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Piperine and piperidine are the two major alkaloids extracted from black pepper (Piper
nigrum); piperidine is a heterocyclic moiety that has the molecular formula (CH2)5NH. Over
the years, many therapeutic properties including anticancer potential of these two
compounds have been observed. Piperine has therapeutic potential against cancers
such as breast cancer, ovarian cancer, gastric cancer, gliomal cancer, lung cancer, oral
squamous, chronic pancreatitis, prostate cancer, rectal cancer, cervical cancer, and
leukemia. Whereas, piperidine acts as a potential clinical agent against cancers, such
as breast cancer, prostate cancer, colon cancer, lung cancer, and ovarian cancer, when
treated alone or in combination with some novel drugs. Several crucial signalling pathways
essential for the establishment of cancers such as STAT-3, NF-κB, PI3k/Aκt, JNK/p38-
MAPK, TGF-ß/SMAD, Smac/DIABLO, p-IκB etc., are regulated by these two
phytochemicals. Both of these phytochemicals lead to inhibition of cell migration and
help in cell cycle arrest to inhibit survivability of cancer cells. The current review highlights
the pharmaceutical relevance of both piperine and piperidine against different types of
cancers.
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INTRODUCTION

Piperidine is a heterocyclic moiety with the molecular formula
(CH2)5NH. It consists of 6 membered rings that further
comprises five methylene groups (-CH2-) and one amine
group (-NH-). This compound is responsible for the synthesis
of pharmaceuticals with substantial interest. This compound can
be found in barley (Hordeum vulgare L., Poaceae) and black
pepper (Piper nigrum L., Piperaceae, Figure 1).

Piperine, on the other hand, is a piperidine that is substituted
by a (1E,3E)-1-(1,3-benzodioxol-5-yl)-5-oxopenta-1,3-dien-5-yl
group on the nitrogen atom. It is an alkaloid that has been isolated
from the black pepper plant (Piper nigrum, Figure 1) and acts as a
plant metabolite, an NF-kappaB inhibitor, a human blood serum
metabolite and a food component. It is a member of a piperidine
alkaloid, benzodioxoles, N-acylpiperidine, and a tertiary
carboxamide, which is derived from (E,E)-piperic acid.
Piperine and piperidine can perform several other anticancer
biological processes, such as ROS release, activation of
mitochondrial cytochrome C, release of Bax-protein from
mitochondria, and downregulating Bcl-2 protein, resulting in
high Bax:Bcl-2 ratio. These processes further result in the
activation of caspase-3/9/8 induced cell apoptosis in cancer cells.

To date, black pepper extracted products piperine and
piperidine have shown great therapeutic and clinical agents as
anticancer potential alone or in combination with other
phytochemicals or conventional anticancer drugs; many
in vitro and in vivo studies have shown that piperine and
piperidine exhibit several anticancer properties when used
against triple negative breast cancer cells (Greenshields et al.,
2015; Arun et al., 2018). These two phytochemicals have also
shown their anticancer effect against ovarian cancer, prostate
cancer, lung cancer and many others which are further discussed
in this review paper. Earlier studies have also shown that piperine
and piperidine can activate or inhibit several signalling pathways
crucial for cancer regulation.

This review summarizes and further discusses the anticancer
potential and pharmaceutical properties of piperine and
piperidine. The molecular mechanism of action of piperine
and piperidine as anticancer molecules, the therapeutic
potential of piperine and piperidine when used alone or in
combination with other phytochemical molecules against
different types of cancer is also discussed. We aim to provide
useful information, insights, along with the basis for clinical and
therapeutic studies to develop piperine and piperidine as an
anticancer drug.

METHODOLOGY OF DATA RETRIEVAL

This is a review paper in which the already published literature
works of different authors are retrieved for review. The source
from which the data is collected is mainly journal articles. The
main focus is given on the synthesis of relevant literature so that
the research aims and objectives can be evaluated. Therefore, the
use of this method will provide the reader with a detailed and
state-of the-the-art understanding of therapeutic perspectives of

piperidine and piperine, along with the anticancer properties of
such. To do so, relevant literature works are collected from
databases, keeping in mind that obtained and selected
resources are available over the Internet and gives better
understanding of the topic. It is also emphasized that the
collected studies are not older than 1992. A total of 108
publications are retrieved and cited accordingly. With all
these, the summarized result of this paper includes 11
different types of cancers for piperine and 5 for piperidine.

USED DATABASES AND SEARCH WORDS

One of the most popular academic search engines run by Google,
Google Scholar, was used, which indexes a wide range of scholarly
literature. The availability of numerous free resources has helped
to discover this review of the scientific literature. Additionally,
databases such as PubMed, Elsevier, Wiley, and ScienceDirect
were used for the retrieval of published studies.

Relevant literature was retrieved using search words and
strings, mainly “Piperine,” “Piperidine,” “Piperidine
mechanism,” “Piperidine mechanism,” “Piperidine
mechanism,” “Piperidine effect against breast cancer,”

FIGURE 1 | Piperine and piperidine are the twomajor alkaloids extracted
from black pepper (Piper nigrum L.). Piperidine can be also found in barley
(Hordeum vulgare L.). All photographs were reproduced on CC BY-SA 3.0
licence.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7724182

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


“apoptosis,” “Ovarian cancer,” “Gastric cancer,” “gliomal cancer,”
“lung cancer,” “oral squamous carcinoma,” “chronic
pancreatitis,” “prostate cancer,” “leukemia,” and “colon cancer.”

ANTICANCER PROPERTIES OF PIPERINE
AND PIPERIDINE: MOLECULAR
MECHANISMS
Both piperine and piperidine have been reported over the past years
to have several efficient pharmacological abilities, including
anticancer ability as well. These compounds can activate several
molecular pathways, which further leads to apoptosis of cancer cells.
Recent observation on the anticancer activity of piperine and
piperidine has described its mechanism of activating signaling
pathways like NF-κB, PI3k/Aκt etc. which are involved in cancer
progression including caspase-dependent pathway to induce
apoptosis (Rather and Bhagal, 2018; Zadorozhna et al., 2019). A
brief description of the mechanism of piperine and piperidine
against different types of cancer is given below.

Piperine as a Clinical Agent and its
Mechanism of Action Against Different
Types of Cancer
The Anti-breast Cancer Effect of Piperine and its
Mechanism of Action
Piperine was found to inhibit cell proliferation of triple negative
breast cancer deficient in p53 (TNBC), estrogen receptor positive
breast cancer cell, p53 deficient and estrogen receptor positive that
express p53 (Huovinen et al., 2011). Functional p53 has been
reported to be not required for piperine-mediated growth
inhibition. As in most breast cancer cells p53 is very often
mutated and does not function properly, in many reports
piperine is capable of inhibiting the growth of p53-deficient
breast cancer cell lines (Cancer Genome Atlas Network, 2012).
Cell proliferation is carried out by completion of cell cycle and
expression of many proteins associated with different cell cycle
phases are required, such as cyclin D3, E2F-1 and CDK4 for G1,
cyclin B, Cdc25C and CDK1 for G2. D-type cyclins are required to
bind to CDK4/6 to carry out G1 activity (Malumbres and Barbacid,
2009). E2F-1 is necessary for the G1/S phase transition (Bracken
et al., 2004). For the G2/M transition and the G1/S transition
Cdc25C, a phosphatase is involved (Malumbres and Barbacid,
2009). p21Waf1/Cip1 inhibits CDK activity and when TNBC cells
were treated with piperine p21Waf1/Cip1, expression was increased
(Greenshields et al., 2015). The phosphatidylinositor-3-kinase/Akt
signaling pathway is an important pathway for the survival of breast
cancer cells (Clark et al., 2002).

When breast cancer cell lines were treated with piperine, the
phosphorylation of the Ser473 residue on Akt was decreased,
leading to inhibition of the Akt signaling pathway.
Furthermore, inhibition of the Akt signaling pathway causes
apoptosis of breast cancer cells. Thus, piperine acts as a
phosphatidylinositor-3-kinase/Akt and induces apoptosis of
breast cancer cells (Greenshields et al., 2015). Recently, the
phosphotidylinositor-3-kinase/Akt signaling pathway has

been shown to be a clinical agent for the treatment of
breast cancer (Zhang et al., 2013).

Piperine treatment of breast cancer cells showed reduced
mitochondrial membrane integrity along with the release of
cytochrome c and Smac/DIABLO from the mitochondrial
cytosol. Furthermore, cytochrome c results in the formation of
apoptosomes that result in the activation of the initiator caspase-9
(Twiddy et al., 2004). Inhibitor apoptosis proteins (IAPs) are
responsible for inhibition of caspase activity; however, Smac/
DIABLO induced by addition of piperine in breast cancer cells
inhibits IAPs by binding to them and helps in activation of
apoptosis of breast cancer cells (Figure 2 presents the mechanism
of piperine releasing mitochondrial cytochrome-c, which further
activates apoptosome as well as inhibition of IAP by activation of
Smac/DIABLO (Chai et al., 2000).

Expression of the MMP-2 and MMP-9 gene is necessary
for induction of metastasis, as a high level of MMP-2 and
MMP-9 proteins have been observed in breast tumor tissue
(Köhrmann et al., 2009). They are also required for the
migration of TNBC. However, when TNBCs were treated
with piperine MMP-2 and MMP-9, synthesis was inhibited
(Figure 3 presents the mechanism of action of piperine on
inhibition of MMP-2 and MMP-9 that results in inhibition
of breast cancer cell inhibition) (Greenshields et al., 2015).
However in contradiction to this, Sriwiriyajan et al. (2016)
reported the potent cytotoxic effects of a piperine-free Piper
nigrum extract against MCF-7 breast cancer cells and
N-nitrosomethylurea-induced mammary tumorigenesis in
rats. Further study is needed to assess and compare the
anticancer efficacy of both piperine-free plant extract and
plant extracts containing piperine with that of pure
piperine.

FIGURE 2 | Piperine treatment mediates cytochrome c secretion
(activates apoptosome formation) and mitochondrial SMAC/DIABLO, which
suppresses IAP activity (inhibits cell apoptosis); these induce cell apoptosis in
breast cancer cells.
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Anti-Ovarian Effect of Piperine and its Mechanism of
Action
Ovarian cancer is one of the most widespread and deadly
gynecological diseases among women around the world (Tai
et al., 2012; Chen et al., 2013). Si et al. (2018) studied the effect
of piperine on human ovarian cancer A2780 cells, their study
confirmed that piperine acts as an antiproliferative agent against
human ovarian cancer A2780 cells in a dose and time dependent
manner, but piperine did not show any such effect on normal
human surface epithelial (OSE) cells (Si et al., 2018). Apoptosis plays
a vital morphological process (Danial and Korsmeyer, 2004;
Sreedhar and Csermely, 2004). Several apoptotic genes are
expressed in uncontrolled proliferative cells that induce apoptosis
or programme cell death (Elmore, 2007). Therefore, induction of
apoptosis in cancer cells has become an important target for
therapeutic drugs over the past years. Piperine treatment in a
dose-dependent manner can induce apoptosis in A2780 cells in
early and late stages, and this was confirmed by flow cytometric data
(Si et al., 2018). Mitochondrial membrane potential is one of the
main factors for inducing apoptosis in proliferative cells, using
fluorescent dye Rh123 it was found that piperine treatment in
A2780 cells can result in loss of Δψm leading to cell apoptosis
(Guo et al., 2013; Shao et al., 2014).

Furthermore, damage to mitochondrial membrane potential
leads to the release of cytochrome c from mitochondria to the
cytoplasm, further leading to the activation of two caspase
systems called caspase 3 and caspase 9; caspase-3 further
triggers proteolytic cleavage of one of its substrates called
PARP which induces the activation of apoptosis in cancer cells
in a mitochondrial-induced pathway (Li and Dewson, 2015; Zhao
et al., 2015; Shen et al., 2016). Caspase-9 activates apoptosis in
cancer cells by disrupting the mitochondrial membrane potential

(Troy and Shelanski, 2003). Si et al. further supported this, and
using western blot analysis, his studies showed piperine treatment
resulted in an increased concentration of cytochrome c
accumulating in the cytosol of A2780 cells. Furthermore,
treatment of A2780 cells with piperine for 48 h resulted in
increased activity of caspase-3 and caspase-9, but the level of
caspase-8 remained unchanged under similar conditions, which
confirmed activation of apoptosis in A2780 cells by piperine
through intrinsic apoptotic pathways (Si et al., 2018).
Upregulation of caspase-8 leads to another apoptotic pathway
called the death receptor-mediated apoptotic or extrinsic pathway
which activates several necrotic factors in cancer cells (Wang
et al., 2001; Ola et al., 2011). However, an unchanged
concentration of caspase-8 in A2780 cells after piperine
treatment confirmed that piperine induces the intrinsic
apoptosis pathway rather than the death receptor-dependent
pathway (extrinsic) in A2780 cells (Si et al., 2018).

Two other apoptotic proteins JNK and p38 MAPK responsible
for inducing apoptosis in piperine-treated ovarian cancer A2780 cells
were found using western blot analysis (Si et al., 2018). These two
proteins carry out several physiological processes such as
development, differentiation, and proliferation in ovarian cancer
cells (Chen et al., 2016; Liu and Zhou, 2017). Piperine treatment
resulted in increased phosphorylation of JNK and p38 MAPK in
ovarian cancer cells, which induced apoptosis in A2780 cells
suggesting that the intrinsic apoptotic pathway mediated by JNK/
p38 MAPK can be induced in ovarian cancer cells by piperine
treatment (Si et al., 2018). Piperine inhibited migration in the
OVCAR-3 cell line in a concentration-dependent manner along
with this it also has antiproliferative effects by apoptotic cell death,
caused cell cycle arrest at the G2/M phase, and inhibits the PI3K/
Akt/GSK3_ signal transduction pathway (Qiu et al., 2019). It can be
concluded that piperine can be used as a clinical agent against
ovarian cancer cells.

Effect of Piperine on Anti-Gastric Cancer and its
Mechanism of Action
Piperine, a major compound extracted from black pepper, has
shown its anti-gastric cancer activity in several studies. Ling et al.
have confirmed that IL-6 can induce gastric cancer cell invasion
by activating the c-Src/RhoA/ROCK signaling pathway (Lin et al.,
2007). Piperine was found to inhibit IL-6 expression, further
suppressing cell invasion of gastric cancer cells (TMK-1) (Xia
et al., 2015). Earlier reports from Łukaszewicz-Zając et al. have
shown that high levels of IL-6 are responsible for inducing gastric
cancer cells (Łukaszewicz-Zając et al., 2010). Furthermore,
activation of the signal transducer and transcription-3
activator (STAT3) resulted in an increased level of IL-6 in
gastric tumor cells (Wang et al., 2009). Catherine et al.
reported that IL-6 is expressed by IL-1ß through the
phosphatidylinositol 3-kinase-dependent AKT/IκB kinase α
pathway (Cahill and Rogers, 2008). This was further
confirmed by Xia et al. (2015) when IL-1ß increased IL-6 in
gastric cancer cells (TMK-1). In TMK-1 cells, IL-1ß can also
activate the MAPK pathway, three major MAPK pathways are
ERK1/2, p38 MAPK, and SAPK/JNK pathway. However, the p38
signaling pathway is responsible for upregulating the expression

FIGURE 3 | Piperine induces the suppression of STAT-3, IκBα and p65
through phosphorylation, which further inhibits BCL-2 resulting in activation of
cell apoptosis in cervical cancer cells.
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of IL-1ß, which further increases the production of IL-6 in TMK-
1 cells (Johnson and Lapadat, 2002; Xia et al., 2015). Reports from
Xia et al. (2015) confirmed that piperine can inhibit both the
STAT-3 pathway and p38 and can be used as an anti-gastric
compound against TMK-1 cells.

Anti-Gliomal Cancer Effect of Piperine and its
Mechanism of Action
One of the most common cancers around the world is
glioblastoma multiforme (GBM), it is a malignant brain tumor.
One of the most effective medications for clinical GBM therapy is
temozolomide (TMZ), which is an alkylating agent and has an
imidazole tetrazine ring in its molecular structure (Sansom, 2009).
TMZ rapidly penetrates the blood-brain barrier and delays glioma
recurrence (Friedman et al., 2000). It can also induce apoptosis by
triggering the DNA lesion O6-methylguanine and a transition in
p53 function (Roos et al., 2007). Jeong et al. studied the effect of
piperine treatment in the U251-MG glioma cell line and reported
that piperine can induce TMZ resistant GBM cells that are further
sensitive to the drug and compared to treatments with either
compound alone, piperine and TMZ together demonstrated
inhibition of cell development, indicating that clinically high
doses of TMZ alone can possibly be avoided (Jeong et al.,
2020). Further study also revealed that low-concentration
piperine-TMZ treatment can increase caspase activity (8/-9/-3)
that further leads to apoptosis in GBM cells, implying that
apoptosis induction in TMZ-resistant GBM cells was regulated
by modulating caspases-mediated signaling (Jeong et al., 2020).

CDK-4/6cyclin D and CDK-2cyclin-E complexes have
been reported to phosphorylate the Rb protein during the
cell division stage, allowing the G1/S transition (Tadesse et al.,
2018). After low-concentration piperine-TMZ therapy, RT-
PCR of positive cell cycle regulators revealed substantial
inhibition of the expression levels of CDK-4/6-cyclin D and
CDK2-cyclin-E complexes, implying that G1/S cell cycle
arrest occurs; this may be one of the reasons for the
increase in the ratio of G1/S (Jeong et al., 2020). Another
signaling pathway that is responsible for apoptosis, gliomal
development, and other physiological processes is known to
be the JNK/p38 MAPK signaling pathway (Tomicic et al.,
2015; Si et al., 2018). Furthermore, it has been confirmed by
reports from Jeong et al., a low concentration of Piperine-
TMZ treatment can induce cell death via intrinsic apoptosis in
GBM cells by effectively increasing the rate of
phosphorylation in the JNK/p38 MAPK signaling pathway
(Jeong et al., 2020).

Malignant tumors show an important biological
characteristic of tumor migration ability (Demuth and
Berens, 2004). Piperine and TMZ alone could not inhibit
this ability of tumor migration; however, when piperine
and TMZ were treated together in low-concentration tumor
migration of gliomal cells were inhibited (Jeong et al., 2020).
Therefore, we can conclude that piperine and the TMZ
combination exhibit an anticancer effect in gliomal cells by
various physiological processes such as inhibiting tumor
progression, inducing apoptosis in GBM cells through
caspase activity, as well as activation of the JNK/p38

MAPK signaling pathway, so piperine can be used as a
clinical agent against gliomal cancer.

Anti-Lung Cancer Effect of Piperine and its
Mechanism of Action
One of the leading cancers in the world is lung cancer, and its
treatment is very limited (Jemal et al., 2006). Lin et al. (2014)
performed experiments with the action of piperine on human
lung cancer cells (A549) and on human lung fibroblasts (W138)
and their findings revealed that piperine can inhibit cell
proliferation and can also induce apoptosis in A549. However,
piperine did not show toxicity against human lung fibroblasts
(W138) (Lin et al., 2014). Piperine was found to express a high
level of the p53 gene in a concentration manner. We know that
p53 is a tumor suppressor protein that plays a crucial role in
inducing cell cycle arrest in the G2/M phase and can also induce
apoptosis in cancer cells (Bunz et al., 1998; Karpinich et al., 2002).
Thus, a high level of p53 expressed in the presence of piperine
could induce cell cycle arrest in the G2/M phase in A549 cells (Lin
et al., 2014). P53-dependent apoptosis is regulated by another
protein called Bcl-2 (Tian et al., 2008).

Studies have revealed that piperine-treated A549 cells can
show an increased level of Bax proteins and a decreased level of
Bcl-2 proteins leading to a high Bax/Bcl-2 ratio, which further
helps in inducing apoptosis in A549 cells (Lin et al., 2014). Several
other important proteins involved in the action of p53-mediated
apoptosis are members of the caspase family (Budihardjo et al.,
1999). Piperine can induce the activation of caspase-9 and
caspase-3 in A549 cells, and thus these two proteins can
induce p-53-mediated apoptosis in A549 cells. However,
piperine did not activate caspase-8 or caspase-1 in A549 cells
(Lin et al., 2014). Thus, these are some signaling pathways
through which piperine can inhibit the cell growth,
differentiation, and induce apoptosis of lung cancer cell.

Effects of Piperine on Oral Squamous Carcinoma
Piperine, a nitrogenous compound, is reported to have anticancer
potential against oral squamous carcinoma. Several anticancer
actions like nuclear condensation, intracellular ROS generation,
depolarization of mitochondrial membrane potential, cell cycle
arrest, and caspase activity were observed when the oral
squamous carcinoma (KB) cell line was treated with piperine.
According to the study of Siddiqui et al. (2017), piperine was
reported to act in a dose-dependent manner and has an apoptotic
response rather than necrosis and this was further supported by
nuclear condensation, caspase-3 activity, and cell cycle
checkpoints. Furthermore, when KB cells were treated with
piperine for 12 h, an excessive amount of ROS production was
observed and this induction of ROS enhancement within the cell
helped induce apoptosis in KB cells (Siddiqui et al., 2017). Earlier
reports suggest that enhancement of ROS production in
glutathione antioxidant system disabled cancer cells, which
further leads to apoptosis of such cancer cells (Trachootham
et al., 2009). Another factor responsible for apoptosis is the
disruption of mitochondrial membrane integrity, which leads
to depolarization and induces cell apoptosis (Song et al., 2015;
Chaudhary et al., 2016).
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Similarly, the depolarization of the mitochondrial membrane
potential was observed when KB cells were treated with piperine,
which supports the apoptotic action of piperine through
mitochondrial membrane depolarization (Siddiqui et al., 2017).
The findings of Siddiqui et al. (2017) indicated that piperine
inhibits KB (oral squamous carcinoma) growth by inducing cell
cycle arrest in the G2/M phase by 15.57 and 37.79% at a
concentration of 100 and 200 µM respectively of piperine. This
was also accompanied by a reduction in the number of cells in S
phase of cell cycle by reducing DNA content, which further led to
an increase in the number of apoptotic cells (Siddiqui et al., 2017).
Caspase-3 helps in cancer cell apoptosis by cleaving cellular
substrates. However, this apoptotic pathway can be either
caspase-independent or caspase-dependent signal pathway (Lee
et al., 2004). In this context, the study by Siddiqui et al. (2017) has
revealed that piperine induces caspase-3 via the caspase-
dependent pathway, thus promoting apoptosis of cancer cells.
Thus, from all the above findings it can be concluded that
piperine can be used as a therapeutic agent against oral
squamous carcinoma.

Effect of Piperine on Chronic Pancreatitis and
Mechanism of Action
Chronic pancreatitis (CP) is an injury to the pancreas that
leads to inflammation and fibrosis. Piperine has been reported
to be a potential therapeutic agent against pancreatitis. The
mode of action by which piperine reduced the severe impact of
chronic pancreatitis is through inhibition of inflammation
and fibrosis by downregulating TGF-ß/SMAD signaling.
According to the study by Choi et al. (2019), piperine can
inhibit glandular atrophy and inflammatory cell infiltrations,
as the well as pancreas of CP-induce mice has witnessed a
growth in the number of amylase positive cells, suggesting an
improved exocrine action of piperine in acinar cell death and
inhibition of inflammation (Choi et al., 2019).

One crucial signaling pathway that plays a role in maintaining
the inflammatory response, cell growth and differentiation, and
immune system is TGF-ß/SMAD signaling (Prud’Homme, 2007).
Pancreatic stellate cells (PSC) after sustaining cell injury can
release many pro-fibrogenic factors which can promote fibrotic
responses, one such factor being TGF-ß induced pancreatic
fibrogenesis (Schneider et al., 2001; Apte et al., 2012). Piperine
can also regulate fibrosis by inhibiting the expression of
fibronectin-1, collagen I/III and α-SMA upon treatment of
TGF-ß, thus piperine can negatively regulate the activation of
PSC (Choi et al., 2019).

Furthermore, SMAD proteins are activated by
phosphorylation in the TGF-ß signaling pathway which is
then translocated into the nucleus where they form complexes
with transcription factors and regulate the expression of
profibrotic genes (Wynn, 2008; Fabregat et al., 2016).
Studies have revealed that PSCs are activated by the TGF-ß
pathway in a SMAD2/3 dependent manner (Ohnishi et al.,
2004). However, piperine does not inhibit pSMAD1/5 in PSC
(Choi et al., 2019). Thus, it can be concluded that piperine
plays a crucial anti-pancreatic role in pancreas stellate cells by
downregulating several pathways leading to activation of

chronic pancreatitis and piperine tends to have an
antifibrotic effect so it can be used as a clinical agent
against pancreatic disorders.

Anti-Prostate Cancer Effect of Piperine and its
Mechanism of Action
Recent studies show that the number of men between the age group
of 15–65 has been suffering from prostate cancer (Quon et al., 2011).
Studies have revealed that piperine can exhibit its antiproliferative
activity in androgen-dependent (AD) LNCaP and androgen-
independent (AI) PC-3, DU-145 and 22RV1 PCa cells. However,
the sensitivity of LNCaP towards piperine was found to be higher,
followed by PC-3, 22RV1, andDU-145. Apoptosis in prostate cancer
cells is executed by the caspase-3 enzyme (Gnanasekar et al., 2009).
Piperine is effective in activating caspase-3 in prostate cancer cells.
Another antiapoptotic factor found in prostate is STAT-3; it helps in
the induction of cancer in prostate (Huang et al., 2000; Guo et al.,
2011; Doucette et al., 2012). Therefore, from studies by Samykutty
et al. piperine was found to be responsible for inhibition of STAT-3
phosphorylation activation in DU145, PC-3 and LNCaP. Inhibition
of STAT-3 further results in inhibition of prostate cancer cell growth
(Samykutty et al., 2013). Piperine significantly inhibited cell
migration in the DU145 prostate cancer cell line (Zeng and
Yang, 2018).

We know NF-κB signaling pathway is a major signaling
pathway in induction of prostate cancer, cell differentiation,
and cell growth. Samykutty et al. have reported that piperine
can down-regulate both NF-κB in DU-145 and PC-3 (AI).
Similarly, piperine can also reduce expression of NF-κB in
LNCaP (AD) (Samykutty et al., 2013). Piperine has other
effects in inhibition of prostate cancer cells, such as it can
result in cleavage of PARP-1 (Yoo et al., 2008). This can
reduce the chances of prostate cancer. Piperine also inhibits
B16-F10 invasion of B16-F10 via inhibition of NF-κB
(Pradeep and Kuttan, 2004). Therefore, piperine via PARP-1
cleavage, inhibition of NF-κB, downregulation of STAT-3, and
activation of caspase-3 can inhibit prostate cancer and cell
proliferation.

Anti-Rectal Cancer Effect and Mechanism of Piperine
The role of piperine as anti-rectal cancer has been studied in
HRT-18 human rectal adenocarcinoma cells and piperine
extracted from black pepper was reported to exert an
inhibitory effect on the metabolic activity of HRT-18 cells
(human rectal adenocarcinoma) (Yaffe et al., 2013). According
to a study by Sherr and Roberts (1999), HRT-18 cells undergo a
40% reduction in cell division when treated with piperine, this
suggested the inhibitory effect of piperine on cell cycle
progression of HRT-18 cells, in the G0/G1 phase, the number
of associated cells was found to increase, while cells associated
with the G2/M phase were found to be greatly reduced; this
suggested inhibitory effects of piperine of different cyclin
dependent kinases such as CDK4 and CDK6 as well as on
D-type cyclins (Sherr and Roberts, 1999).

Loo (2003), reported that activation of redox-sensitive
transcription factors and the production of a large amount of
H202 resulted in proliferation of cancer cells (Loo, 2003). Earlier,

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7724186

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


it has been reported that piperine plays a role in ROS scavenging
(Mittal and Gupta, 2000). Furthermore, piperine-induced apoptosis
of HRT-18 rectal carcinoma cell apoptosis by piperine was reported
through the action of increasing ROS production (Yaffe et al., 2013).
However, piperine production of superoxide anionwas reported to be
minimal in HRT-18 cells and these cells were found to produce
hydroxyl radicals; this suggested the role of piperine in superoxide
scavenging. Although these piperine treated cells can also produce a
large amount of hydroxyl radical production via the Fenton reaction
in a dose-dependent manner (Mittal and Gupta, 2000). Skrzydlewska
and Farbiszewski (1999) confirmed the involvement of ROS in
piperine-induced cell apoptosis, HRT-18 cells were treated with
antioxidant NAC which helped to eliminate ROS and also
promoted intracellular glutathione synthesis which further resulted
in reduced apoptosis of piperine-treated rectal carcinoma cells (HRT-
18) (Skrzydlewska and Farbiszewski, 1999). Furthermore, apoptosis
of piperine-treated HRT-18 cells via caspase activation was reported
(Reubold and Eschenburg, 2012). Thus, it can be concluded that
piperine can inhibit cell cycle progression, increase ROS production,
and induce cell apoptosis in rectal cancer cells; this suggests that
piperine can be used as therapeutic agent in rectal cancer. A recent
study by de Almeida et al. (2020) reported inhibition of the Wnt/
catenin pathway inHCF116 colorectal cancer cell lines by piperine, as
well as overexpression of β-catenin, β-cateninS33A or dnTC4FP16,
and suppression of β-catenin nuclear localization. In colorectal cancer
cells, the Wnt/-catenin signalling pathway and cell movement were
inhibited. Piperine prevented cancer cell motility and invasion,
reversed epithelial-to-mesenchymal transition biomarker
expression, and downregulated STAT3 expression in another
colorectal cancer investigation (de Almeida et al., 2020; Song
et al., 2020).

Effect of Piperine on Anti-Cervical Cancer and its
Mechanism of Action
Cervical cancer is one of the most common cancers suffered by
women that is approximately 7.5% of all cancers in women
(Pfaendler et al., 2015). Previously mitomycin C (MMC) was
used as an anticancer antibiotic against cervical cancer; however,
over time, cervical cancer cells were found to exhibit multidrug
resistant (MDR) and also resistant to MMC. Furthermore, piperine
extracted from Piper longum L. and Piper nigrum was used to study
its effect on MMC resistant cervical cancer cells. Co-treatment of
MMC and piperine in cervical cancer cells in a dose-dependent
manner was found to suppress cell proliferation and promote many
cytotoxic effects on MMC cells. According to the study ofHan
(2011), indicated that when cervical cells were treated with
piperine they showed MMC-induced apoptosis in HeLa cells that
were previously resistant to MMC, many other biological effects
were also observed, such as decreased expression of p-STAT3, Bcl-2
and NF-κB, however, some biological pathways were also enhanced,
such as increased expression of Bax, PARP activity, caspase activity
and Bid in HeLa/MMC cells (Han et al., 2017). Reports have
confirmed the existence of a cross-talk between NF-κB and
STAT3 (He et al., 2010). Both STAT3 and NF-κB plays role in
cancer development and progression, STAT3 also regulates the
expression of various cancer-causing genes in response to cancer-
inducing stimuli (Li et al., 2013). Piperine in combination with

MMC is capable of suppressing the expression of STAT3, p65
expression in the nucleus, p-IκB in the cytoplasm, and also plays
an important role in suppressing HeLa/MMC cells (Figure 4
presents phosphorylating suppression of STAT3 and p65 in the
nucleus and suppression of p-IκB in the cytoplasm by the action of
piperine, thus inhibiting mitochondrial Bcl-2) (Li et al., 2014).

Cell apoptosis has been regulated by the expression of the Bcl-
2 and Bax proteins, Bcl-2 resists cell apoptosis and induces
tumorigenesis, while the expression of Bax results in apoptosis
of cancer cells (Davoudi et al., 2014). Thus, the low ratio of Bax to
Bcl-2 is a crucial point in induction of cancer cell cycle
progression, and the high expression of the ratio leads to
potential cell apoptosis as well as results in the release of
cytochrome c from mitochondria (Chen et al., 2012). Studies
have confirmed that piperine has the potential to reduce Bcl-2
expression and improve Bax expression, thus maintaining a high
Ba:Bcl-2 ratio which further increases the amount of cytochrome-
c released from mitochondria into the cytosol (Han et al., 2017).

Another important factor essential for the induction of apoptosis
in cervical cancer cells is caspase activation (Kaminskyy et al., 2012;
Rinwa et al., 2013). According to the study of Han 2011, piperine
along with MMC can induce apoptosis by caspase activity in a
caspase-3, caspase-8, and caspase-9 dependent manner, resulting in
PARP activity that led to apoptosis, cytochrome-c released by
piperine activity and MMC also helps to activate caspase-
dependent apoptosis (Han et al., 2017). Thus, piperine co-treated
with MMC can act as a clinical agent in response to cervical cancer.

Mechanism of Action of Piperine Against Leukemia
One of the most widespread and fatal diseases is considered to be
leukemia and it has a very high death rate throughout the world

FIGURE 4 | Piperine inhibits the expression of the MMP-2 and MMP-9
gene, further reducing the cell migration of breast cancer cells.
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(Deschler and Lübbert, 2006). About 3% of all malignancy diseases
are contributed by leukemia, and very few patients survive leukemia
(Zhang et al., 2010). In search of less toxic treatment for it, several
reports over the past years have confirmed positive effects of piperine
against leukemia. Li et al., subjected HL60 leukemia cells to piperine
and curcumin treatment and observed that both compounds can
exhibit several antitumor activities in human leukemic cells (HL60),
while these compounds have shown low toxicity in leukemic cells (Li
et al., 2020). Two important mechanisms by which piperine induces
elimination of malignant cells are apoptosis and autophagy (Lowe
and Lin, 2000;Mathew et al., 2007).Western blot analysis by Li et al.,
confirmed that piperine and curcumin in a dose-dependent manner
are capable of elevating the expression level of Bax protein and
downregulating the expression of Bcl-2 in human leukemic cells
HL60 (Li et al., 2020). As we know, a high Bax:Bcl-2 ratio induces
apoptosis in cancer cells, thus piperine can induce apoptosis in HL60
by regulating the level of Bax and Bcl-2 proteins.

Two extrinsic and intrinsic pathways are responsible for
inducing apoptosis in cancer cells. The intrinsic pathway starts
from the disruption of the mitochondrial membrane potential
which releases cytochrome c, which further activates a caspase
signaling pathway. Cytochrome c activates caspase 9 which in
return activates caspase-3; the increase in caspase-3 concentration
results in proteolytic cleavage of PARP which induces cell death,
while caspase-8 is responsible for the extrinsic apoptotic pathway (Li
and Dewson, 2015; Zhao et al., 2015; Shen et al., 2016). Cotreatment
with piperine and curcumin in HL60 cells marked an increase in
caspase-3 concentration, thus it can be confirmed that piperine can
activate the intrinsic apoptotic pathway in leukemic cancer cells in a
dose-dependent manner (Li et al., 2020).

Furthermore, piperine curcumin cotreatment arrests leukemic
cells HL60 in the S phase of the cell cycle, which was supported by
investigations of Li et al., when his study found an increased number
of S phase cells when HL60 were piperine treated; his investigations
also reported that piperine along with curcumin can inhibit invasion
and migration of HL60 by the wound healing mechanism,
suggesting antimetastatic potential of piperine (Li et al., 2020).
From all these investigations, it can be concluded that piperine
when co-treated with curcumin inhibits the growth and
development of leukemic cells through the induction of
apoptosis, autophagy, inhibition of cell migration and cell cycle
arrest, thus piperine can be used as a potential antileukemic clinical
agent. A recent study by Benerjee et al. (2021) confirmed the ability
of black pepper and its main constituent piperine to inhibit cellular
proliferation of human leukemic cells, K-562 cells. Both exhibited
potent cytotoxic effects by upregulating BAX, caspase-3, and
caspase-9 while downregulating the Bcl-2 gene.

Piperidine as a Clinical Agent and its
Mechanism of Action Against Different
Kinds of Cancer
The Anti-Breast Cancer Effect of Piperidine and its
Mechanism of Action
According to the study by Arun et al. (2018), the piperidine
derivative 1-(2-(4-(Dibenzo[b,f]thiepin-10-yl)phenoxy)ethyl)
piperidine (DTPEP) was synthesized from Tamoxifen (TAM).

The effect of DTPEP has been observed in both Estrogen
Receptor (ER) negative cells (MDA-MB-231) and ER positive
cells (MCF-7). DTPEP was found to inhibit cell proliferation in
both MDA-MB-231 and MCF-7by restricting the cell cycle in the
G0/G1 phase (Arun et al., 2018). We know that the generation of
ROS is necessary to induce apoptosis and disruption of
mitochondrial membrane integrity, and DTPEP was found to
increase ROS synthesis in MDA-MB-231 and MCF-7 cells.
DTPEP has also been reported DTPEP results in increased
synthesis of cytochrome C and Bax and decreased synthesis of
the bcl-2 protein in MDA-MB-231 and MCF-7 cells.

In MCF-7, ERα plays a critical role in the establishment of
breast cancer. However, ERα level was reported to be decreased by
DTPEP by enhancing ERß levels in ER positive cells. In ER
negative MDA-MB-231 DTPEP carried out inhibition of the
PI3K/AKT signaling pathway by down-regulation of
phosphorylation at tyr485 of PI3K and at ser473 of AKT
(Arun et al., 2018). Furthermore, DTPEP was also reported to
decrease the protein level of PKCα in both ER positive and ER
negative cells (Arun et al., 2018). Thus, DTPEP, which is a
piperine derivative, has dual activity in anti-breast cancer cells.

Anti-Prostate Cancer Effect of Piperidine and its
Mechanism of Action
According to previous data available, prostate cancer is
considered to be the second most common cancer in men
worldwide (Jemal et al., 2010). The initiation and progression
of prostate cancer has been reported to be modulated by
androgen receptor (AR) signaling. Thus, targeting AR has
been considered a therapeutic option for the treatment of
prostate cancer. Several piperidine derivatives were synthesized
among them one such derivative is compound 17a, which shows
good anti-prostate cancer activity. Fu et al. (2020) studied the
effect of compound 17a on PC3 (prostate cancer cell line) and
found that it inhibits PC3 proliferation in a concentration-
dependent manner. Compound 17a also resulted in inducing
apoptosis in PC3 cells by decreasing the expression level of XIAP
and BCL-2 and increasing the level of BAX accordingly in a
concentration-dependent manner (Samykutty et al., 2013). The
epithelial-mesenchymal transition (EMT) is a crucial regulatory
step in prostate cancer that is activated during cancer migration
(Gnanasekar et al., 2009). A further study also revealed the impact
of compound 17a on the epithelial-mesenchymal transition;
compound 17a has been stated to hinder PC3 cell migration
through the biological membrane and can also upregulate
E-cadherin, which is a biomarker for epithelial cells.
Meanwhile, N-cadherin and vimentin, which are biomarkers
of mesenchymal cells, have been down-regulated by the
presence of compound 17a, a piperidine derivative. 17a has
also been revealed that can bind to the colchicine binding site
and inhibit tubulin polymerization (Samykutty et al., 2013). Thus,
it has been revealed that 17a can binds with colchicine binding
site and inhibit tubulin polymerisation.

Effect of Piperidine on Colon Cancer
Colon cancer is referred to as one of the common malignant
tumors of the digestive tract that can be treated with a
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combination of radiochemotherapy and immunotherapy. This
type of cancer has widespread metastasis to the pancreas, lungs,
and lymph nodes with poor clinical treatment options. Treatment
involving 2-amino-4- (1-piperidine) pyridine was found to
prohibited proliferation of HT29 and DLD-1 cells in a dose-
based manner (Yaffe et al., 2015). This compound further inhibits
progression to the S phase by arresting the DLD-1 and HT29 cell
cycle in the G1/G0 phase (Wang et al., 2019). The study by Wang
et al. (2019) depicted that DLD-1 and HT29 cells’ ability to
migrate and invade was inhibited with treatment with 2-amino-4-
(1-piperidine) pyridine (Wang et al., 2019). NDRG2 expression,
which is a protein-coding gene, is activated by the transcription
factor KLF4 and further helps suppress tumor and exhibits an
inhibitory effect on colon cancer cell proliferation (Ma et al.,
2017). MACC1, theMET transcriptional regulator, also promotes
metastasis and recurrence of colon carcinoma by activating the
HGF/c-Met signaling pathway.

However, the specified treatment reduces the expression of
FOXA2 mRNA in DLD-1 and HT29 cells, where the protein
assists in the proliferation and metastasis of colon cancer cells.
The CDH1 gene generates epithelial cadherin or E-cadherin,
which helps to inhibit tumor cell invasion. Induction of EMT
is the initial mechanism of a complicated process of cell
metastasis that promotes tumor progression with cell
migration and invasion. EMT and suppression of E-cadherin
are a part of E-cadherin expression that enhances the metastatic
potential of epithelial tumors. Therefore, the use of amino-4-(1-
piperidine) pyridine in the treatment of DLD-1 and HT29 cells
down-regulates EMT. Additionally, western blot was evaluated in
the vimentin expression at 72 h of treatment with 40, 50 and
100 µM of 2-amino-4-(1-piperidine) pyridine and suppressed in
colon cancer cells (Wang et al., 2019).

Anti-Lung Cancer Effect of Piperidine and its
Mechanism of Action
An antiproliferative compound known as CLEFMA has recently
been recognized as an anticancer compound (Lagisetty et al.,
2010). CLEFMA 4-[3,5-bis(2-chlorobezylidene)-4-oxo-
piperidine-1-yl]-4-oxo-2-butenoic acid is a piperidine
derivative that resembles chalcones with a core of diphenyl
dihaloketone. CLEFMA has been used to treat lung
adenocarcinoma cells (H441 and A549), as well as its impact
on normal lung cells (CCL151) has also been observed, and
CLEFMA has been reported to induce redox homeostasis in
H441 cells, but does not affect normal lung cells (CCL151)
(Sahoo et al., 2012). According to reports by Yadav et al.
(2013) CLEFMA can induce cell death in lung
adenocarcinoma cells via many pathways, one such pathway is
intrinsic apoptosis that begins with the activity of caspase 9 that
further cleaves and activates procaspase-3 and procaspase-9
(Yadav et al., 2013).

Furthermore, the regulation of PARP other cellular targets is
carried out by cleavage activity of procaspase-3 and procaspase-9.
PARP plays a role in DNA repair, but caspase-mediated cleavage
of PARP inactivates it and induces apoptosis (Lagisetty et al.,
2010). CLEFMA can induce apoptosis by reducing the
concentration of BID and increasing that of BAX, thus

maintaining a high ratio of BAX:BID. Few proteases that can
cleave and decrease the activity of BID are granzyme B, cathepsins
and calpains; further cleaved BID migrates to mitochondria and
where it becomes permeable to outer mitochondrial membrane
which is dependent on BAX protein (Billen et al., 2008). P53
phosphorylation is another process through which CLEFMA can
induce cell death in lung cancer cells (Lagisetty et al., 2010).
Kasinski et al. (2008) confirmed that synthetic and natural
chalcones can inhibit tumor by inhibiting NF-κB activation
(Kasinski et al., 2008). However, CLEFMA did not show such
a reduction in NF-κB expression levels in normal lung cancer cells
(CCL151) (Lagisetty et al., 2010).

Furthermore, the mechanism of NF-κB signaling pathway in
tumor suppression was revealed; during the normal scenario,
phosphorylation of IκBα leads to its proteasome-mediated
degradation and NF-κB is released to get translocated into the
nucleus for its expression. However, in lung cancer cells (H441)
CLEFMA inhibited the degradation of phosphorylated IκBα via
proteasome inhibitors thus NF-κB was inhibited from
translocating to the nucleus for expression, further induced
cell apoptosis (Traenckner et al., 1994; McDade et al., 1999;
Lagisetty et al., 2010). The synthesis of PGE2 is catalyzed by
COX-2 and is a critical step in the inflammatory pathway. COX-1
is found to be expressed in various cells; however, COX-2 are
expressed only in inflammation sites by pro-inflammatory
cytokines (Seibert and Masferrer, 1994). These pro-
inflammatory cytokines, together with COX-2 expression, were
found to be suppressed by CLEFMA, thus inhibiting
inflammation (Lagisetty et al., 2010). In addition, another
function of NF-κB is to regulate the expression of cyclin D
which performs the phase transition from G1 to S in the cell
cycle, CLEFMA treatment on lung cancer cells H441 suppress
NF-κB, which further leading to reduced expression of cyclin D
resulting in the arrest of phase S of H441 cells (Lagisetty et al.,
2010). A protein called CD31 is known to be a marker of
angiogenesis and tumors; these molecules are expressed in
granulocytes and monocytes. CLEFMA treatment suppressed
CD31 expression in granulocytes and monocytes, reducing
lung cancer cell inflammation. ICAM1 responsible for cell
adhesion and migration is also down-regulated by CLEFMA
(Lagisetty et al., 2010). Thus, it can be concluded from all this
evidence that the piperidine derivative CLEFMA can be used as a
clinical agent against lung cancer due to its anticancer effects.

Anti-Ovarian Cancer Effect of Piperidine and its
Mechanism of Action
Among all gynecological tumors, ovarian cancer is considered to
be one of the major tumors that form diseases affecting female
reproductive organs (Salehi et al., 2008). However, over the years,
proper treatment of ovarian cancer was restricted by the multi-
drug resistant capacity of ovarian cancer cells (Markman, 2008).
One of the common chemotherapies used in ovarian cancer is
cisplatin (DDP), but it often imparts cytotoxic effects at high
concentration doses. Therefore, one of the piperidine nitroxide
derivative molecules known as tempol (TPL) was studied for its
effect on ovarian cancer cells (Wang et al., 2018). Piperidine
extracted from black pepper can be used to synthesize TPL, which
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has an unpaired electron and has three reversible forms:
Hydroxylamine, nitroxide, and oxoammonium cation (Krishna
et al., 1992). The reduction and oxidizing ability of TPLmakes it a
suitable agent for use against ovarian cancer (Wilcox and
Pearlman, 2008). Treatment with DPP alone cannot show
satisfactory effects on ovarian cancer. However, TPL being a
redox agent can protect organs from oxidative damage by
inhibiting the development of neoplastic cells (Gariboldi et al.,
1998). When TPL and DDP were cotreated in ovarian cancer cells
(OVCAR3), significant effects were observed; one such effect
observed by the MTT assay was inhibition of OVCAR3 cell
proliferation. Further flow cytometric results also marked an
increase in apoptosis in OVCAR3 cells after co-treatment with
TPL and DDP (Wang et al., 2018).

Disruption of mitochondrial membrane potential often leads
to inhibition of the electron transport chain system, and this is
linked with cell apoptosis induced by ROS generation (Perrone
et al., 2008). Furthermore, ROS helps cytochrome c to be released
from mitochondria and accumulates in the cytosol, leading to the
induction of the mitochondrial apoptotic pathway (Circu and
Aw, 2010). The Bax and Bcl-2 ratio is very crucial for the
induction of apoptosis in cancer cells, a high ratio of Bax:Bcl-2
regulates the mitochondrial pathway which further leads to
activation of caspase-dependent apoptosis as well as the
caspase-independent apoptotic pathway (Todorova et al.,
2004). Western blot analysis of cotreated OVCAR3 with TPL
and DDP has shown upregulation of Bax proteins and a gradual
decrease in the concentration of Bcl-2 protein, leading to a high
Bax:Bcl-2 ratio (Wang et al., 2018).

According to reports from Meng Wang et al., reported that
DDP-induced TPL can increase ROS generation at the cell level
and this was confirmed by the DCFH-DA staining assay,
indicating that TPL and DDP together can induce apoptosis in
OVCAR by increasing cellular ROS generation (Wang et al.,
2018). In conclusion, piperidine derivative nitroxide tempol
(TPP) can play some major roles in the induction of apoptosis
in ovarian cancer cells when co-treated with DPP and can be a
crucial clinical agent in therapeutic treatment. Figure 5 presents
overhaul mechanism of the action of piperine and piperidine
induced caspase pathway to activate apoptosis in cancer cells. A
summary of the treatment effects of piperine and piperidine alone
as well as cotreatment with other phytochemicals on existing
chemotherapeutics is shown in Table 1.

Pharmacological Properties of Piperine and
Piperidine
According to Vijayakumar et al. (2004) piperine offers possible
protective activity against lipid peroxidation and antioxidant
properties in rats fed a high-fat diet that causes oxidative stress in
cells, (Vijayakumar et al., 2004). Piperine inhibits the P-glycoprotein,
which increases the bioavailability of the flavonoid linarin in rats, and
also aids cellular efflux during intestinal absorption (Feng et al., 2014).
Be a result, piperine is referred to as a natural bio-enhancer (Dudhatra
et al., 2012). Piperine causes a dose-dependent increase in stomach
acid output and gastrointestinal motility disruption (Han, 2011).
Piperine stimulates the liver, pancreas, and digestive enzymes in the

small intestine mucosa when taken orally (Awen et al., 2010).
Piperine may also boost protease, lipase, and pancreatic amylase
activity when added to food components as a flavoring agents
(Srinivasan, 2007). Piperine supplementation in conjunction with
a high-fat diet lowered total cholesterol and body weight substantially
thus it shows anti-obesity properties (Shah et al., 2011). In a dose-
dependent way, piperine protected rats from PTZ-induced seizures.
Piperine-treated rats had considerably different PTZ-induced
convulsions than saline-treated animals, this implicates its anti-
convulsion properties (Bukhari et al., 2013). In field of anti-
asthmatic piperine contributes as it has been reported that
compared to the control group of mice, the piperine-treated
group exhibited reduced eosinophil infiltration, allergen - induced
inflammation, and airway hyper-responsiveness through inhibition
of the synthesis of interleukin-4, interleukin-5, immunoglobulin E,
and histamine (Kim and Lee, 2009).

Piperidine alkaloids from P. retrofractum Vahl. (PRPAs)
treatment was found to reduce adipocyte size along with this
elevated serum levels of total cholesterol, low-density lipoprotein
cholesterol, total lipid, leptin, and lipase were reduced by PRPA
treatment. PRPA also reduced hepatic lipid buildup, which
protected against the development of nonalcoholic fatty liver.
Furthermore, PRPA increased AMPK signaling and changed the
expression of proteins involved in lipid metabolism in the liver
and skeletal muscle (Kim et al., 2011). Picea abies (L.) Karsten’s
needles and bark contain the most piperidine alkaloid,
epidihydropinidine which further was found to be inhibiting
the growth of bacterial and fungal strains (Fyhrquist et al., 2017).

Application of Nanotechnology
The pharmacological activities of piperine are limited due to its low
water-solubility, fast metabolism, and systemic elimination
(Pachauri et al., 2015; Gorgani et al., 2017). Besides, poor

FIGURE 5 | Piperine and piperidine-induced caspase pathway for
activating cell apoptosis in cancer cells.
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TABLE 1 | Treatment and co-treatment effects of piperine and piperidine on the anticancer potential of conventional chemotherapeutics.

Cancer (cells/tumor type) Phytochemical used Observations References

Breast cancer (Triple negative breast cancer cells) Piperine Piperine treatment inhibits the growth of p53 deficient cell
lines by inhibiting the G1-S transition of the cell cycle and
also enhances the expression of p21Waf1/Cip1, further
inhibiting CDK activity. Piperine resulted in a decrease in the
phosphorylation of the Ser473 residue in Akt, leading to
apoptosis. Piperine-induced release of mitochondrial
Smac/DIABLO, which inhibits IAP (inhibitor of apoptosis)
and cytochrome c, which induces apoptosome formation,
leading to cell apoptosis. Cancer cell migration is also
reduced by piperine-mediated reduced gene expression of
MMP-2 and MMP-9

Greenshields et al.
(2015)

Ovarian cancer (A2780 cells) Piperine Piperine treatment for 48 h resulted in an increase in
mitochondrial cytochrome c release which increased
caspase-9 and caspase-3 activity (intrinsic pathway), but
no such change in caspase-8 concentration has been
observed. Caspase-9/3 further initiates cell apoptosis.
Phosphorylation of JNK and p38 MAPK by piperine
treatment also resulted in an increased rate of apoptosis in
A2780 cells

Si et al. (2018)

Gastric cancer (TML-1 cells) Piperine Piperine treatment can inhibit IL-6 expression by down-
regulating the c-Src/RhoA/ROCK signalling pathway.
Furthermore, piperine can also inhibit STAT3 activation.
Thus, by inhibiting both STAT3 activation and the
expression of p38 piperine can inhibit the gastric properties
of TML-1 cell lines

Xia et al. (2015)

Gliomal cancer (U251-MG glioma cell line) Piperine and Temozolomide (TMZ) Cotreatment of piperine and TMZ in a low concentration
induces several inhibitory effects on the growth of U251-
MG cell lines. Piperine and TMZ together can inhibit G1/S
cell cycle progression by suppressing the expression of
cyclin D-CDK-4/6 and cyclin E-CDK2; these two
compounds can also initiate apoptosis through the
caspase 8/9/3 pathway. Co-treatment also resulted in
increased phosphorylation of the JNK and p38 MAPK
signaling pathway, which further contributes to cell
apoptosis

Jeong et al. (2020)

Lung cancer (A549 cells) Piperine Piperine treatment results in the expression of a high level of
p53 that leads to the arrest of the phase G2-M in the cell
cycle, piperine also reduces the level of Bcl-2 and increases
the level of Bax-2 and this high Bax:Bcl-2 ratio helps in the
further initiation of caspase 9/3 dependent apoptosis in
A549 cells

Lin et al. (2014)

Oral squamous carcinoma (KB cell line) Piperine Treatment of KB cells for 12 h marked a high amount of
ROS synthesis, which induces cell apoptosis in cancer
cells. Piperine at a concentration of 100 and 200 µM leads
to cell cycle arrest in the G2/M phase by 15.57 and
37.79%, respectively. Furthermore, piperine treatment also
leads to induction of apoptosis by activating the caspase-3
pathway

Siddiqui et al.
(2017)

Chronic pancreatitis [PSC (Pancreas stellate
cells)]

Piperine Piperine treatment can down-regulate the TGF-ß/SMAD
signaling pathway along with this piperine can also inhibit
the expression of fibronectin-1, collagen I/III and α-SMA.
Inhibition of all of these pathways leads to inhibition of the
cancer potential of PSC.

Choi et al. (2019)

Prostate cancer (LNCaP, PC-3, DU-145 and
22RV1 PCa cells)

Piperine Piperine treatment on these cell lines can effectively activate
the caspase-3-dependent apoptotic pathway. Piperine-
mediated inhibition of cell growth was observed by
suppressing activation of phosphorylated STAT-3 in
DU145, PC-3, and LNCaP cells. Treatment with piperine
can also down-regulate the expression of Nf-κB in DU145,
PC-3 and LNCaP and can also induce PARP-1 cleavage.

Samykutty et al.
(2013)

(Continued on following page)
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TABLE 1 | (Continued) Treatment and co-treatment effects of piperine and piperidine on the anticancer potential of conventional chemotherapeutics.

Cancer (cells/tumor type) Phytochemical used Observations References

All of these processes along with inhibition of B16-F10
invasion results in the anticancer potential of piperine
against prostate cancer cells

Rectal cancer [Human rectal adenocarcinoma
cells (HRT-18)]

Piperine Piperine treatment reduces HRT-18 cell division by 40%.
Piperine results in inhibition of G0/G1 cell cycle progression
by down-regulating the synthesis of CDK4/6 and cyclin D.
Enhanced ROS and other superoxide anion synthesis is
also an outcome of piperine treatment. Thus, ROS
synthesis and inhibition of cell cycle progression result in
apoptosis of cancer HRT-18 cells

Yaffe et al. (2013)

Cervical cancer (HeLa/MMC cells) Piperine and Mitomycin-C (MMC) Co-treatment of piperine and mitomycin C (MMC) induced
apoptosis of HeLa cells along with several other biological
effects such as decreased expression of p-STAT3, Bcl-2,
NF-κB and increased expression of Bax, Bid, PARP
activity, and caspase 3/9 and caspsae-8 induced cell
apoptosis of HeLa/MMC cells. All of these biological effects
of piperine exhibit its anticervical cancer potential when
used along with Mitomycin C

Han et al. (2017)

Leukemia (HL60) Piperine and curcumin Combined treatment of piperine and curcumin in HL60 cells
results in many anticancer biological effects, such as the
establishment of a high Bax:Bcl-2 ratio by increasing Bax
synthesis and downregulating Bcl-2 expression level, and
release of mitochondrial cytochrome-c, which further
initiates caspase-9/3 mediated cell apoptosis of HL60
through activation of PARP cleavage. These effects, along
with other impacts like inhibition of cell growth, cell
migration, and induction of cell cycle arrests, suggest
antileukemic potential of piperine when co-treated with
curcumin

Li et al. (2020)

Breast cancer [Estrogen receptor negative cells
(MDA-MB-231); estrogen positive cells (MCF-7)]

Piperidine derivative DTPEP
synthesised from Tamoxifen (TAM)

Treatment with DTPEP in both MDA-MB-231 and MCF-7
marked cell cycle arrest in phase G0/G1 and ROS
generation level were up-regulated in these cell lines.
Mitochondrial cytochrome c was found to be released
along with up-regulation of Bax and down-regulation of
Bcl-2 and this high Bax:Bcl-2 ratio resulted in cell
apoptosis. Treatment with DTPEP enhanced the
expression level of ERß and down-regulated the expression
of ERα (critical for the establishment of breast cancer). In
MDA-MB-231 inhibition of the PI3K/AKT signaling pathway
was observed through down-regulation of phosphorylation
at Tyr485 of PI3k and Ser473 of AKT after treatment with
DTPEP, all these effects show a great anti-breast cancer
potential of piperidine

Arun et al. (2018)

Prostate cancer (PC3 cells) Piperidine derivative
Compound 17a

Treatment of PC3 cells with the piperidine derivative
compound 17a results in an increase in the expression level
of the Bax protein, while a decrease in the expression level
of Bcl-2 and Bax, thus maintaining a high Bax:Bcl-2 ratio.
These events result in PC3 cell apoptosis. Compound 17a
treatment also affects the epithelial-mesenchymal transition
and inhibits PC3 cell migration by upregulating E-cadherin
and downregulating N-cadherin and Vimentin

Samykutty et al.
(2013)

Colon cancer (DLD-1 and HT29 cells) Piperidine derivative 2-amino-4-(1-
piperidine) pyridine

Treatment of DLD-1 and HRT29 cells with this piperidine-
derived compound inhibits cell cycle progression past
phase S, thus arresting cell cycle in phase G1/G0. The
specified treatment reduces the expression level of FOXA2
mRNA in DLD-1 and HT29 cells; this treatment also
suppresses the epithelial mesenchymal transition (EMT)
and down-regulates E-cadherin, and both these events
inhibit the cell migration ability of DLD-1 and HT29 cells

Wang et al. (2019)
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bioavailability of piperine are two factors that limit its efficacy as an
anticancer agent. On the other hand, high concentrations of piperine
were found to be toxic in animals (Chinta et al., 2017). However,
these limitations (lower solubility and bioavailability vs. toxicity at
higher doses) can be overcome by developing nanosystems such as
liposomes, micelles, metal nanoparticles nanofibers, polymeric
nanoparticles, and solid-lipid nanoparticles (Quijia and Chorilli,
2021). In order to enhance the solubility, piperine was
incorporated in polymeric nanocapsules that demonstrated higher

stability, controlled release and improved bioavailability (Rani et al.,
2020). A recent study by (Thao et al. 2021) fabricated nanoliposomal
complexes of piperine and anti-CD133 monoclonal antibodies
(PMC). They proved very effective in inhibiting the growth of
NTERA-2 cancer stem cells (CSCs) while being nontoxic to
normal cells. In another study, aptamer conjugated piperine
encapsulated polyethylene glycol-Polylactide-co-glycolide
nanoparticles (P-PEG-PNP) and paclitaxel showed remarkable
decline in needed paclitaxel dosages for suppressing the growth

TABLE 1 | (Continued) Treatment and co-treatment effects of piperine and piperidine on the anticancer potential of conventional chemotherapeutics.

Cancer (cells/tumor type) Phytochemical used Observations References

Lung cancer (H441 and A549 cells) Piperidine derivative CLEFMA CELFMA in lung cancer cells induces redox homeostasis,
activates caspase 9/3 pathway through cleavage of PARP,
which further leads to cell apoptosis. Furthermore,
CELFMA also resulted in increased Bax release and
decreased Bid release, thus maintaining a high Bax:Bid
ratio, which is crucial for cancer cell apoptosis. P53
phosphorylation is also another result of CELFMA
treatment-induced cell death, degradation of
phosphorylated IκBα was also inhibited via proteasome
inhibitors, thus restricting NF-κB from translocating into the
nucleus. Cell inflammation was suppressed via decreasing
the levels of pro-inflammatory cytokines along with COX-2
by CELFMA. ICAM1 responsible for cell adhesion, down-
regulation of CD31 expression along with this G1/S phase
transition of the cell cycle was also inhibited by CELFMA
treatment

Yadav et al. (2013)

Ovarian cancer (OVCAR3 cells) Piperidine derivative Tempol (TPL)
and cisplatin (DDP)

Cotreatment of TPL and DPP resulted in few crucial
anticancer effects on OVCCAR3 cells, such as inhibition of
cell proliferation, increased apoptosis, and increased ROS
generation. Further ROS accumulation by TPL and DPP
leads to the release of mitochondrial cytochrome c and
inducing a high Bax:Bcl-2 ratio which initiates the caspase-
9/3 dependent apoptotic signalling pathway in OVCAR3
cells

Wang et al. (2018)

FIGURE 6 | The pharmacological properties of piperine and piperidine against cancer comparing their molecular mechanisms and involved pathways.
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of paclitaxel resistantMCF-7 cells. Aptamer conjugated P-PEG-PNP
could be applied as an efficacious and a safe nanoformulation for
adjuvant cancer-chemotherapy targeting drug resistant breast
cancers (Pachauri et al., 2015). This technology will greatly
improve the efficacy and solubility of both piperidine and
piperine as anticancer agents for future use.

DISCUSSION ON ANTI-CANCER
MECHANISMS OF PIPERINE AND
PIPERIDINE
Piperine and piperidine extracted from black pepper have been
reported to have several anticancer properties. Often these two
products act similarly to inhibit the survival, growth, and
differentiation of cancer cell lines via several pathways like ROS
generation, intrinsic and extrinsic caspase-mediated apoptotic
pathway, inhibition of cancer cell migration, suppression of
oncogene expression, increase synthesis of mitochondrial-
mediated cytochrome c, BAX-2, and many more pathways. In
case, of breast cancer piperine reduces phosphorylation of Ser473
residue in Akt signaling pathway whereas piperidine down-
regulates phosphorylation at Tyr485 of PI3k and Ser473 of AKT
signaling pathway leading to apoptosis. Piperine reduces the level of
Bcl-2 and increases the level of Bax-2 and this high Bax:Bcl-2 ratio
leading to initiation of caspase 9/3 dependent apoptosis in lung
cancer cells and piperidine along with maintaining high Bax:Bcl-2
ratio, it also down-regulates CD31 expression and inhibits the G1/S
phase transition of the cell cycle. In prostate cancer cells piperidine
treatment inhibits PC3 cell migration by upregulating E-cadherin
and downregulating N-cadherin and Vimentin, whereas piperine
treatment to prostate cancer cells shows other activities like
activating the caspase-3-dependent apoptotic pathway,
suppressing phosphorylated STAT-3, down-regulation of the
expression of Nf-κB, inducing PARP-1 cleavage and inhibition
of B16-F10 invasion. Therefore, by different mechanism of actions
piperine and piperidine leads to inhibition of several kinds of
cancer. Figure 6 depicts the pharmacological properties of both the
compounds against cancer comparing their molecular mechanisms
and involved pathways.

CONCLUSION

To date, natural products and phytochemicals have attracted great
interest as an anticancer clinical and therapeutic agent among all
pharmaceutical industries (Anand et al., 2019; Anand et al., 2021;
Bandopadhyay et al., 2021; Das et al., 2021; Paul et al., 2021;
Shoshan-Barmatz et al., 2021; Mitra et al., 2022). Although
several preclinical reports have suggested the anticancer potential
of black pepper-derived piperine and piperidine against several
types of cancer, yet these phytochemicals have not attracted much
attention from pharmaceutical industries; this may be due to poor
aqueous solubility and less bioavailability of piperine and
piperidine. Piperine supramolecular formulation with some
hydrophilic compounds, such as unmodified cyclodextrin (CD)
excipients, might ameliorate the condition (Ezawa et al., 2016;

Ezawa et al., 2018). In China, piperine has been used clinically
as an antiepileptic drug. As a result, if significant doses of piperine-
containing herbal medications or foods are consumed in a single
day for an extended length of time, unfavourable side effects may
occur due to the varied pharmacological actions of piperine (Lee
et al., 1984). The most palatable amount of piperine-containing
black pepper revealed was 80 mg, when incorporated in a single
serving of cereals to provide an enormous amount of food products
to improve hypertension and lipid profile of an individual, and the
outcomes between all sensory characteristics are extremely
significant (Rashid et al., 2019). However, prior knowledge of
these two chemicals, piperine and piperidine, and their
contribution to a novel drug delivery system could be crucial
before initiation of its clinical studies. After all of the study,
piperine and piperidine could be considered as a novel
anticancer drug, and it could be used as an alone therapeutic
agent or in combination with preexisting conventional drugs in
a dose-dependent manner. Finally, to introduce piperine and
piperidine as an anticancer drug, more clinical studies are
needed to improve and better describe its therapeutic action and
efficiency as an anticancer agent.

AUTHOR CONTRIBUTIONS

SM and UA performed the literature search, wrote the major
original draft of the manuscript, prepared the figures, discussed
and systematized all literature data, analysis and manuscript
structure. NJ, MS, SS, and PN performed the literature search,
participated in the writing of the manuscript, suggestions,
visualization. KR revised the manuscript, validation, response.
JP generated the main idea, generated and shaped presented
hypotheses, performed a critical review of data and literature,
edited the paper content and its final content, supervision, project
administration and funding acquisition. AD generated the main
idea, generated and shaped presented hypotheses, performed a
critical review of data and literature, edited the paper content and
its final content, supervision. The authors SM and UA
contributed equally to this review article and have the right to
list their name first in their curriculum vitae/any other scientific
documents or scientific profile. All authors substantially
contributed to the article and approved the submitted version.

FUNDING

JP received funds for open access publication fee from the Rector
of the Wrocław University of Environmental and Life Sciences,
Poland.

ACKNOWLEDGMENTS

Authors are thankful to their respective departments/institutes/
universities for providing space and other necessary facilities,
which helped to draft this manuscript.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 77241814

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Anand, U., Jacobo-Herrera, N., Altemimi, A. S., and Lakhssassi, N. (2019). A
comprehensive review on medicinal plants as antimicrobial therapeutics:
potential avenues of biocompatible drug discovery.Metabolites 9(11), 258.

Anand, U., Tudu, C. K., Nandy, S., Sunita, K., Tripathi, V., Loake, G. J., et al. (2021).
Ethnodermatological use of medicinal plants in India: From ayurvedic
formulations to clinical perspectives–A review. J. Ethnopharmacol., 114744.

Apte, M. V., Pirola, R. C., and Wilson, J. S. (2012). Pancreatic Stellate Cells: a
Starring Role in normal and Diseased Pancreas. Front. Physiol. 3, 344.
doi:10.3389/fphys.2012.00344

Arun, A., Ansari, M. I., Popli, P., Jaiswal, S., Mishra, A. K., Dwivedi, A., et al.
(2018). New Piperidine Derivative DTPEP Acts as Dual-Acting Anti-
breast Cancer Agent by Targeting ERα and Downregulating PI3K/Akt-
Pkcα Leading to Caspase-dependent Apoptosis. Cell Prolif 51 (6), e12501.
doi:10.1111/cpr.12501

Awen, B. Z., Ganapaty, S., Chandu, B. R., Prakash, K., Murthy, T. E. G. K., and
Ramalingam, P. (2010). Influence of SapindusMukorossi on the Permeability of
Ethylcellulose Free Films for Transdermal Use. Res. J. Pharm. Biol. Chem. Sci. 1
(2), 35–38.

Bandopadhyay, S., Anand, U., Gadekar, V., Jha, N., Gupta, P., Behl, T., et al. (2021).
Dioscin: A Review on Pharmacological Properties and Therapeutic Values.
BioFactors 47 (6), 1–34. doi:10.1002/biof.1815

Benerjee, S., Katiyar, P., Kumar, W., Saini, S. S., Varshney, R., Krishnan, V., et al.
(2021). Black Pepper and Piperine Induce Anticancer Effects on Leukemia Line.
Toxicol. Res. 10, 232–248. doi:10.1093/toxres/tfab001

Billen, L. P., Shamas-Din, A., and Andrews, D. W. (2008). Bid: a Bax-like BH3
Protein. Oncogene 27 (1), S93–S104. doi:10.1038/onc.2009.47

Bracken, A. P., Ciro, M., Cocito, A., and Helin, K. (2004). E2F Target Genes:
Unraveling the Biology. Trends Biochem. Sci. 29 (8), 409–417. doi:10.1016/
j.tibs.2004.06.006

Budihardjo, I., Oliver, H., Lutter, M., Luo, X., and Wang, X. (1999). Biochemical
Pathways of Caspase Activation during Apoptosis. Annu. Rev. Cel Dev Biol 15
(1), 269–290. doi:10.1146/annurev.cellbio.15.1.269

Bukhari, I. A., Pivac, N., Alhumayyd, M. S., Mahesar, A. L., and Gilani, A. H.
(2013). The Analgesic and Anticonvulsant Effects of Piperine inMice. J. Physiol.
Pharmacol. 64 (6), 789–794.

Bunz, F., Dutriaux, A., Lengauer, C., Waldman, T., Zhou, S., Brown, J. P., et al.
(1998). Requirement for P53 and P21 to Sustain G2 Arrest after DNA Damage.
Science 282 (5393), 1497–1501. doi:10.1126/science.282.5393.1497

Cahill, C. M., and Rogers, J. T. (2008). Interleukin (IL) 1β Induction of IL-6 Is
Mediated by a Novel Phosphatidylinositol 3-kinase-dependent AKT/IκB
Kinase α Pathway Targeting Activator Protein-1. J. Biol. Chem. 283 (38),
25900–25912. doi:10.1074/jbc.m707692200

Cancer Genome Atlas Network (2012). Comprehensive Molecular Portraits of
Human Breast Tumours. Nature 490 (7418), 61–70. doi:10.1038/nature11412

Chai, J., Du, C., Wu, J. W., Kyin, S., Wang, X., and Shi, Y. (2000). Structural and
Biochemical Basis of Apoptotic Activation by Smac/DIABLO. Nature 406
(6798), 855–862. doi:10.1038/35022514

Chaudhary, A. K., Yadav, N., Bhat, T. A., O’Malley, J., Kumar, S., and Chandra, D.
(2016). A Potential Role of X-Linked Inhibitor of Apoptosis Protein in
Mitochondrial Membrane Permeabilization and its Implication in Cancer
Therapy. Drug Discov. Today 21 (1), 38–47. doi:10.1016/j.drudis.2015.07.014

Chen, H., Fang, F., Liu, G. J., Xie, H. Y., Zou, J., and Feng, D. (2013). Maintenance
Chemotherapy for Ovarian Cancer. Cochrane Database Syst. Rev 6, 1–41.
doi:10.1002/14651858.cd007414.pub3

Chen, J., Shi, D. Y., Liu, S. L., and Zhong, L. (2012). Tanshinone IIA Induces
Growth Inhibition and Apoptosis in Gastric Cancer In Vitro and In Vivo.Oncol.
Rep. 27 (2), 523–528. doi:10.3892/or.2011.1524

Chen, T. C., Chien, C. C., Wu, M. S., and Chen, Y. C. (2016). Evodiamine from
Evodia Rutaecarpa Induces Apoptosis via Activation of JNK and PERK in
Human Ovarian Cancer Cells. Phytomedicine 23 (1), 68–78. doi:10.1016/
j.phymed.2015.12.003

Chinta, G., Coumar, M. S., and Periyasamy, L. (2017). Reversible Testicular
Toxicity of Piperine on Male Albino Rats. Pharmacogn Mag. 13 (Suppl. 3),
S525. doi:10.4103/pm.pm_405_16

Choi, J. W., Lee, S. K., Kim, M. J., Kim, D. G., Shin, J. Y., Zhou, Z., et al. (2019).
Piperine Ameliorates the Severity of Fibrosis via Inhibition of TGF-β/SMAD
S-ignaling in a M-ouse M-odel of C-hronic P-ancreatitis.Mol. Med. Rep. 20 (4),
3709–3718. doi:10.3892/mmr.2019.10635

Circu, M. L., and Aw, T. Y. (2010). Reactive Oxygen Species, Cellular Redox
Systems, and Apoptosis. Free Radic. Biol. Med. 48 (6), 749–762. doi:10.1016/
j.freeradbiomed.2009.12.022

Clark, A. S., West, K., Streicher, S., and Dennis, P. A. (2002). Constitutive and
Inducible Akt Activity Promotes Resistance to Chemotherapy, Trastuzumab, or
Tamoxifen in Breast Cancer Cells. Mol. Cancer Ther. 1 (9), 707–717.

Danial, N. N., and Korsmeyer, S. J. (2004). Cell Death: Critical Control Points. Cell
116, 205–219. doi:10.1016/s0092-8674(04)00046-7

Das, T., Anand, U., Pandey, S K., Ashby Jr, C. R., Assaraf, Y. G., Chen, Z. S.,
et al. (2021). Therapeutic strategies to overcome taxane resistance in
cancer. Drug Resist. Updates, 100754.

Davoudi, Z., Akbarzadeh, A., Rahmatiyamchi, M., Movassaghpour, A. A., Alipour,
M., Nejati-Koshki, K., et al. (2014). Molecular Target Therapy of AKT and NF-
kB Signaling Pathways and Multidrug Resistance by Specific Cell Penetrating
Inhibitor Peptides in HL-60 Cells. Asian Pac. J. Cancer Prev. 15 (10),
4353–4358. doi:10.7314/apjcp.2014.15.10.4353

de Almeida, G. C., Oliveira, L. F. S., Predes, D., Fokoue, H. H., Kuster, R. M.,
Oliveira, F. L., et al. (2020). Piperine Suppresses the Wnt/β-Catenin Pathway
and Has Anti-cancer Effects on Colorectal Cancer Cells. Sci. Rep. 10 (1), 11681.
doi:10.1038/s41598-020-68574-2

Demuth, T., and Berens, M. E. (2004). Molecular Mechanisms of Glioma Cell
Migration and Invasion. J. Neurooncol. 70 (2), 217–228. doi:10.1007/s11060-
004-2751-6

Deschler, B., and Lübbert, M. (2006). Acute Myeloid Leukemia: Epidemiology and
Etiology. Cancer 107 (9), 2099–2107. doi:10.1002/cncr.22233

Doucette, T. A., Kong, L. Y., Yang, Y., Ferguson, S. D., Yang, J., Wei, J., et al. (2012).
Signal Transducer and Activator of Transcription 3 Promotes Angiogenesis and
Drives Malignant Progression in Glioma. Neuro Oncol. 14 (9), 1136–1145.
doi:10.1093/neuonc/nos139

Dudhatra, G. B., Mody, S. K., Awale, M. M., Patel, H. B., Modi, C. M., Kumar, A.,
et al. (2012). A Comprehensive Review on Pharmacotherapeutics of Herbal
Bioenhancers. Sci. World J. 2012, 637953. doi:10.1100/2012/637953

Elmore, S. (2007). Apoptosis: a Review of Programmed Cell Death. Toxicol. Pathol.
35 (4), 495–516. doi:10.1080/01926230701320337

Ezawa, T., Inoue, Y., Murata, I., Takao, K., Sugita, Y., and Kanamoto, I. (2018).
Characterization of the Dissolution Behavior of Piperine/cyclodextrins
Inclusion Complexes. AAPS PharmSciTech 19 (2), 923–933. doi:10.1208/
s12249-017-0908-9

Ezawa, T., Inoue, Y., Tunvichien, S., Suzuki, R., and Kanamoto, I. (2016). Changes
in the Physicochemical Properties of Piperine/β-Cyclodextrin Due to the
Formation of Inclusion Complexes. Int. J. Med. Chem 9, 1–9. doi:10.1155/
2016/8723139

Fabregat, I., Moreno-Càceres, J., Sánchez, A., Dooley, S., Dewidar, B., Giannelli, G.,
et al. (2016). TGF-β Signalling and Liver Disease. FEBS J. 283 (12), 2219–2232.
doi:10.1111/febs.13665

Feng, X., Liu, Y., Wang, X., and Di, X. (2014). Effects of Piperine on the Intestinal
Permeability and Pharmacokinetics of Linarin in Rats. Molecules 19 (5),
5624–5633. doi:10.3390/molecules19055624

Friedman, H. S., Kerby, T., and Calvert, H. (2000). Temozolomide and Treatment
of Malignant Glioma. Clin. Cancer Res. 6 (7), 2585–2597.

Fu, D. J., Liu, S. M., Yang, J. J., and Li, J. (2020). Novel Piperidine Derivatives
as Colchicine Binding Site Inhibitors Induce Apoptosis and Inhibit
Epithelial-Mesenchymal Transition against Prostate Cancer PC3 Cells.
J. Enzyme Inhib. Med. Chem. 35 (1), 1403–1413. doi:10.1080/
14756366.2020.1783664

Fyhrquist, P., Virjamo, V., Hiltunen, E., and Julkunen-Tiitto, R. (2017).
Epidihydropinidine, the Main Piperidine Alkaloid Compound of Norway
spruce (Picea Abies) Shows Promising Antibacterial and Anti-Candida
Activity. Fitoterapia 117, 138–146. doi:10.1016/j.fitote.2017.01.011

Gariboldi, M. B., Lucchi, S., Caserini, C., Supino, R., Oliva, C., andMonti, E. (1998).
Antiproliferative Effect of the Piperidine Nitroxide TEMPOL onNeoplastic and
Nonneoplastic Mammalian Cell Lines. Free Radic. Biol. Med. 24 (6), 913–923.
doi:10.1016/s0891-5849(97)00372-9

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 77241815

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://doi.org/10.3389/fphys.2012.00344
https://doi.org/10.1111/cpr.12501
https://doi.org/10.1002/biof.1815
https://doi.org/10.1093/toxres/tfab001
https://doi.org/10.1038/onc.2009.47
https://doi.org/10.1016/j.tibs.2004.06.006
https://doi.org/10.1016/j.tibs.2004.06.006
https://doi.org/10.1146/annurev.cellbio.15.1.269
https://doi.org/10.1126/science.282.5393.1497
https://doi.org/10.1074/jbc.m707692200
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/35022514
https://doi.org/10.1016/j.drudis.2015.07.014
https://doi.org/10.1002/14651858.cd007414.pub3
https://doi.org/10.3892/or.2011.1524
https://doi.org/10.1016/j.phymed.2015.12.003
https://doi.org/10.1016/j.phymed.2015.12.003
https://doi.org/10.4103/pm.pm_405_16
https://doi.org/10.3892/mmr.2019.10635
https://doi.org/10.1016/j.freeradbiomed.2009.12.022
https://doi.org/10.1016/j.freeradbiomed.2009.12.022
https://doi.org/10.1016/s0092-8674(04)00046-7
https://doi.org/10.7314/apjcp.2014.15.10.4353
https://doi.org/10.1038/s41598-020-68574-2
https://doi.org/10.1007/s11060-004-2751-6
https://doi.org/10.1007/s11060-004-2751-6
https://doi.org/10.1002/cncr.22233
https://doi.org/10.1093/neuonc/nos139
https://doi.org/10.1100/2012/637953
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1208/s12249-017-0908-9
https://doi.org/10.1208/s12249-017-0908-9
https://doi.org/10.1155/2016/8723139
https://doi.org/10.1155/2016/8723139
https://doi.org/10.1111/febs.13665
https://doi.org/10.3390/molecules19055624
https://doi.org/10.1080/14756366.2020.1783664
https://doi.org/10.1080/14756366.2020.1783664
https://doi.org/10.1016/j.fitote.2017.01.011
https://doi.org/10.1016/s0891-5849(97)00372-9
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Gnanasekar, M., Thirugnanam, S., Zheng, G., Chen, A., and Ramaswamy, K.
(2009). Gene Silencing of Translationally Controlled Tumor Protein (TCTP) by
siRNA Inhibits Cell Growth and Induces Apoptosis of Human Prostate Cancer
Cells. Int. J. Oncol. 34 (5), 1241–1246. doi:10.3892/ijo_00000252

Gorgani, L., Mohammadi, M., Najafpour, G. D., and Nikzad, M. (2017). Piperine-
The Bioactive Compound of Black Pepper: From Isolation to Medicinal
Formulations. Compr. Rev. Food Sci. Food Saf. 16 (1), 124–140. doi:10.1111/
1541-4337.12246

Greenshields, A. L., Doucette, C. D., Sutton, K. M., Madera, L., Annan, H., Yaffe, P.
B., et al. (2015). Piperine Inhibits the Growth and Motility of Triple-Negative
Breast Cancer Cells. Cancer Lett. 357 (1), 129–140. doi:10.1016/
j.canlet.2014.11.017

Guo, S., Sun, F., Guo, Z., Li, W., Alfano, A., Chen, H., et al. (2011). Tyrosine Kinase
ETK/BMX Is Up-Regulated in Bladder Cancer and Predicts Poor Prognosis in
Patients with Cystectomy. PLoS One 6 (3), e17778. doi:10.1371/
journal.pone.0017778

Guo, Y., Zhang, W., Yan, Y. Y., Ma, C. G., Wang, X., Wang, C., et al. (2013).
Triterpenoid Pristimerin Induced HepG2 Cells Apoptosis through ROS-
Mediated Mitochondrial Dysfunction. J. BUON 18 (2), 477–485.

Han, H. K. (2011). The Effects of Black Pepper on the Intestinal Absorption and
Hepatic Metabolism of Drugs. Expert Opin. Drug Metab. Toxicol. 7 (6),
721–729. doi:10.1517/17425255.2011.570332

Han, S. Z., Liu, H. X., Yang, L. Q., Cui, L. D., and Xu, Y. (2017). Piperine (PP)
Enhanced Mitomycin-C (MMC) Therapy of Human Cervical Cancer through
Suppressing Bcl-2 Signaling Pathway via Inactivating STAT3/NF-Κb. Biomed.
Pharmacother. 96, 1403–1410. doi:10.1016/j.biopha.2017.11.022

He, G., Yu, G. Y., Temkin, V., Ogata, H., Kuntzen, C., Sakurai, T., et al. (2010).
Hepatocyte IKKbeta/NF-kappaB Inhibits Tumor Promotion and Progression
by Preventing Oxidative Stress-Driven STAT3 Activation. Cancer Cell 17 (3),
286–297. doi:10.1016/j.ccr.2009.12.048

Huang, M., Page, C., Reynolds, R. K., and Lin, J. (2000). Constitutive Activation of
Stat 3 Oncogene Product in Human Ovarian Carcinoma Cells. Gynecol. Oncol.
79 (1), 67–73. doi:10.1006/gyno.2000.5931

Huovinen, M., Loikkanen, J., Myllynen, P., and Vähäkangas, K. H. (2011).
Characterization of Human Breast Cancer Cell Lines for the Studies on P53
in Chemical Carcinogenesis. Toxicol. Vitro 25 (5), 1007–1017. doi:10.1016/
j.tiv.2011.03.018

Jemal, A., Siegel, R., Ward, E., Murray, T., Xu, J., Smigal, C., et al. (2006). Cancer
Statistics, 2006. CA Cancer J. Clin. 56 (2), 106–130. doi:10.3322/
canjclin.56.2.106

Jemal, A., Siegel, R., Xu, J., andWard, E. (2010). Cancer Statistics, 2010. CA Cancer
J. Clin. 60 (5), 277–300. doi:10.3322/caac.20073

Jeong, S., Jung, S., Park, G. S., Shin, J., and Oh, J. W. (2020). Piperine Synergistically
Enhances the Effect of Temozolomide against Temozolomide-Resistant
Human Glioma Cell Lines. Bioengineered 11 (1), 791–800. doi:10.1080/
21655979.2020.1794100

Johnson, G. L., and Lapadat, R. (2002). Mitogen-activated Protein Kinase Pathways
Mediated by ERK, JNK, and P38 Protein Kinases. Science 298 (5600),
1911–1912. doi:10.1126/science.1072682

Kaminskyy, V. O., Piskunova, T., Zborovskaya, I. B., Tchevkina, E. M., and
Zhivotovsky, B. (2012). Suppression of Basal Autophagy Reduces Lung
Cancer Cell Proliferation and Enhances Caspase-dependent and
-independent Apoptosis by Stimulating ROS Formation. Autophagy 8 (7),
1032–1044. doi:10.4161/auto.20123

Karpinich, N. O., Tafani, M., Rothman, R. J., Russo, M. A., and Farber, J. L. (2002).
The Course of Etoposide-Induced Apoptosis from Damage to DNA and P53
Activation to Mitochondrial Release of Cytochrome C. J. Biol. Chem. 277 (19),
16547–16552. doi:10.1074/jbc.M110629200

Kasinski, A. L., Du, Y., Thomas, S. L., Zhao, J., Sun, S. Y., Khuri, F. R., et al. (2008).
Inhibition of IkappaB Kinase-Nuclear Factor-kappaB Signaling Pathway by 3,5-
Bis(2-Flurobenzylidene)piperidin-4-One (EF24), a Novel Monoketone Analog
of Curcumin. Mol. Pharmacol. 74 (3), 654–661. doi:10.1124/mol.108.046201

Kim, S. H., and Lee, Y. C. (2009). Piperine Inhibits Eosinophil Infiltration and
Airway Hyperresponsiveness by Suppressing T Cell Activity and Th2 Cytokine
Production in the Ovalbumin-Induced AsthmaModel. J. Pharm. Pharmacol. 61
(3), 353–359. doi:10.1211/jpp/61.03.0010

Kim, K. J., Lee, M. S., Jo, K., and Hwang, J. K. (2011). Piperidine alkaloids from
Piper retrofractum Vahl. protect against high-fat diet-induced obesity by

regulating lipid metabolism and activating AMP-activated protein kinase.
Biochem. Biophys. Res. Commun. 411 (1), 219–225.

Köhrmann, A., Kammerer, U., Kapp, M., Dietl, J., and Anacker, J. (2009).
Expression of Matrix Metalloproteinases (MMPs) in Primary Human Breast
Cancer and Breast Cancer Cell Lines: New Findings and Review of the
Literature. BMC Cancer 9 (1), 188. doi:10.1186/1471-2407-9-188

Krishna, M. C., Grahame, D. A., Samuni, A., Mitchell, J. B., and Russo, A. (1992).
Oxoammonium Cation Intermediate in the Nitroxide-Catalyzed Dismutation
of Superoxide. Proc. Natl. Acad. Sci. U S A. 89 (12), 5537–5541. doi:10.1073/
pnas.89.12.5537

Lagisetty, P., Vilekar, P., Sahoo, K., Anant, S., and Awasthi, V. (2010). CLEFMA-an
Anti-proliferative Curcuminoid from Structure-Activity Relationship Studies
on 3,5-Bis(benzylidene)-4-Piperidones. Bioorg. Med. Chem. 18 (16),
6109–6120. doi:10.1016/j.bmc.2010.06.055

Lee, E. B., Shin, K. H., and Woo, W. S. (1984). Pharmacological Study on Piperine.
Arch. Pharm. Res. 7 (2), 127–132. doi:10.1007/bf02856625

Lee, Y. J., Song, J. J., Kim, J. H., Kim, H. R., and Song, Y. K. (2004). Low
Extracellular pH Augments TRAIL-Induced Apoptotic Death through the
Mitochondria-Mediated Caspase Signal Transduction Pathway. Exp. Cel Res
293 (1), 129–143. doi:10.1016/j.yexcr.2003.09.015

Li, H., Huang, K., Liu, X., Liu, J., Lu, X., Tao, K., et al. (2014). Lithium Chloride
Suppresses Colorectal Cancer Cell Survival and Proliferation through ROS/
GSK-3β/NF-κB Signaling Pathway. Oxidative Med. Cell Longevity. 1–8.
doi:10.1155/2014/241864

Li, L., Wu, W., Huang, W., Hu, G., Yuan, W., and Li, W. (2013). NF-κB RNAi
Decreases the Bax/Bcl-2 Ratio and Inhibits TNF-α-Induced Apoptosis in
Human Alveolar Epithelial Cells. Inflamm. Res. 62 (4), 387–397.
doi:10.1007/s00011-013-0590-7

Li, M. X., and Dewson, G. (2015). Mitochondria and Apoptosis: Emerging
Concepts. F1000prime Rep. 7, 42. doi:10.12703/P7-42

Li, N., Wen, S., Chen, G., and Wang, S. (2020). Antiproliferative Potential of
Piperine and Curcumin in Drug-Resistant Human Leukemia Cancer Cells Are
Mediated via Autophagy and Apoptosis Induction, S-phase Cell Cycle Arrest
and Inhibition of Cell Invasion and Migration. J. BUON 25, 401–406.

Lin, M. T., Lin, B. R., Chang, C. C., Chu, C. Y., Su, H. J., Chen, S. T., et al. (2007). IL-
6 Induces AGS Gastric Cancer Cell Invasion via Activation of the C-Src/RhoA/
ROCK Signaling Pathway. Int. J. Cancer 120 (12), 2600–2608. doi:10.1002/
ijc.22599

Lin, Y., Xu, J., Liao, H., Li, L., and Pan, L. (2014). Piperine Induces Apoptosis of
Lung Cancer A549 Cells via P53-dependent Mitochondrial Signaling Pathway.
Tumour Biol. 35 (4), 3305–3310. doi:10.1007/s13277-013-1433-4

Liu, H., and Zhou, M. (2017). Antitumor Effect of Quercetin on Y79
Retinoblastoma Cells via Activation of JNK and P38 MAPK Pathways. BMC
Complement. Altern. Med. 17 (1), 531–538. doi:10.1186/s12906-017-2023-6

Loo, G. (2003). Redox-sensitive Mechanisms of Phytochemical-Mediated
Inhibition of Cancer Cell Proliferation (Review). J. Nutr. Biochem. 14 (2),
64–73. doi:10.1016/s0955-2863(02)00251-6

Lowe, S. W., and Lin, A. W. (2000). Apoptosis in Cancer. Carcinogenesis 21 (3),
485–495. doi:10.1093/carcin/21.3.485

Łukaszewicz-Zajac, M., Mroczko, B., and Szmitkowski, M. (2010). The Role of
Interleukin-6 and C-Reactive Protein in Gastric Cancer. Polski Merkuriusz
Lekarski: Organ. Polskiego Towarzystwa Lekarskiego 29 (174), 382–386.

Ma, Y., Wu, L., Liu, X., Xu, Y., Shi, W., Liang, Y., et al. (2017). KLF4 Inhibits
Colorectal Cancer Cell Proliferation Dependent on NDRG2 Signaling. Oncol.
Rep. 38 (2), 975–984. doi:10.3892/or.2017.5736

Malumbres, M., and Barbacid, M. (2009). Cell Cycle, CDKs and Cancer: a
Changing Paradigm. Nat. Rev. Cancer 9 (3), 153–166. doi:10.1038/nrc2602

Markman, M. (2008). Pharmaceutical Management of Ovarian Cancer : Current
Status. Drugs 68 (6), 771–789. doi:10.2165/00003495-200868060-00004

Mathew, R., Karantza-Wadsworth, V., and White, E. (2007). Role of Autophagy in
Cancer. Nat. Rev. Cancer 7 (12), 961–967. doi:10.1038/nrc2254

McDade, T. P., Perugini, R. A., Vittimberga, F. J., Jr, and Callery, M. P. (1999).
Ubiquitin-proteasome Inhibition Enhances Apoptosis of Human Pancreatic
Cancer Cells. Surgery 126 (2), 371–377. doi:10.1016/s0039-6060(99)70179-0

Mitra, S., Anand, U., Sanyal, R., Jha, N. K., Behl, T., Mundhra, A., et al. (2022).
Neoechinulins: Molecular, cellular, and functional attributes as promising
therapeutics against cancer and other human diseases. Biomed.
Pharmacother. 145, 112378.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 77241816

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://doi.org/10.3892/ijo_00000252
https://doi.org/10.1111/1541-4337.12246
https://doi.org/10.1111/1541-4337.12246
https://doi.org/10.1016/j.canlet.2014.11.017
https://doi.org/10.1016/j.canlet.2014.11.017
https://doi.org/10.1371/journal.pone.0017778
https://doi.org/10.1371/journal.pone.0017778
https://doi.org/10.1517/17425255.2011.570332
https://doi.org/10.1016/j.biopha.2017.11.022
https://doi.org/10.1016/j.ccr.2009.12.048
https://doi.org/10.1006/gyno.2000.5931
https://doi.org/10.1016/j.tiv.2011.03.018
https://doi.org/10.1016/j.tiv.2011.03.018
https://doi.org/10.3322/canjclin.56.2.106
https://doi.org/10.3322/canjclin.56.2.106
https://doi.org/10.3322/caac.20073
https://doi.org/10.1080/21655979.2020.1794100
https://doi.org/10.1080/21655979.2020.1794100
https://doi.org/10.1126/science.1072682
https://doi.org/10.4161/auto.20123
https://doi.org/10.1074/jbc.M110629200
https://doi.org/10.1124/mol.108.046201
https://doi.org/10.1211/jpp/61.03.0010
https://doi.org/10.1186/1471-2407-9-188
https://doi.org/10.1073/pnas.89.12.5537
https://doi.org/10.1073/pnas.89.12.5537
https://doi.org/10.1016/j.bmc.2010.06.055
https://doi.org/10.1007/bf02856625
https://doi.org/10.1016/j.yexcr.2003.09.015
https://doi.org/10.1155/2014/241864
https://doi.org/10.1007/s00011-013-0590-7
https://doi.org/10.12703/P7-42
https://doi.org/10.1002/ijc.22599
https://doi.org/10.1002/ijc.22599
https://doi.org/10.1007/s13277-013-1433-4
https://doi.org/10.1186/s12906-017-2023-6
https://doi.org/10.1016/s0955-2863(02)00251-6
https://doi.org/10.1093/carcin/21.3.485
https://doi.org/10.3892/or.2017.5736
https://doi.org/10.1038/nrc2602
https://doi.org/10.2165/00003495-200868060-00004
https://doi.org/10.1038/nrc2254
https://doi.org/10.1016/s0039-6060(99)70179-0
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Mittal, R., and Gupta, R. L. (2000). In Vitro antioxidant Activity of Piperine.
Methods Find Exp. Clin. Pharmacol. 22 (5), 271–274. doi:10.1358/
mf.2000.22.5.796644

Ohnishi, H., Miyata, T., Yasuda, H., Satoh, Y., Hanatsuka, K., Kita, H., et al. (2004).
Distinct Roles of Smad2-, Smad3-, and ERK-dependent Pathways in
Transforming Growth Factor-Beta1 Regulation of Pancreatic Stellate
Cellular Functions. J. Biol. Chem. 279 (10), 8873–8878. doi:10.1074/
jbc.M309698200

Ola, M. S., Nawaz, M., and Ahsan, H. (2011). Role of Bcl-2 Family Proteins and
Caspases in the Regulation of Apoptosis. Mol. Cel Biochem 351 (1), 41–58.
doi:10.1007/s11010-010-0709-x

Pachauri, M., Gupta, E. D., and Ghosh, P. C. (2015). Piperine Loaded PEG-PLGA
Nanoparticles: Preparation, Characterization and Targeted Delivery for
Adjuvant Breast Cancer Chemotherapy. J. Drug Deliv. Sci. Technol. 29,
269–282. doi:10.1016/j.jddst.2015.08.009

Paul, S., Chakraborty, S., Anand, U., Dey, S., Nandy, S., Ghorai, M., et al.
(2021). Withania somnifera (L.) Dunal (Ashwagandha): A comprehensive
review on ethnopharmacology, pharmacotherapeutics, biomedicinal and
toxicological aspects. Biomed. Pharmacother. 143, 112175.

Perrone, G. G., Tan, S. X., and Dawes, I. W. (2008). Reactive Oxygen Species and
Yeast Apoptosis. Biochim. Biophys. Acta 1783 (7), 1354–1368. doi:10.1016/
j.bbamcr.2008.01.023

Pfaendler, K. S., Wenzel, L., Mechanic, M. B., and Penner, K. R. (2015). Cervical
Cancer Survivorship: Long-Term Quality of Life and Social Support. Clin. Ther.
37 (1), 39–48. doi:10.1016/j.clinthera.2014.11.013

Pradeep, C. R., and Kuttan, G. (2004). Piperine Is a Potent Inhibitor of
Nuclear Factor-kappaB (NF-kappaB), C-Fos, CREB, ATF-2 and
Proinflammatory Cytokine Gene Expression in B16F-10 Melanoma
Cells. Int. Immunopharmacol 4 (14), 1795–1803. doi:10.1016/
j.intimp.2004.08.005

Prud’Homme, G. J. (2007). Pathobiology of Transforming Growth Factor Beta in
Cancer, Fibrosis and Immunologic Disease, and Therapeutic Considerations.
Lab. Invest. 87 (11), 1077–1091. doi:10.1038/labinvest.3700669

Qiu, M., Xue, C., and Zhang, L. (2019). Piperine Alkaloid Induces Anticancer
and Apoptotic Effects in Cisplatin Resistant Ovarian Carcinoma by Inducing
G2/M Phase Cell Cycle Arrest, Caspase Activation and Inhibition of Cell
Migration and PI3K/Akt/GSK3β Signalling Pathway. J. BUON 24 (6),
2316–2321.

Quijia, C. R., and Chorilli, M. (2021). Piperine for Treating Breast Cancer: A
Review of Molecular Mechanisms, Combination with Anticancer Drugs, and
Nanosystems. Phytotherapy Res, 1–17. doi:10.1002/ptr.7291

Quon, H., Loblaw, A., and Nam, R. (2011). Dramatic Increase in Prostate Cancer
Cases by 2021. BJU Int. 108 (11), 1734–1738. doi:10.1111/j.1464-
410X.2011.10197.x

Rani, R., Kumar, S., Dilbaghi, N., and Kumar, R. (2020). Nanotechnology Enabled
the Enhancement of Antitrypanosomal Activity of Piperine against
Trypanosoma Evansi. Exp. Parasitol. 219, 108018. doi:10.1016/
j.exppara.2020.108018

Rashid, M., Itrat, N., and Duha-u-Shams (2019). Expidition of Nutraceutical
Potential of Crucumin and Piperine to Formulate Functional Food Product.
Asian J. Emerg. Res. 1(2), 82–90.

Rather, R. A., and Bhagal, M. (2018). Cancer Chemoprevention and Piperine:
Molecular Mechanisms and Therapeutic Opportunities. Front. Cel Dev. Biol. 6,
1–12. doi:10.3389/fcell.2018.00010

Reubold, T. F., and Eschenburg, S. (2012). A Molecular View on Signal
Transduction by the Apoptosome. Cell Signal 24 (7), 1420–1425.
doi:10.1016/j.cellsig.2012.03.007

Rinwa, P., Kumar, A., and Garg, S. (2013). Suppression of Neuroinflammatory and
Apoptotic Signaling cascade by Curcumin Alone and in Combination with
Piperine in Rat Model of Olfactory Bulbectomy Induced Depression. PLoS One
8 (4), e61052. doi:10.1371/journal.pone.0061052

Roos,W. P., Batista, L. F., Naumann, S. C., Wick,W.,Weller, M., Menck, C. F., et al.
(2007). Apoptosis in Malignant Glioma Cells Triggered by the Temozolomide-
Induced DNA Lesion O6-Methylguanine. Oncogene 26 (2), 186–197.
doi:10.1038/sj.onc.1209785

Sahoo, K., Dozmorov, M. G., Anant, S., and Awasthi, V. (2012). The Curcuminoid
CLEFMA Selectively Induces Cell Death in H441 Lung Adenocarcinoma Cells

via Oxidative Stress. Invest. New Drugs 30 (2), 558–567. doi:10.1007/s10637-
010-9610-4

Salehi, F., Dunfield, L., Phillips, K. P., Krewski, D., and Vanderhyden, B. C. (2008).
Risk Factors for Ovarian Cancer: an Overview with Emphasis on Hormonal
Factors. J. Toxicol. Environ. Health B Crit. Rev. 11 (3-4), 301–321. doi:10.1080/
10937400701876095

Samykutty, A., Shetty, A. V., Dakshinamoorthy, G., Bartik, M. M., Johnson, G. L.,
Webb, B., et al. (2013). Piperine, a Bioactive Component of Pepper Spice Exerts
Therapeutic Effects on Androgen Dependent and Androgen Independent
Prostate Cancer Cells. PLoS One 8 (6), e65889. doi:10.1371/
journal.pone.0065889

Sansom, C. (2009). Temozolomide--Birth of a Blockbuster-The History of Anti-
cancer Drug Temozolomide Can Be Traced Back over 30 years--And it All
Started with Some Novel Nitrogen Chemistry. Chem. World 6 (7), 48.

Schneider, E., Schmid-Kotsas, A., Zhao, J., Weidenbach, H., Schmid, R. M., Menke,
A., et al. (2001). Identification of Mediators Stimulating Proliferation and
Matrix Synthesis of Rat Pancreatic Stellate Cells. Am. J. Physiol. Cel Physiol 281
(2), C532–C543. doi:10.1152/ajpcell.2001.281.2.C532

Seibert, K., and Masferrer, J. L. (1994). Role of Inducible Cyclooxygenase (COX-2)
in Inflammation. Receptor 4 (1), 17–23.

Shah, S. S., Shah, G. B., Singh, S. D., Gohil, P. V., Chauhan, K., Shah, K. A., et al.
(2011). Effect of Piperine in the Regulation of Obesity-Induced Dyslipidemia in
High-Fat Diet Rats. Indian J. Pharmacol. 43 (3), 296–299. doi:10.4103/0253-
7613.81516

Shao, Q., Zhao, X., and Yao, L. (2014). Matrine Inhibits the Growth of
Retinoblastoma Cells (SO-Rb50) by Decreasing Proliferation and Inducing
Apoptosis in a Mitochondrial Pathway. Mol. Biol. Rep. 41 (5), 3475–3480.
doi:10.1007/s11033-014-3209-3

Shen, W., Guan, Y., Wang, J., Hu, Y., Tan, Q., Song, X., et al. (2016). A
Polysaccharide from Pumpkin Induces Apoptosis of HepG2 Cells by
Activation of Mitochondrial Pathway. Tumour Biol. 37 (4), 5239–5245.
doi:10.1007/s13277-015-4338-6

Sherr, C. J., and Roberts, J. M. (1999). CDK Inhibitors: Positive and Negative
Regulators of G1-phase Progression. Genes Dev. 13 (12), 1501–1512.
doi:10.1101/gad.13.12.1501

Shoshan-Barmatz, V., Anand, U., Nahon-Crystal, E., Di Carlo, M., Shteinfer-
Kuzmine, A., and Ghorai, M. (2021). Adverse effects of metformin from
diabetes to COVID-19, cancer, neurodegenerative diseases, and aging: is
VDAC1 a common target? Front. Physiol. 1547.

Si, L., Yang, R., Lin, R., and Yang, S. (2018). Piperine Functions as a Tumor
Suppressor for Human Ovarian Tumor Growth via Activation of JNK/
p38 MAPK-Mediated Intrinsic Apoptotic Pathway. Biosci. Rep. 38 (3), 1–11.
doi:10.1042/BSR20180503

Siddiqui, S., Ahamad, M. S., Jafri, A., Afzal, M., and Arshad, M. (2017). Piperine
Triggers Apoptosis of Human Oral Squamous Carcinoma through Cell Cycle
Arrest and Mitochondrial Oxidative Stress. Nutr. Cancer 69 (5), 791–799.
doi:10.1080/01635581.2017.1310260

Skrzydlewska, E., and Farbiszewski, R. (1999). Protective Effect of N-Acetylcysteine
on Reduced Glutathione, Reduced Glutathione-Related Enzymes and Lipid
Peroxidation in Methanol Intoxication. Drug Alcohol Depend 57 (1), 61–67.
doi:10.1016/s0376-8716(99)00040-x

Song, I. S., Jeong, J. Y., Jeong, S. H., Kim, H. K., Ko, K. S., Rhee, B. D., et al. (2015).
Mitochondria as Therapeutic Targets for Cancer Stem Cells.World J. Stem Cell
7 (2), 418–427. doi:10.4252/wjsc.v7.i2.418

Song, L., Wang, Y., Zhen, Y., Li, D., He, X., Yang, H., et al. (2020). Piperine Inhibits
Colorectal Cancer Migration and Invasion by Regulating STAT3/Snail-
Mediated Epithelial-Mesenchymal Transition. Biotechnol. Lett. 42,
2049–2058. doi:10.1007/s10529-020-02923-z

Sreedhar, A. S., and Csermely, P. (2004). Heat Shock Proteins in the Regulation of
Apoptosis: New Strategies in Tumor Therapy: a Comprehensive Review.
Pharmacol. Ther. 101 (3), 227–257. doi:10.1016/j.pharmthera.2003.11.004

Srinivasan, K. (2007). Black Pepper and its Pungent Principle-Piperine: a Review of
Diverse Physiological Effects. Crit. Rev. Food Sci. Nutr. 47 (8), 735–748.
doi:10.1080/10408390601062054

Sriwiriyajan, S., Tedasen, A., Lailerd, N., Boonyaphiphat, P., Nitiruangjarat, A.,
deng, Y., et al. (2016). Anticancer and Cancer Prevention Effects of Piperine-
free Piper Nigrum Extract on N-Nitrosomethylurea-Induced Mammary

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 77241817

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://doi.org/10.1358/mf.2000.22.5.796644
https://doi.org/10.1358/mf.2000.22.5.796644
https://doi.org/10.1074/jbc.M309698200
https://doi.org/10.1074/jbc.M309698200
https://doi.org/10.1007/s11010-010-0709-x
https://doi.org/10.1016/j.jddst.2015.08.009
https://doi.org/10.1016/j.bbamcr.2008.01.023
https://doi.org/10.1016/j.bbamcr.2008.01.023
https://doi.org/10.1016/j.clinthera.2014.11.013
https://doi.org/10.1016/j.intimp.2004.08.005
https://doi.org/10.1016/j.intimp.2004.08.005
https://doi.org/10.1038/labinvest.3700669
https://doi.org/10.1002/ptr.7291
https://doi.org/10.1111/j.1464-410X.2011.10197.x
https://doi.org/10.1111/j.1464-410X.2011.10197.x
https://doi.org/10.1016/j.exppara.2020.108018
https://doi.org/10.1016/j.exppara.2020.108018
https://doi.org/10.3389/fcell.2018.00010
https://doi.org/10.1016/j.cellsig.2012.03.007
https://doi.org/10.1371/journal.pone.0061052
https://doi.org/10.1038/sj.onc.1209785
https://doi.org/10.1007/s10637-010-9610-4
https://doi.org/10.1007/s10637-010-9610-4
https://doi.org/10.1080/10937400701876095
https://doi.org/10.1080/10937400701876095
https://doi.org/10.1371/journal.pone.0065889
https://doi.org/10.1371/journal.pone.0065889
https://doi.org/10.1152/ajpcell.2001.281.2.C532
https://doi.org/10.4103/0253-7613.81516
https://doi.org/10.4103/0253-7613.81516
https://doi.org/10.1007/s11033-014-3209-3
https://doi.org/10.1007/s13277-015-4338-6
https://doi.org/10.1101/gad.13.12.1501
https://doi.org/10.1042/BSR20180503
https://doi.org/10.1080/01635581.2017.1310260
https://doi.org/10.1016/s0376-8716(99)00040-x
https://doi.org/10.4252/wjsc.v7.i2.418
https://doi.org/10.1007/s10529-020-02923-z
https://doi.org/10.1016/j.pharmthera.2003.11.004
https://doi.org/10.1080/10408390601062054
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Tumorigenesis in Rats. Cancer Prev. Res. (Phila) 9, 74–82. doi:10.1158/1940-
6207.CAPR-15-0127

Tadesse, S., Caldon, E. C., Tilley, W., and Wang, S. (2018). Cyclin-dependent
Kinase 2 Inhibitors in Cancer Therapy: an Update. J. Med. Chem. 62 (9),
4233–4251. doi:10.1021/acs.jmedchem.8b01469

Tai, J., Cheung, S., Wu, M., and Hasman, D. (2012). Antiproliferation Effect of
Rosemary (Rosmarinus Officinalis) on Human Ovarian Cancer Cells In Vitro.
Phytomedicine 19 (5), 436–443. doi:10.1016/j.phymed.2011.12.012

Thao, D. T., Minh, L. N., Anh, T. T. M., Thi Nga, N., Hue, P. T. K., and Van Kiem, P.
(2021). The Improved Anticancer Activities of Piperine Nanoliposome Conjugated
CD133 Monoclonal Antibody Against NTERA-2 Cancer Stem Cells. Nat. Product.
Commun. 16 (2). https://doi.org/10.1177%2F1934578X21998184

Tian, Z., Shen, J., Moseman, A. P., Yang, Q., Yang, J., Xiao, P., et al. (2008).
Dulxanthone A Induces Cell Cycle Arrest and Apoptosis via Up-Regulation of
P53 through Mitochondrial Pathway in HepG2 Cells. Int. J. Cancer 122 (1),
31–38. doi:10.1002/ijc.23048

Todorova, V. K., Harms, S. A., Kaufmann, Y., Luo, S., Luo, K. Q., Babb, K., et al.
(2004). Effect of Dietary Glutamine on Tumor Glutathione Levels and
Apoptosis-Related Proteins in DMBA-Induced Breast Cancer of Rats. Breast
Cancer Res. Treat. 88 (3), 247–256. doi:10.1007/s10549-004-0783-4

Tomicic, M. T., Meise, R., Aasland, D., Berte, N., Kitzinger, R., Krämer, O. H., et al.
(2015). Apoptosis Induced by Temozolomide and Nimustine in Glioblastoma
Cells Is Supported by JNK/c-Jun-mediated Induction of the BH3-Only Protein
BIM. Oncotarget 6 (32), 33755–33768. doi:10.18632/oncotarget.5274

Trachootham, D., Alexandre, J., and Huang, P. (2009). Targeting Cancer Cells by
ROS-Mediated Mechanisms: a Radical Therapeutic Approach? Nat. Rev. Drug
Discov. 8 (7), 579–591. doi:10.1038/nrd2803

Traenckner, E. B., Wilk, S., and Baeuerle, P. A. (1994). A Proteasome Inhibitor
Prevents Activation of NF-Kappa B and Stabilizes a Newly Phosphorylated
Form of I Kappa B-Alpha that Is Still Bound to NF-Kappa B. EMBO J. 13 (22),
5433–5441. doi:10.1002/j.1460-2075.1994.tb06878.x

Troy, C. M., and Shelanski, M. L. (2003). Caspase-2 Redux. Cell Death Differ 10 (1),
101–107. doi:10.1038/sj.cdd.4401175

Twiddy, D., Brown, D. G., Adrain, C., Jukes, R., Martin, S. J., Cohen, G. M., et al.
(2004). Pro-apoptotic Proteins Released from the Mitochondria Regulate the
Protein Composition and Caspase-Processing Activity of the Native Apaf-1/
caspase-9 Apoptosome Complex. J. Biol. Chem. 279 (19), 19665–19682.
doi:10.1074/jbc.M311388200

Vijayakumar, R. S., Surya, D., and Nalini, N. (2004). Antioxidant Efficacy of Black
Pepper (Piper Nigrum L.) and Piperine in Rats with High Fat Diet Induced
Oxidative Stress. Redox Rep. 9 (2), 105–110. doi:10.1179/135100004225004742

Wang, J., Chun, H. J., Wong, W., Spencer, D. M., and Lenardo, M. J. (2001).
Caspase-10 Is an Initiator Caspase in Death Receptor Signaling. Proc. Natl.
Acad. Sci. U S A. 98 (24), 13884–13888. doi:10.1073/pnas.241358198

Wang, J., Li, B., Zhao, K., and Su, X. (2019). 2-Amino-4-(1-piperidine) Pyridine
Exhibits Inhibitory Effect on colon Cancer through Suppression of FOXA2
Expression. 3 Biotech. 9 (11), 384–388. doi:10.1007/s13205-019-1915-1

Wang, L., Yi, T., Kortylewski, M., Pardoll, D. M., Zeng, D., and Yu, H. (2009). IL-17
Can Promote Tumor Growth through an IL-6-Stat3 Signaling Pathway. J. Exp.
Med. 206 (7), 1457–1464. doi:10.1084/jem.20090207

Wang, M., Li, K., Zou, Z., Li, L., Zhu, L., Wang, Q., et al. (2018). Piperidine
Nitroxide Tempol Enhances Cisplatin-Induced Apoptosis in Ovarian Cancer
Cells. Oncol. Lett. 16 (4), 4847–4854. doi:10.3892/ol.2018.9289

Wilcox, C. S., and Pearlman, A. (2008). Chemistry and Antihypertensive Effects of
Tempol and Other Nitroxides. Pharmacol. Rev. 60 (4), 418–469. doi:10.1124/
pr.108.000240

Wynn, T. (2008). Cellular and Molecular Mechanisms of Fibrosis. J. Pathol. 214
(2), 199–210. doi:10.1002/path.2277

Xia, Y., Khoi, P. N., Yoon, H. J., Lian, S., Joo, Y. E., Chay, K. O., et al. (2015).
Piperine Inhibits IL-1β-induced IL-6 Expression by Suppressing P38 MAPK
and STAT3 Activation in Gastric Cancer Cells. Mol. Cel Biochem 398 (1),
147–156. doi:10.1007/s11010-014-2214-0

Yadav, V. R., Sahoo, K., and Awasthi, V. (2013). Preclinical Evaluation of 4-[3,5-
Bis(2-Chlorobenzylidene)-4-Oxo-Piperidine-1-Yl]-4-Oxo-2-Butenoic Acid, in
a Mouse Model of Lung Cancer Xenograft. Br. J. Pharmacol. 170 (7),
1436–1448. doi:10.1111/bph.12406

Yaffe, P. B., Doucette, C. D., Walsh, M., and Hoskin, D. W. (2013). Piperine
Impairs Cell Cycle Progression and Causes Reactive Oxygen Species-dependent
Apoptosis in Rectal Cancer Cells. Exp. Mol. Pathol. 94 (1), 109–114.
doi:10.1016/j.yexmp.2012.10.008

Yaffe, P. B., Power Coombs, M. R., Doucette, C. D., Walsh, M., and Hoskin, D. W.
(2015). Piperine, an Alkaloid from Black Pepper, Inhibits Growth of Human
colon Cancer Cells via G1 Arrest and Apoptosis Triggered by Endoplasmic
Reticulum Stress. Mol. Carcinog 54, 1070–1085. doi:10.1002/mc.22176

Yoo, J., Park, S. S., and Lee, Y. J. (2008). Pretreatment of Docetaxel Enhances
TRAIL-Mediated Apoptosis in Prostate Cancer Cells. J. Cel Biochem 104 (5),
1636–1646. doi:10.1002/jcb.21729

Zadorozhna, M., Tataranni, T., and Mangieri, D. (2019). Piperine: Role in
Prevention and Progression of Cancer. Mol. Biol. Rep. 46, 5617–5629.
doi:10.1007/s11033-019-04927-z

Zeng, Y., and Yang, Y. (2018). Piperine Depresses the Migration Progression via
Downregulating the Akt/mTOR/MMP-9 S-ignaling P-athway in DU145 C-ells.
Mol. Med. Rep. 17 (5), 6363–6370. doi:10.3892/mmr.2018.8653

Zhang, L., Freeman, L. E., Nakamura, J., Hecht, S. S., Vandenberg, J. J., Smith, M.
T., et al. (2010). Formaldehyde and Leukemia: Epidemiology, Potential
Mechanisms, and Implications for Risk Assessment. Environ. Mol. Mutagen
51 (3), 181–191. doi:10.1002/em.20534

Zhang, X., Li, X. R., and Zhang, J. (2013). Current Status and Future Perspectives of
PI3K and mTOR Inhibitor as Anticancer Drugs in Breast Cancer. Curr. Cancer
Drug Targets 13 (2), 175–187. doi:10.2174/1568009611313020007

Zhao, X., Ma, S., Liu, N., Liu, J., and Wang, W. (2015). A Polysaccharide from
Trametes Robiniophila Inhibits Human Osteosarcoma Xenograft Tumor
Growth In Vivo. Carbohydr. Polym. 124, 157–163. doi:10.1016/
j.carbpol.2015.02.016

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mitra, Anand, Jha, Shekhawat, Saha, Nongdam, Rengasamy,
Proćków and Dey. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 77241818

Mitra et al. Anticancer Applications of Piperidine and Piperine

https://doi.org/10.1158/1940-6207.CAPR-15-0127
https://doi.org/10.1158/1940-6207.CAPR-15-0127
https://doi.org/10.1021/acs.jmedchem.8b01469
https://doi.org/10.1016/j.phymed.2011.12.012
https://doi.org/10.1177%2F1934578X21998184
https://doi.org/10.1002/ijc.23048
https://doi.org/10.1007/s10549-004-0783-4
https://doi.org/10.18632/oncotarget.5274
https://doi.org/10.1038/nrd2803
https://doi.org/10.1002/j.1460-2075.1994.tb06878.x
https://doi.org/10.1038/sj.cdd.4401175
https://doi.org/10.1074/jbc.M311388200
https://doi.org/10.1179/135100004225004742
https://doi.org/10.1073/pnas.241358198
https://doi.org/10.1007/s13205-019-1915-1
https://doi.org/10.1084/jem.20090207
https://doi.org/10.3892/ol.2018.9289
https://doi.org/10.1124/pr.108.000240
https://doi.org/10.1124/pr.108.000240
https://doi.org/10.1002/path.2277
https://doi.org/10.1007/s11010-014-2214-0
https://doi.org/10.1111/bph.12406
https://doi.org/10.1016/j.yexmp.2012.10.008
https://doi.org/10.1002/mc.22176
https://doi.org/10.1002/jcb.21729
https://doi.org/10.1007/s11033-019-04927-z
https://doi.org/10.3892/mmr.2018.8653
https://doi.org/10.1002/em.20534
https://doi.org/10.2174/1568009611313020007
https://doi.org/10.1016/j.carbpol.2015.02.016
https://doi.org/10.1016/j.carbpol.2015.02.016
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

AD Androgen dependent

AI Androgen independent

AKT protein kinase B

AR Androgen receptor

Bax Bcl-2 associated X

Bcl-2 B-cell lymphoma 2

CDH1 Cadherin 1

CDK cyclin-dependent kinase

CLEFMA 4–[3,5-bis(2-chlorobezylidene)-4-oxo-piperidine-1-yl]-4-oxo-2-
butenoic acid

COX2 Cyclooxygenase-2

CP Chronic pancreatitis

c-SRC SRC proto-oncogene, non-receptor tyrosine kinase

Cyto C cytochrome C

DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate

DDP Cisplatin

DTPEP piperidine derivative 1-(2-(4-(Dibenzo[b,f]thiepin-10-yl)phenoxy)
ethyl)piperidine

EMT Epithelial-mesenchymal transition

ER Estrogen receptor

ERK1/2 Extracellular signal-regulated kinases

FDA U.S. Food and Drug Administration

GBM Glioblastoma multiforme

HRT18 Human rectal adenocarcinoma

IAP Inhibitor of apoptosis

IL-1ß Interleukin 1 beta

IL-6 Interleukin-6

IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha

JNK c-Jun N terminal kinase

MACC1 Metastasis associated in colon cancer 1

MAD Mother against decapentaplegic

MAPK Mitogen-activated protein kinase

MDR Multi drug resistant

MMC Mitomycin-C

MMP-9/2 matrix metallopeptidase 9/2

MTT assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide

NAC N-Acetyl cysteine

NDRG2 NMYC downstream-regulated gene 2

NF-κB nuclear factor kappalight-chain-enhancer of activated B cells

OSE ovarian surface epithelial

PARP poly ADP ribose polymerase

PGE2 Prostaglandin E2

PI3K phosphatidylino sitol-3-kinase

PIP Piperine

PSC Pancreas Stellate cells

RhoA Ras Homolog family member A

ROCK Rho-Associated protein kinase

ROS reactive oxygen species

SMAC/DIABLO Second mitochondria-derived activator of caspase/
direct inhibitor of apoptosis-binding protein with low pI

SMAD Sma genes and the Drosophila

STAT3 signal transducer and activator of transcription 3

TAM Tamoxifen

TGF-ß Transforming growth factor beta

TMZ Temozolomide

TNBC Triple-Negative breast cancer

TPL Tempol

VEGF vascular endothelial growth factor
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