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Abstract

Background: Cell culture (spheroid and 2D monolayer cultures) is an essential tool in drug discovery.
Piperlongumine (PLN), a naturally occurring alkaloid present in the long pepper (Piper longum), has been implicated
in the regulation of GSTP1 activity. In vitro treatment of cancer cells with PLN increases ROS (reactive oxygen
species) levels and induces cell death, but its molecular mode of action has not been entirely elucidated.

Methods: In this study, we correlated the antiproliferative effects (2D and 3D cultures) of PLN (CAS 20069–09-4,
Sigma-Aldrich) with morphological and molecular analyses in HepG2/C3A cell line. We performed assays for
cytotoxicity (MTT), comet assays for genotoxicity, induction of apoptosis, analysis of the cell cycle phase, and
analysis of the membrane integrity by flow cytometry. Relative expression of mRNA of genes related to
proliferation, apoptosis, cell cycle control, metabolism of xenobiotics, and reticulum endoplasmic stress.

Results: PLN reduced the cell proliferation by the cell cycle arrest in G2/M. Changes in the mRNA expression for
CDKN1A (4.9x) and CCNA2 (0.5x) of cell cycle control genes were observed. Cell death occurred due to apoptosis,
which may have been induced by increased expression of proapoptotic mRNAs (BAK1, 3.1x; BBC3, 2.4x), and by an
increase in 9 and 3/7 active caspases. PLN induced cellular injury by ROS generation and DNA damage. DNA
damage induced MDM2 signaling (3.0x) associated with the appearance of the monastral spindle in mitosis. Genes
associated with ROS degradation also showed increased mRNA expression (GSR, 2.0x; SOD1, 2.1x). PLN induce
endoplasmic reticulum stress with the increase in the mRNA expression of ERN1 (4.5x) and HSPA14 (2.2x). The
xenobiotic metabolism showed increased mRNA expression for CYP1A2 (2.2x) and CYP3A4 (3.4x). In addition to 2D
culture, PLN treatment also inhibited the growth of 3D culture (spheroids).

Conclusion: Thus, the findings of our study show that several gene expression biomarkers (mRNAs) and monastral
spindle formation indicated the many pathways of damage induced by PLN treatment that contributes to its
antiproliferative effects.
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Background
Cancers occur due to several distinct mechanisms of al-
terations in the expression of proliferation control genes
and cell death genes. Therefore, a clear understanding of
the mechanisms of cell death induction by candidate
chemotherapeutic compounds is essential for the devel-
opment of specific and effective anticancer therapies [1].
Specific target drugs are developed only after studying
the molecular mechanisms of cell death and prolifera-
tion and by understanding the differences in each type
of cancer [2, 3]. Consequently, drugs that have less ad-
verse effects and that decrease the incidence of relapse
have been produced for some types of cancers [4–6].
However, since several cancers, for example, triple nega-
tive breast cancer, are still treated with nonspecific ther-
apies, it is necessary to study new drug candidates and
their specific mechanisms of action.
Drug-induced cell death can occur by several mecha-

nisms. The regulation of apoptosis and autophagy
comprise the most well-known molecular process,
modulating the activity of BCL-2 family of proteins-one
of the main mechanisms of induction of death [7–9].
The BCL-2 family comprises a group of genes encoding
pro or anti-apoptotic proteins, and the imbalance be-
tween the amounts of these proteins within the cell can
dissipate the signaling of death by one of the pathways
of apoptosis (intrinsic pathway). The extrinsic pathway
of apoptosis involves the action of death-inducing mole-
cules (e.g., TNF-α, Fas ligand) binding to external recep-
tors on the plasma membrane; the intracellular signaling
is then dissipated after the binding of adaptor molecules
FADD and TRADD in the internal region of the recep-
tors [10, 11]. In autophagy, about 27 genes (ATG genes)
are involved in the execution of autophagic pathways,
while the other 40 genes related to other pathways may
also be involved in autophagy [12, 13].
Piperlongumine (PLN) is an alkaloid found in several

species of peppers and the antiproliferative action of this
compound is its most important biological property.
The anticancer activity of piperlongumine has been elu-
cidated through studies using cell lines and animal
models. The in vitro cytotoxicity of PLN using cell lines
has already been attested by several studies in the litera-
ture, which used, for example, colorimetric assays [14–
16]. It is also known that the harmful effect of PLN oc-
curs due to the increase in reactive oxygen species
(ROS) induced by this drug [15, 17–20]. In addition, oxi-
dative stress induced by PLN is associated with the dam-
age caused by genetic material [19, 21]. It is also known
that the drug induces cell cycle arrest in G2/M [22–25]
and that these events are linked to cell death induction
by apoptosis and/or autophagy, for example, in cell cul-
tures of breast cancer [14, 26, 27], lung [28–31], and kid-
ney [26, 30]. In this study, these effects of PLN could be

related to changes in the expression of genes involved in
these processes.
HepG2/C3A is a widely used cell line for studying

drug-action mechanisms because this cell line shows a
strong xenobiotic metabolic activity. In this study, we
evaluated the effects of PLN on HepG2/C3A cells based
on parameters of cytotoxicity, genotoxicity, proliferation,
cell death, oxidative stress, and mitochondrial potential.
Further, these effects were correlated to the findings of
the relative expression of the genes involved in these
processes. This enabled us to understand the morpho-
logical and molecular mechanisms of action of PLN,
thereby contributing to a better understanding of its ap-
plicability as a future chemotherapeutic agent.

Methods
Chemical agents
PLN (C17H19NO5) was obtained from Sigma-Aldrich
(≥97%; Cat. No.: SML0221, extracted from Piper longum
Linn), dissolved in dimethyl sulfoxide (DMSO, 30mM),
and stocked at − 20 °C. The solution was diluted in the cul-
ture medium for use in the treatments, and the highest
concentration used (50 μM) had 0.17% DMSO. The vehicle
control treatment was performed with this same concentra-
tion of DMSO and 0 μM PLN. Doxorubicin (DXR-Pharma-
cia-CAS 23214–92-8) and tert-butyl (Sigma-Aldrich, Cat.
No. 458139) were used in the comet assays and for ROS
generation, respectively, as positive controls, and camp-
tothecin (CPT; Merck Millipore; CAS 7689-03-4) was used
for the other assays.

Cell culture
The human hepatocellular carcinoma (HepG2/C3A)
lineage was obtained from the Cell Bank of Rio de
Janeiro free of mycoplasma. Cells were maintained in
DMEM (Gibco, CAT-12800-017) supplemented with
10% fetal bovine serum (FBS, Gibco, CAT-12657-029)
and 0.1% penicillin/streptomycin (Invitrogen CAT-
15240-096), and kept in a humid oven with 5% CO2 at
37 °C. In all tests, the cells were seeded and maintained
for 24 h for stabilization before receiving the treatments.
The cell density used in the assays was determined by ti-
tration using the xCELLigence Real-Time Cell Analyzer.
Approximately 2.5 × 104 cells/well were used in 96-well
plates for the MTT assays and active caspase analysis,
1.25 × 105 cells/well in 24-well plates for counting ro-
settes, 61.7 × 105 cells/well in 6-well plates for cytometry,
comet, RNA extraction and micrographs, and 650 cells/
well in 96-well plates for the 3D assay.

Cytotoxicity evaluation using MTT assay
Cell viability was estimated using the MTT assay accord-
ing to [32] with modifications. After 24 h of treatment
(0–50 μM PLN and 1 μM CPT), the cells were incubated
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for 4 h in serum-free medium containing MTT (500 μg/
mL). The culture medium was removed and the forma-
zan crystals adhering to the bottom of the plate were di-
luted in DMSO for spectrophotometer reading (TP
Reader; Thermo Plate, China) at 540 nm. Cell viability
was estimated using the following formula: [(treatment
absorbance/control absorbance) × 100]. The IC50 was
determined using the GraphPad Prism program. The
experiment was performed in three replicate plates con-
taining six replicates/treatment/plate.

Cell evaluation by flow cytometry
Cell cycle and cell death by apoptosis were evaluated
using the Guava EasyCyte flow cytometer (Merck Milli-
pore). After treatment (0–40 μM PLN), cells were har-
vested by trypsinization, centrifuged at 1000 rpm for 5
min, and resuspended in 500 μL PBS. To evaluate cell
death by apoptosis, the Pharmingen™ -PE Annexin V
Apoptosis Detection Kit I kit (Cat. No.: 559763) was
used according to the manufacturer’s protocol; the per-
centages of viable cells (absence of annexin and 7-AAD
labeling), initial apoptosis (labeled with annexin), late
apoptosis (labeled with annexin and 7-AAD), and necro-
sis (labeled with 7-AAD) were determined. To evaluate
the cell cycle, 5 μL RNase (2 μg/mL, Invitrogen; Cat. No.:
12091–021) was added to 100 μL cell suspension and
maintained at 37 °C for 30 min. For cell lysis and DNA
labeling, the Guava Cell Cycle Reagent Kit (Cat. No.:
4500–0220) was used according to the manufacturer’s
protocol. The percentages of cells in different phases of
the cell cycle (G1, S, and G2/M) were determined ac-
cording to the fluorescence intensity emitted by each
cell. For each assay, 5000 cells were analyzed per treat-
ment/experiment. The assays were performed in three
experiments simultaneously.

Obtaining micrographs
The phase contrast system was used to observe the mor-
phological changes and cell density; the fluorescence sys-
tem was used to capture fluorescence from the red filter
(blue laser) for the detection of rhodamine 123 [33], and
blue (UV) fluorescence was used for DNA labeling using
Hoechst 33342 [34, 35]. After 24 h of treatment (0–
40 μM of PLN) with 2 μl of rhodamine 123 (1 mg/mL
Cat. No.: R8004, Sigma-Aldrich) and 1 μL of Hoechst
33342 (2 mg/mL, Cat. No. B2261), the culture medium
was homogenized and the cultures were incubated at
37 °C for 20 min. Thereafter, the culture medium was re-
moved, the culture was washed once using PBS at 37 °C,
1 mL of PBS was added, and the culture was then
analyzed under the EVOS® Microscope FL Auto Cell Im-
aging System 4 microscope (Thermo Fisher).

Spindle cell count in the monastral format
After 24 h of treatment (0–40 μM PLN), 1 μL of Hoechst
33342 (2 mg/mL, Cat. No. B2261) was added directly to
the culture medium, which was homogenized and incu-
bated at 37 °C for 20 min. The culture medium was
removed, the culture was washed once using Phosphate-
buffered saline (PBS) at 37 °C, and 1mL of PBS was
added to the cultures. Then, fluorescence microscopy
was performed for counting the cells in the rosette for-
mat. Approximately 500 cells were analyzed per treat-
ment/replicate in three simultaneous replicates.

Spheroid formation (3D culture)
To obtain spheroid-shaped 3D cultures, 50 μL of agarose
diluted in culture medium (1.5%) was used to cover the
wells of the 96-well plate. Approximately 650 cells per
well diluted in 50 μl culture medium were seeded. The
plate was subjected to centrifugation at 2500 rpm for 5
min so that the cells remained centralized to the bottom
of each well. After 48 h, another 100 μL of culture
medium was added. After another 72 h, spherical struc-
tures were formed. Thereafter, 100 μL of medium was
removed and 150 μL of fresh culture medium containing
the PLN treatments were added to final concentrations
of 0, 10, 20, and 40 μM. The volume of the spheroids
was determined using the formula: V = (4π r3)/3, where r
(radius) was determined using the ImageJ software in
micrograph processing. The images of the spheroids
were obtained by EVOS FL microscopy in phase contrast
(100× magnification) and captured at 24, 48, and 72 h
after the treatments. The experiments were performed
on three replicate plates containing six replicates of
treatment/plate.

Genotoxicity assessment
The comet assay [36] was used to analyze PLN’s poten-
tial to cause damage to the genetic material. After 3 h of
treatment (0 and 40 μM PLN), the cells were trypsinized,
centrifuged (1000 rpm for 5 min), and resuspended in
200 μL of culture medium. Cells were then diluted into
low melting point agarose (0.5%) and distributed into
pregelatinized sheets with common agarose. Cells were
lysed (lysis solution: 2.25M NaCl, 90 mM EDTA, 9 mM
Tris-HCl, 10% DMSO, and 1% Triton X-100) for 60 min
at 4 °C and subjected to alkaline conditions (electrophor-
esis buffer: EDTA-titriplex, 1 mM; NaOH, 0.3 N) for 20
min. Electrophoresis was performed at pH 13, 25 V, 300
mA for 20 min. Then, the sheets were fixed with abso-
lute ethanol and stored at 4 °C. For the analysis, 100 μL
of ethidium bromide solution (2 μg/mL) was used.
Micrographs were obtained with a 200-fold increase, and
the comets were analyzed using the CometScore® pro-
gram. The tail moment parameter was used for the
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analysis. Approximately 100 cells were analyzed for each
treatment/replicate in three experimental replicates.

Reactive oxygen species and mitochondrial activity
detection
These assays use the fluorescence detection emitted by
2′,7′–dichlorofluorescin diacetate (DCFDA) after ROS
oxidation and Rhodamine-123 that selectively stains
mitochondria depending on the membrane potential. After
24 h of treatment (0–40 μM of PLN), DCFDA (25 μM of
final concentration) or rhodamine 123 (1mg/mL) were
added to the culture media, and the samples were incu-
bated for 20min at 37 °C. Thereafter, the cells were
harvested and centrifuged for 5min at 1000 rpm. Fluores-
cence (5000 cells) was detected using the Guava EasyCyte
flow cytometer (Merck Millipore) in green filter (blue laser)
for DCFDA and red filter (blue laser) for rhodamine 123.
The experiments were performed in three simultaneous
repetitions.

Relative gene expression analysis using RT-qPCR
This assay was performed to verify the changes in the pat-
tern of the gene transcript expression that are related to
the molecular pathways previously evaluated in the assays.
The gene primer sequences used in the real-time reactions
are mentioned in the Supplementary Material (Table S1).
The following genes were analyzed: genes of apoptosis
(BAK1, BAX, BBC3, BCLXL, CASP3, CASP7, CASP8, and
CASP9), cell cycle (CCNA2, CCNB1, CCNB2, CDK1,
CDKN1A, and TP53), DNA damage signaling (CHK1,
CHK2, GADD45A, H2AFX, and MDM2), proliferation
and death control (HNF4A, MTOR, MYC, TNF, and
TRAF2), oxidative stress (CAT, GPX1, GSR, and SOD1),
ERS (ABL1, ATF6, EIF2AK3, ERN1, HSPA14, and HSPA5),
and xenobiotic metabolism (CYP1A2, CYP2C19, CYP2D6,

and CYP3A4). After 12 h of treatment (0 and 20 μM PLN),
total RNA was extracted using the RNeasy Kit (Cat. No.:
74106, Qiagen) as per the manufacturer’s specifications.
The samples were quantified spectrophotometrically, and
the purity was estimated by measuring the absorbance at
260 nm/280 nm (validated when between 1.8 and 2.1).
The integrity of the RNA was verified in 1% agarose gel.
The synthesis of cDNA was performed according to

the protocol of [37]. The real-time reactions were per-
formed in the CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad). For this, the SsoAdvancedTM SYBR®
Green Supermix (Cat. No.: 172–5260 Bio-Rad) was used
with a final volume of 11 μL (5 pmol of each primer
and 250 ng of cDNA). The following conditions were
used for the real-time PCR: 95 °C for 5 min and 45 cy-
cles of 95 °C/15 s, 60 °C/20 s, 72 °C/20 s. GAPDH and
RPL13A were used as the housekeeping genes in all
the reactions. The experiments were done in three
simultaneous repetitions.

Active caspase evaluation
This assay was performed to detect active caspases after
PLN treatment. After 24 h of treatment (0, 10, and
20 μM PLN), 3/7 and 9 caspases were evaluated using
the Caspase-Glo® 9 e 3/7 Assay (Promega, Cat. No.:
G8211 and G8091) as per the manufacturer’s specifica-
tions. These assays use substrates for caspases and the
cleavage of the material produces a luminescence light
through luciferase activity. The analyses were performed
in GLOMAX (Promega; Cat. No.: GM3000). The experi-
ments were performed in three simultaneous repetitions.

Statistical analysis
The assays, except for the RT-qPCR, were evaluated
using ANOVA with Tukey test. The Kruskal–Wallis test

Fig. 1 Cytotoxicity. Cell viability obtained in MTT assay after 24 h of treatment with PLN. ** p≤ 0.01, *** p≤ 0.001 in relation to control (0 μM).
CPT: positive control using camptothecin 1 μM
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was performed for comet and the 3D assays. Relative
gene expression was analyzed in REST 2009 (fold chance
considered significant when ≤0.5 or ≥ 2). For all assays,
the differences were considered significant when P
values were less than or equal to 0.05.

Results
Cell viability (obtained by MTT) was significantly re-
duced to 72, 42, and 49% in 20, 40, and 50 μM of PLN,
respectively (Fig. 1). The IC50 of PLN was found to be

40 μM. Corroborating the results of the MTT assay, the
cell cycle (Fig. 2) showed proliferation reduction due to
G2/M cell cycle arrest, a reduction in the percentages of
G1 cells and increase in G2/M for all tested concentra-
tions, and a reduction of S in 10 μM of PLN. Moreover,
the count of cells with the monastral spindle was in-
creased in a PLN dose-dependent manner (Fig. 3).
In the apoptosis test (Fig. 4), all the concentrations

showed a reduction in the percentages of live cells and an
increase in the populations in early and late apoptosis. In

Fig. 2 Cell cycle analysis. Percentage of cells in cell cycle phases after 24 h of PLN treatment. Chromatin were analyzed using Propidium Iodide in
flow cytometry. ** p≤ 0.01, *** p≤ 0.001 in relation to control (0 μM). Different letters indicate significant difference

Fig. 3 Fuse spindle analysis. Cells with monastral spindle after 24 h of PLN treatment. Chromatin were observed and counted using Hoechst
33342 in EVOS FL Auto microscope. * p≤ 0.05, *** p≤ 0.001 in relation to control (0 μM). Different letters indicate significant difference
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late apoptosis, there was a significant difference among all
the concentrations (dose-dependent effect). None of the
concentrations of PLN induced necrosis in the cells.
The mitochondrial potential, which was evaluated

using rhodamine 123 after 24 h of PLN treatment, was
significantly reduced for the three analyzed concentra-
tions (Fig. 5). The reduction in the fluorescence intensity
of rhodamine can also be seen in Fig. 6, from which mi-
crographs of the cultures are shown. Sections A, B, C,
and D represent treatments at 10, 20, and 40 μM PLN,
respectively. In the blue fluorescence (DNA marking),
the presence of nuclei with morphological patterns of
cell cycle arrest by the formation of rosettes (monastral
spindle, arrows in Sections B and C), the formation of
pyknotic cells (chromatin evidenced by increased

fluorescence intensity and reduction in nuclear volume),
and the formation of apoptotic bodies, which represent
alterations present in apoptotic cells (arrow head), were
observed.
The three-dimensional culture (Fig. 7) revealed a

significant reduction in the volume of spheroids that
received treatments at concentrations of 20 and
40 μM in relation to the control (0 μM) after 24, 48,
and 72 h of treatment. In addition, at the highest con-
centration tested (40 μM), the spheroids presented a
morphological similarity to that of the positive control
(2.5 μM CPT), which showed only the presence of a
“mass” containing cellular debris and absence of char-
acteristics of living cells (for example, presence of nu-
cleus and cytoplasmic delimitation).
The comet assay demonstrated the significant geno-

toxic effect of PLN on HepG2/C3A cells. Figure 8
shows the tail moment parameter with averages of
0.9, 4.3, and 11.7 for the 0, 40 μM, and positive con-
trol, respectively.
Significant induction of ROS formation by PLN at

concentrations of 20 and 40 μM was evidenced, with
fluorescence measurements of 1513, 1845, and 1931 for
concentrations of 0, 20, and 40 μM, respectively (Fig. 9).
ROS formation at concentrations of 10 and 20 μM were
not significantly different from each other; that at 40 μM
was significantly higher than that at the other two lower
concentrations.
The data obtained in the analysis of relative gene ex-

pression are presented in Fig. 10. PLN treatment led to
increased mRNA expression of genes of the cell cycle

Fig. 4 Cell death analysis. Cell death induction after 24 h of PLN treatment. Cells were analyzed using PE Annexin V and 7-aad in flow cytometry.
* p ≤ 0.05, ** p≤ 0.01, *** p≤ 0.001 in relation to control (0 μM). Different letters indicate significant difference

Fig. 5 Mitochondrial analysis. Mitochondrial membrane potential after
24 h of treatment using rhodamine 123. * p≤ 0,05, *** p≤ 0,001 in
relation to control (0 μM)
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(CDKN1A), apoptosis (BAK1 and BBC3), DNA damage
signaling (MDM2), oxidative stress (GSR and SOD1),
ERS (ERN1 and HSPA14), and xenobiotic metabolism
(CYP1A2 and CYP3A4); in addition, there was a reduc-
tion in the mRNA expression of CCNA2 (cell cycle).
The findings of the analysis of active caspases showed

that there was a significant increase of 2.2-fold for cas-
pase 9 in the highest tested concentration (20 μM), and

for caspases 3/7, there was a significant increase of 2.6
and 5.5-fold at concentrations of 10 and 20 μM in rela-
tion to the control (Fig. 11).

Discussion
PLN is well known for its antiproliferative, anxiolytic,
and antifungal properties [19, 38]. Moreover, it is par-
ticularly known for its potential to induce oxidative

Fig. 6 Cytologic analysis in monolayer culture. Micrographs obtained after 24 h of treatment using the microscope EVOS FL. In the left column
are the treatments containing PLN in concentrations of 0 (a), 10 (b), 20 (c) and 40 μM (d) by phase contrast microscopy. Observe the
morphological changes and reduction of the cell density of the cultures that received treatments containing PLN. In the right column are the
same quadrants referred to the left side seen in the fluorescence microscopy; in blue are seen the chromatin marked with Hoechst 33342, and in
red the marking using rhodamine. The arrows indicate the nuclei in like-rosette format and the arrow head the nuclei with morphological
patterns of apoptosis (picnosis or apoptotic bodies); observe the reduction in the intensity of the red in treatments containing PLN. e interphase
cell; f apoptotic cell (picnosis); g like-rosette
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stress and result in genotoxic damages. This study
showed the cytotoxic and genotoxic properties of
PLN and the modulation of PLN in the transcrip-
tional activity of key genes involved in cell prolifera-
tion, cell death, DNA damage, oxidative stress, and
xenobiotic metabolism.
The cytotoxicity of PLN in HepG2/C3A was identified

at concentrations ≥20 μM [14]. found that PLN

treatment for breast tumor cell lines MCF7 and BT474
significantly reduced cell viability at concentrations
≥4 μM, and the viability of the non-tumor MCF10A
lineage was reduced only at concentrations ≥14 μM [14,
20]. used several head and neck cancer strains and found
PLN cytotoxicity at concentrations between 2.5 and
5 μM after 24 h of treatment. In line U937 (histiocytic
lung lymphoma), the MTT assay showed that PLN in-
duced a significant reduction of viability only at a con-
centration of 20 μM after 24 h of treatment [39]. This
same assay showed a reduction in the viability of stom-
ach cancer cell lines (MKN45 and AGS) at concentra-
tions ≥20 μM after 24 h of treatment [40]. evaluated
PLN cytotoxicity in two Burkitt lymphoma cell lines by
the MTS assay and observed IC50 of 2.8 and 8.5 μM.
Despite the variable PLN cytotoxicity in the different
lines mentioned, it can still be considered that there is a
small threshold of toxicity for this drug, and the differ-
ences are probably due to the different sensitivities be-
tween the cell lines and assays. In addition, some studies
have found lower cytotoxicity of PLN in primary non-
tumor cells or in non-tumor cell lines when compared
to that in tumor cell lines [18, 20, 41].
From the cytotoxicity observed in the HepG2/C3A

lineage, we performed further assays to understand
whether the reduction in viability could be associated
with reduced proliferation or induction of cell death.
Our results showed that the reduction in the viability of
PLN treatments was related to the reduction of cell pro-
liferation due to the cell cycle arrest of the cells in the
G2 and mitosis phases and by the induction of cell death
by apoptosis. The stop in mitosis observed by the

Fig. 7 Spheroids analysis. a Analysis of volumes (micrometers) of 3D cultures (spheroids) treated with PLN at concentrations of 0–40 μM before
receiving the treatments (0 h) and after 24, 48 and 72 h. CPT: positive control using camptothecin 2.5 μM. b Micrographs (100 x) of the spheroids
after 72 h of treatment

Fig. 8 DNA damage. Genotoxicity using Tail Moment parameter
obtained with comet assay. Cells were treated with PLN for 3 h. DX:
positive control using doxorubicin at 1 μM. * p≤ 0.05 significant
difference in relation to control
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appearance of the cells in rosettes and the increase of
G2/M identified by the flow cytometric analysis sug-
gested cell cycle block also in G2, since the magnitude
of the cell percentages in the analysis of the rosettes was
lower than the cell percentages of G2/M observed in
flow cytometry. The monastral spindle occurs when in-
stead of the formation of the bipolar mitotic spindle,
there is a central arrangement of microtubules sur-
rounded by chromosomes [42], and this effect caused by
PLN is described for the first time in our study.
Other drugs such as monastrol [43], hemiasterlin de-

rivatives [44], S-trityl-L-cysteine [45], and pterocarpans
[46] induce the appearance of the monastral spindle and
have been studied for their potential antitumor effect.
Normally, these substances act by inhibiting mitotic
spindle motor proteins (kinesins) [47]. The morpho-
logical pattern confirms the data generated in flow cy-
tometry because it was possible to observe that the
increase in the cell cycle arrest in mitosis was reducing
with the increase in the concentration of the drugs, and
the increase of apoptotic cells occurred in a dose-
dependent manner.
In the mRNA expression analysis of genes involved

in cell cycle control and apoptosis, we found a reduc-
tion in the expression of CCNA2 that correlated with
the cell cycle arrest in the G2/M phases since it en-
codes cyclin A2, which is responsible for the transi-
tions between the G1 and synthesis phases and
between G2 and mitosis. Cyclins are proteins that as-
sociate with cyclin-dependent kinases, and their com-
plexes act to induce cell cycle progression. Increased
expression of the CDKN1A transcript, the p21 protein
encoder, was also detected; the transcription of this
protein is controlled by the p53 protein (transcription
factor). The function of p21 may be related to

stopping the cycle in G1 and S (through inhibition of
the cyclin E/CDK2 or cyclin A/CDK2 complexes) or
in G2 by transcriptional repression of EMI1 in the
presence of DNA damage [48]. This confirms the
cycle stop observed in this study, which in addition
to that occurring in mitosis, also occurred in G2.
Analysis of the apoptosis regulation genes demon-

strated increased expression of BAK1 and BBC3
mRNA. The proteins produced by these genes are a
part of the of Bcl-2 protein family present in the
mitochondria that control mitochondrial permeability.
Once the permeability is increased and the extravasation
of the mitochondrial content to the cytosol occurs, then
the initiator caspases are activated, and subsequently, the
effector caspases are activated too. The transcriptional ac-
tivity of the caspase genes was not altered after treatment
with PLN in HepG2/3A; however, caspases 3/7 and 9 ac-
tivity demonstrated that these were increased with PLN
treatment. This can occur because these proteins are nor-
mally present inside the cell, and in situations of necessity,
their activations take place in a quick way, by beginning
their functions in apoptosis [10]. In this study, we also ob-
served a reduction in the mitochondrial potential of the
cultures that received PLN treatments, thereby correlating
the induction of apoptosis initiated by mitochondrial
alterations.
In the 3-D (spheroids) evaluation, we verified that the

same concentrations used in the monolayer assays could
also produce antiproliferative effects. Moreover, only at
concentrations ≥20 μM, a significant reduction in the
spheroid volume was observed.
Induction of apoptosis by PLN is related to the in-

duction of ERS, since an increase in the transcriptional
activity of ERN1 and HSPA14 was observed. These
genes encode proteins present in the ER that act as

Fig. 9 Reactive oxygen species analysis. ROS detection after 24 h of PLN treatment. Cell were incubated with DCFDA and analyzed by flow
cytometry. TB: positive control with tert-butil 200 μM. * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001 indicate significant difference in relation to control
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sensors of altered proteins; the first one acts as a tran-
scription factor of ERS response genes, while the sec-
ond one modulates the activity of ERN1 to prevent the
induction of apoptosis due to reticular stress. Several
studies have also described the induction of apoptosis
by ERS through PUMA protein signaling [49–51]. This
is encoded by the BBC3 gene whose mRNA expression
was also increased in this study. The increase in
HSP70, a protein resulting from HSPA14 gene expres-
sion, has also been found in the induction of monas-
tral spindle formation through the inhibition of
kinesin Eg5 in multiple myeloma cells [52] and may
also be correlated with the monastral spindle forma-
tion observed in PLN treatments.

Thus, it is possible that PLN acts through several mech-
anisms of injury and intracellular signaling, since it in-
duced genotoxic damage and increased ROS generation.
The comet assay demonstrated the genotoxic effect of this
drug and this was correlated with the observed increase in
MDM2 mRNA expression; the MDM2 protein regulates
the function of P53, and during DNA damage signaling, it
is phosphorylated by ATM and ATR [53]. Once activated,
MDM2 acts by degrading CDC25C, and the latter when
inhibited, causes cell cycle arrest in G2/M [54], with mo-
nastral spindle formation being one of the cell cycle arrest
patterns that may arise [55].
Induction of PLN damage through oxidative stress

has been described previously [15, 19]; however, the

Fig. 10 mRNA expression. Relative gene expression obtained by RT-qPCR. * p≤ 0.05 indicate significant difference and fold-change ≤0.5 or ≥ 2.
RPL13A and GAPDH genes were used as reference for all tested genes
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increase found in HepG2/C3A of GSR and SOD1
transcripts has not yet been described for PLN treat-
ments. GSR encodes the glutathione reductase en-
zyme; it acts as an antioxidant by regenerating
another enzyme (glutathione oxidase) that is oxidized
by the action of ROS. SOD1 encodes a metalloenzyme
that transforms the superoxide radical into hydrogen
peroxide, which allows other enzymes to degrade it
into water and oxygen gas. The increase of these
transcripts demonstrates that the cell responds to
ROS elevation not only by the use of its antioxidant
enzymes stored inside the cell but also by modulating
its transcriptional activity to obtain a more efficient
response. This is because oxidative stress can induce
several harmful changes to cells [56] such as DNA
damage and ERS.
The modifications observed in the expression of en-

zymes of hepatic metabolism are notable for determining
the important toxicological parameters to be considered
when proposing the development of a new drug. Cyto-
chrome P450 enzymes are active in most human tissues
and their greatest activities are in the liver, stomach,
lungs, and kidneys. These enzymes oxidize endogenous
or exogenous molecules, degrade xenobiotics, or activate
xenobiotics in toxic substances, and contribute to the
oxidative metabolism of endogenous substances such as
hormones and cytokines. The existing polymorphism of
these enzymes in human populations results in different
profiles of bioavailability and pharmacokinetics among
individuals [57, 58].
In this study, a significant increase in the expression of

CYP1A2 and CYP3A4 transcripts was identified. The in-
creased expression of these enzymes was related to the in-
creased oxidation demand due to the presence of a
substrate of the enzyme. Such increased enzyme/substrate
interaction may reduce binding, and consequently,

oxidation of other substrates. Therefore, this inhibitory ac-
tion may increase the availability of other drugs and may,
for example, increase the effects of these other substances.
The enzymes CYP1A2 and CYP3A4 are among the major
enzymes involved in the metabolism of xenobiotics (about
15 and 50%, respectively). Two studies have described
PLN action on CYP1A2 and 3A4 through the inhibitory
action of PLN in the human microsomal pool [59, 60].
This may suggest that the inhibitory action of PLN on
these two enzymes stimulates the increase of the mRNA
expression to meet the needs of the cell [61, 62].

Conclusion
In conclusion this study, the harmful effects of PLN
in the HepG2/C3A cell line could be observed, with
some morphological and molecular effects that are
still not known in the literature. PLN induces the for-
mation of ROS and, in response to oxidative stress,
increases the expression of GSH and SOD1 genes.
Thus, it is possible to infer that genotoxic damage
and ERS occur due to the action of ROS on DNA
and ER, presenting the modulation of the transcrip-
tion of MDM2, ERN1, and HSPA14 genes. This study
also shows that PLN induces the expression of cyto-
chrome P450 genes (CYP1A2 and CYP3A4). Our find-
ings show that PLN induces cell cycle arrest in G2
and mitosis (monastral spindle), and this effect seems
to be related to the increase of MDM2. We also
found unpublished data on the modulation of apop-
tosis via transcriptional increase of pro-apoptotic
BAK1 and BBC3. In addition, PLN treatment also
inhibited the growth of 3D culture (spheroids). There-
fore, our data demonstrate the potential of PLN to be
used as an antiproliferative drug. Our findings will
contribute to a better applicability of PLN in antican-
cer therapy.

Fig. 11 Caspases activity. Active caspases 9 and 3/7 evaluation. Cells received PLN for 24 h and were evaluated by luminescence assay. * p ≤ 0.05
indicate significant difference in relation to control
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