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Abstract

Cancer cell death is the utmost aim in cancer therapy. Anti-cancer agents can induce apoptosis, mitotic catastrophe, senes-
cence, or autophagy through the production of free radicals and induction of DNA damage. However, cancer cells can
acquire some new properties to adapt to anti-cancer agents. An increase in the incidence of apoptosis, mitotic catastrophe,
senescence, and necrosis is in favor of overcoming tumor resistance to therapy. Although an increase in the autophagy pro-
cess may help the survival of cancer cells, some studies indicated that stimulation of autophagy cell death may be useful
for cancer therapy. Using some low toxic agents to amplify cancer cell death is interesting for the eradication of clonogenic
cancer cells. Resveratrol (a polyphenol agent) may affect various signaling pathways related to cell death. It can induce
death signals and also downregulate the expression of anti-apoptotic genes. Resveratrol has also been shown to modulate
autophagy and induce mitotic catastrophe and senescence in some cancer cells. This review focuses on the important targets

and mechanisms for the modulation of cancer cell death by resveratrol.
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Introduction

Cancer therapy is among the most challenging issues in
medicine [1]. Treatment of most cancers remains a lingering
problem that affects patients’ quality of life [2, 3]. Moreo-
ver, some aggressive cancers may lead to death during some
months to years. Records show that the incidences of can-
cer and death are on the increase [4]. Furthermore, there is
a growing number of people with side effects from cancer
therapy [5]. While studies involving the identification of new
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drugs are ongoing, no drug has been approved for the eradi-
cation of cancer without recurrence. Although a very high
dose of chemotherapy or radiotherapy may kill all cancer
cells, normal tissue toxicity remains a major challenge [6].
Oncologists should use a limited dose of radiation or chemo-
therapy drugs as long as patients do not show any major side
effects. In this condition, cancer researchers prefer to use
the combination of various therapeutic modalities such as
surgery with chemotherapy or radiotherapy, or both [7, 8].
The utmost aim in the various cancer therapy modali-
ties is the induction of cell death in cancer cells. Ionizing
radiation and some chemotherapy drugs induce cell death
following the induction of massive DNA damage [9, 10].
Some cancer cells are known as cancer stem cells (CSCs),
which have the ability to divide and generate new cancer
cells. Usually, CSCs have a low mitotic index with a higher
capability for the repair of DNA damage [11]. In most cases,
DNA damage causes death through apoptosis or mitotic
catastrophe. However, some other mechanisms are involved
in cell death following DNA damage, including autophagy,
mitophagy, senescence, necrosis, necroptosis, etc. The
frequency of each of the mentioned mechanisms is highly
dependent on the type of cells, type of treatment modality,
and type of chemotherapy drug. Furthermore, the radiation
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dose plays a key role in the type of cell death following
radiotherapy [12-14].

Administration of some low toxic adjuvants is an interest-
ing strategy to increase the efficiency ratio of cancer ther-
apy. Some herbal-derived agents are interesting because of
their dual roles, including the protection of normal tissues
against chemo/radiation toxicity and sensitization of can-
cer cells to anti-cancer drugs. Resveratrol has been shown
to protect various types of cells/tissues against radiation or
chemotherapy-induced toxicity. However, it has been shown
to increase DNA damage accumulation and stimulate cell
death signaling pathways in malignant cells. The dual role
of resveratrol makes it an interesting adjuvant to use in can-
cer therapy. Furthermore, knowledge of how resveratrol can
amplify cancer cell death may be interesting. In the present
review, we aim to explain the various mechanisms of cell
death following cancer therapy and the modulatory effects
of resveratrol on cell death pathways.

Interactions in tumor

The tumor includes a diverse population of cells, including
cancer and non-cancer cells. Indeed, cancer cells are one of
the various types of cells within the tumor. In some tumors,
such as a pancreatic tumor, the tumor microenvironment
(TME) includes more than 90% of non-cancer cells, while
cancer cells occupy less than 10% of TME [15]. Cancer
cells within a tumor are under exposure to a wide range of
molecules released by other immune and non-immune cells
within TME. Within a tumor, there are several types of cells.
Immune system cells such as CD4+ T lymphocytes, CD8+T
lymphocytes, regulatory T cells (Tregs), natural killer (NK)
cells, and also macrophages are among the most important
cells. However, tumor includes some other cells such as
cancer-associated fibroblasts (CAFs), bone marrow-derived
stem cells, endothelial cells, fibroblasts, etc. [16]. CD4+T
lymphocytes can proliferate towards CD8+ T lymphocytes,
Tregs, or NK cells depending on the released cytokines and
growth factors within TME. An increase in the level of IL-2
and interferon-y (IFN-y) can trigger CD4+ T lymphocytes
to proliferate towards NK cells. IFN-y can also trigger pro-
liferation towards CD8+ T lymphocytes. However, increased
levels of transforming growth factor-p (TGF-f) and T helper
2 (Th2) cytokines suppress NK cells and CD8+ T lympho-
cytes, while this leads to the proliferation of CD4+T lym-
phocytes towards Tregs [17].

NK cells and CD8+ T lymphocytes are two main anti-
cancer cells within TME. For killing cancer cells, CD8+ T
lymphocytes should be exposed to antigens released by
cancer cells. Macrophages and dendritic cells (DCs) detect
and then carry released antigens towards CD8+ T lympho-
cytes. The presentation of antigens to CD8+ T lymphocytes
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leads to polarization of them towards the activated form of
CD8+ T lymphocytes, which is known as cytotoxic CD8+T
lymphocytes (CTLs). NK cells and CTLs induce death in
cancer cells through some mechanisms. The release of death
signals such as Fas can induce upregulation of apoptosis
initiator genes in cancer cells. Furthermore, the release of
inflammatory cytokines, including tumor necrosis factor-a
(TNF-a) and IFN-y has the same consequences. The role of
these signals in the induction of apoptosis will be discussed
[18]. Immunologic cell death mechanisms, including necro-
sis and necroptosis, can release damage-associated molecu-
lar patterns (DAMPs), leading to the activation of CTLs and
the release of death signals. Autophagic cell death may be
able to release DAMPs and cause activation of anti-tumor
immunity and induction of more cell death in cancer cells
[17].

Mechanisms of cell death induction in cancer
cells

As earlier mentioned, induction of cell death is the utmost
aim in cancer therapy. The induction of cell death in can-
cers is dependent on the therapeutic modality. Radiotherapy
and some chemotherapy drugs induce DNA damage [19].
The induction of massive DNA damage in targeted cancer
cells leads to the accumulation of unrepaired DNA breaks.
When cells are unable to repair damaged sites of DNA, cell
death initiator enzymes will be activated [20]. Apoptosis is
a common cell death mechanism following damage to the
genetic content of cells. However, depending on cell type
and damage severity, cancer cells may also undergo mitotic
catastrophe, senescence, autophagic cell death, or necrosis
[21]. Immune system cells including NK cells and CTLs can
induce apoptosis or necrosis through the release of death
signals. Telomere damage may lead to senescence. These
are not the only ways for cell death following therapy. Can-
cer cells may undergo nutrition deprivation. Autophagic cell
death is a common mechanism that causes the resistance
of cells during stress conditions [22, 23]. In this section,
we explain the mechanisms of cell death following cancer
therapy.

Apoptosis

The induction of apoptosis is an important way for the
immune system to kill pre-cancerous cells [24]. The inter-
ruption in the apoptosis pathways leads to the immune
escape of pre-cancerous cells, which leads to the resistance
of the tumor to therapy [1]. As earlier mentioned, immune
cells can trigger apoptosis through the release of death sig-
nals such as FasL, and also cytokines such as TNF-a. TGF-§
is a potent immunosuppressive cytokine that can induce



Apoptosis (2021) 26:561-573

563

apoptosis. However, it is also involved in resistance to ther-
apy through the stimulation of proliferation, angiogenesis,
and triggering tumor stiffness [25]. The induction of apop-
tosis is highly dependent on the expression of pro/anti-apop-
totic genes such as p53, Bcl-2-associated X protein (Bax),
and B-cell lymphoma 2 (Bcl-2) [26]. Usually, cancer cells
with high expression of p53 and Bax are sensitive to radio-
therapy and chemotherapy [27]. However, cancer cells with
mutant p53 are more resistant to radiation/chemotherapy.
After p53, mutant phosphatase and tensin homolog (PTEN)
is the second frequently mutated tumor suppressor gene in
cancers. Dysregulation in PTEN is associated with an abnor-
mal upregulation of phosphoinositide 3-kinase (PI3K) [28].
PI3K is downstream of some growth factor receptors such
as epidermal growth factor receptor (EGFR). An abnormal
increase in the expression of PI3K is associated with the pro-
liferation of cancer cells, resistance to apoptosis, and also the
invasion of tumors [29]. Ceramide is another key regulator
of apoptosis, especially following irradiation and generation
of reactive oxygen species (ROS). Ceramide is a product of
ROS interaction with lipid membrane [30].

Apoptosis occurs through two different pathways includ-
ing extrinsic and intrinsic (mitochondrial) pathways. The
initiation of apoptosis signaling within cells is dependent
on a group of proteins known as caspase. The caspase pro-
teins are involved in both the initiation and continuation
of apoptosis signaling. Thus, caspases can be divided into
two different classes including initiator caspases and effec-
tor caspases. The initiator caspases include caspases 8—11.
However, caspases 2—7 and also 11-13 are known as effec-
tor caspases. The activated caspases for extrinsic or intrin-
sic pathways may be different, however, some caspases are
involved in both pathways [31]. Caspase 3 (which is known
as the irreversible point of apoptosis) is involved in both
the mitochondrial and extrinsic pathways of apoptosis [32].
Upregulation of Fas ligand (FasL), TNF-related apoptosis-
inducing ligand (TRAIL) and TNF receptor 1 (TNFR1) are
associated with triggering both pathways of apoptosis [33].
However, the generation of ceramide and also damage to
the mitochondria can stimulate the mitochondrial pathway
of apoptosis [34, 35].

Autophagy

Autophagy occurs to eliminate damaged cells and orga-
nelles as well as unfolded proteins [36]. Autophagy is
known as an important mechanism during starvation.
The degradation of damaged cells is mediated by vesicles
called autophagosomes. These vesicles contain enzymes
for recycling cellular components for survival. The process
of autophagy can be associated with resistance of cancer
cells to death or induction of cell death [37]. Autophagy
may cause cell death by itself or via stimulation of the

apoptosis signaling pathways [38]. Due to the complicated
effects of autophagy in both cell death and survival, an
increase in autophagy may be associated with resistance
or sensitization of cancer cells to anti-cancer drugs [39].
The autophagy process is under the control of some key
proteins including the mammalian target of rapamycin
(mTOR). This key protein causes phosphorylation and
inactivation of autophagy protein (ATG). In some con-
ditions such as damage to cells or starvation, inhibition
of mTOR leads to upregulation of ATG and initiation of
the autophagy process. It seems that the normal level of
autophagy can act as a suppressor of tumorigenesis. It has
been confirmed that lack of autophagic genes is associ-
ated with a high incidence of some cancers such as liver
and breast malignancies [40]. However, on the other hand,
an increase in autophagy during radiotherapy or chemo-
therapy may lead to tumor resistance [41].

Mitotic catastrophe

Mitotic catastrophe is a key mechanism for preventing
genomic instability and the development of cancer [42].
Cells with wild-type p53 are able to arrest the cell cycle
following exposure to genotoxic agents such as radio-
therapy and chemotherapy. However, cells with mutant
p53 (which is a sign of more than half of cancer cells)
fail to induce cell cycle arrest at G1. Massive DNA dam-
ages following exposure to anti-cancer drugs lead to the
accumulation of damaged DNA. Mitotic catastrophe is
a mechanism that causes cell death with accumulated
unrepaired DNA. Cell death can occur during first or
later mitosis [43, 44]. Cell cycle arrest and initiation of
mitotic catastrophe are highly dependent on DNA dam-
age responses (DDRs). These responses are mediated by a
wide range of regulatory genes such as ataxia telangiecta-
sia-mutated (ATM), ataxia telangiectasia and Rad3-related
protein (ATR), H2A histone family member X (H2AX),
checkpoint kinases (Chk) including both Chk1 and Chk2,
p53, p21, etc. [45]. Cells that undergo mitotic catastro-
phe may show signs of other cell death mechanisms such
as apoptosis, autophagy, or senescence. Because of the
important role of mitotic catastrophe in the prevention of
genomic instability, an interruption of this pathway of cell
death leads to an increased risk of carcinogenesis [42].
Furthermore, stimulation of mitotic catastrophe has been
suggested to sensitize cancer cells to various anticancer
therapy modalities such as chemotherapy and radiotherapy
[45—47]. The mechanisms of mitotic catastrophe remain to
be elucidated. Thus, targeting of mitotic catastrophe has
been less studied for cancer therapy compared to apoptosis
or autophagy.
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Senescence

Cellular senescence occurs in normal cells after some num-
ber of mitosis. A gradual shortening of telomere plays a key
role in senescence. Cancer therapy drugs and also radiother-
apy induce senescence in cancer cells [48]. This type of cell
death occurs following DNA damage and some mutations
such as deletion of the chromosome [49]. An increase in the
induction of senescence is associated with increased cell
death and suppression of cancer cell proliferation. Thus, the
targeting of senescence has been suggested as a strategy for
inhibition of tumor growth [50, 51]. To date, some mecha-
nisms have been suggested for the initiation and progression
of senescence [52]. Some cytokines and growth factors such
as IL-1, IL-6, insulin-like growth factor binding protein 7
(IGFBP7), and TGF-p are able to trigger the induction of
senescence-related genes such as NADPH oxidase 2 (NOX2)
and NOX4. Some other genes such as p53 and PTEN tumor-
suppressive genes are key triggers for the induction of senes-
cence [52].

Necrosis

Necrosis may be observable following some other cell death
mechanisms including mitotic catastrophe and apoptosis.
Necrosis occurs following severe damages in DNA and
other organelles such as mitochondria. Thus, it is predictable
that using high doses of clastogenic agents such as ionizing
radiation and some chemotherapy drugs induces necrosis.
However, induction of low levels of DNA damage may not
cause necrosis [53].

Resveratrol

Resveratrol is an antioxidant and anti-inflammatory agent
that can be derived from some herbs and fruits. Resveratrol
is a natural phenol that has been found in more than 70 plant
species. It is supposed that resveratrol is produced by herbs
in response to some pathogens such as fungi and bacteria.
Furthermore, it may have protective effects in herbs against
ultraviolet (UV) rays. Resveratrol can be found in high con-
centrations in red grapes [54]. Resveratrol was first isolated
from a herbal root many years ago. However, most experi-
ments aimed at discovering the potential beneficial effects of
resveratrol have been performed in the last two recent dec-
ades. Experimental studies involving resveratrol have shown
its interesting antioxidant effects, cardiovascular beneficial
effects as well as anti-inflammatory and anti-cancer proper-
ties [55, 56].

Nowadays, resveratrol can be found as a product of some
pharmaceutical companies. However, scientists are working
to develop new forms of resveratrol with higher efficiency.

@ Springer

Unfortunately, the natural form of resveratrol (that can be
found in the market) has low bioavailability. Furthermore,
due to the structure of resveratrol, its absorption is very low
in the intestine. To resolve these challenges, scientists have
developed new carriers and covers for resveratrol [57-59].
Chitosan as a carrier can increase the serum level of res-
veratrol for a longer time. This carrier can help reduce the
fast infiltration of resveratrol in the kidney, thus enhances
absorption by cells. Furthermore, some carriers like chi-
tosan may increase the stability of resveratrol against some
environmental conditions such as temperature and light.
Another interesting property of carriers is that resveratrol
can be tagged by some special molecules for drug delivery.
Some experiments have revealed interesting results for tar-
geting cancer cells using carriers [60]. Some other carriers
and covers have been used to overcome low bioavailability
and absorption of resveratrol. Nanoencapsulated forms are
interesting for this aim. Liposomes, micelles, solid lipid
nanoparticles, and polymeric nanoparticles are interesting
for increasing bioavailability and absorption [61] (Fig. 1).

Resveratrol as an enhancer of apoptosis
in cancer cells

Resveratrol has shown the ability to induce apoptosis
through modulation of both pro-apoptotic and anti-apoptotic
genes [62]. Furthermore, resveratrol can affect both intrinsic
and extrinsic pathways of apoptosis [55]. In this section, we
explain the modulatory role of resveratrol on the different
targets that are involved in apoptosis induction in cancer
cells.

Resveratrol as an enhancer of cytokine-mediated
apoptosis

It has been shown that resveratrol induces immunologic cell
death (necrosis and necroptosis), which leads to the release
of pro-inflammatory cytokines such as IFN-y and a reduc-
tion of immunosuppressive cytokines including TGF-f [63].
An increase in the release of [FN-y following treatment with
resveratrol increases the number of NK cells. The combina-
tion of resveratrol with IL-2 has shown a synergic effect for
activation of NK cells, which may lead to improved effi-
ciency in tumor suppression [64]. It seems that in addition
to the direct apoptosis effect of resveratrol on cancer cells,
it has an indirect effect through induction of immunologic
cell death and triggering immune responses from Th2 to Th1
type. This effect is similar to a late immunologic response
that can be induced following some combination therapies
for the induction of a durable anti-tumor immunity [22].
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Fig. 1 A structure of resveratrol; B chitosan nanoparticles; C solid lipid nanoparticles; D micelle; E liposome

Resveratrol inhibits the anti-apoptotic PI3K/AKT
pathway

Resveratrol can target the PI3K/AKT pathway. Treatment
of human colon cancer cells with resveratrol has shown a
reduction in the PI3K expression. Inhibition of PI3K/AKT/
mTOR and PI3K/AKT/FOXO pathways by resveratrol has
been shown to potentiate apoptosis induction in cancer [65].
The downregulation of the PI3K/AKT signaling pathway
by resveratrol can also attenuate epithelial to mesenchymal
transition (EMT). As EMT is a key mechanism for tumor
resistance, resveratrol may potentiate apoptosis in this way

[66]. It seems that an increase in the expression of sirtuin-1
(Sirt-1) plays a key role in the suppression of PI3K/AKT and
blunting EMT [67]. Radiosensitization and chemosensitiza-
tion effects of resveratrol have been confirmed to be related
to the suppression of EMT and PI3K signaling following
upregulation of Sirt-1 [9, 68].

Targeting of nuclear factor of kB (NF-kB)
Resveratrol can inhibit the expression of NF-kB at different

levels. It can prevent phosphorylation and degradation of
inhibitor of kB (IxkB) [69]. TGF-p and some DAMPs are
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other important inducers of NF-kB. High mobility group box
protein 1 (HMGB1) and some DAMPs such as IL-1 and oxi-
dized DNA can trigger degradation of IkB and upregulation
of NF-xB. Resveratrol can inhibit translocation of danger
alarms like HMGB1 from damaged DNA, which causes the
prevention of IxB degradation. Inhibition of signal trans-
ducer and activator of transcription 3 (STAT-3) can also be
involved in the suppression of NF-kB by resveratrol [70].
The detailed results of NF-xB inhibition by resveratrol in
cancer cells have been explained in Table 1.

Resveratrol and STAT-3

Treatment of some cancer cell lines with resveratrol has
been shown to suppress the increased expression of STAT-3.
Targeting of STAT-3 pathway by resveratrol led to inhibition
of Bcl-2 and also cyclin D, which indicated an increase in
apoptosis and reduction of proliferation [71, 72]. Similar
results were observed in cells treated with both resveratrol
and radiation [73].

Targeting of mitochondria by resveratrol

Some limited studies confirmed that resveratrol can trigger
apoptosis via direct effects on the mitochondria. Treatment
with resveratrol may stimulate oxidative phosphorylation
(OXPHOS), leading to apoptosis. A high influx of calcium
ions into cells following treatment with resveratrol may be
involved in OXPHOS and apoptosis [74, 75].

Activation of p53 by resveratrol

Resveratrol can activate p53 through Sirt-1. Another path-
way for activation of p53 by resveratrol is through domain-
containing lysine methyltransferase 7/9 (SET7/9) [76]. In
addition to apoptosis induction, pS3 activation by resveratrol
leads to stimulation of p21, which causes cell cycle arrest at
the G1 phase. This effect of resveratrol is a sign of suppres-
sion of cancer cell proliferation [55] (Fig. 2).

Resveratrol as a regulator of autophagy

Modulation of autophagy has been suggested as a mecha-
nism for the prevention and treatment of cancer by resvera-
trol [77]. It was suggested that resveratrol might change the
metabolism of cancer cells to induce a condition similar to
nutrient deprivation, thus increases autophagic cell death
[78]. As mentioned earlier, mTOR plays a central role in
the regulation of autophagy. Treatment of non-small cell
lung cancer cells (A549) with resveratrol has been shown
to cause cancer cell death through the mTOR pathway. This
study showed that an increase in autophagy is responsible
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for cancer cell death, but not apoptosis. The induction of
cell death was dependent on autophagic genes such as
autophagy-related 5 (ATGS5) and Beclin-1. The upregula-
tion of these genes was observed when resveratrol caused
an increase in the level of calcium ions within A549 cancer
cells [79]. Increased phosphorylation of AMP-activated pro-
tein kinase (AMPK) and a reduction in the level of mTOR
phosphorylation was suggested as pathways for autophagic
cell death in cisplatin-resistant human oral cancer cells [80].

Some studies showed that resveratrol is able to induce
both autophagy and apoptosis cell death mechanisms.
Furthermore, some studies suggested that the initiation of
apoptosis in the treated cancer cells is highly dependent on
the autophagy process. Treatment of HT-29 and COLO 201
human colon cancer cells with resveratrol showed an apop-
tosis-autophagy relation. The incubation of these cells with
resveratrol led to a remarkable increase in autophagy and its
related genes. The induction of autophagy led to an increase
in the induction of apoptosis, while inhibition of autophagy
caused an absence of apoptosis. The results also showed that
an increase in the level of ROS following treatment with res-
veratrol was responsible for initiating the autophagy process.
These effects of resveratrol were dependent on both the time
of incubation and the concentration of resveratrol [81].

A study showed that treatment of different types of cell
lines with resveratrol led to induction of both autophagy
and apoptosis, however, the percentage of each of these
types of cell death was highly dependent on cell type [82].
In contrast to a previous study on colon cancer cells [81],
induction of autophagy for several cervical cancer cell lines
was not dependent on resveratrol concentration [82]. The
relationship between the autophagy pathway and apoptosis
has also been revealed for ovarian cancer cells. Targeting
some autophagy mediators such as ATGS5 was also shown to
attenuate the induction of apoptosis [83]. Contrasting results
were observed for another human ovarian cancer cell line,
SKOV3. Treatment of this cell line showed an increase in
autophagy, leading to the inhibition of apoptosis. The block-
ade of autophagy led to an increase in apoptosis [84].

An interesting strategy for cancer therapy is targeting
mTOR. Rapamycin is the most common drug for targeting
mTOR in cancers with the highly expressed mTOR. Muta-
tion in PTEN and overexpression of PI3K have key roles in
the aberrant upregulation of mTOR and inhibition of the
autophagy process. Increased autophagy process in some
cancers such as breast cancer following treatment with
rapamycin is associated with tumor resistance to therapy
and a higher probability of tumor recurrence. Furthermore,
targeting of mTOR alone, led to overexpression of the
AKT/mTOR signaling pathway. Therefore, a combination
therapy for targeting autophagy and anti-apoptotic path-
ways can lead to improved efficiency of tumor response to
therapy [85]. Resveratrol has been shown to suppress the
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Fig.2 Mechanisms of apoptosis modulation by resveratrol in cancer.
Resveratrol induces apoptosis through various pathways including
activation of PTEN, downregulation of PI3K, STAT-3, and NF-kB
pathways as well as triggering endogenous ROS overproduction by
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Fig.3 The modulatory effects of resveratrol on the induction of
autophagy and cancer cell resistance to therapy

activation of AKT following targeting of mTOR by rapam-
ycin. This combination can augment the response of breast
cancer cells to rapamycin [86]. This combination has also
been shown to suppress the activation of autophagy and
stimulates the induction of apoptosis [87] (Fig. 3).

Resveratrol as a regulator of mitotic
catastrophe

Resveratrol has shown the ability to affect both DDRs and
cell cycle progression in cancer cells, thus potentiates
mitotic catastrophe. This regulatory effect of resveratrol
has been confirmed for glioma cells. Indeed, glioma cells
are able to resist the genotoxic effects of temozolomide
following cell cycle arrest in G2. Treatment of glioma
cells with resveratrol led to an increase in the phospho-
rylation of H2AX, ATM, and Chk2, however, it abrogated
G2 cell cycle arrest. Accumulation of cancer cells in G2
is a mechanism for resistance to genotoxic agents because
it provides more time for the repair of DNA damage. The
abrogation of G2 cell cycle arrest in glioma cells may be
a key mechanism for the induction of mitotic catastrophe
[88].

A study by Young et al. suggested that resveratrol may
induce different cell death mechanisms at different times.
They treated WR-21 cells (murine salivary cancer cells
consisting of a mutated c-Ha-ras gene) with resveratrol
and then evaluated cell death markers including both
apoptosis and mitotic catastrophe. Interestingly, results
showed that resveratrol causes a high expression of p53
and retinoblastoma (Rb) a few hours following treatment
of cells. However, for later times, the expression of these
genes returned near to baseline, while the appearance of
mitotic catastrophe including the collapse of DNA and
changes in the spindles were observed. These changes may
indicate that although resveratrol induces apoptosis during
the first few hours, it is able to trigger mitotic catastrophe
in cancer cells that escaped apoptosis. This study has also
shown a time-dependent property for the type of cell death
that can be observed following treatment with resveratrol
[89]. The resveratrol analogue trimethoxystilbene has also
shown the ability to inhibit the proliferation of HeLa can-
cer cells through induction of mitotic catastrophe [90]. The
induction of mitotic catastrophe in cancer cells following
administration of resveratrol needs elucidation, especially
using in vivo studies. As mitotic catastrophe may occur
during some mitosis after DNA damage, the evaluation of
time-dependence for induction of mitotic catastrophe is
critical. As mitotic catastrophe is not an immunogenic cell
death mechanism, it may be useful as a target for cancer
therapy without induction of adaptive response by cancer
cells. The induction of apoptosis alone may lead to the
suppression of anti-tumor immunity following the release
of immunosuppressive cytokines such as TGF-p [23, 25,
91]. The stimulation of mitotic catastrophe using some
agents such as resveratrol may be useful for overcoming
tumor resistance.
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Resveratrol and senescence

As earlier explained, resveratrol is able to activate tumor
suppressor genes including p53 and PTEN. However, it is
able to blunt other mentioned stimulators of senescence
such as TGF-p. Resveratrol has been shown to induce
senescence in breast cancer cells through activation of
the p53-p21 pathway. Activation of this p53/p21 and
also p16/Rb pathways by resveratrol is associated with
long-term cell cycle arrest and senescence in cancer cells
[92]. Resveratrol-induced radiation-sensitive 9 (Rad9)
gene expression is a mechanism that has been suggested
as another mediator for senescence. Generation of ROS
and induction of DNA damage are responsible for the
upregulation of Rad9. Inhibition of Rad9 has been shown
to reduce the induction of senescence following treatment
with resveratrol. This may indicate that resveratrol trig-
gers senescence through induction of reduction/oxidation,
thereby inducing ROS overproduction in cancer cells that
lead to DNA damage and cell death [93]. Increased ROS
production by the mitochondria has been suggested as a
mechanism for induction of senescence by resveratrol.
The increase in ROS leads to upregulation of deleted in
liver cancer 1 (DLC1), a tumor suppressor gene in the
breast and lung cancer cells. It seems that DLC1 has a role
in Sirt-1 upregulation by resveratrol, which can trigger
cancer cell's apoptosis and senescence [94]. Upregulation
of p53 following ROS overproduction is also involved in
resveratrol-induced cancer cell senescence. Resveratrol is
also able to induce the generation of ROS by NADPH
oxidase enzymes. Upregulations of NOX1-3 and NOXS5
have been confirmed following treatment of cancer cells
with resveratrol [95]. However, the expression of NOXs is
highly dependent on cell type and they may cause resist-
ance of cancer cells to apoptosis [7].

The induction of senescence in cancer cells can be
amplified using combination therapy modalities. Radio-
therapy, which is the most potent clastogenic modality,
can induce senescence following massive DNA damage
in cancer cells. Treatment of PC-3 prostate cancer cells
with resveratrol before irradiation showed that resveratrol
can enhance the therapeutic efficiency of radiotherapy.
Results indicated that the combination of radiotherapy and
resveratrol can inhibit the proliferation of prostate can-
cer cells more effectively compared to irradiation alone.
Furthermore, a dose-dependent response was observed for
treatment with resveratrol. Irradiation or treatment with
resveratrol alone had little effect on the activity of p53
and p21. However, the combined form of treatment led to
a significant increase in the expression of both proteins.
Increased expressions of p53 and p21 were associated with
a significant reduction of proliferative enzymes, including

@ Springer

cyclin D, cyclin B, and cyclin-dependent kinase 2 (CDK2).
Results of this study showed that treatment with the com-
bination of radiotherapy and resveratrol caused an increase
in DNA damage and cell cycle arrest, leading to activation
of both apoptosis and senescence in prostate PC-3 cancer
cells [96] (Fig. 4).

Resveratrol and necrosis

A study suggested that resveratrol cannot cause necrosis
in glioma cancer cells [97]. However, some studies have
revealed that resveratrol is able to induce necrosis in some
cancer cells such as colon, breast, and prostate cancer cell
lines [98—101]. Furthermore, a combination of resveratrol
with radiation or hyperthermia has been shown to induce
both necrosis and apoptosis in MCF-7 breast cancer cells
[62] (Table 1).

Conclusion

In this review, we explained the cellular and molecular mecha-
nisms involved in cell death induction in cancer by resveratrol.
Resveratrol is a low toxic natural agent that has shown anti-
cancer properties in a wide range of cancer types. However, it
is important to achieve the best concentration of resveratrol for

\
\ P2l PSB RAD9<——)DD‘I/
Senescence l

Mitotic catastrophe

Apoptosis

Fig.4 Modulation of senescence in cancer cells by resveratrol. Res-
veratrol is able to induce senescence through activation of p53 and
p21. Furthermore, stimulation of endogenous ROS production by
mitochondria has a key role in the induction of senescence. As shown
in this figure, senescence may occur with some other cell death mech-
anisms such as apoptosis and mitotic catastrophe
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each cancer. There are still some concerns related to the clini-
cal use of resveratrol. Low bioavailability and absorption in the
intestine are properties of natural forms of resveratrol. How-
ever, new technologies, including nanotechnology can help
improve the absorption and bioavailability of resveratrol. The
main mechanism of anti-cancer drugs and also radiotherapy
is the induction of cell death in cancer cells without remark-
able side effects in normal tissues. Resveratrol has interesting
properties that protect normal tissues/cells against the toxic
effects of cancer therapy while sensitizing most cancer cells to
radiation or chemotherapy. Resveratrol is able to activate p53
and p21, leading to cell cycle arrest and senescence. Further-
more, activation of p53 and PTEN as well as downregulation
of PI3K can sensitize cancer cells to apoptosis. An important
anti-cancer effect of resveratrol is the induction of endogenous
ROS production in cancer cells. This effect of resveratrol could
be mediated through some changes in the mitochondria mem-
brane. Increased ROS generation by the mitochondria may
lead to DNA damage and also some damages to other orga-
nelles, leading to apoptosis, mitotic catastrophe, autophagy,
senescence, and possibly necrosis. Induction of each type of
these cell death mechanisms is dependent on the upregulation
or downregulation of some genes involved in cell death path-
ways such as p53, p21, Fas, PTEN, PI3K, Bcl-2, mTOR, etc.
Activation of anti-tumor immune cells also has also a key role
in the anti-tumor effect of resveratrol. An increase in the activ-
ity of NK cells and CD8+ T lymphocytes can cause the release
of TNF-a, leading to induction of apoptosis. The effects of
resveratrol on some cell death mechanisms such as mitotic
catastrophe and necrosis need elucidation in future studies.
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