubulin polymeriza-
tion inhibition, apoptosis induction, blockade of NF-κB signal-
ing pathway, and the inhibition of cell cycle regulatory kinases 
[5–8]. In addition, TChal has been identified as an inhibitor of 
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topoisomerase 2α (Top2A) [9], which is an important target 
of various anti-cancer drugs.

Of particular interest, TChal lacks genotoxic effects at the 
amino group of nucleic acid, which is found in most anti-can-
cer drugs. We have recently demonstrated that TChal exhibits 
anti-cancer activity mediated by an increase in tumor suppres-
sor p53 [5, 6], and by binding to CRM1 protein, resulting in 
the accumulation of p53 in the nucleus [5]. Our group also 
demonstrated that TChal exhibits an anti-proliferative activity 
in in vitro assays against breast cancer cell lines (BT-20 and 
MCF-7), mediated by gene modulations of p53, AURKA, and 
Bcl2 [4, 8].

Heme oxygenase-1 (HO-1) is a phase II enzyme that 
responds to electrophilic stimuli, such as oxidative stress, cel-
lular injury, and many diseases. HO-1 is elevated in various 
human malignancies, implicating its contribution to creating 
a tumor microenvironment which is appropriate for cancer 
cell growth, angiogenesis, and metastasis, as well as resist-
ance to chemotherapy and radiation therapy [10]. However, 
augmented HO-1 expression in tumor cells can enhance cell 
death in various cancer cells [11–14]. Notably, HO-1 expres-
sion displays anti-cancer activities in breast cancer cells, as 
assessed by in vitro and in vivo assays, as well as human tumor 
samples [11]. It is also highly expressed by oxidative stimuli, 
such as UV irradiation, reactive oxygen species (ROS), growth 
factors, and inflammatory cytokines [10, 15]. Several studies 
have associated HO-1 expression with a poor prognosis [10], 
although others have pointed it out as an important protein 
responsible for decreasing the malignance of tumor progres-
sion and proliferation in several different types of cancers [14, 
16–18]. Thus, HO-1 expression exhibits both anti- and pro-
cancer activity, depending on the cell context and tumor type.

In the present study, we investigated the anti-cancer 
effects of HO-1 in human breast carcinoma cells. We dem-
onstrated that the treatment of the BT-20 cell line (triple-
negative) with TChal induces the expression of HO-1 pro-
tein. These cells become less sensitive to TChal when cells 
are treated with siRNA targeting HO-1 mRNA, suggesting 
that HO-1 expression plays a role in TChal-induced anti-
tumorigenesis. Moreover, the anti-cancer activity of TChal 
was examined using BT-20 xenograft animal models and 
a reduction in tumor size and weight were observed, com-
pared to the vehicle treated group. Overall, TChal treatment 
showed anti-cancer activity in vitro and in vivo, mediated 
by expression of HO-1 in breast cancer.

Material and methods

Cell lines and reagent

Human triple-negative breast cancer cell lines BT-20 and 
MDA-MB-231 were purchased from Korea Cell Line Bank 

(Seoul, Korea). TPC-1 (thyroid cancer cell line) cells were 
generously provided by Dr. Gary Clayman (MD Anderson, 
TX, USA). BT-20 cells were cultured in RPMI medium, 
whereas MDA-MB-231 and TPC-1 cells were cultured 
in DMEM. These culture media were supplemented with 
10% fetal bovine serum (FBS; Thermo Fisher Scientific, 
Waltham, MA, USA), 100 U/mL penicillin, and 100 mg/
mL streptomycin (Gibco Life Technologies, Carlsbad, CA, 
USA). The cells were maintained at 37 °C under a humidi-
fied atmosphere containing 5% CO2. TChal (Fig. 1A) was 
purchased from Sigma-Aldrich (97% purity, Cat# 136123, 
St. Louis, MO, USA). Epoxomicin (Cat# E3652) was pur-
chased from Sigma Aldrich. All culture media and trypsin 
were purchased from Gibco (Carlsbad, CA, USA). Tween-80 
was purchased from MBcell (Seoul, Korea). The following 
antibodies were purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA): anti-heme oxygenase 1 (sc-136961) and 
anti-β-actin (sc-47778). 

Cell toxicity assay by high content screening

The toxicity assay was performed using the CellInsight CX7 
LZR High Content Screening (HCS) platform (Thermo 
Fisher Scientific, Waltham, MA, USA). Briefly, BT-20 and 
MDA-MB-231 cell lines were harvested and split at a con-
centration of 10,000 cells/well in 96-well culture plates in 
triplicate. After 24 h of incubation, TChal was added at 1, 
10, and 30 µM for 24 h, with DMSO (0.1%) as a vehicle. The 
media were removed and the cells were washed twice with 
1 × PBS, followed by the addition of 200 µL of propidium 
iodide working solution (333 ng/ml; Invitrogen, Carlsbad, 
CA, USA) into each well and an incubation period of 5 min 
at room temperature. The cells were washed with 1 × PBS 
twice and treated with 100% methanol for 15 min to per-
meabilize the cells, before washing again with PBS. Finally, 
4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. 
Louis, MO, USA) solution at 1 µg/mL was added into each 
well for 10 min and the cells washed with 1 × PBS for 3 
times. The samples were analyzed using the CX7 LZR High 
Content Screening (HCS) platform with the cell toxicity 
assay method.

Antibody array

Proteome Profiler Human XL Oncology (R&D Systems, 
Minneapolis, MN, USA) can identify 84 different human 
cancer-related proteins on the membrane. Experiments were 
performed according to the manufacturer’s protocol. Briefly, 
protein extraction was performed using RIPA buffer follow-
ing the manufacturer’s instructions. Then, two membranes 
(one membrane for control lysates and another for TChal 
treated lysates) were blocked with array buffer for 1 h on 
a rocking shaker, and each cell lysate (200 μg) was added 



487Toxicol Res. (2021) 37:485–493	

1 3

and incubated with membrane overnight at 4 °C. Then, 
both membranes were washed with 1 × wash buffer at least 
3 times for 10 min, followed by the addition of the detection 
antibody cocktail solution for 1 h, before washing 3 times 
for 10 min. Streptavidin-HRP solution was then incubated 
for 30 min at room temperature and on a rocking platform 
shaker, followed by washing steps. The membranes were 
visualized by chemiluminescence detection using ECL 
Western Blot Detection Reagent (Amersham Biosciences, 
Piscataway, NJ) in Alliance Q9 mini (UVITEC, Cambridge, 
England, UK).

Western blotting

Cells were washed with 1 × PBS and collected in RIPA 
buffer supplemented with proteinase inhibitors. The cells 
were kept on ice for 30 min followed by vortex for 5 min 
to promote the cell lysate. The cell lysate was then centri-
fuged at 13,000 g for 20 min at 4 °C. The supernatant was 
collected, and the total protein concentration was measured 
using a Pierce BCA Protein Assay Kit (Thermo Scientific, 
Rockford, IL, USA). Then, 30 μg of each protein was used 
in electrophoresis with 12% SDS-PAGE gel before being 
transferred to a nitrocellulose membrane. The membranes 
were blocked with TBST buffer (25 mM Tris, 3 mM KCI, 
0.14 M NaCl, 0.05% Tween-20) containing 5% skim milk 
at room temperature for 1 h. Subsequently, the membranes 

were incubated with primary antibodies diluted in TBST-
5% non-fat milk (1:1000) overnight at 4 °C. Afterwards, 
the membrane was washed with TBST and incubated with 
the secondary antibody for 2 h at room temperature, then 
washed with TBST. The proteins were visualized by chemi-
luminescence detection using ECL Western Blot Detection 
Reagent (Amersham Biosciences, Piscataway, NJ, USA) in 
Alliance Q9 mini (UVITEC).

Quantitative real‑time polymerase chain reaction

Total RNAs were extracted using TRIzol™ Reagent 
(Ambion®, Carlsbad, CA, USA). One μg of RNA was used 
as template to reversely transcribe into first-strand cDNA by 
Verso cDNA Synthesis Kit (AB1453B, Thermo Fisher Sci-
entific, Waltham, MA, USA) using MiniAmp Plus Thermal 
Cycler (A37835, Applied Biosystems, Waltham, MA, USA). 
The primer pair for amplification of HO-1 was as followed: 
forward 5′-CCA​GGC​AGA​GAA​TGC​TGA​GTTC-3′ and 
reverse 5′-AAG​ACT​GGG​CTC​TCC​TTG​TTGC-3′. For nor-
malization, expression of GAPDH was examined with the 
primer pair of: forward 5′-GAA​GGT​GAA​GGT​CGG​AGT​CA 
-3′ and reverse 5′-GAC​AAG​CTT​CCC​GTT​CTC​AG-3΄. The 
relative level of each RNA was measured by real-time PCR 
using SYBR Green reagents (PowerUp™ SYBR™ Green 
Master Mix, A25741, Applied Biosystems, Thermo Sci-
entific, USA) by QuantStudio™ 1 Real-Time PCR System 
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Fig. 1   TChal increased cell death in breast cancer cells. a Tchal 
structure. b BT-20 and MDA-MB-231 cell lines were treated with 
TChal at the indicated concentrations for 24 h. Cell morphology was 
observed by microscope. c Cytotoxicity assay was performed on CX7 

LZR using DAPI and PI staining. The top panel represents DMSO 
treated samples from BT-20 and MDA-MB-231 cells and the bottom 
graph represents quantification of PI staining after TChal treatment in 
the cells (*p < 0.05, **p < 0.01, ***p < 0.001)
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(Applied Biosystems). The relative gene expression of HO-1 
gene was analyzed by the comparative Ct (2−ΔΔCt) method.

siRNA experiments

HO-1 siRNA was purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA). Briefly, 3 × 105 cells were harvested in a 
6 well-plate and transfected with 30 nM of specific siRNA, 
or the transfection reagent as a control. The MISSION® 
siRNA Transfection Reagent was used according to manu-
facturer’s instructions (Sigma-Aldrich). After transfection, 
the plate was incubated at 37 °C for 24 h. The transfected 
cells were then transferred to a 25-cm2 flask and maintained 
for 72 h to allow for cell recovery.

Reverse transcription‑polymerase chain reaction 
(RT‑PCR)

The RNA was reverse transcribed using Verso cDNA Syn-
thesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), 
followed by PCR using GoTaq Green PCR Master Mix 
(Promega, Maidson, WI, USA) with heme oxygenase-1 (F: 
5′-CTT​CTT​CAC​CTT​CCC​CAA​CA-3′ and R: 5′-GCT​CTG​
GTC​CTT​GGT​GTC​AT-3′) and GAPDH (F: 5′-AAT​CCC​
ATC​ACC​ATC​TTC​CAG-3′ and R: 5′-GAG​CCC​CAG​CCT​
TCT​CCA​T-3′) primers. The thermal cycling conditions were 
as follows: initial denaturation at 94 °C for 2 min, followed 
by 40 cycles of 94 °C for 30 s, 59 °C for 30 s, and 72 °C for 
45 s, before a final extension at 72 °C for 5 min. The prod-
ucts were electrophoresed on 1.5% agarose gel and photo-
graphed under UV light.

Immunohistochemistry

Tissue blocks were fixed in 10% formalin and embedded in 
paraffin. Five-μm-thick sections were prepared for immu-
nohistochemical analysis. Antigen retrieval was performed 
using a heat-induced epitope retrieval method with pres-
sure cooker treatment in citrate buffer (Immunobioscience, 
Mukilteo, WA, USA) for 1 min. Endogenous peroxidase 
activity was blocked by treatment with 0.3% hydrogen per-
oxide (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h 
at room temperature. The bound antibody was performed 
using an Ultra-sensitive ABC Staining Kit (Thermo Fisher 
Scientific, Rockford, IL, USA), according to manufactur-
er’s recommendations. Mouse monoclonal antibody against 
HO-1 (Santa Cruz Biotechnology, Dallas, TX, USA) was 
used for treating the sections at 4 °C overnight. As a nega-
tive control, no primary antibody was used. For the detection 
of peroxidase (HRP) enzyme, the sections were developed 
using a 3,3′-diaminobenzidine tetrahydrochloride (DAB) 
substrate (ImmPACT​® DAB kit; VECTOR Laboratory, 
Burlingame, CA, USA) at room temperature for 45 s, before 

counterstaining with hematoxylin (VECTOR Laboratory, 
Burlingame, CA, USA) for 30 s. Coverslip mounted sections 
were observed using Pannoramic SCAN (3DHISTECH, 
Budapest, Hungary), a slide scanner. The optical density 
was measured using Image J 1.52a software, as previously 
described [19].

Animal experiment

Animal care and procedures were approved by the Institu-
tional Animal Care and Use Committees of Seoul National 
University (SNU-180119-2-6). Ten male nude mice of 
6-week-old (25 g) were purchased from Japan SLC, Inc. 
(Hamamatsu, Japan) and used to evaluate the effect of 
TChal on tumor growth in vivo. The mice were housed in 
accordance with College of Veterinary Medicine policies 
from Seoul National University. The mice were inoculated 
with freshly harvested BT-20 cells at a concentration of 
3 × 106 cells/200 μl in 1 × PBS. Treatment with TChal was 
started after 2 weeks. The mice were randomly divided into 
three groups: control (3 mice), 5 mg/kg TChal (3 mice), 
and 50 mg/kg TChal (4 mice). TChal was diluted with 10% 
Tween-80 in saline and fed to the experimental mice 3 times 
a week (Monday, Wednesday and Friday) for 4 weeks by 
gavage, whereas the control mice were administrated using 
only the vehicle. After a 4-week treatment, the TChal admin-
istration was stopped because the tumor development was 
not detected at the higher concentration of TChal. Tumor 
measurements were performed with a caliper by measur-
ing the largest diameter and its perpendicular length twice 
a week and the body weight was measured once a week. 
The tumor volume was calculated using the formula: 
V = length × width2. All mice were maintained on a stand-
ard chow diet and euthanized with a fill rate of 30% of the 
chamber volume per minute with 100% CO2 gas at the end 
of experiment.

Statistical analysis

All experimental data were subject to analysis of variance 
(ANOVA), followed by the Bonferroni test. The level of sta-
tistical significance was set at p < 0.05.

Results

TChal enhances cell death in breast cancer cells

It has been reported that TChal induces cell death in several 
cancer cells [5, 6]. To investigate the effect of TChal on 
breast cancer cell growth, two different breast cancer cells, 
BT-20 and MDA-MB-231, were grown and treated with 
TChal (Fig. 1A). As shown in Fig. 1B, the cell morphology 
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was significantly changed and the cell numbers were dra-
matically decreased in both types of cells after treatment 
with 30 µM of TChal for 24 h. Propidium iodide (PI) was 
administered to the cells and the PI intensity was measured 
using CellInsight CX7 LZR High Content Screening Plat-
form (CX7 LZR). Consistent with Fig. 1B, TChal increased 
PI intensity in both cell lines, indicating that TChal induces 
cell death in two different types of breast cancer cells. These 
data are also supported by images captured by CX7 LZR 
(Fig. 1C).

TChal increases HO‑1 expression

Antibody array was used to determine the relative expres-
sion levels of the selected human cancer-related proteins. To 
identify altered proteins affected by TChal, we performed 
an antibody array using DMSO- and 30 μM TChal-treated 
BT-20 cell lysates. The results from the antibody array 
showed one candidate protein, HO-1, out of a total of 84 
cancer-related proteins (Fig. 2A). The expression of HO-1 on 
the antibody array membrane was estimated by Image J, and 
found to increase HO-1 expression by four-fold. To verify 
the antibody array data, western blot analysis was performed 

using TChal-treated cancer cells. As shown in Fig. 2B, C, 
TChal increased HO-1 expression in BT-20 breast cancer 
cells in a dose- and time-dependent manner. Interestingly, 
HO-1 seemed to increase to a maximum expression at 12 h, 
which then decreased after 24 h of treatment. Breast cancer 
MDA-MB-231 cells and human thyroid cancer TPC-1 cells 
were also examined to determine whether TChal increases 
HO-1 expression. As shown in Fig. 2D, TChal increased 
HO-1 expression in both MDA-MB-231 and TPC-1 cells 
in a dose-dependent manner. To determine whether TChal 
affects HO-1 RNA transcripts in BT-20 cells, total RNA 
was isolated and real-time PCR was performed with a spe-
cific primer derived from human HO-1 gene. As shown in 
Fig. 2E, the HO-1 transcript appeared to be increased in 10 
and 30 μM TChal-treated samples, indicating that TChal 
may affect transcription level of HO-1 gene. Moreover, we 
examined whether TChal was able to prevent HO-1 degra-
dation. We pre-treated BT-20 cells with DMSO or TChal 
for 12 h, followed by co-treatment with epoxomicin for 
24 h. No significant HO-1 alteration was found (Fig. 2F). 
Finally, HO-1 protein was examined to determine whether 
it undergoes post-translational modifications, such as phos-
phorylation, which may alter its stability [20]. However, no 
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Fig. 2   Increase of HO-1 expression by TChal. a Antibody array was 
performed to analyze the expression of 84 proteins on the mem-
brane. Control or TChal-treated cell lysates from BT-20 cells were 
subjected to antibody array. The red box indicates HO-1, which was 
highly increased compared to the control. b Western blot analysis for 
the validation of the dose-dependent HO-1 expression in cancer cell 
lines treated with TChal at the indicated dose. β-actin was used as 
the internal control. c BT-20 cells were treated with 30 μM of TChal 
at different time points and cell lysates analyzed by western blot-

ting. Equal loadings were measured by β-actin expression. d MDA-
MB-231 and TPC-1 cells were treated with TChal and the cell lysates 
were subjected to western blotting. Equal loadings were measured 
by β-actin expression. e realtime PCR from BT-20 cells treated with 
different concentration of TChal for 24  h. ***p < 0.001. f Western 
blotting analysis for HO-1 in BT-20 cells treated with TChal for 1 h 
followed by the treatment of DMSO or epoxomicin for 24 h. Equal 
loadings were measured by β-actin expression
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phosphorylation by TChal was detected in HO-1 protein, as 
assessed by phosphor-tag SDS gel (data not shown).

HO‑1 blocking by siRNA results in decreased TChal 
effect on cell growth inhibition

To determine whether HO-1 plays a critical role in cell pro-
liferation in the presence of TChal, siRNA for HO-1 was 
transfected and measured cell proliferation. The transfection 
of HO-1 siRNA blocked the expression of HO-1 transcript, 
as well as the protein expression (Fig. 3A, B). Based on 
the data, the transfected cells were used in a cell prolifera-
tion assay. As shown in Fig. 3C, the blocking of HO-1 in 
breast cancer cells exhibited less resistance to cell growth, 
compared to the control in the presence of TChal (Fig. 3C). 
These results suggest that the effect of TChal on breast can-
cer growth is mediated at least in part by HO-1.

TChal suppressed tumor growth in nude mice

To determine whether TChal suppresses tumor growth in 
nude mice, actively growing BT-20 cells were subcutane-
ously injected into nude mice. When the tumor size reached 
around 30 mm3 (two weeks), mice were separated into three 
groups and TChal with 5 mg/kg and 50 mg/kg or vehicle 
was fed to mice by gavage. Nine weeks after the first treat-
ment, the mice were sacrificed and the tumors were excised. 
As shown in Fig. 4A, the body weight was not changed 
between the groups. The weight of the tumors was meas-
ured, whereby TChal was found to reduce tumor weight in 
a dose-dependent manner (Fig. 4B, C). In addition, tumor 
volume was also significantly reduced in the presence of 

TChal, also in a dose-dependent manner (Fig. 4D). Finally, 
we measured HO-1 expression using tumor tissues, and 
found that HO-1 expression increased in TChal-treated mice 
compared to vehicle-treated mice (Fig. 4E). These data indi-
cate that HO-1 expression plays a role in TChal-induced 
anti-tumorigenesis in breast cancer cells, assessed using a 
xenograft model.

Discussion

Breast cancer is the most common cancer in women, 
accounting for 30% of all cases of cancer in women [21]. 
Breast cancer can be classified as either hormone-responsive 
(presence of ER, PR receptors, or both), HER-2 positive, 
or triple-negative. Among these different types, the triple 
negative type is the most difficult to treat and does not have 
any therapeutic target, unlike the other types [2]. Due to this 
poor prognosis, we decided to analyze the effect of TChal 
on BT-20 cells, a triple-negative cell line from the mam-
mary gland.

Chalcones have been found to have many interesting 
biological properties, such as anti-tumor, anti-microbial, 
anti-inflammatory, and antioxidant activity. Specifically, 
TChal has been shown to exert potential anti-cancer activ-
ity by up-regulating the tumor suppressor protein p53 [5], 
and down-regulating the oncogenic protein AURKA [22]. A 
great advantage of TChal is that it does not present genotoxic 
effect [23].

The results obtained from the cell viability assay in this 
study is in accordance with those previously described by 
our group, in which TChal reduced the viability of BT-20 
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[4]. Similar results were found by other groups using breast 
cancer and osteosarcoma cells [6, 8]. In accordance with 
these findings, TChal has also been previously found to 
induce apoptosis, cell cycle arrest, and to inhibit migration, 
and invasion [5–8]. As the IC50 of TChal in BT-20 cells 
was identified [4], an antibody array assay was performed to 
identify the different modulated proteins between the treated 
and non-treated cell line as a result of treatment with TChal. 
Based on this assay, we found that HO-1 is highly expressed 
after treatment with TChal in a dose- and time-dependent 
manner in BT-20 cells, as well in the MDA-MB-231 and 
TPC-1 cell lines, indicating that this phenomenon hap-
pens in other cancer cells. A similar HO-1 induction was 
observed with another flavonoid, fisetin [24]. Thus, HO-1 
may play a role in anti-cancer activity in response to various 
phytochemicals.

HO-1, also known as heat shock protein 32 (HSP32), is 
a stress-responsive protein and is considered an important 
adaptive survival response in stressed cells challenged with 
pro-inflammatory cytokines, oxidative stress, or UV irradia-
tion [25]. In contrast, the role of HO-1 in tumorigenesis is 
controversial. Some reports suggest that HO-1 is up-regu-
lated with malignancies, cancer progression, and therapy 
resistance in tumors, such as melanoma [26]. On the other 
hand, several studies have shown that HO-1 induces apop-
tosis and suppresses the proliferation and invasion of breast 
cancer cells and hepatocellular carcinomas [11–13]. In 

addition, sulforaphane, a chemopreventive agent, suppresses 
tumorigenesis by modulating HO-1 [27]. Furthermore, HO-1 
is regulated by nuclear factor-erythroid-2-related factor 2 
(NRF2), which seems to be a stress-responsive transcrip-
tion factor, involved in encoding antioxidant enzymes and 
modulating inflammatory and immune responses, as well as 
protecting against neurodegenerative processes [28]. Phy-
tochemicals with a α,β-unsaturated carbonyl moiety have 
been found to stimulate NRF2 signaling and consequently 
modulate cytoprotective enzymes, such as HO-1 [29]. Since 
TChal also displays a α, β-unsaturated carbonyl group, it is 
believed that TChal increases HO-1 expression, most likely 
by NRF2.

siRNA studies were performed to analyze the effect of 
TChal on HO-1 expression and revealed a reduced growth 
inhibition rate in silenced cells. Thus, our results suggest 
that TChal activity is at least in part mediated by HO-1 in 
BT-20 cells. Similar results were found for piperlongumine, 
an alkaloid whose activity has been associated with HO-1 
expression [15]. After the suppression of HO-1, the ability 
of piperlongumine to induce apoptosis in MCF-7 cell line 
was inhibited [15]. Another group previously showed that 
HO-1 may be associated with the epithelial-mesenchymal 
transition (EMT), migration and proliferation inhibition of 
4T1 cells (mouse mammary carcinoma cell line) [30].

In vivo assays were performed in order to validate the 
anti-tumor effect of TChal. Accordingly, our results indicate 
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that TChal exerts anti-tumor activity against breast cancer. 
Treatment with 5 and 50 mg/kg TChal in mice was found 
to clearly inhibit the development of tumors, even at low 
TChal concentrations. These findings indicate that TChal 
could be a promising anti-cancer drug for treatment against 
breast cancer. To our knowledge, this is the first study to 
demonstrate the anti-tumor activity of TChal against breast 
cancer cells using an in vivo assay. TChal may modulate the 
expression of HO-1 at the protein level, thereby enhancing 
its anti-cancer activity.

In conclusion, the results presented demonstrate that 
HO-1 is an important factor regarding the effect of TChal 
against breast cancer development.
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