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Abstract: Ginger-derived compounds are abundant sources of anticancer natural products. However,
the anticancer effects of (E)-3-hydroxy-1-(4′-hydroxy-3′,5′-dimethoxyphenyl)-tetradecan-6-en-5-one
(3HDT) have not been examined. This study aims to assess the antiproliferation ability of 3HDT
on triple-negative breast cancer (TNBC) cells. 3HDT showed dose-responsive antiproliferation for
TNBC cells (HCC1937 and Hs578T). Moreover, 3HDT exerted higher antiproliferation and apopto-
sis on TNBC cells than on normal cells (H184B5F5/M10). By examining reactive oxygen species,
mitochondrial membrane potential, and glutathione, we found that 3HDT provided higher induc-
tions for oxidative stress in TNBC cells compared with normal cells. Antiproliferation, oxidative
stress, antioxidant signaling, and apoptosis were recovered by N-acetylcysteine, indicating that
3HDT preferentially induced oxidative-stress-mediated antiproliferation in TNBC cells but not in
normal cells. Moreover, by examining γH2A histone family member X (γH2AX) and 8-hydroxy-2-
deoxyguanosine, we found that 3HDT provided higher inductions for DNA damage, which was also
reverted by N-acetylcysteine. In conclusion, 3HDT is an effective anticancer drug with preferential
antiproliferation, oxidative stress, apoptosis, and DNA damage effects on TNBC cells.

Keywords: ginger; TNBC; DNA damage; apoptosis; oxidative stress

1. Introduction

Breast cancer is the most prominent cancer with deadly outcomes in women [1]. Three
primary biomarkers are known for differential expression in most breast cancer types,
namely the estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) [2], and breast cancer shows different positive or negative
expression combinations for these three markers. Only 10–15% of breast cancer patients are
negative for ER/PR/HER2 [3], i.e., triple-negative breast cancer (TNBC). Non-TNBC cells
are generally cured by specific target therapies to one of these three markers. For example,
the HER2 antibody can specifically target and destroy HER2 to HER2-positive non-TNBC
cells [4]. Hormone therapy is suitable for treating ER/PR-positive non-TNBC [5,6].

TNBC patients exhibit more early and frequent recurrence and poor survival than
non-TNBC patients, which is attributed to the nature of TNBC cells, making it the most
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aggressive subtype of breast cancer [7,8], with a weak response to current target therapies
for non-TNBC. TNBC is a status consisting of several heterogenous tumors [9]. Single
chemotherapy fails to cure the majority of TNBC patients. Chemoresistance also reduces
therapeutic effects on TNBC [10]. New drug treatments for TNBC are more urgently needed
than non-TNBC. Moreover, clinical drugs are frequently associated with side effects for
breast cancer patients. Accordingly, it is essential to continue identifying more anticancer
drugs to cure TNBC cells without common side effects.

Ginger (Zingiber officinale Roscoe) provides a herbal seasoning spice and has long
been commonly used in herbal medicines. Ginger has functions for treating nausea and
muscle discomfort, toothache, and pain [11,12]. Crude extracts of ginger show anticancer
effects [13]; therefore, this warrants a detailed assessment of the bioactive compounds
in ginger extracts. Recently, several compounds were identified from the rhizomes of
ginger extracts, including gingerols, shogaols, gingediols, zingerone, dehydrozingerone,
gingerinone, and diarylheptanoids, which function for the anti-inflammation and an-
tiproliferation of cancer [14–17]. For example, 6-shogaol and 10-shogaol suppress the
proliferation of prostate cancer cells [15], and 10-gingerol inhibits the metastasis effects of
TNBC in vivo [17].

Moreover, several ginger-derived compounds exhibit an oxidative-stress-generating
ability for killing cancer cells. For example, gingerenone A inhibits the proliferation of
breast cancer cells by upregulating oxidative stress [18], and 6-gingerol triggers oxidative
stress and inhibits the proliferation of gastric cancer cells [19]. However, several ginger-
derived compounds have not been fully investigated regarding their medicinal effects.

(E)-3-hydroxy-1-(4′-hydroxy-3′,5′-dimethoxyphenyl)-tetradecan-6-en-5-one [20], namely
3HDT, is a novel phenylalkanoid compound isolated from the rhizomes of Z. officinale;
however, this new compound was described without providing detailed biological infor-
mation. The present investigation aims to evaluate the antiproliferation impacts of 3HDT
on TNBC cells. The detailed anticancer mechanism of 3HDT is also examined using TNBC
and normal breast cells.

2. Results
2.1. Cell Viability of 3HDT-Treated TNBC Cells

Following 3HDT (Figure 1A) treatment, the cell viabilities (%) at 24 h for the CCK-8
assay of TNBC cells (Hs578T and HCC1937) were decreased; however, they showed higher
viabilities for normal breast cells (M10) than TNBC cells (Figure 1B). The IC50 values
of 3HDT for Hs578T and HCC1937 cells were 38.22 ± 0.23 and 35.67 ± 0.95 µg/mL,
respectively.

Moreover, NAC/3HDT, the reactive oxygen species (ROS) inhibitor N-acetylcysteine
(NAC) pretreatment/3HDT post-treatment, showed higher viability than 3HDT treatment
of TNBC cells (Figure 1C), suggesting that 3HDT promotes preferential antiproliferation of
TNBC cells via oxidative stress generation.

2.2. Cell Cycle Distribution of 3HDT-Treated TNBC Cells

The dysregulation of cell cycle progression inhibits cancer cell proliferation [21]. After
checking with the 7AAD assay, the impact of cell cycle modulation by 3HDT was examined
(Figure 2). Following the 3HDT treatment, subG1 (%) was higher in TNBC cells than in
normal cells. Except for the subG1 proportion, the G1, S, and G2/M cell phases showed a
nonsignificant difference for HCC1937 cells. The primary cell cycle change in Hs578T is the
increment of subG1, accompanied by G1 arrest.

For normal M10 cells, G1 was mildly increased for 20 and 30 µg/mL but decreased in
40 µg/mL 3HDT without subG1 increment. In contrast, G2/M was decreased in 20 and
30 µg/mL 3HDT but slightly increased in 40 µg/mL in M10 cells.
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Figure 1. Cell viabilities of 3HDT treatment. (A,B) Structure and CCK-8 assay of 3HDT for 24 h.
(C) CCK-8 assay of N-acetylcysteine (NAC)/3HDT. 3HDT and NAC/3HDT indicate 24 h 3HDT
treatment (40 µg/mL) without and with NAC pretreatment, respectively. 3HDT was dissolved in
DMSO. The DMSO concentration of different 3HDT treatments was adjusted to the same (0.1%).
Control (Ctrl) indicates the vehicle control containing 0.1% DMSO. NAC control (NAC Ctrl) indicates
the NAC/0.1% DMSO. Data: mean ± SD (n = 3). Treatments differ significantly for multiple
comparisons when the lower-case letters are not overlapping (p < 0.05). Different treatments of the
same cell line were compared for statistical analysis. In the example of M10 cells, NAC/3HDT, NAC
control, and 3HDT are assigned with “a, b, c” by the JMP software, indicating significant differences
between each other because the letters are non-overlapped. In contrast, control and NAC control
show the same letter “b”, indicating a non-significant difference.
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Figure 2. Cell cycle changes for 3HDT treatment. Cell cycle flow cytometry assay of 3HDT (control, 20,
30, and 40 µg/mL) for 24 h was performed. Data: mean ± SD (n = 3). Treatments differ significantly
for multiple comparisons when the letters are not overlapping (p < 0.05).

These results suggest that 3HDT promotes preferential subG1 accumulation (an
apoptosis-like indicator) of TNBC cells but not in normal cells, while 3HDT differentially
modulated cell cycle arrest for TNBC and normal cells.

2.3. Apoptosis of 3HDT-Treated TNBC Cells

Annexin V can bind the phosphatidylserine in the outer plasma membrane of apoptotic
cells [22]. Annexin V-FITC was applied to detect the apoptosis status. Following 3HDT
treatment, the annexin-V-assessed apoptosis was higher in TNBC cells in a dose-dependent
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manner than in normal cells (Figure 3A). Although M10 showed a low proportion of
apoptosis, the putative necrosis proportion was higher than in TNBC cells.
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Figure 3. Annexin V status of 3HDT treatment. (A) Annexin V flow cytometry assay of 3HDT (control,
20, 30, and 40 µg/mL) for 24 h. (B) Annexin V flow cytometry assay of NAC/3HDT. 3HDT and
NAC/3HDT indicate 12 or 24 h 3HDT treatment (40 µg/mL) without and with NAC pretreatment,
respectively. Q1 is classified as necrosis region [23,24]. Q2 and Q3: Annexin V (+)/7AAD (+/−) (%)
is regarded as apoptosis (%) [23,24]. Data: mean ± SD (n = 3). Treatments differ significantly for
multiple comparisons when the letters are not overlapping (p < 0.05).

Similarly, 3HDT treatment also showed the upregulation of annexin-V-detected apop-
tosis in time-dependent manners for TNBC cells rather than in normal cells (Figure 3B).
This indicates that 3HDT preferentially induces apoptosis in TNBC but not normal cells.
Moreover, 3HDT showed a higher annexin V (+) level than NAC/3HDT treatment of TNBC
cells, suggesting that 3HDT promotes the preferential apoptosis (annexin V) of TNBC cells
via oxidative stress generation.
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2.4. Caspase 3/8/9 Signaling of 3HDT-Treated TNBC Cells

Caspase 3 is the apoptotic downstream executioner that interacts with the upstream
extrinsic caspase 8 and intrinsic caspase 9 [25,26]. In general, caspase 3 was first examined
to check the apoptosis signaling [27] before validating the involvement of caspases 8 and
9. Based on flow cytometry, the activated caspase 3 (+) level was higher in 3HDT-treated
TNBC cells in a dose-dependent manner than in normal cells (Figure 4A). Similarly, the
3HDT treatment showed the upregulation of caspase 3 in time-dependent manners for
TNBC cells rather than normal M10 cells (Figure 4B). 3HDT showed an increased activated-
caspase 3 (+) level compared with NAC/3HDT treatments of TNBC cells (Figure 4B). These
results suggest that 3HDT promotes the preferential activation of caspase 3 (apoptosis) in
TNBC cells via oxidative stress generation.
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Figure 4. Caspase 3/8/9 status of 3HDT treatment. (A) Caspase 3 flow cytometry assay of 3HDT
(control, 20, 30, and 40 µg/mL) for 24 h. (+) is marked as caspase 3 (+), which indicates the proportion
with high caspase 3 level, while (−) indicates the proportion with low caspase 3 level. (B) Caspase
3 flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT treatment
(40 µg/mL) without and with NAC pretreatment, respectively. (C) Caspase 3/7 luminescence assay of
NAC/3HDT for 24 h. 3HDT (control, 20, 30, and 40 µg/mL) was posttreated after NAC pretreatment.
(D,E) Caspase 8 and caspase 9 luminescence assay of 3HDT (control, 20, 30, and 40 µg/mL) for 24 h.
Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons when the letters
are not overlapping (p < 0.05).

To further confirm caspase 3 apoptosis signaling, caspase 3/7 activity was examined
as they are the key modulators of apoptosis [28]. The caspase 3/7 luminescence assay
showed that its apoptotic activation was higher in 3HDT-treated TNBC cells in a dose-
dependent manner than in normal cells (Figure 4C). Moreover, 3HDT showed a higher
caspase 3/7 level than NAC/3HDT treatment of TNBC cells, suggesting that 3HDT pro-
motes the preferential caspase 3/7 activation (apoptosis) of TNBC cells via oxidative stress
generation.

As caspase 3 activation was validated (Figure 4A–C), the upstream extrinsic (caspase 8)
and intrinsic (caspase 9) signaling pathways were assessed (Figure 4D,E). All treatments of
3HDT showed a higher caspase 8 and 9 activity in Hs578T cells than in the control. Only
40 µg/mL and 30–40 µg/mL 3HDT showed higher caspase 8 and 9 activity in HCC1937
cells. These results suggest that 3HDT promotes caspase 8 and 9 (extrinsic and intrinsic
apoptosis) in TNBC cells.

2.5. ROS Status of 3HDT-Treated TNBC Cells

ROS is a common indicator of cellular oxidative stress [29]. The fact that NAC reversed
the 3HDT-induced antiproliferation warranted our study of the involvement of oxidative
stress. Following the 3HDT treatment (0, 20, 30, and 40 µg/mL), the ROS (+) level was
higher in TNBC cells than in normal cells (Figure 5A). Similarly, the 3HDT treatment (0,
12, and 24 h) showed a higher increase in ROS (+) levels for TNBC cells compared with
normal M10 cells (Figure 5B). These results suggest that 3HDT promotes preferential ROS
(oxidative stress) generation in TNBC cells but not normal cells.
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Figure 5. ROS status of 3HDT treatment. (A) ROS flow cytometry assay of 3HDT for 24 h. (B) ROS
flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT treatment
(40 µg/mL) without and with NAC pretreatment, respectively. (+) is marked as ROS (+), which
indicates the proportion with high ROS level, while (−) indicates the proportion with low ROS level.
Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons when the letters
are not overlapping (p < 0.05).

Moreover, 3HDT showed more elevated ROS (+) levels compared with NAC/3HDT
treatment of TNBC cells for 12 and 24 h (Figure 5B), suggesting that 3HDT promotes the
preferential generation of ROS in TNBC cells via oxidative stress generation.

2.6. Mitochondrial Membrane Potential (MMP) Status of 3HDT-Treated TNBC Cells

In addition to ROS, another oxidative-stress-related indicator, namely MMP [30], was
examined. Following 3HDT treatment, the MMP (−) level, i.e., MMP depletion status,
was higher in TNBC cells in a dose-dependent manner than in normal cells (Figure 6A).
Similarly, the 3HDT treatment showed more MMP (−) level increases in time-dependent
manners for TNBC cells than normal M10 cells (Figure 6B). These results suggest that 3HDT
promotes preferential MMP depletion (oxidative stress) in TNBC cells but not normal cells.
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Figure 6. MMP status of 3HDT treatment. (A) MMP flow cytometry assay of 3HDT for 24 h. (B) MMP
flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT treatment
(40 µg/mL) without and with NAC pretreatment, respectively. (−) is marked as MMP (−) that
indicates the proportion with low MMP level, while (+) indicates the proportion with high MMP
level. Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons when the
lower-case letters are not overlapping (p < 0.05).

Moreover, 3HDT showed a higher MMP (−) level than NAC/3HDT treatment of
TNBC cells (Figure 6B), suggesting that 3HDT promotes the preferential MMP depletion of
TNBC cells via oxidative stress generation.

2.7. Glutathione (GSH) Status of 3HDT-Treated TNBC Cells

GSH was examined to evaluate the change in cellular antioxidant levels [31] for
monitoring oxidative stress [32]. Following the 3HDT treatment, the GSH (−) level, i.e.,
GSH depletion status, was higher in TNBC cells in a dose-dependent manner than in
normal cells (Figure 7A). Similarly, the 3HDT treatment showed higher increases in the
GSH (−) level of TNBC cells in time-dependent manners compared with normal M10
cells (Figure 7B). These results suggest that 3HDT promotes preferential GSH depletion
(oxidative stress) in TNBC cells but not normal cells.
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Figure 7. GSH status of 3HDT treatment. (A) GSH flow cytometry assay of 3HDT for 24 h. (B) GSH
flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT treatment
(40 µg/mL) without and with NAC pretreatment, respectively. (−) is marked as GSH (−), which
indicates the proportion with low GSH level, while (+) indicates the proportion with high GSH level.
Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons when the letters
are not overlapping (p < 0.05).

Moreover, 3HDT showed a more increased GSH (−) level than NAC/3HDT treatment
of TNBC cells (Figure 7B), suggesting that 3HDT promotes the preferential GSH depletion
of TNBC cells via oxidative stress generation.

2.8. γH2A Histone Family Member X (γH2AX) and 8-Hydroxy-2-deoxyguanosine (8-OHdG)
Status of 3HDT-Treated TNBC Cells

γH2AX [33] and 8-OHdG [34] were examined to evaluate the change in DNA damage
levels for DNA double-strand breaks and oxidative DNA damage, respectively. Following
3HDT treatment (0, 20, 30, and 40 µg/mL), the γH2AX and 8-OHdG (+) levels were higher
in TNBC cells than in normal cells (Figures 8A and 9A). Similarly, the 3HDT treatment (0,
12, and 24 h) showed a higher increase in γH2AX and 8-OHdG (+) levels for TNBC cells
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compared with normal M10 cells (Figures 8B and 9B). These results suggest that 3HDT
promotes preferential DNA damage in TNBC cells but not normal cells.

Moreover, 3HDT showed higher γH2AX and 8-OHdG (+) levels in TNBC cells than
NAC/3HDT treatment for 12 and 24 h (Figures 8B and 9B), suggesting that 3HDT promotes
the preferential generation of γH2AX and 8-OHdG (DNA damage) in TNBC cells via
oxidative stress generation.
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Figure 8. γH2AX status of 3HDT treatment. (A) γH2AX flow cytometry assay of 3HDT for 24 h.
(B) γH2AX flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT
treatment (40 µg/mL) without and with NAC pretreatment, respectively. (+) is marked as γH2AX
(+), which indicates the proportion with high γH2AX level, while (−) indicates the proportion with
low γH2AX level. Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons
when the letters are not overlapping (p < 0.05).
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For example, 1’ S-1’-acetoxyeugenol acetate showed an IC50 value of 14 μM in breast cancer 
cells (MCF 7) in a 36h MTT assay but kept 86.8% viability for normal breast cells [35]. 6-
gingerol showed an IC50 value of 200 μM in breast cancer cells in a 48 h assay (MCF7 and 
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(MCF7) in a 72 h sulforhodamine B assay [37]. Gingerenone A showed IC50 values of 61.4 

Figure 9. 8-OHdG status of 3HDT treatment. (A) 8-OHdG flow cytometry assay of 3HDT for 24 h.
(B) 8-OHdG flow cytometry assay of NAC/3HDT. 3HDT and NAC/3HDT indicate 12 or 24 h 3HDT
treatment (40 µg/mL) without and with NAC pretreatment, respectively. (+) is marked as 8-OHdG
(+), which indicates the proportion with high 8-OHdG level, while (−) indicates the proportion with
low 8-OHdG level. Data: mean ± SD (n = 3). Treatments differ significantly for multiple comparisons
when the letters are not overlapping (p < 0.05).

3. Discussion

The present investigation validated that 3HDT preferentially inhibited the proliferation
of breast cancer cells but showed a low impact on normal cells. Several preferential
antiproliferation mechanisms are discussed regarding breast cancer and normal cells.

Ginger extracts contain several natural products, such as gingerols, shogaols, gingedi-
ols, zingerone, dehydrozingerone, gingerinone, and diarylheptanoids [14–16]. Different
ginger-derived compounds exhibit different sensitivities to breast cancer cells. For example,
1′ S-1′-acetoxyeugenol acetate showed an IC50 value of 14 µM in breast cancer cells (MCF 7)
in a 36h MTT assay but kept 86.8% viability for normal breast cells [35]. 6-gingerol showed
an IC50 value of 200 µM in breast cancer cells in a 48 h assay (MCF7 and MDA-MB-231) [36].
6-shogaol showed an IC50 value of 23.3 µM in breast cancer cells (MCF7) in a 72 h sulforho-
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damine B assay [37]. Gingerenone A showed IC50 values of 61.4 and 76.1 µM in breast
cancer cells MCF7 and MDA-MB-231, respectively, in a 48 h MTS assay [18].

The present study found that the IC50 values of 3HDT were 101.11 and 94.36 µM in
breast cancer cells Hs578T and HCC1937, respectively, at 24 h in a CCK-8 assay, while
normal breast cells (M10) kept the same viability of 3HDT as the control (Figure 1). In
comparison, the IC50 values of cisplatin in MDA-MB-231 cells were undetectable within a
24 h MTT assay, i.e., 55% viability at 100 µM [38]. In contrast, the IC50 values of cisplatin
were 32.38 and 66.42 µM for MDA-MB-468 [39] and MCF7 [40] cells, respectively, in a 24 h
MTT assay. Therefore, 3HDT exhibits slightly lower sensitivity than cisplatin against TNBC
cells. However, side effects may occur with cisplatin treatment [41].

Several natural products [42–44] were reported to inhibit cancer cell proliferation by
generating oxidative stress [45]. Moreover, some natural products preferentially create
more oxidative stress in cancer cells than in normal cells, leading to the preferential an-
tiproliferation of cancer cells. For example, sinularin showed preferential antiproliferation,
which is associated with preferential oxidative stress in breast cancer cells but not in normal
cells [42], and fucoidan exhibited preferential antiproliferation and oxidative stress in oral
cancer cells [46].

The present investigation showed similar results, namely the increased inhibition of
3HDT proliferation and enhanced oxidative stress generation in breast cancer cells com-
pared with normal cells. The ROS and MMP levels were up- and downregulated in breast
cancer cells but not in normal cells by 3HDT treatment, respectively (Figures 5 and 6). More-
over, the ROS inhibitor NAC reverted the 3HDT-induced antiproliferation and oxidative
stress generation. This finding validated that 3HDT-induced preferential antiproliferation
was mediated by oxidative stress.

Antioxidant and oxidative stress have a reciprocal relationship [47,48]. Several anti-
cancer reports demonstrated that antioxidant depletion was followed by ROS induction.
For example, the nitrated [6,6,6]tricycle-derived compound SK1 triggered GSH depletion,
leading to ROS overproduction in oral cancer cells [49]. Auranofin exhibits antiproliferation
by ROS induction and GSH depletion in lung cancer cells [50]. Moreover, examining the
status of antioxidant levels for 3HDT treatment is necessary because oxidative stress was
upregulated. 3HDT also preferentially downregulated antioxidant levels, such as GSH, in
breast cancer but not in normal cells (Figure 7). These results suggested that 3HDT-induced
oxidative stress was partly attributed to GSH downregulation.

In addition to antiproliferation and antioxidant regulation, oxidative stress is com-
monly associated with apoptosis [46,51] and DNA damage [18,52–54]. For example, sinu-
larin triggers preferential oxidative stress, leading to the preferential apoptosis and DNA
damage of breast cancer cells but not normal cells [42]. Fucoidan shows preferential oxida-
tive stress effects, contributing to the preferential apoptosis and DNA damage of oral cancer
cells [46]. Similarly, in the present study, 3HDT induced more γH2AX and 8-OHdG levels of
DNA damage as well as apoptosis (annexin V, caspase 3, caspase 8, and caspase 9) in breast
cancer cells than in normal cells, which was reverted by NAC pretreatment. This finding
validated that 3HDT-induced preferential DNA damage and apoptosis were associated
with preferential oxidative stress in breast cancer cells rather than normal cells.

Some natural products show antiproliferative effects on both TNBC and non-TNBC
cells. For example, the methanol extract of Aaptos suberitoides (MEAS), a marine-sponge-
derived natural product, inhibits the cell viability of TNBC (HCC1937, MDA-MB-231,
and MDA-MB-468) and non-TNBC (MCF7; ER+/PR+ type) cells [55]. Ginger-derived
gingerenone A [18], Physalis peruviana-derived physapruin A [56], and Sinularia flexibilis-
derived sinularin [42] suppress the proliferation for both TNBC (MDA-MB-231) and non-
TNBC (SKBR3 (HER2+ type) and/or MCF7) cells. Moreover, some of these antibreast
cancer agents also exhibit antiproliferative effects on other non-breast cancer cells. For
example, physapruin A also suppresses oral cancer cell proliferation [57]. In addition to
breast cancer cells, sinularin exerts antiproliferative function on renal [58] and oral [59]
cancer cells. The typical characteristic of these drugs [18,55,56] is their ROS-inducing ability,
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which causes the inhibition of cancer cell proliferation. As 3HDT is also an ROS-inducing
agent, the antiproliferative potential for non-TNBC and non-breast cancer cells warrants a
full investigation in the future.

Although 3HDT induces lower apoptosis in normal (M10) cells compared with TNBC
cells, the 3HDT-induced potential necrosis is higher in M10 cells than in TNBC cells. More-
over, 3HDT induces higher antiproliferative effects in TNBC cells than in M10 cells, sug-
gesting that 3HDT-induced apoptosis causes higher antiproliferation than 3HDT-induced
necrosis. This explanation is partly supported by the finding that ethyl acetate Nepenthes
extract (EANT) shows necrosis at low concentrations and apoptosis at high concentrations,
which causes low and high antiproliferation, respectively, in oral cancer cells [23]. More-
over, the necrosis determination of 3HDT treatment in the present study was based on the
annexin V/7ADD method, which warrants a detailed future study.

Furthermore, more prolonged exposures to 3HDT may increase the sensitivity of
breast cancer treatment. Combined treatment with clinical drugs or other natural products
may also improve the effects of 3HDT. However, these suggestions still need further
investigation in the future.

4. Materials and Methods
4.1. Plant Material, Extraction, and Isolation

3HDT was purified from the rhizomes of Z. officinale. The fresh rhizomes of Z. officinale
(27.5 kg) were air-dried and repeatedly extracted with MeOH at room temperature for
48–72 h. The combined MeOH extracts were evaporated and partitioned to yield CH2Cl2
and H2O layers. The CH2Cl2 layer residue was separated into six fractions using col-
umn chromatography (CC) on Si gel with gradient systems of n-hexane/CH2Cl2/acetone
n-hexane-acetone. Fraction 2 was purified using Si gel CC (n-hexane-acetone, 60:1) to
yield 3HDT (n-hexane-acetone, 20:1, Rf = 0.43) [20]. The 1H NMR spectrum is provided in
Supplementary Figure S1.

4.2. Chemical Profile of 3HDT

3HDT (MW = 378): yellow oil. [α]25
D + 4.63◦ (c 1.50, CH2Cl2). UV (CH3CN, λmax, nm):

230, 280. IR (νmax, cm−1): 3500, 1710, 1600, 1515. 1H NMR (500 MHz, CDCl3, δ, ppm, J/Hz):
0.88 (3H, t, J = 6.8, H-14), 1.27 (10H, m, H-9~H-13), 1.43 (2H, m, H-8), 2.20 (2H, q, J = 5.0,
H-2), 2.52 (1H, dd, J = 7.2, 14.8, H-4a), 2.59 (1H, dd, J = 2.0, 14.8, H-4b), 2.78 (2H, t, J = 6.0,
H-1), 3.92 (6H, s, 3′-OCH3 and 5′-OCH3), 4.01 (1H, m, H-3), 6.05 (1H, s, OH), 6.12 (1H, d,
J = 16.0, H-6), 6.72 (2H, s, H-2′ and H-6′), 6.81 (1H, dt, J = 16.0, 5.6, H-7). 13C NMR (125 MHz,
CDCl3, δ, ppm): 14.1 (C-14), 22.5 (C-13), 22.7 (C-12), 23.8 (C-11), 25.2 (C-10), 31.1 (C-1),
33.6 (C-9), 35.2 (C-8), 39.3 (C-2), 49.5 (C-4), 56.2 (3,5-OCH3), 71.3 (C-3), 107.7 (C-2′/C-6′),
125.6 (C-1′), 130.2 (C-6), 138.4 (C-4′), 147.3 (C-7), 151.1 (C-3′/C-5′), 199.9 (C=O). ESI-MS m/z
401 [M+Na]+. HR-ESI-MS m/z 401.2301 [M+Na]+ (calcd for C22H34O5Na, 401.2304) [20].

4.3. Chemicals

Inhibitors for oxidative stress, such as N-acetylcysteine (NAC) [60], were dissolved in
1X PBS and DMSO for drug pretreatments, i.e., 10 mM for 1 h. They were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and Selleckchem.com (Houston, TX, USA).

4.4. Cell Cultures and Viability

Two ATCC-derived human TNBC cell lines (HCC1937 and Hs 578T; Manassas, VA,
USA) and one BCRC Cell Bank (HsinChu, Taiwan) normal breast cell line (H184B5F5/M10;
M10) [61–63] were used. TNBC cells were incubated in RPMI (HCC1937) or DMEM/F12
(3:2) (Hs578T) medium, and M10 cells were maintained in alpha medium, supplemented
by 10% bovine serum (Gibco, Grand Island, NY, USA) and P/S antibiotics [42]. According
to user instructions, cell viability was assessed using CCK-8 assay (IMT Formosa New
Materials, Kaohsiung, Taiwan) [21,22].
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4.5. Cell Cycle Analysis

Cellular DNA within the fixed cells was detected using 7-aminoactinmycin D (7AAD;
1 µg/mL) for 30 min (Biotium; Hayward, CA, USA) [46]. The DNA signals were measured
using a Guava easyCyte flow cytometer (Luminex, TX, USA).

4.6. Apoptosis Analysis

Annexin V/7AAD kit [46] (Strong Biotech; Taipei, Taiwan), caspase-Glo® 3/7 [64],
caspase-Glo® 8, and caspase-Glo® 9 [26] luminescence reagents (Promega; Madison, WI,
USA) were applied to measure apoptosis, as described in the user’s manual. Annexin
V/7AAD intensities were monitored using flow cytometry. Caspase 3/7, 8, and 9 activities
were analyzed using a luminometer (Berthold Technologies GmbH & Co., Bad Wildbad,
Germany). Moreover, apoptotic signaling, such as caspase 3, was examined following the
user instructions. The activated caspase 3 was able to cleave the OncoImmunin’s specific
peptides (Gaithersburg, MD, USA) to generate signaling for flow cytometry [65,66].

4.7. Analysis of ROS, MMP, and GSH

Oxidative stresses, including ROS, MMP, and GSH signals, were proportional to the
fluorescence generated by their chemical reactions. These reactions were performed by
adding 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich, St. Louis,
MO, USA) (10 µM for 30 min), DiOC2(3) [42] (Invitrogen; San Diego, CA, USA) (5 nM
for 30 min), and 5-chloromethylfluorescein diacetate (CMF-DA) (Thermo Fisher Scientific,
Carlsbad, CA, USA) (5 µM for 20 min) [46] to cells. Finally, these signals were measured
using flow cytometry.

4.8. DNA Damage Analysis (γH2AX and 8-OHdG)

DNA damage types of 75%-ethanol-fixed cells, such as γH2AX and 8-OHdG [46], were
assessed using antibody detection followed by flow cytometry, as previously described.

4.9. Statistical Analysis

JMP 12 software (SAS Campus Drive, Cary, NC, USA) was employed to decide
the significance of multiple comparisons. Data with different lower-case letters indicate
significant results for three independent experiments. Data were presented as mean ± SD.

5. Conclusions

3HDT is a novel compound derived from Z. officinale; however, only chemical charac-
terization was previously available. The present study first evaluated the antiproliferation
effects of 3HDT using the example of TNBC breast cancer cells. 3HDT demonstrated
preferential antiproliferation for TNBC cells compared with normal breast cells. The
3HDT-associated changes, such as apoptosis, caspase activation, oxidative stress, and DNA
damage, were elevated in breast cancer cells compared with normal cells. NAC reverted
these oxidative changes. In conclusion, 3HDT provides a promising anticancer agent with
preferential antiproliferation, oxidative stress, apoptosis, and DNA damage effects on
TNBC cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24065741/s1, Figure S1: The 1H NMR spectrum of 3HDT.

Author Contributions: Conceptualization, C.-Y.C., M.-F.H. and H.-W.C.; data curation, Y.-N.C.;
formal analysis, Y.-N.C.; methodology, C.-Y.C., J.-P.S. and J.-Y.T.; supervision, M.-F.H. and H.-W.C.;
writing—original draft, C.-Y.C., Y.-N.C. and H.-W.C.; writing—review and editing, M.-F.H. and
H.-W.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by funds of the Ministry of Science and Technology
(MOST 111-2320-B-037-015-MY3), the National Sun Yat-sen University–KMU Joint Research Project
(#NSYSUKMU 112-P06), the Kaohsiung Medical University (KMU-DK(A)112008), and the Kaohsiung
Medical University Research Center (KMU-TC108A04).

https://www.mdpi.com/article/10.3390/ijms24065741/s1
https://www.mdpi.com/article/10.3390/ijms24065741/s1


Int. J. Mol. Sci. 2023, 24, 5741 15 of 17

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank their colleague Hans-Uwe Dahms for editing the manuscript.

Conflicts of Interest: The authors declare that there are no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]
[PubMed]

3. McCann, K.E.; Hurvitz, S.A.; McAndrew, N. Advances in targeted therapies for triple-negative breast cancer. Drugs 2019,
79, 1217–1230. [CrossRef] [PubMed]

4. Slamon, D.J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; Eiermann, W.; Wolter, J.;
Pegram, M.; et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses
HER2. N. Engl. J. Med. 2001, 344, 783–792. [CrossRef]

5. Locker, G.Y. Hormonal therapy of breast cancer. Cancer Treat Rev. 1998, 24, 221–240. [CrossRef]
6. Draganescu, M.; Carmocan, C. Hormone therapy in breast cancer. Chirurgia 2017, 112, 413–417. [CrossRef]
7. Bianchini, G.; Balko, J.M.; Mayer, I.A.; Sanders, M.E.; Gianni, L. Triple-negative breast cancer: Challenges and opportunities of a

heterogeneous disease. Nat. Rev. Clin. Oncol. 2016, 13, 674–690. [CrossRef]
8. Garrido-Castro, A.C.; Lin, N.U.; Polyak, K. Insights into molecular classifications of triple-negative breast cancer: Improving

patient selection for treatment. Cancer Discov. 2019, 9, 176–198. [CrossRef]
9. Oakman, C.; Viale, G.; Di Leo, A. Management of triple negative breast cancer. Breast 2010, 19, 312–321. [CrossRef]
10. Braso-Maristany, F.; Filosto, S.; Catchpole, S.; Marlow, R.; Quist, J.; Francesch-Domenech, E.; Plumb, D.A.; Zakka, L.; Gazinska, P.;

Liccardi, G.; et al. PIM1 kinase regulates cell death, tumor growth and chemotherapy response in triple-negative breast cancer.
Nat. Med. 2016, 22, 1303–1313. [CrossRef]

11. Cheema, H.S.; Singh, M.P. The use of medicinal plants in digestive system related disorders: A systematic review. J. Ayurvedic
Herb. Med. 2021, 7, 182–187. [CrossRef]

12. Zhang, M.; Zhao, R.; Wang, D.; Wang, L.; Zhang, Q.; Wei, S.; Lu, F.; Peng, W.; Wu, C. Ginger (Zingiber officinale Rosc.) and its
bioactive components are potential resources for health beneficial agents. Phytother. Res. 2021, 35, 711–742. [CrossRef]

13. Zhao, L.; Rupji, M.; Choudhary, I.; Osan, R.; Kapoor, S.; Zhang, H.J.; Yang, C.; Aneja, R. Efficacy based ginger fingerprinting
reveals potential antiproliferative analytes for triple negative breast cancer. Sci. Rep. 2020, 10, 19182. [CrossRef] [PubMed]

14. Kubra, I.R.; Rao, L.J. An impression on current developments in the technology, chemistry, and biological activities of ginger
(Zingiber officinale Roscoe). Crit. Rev. Food Sci. Nutr. 2012, 52, 651–688. [CrossRef] [PubMed]

15. Liu, C.M.; Kao, C.L.; Tseng, Y.T.; Lo, Y.C.; Chen, C.Y. Ginger phytochemicals inhibit cell growth and modulate drug resistance
factors in docetaxel resistant prostate cancer cell. Molecules 2017, 22, 1477. [CrossRef] [PubMed]

16. Oboh, G.; Akinyemi, A.J.; Ademiluyi, A.O. Antioxidant and inhibitory effect of red ginger (Zingiber officinale var. Rubra) and
white ginger (Zingiber officinale Roscoe) on Fe2+ induced lipid peroxidation in rat brain in vitro. Exp. Toxicol. Pathol. 2012,
64, 31–36. [CrossRef]

17. Martin, A.; Fuzer, A.M.; Becceneri, A.B.; da Silva, J.A.; Tomasin, R.; Denoyer, D.; Kim, S.H.; McIntyre, K.A.; Pearson, H.B.;
Yeo, B.; et al. [10]-gingerol induces apoptosis and inhibits metastatic dissemination of triple negative breast cancer in vivo.
Oncotarget 2017, 8, 72260–72271. [CrossRef]

18. Yu, T.J.; Tang, J.Y.; Shiau, J.P.; Hou, M.F.; Yen, C.H.; Ou-Yang, F.; Chen, C.Y.; Chang, H.W. Gingerenone A induces antiproliferation
and senescence of breast cancer cells. Antioxidants 2022, 11, 587. [CrossRef]

19. Mansingh, D.P.; Sunanda, O.J.; Sali, V.K.; Vasanthi, H.R. [6]-Gingerol-induced cell cycle arrest, reactive oxygen species generation,
and disruption of mitochondrial membrane potential are associated with apoptosis in human gastric cancer (AGS) cells. J. Biochem.
Mol. Toxicol. 2018, 32, e22206. [CrossRef]

20. Li, W.J.; Lin, R.J.; Yeh, Y.T.; Chen, H.L.; Chen, C.Y. Phenylalkanoids from Zingiber officinale. Chem. Nat. Compd. 2013, 49, 440–442.
[CrossRef]

21. Le, N.T.; Richardson, D.R. The role of iron in cell cycle progression and the proliferation of neoplastic cells. Biochim. Biophys. Acta
2002, 1603, 31–46. [CrossRef] [PubMed]

22. Fadok, V.A.; Bratton, D.L.; Frasch, S.C.; Warner, M.L.; Henson, P.M. The role of phosphatidylserine in recognition of apoptotic
cells by phagocytes. Cell Death Differ. 1998, 5, 551–562. [CrossRef] [PubMed]

23. Yang, K.H.; Tang, J.Y.; Chen, Y.N.; Chuang, Y.T.; Tsai, I.H.; Chiu, C.C.; Li, L.J.; Chien, T.M.; Cheng, Y.B.; Chang, F.R.; et al.
Nepenthes extract induces selective killing, necrosis, and apoptosis in oral cancer cells. J. Pers. Med. 2021, 11, 871. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
http://doi.org/10.1007/s40265-019-01155-4
http://www.ncbi.nlm.nih.gov/pubmed/31254268
http://doi.org/10.1056/NEJM200103153441101
http://doi.org/10.1016/S0305-7372(98)90051-2
http://doi.org/10.21614/chirurgia.112.4.413
http://doi.org/10.1038/nrclinonc.2016.66
http://doi.org/10.1158/2159-8290.CD-18-1177
http://doi.org/10.1016/j.breast.2010.03.026
http://doi.org/10.1038/nm.4198
http://doi.org/10.31254/jahm.2021.7303
http://doi.org/10.1002/ptr.6858
http://doi.org/10.1038/s41598-020-75707-0
http://www.ncbi.nlm.nih.gov/pubmed/33154433
http://doi.org/10.1080/10408398.2010.505689
http://www.ncbi.nlm.nih.gov/pubmed/22591340
http://doi.org/10.3390/molecules22091477
http://www.ncbi.nlm.nih.gov/pubmed/28872603
http://doi.org/10.1016/j.etp.2010.06.002
http://doi.org/10.18632/oncotarget.20139
http://doi.org/10.3390/antiox11030587
http://doi.org/10.1002/jbt.22206
http://doi.org/10.1007/s10600-013-0633-x
http://doi.org/10.1016/S0304-419X(02)00068-9
http://www.ncbi.nlm.nih.gov/pubmed/12242109
http://doi.org/10.1038/sj.cdd.4400404
http://www.ncbi.nlm.nih.gov/pubmed/10200509
http://doi.org/10.3390/jpm11090871


Int. J. Mol. Sci. 2023, 24, 5741 16 of 17

24. Reula, A.; Pellicer, D.; Castillo, S.; Magallon, M.; Armengot, M.; Herrera, G.; O’Connor, J.E.; Banuls, L.; Navarro-Garcia, M.M.;
Escribano, A.; et al. New laboratory protocol to determine the oxidative stress profile of human nasal epithelial cells using flow
cytometry. J. Clin. Med. 2021, 10, 1172. [CrossRef] [PubMed]

25. Noda, T.; Kato, R.; Hattori, T.; Furukawa, Y.; Ijiri, Y.; Tanaka, K. Role of caspase-8 and/or-9 as biomarkers that can distinguish the
potential to cause toxic- and immune related-adverse event, for the progress of acetaminophen-induced liver injury. Life Sci. 2022,
294, 120351. [CrossRef]

26. Asadi, M.; Taghizadeh, S.; Kaviani, E.; Vakili, O.; Taheri-Anganeh, M.; Tahamtan, M.; Savardashtaki, A. Caspase-3: Structure,
function, and biotechnological aspects. Biotechnol. Appl. Biochem. 2022, 69, 1633–1645. [CrossRef]

27. Budihardjo, I.; Oliver, H.; Lutter, M.; Luo, X.; Wang, X. Biochemical pathways of caspase activation during apoptosis. Annu. Rev.
Cell Dev. Biol. 1999, 15, 269–290. [CrossRef]

28. Lakhani, S.A.; Masud, A.; Kuida, K.; Porter, G.A., Jr.; Booth, C.J.; Mehal, W.Z.; Inayat, I.; Flavell, R.A. Caspases 3 and 7: Key
mediators of mitochondrial events of apoptosis. Science 2006, 311, 847–851. [CrossRef]

29. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [CrossRef]
30. Satoh, T.; Enokido, Y.; Aoshima, H.; Uchiyama, Y.; Hatanaka, H. Changes in mitochondrial membrane potential during oxidative

stress-induced apoptosis in PC12 cells. J. Neurosci. Res. 1997, 50, 413–420. [CrossRef]
31. Forman, H.J.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Aspects

Med. 2009, 30, 1–12. [CrossRef]
32. Zitka, O.; Skalickova, S.; Gumulec, J.; Masarik, M.; Adam, V.; Hubalek, J.; Trnkova, L.; Kruseova, J.; Eckschlager, T.; Kizek, R.

Redox status expressed as GSH:GSSG ratio as a marker for oxidative stress in paediatric tumour patients. Oncol. Lett. 2012,
4, 1247–1253. [CrossRef]

33. Kuo, L.J.; Yang, L.-X. γ-H2AX-a novel biomarker for DNA double-strand breaks. In Vivo 2008, 22, 305–309. [PubMed]
34. Omari Shekaftik, S.; Nasirzadeh, N. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) as a biomarker of oxidative DNA damage induced

by occupational exposure to nanomaterials: A systematic review. Nanotoxicology 2021, 15, 850–864. [CrossRef]
35. Hasima, N.; Aun, L.I.; Azmi, M.N.; Aziz, A.N.; Thirthagiri, E.; Ibrahim, H.; Awang, K. 1′S-1′-acetoxyeugenol acetate: A new

chemotherapeutic natural compound against MCF-7 human breast cancer cells. Phytomedicine 2010, 17, 935–939. [CrossRef]
[PubMed]

36. Seo, E.-Y.; Lee, H.-S.; Kim, W.-K. Effect of [6]-gingerol on inhibition of cell proliferation in MDA-MB-231 human breast cancer
cells. J. Nutr. Health 2005, 38, 656–662.

37. Bawadood, A.S.; Al-Abbasi, F.A.; Anwar, F.; El-Halawany, A.M.; Al-Abd, A.M. 6-Shogaol suppresses the growth of breast cancer
cells by inducing apoptosis and suppressing autophagy via targeting notch signaling pathway. Biomed. Pharmacother. 2020,
128, 110302. [CrossRef]

38. Pauzi, A.Z.; Yeap, S.K.; Abu, N.; Lim, K.L.; Omar, A.R.; Aziz, S.A.; Chow, A.L.; Subramani, T.; Tan, S.G.; Alitheen, N.B.
Combination of cisplatin and bromelain exerts synergistic cytotoxic effects against breast cancer cell line MDA-MB-231 in vitro.
Chin. Med. 2016, 11, 46. [CrossRef]

39. Gambini, V.; Tilio, M.; Maina, E.W.; Andreani, C.; Bartolacci, C.; Wang, J.; Iezzi, M.; Ferraro, S.; Ramadori, A.T.; Simon, O.C.; et al.
In vitro and in vivo studies of gold(I) azolate/phosphane complexes for the treatment of basal like breast cancer. Eur. J. Med. Chem.
2018, 155, 418–427. [CrossRef]

40. Mirmalek, S.A.; Azizi, M.A.; Jangholi, E.; Yadollah-Damavandi, S.; Javidi, M.A.; Parsa, Y.; Parsa, T.; Salimi-Tabatabaee, S.A.;
Ghasemzadeh Kolagar, H.; Alizadeh-Navaei, R. Cytotoxic and apoptogenic effect of hypericin, the bioactive component of
Hypericum perforatum on the MCF-7 human breast cancer cell line. Cancer Cell Int. 2015, 16, 3. [CrossRef]

41. Heinemann, V. Gemcitabine plus cisplatin for the treatment of metastatic breast cancer. Clin. Breast Cancer 2002,
3 (Suppl. 1), 24–29. [CrossRef] [PubMed]

42. Huang, H.W.; Tang, J.Y.; Ou-Yang, F.; Wang, H.R.; Guan, P.Y.; Huang, C.Y.; Chen, C.Y.; Hou, M.F.; Sheu, J.H.; Chang, H.W.
Sinularin selectively kills breast cancer cells showing G2/M arrest, apoptosis, and oxidative DNA damage. Molecules 2018,
23, 849. [CrossRef]

43. Liao, H.; Banbury, L.K.; Leach, D.N. Antioxidant activity of 45 Chinese herbs and the relationship with their TCM characteristics.
Evid. Based Complement. Altern. Med. 2008, 5, 429–434. [CrossRef]

44. Matkowski, A.; Jamiolkowska-Kozlowska, W.; Nawrot, I. Chinese medicinal herbs as source of antioxidant compounds—Where
tradition meets the future. Curr. Med. Chem. 2013, 20, 984–1004. [PubMed]

45. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?
Nat. Rev. Drug. Discov. 2009, 8, 579–591. [CrossRef] [PubMed]

46. Shiau, J.P.; Chuang, Y.T.; Yang, K.H.; Chang, F.R.; Sheu, J.H.; Hou, M.F.; Jeng, J.H.; Tang, J.Y.; Chang, H.W. Brown algae-derived
fucoidan exerts oxidative stress-dependent antiproliferation on oral cancer cells. Antioxidants 2022, 11, 841. [CrossRef] [PubMed]

47. Espinosa-Diez, C.; Miguel, V.; Mennerich, D.; Kietzmann, T.; Sanchez-Perez, P.; Cadenas, S.; Lamas, S. Antioxidant responses and
cellular adjustments to oxidative stress. Redox. Biol. 2015, 6, 183–197. [CrossRef]

48. Tan, B.L.; Norhaizan, M.E.; Liew, W.P.; Sulaiman Rahman, H. Antioxidant and oxidative stress: A mutual interplay in age-related
diseases. Front. Pharmacol. 2018, 9, 1162. [CrossRef]

49. Chen, Y.N.; Chan, C.K.; Yen, C.Y.; Shiau, J.P.; Chang, M.Y.; Wang, C.C.; Jeng, J.H.; Tang, J.Y.; Chang, H.W. Antioral cancer effects
by the nitrated [6,6,6]tricycles compound (SK1) in vitro. Antioxidants 2022, 11, 2072. [CrossRef]

http://doi.org/10.3390/jcm10061172
http://www.ncbi.nlm.nih.gov/pubmed/33799667
http://doi.org/10.1016/j.lfs.2022.120351
http://doi.org/10.1002/bab.2233
http://doi.org/10.1146/annurev.cellbio.15.1.269
http://doi.org/10.1126/science.1115035
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1002/(SICI)1097-4547(19971101)50:3&lt;413::AID-JNR7&gt;3.0.CO;2-L
http://doi.org/10.1016/j.mam.2008.08.006
http://doi.org/10.3892/ol.2012.931
http://www.ncbi.nlm.nih.gov/pubmed/18610740
http://doi.org/10.1080/17435390.2021.1936254
http://doi.org/10.1016/j.phymed.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20729047
http://doi.org/10.1016/j.biopha.2020.110302
http://doi.org/10.1186/s13020-016-0118-5
http://doi.org/10.1016/j.ejmech.2018.06.002
http://doi.org/10.1186/s12935-016-0279-4
http://doi.org/10.3816/CBC.2002.s.006
http://www.ncbi.nlm.nih.gov/pubmed/12057042
http://doi.org/10.3390/molecules23040849
http://doi.org/10.1093/ecam/nem054
http://www.ncbi.nlm.nih.gov/pubmed/23210784
http://doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/19478820
http://doi.org/10.3390/antiox11050841
http://www.ncbi.nlm.nih.gov/pubmed/35624705
http://doi.org/10.1016/j.redox.2015.07.008
http://doi.org/10.3389/fphar.2018.01162
http://doi.org/10.3390/antiox11102072


Int. J. Mol. Sci. 2023, 24, 5741 17 of 17

50. Cui, X.Y.; Park, S.H.; Park, W.H. Anti-cancer effects of auranofin in human lung cancer cells by increasing intracellular ROS levels
and depleting GSH levels. Molecules 2022, 27, 5207. [CrossRef]

51. Kashyap, D.; Sharma, A.; Garg, V.; Tuli, H.S.; Kumar, G.; Kumar, M.; Mukherjee, T. Reactive oxygen species (ROS): An activator of
apoptosis and autophagy in cancer. J. Biol. Chem. Sci. 2016, 3, 256–264.

52. Bohr, V.A.; Dianov, G.L. Oxidative DNA damage processing in nuclear and mitochondrial DNA. Biochimie 1999, 81, 155–160.
[CrossRef]

53. Salehi, F.; Behboudi, H.; Kavoosi, G.; Ardestani, S.K. Oxidative DNA damage induced by ROS-modulating agents with the ability
to target DNA: A comparison of the biological characteristics of citrus pectin and apple pectin. Sci. Rep. 2018, 8, 13902. [CrossRef]

54. Li, Z.; Yang, J.; Huang, H. Oxidative stress induces H2AX phosphorylation in human spermatozoa. FEBS Lett. 2006,
580, 6161–6168. [CrossRef]

55. Shiau, J.P.; Lee, M.Y.; Tang, J.Y.; Huang, H.; Lin, Z.Y.; Su, J.H.; Hou, M.F.; Cheng, Y.B.; Chang, H.W. Marine sponge Aaptos
suberitoid extract improves antiproliferation and apoptosis of breast cancer cells without cytotoxicity to normal cells in vitroes.
Pharmaceuticals 2022, 15, 1575. [CrossRef] [PubMed]

56. Yu, T.J.; Cheng, Y.B.; Lin, L.C.; Tsai, Y.H.; Yao, B.Y.; Tang, J.Y.; Chang, F.R.; Yen, C.H.; Ou-Yang, F.; Chang, H.W. Physalis
peruviana-derived physapruin A (PHA) inhibits breast cancer cell proliferation and induces oxidative-stress-mediated apoptosis
and DNA damage. Antioxidants 2021, 10, 393. [CrossRef] [PubMed]

57. Yu, T.J.; Yen, C.Y.; Cheng, Y.B.; Yen, C.H.; Jeng, J.H.; Tang, J.Y.; Chang, H.W. Physapruin A enhances DNA damage and inhibits
DNA repair to suppress oral cancer cell proliferation. Int. J. Mol. Sci. 2022, 23, 8839. [CrossRef] [PubMed]

58. Ma, Q.; Meng, X.Y.; Wu, K.R.; Cao, J.Z.; Yu, R.; Yan, Z.J. Sinularin exerts anti-tumor effects against human renal cancer cells relies
on the generation of ROS. J. Cancer 2019, 10, 5114–5123. [CrossRef]

59. Chang, Y.T.; Wu, C.Y.; Tang, J.Y.; Huang, C.Y.; Liaw, C.C.; Wu, S.H.; Sheu, J.H.; Chang, H.W. Sinularin induces oxidative
stress-mediated G2/M arrest and apoptosis in oral cancer cells. Environ. Toxicol. 2017, 32, 2124–2132. [CrossRef]

60. Wang, T.S.; Lin, C.P.; Chen, Y.P.; Chao, M.R.; Li, C.C.; Liu, K.L. CYP450-mediated mitochondrial ROS production involved in
arecoline N-oxide-induced oxidative damage in liver cell lines. Environ. Toxicol. 2018, 33, 1029–1038. [CrossRef]

61. Wang, N.; Ren, D.; Deng, S.; Yang, X. Differential effects of baicalein and its sulfated derivatives in inhibiting proliferation of
human breast cancer MCF-7 cells. Chem. Biol. Interact. 2014, 221, 99–108. [CrossRef] [PubMed]

62. Yen, M.C.; Chou, S.K.; Kan, J.Y.; Kuo, P.L.; Hou, M.F.; Hsu, Y.L. New insight on solute carrier family 27 member 6 (SLC27A6) in
tumoral and non-tumoral breast cells. Int. J. Med. Sci. 2019, 16, 366–375. [CrossRef] [PubMed]

63. Jao, H.Y.; Chang, F.R.; Cheng, C.W.; Liang, H.W.; Wang, C.J.; Lee, H.J. Silybum marianum seed disrupts mitosis by reducing
polo-like kinase 1 in breast cancer cells. Phytomed. Plus 2022, 2, 100164. [CrossRef]

64. Wang, S.C.; Wang, Y.Y.; Lin, L.C.; Chang, M.Y.; Yuan, S.F.; Tang, J.Y.; Chang, H.W. Combined treatment of sulfonyl chromen-4-ones
(CHW09) and ultraviolet-C (UVC) enhances proliferation inhibition, apoptosis, oxidative stress, and DNA damage against oral
cancer cells. Int. J. Mol. Sci. 2020, 21, 6443. [CrossRef] [PubMed]

65. Lin, C.H.; Chan, H.S.; Tsay, H.S.; Funayama, S.; Kuo, C.L.; Chung, J.G. Ethyl acetate fraction from methanol extraction of Vitis
thunbergii var. taiwaniana induced G0/G1 phase arrest via inhibition of cyclins D and E and induction of apoptosis through
caspase-dependent and -independent pathways in human prostate carcinoma DU145 cells. Environ. Toxicol. 2018, 33, 41–51.
[PubMed]

66. Liu, S.L.; Yang, K.H.; Yang, C.W.; Lee, M.Y.; Chuang, Y.T.; Chen, Y.N.; Chang, F.R.; Chen, C.Y.; Chang, H.W. Burmannic acid
inhibits proliferation and induces oxidative stress response of oral cancer cells. Antioxidants 2021, 10, 1588. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/molecules27165207
http://doi.org/10.1016/S0300-9084(99)80048-0
http://doi.org/10.1038/s41598-018-32308-2
http://doi.org/10.1016/j.febslet.2006.10.016
http://doi.org/10.3390/ph15121575
http://www.ncbi.nlm.nih.gov/pubmed/36559026
http://doi.org/10.3390/antiox10030393
http://www.ncbi.nlm.nih.gov/pubmed/33807834
http://doi.org/10.3390/ijms23168839
http://www.ncbi.nlm.nih.gov/pubmed/36012104
http://doi.org/10.7150/jca.31232
http://doi.org/10.1002/tox.22425
http://doi.org/10.1002/tox.22588
http://doi.org/10.1016/j.cbi.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25130856
http://doi.org/10.7150/ijms.29946
http://www.ncbi.nlm.nih.gov/pubmed/30911270
http://doi.org/10.1016/j.phyplu.2021.100164
http://doi.org/10.3390/ijms21176443
http://www.ncbi.nlm.nih.gov/pubmed/32899415
http://www.ncbi.nlm.nih.gov/pubmed/28941016
http://doi.org/10.3390/antiox10101588

	Introduction 
	Results 
	Cell Viability of 3HDT-Treated TNBC Cells 
	Cell Cycle Distribution of 3HDT-Treated TNBC Cells 
	Apoptosis of 3HDT-Treated TNBC Cells 
	Caspase 3/8/9 Signaling of 3HDT-Treated TNBC Cells 
	ROS Status of 3HDT-Treated TNBC Cells 
	Mitochondrial Membrane Potential (MMP) Status of 3HDT-Treated TNBC Cells 
	Glutathione (GSH) Status of 3HDT-Treated TNBC Cells 
	H2A Histone Family Member X (H2AX) and 8-Hydroxy-2-deoxyguanosine (8-OHdG) Status of 3HDT-Treated TNBC Cells 

	Discussion 
	Materials and Methods 
	Plant Material, Extraction, and Isolation 
	Chemical Profile of 3HDT 
	Chemicals 
	Cell Cultures and Viability 
	Cell Cycle Analysis 
	Apoptosis Analysis 
	Analysis of ROS, MMP, and GSH 
	DNA Damage Analysis (H2AX and 8-OHdG) 
	Statistical Analysis 

	Conclusions 
	References

