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A B S T R A C T

Purpose: Artemisia nilagirica (AN), which is known to have antimicrobial, antioxidant, antiulcer, and anti-asthmatic
properties, has been recently shown to have anti-cancer activity. However, the mechanism responsible for the
anti-cancer property and its effect on cellular properties and functions are not known.
Material and methods: We have characterized the biochemical and biomechanical properties of MDA-MB-231 cells
treated with the methanolic extract from AN.
Results: We show that AN-treatment decreases cell-eccentricity, increases expression of actin and microtubules,
and do not affect cell-area. Increased expression of cytoskeletal proteins is known to change the mechanical
properties of the cells, which was confirmed using micropipette aspiration and Atomic Force Microscopy. We
identified the upregulation of the tumorigenic pathway (TGF-β) leading to activation of Rho-A as the molecular
mechanism responsible for actin upregulation. Since the initial stages of TGF-β upregulation are known to sup-
press tumor growth by activating apoptosis, we hypothesized that the mechanism of cell death due to AN-
treatment is through TGF-β activation. We have validated this hypothesis by partially recuing cell death
through inhibition of TGF-β using Alk-5.
Conclusion: In summary, our study reveals the mechanism of action of Artemisia nilagirica using a synergy between
biochemical and biomechanical techniques.
1. Introduction

Breast cancer is the second leading cause of cancer deaths in women
worldwide [1]. Approximately 81% breast cancers are invasive although
considered to be a single disease, it consists of four molecular subtypes
and 12 distinct histological subtypes, where each type vary in terms of
risk factors, treatments and outcomes [2]. Currently, a combination of
various techniques such as radiation therapy, chemotherapy, immuno-
therapy, and surgery are used. Although proven effective, most of these
strategies and combinations adversely affect the patient's quality of life
through severe side effects [3]. In comparison, plant-extracts are known
to have lower side effects and hence can be a better option against cancer.
Previous studies have shown anti-cancer properties for curcumin from
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turmeric, gingiberin from ginger, piperine from black pepper, apigenin
from parsley, carvacrol from oregano, crocetin from saffron, and
resveratrol from grapes, moringa, yarrow, garlic, and Berberis libanotica
Ehrenb (BLE) [4, 5, 6, 7]. These plant extracts induce changes in cell
cycle, expression of oncogenes, metastasis, apoptosis, etc [8].
Plant-derived products are globally gaining interest for various treat-
ments as they are evolving as effective drugs with reduced side effects
even at high dosages [9]. Approximately 40–50% of cancer patients
intake plant parts and its derivatives in their diet due to their anti-cancer
properties [10].

Artemisia Nilagirica (Clarke) is a plant known for its antiseptic,
anthelmintic, antifungal, antimicrobial, antibacterial, insecticidal, anti-
oxidant, antiulcer, and anti-asthmatic activity. This extract has been
September 2020
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previously characterized chemically and has been used to treat asthma,
cough, and leprosy [11, 12]. Its methanolic-extract has also been shown
to have anti-cancer properties [13, 14]. These studies hypothesized that
the anti-cancer properties may be due to the presence of flavonoids and
sesquiterpene lactones, which have free radical quenching properties.
However, the mode of action of this extract and its effect on the physical
properties of the cell are unexplored.

We have first performed biochemical and biomechanical character-
ization of breast cancer cells treated with AN with a motivation to
identify the mechanism responsible for its anti-cancer properties. Since
metastasis is the leading cause of mortality in breast cancers, we have
chosen MDA-MB-231 cells, as our model system for breast cancer.
Another extensively characterized plant extract with anti-cancer prop-
erties, Piper nigrum Linn. (PN) which is an alkaloid extracted from black
pepper, was used as positive control. PN is known to arrest the cell cycle
at G1 phase and cause cell death due to apoptosis [15, 16]. Untreated
MDA-MB-231 cells were used as control. We first characterized the
physical properties of cells such as morphology, migration and stiffness
because of the close relationship between cytoskeleton and cancer.
Atomic Force Microscopy and Micropipette Aspiration were used to
characterize cell stiffness. To characterize the changes in biochemical
properties, we have quantified the DNA content, analyzed changes in
cell-cycle and the differential regulation of genes related to the cyto-
skeleton, tumor growth, cell adhesion and Epithelial to Mesenchymal
Transition (EMT).

Our results show that the activation of the TGF-β pathway by AN-
treatment contributes to cell-death and thereby to its anti-cancer prop-
erty. Another interesting observation is that the changes in biomechan-
ical properties due to the treatment manifest before we could detect
changes in the biochemical markers.

2. Materials and methods

2.1. Cell culture

MDA-MB-231 cells were cultured in Dulbecco's modified Eagle's
medium-high glucose (DMEM, Sigma–Aldrich) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, North Amer-
ican origin) and antibiotics penicillin streptomycin powder (Hi Media) at
a concentration of 0.4 μg/mL. The cells were cultured at 37 �C, 95%
relative humidity and 5% CO2. Cells from an 80% confluent dish were
taken for experiments.

2.2. Plant extract and determination of IC50 values

Twenty-five gram of Piper nigrum (PN) matured (green inflorescence)
and Artemisia nilagirica (AN) leaves were ground in ice cold HPLC grade
methanol using pestle and mortar. The ground plant-material was
transferred to a 250 mL standard measuring flask. The volume was made
up with ice-cold methanol and extracted overnight. We further filtered
the extract using Whatman No. 1 filter paper. The solvent from the
extract was removed by air-drying. The residues were collected and used
for the experiment.

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] assay [17] was performed to calculate the IC50 value of PN and AN
extract for MDA-MB-231 cells. Cells were trypsinized from an 80%
confluent flask. Approximately 5,000 cells/well were seeded in 96-well
plates and was kept for 24 h of incubation. After incubation the cells
were treated with various concentrations of AN and PN for 24 h. The
medium with extract was aspirated out from the wells and MTT reagent
was added to each well and incubate for 4 h. MTT reagent was aspirated
out and DMSO (Dimethyl sulfoxide) was added to dissolve the formazan
(purple crystals) formed in live cells. The absorbance was measured using
a Micro-Plate reader at an excitation wavelength of 570 nm. Average of
three individual biological experiments were analyzed. The IC50 value for
PN and AN, for MDA-MB-231 cells was expressed as percentage of cell
2

inhibition. It was calculated using equation given below. Further exper-
iments were carried out with these concentrations.

Percentage of cell Inhibition¼Absorbancecontrol � Absorbancetreated
Absorbancecontrol

*100 (1)

The mean IC50 value, calculated from three independent MTT assays,
was used for further experiments. We obtained IC50 values of PN and AN
as 6.6 μg/mL and 13.5 μg/mL respectively.

2.3. Immunostaining and fluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 10 min at room
temperature followed by permeabilization with 0.5% TritonX-100 for 10
min at 37 �C. Microtubules were stained with Alpa-tubulin antibody FITC
conjugate (Invitrogen) for 20 min at 37 �C, actin filaments were stained
with Rhodamin-Phalloidin (Molecular probes) for 20 min at 37 �C, and
Nucleus were stained with DAPI (4,6-diamidino-2- phenylindole, dihy-
drochloride) (Molecular probes) for 10 min at 37 �C. Images were ac-
quired with either a Leica AF6000 inverted wide-field fluorescence
microscope or with a TCS SP5 II confocal microscope. The confocal im-
ages were analyzed using ImageJ software to determine the cell area, cell
roundness. The total wide-field fluorescence intensity per cell was used to
estimate the difference in the amount of actin and microtubules. In brief
confocal images are opened in Image J software and converted to 8bit
image. Scale was set by calculating the pixel to micron ratio for each
image. Each cell boundary is marked manually and correspondingly the
cell area, cell roundness was calculated. Average of 30–60 cells were
taken to determine to cell area, cell roundness and intensity measure-
ments. The results of each experiment are expressed as the mean values�
standard deviation of the mean (SD). The significance of the data was
analyzed using a Student's t-test, and differences between two means
with p < 0.05 (*).

2.4. Cell cluster expansion rate for treated and non-treated cells

The rate of expansion for the cell clusters was determined after
treatment with AN and PN. The expansion was compared with untreated
cells to confirm the effect of these extracts. Cells from an 80% confluent
culture dish were trypsinized and approximately 100,000 cells were
taken and placed as a drop at the center of three separate Perti-plates.
After one hour of incubation, cells adhered and appeared like a cluster
of cells. Culture medium was then added to the Petri-plate. After 24 h of
incubation, bright - field images of these cell clusters were taken; this was
considered time, t ¼ 0. AN and PN extracts where added in two separate
Perti-plate with MDA-MB-231 cell clusters and the third one is untreated
where no extract was added. These Petri-plate were incubated for 24 h;
after incubation brigh t -field images were taken. This was considered
time, t ¼ 24 h. The cell cluster expansion rate was calculated using the
increase in area of the cell cluster on petriplate from t ¼ 0 to 2 4 h. The
cell area was obtained using a custom-built code written in MATLAB
(www.mathworks.com). The results of three biological repeats were
analyzed using a student's t-test, and a p < 0.05 was considered to be
significant.

2.5. Flow cytometry for cell-cycle and apoptosis analysis

Approximately 50,000 cells were seeded in a 35mm Petri dish. After
24 h of incubation, cells were treated with PN and AN extract. Cells were
incubated for two time points 24 h and 48 h in case of cell cycle study and
for apoptosis one time point 48 h. After the incubation, the cells were
harvested from the Petri-dish using cell scraper. Cells were transferred to
an eppendorf tube and centrifuged at 1500 rpm for 3 min. The super-
natant was discarded, and the pellet resuspended in 1 mL of complete
medium. The numbers of cells were counted using a Haemocytometer.
After cell counting, the cells were again centrifuged, and the supernatant

http://www.mathworks.com
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was carefully removed in order to obtain the cell pellet. For cell cycle
analysis, to the cell pellet, 100 μL of hypotonic solution containing pro-
pidium iodide, at a concentration of 4 μl/mL, was added for every
1,00,000 cells. By using this cell suspension, cell-cycle analysis was done
using Flow Cytometry (Accuri C6) as described in [18].

For cell apoptosis, to the cell pellet 100 μL of PBS containing propi-
dium iodide, at a concentration of 5 μL/ml was added and incubated for 3
min at room temperature, followed by centrifugation. The supernatant
was discarded, and cells were resuspended on 100 μL of annexin-binding
buffer with 2.5 μL of annexin 5 conjugate, incubate for 10 min at room
temperature, followed by centrifugation. The supernatant was discarded,
and the cells were suspended in 100 μL PBS. This cell suspension was
used for apoptosis analysis using Flow Cytometry (Accuri C6). Data was
analyzed using FlowJo 10 software. Cell debris and clumps were
excluded from the analysis in all samples. The results of three biological
repeats were analyzed using a student's t-test, and a p < 0.05 was
considered to be significant.

2.6. DNA quantification

The proliferation of cells in untreated and treated conditions was
evaluated at day 1, 3 and 5. The cellular DNA content was measured
using the Picogreen ds-DNA quantification kit (Invitrogen), as described
Figure 1. Experimental set-up for Micropipette Aspiration with Controller Box, CC

Figure 2. Measuring cell stiffness using Atomic Force Microscope (A) Bright-field i
force-displacement curve during indentation, (D) Surface profile obtained from scan p
AFM experiment.
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in [19]. Briefly, cells were lysed using lysis buffer (0.02% SDS with
Proteinase K 0.2 mg/ml). The lysate was mixed with the Picogreen dye
and the DNA content was determined by measuring the fluorescence
intensity in a well-plate reader at 485 nm excitation and 528 nm emis-
sion. The results of three biological repeats were analyzed.

2.7. RNA isolation and quantitative real time-polymerase chain reaction
(qRT-PCR)

Cells were cultured on a 60 mm Petri-plate for up to 80% confluence.
Extracts were added in two separate Petri-plate PN and AN respectively,
after incubation period of 24 h and 48 h, two time points for each, RNA
was isolated using the RNase Mini Kit (Quigen) as per the manufacturer's
instruction. A total of 0.5–2 μg of RNA was used for cDNA synthesis using
a high-capacity cDNA reverse transcription kit (Applied Biosystems) as
per the manufacturer's instruction.

Quantitative real-time PCR (qRT-PCR) was carried out using a
Power up SYBR Green master mix (Thermo Scientific) with 10 ng of the
cDNA as the template. Gene expression was normalized to glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). Fold change was calcu-
lated using 2-ΔΔct. EMT markers Epithelial-cadherin (E-cad), Neural-
cadherin (N- cad), Vimentin, Snail, Slug, Twist, Paxillin, along with
Matrix metalloproteinase-2 (MMP2), Ras homology gene-member
D camera, Micropipette holder, Micro-injector, XYZ positioner, and Controller.

mage of AFM scanning on a cell, (B) its corresponding topography, (C) Typical
rofile used to determine highest point of the cell, (E) Schematic representation of
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A(RhoA), Transforming growth factor Beta 1 (TGF-β), Activin Receptor-
Like Kinase (ALK-5) primers were used for gene expression study. Gene
expression across three individual biological experiments was analyzed.
A paired t-test was performed, and p < 0.05 was taken as statistically
significant.

2.8. Mechanical characterization

We have performed two mechanical characterization techniques viz.,
micropipette aspiration [20] and AFM [21]. Experiments were completed
within 40 min after trypsinization of cells. To confirm that cells are alive
Figure 3. Perturbation in the cytoskeleton and cellular morphology due to AN-tre
nucleus, actin, microtubule. Length of the scale bar is 25 μm. From top to bottom (A)
intensity, (E) Microtubule intensity, (F) Cell area and (G) Cell roundness. Statistical
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during the mechanical testing, Trypan blue test (stains the dead cells
blue) was used.

2.9. Micropipette aspiration

In this technique, cells are aspirated into a micropipette by exerting
a negative pressure. Borosilicate glass pipette (OD 1 mm, ID 0.5 mm,
and length 10 cm) was pulled to micrometer dimensions using a
micropipette puller (Flaming/brown micropipette puller, Sutter In-
strument Co, model P-97). The tip of the micropipette was then cut to
the desired diameter (d) using a microforge (MF-900, NARISHIGE). The
atment. Confocal images of MDA-MB-231 cells stained for (from left to right)
Control, (B) AN-treated cells and (C) PN-treated cells. Quantification of (D)Actin
analysis was performed using ANOVA with * representing p < 0.05.
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pipette was then fixed to a pipette holder mounted on a XYZ positioner
(Figure 1). shows the setup used for aspiration, which includes an
inverted microscope (MP-285), micro injector, XYZ positioners,
controller, controller box, CCD camera, micropipette holder and a
computer. Trypsinized cells were suspended in cell-culture medium and
transferred to a glass coverslip for aspiration. To identify live cells
during the experiments, Trypan blue (stains the dead cells blue) was
added to the cell suspension. The micropipette was brought adjacent to
a cell using the XYZ positioner. Following this, the pressure is gradually
reduced using a controller until the cell sits firmly at the tip of the
micropipette. The pipette was raised to ensure that the cell is not dis-
lodged at this initial pressure. Subsequently, the pressure was
decreased in unit steps until the cell enters the pipette. This reading is
taken as the final pressure [20]. The difference between the initial and
final pressures was used to calculate the force required to aspirate the
cell as shown in Eq. (2).

F¼ΔPπr2 (2)

Experiments with each sample were completed within 40 min of
trypsinization. The results of experiment are expressed as the mean
values � standard deviation of the mean (SD). The significance of test of
the data was analyzed using a Student's t-test, and differences between
two means with p < 0.05 (*).

2.10. Atomic Force Microscopy

Cell elasticity measurements were performed using Park Systems
XE-Bio Atomic Force Microscope (AFM). App Nano Hydra 6V-200NG-
TL cantilever with a 5.2 μm Silicon di-oxide spherical bead was used
for cell indentations. The stiffness of the cantilever was measured
using a thermal tuning method and was found to be 0.041 N/m. The
A-B sensitivity, which represents the relation between the difference in
the voltage on the photodiode and the cantilever deformation, was
calibrated every time the laser position was adjusted. The topography
of the cell was first obtained by contact imaging using a set point of ~
0.7 nN. Multiple force–displacement curves, on a 4 � 4 grid, were
obtained on a small area of 5 μm � 5 μm above the nucleus as shown
in (Figure 2). The modulus of elasticity and the point of contact of the
cantilever with the cell were obtained for each of these curves using
Hertzian contact model. The highest contact point was designated as
the apex of the nucleus; the modulus corresponding to this curve was
Figure 4. Cell cluster area of control cells and treated cells, its significance percenta
with * representing p < 0.05.
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used as the modulus of the elasticity of the cell. The results of
experiment are expressed as the mean values � standard deviation of
the mean (SD). The significance of the difference in means was
analyzed using a Student's t-test and p-value < 0.05, represented by *,
was considered significant.

For inhibiting over-expression of TGF-β AN-treated cells were incu-
bated with 10 μM Activin Receptor-Like Kinase (ALK-5, TGF-βR1 inhib-
itor, SB 431542, Sigma Aldrich U.S.A) [22] for 24 h and 48 h. Inhibition
of TGF-β upon treating with ALK5 was confirmed using qRT-PCR. Total
DNA content of AN-treated cells incubated with ALK5 was measured to
ascertain if TGF-β upregulation was the mechanism of cell-death by AN.
The results of experiment (performed in triplicates) are expressed as the
mean values � standard deviation of the mean (SD). The significance of
the difference in means was analyzed using a Student's t-test, and a
p-value < 0.05 (*) was considered significant.
2.11. Statistical analysis

The results of each experiment (performed in triplicates) are
expressed as the mean values � standard deviation of the mean (SD).
Control and the treated cells were compared using ANOVA with Bonif-
feroni correction in case of cell area expansion. The significance of the
difference in means was analyzed using a Student's t-test, and a p-value<
0.05 (*) was considered significant.

3. Results

3.1. Cytoskeleton and cell morphology

Cells treated with PN appeared stressed whereas those treated with
AN spread well (Figure 3 A–C). Expression of actin and microtubule in
AN-treated cells were significantly higher than in control cells (Figure 3 D
and E). Since PN-treated cells were peculiar, which was confirmed using
DNA quantification, we did not quantify the expression of actin and
microtubule in those cells. The area of PN-treated cells (869 � 442 μm2),
was significantly lower than that of control cells (1236 � 514μm2). AN-
treatment (1271� 555 μm2) did not lead to any significant change in cell
area (Figure 3 F). In contrast, AN-treatment affects the roundness of cells
whereas PN-treatment does not. The roundness of AN-treated cells (0.64
� 0.167) was significantly higher than that of control cells (0.36� 0.185)
and PN treated cells were (0.41 � 0.195) (Figure 3 G).
ge change in cell cluster area. Statistical analysis was performed using ANOVA
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3.2. Migration

To establish the functional effect of cytoskeletal perturbations, we
studied migration of these cells. For quantifying migration, we estimated
the changes in size of cell cluster with time. We observed that cells
treated with both these extracts showed significantly lower migration
than control cells. Interestingly, both these treatments reduced the size of
the cell cluster suggesting contraction of cells or cell death. Since AN-
treatment did not decrease cell size (Figure 4), we suspected that the
decrease in migration would be due to cytoskeletal perturbations or cell
death.

3.3. Cell proliferation, cell cycle and apoptosis

Both AN and PN treatments lead to decrease in DNA content (Figure 5
A). In comparison to AN- treatment, PN-treatment results in lower DNA
content suggesting enhanced cell death. Moreover, cells treated with PN
showed faster decrease in DNA content in comparison to AN-treated cells,
which showed a gradual decrease. We further studied the effect of these
Figure 5. DNA quantification (A), cell cycle analysis after drug-treatment for
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plant extracts on cell-cycle. We observed that PN-treatment led to a larger
number of cells in the G1 phase (67%) in comparison with control
(50.2%). This agrees with previous studies that showed cell-cycle arrest
at G1 phase by PN [16]. Cells treated with AN did not show any differ-
ence in cell cycle when compared to control (Figure 5 B, C). Previous
studies have established that the anti-cancer property of PN is due to
activation of apoptotic pathway upon G1 phase arrest. Both AN and PN
treated cells were checked for apoptosis. Our results suggest that the loss
of cell viability by AN-treatment is not due to such a cell-cycle dependent
mechanism, but the cells showed increased percentage of death due to
apoptosis (Figure 5 D).

3.4. Quantitative real time- polymerase chain reaction (qRT-PCR)

To study the anti-cancer properties of these compounds, we studied
their effect on Epithelial to Mesenchymal Transition (EMT). For this, we
estimated the expression of several well-characterized EMTmarkers such
as E-cadherin, N-cadherin and Vimentin, and associated transcription
factors such as Snail, Slug and Twist(). We also looked at other markers
24 h (B) and 48 h (C) and Apoptosis after drug-treatment for 48 h (D).
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related to cell adhesion (Paxillin), tumor progression (TGF-β), cytoskel-
eton (RhoA) and migration (MMP2).

AN - At 24 h, we observed that there was a reduction in the expression
of E-cadherin suggesting a mesenchymal transition (Figure 6). However,
the down-regulation of Vimentin, Slug, Snail and Twist indicates tran-
sition to an epithelial phenotype. Even at 48 h, we do not see any
conclusive pattern suggesting a switch to the epithelial or mesenchymal
cell phenotype [23, 24, 25, 26]. There was no change in the expression of
MMP2 ruling out any change in migration potential due to AN-treatment.
For both 24 and 48 h, there was no significant change in the expression of
Paxillin negating any changes in cell adhesion. Interestingly, we observed
a consistent increase in the expression of TGF-β at 24 and 48 h. TGF-β is
known to suppress tumor in the early stages of tumorigenesis by acti-
vating apoptosis [27, 28]. Hence, cell-death due to this compound,
observed by DNA quantification (Figure 5 A), could be due to the acti-
vation of the TGF-β pathway leading to apoptosis. We confirmed this
using inhibitor experiments. By treating cells with ALK5, which inhibits
TGF-βR1, we were able to partially rescue cell-death (Figure 7). We
further observed an increase in the expression of RhoA indicating
Figure 6. Change in the relative expression of genes due to AN and PN-treatment for (
using ANOVA with * representing p < 0.05.
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enhanced contractility in the actin cytoskeleton [29]. This is consistent
with the increased expression of TGF�β since TGF-β is known to upre-
gulate RhoA [27].

PN – PN-treated cells show downregulation of EMT markers and
upregulation of adhesion marker (Paxilin) and tumor progression marker
(TGF-β) at 24 h. However, by 48 h we do not see any significant change in
any of these markers except for MMP2. Since our DNA quantification
study showed that by 48 h PN-treated cells are in the death phase, we did
not further probe these observations.

3.5. Mechanical characterization

We have used two popular techniques, micropipette aspiration and
AFM, for mechanical characterization of cells treated with these com-
pounds (Figure 8). In micropipette aspiration, we observed that both AN
and PN have significantly altered the mechanical properties of the cells.
While AN-treatment has reduced the force required for aspirating cells
into the micropipette, PN-treatment has increased the aspiration force in
comparison to control (Figure 8A). The increase in aspiration force could
A) 24 h and (B) 48 h measure using q RT_PCR. Statistical analysis was performed



Figure 7. Rescue of cell-death upon inhibiting TGF- β. Inhibition of TGF- β, measured using qRT_PCR after (A) 24 h and (B) 48 h of treatment with ALK5 and (C)
Change in total DNA content with time. Day 2 and 3 represents 24 H and 48 H of treatment. Statistical analysis was performed using ANOVA with *representing p
< 0.05.

Figure 8. Biomechanical characterization using Micropipette aspiration (A) and Atomic Force Microscopy (B). PN-treated cells are arrested in G1 phase and initiates
the cell death hence in case of aspiration the force required to aspirate the cell is larger in comparison to control and AN-treated cells. Statistical analysis was per-
formed using ANOVA with * representing p < 0.05.

Table 1. Comparison of mechanical properties measured using micropipette aspiration and AFM.

Micropipette aspiration Atomic Force Microscopy

Aspiration force (nN) Apparent modulus of elasticity (Pa)

Control 61.3 � 11.9 709 � 334

AN-treated 32.4 � 5.6 459 � 233

PN-treated 801 � 127.6 569 � 337

S.R. Raju et al. Heliyon 6 (2020) e05088
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be because PN-treatment arrests cells in G1 phase and initiates cell death
(Figure 5B, C). Similarly, AFM measurements show significant reduction
in cell stiffness due to AN-treatment. The mean stiffness of cells treated
with PN is also lower than that of control. By inhibiting TGF-β using
ALK5, the mean cell stiffness was partially rescued. Mean and standard
deviation of the mechanical parameters estimated using aspiration and
AFM are listed in Table 1.

4. Discussion

We have performed both biochemical and biomechanical character-
ization of breast cancer cells (MDAMB-231) treated with AN for identi-
fying the mechanism responsible for its anti-cancer properties. Since
metastasis is the leading cause of mortality in breast cancers, we have
chosen MDAMB-231 cells, as our model system for breast cancer.
Another extensively characterized plant extract with anti-cancer prop-
erties, Piper nigrum Linn. (PN) which is an alkaloid extracted from black
pepper, was used as positive control. PN is known to arrest the cell cycle
at G1 phase and cause cell death through apoptosis [15, 16].

Cell death due to AN was inferred from the reduction in DNA content.
Cell death by the reduction in DNA and RNA content through the in-
duction of apoptotic pathways have been previously reported for many
other plants extracts [30, 31, 32, 33, 34]. Many of these cytotoxic agents
attach to DNA through covalent or non-polar binding [35]. They inhibit
cell survival in cancer cells by arresting cell cycle and inducing apoptosis
[36].

Cells treated with PN had reduced cell area in comparison to control
whereas there was no significant change in the case of AN-treatment
[36]. Interestingly, AN-treatment enhanced the roundness of cells
while there was no significant change due to PN-treatment. By using
immunofluorescence assay, we observed that cells treated with PN
showed granular nuclei, irregular cell boundaries and abnormal cyto-
skeleton probably due to cell death [32, 33, 36, 37]. In contrast,
AN-treated cells showed well-spread cellular and nuclear morphology,
and enhanced expression of actin and microtubule [33]. The cells are
much more stretched and spindle-shaped, resulting in a smaller cell area.
The formation of the actin fibers as well as the distribution of cortical
actin did not change, substantially. This increase in expression of cyto-
skeletal proteins did not lead to increased migration potential when
treated with AN-extract. Migration of PN- treated cells was also lower
than that of control cells. AN-treated cancer cells successfully repressed
the migration of cells. Since the actin cytoskeleton is stabilized, cells
cannot move and divide, thereby arresting the cell cycle to G2/M [33, 34,
38].

One of the hallmarks of cancer is the transformation of cells from
epithelial to mesenchymal (EMT). This is a reversible process since cells
can transform frommesenchymal to epithelial (MET). Switching between
these phenotypes and thereby between occurrence and recurrence is a
fundamental characteristic of cancer [39]. EMT is majorly influenced by
change in several genes expression, in which TGFβ plays a major role by
inducing metabolic reprogramming. Our gene-expression studies showed
that TGF-β and its downstream target RhoA are both up-regulated when
treated with AN extract [40, 41, 42]. TGF-β signaling is known to reduce
cell migration by upregulating expression of Snail and Slug [43]. A
physical manifestation of TGF-β and RhoA upregulation was increased
actin and microtubule expression, which in turn enhanced the mechan-
ical properties. These mechanical changes were characterized using AFM
and micropipette aspiration. The apparent modulus of elasticity
measured using AFM increased whereas the aspiration force decreased
for AN-treated cells in comparison to the control. In comparison, the
aspiration force for PN-treated cells was almost 10 times higher than
control probably because the cells are dying. From previous studies, we
know that PN-treatment leads to cell cycle arrest thereby leading to
9

apoptosis. However, the mechanism responsible for loss of cell viability
due to AN-treatment was unknown.

Our results suggest that one of the mechanisms responsible for cell-
death in AN-treated cells is TGF-β upregulation. TGF-β is a multifunc-
tional cytokine that regulates EMT and several other cellular processes
such as cell cycle, differentiation, morphogenesis, and apoptosis [44].
Interestingly, TGF-β is known to suppress the tumor in the early stages of
tumorigenesis [45]. Hence, upregulation of TGF-β could be the mecha-
nism of cell-death due to AN-treatment [46, 47]. This was further
confirmed by incubating AN-treated cells with ALK5, which inhibits
TGF-β. AN-treated cells treated with ALK5 showed higher cell viability
compared to AN-treated cells [40, 41, 42].

We have also observed the known downstream effects of TGF-β
pathway upregulation such as enhanced expression of RhoA [48] and
actin [49], and reduction in cell stiffness [50]. We observed a significant
difference in the mechanical properties by 24 h of AN-treatment
(Figure 8) even though biochemical signals such as the expression of
TGF-β and RhoA were significantly different only by 48 h (Figure 6). A
similar observation was made in a previous study, wherein the authors
showed that cancerous cells obtained from pleural effusion displayed
altered mechanical properties before changes in cell morphology were
discernible [51]. These observations are in line with a growing body of
evidence, which show that mechanical properties can be used as bio-
markers for early detection of cancer. In summary, we show that the
molecular mechanism of cell death due to AN extract is by upregulation
of TGF-β expression. The anti-cancer property of this extract makes it an
attractive option for cancer therapy.

5. Conclusion

We have characterized the changes in the biochemical and biome-
chanical properties of MDAMB-231 cell upon treatment with the
methanolic-extract from Artemesia nilagirica. Previous studies have
showed the anti-cancer property of AN extract, but the exact mode of
actionwas unexplored. Our results show that the reduction in cell viability
is due to activation of TGF-β, which is known to activate apoptotic
pathway in the early stages of tumor-growth. Some of the known conse-
quences of TGF-β upregulation such as upregulation of RhoA pathway and
enhanced expression of actin were also observed. The changes in actin led
to alterations in the mechanical properties of cells. Interestingly, the
changes inmechanical propertieswere detectable earlier than the changes
in TGF-β and its downstream targets. Our study demonstrates the mode of
action of AN on MDA-MB-231 breast cancer cells to prove its anti-cancer
property and change in themechanical property of the cells can be used as
biomarkers for early detection of cancer.
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