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Abstract: Plants of the genus Teucrium (Lamiaceae or Labiatae family) are known historically for
their medicinal value. Here, we identify and characterize the anticancer potential of T. mascatense
and its active compound, IM60, in human cancer cells. The anti-proliferative effect of a T. mascatense
methanol extract and its various fractions were analyzed in MCF-7 and HeLa cells in a dose- and
time dependent manner. The dichloromethane fraction (TMDF) was observed to be the most effective
with cytotoxicity against a more expanded series of cell lines, including MDA-MB-231. A time
and dose-dependent toxicity profile was also observed for IM60; it could induce rapid cell death
(within 3 h) in MCF-7 cells. Activation of caspases and PARP, hallmarks of apoptotic cell death
pathways, following treatment with TMDF was demonstrated using western blot analysis. Inversion
of the phosphatidylserine phospholipid from the inner to the outer membrane was confirmed by
annexin V staining that was inhibited by the classical apoptosis inhibitor, Z-VAK-FMK. Changes in
cell rounding, shrinkage, and detachment from other cells following treatment with TMDF and
IM60 also supported these findings. Finally, the potential of TMDF and IM60 to induce enzymatic
activity of caspases was also demonstrated in MCF-7 cells. This study, thus, not only characterizes
the anticancer potential of T. mascatense, but also identifies a lead terpenoid, IM60, with the potential
to activate anticancer cell death pathways in human cancer cells.

Keywords: Teucrium mascatense; natural plant products; anticancer activity; breast and cervical cancer;
apoptosis; caspases

1. Introduction

Cancer is the second major cause of mortality worldwide, responsible for an estimated 9.6 million
deaths in 2018, and accounting for one out of every six deaths [1]. This burden is expected to rise from
18.1 million worldwide to 29.5 million by 2040 [2]. The economic burden of cancer is no less, where
only in the US, it was estimated to be nearly $1.16 trillion in 2010 alone [3]. The use of plant-derived
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compounds for cancer therapy is widely prevalent, with more than 60% of clinically approved anticancer
drugs being derivatives of medicinal plants [4,5]. However, surprisingly, only 6% of the nearly 250,000
plant species known to exist have been screened for their biological activity [6]. Based on estimates of the
World Health Organization (WHO), around 80% of the world’s population depends on herbal medicines,
especially natives of Latin America, Asia, and Africa [7], and more than 3000 plant species are currently
known to treat cancer [8]. Considering the wealth of untapped knowledge available in the realm of
traditional/alternative medicine, there is an urgent need to use advanced screening methods to identify
and characterize the anticancer potential of plant extracts [9]. Interestingly, most of the therapeutic drugs
currently used in the treatment of breast cancer, the most frequent cause of cancer and cancer-related
mortality among women [2], are originally derived from plants [7]. These include paclitaxel and docetaxel
(Taxus baccata), etoposide (Podophyllum peltatum), camptothecin (Camptotheca acuminata), and vinblastine
and vinorelbine (Vinca rosea). In fact, results from recent clinical trials have established docetaxel as the
most active single agent in the treatment of advanced metastatic breast cancer, either as first or second-line
therapy [10]. Therefore, the skepticism often associated with the translation of compounds derived from
plant extracts into commercially viable drugs is unsubstantiated.

Teucrium mascatense (T. mascatense) is a medicinal plant of the genus Teucrium, belonging to
Lamiaceae or Labiatae family. The Teucrium genus is comprised of around 300 species distributed
over central Europe, Western Asia, the Mediterranean region, North Africa, and the Arabian
Peninsula [11–17]. The medicinal value of Teucrium species has been known since the times of
Socrates and Jalinous, and plants belonging to this genus have been used in both traditional and
modern medicine owing to their bioactive constituents [15–19]. Species of Teucrium are known
to contain tannins, glycosides, phenols, steroids, and terpenoids, with strong biological activities,
such as antibacterial, antipyretic, anti-inflammatory, anti-diabetic, anti-spasmodic, analgesic, lipolysis,
and antioxidant actions [19–31]. One species of Teucrium from the same family, found in areas like
Sardinia and Baronia of Siniscola, has been used as an antimalarial agent [32].

Not much is known about the anticancer potential of T. mascatense. Most of the anticancer studies
on this plant have been done on Teucrium polium (T. polium), one of the most widely studied plants
of the Teucrium genus [33]. It has been shown to be an effective and safe chemo-sensitizing agent
as it can potentiate the anti-proliferative and apoptotic effects of various chemotherapeutic drugs,
including vincristine, vinblastine, and doxorubicin [34]. T. polium may also have anticancer potential
that can be attributed to the presence of flavonoids and diterpenoids [19,35]. In addition, secondary
metabolites present in this species have been shown to have toxic effects against cancer cells [36–38].
Kandouz et al., have shown that extracts of T. polium can not only inhibit proliferation of prostate
cancer cells, but also inhibit their invasion and motility by altering the expression and localization of
E-cadherin and catenins [39]. Finally, a recent study using concentrates of T. polium in rats has shown
significant anticancer activity against hepatocellular carcinomas [40].

Compared to these, there is a dearth of literature on the anticancer potential of T. mascatense. Initial
screening of the T. mascatense plant extracts showed that it could inhibit growth of human breast cancer
cells [41]. Thus, the aim of the current study was to characterize this anticancer potential of T. mascatense
further in a comprehensive manner. Our work demonstrates that T. mascatense can induce apoptotic activity
in human breast cells. Furthermore, we go on to demonstrate that an active compound isolated from T.
mascatense has anti-proliferative and anti-apoptotic activity against breast cancer cells in vitro, leading to
the identification of a potential lead compound in the search for natural compounds against cancer.

2. Results

2.1. Crude Methanolic Extract of T. mascatense and Some of Its Fractions Induce Cytotoxic Effects in Human
Normal and Cancer Cell Lines

To determine the anticancer potential of T. mascatense, its methanol extract (TMME) along with
five of its organic/aqueous fractions were analyzed for their effects on cancer cell proliferation,
as described in the Materials and Methods section. The different organic/aqueous fractions of the
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crude methanol extract were tested to determine which solvents were better at isolating the relevant
biologically active content of the plant [42]. The initial screening was limited to two types of human
cancer cell lines: MCF-7, a breast cancer cell line [43], and HeLa, a cervical carcinoma cell line [44]
(Table 1). This allowed us to determine the general potential of these extract/fractions to affect cell
proliferation of two different types of human cancer cell lines. The samples were analyzed at four
different concentrations (25, 50, 125, 250 µg/mL), at 24 and 72 h post-treatment. After 24 h of treatment,
TMME and two of its organic fractions prepared by using dichloromethane and n-hexane solvents
(TMDF and TMHF), were observed to be effective against MCF-7 cell line by inducing ≥20% inhibition
of cell proliferation at a concentration of 250 µg/mL. None of these three showed cytotoxic effects on
HeLa cells 24 h post treatment. After 72 h, TMDF, TMME, and TMHF showed ≥20% cytotoxic effects
on the MCF-7 cell line at concentrations of 125 and 250 µg/mL, and were also active against the HeLa
cell line at a dose of 250 µg/mL (Table 1).

Table 1. Summary of the first screening of T. mascatense extract/fractions using the MTT assay.

Extract/Fractions
MCF-7

(24/72 HRS)
Breast Cancer Cells (µg/mL) *

HeLa
(24/72 HRS)

Cervical Cancer Cells (µg/mL) *

TMHF 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMDF 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMEF X X
TMBF X X

TMME 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMAF X X

X = Extract/fractions displaying ≤ 20% inhibition of proliferation. * = Numbers denote extract/fractions
concentration (in µg per mL) at which ≥ 20% inhibition of proliferation was observed. Abbreviations: TMHF: Teucrium
mascatense n-hexane fraction; TMDF: Teucrium mascatense dichloromethane fraction; TMEF: Teucrium mascatense ethyl
acetate fraction; TMBF: Teucrium mascatense n-butanol fraction; TMME: Teucrium mascatense methanol extract; TMAF:
Teucrium mascatense aqueous fraction.

Based on our experience with the anti-cancer potential of crude methanol extracts and their
different fractions from several other plants where the dichloromethane solvent was the most consistent
in its ability to induce cytotoxic effects in both MCF 7 and HeLa cell lines, TMDF was chosen for further
testing in a more expanded series of cell lines, including MCF-10A and MDA-MB-231. MCF10A is
a normal human mammary epithelial cell line [45] and was used to allow comparison of the effect
of TMDF on normal versus cancer cell lines, while MDA-MB-231 is a cell line from a triple receptor
negative breast cancer tissue [46]. Such breast cancers are much harder to treat due to their inability to
respond to therapies directed against hormone receptors [47]; thus, this cell line allowed us to test for
natural compounds that may have anti-proliferation activity against them.

The MTT assay was performed on all the cell lines chosen in a dose-dependent manner using three
different concentrations of extract/fractions (50, 125, 250 µg/mL) after 24, 48, and 72 h of treatment.
Figure 1 shows the dose-dependency of each cell line and the time course of cell death observed after
normalizing cell proliferation to the effects of DMSO alone (the solvent used for solubilizing TMDF).
As can be seen, TMDF could induce cytotoxic effects in both the breast and cervical cancer cell lines in a
statistically significant manner (Figure 1). However, the normal breast epithelial cell line, MCF-10A,
was the most sensitive to TMDF, while the three cancer cell lines showed comparable dose response to
TMDF (Figure 1C). Calculation of the dose that caused 50% inhibition of proliferation (IC50) confirmed
these observations. As can be seen from the table in Figure 1, the IC50 value for the 72-h time point for
MCF-10A was the least (45.83 µg/mL), followed by that for HeLa (196.4 µg/mL), MCF-7 (227 µg/mL)
and MDA-MB-231 cells (232.8 µg/mL). On the other hand, time course analysis of cell viability revealed
that the cytotoxicity profile for the normal MCF-10A cells was comparable to the other two breast
cancer cell lines, MCF-7 and MDA-MB-231, while the HeLa cells were the slowest in response to
TMDF-induced cell death (Figure 1F).
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Figure 1. Cytotoxic effects of different concentration of T. mascatense dichloromethane fraction (TMDF) using MTT assay on MCF-10A, MCF-7, MDA-MB-231, and 
HeLa cells after (A, D) 24, (B, E) 48, and (C, F) 72 h post treatment. * indicates statistically significant differences between the DMSO- and TMDF-treated samples (* 
p < 0.05; ** p < 0.01 but > 0.001; *** p < 0.001). The IC50 values (in µg/mL) for the 72-h time points are shown in the table below the figure. 

Figure 1. Cytotoxic effects of different concentration of T. mascatense dichloromethane fraction (TMDF) using MTT assay on MCF-10A, MCF-7, MDA-MB-231, and
HeLa cells after (A,D) 24, (B,E) 48, and (C,F) 72 h post treatment. * indicates statistically significant differences between the DMSO- and TMDF-treated samples
(* p < 0.05; ** p < 0.01 but > 0.001; *** p < 0.001). The IC50 values (in µg/mL) for the 72-h time points are shown in the table below the figure.
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To eliminate the possibility of the observed cytotoxicity being due to the organic solvents
used in the extraction process, MTT assay was also conducted on the three cancer cell lines
(MCF-7, MDA-MB-231, and HeLa) using only the individual solvents starting at 1:500 dilution. None of
the organic solvents showed any cytotoxicity on the tested cell lines (data not shown). This was further
validated by nuclear magnetic resonance (NMR) analysis of the extract and fractions which detected
no residual organic solvents in these samples (data not shown). These observations, along with the fact
that only three of the five organic extract/fractions showed cytotoxicity on the tested cell lines, (Table 1)
confirms that the detected anti-proliferative effects on the cell lines were not due to any lingering
solvents that may have been left in the extract/fractions; rather, it was due to the compounds present
in the extract and fractions themselves.

2.2. TMDF Activates Key Apoptotic Proteins in Breast Cancer Cells

Next, we determined whether the cytotoxicity being observed in the cancer cell lines was due to
apoptosis, the primary cell death pathway activated by anticancer compounds [7,48]. The activation of
various caspases and downstream effector protein PARP (poly ADB ribose polymerase) are hallmarks
of apoptosis [49]. Thus, the classical technique of western blot analysis was used to detect activation
of these proteins involved in apoptosis 24 h post treatment with different concentrations of TMDF.
As shown in Figure 2A, the expression and cleavage of caspase 7 and PARP proteins was successfully
detected, demonstrating that TMDF had the potential to activate a caspase-dependent mechanism
of inducing apoptosis in MCF-7 cells. Some degradation of actin could be observed at the 250
µg/mL concentration, suggesting late stages of apoptosis when actin degradation can be expected [50].
Activation of caspase 8 and 9 could also be observed by the steady disappearance of the procaspase 8
and 9 bands; however, the actual cleaved products of these caspases could not be detected (Figure 2A).
This is most likely due to the well-known labile nature of the activated caspase cleavage products that
requires correct timing and concentration to be visible and the poorer specificity of the antibodies for
the cleaved products [51].
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Figure 2. Western blot analysis of MCF-7 cells treated with the dichloromethane fraction of T. mascatense
(TMDF): (A) for 24 h, (B) for 6 and 12 h at the indicated concentrations followed by detection of the
specified caspases or poly ADB ribose polymerase (PARP) proteins. Actin antibody was used as a
loading control. The “DMSO control” sample contains the same amount of DMSO as present in the
250 µg/mL sample of TMDF.
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To ensure that the caspase cleavage being observed was reproducible and not a reflection of
generalized cytotoxicity from TMDF, the westerns for caspase 7 and PARP were repeated at earlier
time points (6 and 12 h) on cell lysates generated from MCF-7 cells treated with 125 and 250 µg/mL of
TMDF. As can be seen in Figure 2B, caspase 7 cleavage could be detected under these conditions where
actin was not degraded, confirming that the caspase 7 cleavage observed earlier was bona fide and
not due to a generalized cytotoxicity induced by TMDF. Interestingly, under these conditions, PARP
cleavage was not visible, most likely due to the early time points studied since PARP cleavage is a later
event in apoptosis [49].

2.3. TMDF Can Induce Apoptosis in MCF-7 Cells

Another hallmark of apoptosis is inversion of the inner leaflet of the plasma membrane, exposing
the proteins and phospholipids that reside on the inside of the plasma membrane phospholipid
bilayer without compromising membrane integrity [49]. This is considered an early event observed
in cells undergoing apoptosis in which the cell viability is maintained despite the inversion of the
plasma membrane [49]. Therefore, we tested for the ability of TMDF to induce this classical effect on
treated cells using the well-established Annexin V/propidium iodide (PI) staining assay and flow
cytometry [49]. As can be seen from Figure 3, compared to the untreated cells, DMSO treatment did
not affect the viability of the cells (Figure 3A,B). This is in contrast to our positive control (Boswellia
sacra essential oil) that has a potent ability to induce apoptosis in a rapid manner (Figure 3C) [52].
Treatment of MCF-7 cells with Boswellia sacra essential oil led to shift of the cells into the Annexin
V-positive, but PI negative quadrants (19.6%), revealing the induction of early apoptotic events
(Figure 3C) as well as late apoptosis (28.9%) where the Annexin V population was PI positive
(Figure 3H). In comparison, treatment of MCF-7 cells for six hours with 125 µg/mL of TMDF led to
21.85% of the cells to move into the early apoptosis phase (Figure 3D), while treatment with 250 µg/mL
lead to a further increase in apoptosis induction with 62.6% of the cells moving into early apoptosis
phase and 2.1% into late apoptosis (Figure 3E,H). This dose-dependent increase in cells entering the
early apoptotic stage reveals that TMDF has the capability to induce apoptosis in MCF-7 cells.

To confirm whether this was indeed apoptosis, we further tested the ability of the classical
apoptosis inhibitor, Z-VAK-FMK to inhibit this process. As can be seen, pretreatment of the MCF-7
cells with 20 µM Z-VAK-FMK led to a significant inhibition of apoptosis in both 125 and 250 µg/mL
TMDF-treated cells (Figure 3F,G) with only 1.9 and 9.5% of the cells shifting into the early apoptotic
phase compared to 21.85 and 62.6% of the cells without the inhibitor (Figure 3H). These results
conclusively show that TMDF has the ability to induce apoptosis in breast cancer cells.
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Figure 3. Flow cytometric analysis of Annexin V and propidium iodide-stained MCF-7 cells treated with
dichloromethane fraction of T. mascatense (TMDF). MCF-7 cells were treated with 125 and 250 µg/mL
of TMDF for six hours. (A) Untreated cells; (B) DMSO control; (C) Cells treated with Boswellia sacra,
a known inducer of apoptosis (positive control) [52]; (D) Cells treated with 125 µg/mL of TMDF;
(E) Cells treated with 250 µg/mL of TMDF; (F) Cells pretreated with 20 µM of Z-VAD-FMK followed
by six hour treatment with 125 µg/mL of TMDF; (G) Cells pre-treated with 20 µM of Z-VAD-FMK
followed by six hour treatment with 250 µg/mL of TMDF. (H) Column graph that plots the percentage
of cells that shift into the early (green bars) and late (red bars) of apoptosis upon the various treatments
mentioned above. The “DMSO control” sample contains the same amount of DMSO as present in the
250 µg/mL sample of TMDF.

2.4. Effects of TMDF on the Morphological Properties of Treated Cells

Since the western blot and Annexin V/PI analyses of cells treated with TMDF suggested induction
of apoptosis, we next analyzed the effect of TMDF treatment on the morphological characteristics of
MCF-7 cells. Such changes started to appear within one day of extract treatment. Figure 4 shows the
effect of TMDF on MCF-7 cells 24 h post treatment with 125 and 250 µg/mL of TMDF (Figure 4C,D).
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As can be seen, differences were observed in cell morphology of the treated MCF-7 cells, including
appearance of cell rounding, cell shrinkage, and detachment of cells from other cells and the plate.
Importantly, these changes were absent in untreated (Figure 4A) or DMSO-treated cells (Figure 4B).
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Figure 4. Photomicrographs of MCF-7 cells 24 h after treatment with: (A) media alone; (B) DMSO;
(C) 125 µg/mL, and (D) 250 µg/mL T. mascatense dichloromethane fraction (TMDF). Panels E and F
show the results after a 2-h pretreatement of the cells with 20 µM of the apoptosis inhibitor Z-VAD-FMK
before being treated with either (E) 125 µg/mL or (F) 250 µg/mL of TMDF for 24 h. Magnification:
400×. The “DMSO control” sample contains the same amount of DMSO as present in the 250 µg/mL
sample of TMDF.

Next, MCF-7 cells were pretreated with Z-VAD-FMK prior to exposure to TMDF to determine
whether the morphological changes associated with apoptosis could be reduced or eliminated upon
the inhibitor treatment. As can be seen in panels E and F of Figure 4, pretreatment of the TMDF-treated
cultures with Z-VAD-FMK essentially eliminated (Figure 4E) or reduced (Figure 4F) the appearance of
the apoptosis-specific morphological changes in cultures treated with 125 and 250 µg/mL of TMDF.
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These data support our conclusion that TMDF can activate apoptosis and further suggest that apoptosis
is probably the major mechanism of cell death in cultures treated by TMDF.

2.5. TMDF Activates Caspase Activity in Human Breast Cancer Cells

To confirm the potential of TMDF to activate caspases, the Promega caspase GLO assay was used
to detect the presence of their enzymatic activity. Towards this end, MCF-7 cells were treated with
250 µg/mL TMDF and tested for the induction of caspase 3/7, 8, and 9 enzymes. Figure 5 shows
two independent experiments testing the ability of TMDF to inhibit cell proliferation in MCF-7 cells
(blue bars) in parallel with its ability to induce caspase activity. In both experiments, a low cell viability
(blue bars) was associated with the induction of high levels of caspase 8 (green bars) and 9 (purple bars)
as well as caspase 3/7 (maroon bars) in a statistically significant manner.
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Figure 5. Viability and caspase activity in MCF-7 cells treated with 250 µg/mL of T. mascatense
dichloromethane fraction (TMDF) for 48 h, as shown in two independent experiments (panels A and
B). * indicates statistically significant differences between the control and treated samples (* p < 0.05;
** p < 0.01 but > 0.001; *** p < 0.001). The “DMSO control” sample contains the same amount of DMSO
as present in the 250 µg/mL sample of TMDF.

Since MCF-7 cells do not express any caspase 3 [53], any induction of caspase 3/7 in this system
is most likely due to the induction of caspase 7. Results obtained for the induction of caspases
were normalized against the number of viable cells in culture (obtained using the Cell Titer-GLO
luminescent cell viability assay) to ensure that the enzymatic activity being measured was taking into
consideration the ensuing cell death being observed (Figure 5). These observations correlated well
with the MTT results presented earlier (Figure 1). Overall, these results strengthen our conclusion that
TMDF contains bioactive molecules that can cause cell death via caspase-dependent apoptosis.

2.6. Test of the Anti-Proliferation Effect of IM60 on Breast Cancer Cells

Next, we wanted to study whether a lead compound could be identified from T. mascatense with
potential anticancer activity. Medicinal plants and their metabolites have an important role in cancer
treatment [47,48,54] and their natural or synthetic derivatives could play crucial roles in preventing,
slowing, or reversing cancer development [55,56]. Therefore, we screened one purified compound
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isolated from the dichloromethane fraction of the crude methanolic extract of T. mascatense, IM60,
to determine its potential anticancer activity [57].

Figure 6 show the results of the dose-dependent effect of IM60 on MCF-7 cells using the MTT
assay. The compound was observed to be effective with more than 90% of the MCF-7 cells being
killed after 24 h of treatment at a concentration starting at 425 µM (Figure 6). Some activation of cell
proliferation was observed at lower concentrations in the 24-h test; however, it was not observed in the
6-h test, suggesting that it could be an artefact. The IC50 value was calculated to be 403 µM for the 24-h
time point. The earliest differences in cell morphology could be observed at three hours post treatment,
eventually leading to complete cell death (Figure 7). Cell shrinkage and rounding and detachment
from other cells was noted early on with a loss of cell numbers, which again suggested apoptosis as a
possible mechanism of cell death induced by IM60 (Figure 7).
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treatment. (C) Dose-dependent effect of IM60 on cell viability as a percentage of DMSO-treated cells. *
indicates statistically significant differences between the DMSO control and IM60 treated samples (** p
< 0.01 but > 0.001; *** p < 0.001). IM60 was tested twice in the MTT assay in triplicates.
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Figure 7. Photomicrographs of MCF-7 cells treated with IM60 compound at 0.425 mM along with
its DMSO control for various time points post treatment (magnification 400×). Panels A–F are from
one experiment, while Panels G and H are from another experiment that was conducted for a longer
time period.

2.7. IM60 Can Induce Caspase Activity in MCF-7 Cells

To determine whether IM60 had the potential to induce functional caspase activity, it was tested
in the caspase GLO assay conducted on MCF-7 cells at the effective concentration of 425 µM for
6 h. As expected, in comparison to DMSO-treated cells, cell viability was reduced by more than
90% in IM60-treated cells (p < 0.002), confirming its cytotoxic effect on MCF-7 (Figure 8). In addition,
a statistically significant activation of the effector caspase 7 was noted (p < 0.03); however, no significant
activation was observed of the initiator caspases 8 or 9. These data suggest that IM60 can cause
inhibition of MCF-7 cell proliferation and may have the potential to activate caspase activity as well
(Figure 8). Despite the high concentration needed for observing these effects, these are encouraging
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results since test of a compound and its several derivatives from another medicinal plant tested in
parallel did not result in cytotoxicity, and in fact resulted in activation of cancer cell proliferation
(personal observations).
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Figure 8. MCF-7 cells were treated with 425 µM of IM60 for 6 h and then assayed for cell viability
and induction of different caspase enzyme activities (3/7, 8, and 9). * indicates statistically significant
differences between the DMSO-treated and IM60-treated samples (* p < 0.05 but > 0.01; ** p < 0.01). The
“DMSO control” contains the same amount of DMSO as present in the IM60-treated sample.

3. Discussion

This study assessed the anticancer potential of T. mascatense by analyzing its different organic and
aqueous extract/fractions, including n-hexane, dichloromethane, ethyl acetate, n-butanol, methanol,
and water. Our results revealed that only three of the organic extract/fractions tested (n-hexane,
methanol, and dichloromethane) had anti-proliferation activity against several human cell lines,
including MCF-7, HeLa, and/or MDA-MB-231 (Table 1 and Figure 1), confirming the earlier
preliminary test of these extract/fractions [41]. However, we did not find any inhibitory effect of
the aqueous extract on either MCF-7 or HeLa cell proliferation, while this fraction showed moderate
cytotoxic activity against MDA-MB-231 in the previous study [41]. This difference could be due
to the cell line tested. The dichloromethane fraction (TMDF), on the other hand, showed cytotoxic
potential against all three cancer cell lines tested, two breast cancer and one cervical cancer (Table 1
and Figure 1). The mechanism of cell death used by TMDF was demonstrated to be apoptosis which
was caspase-dependent (Figures 2–5). Furthermore, test of the cytotoxicity of an active constituent of
TMDF, IM60, revealed a time and dose-dependent effect (Figure 6); it could induce rapid cell death
(within 3 h) with morphological changes reminiscent of apoptosis (Figure 7), and activate caspase 7
enzymatic activity (Figure 8).

Thus, this study adds T. mascatense as another Teucrium species with anticancer potential.
In particular, one study has compared the anti-proliferative effects of six common Teucrium species on
cell viability of colon cancer cells HTC-116, as well as T. polium [58]. Methanolic extracts of all species
tested (T. chamaedrys, T. montanum, T. arduini, T. scordium subsp. Scordium, T. scordium subsp. Scordioides,
T. polium and T. botrys) inhibited the proliferation of HTC-116 in MTT assays. Interestingly, the IC50

values measured at 72 h post treatment fell between 59–253 µg/mL for all except T. arduini which is
comparable to our results. Using a crude method to detect apoptosis, their data further suggests that
all the tested species could induce apoptosis in these cells. Two other studies have recently tested
other species of Teucrium for anti-proliferative activity for different types of cancer cells. T. persicum can
potentially induce apoptosis of prostate cancer cells with inhibitory effects on viability of breast and
colon cancer cells [59]. It has also been shown to effect cell migration and epithelial cell morphology in
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the same study. T. pruinosum, on the other hand, has been shown to affect the viability of cervical cancer
cell line HeLa [60]. These data suggest that the Teucrium genus is a rich source of natural anticancer
compounds for further investigation.

While the studies mentioned above have tested the effects of extracts from various Teucrium
species on cancer cell proliferation, their effect on normal cells has not been studied. The cytotoxic
effect of TMDF, on the other hand, has been studied on normal cells and was observed to affect the
viability of the normal MCF-10A cells also (Figure 1). This is not very surprising since crude extracts
are composed of a number of active biomolecules with different potentials to affect cell proliferation
in a cell-specific manner. Thus, it is possible that the biomolecules (or their specific combination)
responsible for the cytotoxicity for normal and cancer cells differ, potentially belonging to different
compounds that can be separated from each other. That is why the pure compound IM60 was tested to
determine if it could affect proliferation of cancer cells. Unfortunately, due to its limited availability,
we could not test it on normal cells. In future we plan to test this compound more extensively in
both normal and cancer cells to characterize its anti-proliferation potential and determine whether its
cytotoxicity can be enhanced for cancer cells and modulated differentially in normal and cancer cells
via biochemical derivatization.

The various fractions of TMME tested in this study were made in a sequential manner to separate
the active constituents of T. mascatense selectively, based on polarity [41,57]. It is well known that the
choice of the solvent affects the rate of extraction, the type and quantity of phytochemicals extracted,
ease of handling of the extracts, and the health hazards associated with the extraction process [42,61,62].
Among the five tested solvents, dichloromethane [63] and n-hexane were observed to be the most
effective in isolating the active compounds responsible for the anti-proliferation activity observed in
the cancer cells. The remaining organic extracts, and especially the aqueous content, were not cytotoxic,
indicating that the biochemical entities responsible for anti-proliferation were primarily hydrophobic
in nature. Numerous studies have shown chloroform (a trichloromethane) to be effective in extracting
anticancer agents from several medicinal plants, such as Angelica archangelica, Nepeta deflersiana, and
Solanum nigrum [64,65].

IM60, tested for its anticancer activity in this study, is a sesquiterpene, 1-isopropanol-4a-methyl-
8-methylenedecahydronaphthalene, with the structure shown in Figure 9. It was isolated from the
dichloromethane fraction of the crude methanolic extract of T. mascatense (TMDF) [57]. Sesquiterpenes
belong to a large and diverse group of plant-derived bioactive compounds with promising anticancer,
anti-inflammatory, antifungal, antibacterial, and immunosuppressive activities [61,66,67]. This is
due to the presence of the decalin ring that imparts great structural and functional variety to these
compounds [68] (Figure 9). In one study on the anticancer potential of four different species of Teucrium,
Menichini et al., identified T. polium as the best among the four due to the sesquiterpene content of
its essential oil which included compounds such as spathulenol, D-cadinene, caryophyllene, etc. [69].
Identification of a novel sesquiterpene with the ability to activate caspase 7 in this study thus adds to
the arsenal of new biomolecules being discovered in the fight against cancer.
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This study shows that caspase-dependent apoptosis is the mechanism of cell death induced by
the dichloromethane fraction of T. mascatense and perhaps its active component IM60. Apoptosis as a
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mechanism of cell death has been observed in other plant-derived anticancer compounds as well [7,48].
Most of them induce cell death that may be intrinsic or extrinsic, and caspase and/or p53-dependent or
independent. Levitsky and Dembitsky recently analyzed the effect of a large number of plant extracts
on breast cancer cells, and observed apoptosis to be one of the most common mechanisms of inducing
cell death [7]. For example, genistein was found to induce apoptosis in MCF 7 and T47D breast cancer
cell lines. Similarly, oleuropein aglycone found in extra virgin olive oil increased apoptotic cell death
by factors of 1.5, 2.5, and 4 in MCF-5, MCF 7/HER, and SK-Br3 cells, respectively. Even “anticancer
diets” and crude preparations from a large variety of vegetables have shown to induce apoptosis in
breast cancer cell lines. In a study performed on MCF-7 and MDA-MB-231, the cells were pretreated
for 72 h with increasing concentrations of Brassica olearacea juice, and results suggested that presence of
active compounds from cabbage juices activated both apoptosis and necrotic pathway in the breast
cancer cells. Similarly, pro-apoptotic effects of green tea extracts and tea catechins have also been
reported in tumor cells, both in vitro and in vivo [7,48].

Our preliminary data suggests that TMDF may have the potential to induce autophagy (data not
shown), an important cell survival process that is being implicated as a mechanism that prevents
neoplastic transformation of cells as well [70,71]. Due to the crude nature of the extracts/fractions
tested in this study, it remains to be determined what other cell death pathways can be induced by
TMDF and other extract/fractions of T. mascatense to understand the full anticancer potential of this
plant species.

In this study, we used a cancer cell line model system to study the anticancer potential of our
extracts/fractions. Although breast cancer cell lines, in general, are considered to be crude models of
the disease as they may not be able to capture the intra- and inter- tumor heterogeneities [72,73], the fact
that MCF-7 and MDA-MB-231 cell lines that were used in our analysis, along with T47D, account for
more than two-thirds of cell lines used in preclinical studies analyzing breast cancer drugs [73], renders
our analysis to be state-of-the-art.

Large-scale screening of plant extracts for anticancer potential has mostly not been very
encouraging. In a study of more than 1000 aqueous and organic extracts from 351 species of Brazilian
rain forests, only 11 extracts showed any cytotoxicity in MCF-7 cells at a dose of 0.1 mg/mL [74].
An 8-year study of 7500 South African plant extracts found a total of only 50 active extracts when
screened against 60 cell lines; none of them was found to be potent in MCF-7, with only 20 presenting
moderate inhibiting activity [75]. One reason why they may have missed detecting such activities
could be the timing and dosage of the screening. Despite such discouraging data from large-scale
analysis, there is reason to believe that concerted, meticulous efforts in the testing of crude plant
extracts in a dose and time-dependent manner can lead to identification of active compounds and
reveal cellular mechanisms involved in their anticancer potential, as observed in our study.

4. Materials and Methods

4.1. Extraction and Isolation of Plant Material

T. mascatense Boiss (Lamiaceae) was collected in June 2013 from the mountains of Al-Jabel
Al-Akhdar, Oman. The collection, identification, and extract preparation of the plant has been
described previously [41]. A voucher specimen was deposited with the Herbarium of the University
of Nizwa, Oman. Briefly, the crude methanolic extract of the whole plant of T. mascatense (TMME)
was partitioned into five different fractions by solvent-solvent partition with increasing polarity,
starting with n-hexane (TMHF), dichloromethane (TMDF), a more stable and safer substitute of
chloroform with less genotoxic effects [63], ethyl acetate (TMEF), n-butane (TMBF), followed by water
(TMAF) [41] (Figure 10). IM60 was isolated from the dichloromethane fraction of the crude methanolic
extract of T. mascatense [57] (Figure 10).
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Figure 10. Schematic illustration of the extraction strategy used and isolation of the various fractions
and IM60 from the methanolic extract. TMDF and IM60 are highlighted in red as they were the ones
characterized in this study in more depth.

To study the anti-proliferative potential of the various extract/fractions of T. mascatense, TMME
and four of its fractions, TMHF, TMDF, TMEF, TMBF were solubilized in dimethyl sulfoxide (DMSO),
while TMAF was solubilized in water to prepare stock solutions at 50 mg/mL (some at lower
concentrations due to solubility issues). The stock solutions were stored at −20 ◦C till the proliferation
assays were performed in different cell lines. A compound from T. mascatense, IM60, was isolated [57]
and tested for its effect on cell proliferation by dissolving it in DMSO. Using the stock solutions of
TMME and its fractions, different dilutions were prepared at twice the final concentration (50, 100, 250,
and 500 µg/mL), depending upon the cell line used. A final volume of 100 µL of extract/fractions was
added to cells plated in 100 µL media on the day of treatment.

4.2. Cell Lines and Culture Medium

Human breast cancer cell lines, MCF-7 (an estrogen and progesterone receptor positive, hormone
responsive cell line [43]) and MDA-MB-231 (a triple receptor negative cell line [46]) were cultured
in Dulbecco’s Modified Eagles Medium (DMEM)/high glucose medium, supplemented with 10%
fetal bovine serum (FBS), 10,000 units/mL penicillin/streptomycin (Pen/Strep), and 50 µg/mL
gentamicin, while the human cervical cancer cell line, HeLa [44] was grown in DMEM/high glucose
medium supplemented with 7% fetal calf serum (FCS), 10,000 units/mL Pen/Strep, and gentamicin
(all reagents by HyClone Laboratories, Inc., Logan, UT, USA). The normal breast cancer epithelial
cell line, MCF-10A [45] was cultured in DMEM/F12 medium (DMEM/Hams nutrient mixture) and
5% horse serum supplemented with 10,000 units/mL of Pen/Strep, 10 µg/mL insulin, 20 ng/mL
epidermal growth factor (EGF), 0.5 mg/mL hydrocortisone, and 100 ng/mL cholera toxin (all reagents
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by Sigma-Aldrich, St. Louis, MO, USA). The cell lines were maintained at 37 ◦C in a 5% CO2

humidified incubator.

4.3. MTT Cell Proliferation Assay

The cytotoxic effect of the extract/fractions was determined using the [3-(4,5-dimethylthiazol-2-yl)
-2-5-diphenyltetrazolium bromide] (MTT) colorimetric method [76]. A dose- and time-dependent
analysis of the MTT assay was carried out for all the extract/fractions on specified cell lines.
Briefly, cells were cultured in 96-well plates at a density of 5000 cells/well/100 µL media. The cell
number was determined empirically after testing the proliferative capacity of MCF-7 and HeLa cells in
MTT assays using increasing numbers of cells. Using this data, a cell number range was used which
provided a linear signal for either MCF-7 or HeLa cell lines.

For the MTT assay, 24 h after plating, the cells were treated with 100 µL of different concentrations
of T. mascatense extract/fractions dissolved in DMSO, DMSO alone diluted in media to the same
concentration as the extract/fractions (DMSO control), or culture media alone for various time points.
To measure proliferation in each well, 25 µL of an MTT stock solution (5 mg/mL) was added, and the
plates were incubated for 3–4 h in an incubator (at 37 ◦C). This was followed by decanting the culture
media from the plates, dissolving the formazan crystals formed with 200 µL of DMSO, and measuring
the absorbance at 560 nm using a plate reader. Cell viability was measured as the percentage of
cells treated with DMSO alone, using same concentrations of DMSO that were used to dissolve the
extract/fractions (0.2–1%). The IC50 values for all the cell lines were calculated using the non-linear
regression method of GraphPad Prism 7.4 software (GraphPad Software, San Diego, CA, USA) for the
72-h DMSO-normalized time points or the 24-h time point for IM60.

4.4. Cell Titer-GLO Cell Viability and Caspase-GLO 3/7, 8 & 9 Luminescent Assays

MCF-7 cells were seeded at a density of 5000 cells/well/100 µL in opaque white 96-well plates
for tissue culture (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, cell culture was treated
in triplicates with different extract/fractions concentrations or IM60 (in a 50 µL volume) at 37 ◦C.
Cell viability was measured after 48 h using the Cell Titer-GLO Luminescent Cell Viability Assay or the
Promega Caspase 3/7, 8 & 9 GLO Assays (Promega Corporation, Fitchburg, WI, USA), according to
the manufacturer’s directions. Luminescence was measured using the Infinite M200 Pro Tecan plate
reader. Data were plotted as percent cell viability of treated groups compared to DMSO-treated cells,
the viability of which was taken as 100%. The experiments with TMDF were performed 2 times with
each sample tested in triplicates.

4.5. Morphological Studies

To determine morphological changes, cell cultures treated with various concentrations of TMDF
or IM60 at different time-points and observed under an inverted light microscope attached to a charged
couple device (CCD) camera or the EVOS Cell Imaging System (Thermo Fisher Scientific, Waltham,
MA, USA). A comparison was performed between the treated cells and untreated cells or cells treated
with similar DMSO concentrations.

4.6. Western Blot Analysis

Western blotting of protein lysates was performed to determine the mechanism of cell death of
TMDF. The harvested cells treated with various concentrations of TMDF, DMSO, or untreated cells were
washed with 1x phosphate-buffered saline (PBS) and lysed using 100 µL of radioimmunoprecipitation
assay buffer (RIPA) lysis buffer (10 mM Tris-Cl [pH 8.0], 1 mM ethylenediaminetetraacetic acid (EDTA),
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 140 mM NaCl) per
million cells supplemented with 50 µL of β-mercaptoethanol/mL RIPA and 1 mM of the serine protease
inhibitor, phenylmethyl sulfonyl fluoride (PMSF). The lysed cells were spun at 14,000 rpm for 10 min at
4 ◦C to separate the nuclei, and the supernatants containing the cell extract either used immediately
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or stored at −80 ◦C. The quantification of the proteins in the cellular extracts was performed using
the Bradford colorimetric assay (Bio-Rad Life Sciences, Hercules, CA, USA) as per manufacturer’s
instruction. Total cellular protein lysates (40 µg per lane) were loaded onto 8–12% SDS-polyacrylamide
mini gels and blotted onto Protran nitrocellulose membranes (Whatman plc-GE Healthcare, Kent,
UK) using standard protocol. The membranes were blocked with 5% low fat dried milk in 1× PBS
and 0.1% Tween-20 (PBST) for 1 h and incubated at 4 ◦C overnight with 1:1000 dilution of various
primary antibodies from Cell Signaling Technology (Danvers, MA, USA) against poly (ADP-ribose)
polymerase (PARP), caspase 7, caspase 8, and caspase 9, or actin (Sigma-Aldrich, St. Louis, MO, USA)
in 1% milk-PBST. The blots were then incubated with the appropriate secondary antibodies (anti-mouse
or anti-rabbit) for 1 h and 30 min at room temperature, followed by detection using the Pierce™ ECL
Plus Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA). The chemiluminescent
signal was captured using Typhoon FLA 9500 (GE Healthcare, Chicago, IL, USA).

4.7. Annexin V/Propidium Iodide Staining

Early events of apoptosis induction were studied using the classical Annexin V/PI staining
assay employing flow cytometry. MCF-7 cells were treated with media alone, DMSO, or either 125 or
250 µg/mL of TMDF for six hours in duplicates. To inhibit apoptosis, cells were pretreated with
20 µM of Z-VAD-FMK (Promega Corporation, Fitchburg, WI, USA) before treatment with TMDF.
Following treatment, cells were harvested with Accutase (Sigma-Aldrich, St. Louis, MO, USA),
a trypsin substitute, and processed for flow cytometry using the Annexin V/PI kit from Becton
Dickenson (Franklin Lakes, NJ, USA) as per manufacturer’s instructions.

4.8. Statistical Analysis

Statistical analysis was performed using Microsoft Excel (Microsoft, Redmond, WA, USA) or
GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA) or higher software. For each
sample, averages were calculated in replicates of three or more, along with their standard deviations
(plotted as error bars on the column graphs). Significance of variation between any two groups was
assessed using paired, two-tailed student’s t-test (* p < 0.05; ** p < 0.01 but >0.001; *** p < 0.001).
Since a specific DMSO control was used for each tested extract/fraction, the dose- and time-dependent
GraphPad figures were created by normalizing the values obtained for the test groups against their
specific DMSO control.

5. Conclusions

This study characterized the anticancer potential of T. mascatense which resulted in the
identification of a potential lead anticancer compound. We found that various organic extract/fractions
of T. mascatense, especially TMDF, could induce cell death in breast cancer and cervical cell lines. In the
breast cancer cells, the cell death was primarily caused by the induction of apoptosis, providing
evidence to test its effectiveness and anti-proliferative activity in animal models. Furthermore, a lead
sesquiterpene, IM60, was identified from TMDF with the potential to induce cell death in breast cancer
cells. It would be valuable to characterize this compound experimentally further (or its derivatives) for
its mode of action and conduct in silico docking analysis for breast cancer receptors to determine if it
can be specifically targeted against breast cancer cells that are responsive to hormone treatment.
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31. Stanković, M.; Topuzović, M.; Marković, A.; Pavlovic, D.; Solujic, S.; Niciforovic, N.; Mihailovic, V.
Antioxidant Activity, Phenol and flavonoid contents of different Teucrium chamaedrys L. extracts. Biotechnol
Equip 2010, 24, 82–86. [CrossRef]

32. Camarda, I. Ricerche etnobotaniche nel comune di Dorgali (Sardegna centro-orientale). Bollettino della Società
Sarda di Scienze Naturali 1990, 27, 147–204.

33. Bahramikia, S.; Yazdanparast, R. Phytochemistry and medicinal properties of Teucrium polium L. (Lamiaceae).
Phytother. Res. 2012, 26, 1581–1593. [CrossRef] [PubMed]

34. Rajabalian, S. Methanolic extract of Teucrium polium L. potentiates the cytotoxic and apoptotic effects of
anticancer drugs of vincristine, vinblastine and doxorubicin against a panel of cancerous cell lines. Exp. Oncol.
2008, 30, 133–138. [PubMed]

35. Bedir, E.; Tasdemir, D.; Çalis, I.; Zerbe, O.; Sticher, O. Neo-clerodane diterpenoids from Teucrium polium.
Phytochemistry 1999, 51, 921–925. [CrossRef]

36. Piozzi, F. Further researches on the furoclerodanes from Teucrium species. Heterocycles 1994, 37, 603–626.
[CrossRef]

37. Piozzi, F.; Bruno, M.; Rosselli, S. Further furoclerodanes from Teucrium genus. Heterocycles 1998, 48, 2185–2203.
[CrossRef]

38. Acamovic, T.; Brooker, J.D. Biochemistry of plant secondary metabolites and their effects in animals. Proc.
Nutr. Soc. 2005, 64, 403–412. [CrossRef] [PubMed]

39. Kandouz, M.; Alachkar, A.; Zhang, L.; Dekhil, H.; Chehna, F.; Yasmeen, A.; Al Moustafa, A.E. Teucrium
polium plant extract inhibits cell invasion and motility of human prostate cancer cells via the restoration of
the E-cadherin/catenin complex. J. Ethnopharmacol. 2010, 129, 410–415. [CrossRef] [PubMed]

40. Movahedi, A.; Basir, R.; Rahmat, A.; Charaffedine, M.; Othman, F. Remarkable Anticancer Activity of
Teucrium polium on Hepatocellular Carcinogenic Rats. Evid. Based Complement. Altern. Med. 2014, 2014, 726724.
[CrossRef] [PubMed]

41. Rehman, N.; Al-Sahai, J.M.S.; Hussain, J.; Khan, A.L.; Gilani, S.A.; Abbas, G.; Hussain, J.; Sabahi, J.N.;
Al-Harassi, A. Phytochemical and pharmacological investigation of Teucrium muscatense. Int. J. Phytomed.
2016, 8, 567–579.

42. Eloff, J.N. Which extractant should be used for the screening and isolation of antimicrobial components from
plants? J. Ethnopharmacol. 1998, 60, 1–8. [CrossRef]

43. Soule, H.D.; Vazguez, J.; Long, A.; Albert, S.; Brennan, M. A human cell line from a pleural effusion derived
from a breast carcinoma. J. Natl. Cancer Inst. 1973, 51, 1409–1416. [CrossRef] [PubMed]

44. Scherer, W.F.; Syverton, J.T.; Gey, G.O. Studies on the propagation in vitro of poliomyelitis viruses. IV.
Viral multiplication in a stable strain of human malignant epithelial cells (strain HeLa) derived from an
epidermoid carcinoma of the cervix. J. Exp. Med. 1953, 97, 695–710. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0367-326X(01)00348-3
http://dx.doi.org/10.1016/j.jep.2004.06.023
http://www.ncbi.nlm.nih.gov/pubmed/15374603
http://dx.doi.org/10.2478/v10007-007-0020-x
http://www.ncbi.nlm.nih.gov/pubmed/17507320
http://www.ncbi.nlm.nih.gov/pubmed/2634627
http://www.ncbi.nlm.nih.gov/pubmed/16179134
http://dx.doi.org/10.2478/v10007-007-0010-z
http://www.ncbi.nlm.nih.gov/pubmed/19839412
http://dx.doi.org/10.1515/znc-2003-1-224
http://www.ncbi.nlm.nih.gov/pubmed/12622241
http://dx.doi.org/10.1080/13102818.2010.10817816
http://dx.doi.org/10.1002/ptr.4617
http://www.ncbi.nlm.nih.gov/pubmed/22344867
http://www.ncbi.nlm.nih.gov/pubmed/18566577
http://dx.doi.org/10.1016/S0031-9422(99)00052-7
http://dx.doi.org/10.3987/REV-93-SR3
http://dx.doi.org/10.3987/REV-98-503
http://dx.doi.org/10.1079/PNS2005449
http://www.ncbi.nlm.nih.gov/pubmed/16048675
http://dx.doi.org/10.1016/j.jep.2009.10.035
http://www.ncbi.nlm.nih.gov/pubmed/19897022
http://dx.doi.org/10.1155/2014/726724
http://www.ncbi.nlm.nih.gov/pubmed/25197311
http://dx.doi.org/10.1016/S0378-8741(97)00123-2
http://dx.doi.org/10.1093/jnci/51.5.1409
http://www.ncbi.nlm.nih.gov/pubmed/4357757
http://dx.doi.org/10.1084/jem.97.5.695
http://www.ncbi.nlm.nih.gov/pubmed/13052828


Molecules 2019, 24, 977 20 of 21

45. Soule, H.D.; Maloney, T.M.; Wolman, S.R.; Peterson, W.D., Jr.; Brenz, R.; McGrath, C.M.; Russo, J.; Pauley, R.J.;
Jones, R.F.; Brooks, S.C. Isolation and characterization of a spontaneously immortalized human breast
epithelial cell line, MCF-10. Cancer Res. 1990, 50, 6075–6086. [PubMed]

46. Cailleau, R.; Young, R.; Olive, M.; Reeves, W.J., Jr. Breast tumor cell lines from pleural effusions. J. Natl.
Cancer Inst. 1974, 53, 661–674. [CrossRef] [PubMed]

47. Wahba, H.A.; El-Hadaad, H.A. Current approaches in treatment of triple-negative breast cancer. Cancer Biol.
Med. 2015, 12, 106–116. [PubMed]

48. Iqbal, J.; Abbasi, B.A.; Mahmood, T.; Kanwal, S.; Ali, B.; Shah, S.A.; Khalil, A.T. Plant-derived anticancer
agents: A green anticancer approach. Asian Pac. J. Trop. Biomed. 2017, 7, 1129–1150. [CrossRef]

49. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
[PubMed]

50. Desouza, M.; Gunning, P.W.; Stehn, J.R. The actin cytoskeleton as a sensor and mediator of apoptosis.
Bioarchitecture 2012, 2, 75–87. [CrossRef] [PubMed]

51. Stennicke, H.R.; Salvesen, G.S. Biochemical characteristics of caspases-3, -6, -7, and -8. J. Biol. Chem.
1997, 272, 25719–25723. [CrossRef] [PubMed]

52. Suhail, M.M.; Wu, W.; Cao, A.; Mondalek, F.G.; Fung, K.M.; Shih, P.T.; Fang, Y.T.; Woolley, C.; Young, G.;
Lin, H.K. Boswellia sacra essential oil induces tumor cell-specific apoptosis and suppresses tumor
aggressiveness in cultured human breast cancer cells. BMC Complement. Altern. Med. 2011, 11, 129.
[CrossRef] [PubMed]

53. Janicke, R.U. MCF-7 breast carcinoma cells do not express caspase-3. Breast Cancer Res. Treat. 2009, 117, 219–221.
[CrossRef] [PubMed]

54. Gali-Muhtasib, H.; Hmadi, R.; Kareh, M.; Tohme, R.; Darwiche, N. Cell death mechanisms of plant-derived
anticancer drugs: Beyond apoptosis. Apoptosis 2015, 20, 1531–1562. [CrossRef] [PubMed]

55. Wink, M.; Alfermann, A.W.; Frank, R.; Wetterauer, B.; Disti, M.; Windhovel, J.; Krohn, O.; Fuss, E.;
garden, H.; Mohagheghzadeh, A.; et al. Sustainable bioproduction of phytochemicals by plant in vitro
cultures: Anticancer agents. Plant Genet. Resour. 2005, 3, 90–100. [CrossRef]

56. Newman, D.J.; Cragg, G.M.; Snader, K.M. Natural products as sources of new drugs over the period
1981–2002. J. Nat. Prod. 2003, 66, 1022–1037. [CrossRef] [PubMed]

57. Ali, L.; Hussain, I.; Rizvi, T.S.; Khan, A.L.; Shaukat, S.; Al-Sahi, J.M.S.; Al-Harrasi, A.; Hussain, J. A
New Irregular Trihydroxy Sesquiterpene from Teucrium mascatense. Helv. Chim. Acta 2015, 98, 1462–1465.
[CrossRef]

58. Stankovic, M.S.; Curcic, M.G.; Zizic, J.B.; Topuzovic, M.D.; Solujic, S.R.; Markovic, S.D. Teucrium plant
species as natural sources of novel anticancer compounds: Antiproliferative, proapoptotic and antioxidant
properties. Int. J. Mol. Sci. 2011, 12, 4190–4205. [CrossRef] [PubMed]

59. Tafrihi, M.; Toosi, S.; Minaei, T.; Gohari, A.R.; Niknam, V.; Arab Najafi, S.M. Anticancer properties of
Teucrium persicum in PC-3 prostate cancer cells. Asian Pac. J. Cancer Prev. 2014, 15, 785–791. [CrossRef]
[PubMed]

60. Jaradat, N.; Al-Lahham, S.; Abualhasan, M.N.; Bakri, A.; Zaide, H.; Hammad, J.; Hussein, F.; Issa, L.;
Mousa, A.; Speih, R. Chemical Constituents, Antioxidant, Cyclooxygenase Inhibitor, and Cytotoxic Activities
of Teucrium pruinosum Boiss. Essential Oil. BioMed Res. Int. 2018, 2018, 4034689. [CrossRef] [PubMed]

61. Cowan, M.M. Plant products as antimicrobial agents. Clin. Microbiol. Rev. 1999, 12, 564–582. [CrossRef]
[PubMed]

62. Ncube, N.; Afolayan, A.; Okoh, A. Assessment techniques of antimicrobial properties of natural compounds
of plant origin: Current methods and future trends. Afr. J. Biotechnol. 2008, 7, 1797–1806. [CrossRef]

63. Chaves, A.L.; Vergara, C.E.; Mayer, J.E. Dichloromethane as an economic alternative to chloroform in the
extraction of DNA from plant tissues. Plant Mol. Biol. Rep. 1995, 13, 18–25. [CrossRef]

64. Al-Oqail, M.M.; Al-Sheddi, E.S.; Siddiqui, M.A.; Musarrat, J.; Al-Khedhairy, A.A.; Farshori, N.N. Anticancer
Activity of Chloroform Extract and Sub-fractions of Nepeta deflersiana on Human Breast and Lung Cancer
Cells: An In vitro Cytotoxicity Assessment. Pharmacogn. Mag. 2015, 11 (Suppl. 4), S598–S605. [PubMed]

65. Kh, A.H.; Kh, S.; Yaseen, N. Evaluation the activity of chloroform extract of Solanum nigrum on non-Hodgkin
lymphoma cell line (SR), rat embryo fibroblast cell line (REF) and human lymphocytes in vitro. World J.
Pharm. Sci. 2015, 4, 14–22.

http://www.ncbi.nlm.nih.gov/pubmed/1975513
http://dx.doi.org/10.1093/jnci/53.3.661
http://www.ncbi.nlm.nih.gov/pubmed/4412247
http://www.ncbi.nlm.nih.gov/pubmed/26175926
http://dx.doi.org/10.1016/j.apjtb.2017.10.016
http://dx.doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://dx.doi.org/10.4161/bioa.20975
http://www.ncbi.nlm.nih.gov/pubmed/22880146
http://dx.doi.org/10.1074/jbc.272.41.25719
http://www.ncbi.nlm.nih.gov/pubmed/9325297
http://dx.doi.org/10.1186/1472-6882-11-129
http://www.ncbi.nlm.nih.gov/pubmed/22171782
http://dx.doi.org/10.1007/s10549-008-0217-9
http://www.ncbi.nlm.nih.gov/pubmed/18853248
http://dx.doi.org/10.1007/s10495-015-1169-2
http://www.ncbi.nlm.nih.gov/pubmed/26362468
http://dx.doi.org/10.1079/PGR200575
http://dx.doi.org/10.1021/np030096l
http://www.ncbi.nlm.nih.gov/pubmed/12880330
http://dx.doi.org/10.1002/hlca.201500100
http://dx.doi.org/10.3390/ijms12074190
http://www.ncbi.nlm.nih.gov/pubmed/21845072
http://dx.doi.org/10.7314/APJCP.2014.15.2.785
http://www.ncbi.nlm.nih.gov/pubmed/24568496
http://dx.doi.org/10.1155/2018/4034689
http://www.ncbi.nlm.nih.gov/pubmed/30151381
http://dx.doi.org/10.1128/CMR.12.4.564
http://www.ncbi.nlm.nih.gov/pubmed/10515903
http://dx.doi.org/10.5897/AJB07.613
http://dx.doi.org/10.1007/BF02668389
http://www.ncbi.nlm.nih.gov/pubmed/27013801


Molecules 2019, 24, 977 21 of 21

66. Modzelewska, A.; Sur, S.; Kumar, S.K.; Khan, S.R. Sesquiterpenes: Natural products that decrease cancer
growth. Curr. Med. Chem. Anticancer Agents 2005, 5, 477–499. [CrossRef] [PubMed]

67. Bartikova, H.; Hanusova, V.; Skalova, L.; Ambroz, M.; Bousova, I. Antioxidant, pro-oxidant and other
biological activities of sesquiterpenes. Curr. Top. Med. Chem. 2014, 14, 2478–2494. [CrossRef] [PubMed]

68. Li, G.; Kusari, S.; Spiteller, M. Natural products containing ‘decalin’ motif in microorganisms. Nat. Prod. Rep.
2014, 31, 1175–1201. [CrossRef] [PubMed]

69. Menichini, F.; Conforti, F.; Rigano, D.; Formisano, C.; Piozzi, F.; Senatore, F. Phytochemical composition,
anti-inflammatory and antitumour activities of four Teucrium essential oils from Greece. Food Chem.
2009, 115, 679–686. [CrossRef]

70. Guaman-Ortiz, L.M.; Orellana, M.I.; Ratovitski, E.A. Natural Compounds as Modulators of Non-apoptotic
Cell Death in Cancer Cells. Curr. Genom. 2017, 18, 132–155. [CrossRef] [PubMed]

71. Chen, N.; Karantza, V. Autophagy as a therapeutic target in cancer. Cancer Biol. Ther. 2011, 11, 157–168.
[CrossRef] [PubMed]

72. Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor
Subtyping. J. Cancer 2017, 8, 3131–3141. [CrossRef] [PubMed]

73. Sulaiman, A.; Wang, L. Bridging the divide: Preclinical research discrepancies between triple-negative breast
cancer cell lines and patient tumors. Oncotarget 2017, 8, 113269–113281. [CrossRef] [PubMed]

74. Suffredini, I.B.; Paciencia, M.L.; Frana, S.A.; Varella, A.D.; Younes, R.N. In vitro breast cancer cell lethality of
Brazilian plant extracts. Pharmazie 2007, 62, 798–800. [PubMed]

75. Fouche, G.; Cragg, G.M.; Pillay, P.; Kolesnikova, N.; Maharaj, V.J.; Senabe, J. In vitro anticancer screening of
South African plants. J. Ethnopharmacol. 2008, 119, 455–461. [CrossRef] [PubMed]

76. Riss, T.L.; Moravec, R.A.; Niles, A.L.; Duellman, S.; Benink, H.A.; Worzella, T.J.; Minor, L. Cell Viability
Assays. In Assay Guidance Manual; Sittampalam, G.S., Coussens, N.P., Brimacombe, K., Grossman, A.,
Arkin, M., Auld, D., Austin, C., Baell, J., Bejcek, B., Caaveiro, J.M.M., et al., Eds.; Eli Lilly & Company and
the National Center for Advancing Translational Sciences: Bethesda, MD, USA, 2004.

Sample Availability: Samples of TMDF may be available from the authors, if not exhausted.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2174/1568011054866973
http://www.ncbi.nlm.nih.gov/pubmed/16178774
http://dx.doi.org/10.2174/1568026614666141203120833
http://www.ncbi.nlm.nih.gov/pubmed/25478887
http://dx.doi.org/10.1039/C4NP00031E
http://www.ncbi.nlm.nih.gov/pubmed/24984916
http://dx.doi.org/10.1016/j.foodchem.2008.12.067
http://dx.doi.org/10.2174/1389202917666160803150639
http://www.ncbi.nlm.nih.gov/pubmed/28367073
http://dx.doi.org/10.4161/cbt.11.2.14622
http://www.ncbi.nlm.nih.gov/pubmed/21228626
http://dx.doi.org/10.7150/jca.18457
http://www.ncbi.nlm.nih.gov/pubmed/29158785
http://dx.doi.org/10.18632/oncotarget.22916
http://www.ncbi.nlm.nih.gov/pubmed/29348905
http://www.ncbi.nlm.nih.gov/pubmed/18236788
http://dx.doi.org/10.1016/j.jep.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18678239
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Crude Methanolic Extract of T. mascatense and Some of Its Fractions Induce Cytotoxic Effects in Human Normal and Cancer Cell Lines 
	TMDF Activates Key Apoptotic Proteins in Breast Cancer Cells 
	TMDF Can Induce Apoptosis in MCF-7 Cells 
	Effects of TMDF on the Morphological Properties of Treated Cells 
	TMDF Activates Caspase Activity in Human Breast Cancer Cells 
	Test of the Anti-Proliferation Effect of IM60 on Breast Cancer Cells 
	IM60 Can Induce Caspase Activity in MCF-7 Cells 

	Discussion 
	Materials and Methods 
	Extraction and Isolation of Plant Material 
	Cell Lines and Culture Medium 
	MTT Cell Proliferation Assay 
	Cell Titer-GLO Cell Viability and Caspase-GLO 3/7, 8 & 9 Luminescent Assays 
	Morphological Studies 
	Western Blot Analysis 
	Annexin V/Propidium Iodide Staining 
	Statistical Analysis 

	Conclusions 
	References

