
ONCOLOGY LETTERS  27:  67,  2024

Abstract. Curcumin is a plant polyphenol in turmeric root and 
a potent antioxidant. It binds to antioxidant response elements 
for gene regulation by nuclear factor erythroid 2‑related factor 
2, thereby suppressing reactive oxygen species (ROS) and 
exerting anti‑inflammatory, anti‑infective and other pharma‑
cological effects. Of note, curcumin induces oxidative stress in 
tumors. It binds to several enzymes in tumors, such as carbonyl 
reductases, glutathione S‑transferase P1 and nicotinamide 
adenine dinucleotide phosphate to induce mitochondrial 
damage, increase ROS production and ultimately induce 
tumor cell death. However, the instability and poor pharmaco‑
kinetic profile of curcumin in vivo limit its clinical application. 
Therefore, the effects of curcumin in vivo may be enhanced 
through its combination with drugs, derivative development 
and nanocarriers. In the present review, the mechanisms 
of curcumin that induce tumor cell death through oxidative 
stress are discussed. In addition, the methods used to enhance 
the antitumor activity of curcumin are described. Finally, the 
existing knowledge on the functions of curcumin in tumors, 
particularly in terms of oxidative stress, are summarized to 
facilitate future curcumin research.
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1. Introduction

Reactive oxygen species (ROS) are short‑lived, highly elec‑
trophilic molecules. They are produced from secondary 
metabolites generated by a partial reduction of oxygen (1). 
When intracellular antioxidants are reduced or ROS accu‑
mulate excessively, an imbalance in the redox state occurs, 
which is referred to as oxidative stress. Under such condi‑
tions, excessive intracellular accumulation of ROS modifies 
redox‑sensitive amino acid residues in regulatory proteins and 
alters the actions of proteins and enzymes. Protein kinases, 
transcription factors and the ubiquitin‑proteasome system are 
vulnerable to excessive accumulation of ROS (2). Of note, 
when this occurs in tumor cells, it promotes tumor develop‑
ment. Stimulation of signaling pathways by ROS promotes the 
proliferation, migration and invasion of tumor cells, including 
in human breast, skin and liver cancers (3). Furthermore, 
oxidative stress caused by excessive accumulation of ROS can 
lead to genetic instability. Cell death modalities, such as apop‑
tosis, autophagy, ferroptosis and pyroptosis, act as protective 
mechanisms to prevent the proliferation of damaged cells (4) 
and this is also seen in tumor cells. Thus, ROS effects are 
complex in tumor cells (5,6). Specifically, tumor cells maintain 
moderate‑to‑high ROS levels, namely, above the low cytostatic 
level and below the cytotoxic level, by enhancing their own 
antioxidant capacity. Therefore, the ROS level in tumor cells 
is subtoxic, which facilitates tumor cell progression, and ROS 
act as signaling molecules to increase the proliferation of 
tumor cells (7‑10). However, under further oxidative stress, 
cancer cells are equally susceptible to excessive ROS (11), and 
increased ROS unbalance the redox response of cancer cells, 
ultimately leading to cellular senescence or death (12).

Curcumin is a plant polyphenol in the rhizome of turmeric 
and was classified as a third‑generation cancer chemopreven‑
tive agent by the National Cancer Institute (13). Several studies 
have reported anticancer mechanisms mediated by curcumin 
through the induction of elevated ROS (14,15). This contradicts 
the antioxidant properties of curcumin, the potential reasons for 
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which are discussed in the present review. Unfortunately, prop‑
erties such as poor water solubility and low bioavailability limit 
the clinical application of curcumin (13). However, the clinical 
efficacy of curcumin has been enhanced by combining it with 
drugs, the introduction of nanocarriers and the development of 
curcumin derivatives, which have brought the clinical applica‑
tion of curcumin closer to reality (16‑18). Therefore, the present 
study reviewed articles in which the effect of curcumin on 
tumors was evaluated, with a particular focus on its relationship 
with oxidative stress, to provide a reference for future studies.

2. Introduction to curcumin

Curcumin, also known as diferuloylmethane, has the chemical 
formula C21H20O6, a molecular weight of 368.38 g/mol and 
a symmetrical molecular structure (19). Curcumin has been 
commonly used as an aromatic and natural food coloring agent; 
however, its biological effects are gradually being elucidated. 
Curcumin has anti‑inflammatory, antibacterial, hepatoprotec‑
tive and anticancer properties (20‑22), and its anticancer effects 
have been reported in several tumor types (Table I). In mela‑
noma, curcumin has been reported to increase the ROS level and 
activate oxidative stress in the cysteine asparaginase pathway, 
which causes tumor cell death (23). Lysosome‑associated 
membrane protein 3 belongs to the fourth transmembrane 
protein superfamily, which promotes tumor cell invasion and 
metastasis. It interacts with ubiquitin‑specific peptidase 4 and 
is positively regulated by the latter. A recent study reported 
that curcumin downregulated ubiquitin‑specific peptidase 4 
to modulate lysosome‑associated membrane protein 3, and 
thus inhibited the malignant progression of colorectal cancer 
cells (24). Furthermore, curcumin‑induced accumulation of 
ROS in tumors to kill tumor cells has been noted in several 
studies (25,26), as discussed in the present review.

Curcumin is well tolerated by humans. For example, a study 
that evaluated the toxicity of curcumin in humans reported 
that subjects administered 8 mg/day curcumin (99.3% purity) 
did not develop toxicity (27). However, certain physical and 
chemical properties of curcumin limit its clinical application. 
For example, whilst its high lipophilicity assists in penetrating 
lipid structures, it is insoluble in water and has poor stability, 
resulting in low bioavailability (13). In a previous study, 
440‑2,200 mg curcumin extract was administered to patients 
with advanced colorectal cancer for 29 consecutive days, and 
curcumin was not detected in patient blood or urine. In several 
clinical trials, ≤12 g/day curcumin was administered orally, but 
the amount of curcumin detected in serum was <1% (27,28). 
To overcome these drawbacks, the use of curcumin in combi‑
nation with other drugs to enhance its anticancer activity has 
been reported (29). In addition, the development of curcumin 
derivatives, the use of carriers or coverings such as chitosan, 
and nanosystems have been suggested to improve the bioavail‑
ability of curcumin (30). Thus, the potential for the clinical 
application of curcumin is increasing.

3. Curcumin causes oxidative stress in tumor cells and 
leads to cell death in different ways

Mechanism of action of curcumin against cancer via oxida-
tive stress. ROS serve an essential role in the development of 

cancers as the microenvironment of cancer cells is involved 
in ROS homeostasis. High ROS levels have a cytotoxic effect 
on cancer cells, leading to malignant cell death and thus 
limiting cancer progression. Curcumin treatment of tumor 
cells induces high levels of ROS production and accumulation, 
resulting in a redox imbalance in tumor cells (31). As shown 
in Fig. 1, high ROS levels can cause mitochondrial damage, 
thereby triggering different types of cell death, such as apop‑
tosis, autophagy, ferroptosis and pyroptosis.

Induction of mitochondrial oxidative stress. The main source 
of intracellular ROS is the respiratory chain of the inner 
mitochondrial membrane. ROS are continuously produced 
as a by‑product of aerobic metabolism and are removed by 
cellular antioxidant mechanisms to maintain an essentially 
non‑toxic level. Under normal physiological conditions, ROS 
act as specific molecular regulators of cellular signaling and 
function. A typical mode of ROS regulation is the reversible 
oxidation of target protein sulfhydryl groups to cystine to 
mediate biological effects. In addition, ROS‑induced changes in 
the intracellular redox state affect cellular activities, including 
signaling, metabolism, growth and apoptosis (10,32,33). 
However, in tumors under inflammatory or stress conditions, 
the excess ROS produced cannot be adequately neutralized. 
These excess ROS propagate in the intercellular compartment 
and react with proteins and nucleic acids. They also react 
with polyunsaturated fatty acids to produce lipid hydroper‑
oxides and unsaturated aldehydes, causing oxidative stress in 
mitochondria (34). Such an oxidative cascade affects several 
mitochondrial functions, such as biogenesis, ion homeostasis 
and antioxidant defense mechanisms (34). In non‑neoplastic 
disease studies, curcumin is often considered a highly potent 
antioxidant that reduces oxidative damage to mitochon‑
dria. In a rat model of acute respiratory distress syndrome, 
curcumin treatment attenuated renal tubular epithelial and 
mitochondrial damage and reduced oxidative stress (35,36). 
Conversely, curcumin induced excessive ROS production in 
tumor cells and caused mitochondrial damage, which ulti‑
mately exerted its cancer‑suppressive effects through certain 
cell death modalities (25). In addition, a study have reported 
that mitochondrial oxidative homeostasis can be disrupted 
by targeting mitochondria with curcumin. Curcumin‑coated 
micelles effectively inhibit the progression of gastric cancer, 
and the potential therapeutic mechanism may be its effect on 
mitochondrial proteins to reduce the mitochondrial membrane 
potential and increase ROS to disrupt oxidative homeo‑
stasis (26). In addition to targeting curcumin to mitochondria 
through micelles, several other approaches may achieve this 
goal. For instance, the introduction of different nanocarriers 
and the development of curcumin targeting mitochondrial 
derivatives (37,38). Therefore, a therapeutic approach may be 
to induce oxidative stress in the mitochondria of tumor cells by 
targeting curcumin to mitochondria.

Curcumin induces apoptosis via ROS. Apoptosis is a form 
of programmed cell death that is mainly induced by damage 
to DNA and organelles, such as the mitochondria and endo‑
plasmic reticulum (ER), via stimuli such as oxidative stress, 
chemotherapeutic drugs and ionizing radiation (39). The ability 
of curcumin to cause apoptosis has been reported in several 
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types of tumor. After treatment of drug‑resistant tumor cell 
lines, MCF7/TH, HCT116R and A549/ADR, with curcumin, 
ROS levels and expression of apoptotic markers, such as Bax 
and cytochrome c, were notably increased in the high‑dose 
group compared to the low‑dose group (25).

The mitochondrion‑dependent pathway is a classical 
pathway that mediates apoptosis. Curcumin causes mitochon‑
drial damage by promoting phosphorylation of ERK and JNK, 
resulting in the increased release of ROS and cytochrome c into 
the cytoplasm, thereby triggering a mitochondrion‑dependent 
pathway of apoptosis. In addition, ER stress and mitochondrial 
dysfunction induce apoptosis (40). In the treatment of human 
papillary thyroid cancer with curcumin, both activating 
transcription factor (ATF) 6 and the ER stress marker C/EBP 
homologous protein (CHOP) were activated by curcumin 
and Ca2+‑ATPase activity was also affected. This led to Ca2+ 
accumulation in the mitochondrial matrix, causing mitochon‑
drial swelling, membrane potential changes and elevated ROS 
levels, which eventually resulted in mitochondrial rupture and 
the release of cytochrome c and other proapoptotic proteins 
into the cytoplasm (41,42).

It has been reported that 85% of patients with colon 
cancer have mutations or loss of function and expression of 
the Smad4 and p53 genes (43). Therapeutic agents that induce 
ROS‑mediated apoptosis have been suggested to be potential 
agents for the treatment of Smad4‑ and p53‑mutant colon 

cancer (44). Curcumin induced a marked increase in ROS 
levels in p53‑mutated colon cancer HT‑29 cells and induced 
apoptosis in colon cancer cells by altering the mitochondrial 
membrane potential (45). Another study reported the possible 
involvement of p53 in curcumin‑mediated apoptosis of colon 
cancer cells by treating wild‑type (HCT‑116) and mutant 
(HT‑29) p53 colon cancer cell lines with curcumin, but the 
underlying mechanism was not elucidated (46). Results from 
the aforementioned study indicate that under stress conditions 
such as tumorigenesis, p53 undergoes mitochondrial translo‑
cation and binds to superoxide dismutase (SOD), rendering 
it inactive and inducing ROS production, which triggers 
apoptosis. In turn, curcumin treatment further induces ROS 
generation, which again subjects p53 to oxidative stress condi‑
tions and further mitochondrial translocation, which serves a 
further role in promoting apoptosis. This may also explain why 
N‑acetylcysteine (NAC) inhibited the loss of the mitochondrial 
membrane potential in HT‑29 cells treated with both low and 
high concentrations of curcumin in the aforementioned study, 
whereas in HCT‑116 cells, it only affected cells treated with 
low concentrations of curcumin.

Curcumin induces autophagy via ROS. Autophagy is another 
type of programmed cell death. In certain cases, autophagy 
phagocytoses cytoplasmic proteins or organelles and encap‑
sulates them in vesicles for fusion with lysosomes to form 

Table I. Cancer inhibition mechanisms of curcumin in certain tumors.

First author/s, Type of  Tumor   
year cell death type/tumor cell Mechanism of carcinogenesis (Refs.)

Gabr et al, 2022 Apoptosis Drug‑resistant  Curcumin promoted ERK/JNK phosphorylation, causing (25)
  tumor cells, such elevated ROS levels and triggering mitochondria‑ 
  as M7/A549 dependent apoptosis 
Liczbiński et al, 2020  Human papillary Curcumin triggered disturbances in Ca2+ homeostasis, (41)
  thyroid cancer leading to endoplasmic reticulum stress, mitochondrial 
   damage and apoptosis 
Agarwal et al, 2018  Colon cancer Curcumin induced mutations in the P53 gene and altered (45)
   the mitochondrial membrane potential to induce apoptosis 
Liu et al, 2019 Autophagy Ovarian cancer Curcumin inhibited the AKT/mTOR/p70S6K signaling (49)
   pathway and induced autophagy 
Wang et al, 2020  Carcinoma of  Curcumin induced ROS accumulation, promoted LC3 (53)
  the cervix transformation and induced autophagy 
Li et al, 2020 Ferroptosis Breast cancer Curcumin‑induced HO‑1 overexpression led to a (60)
   disturbed intracellular iron distribution and triggered 
   the Fenton reaction 
Cao et al, 2022   Curcumin induced elevated ROS levels, MDA and iron (64)
   accumulation, promoted SLC1A5 expression and induced 
   ferroptosis 
Tang et al, 2021  Non‑small cell Curcumin induced a decrease in GSH and an increase in (65)
  lung cancer ROS levels and iron accumulation 
Liang et al, 2021 Pyroptosis Liver cancer Curcumin induced elevated ROS levels and increased (68)
   expression of GSDME‑N, triggering tumor cell pyroptosis 

ROS, reactive oxygen species; HO‑1, heme oxygenase 1; MDA, malondialdehyde; SLC1A5, solute carrier family 1, member 5; GSH, gluta‑
thione; GSDME‑N, gasdermin E N‑terminal.
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autophagic lysosomes to degrade their encapsulated contents. 
During the process of degradation, autophagic lysosomes 
provide essential peptides and amino acids to cells (47,48). 
Inducing tumor cells to undergo autophagy to kill the tumor 
cells is a potential approach for clinical treatment and numerous 
studies have reported that curcumin induces autophagy in 
cancer cells. For instance, in ovarian cancer, a study demon‑
strated that curcumin induced autophagy via the inhibition 
of the AKT/mTOR/p70S6K signaling pathway, enhanced 
light chain (LC)3B‑I/II expression and increased autophagy 
related 3 and Beclin1 expression in a concentration‑dependent 
manner (49). ROS also induced cell damage and disrupted 
specific signaling pathways, leading to autophagic cell death, 
which is also known as type II cell death (50). Furthermore, a 
study evaluated the targets of curcumin in colon cancer and 
found that it serves a role in ROS generation and autophagy 
induction (51). Similarly, another study reported have reported 
that patients with colon cancer with high expression of heat 
shock protein 27 are more sensitive to curcumin (52). This may 
be due to the high expression of heat shock protein 27 increasing 
ROS levels and activating autophagy. Treatment with curcumin 
enhanced this effect. In addition, a study reported abnormal 
energy metabolism and accumulation of ROS in cervical 
cancer cells after curcumin treatment and further analysis of 
autophagy revealed that curcumin promoted the conversion 
of LC3 to LC3II and degradation of autophagosome markers. 
This process was blocked by the antioxidant NAC, indicating 
that curcumin induced autophagy by increasing ROS (53). Of 
note, curcumin derivatives have been reported to induce ROS 
production and activate autophagy. For instance, EF24 is a 

curcumin derivative with promising anticancer effects, and 
treatment of non‑small lung cancer cells with EF24 was shown 
to result in a notable increase in ROS, autophagic markers and 
vesicles (54).

Curcumin triggers ferroptosis via ROS. Direct induction of 
cytotoxicity in cancer cells is the main goal of anticancer 
therapy. Unlike apoptosis, necrosis and autophagy, ferrop‑
tosis is the iron‑dependent programmed cell death (55). It is 
characterized by intracellular iron accumulation, resulting in 
excessive ROS production, decreased glutathione (GSH) levels 
and lipid peroxidation (56). Heme oxygenase 1 (HO‑1) cata‑
lyzes the degradation of heme to carbon monoxide, biliverdin 
and free iron (57). Its upregulation alters iron homeostasis 
and reduces tumor cell survival. Furthermore, oxidative stress 
induced by organic oxidants, such as tert‑butyl hydroperoxide, 
have been reported to promote HO‑1 translocation to the mito‑
chondria, causing mitochondrial iron overload and ferroptosis 
in cardiomyocytes (58,59). Treatment of breast cancer M7 and 
231 cell lines with curcumin has been reported to promote 
HO‑1 expression, which in turn promoted heme degradation, 
leading to an increase in Fe2+ and ultimately an altered cellular 
iron distribution (60). Iron overload triggers the Fenton reac‑
tion, which increases ROS levels and causes peroxidation and 
oxidative damage to surrounding lipids and proteins (61). GSH 
peroxidase 4 (GPX4) acts as an antioxidant and counteracts 
lipid peroxidation (62). However, its expression is downregu‑
lated in curcumin‑treated breast cancer cells, which eventually 
leads to ferroptosis (60). Furthermore, HO‑1 is activated by 
nuclear factor erythroid 2‑related factor 2 (Nrf2) in the nucleus 

Figure 1. Mechanism of action of curcumin in cancer cells via oxidative stress. ROS, reactive oxygen species; ERK, extracellular signal‑regulated kinase; 
JNK, C‑Jun N‑terminal kinase; LC3, microtubule‑associated‑proteinlight‑chain‑3; ER, endoplasmic reticulum; CHOP, C/EBP‑homologous protein; GSDME, 
Gasdermin E; HO‑1, heme oxygenase 1; GPX4, glutathione peroxidase 4; GSDME‑N, gasdermin E N‑terminal.
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to perform its antioxidant function (63). However, HO‑1 
is upregulated and elevates ROS and induces ferroptosis, 
suggesting a dual role for HO‑1. In a study of breast cancer, 
curcumin induced elevated levels of lipid ROS, accumulation 
of lipid peroxide end product malondialdehyde and increased 
intracellular Fe2+ levels, ultimately enhancing the expression of 
solute carrier family 1 member 5 to induce ferroptosis in vitro 
and in vivo (64). Tang et al (65) assessed the specific role and 
potential mechanism of ferroptosis in treating non‑small cell 
lung cancer with curcumin. Curcumin significantly triggered 
GSH depletion, lipid peroxidation and accumulation of ROS 
and iron in mice as well as in A549 and H1299 cells. In addi‑
tion, pretreatment with the hemostatic inhibitor ferrostatin‑1 or 
iron responsive element binding protein 2 knockdown notably 
reduced curcumin‑induced siderosis in A549 and H1299 
cells. Notably, in these cells, pretreatment with the autophagy 
inhibitor chloroquine or knockdown of the autophagy‑related 
gene Beclin1 reduced curcumin‑induced autophagy and subse‑
quent ferroptosis, suggesting that activation of the autophagy 
pathway may also trigger ferroptosis in tumor cells.

Curcumin causes pyroptosis through ROS. Pyroptosis is a 
recently discovered form of programmed cell death that relies 
on the activation of inflammation‑associated caspase‑1, ‑4, ‑5 
and ‑11, and apoptosis‑associated caspase‑3 (66). Activated 
caspase‑3 cleaves gasdermin E (GSDME) proteins, releasing 
the active GSDME N‑terminal and pore‑forming structural 
domains, leading to the formation of non‑selective pores in the 
cell membrane (67). A study has reported that cell swelling, 
membrane lysis, a large number of scorched vesicles and 
increased expression of GSDME‑N appeared after curcumin 
treatment of hepatocellular carcinoma. In addition, ROS levels 
notably increased. Treatment with NAC inhibited pyroptosis 
induced by curcumin. These results suggest that curcumin 
induces pyroptosis by regulating ROS levels, but the exact 
mechanism has not been elucidated (68). Furthermore, a study 
reported on the design of a dicarbonyl curcumin analog (B2) 
of the curcumin β‑dione structure (69). B2 treatment of lung 
cancer H146 cells increased the level of intracellular ROS and 
expression of caspase‑3 in a concentration‑dependent decrease, 
resulting in GSDME‑N production. Thus, B2 exhibited anti‑
tumor activity through transition from apoptosis to pyroptosis. 
Combined with the possibility that high concentrations of 
ROS activate the ER stress‑mediated cell death pathway, 
Wei et al (69) further assessed the transcription factors associ‑
ated with ER stress pathways and reported that B2 increased 
the mRNA expression of binding immunoglobulin protein 
in H460 cells and thus the mRNA expression of ATF‑4 and 
X‑box binding protein (XBP‑1). ATF‑4 and XBP‑1 entered the 
nucleus as transcription factors to regulate ER stress, resulting 
in increased protein expression of CHOP. The aforementioned 
studies indicate that the inhibitory effect of B2 on tumor cells 
may be achieved via the ROS‑activated ER stress‑mediated 
cell death pathway.

4. Combination of curcumin with anticancer drugs 
improves cancer inhibition

Curcumin is a pigment with a diketone structure. 
Curcumin‑induced ROS is crucial for cancer cell death. In 

addition, curcumin mediates chemosensitization. However, its 
low solubility and poor stability limit its clinical application. 
To increase curcumin use, the combination of curcumin and 
drugs has been reported to sensitize drug‑resistant cancer cells 
and enhance therapeutic effects (Table II) (70).

Polyphenols, such as curcumin, are a large family of 
organic compounds that contain a common ternary flavo‑
noid ring system structure and polyphenolic units (70). 
These natural compounds are mainly found in plants and 
are beneficial to humans. For instance, certain polyphenols 
have been used to treat tumors, such as in one study where 
the treatment of breast cancer cells with resveratrol resulted 
in differential expression of several genes related to the cell 
cycle and induced S‑phase arrest (71). Curcumin has also been 
reported to mediate the arrest of tumor cells in G2/M phase via 
p53 (17). However, polyphenols are also associated with nega‑
tive outcomes, such as drug resistance induction. Nevertheless, 
studies have reported that combinations of certain polyphenols 
improved therapeutic effects on tumors, and both curcumin 
and resveratrol reduced cancer cell survival by upregulating 
ROS. Furthermore, the combination of curcumin and resvera‑
trol notably increased ROS production compared with either 
agent alone (16,72). Furthermore, NAC treatment significantly 
reversed apoptosis induced by the combination of curcumin 
and resveratrol, and the expression of caspase‑3, ‑8, and ‑9 
was also reduced. These findings suggest that combination 
therapy with curcumin and resveratrol may induce apoptosis 
by activating caspases and ROS production. In addition, the 
combination of curcumin and resveratrol was reported to have 
activated ER stress, enhanced the activity of the protein kinase 
RNA‑like ER kinase/eukaryotic initiation factor‑2α/CHOP 
axis and induced apoptosis (73). The combination of the two 
increased poly (ADP‑ribose) polymerase expression inhibited 
DNA damage, promoted apoptosis and reduced drug resis‑
tance in bladder cancer cells (74).

Paclitaxel (PTX), which is widely used for the treatment 
of lung cancer, induces cell death by disrupting the normal 
microtubule dynamics required for cell division and important 
interphase processes. In addition, PTX induces cell cycle 
arrest (75). However, PTX also has several toxic effects on 
normal cells, such as the induction of neurotoxicity and hema‑
totoxicity (76). By measuring the amount of ROS produced 
when the lung cancer A549 and Calu‑3 cell lines were 
co‑treated with curcumin and PTX using a fluorescent probe, 
a study reported that the combination resulted in higher levels 
of ROS and showed stronger anticancer effects, such as the 
inhibition of cell proliferation, as well as induction of apop‑
tosis and cell cycle arrest, compared with curcumin or PTX 
treatment alone (77). Of note, in the aforementioned study, 
curcumin also attenuated the toxic effects of PTX on normal 
cells. For instance, when the curcumin dose was higher, the 
combination was less cytotoxic to the normal lung Beas‑2B 
cell line compared with the higher PTX dose group. This 
may indicate that curcumin cannot be internalized by normal 
cells (78,79) and therefore cannot induce the production of 
superoxide compounds or be toxic to normal cells. However, 
in tumor cells, curcumin has been reported to be internalized 
and induced the production of superoxide compounds (80), 
which, in conjunction with PTX, enhanced oxidative stress in 
tumor cells. In addition, as an antioxidant, curcumin in turn 
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attenuated the oxidative stress caused by PTX in normal cells 
via several mechanisms, such as increasing the expression of 
glutathione and antioxidant proteins (81,82). Therefore, the 
combination of curcumin and PTX may enhance anticancer 
activity in cancer cells whilst protecting healthy cells from 
irreversible damage.

P‑glycoprotein (P‑gp) is the pump responsible for drug 
efflux and its high expression is associated with drug resis‑
tance in tumors (83). Attia et al (84) reported that combining 
curcumin and PTX reduced the activity and expression of 
P‑gp and multidrug resistance 1 and increased PTX sensi‑
tivity in breast cancer. Furthermore, curcumin downregulated 
NF‑κB, which increased the sensitivity of gastric cancer cells 
to PTX (85). Doxorubicin (Dox) is commonly used to treat 
malignant tumors (86‑88). However, developing P‑gp‑mediated 
multidrug resistance during tumor chemotherapy severely 
reduces the therapeutic efficacy of Dox. Curcumin has 
been reported to have inhibited D‑glutamine metabolism 
by decreasing the expression of ornithine decarboxylase. 
It also markedly inhibited the biosynthesis of spermine and 
spermidine, thereby reducing the oxidative stress capacity 
of SW620/AD300 cells and the ATP‑dependent transport 
activity of P‑gp. This increased the intracellular accumula‑
tion of Dox in drug‑resistant cells and ultimately reversed 
the multidrug resistance of tumors (89). Finally, deguelin is a 
fish‑like pigment in an African rhizome plant, which is used 
as an insecticide. Deguelin inhibits sperm function via the 
PI3K/AKT signaling pathway (90) and serves a role in cancer 
inhibition (91). For instance, deguelin has been reported to 
kill prostate cancer cells (92). Kocdor et al (93) reported that 
curcumin and deguelin were able to reduce the oxidative stress 
index and enhance the activity of superoxide dismutase.

5. Anticancer effects of curcumin derivatives are mediated 
via oxidative stress

In addition to its use in combination with drugs, derivatives 
of curcumin are being developed to improve its pharmaco‑
logical effects (Fig. 2). A study synthesized niacin (an essential 
vitamin necessary for normal cell function) with curcumin to 
produce a new curcumin derivative called nicotinic acid (17), 
which has greater selectivity for cancer cells than curcumin 
itself. As the curcumin derivative had an improved pharma‑
cokinetic profile in vivo, it more strongly stimulated oxidative 
stress. Furthermore, β‑diketones may be responsible for the 
instability and weak pharmacokinetic profile of curcumin 
in vitro. In a study, its β‑diketone structure was deleted and 
a new curcumin derivative, WZ35, was constructed, which 
exhibited markedly improved chemical stability in vitro (94). 
In a follow‑up study, WZ35 induced apoptosis in gastric cancer 
cells by increasing the ROS level, thereby causing ER stress 
and activating the JNK signaling pathway (95). Furthermore, 
WZ35 caused cell death in hepatocellular carcinoma and 
breast cancer cells via a similar mechanism (96,97). ST03, 
a recently synthesized curcumin derivative (98,99), has been 
reported to have improved bioavailability and stability, and to 
be detectable in plasma for up to 12 h. In a previous study, 
ST03 induced a peak in ROS within 1 h and a reduction in 
the transcription of mitochondrion DNA‑encoded respiratory 
chain‑associated protein genes after 48 h, which ultimately led 
to ovarian cancer cell death (99). A recent study synthesized 
novel mitochondrion‑targeted curcumin derivatives by unilat‑
eral coupling of the curcumin phenolic hydroxyl group to 
triphenylphosphine through an ester bond or bilateral coupling 
(CUR‑2T) (38). CUR‑2T demonstrated a clear preferential 

Figure 2. Curcumin derivatives and carriers enhance the anticancer activity of curcumin. ROS, reactive oxygen species; JNK, C‑Jun N‑terminal kinase; EPR, 
effect, enhanced permeability and retention effect; OXPHOS, oxidative phosphorylation.
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selectivity for cancer cells and directly targeted mitochondria, 
resulting in disruption of the redox balance accompanied by 
increased ROS levels, decreased ATP levels and tumor cell 
cycle arrest.

The introduction of nanocarriers and loaders has greatly 
enhanced the loading and targeting ability of curcumin. A 
study constructed metal‑organic frameworks (MOFs) modified 
with glucose oxidase (GOx). After loading with curcumin, it 
is further modified with tumor‑targeting hyaluronic acid (HA) 
to obtain Cur@MOF‑GOx/HA nano‑enzymes. Exposure to 
GOx triggered tumor starvation and produced H2O2 to provide 
reactants for the MOF‑mediated Fenton reaction to produce 
large amounts of ROS, whilst releasing curcumin to induce 
the autophagic death of tumor cells (18). In another study, 
a nanocomposite hydrogel platform for montmorillonite 
nanoparticles added to chitosan‑agarose was constructed, 
increasing the loading capacity of curcumin from 63 to 76% 
and increasing the apoptotic rate. The delivery platform in 
the present study enhanced the curcumin load, sustained its 
release and increased its anticancer effects (100). In another 
study, magnetic nanoparticles containing curcumin with 
carboxymethyl chitosan (MNP‑CMC‑CUR) were designed 
and used to treat breast cancer MCF‑7 and MDA‑MB‑231 cell 
lines and human fibroblasts, and their effect was compared to 

that of curcumin alone in MTT assays (101). It was observed 
that the IC50 of MCF‑7 cells treated with MNP‑CMC‑CUR was 
notably reduced compared with that of curcumin itself without 
affecting the metabolic activity of normal cells. Furthermore, 
p53 and caspase‑3 gene expression was markedly increased in 
MCF‑7 cells treated with MNP‑CMC‑CUR. A study reported 
the cessation of G1‑stage cancer cell growth after hyper‑
thermia, as well as an increase in caspase‑3 expression and 
ROS production. Furthermore, MNP‑CMC‑CUR improved 
drug effectiveness, and when combined with hyperthermia, 
the therapeutic effect was enhanced (102).

Mesoporous silica nanoparticles (MSNs) are a class of 
nanoparticles extensively studied for drug delivery appli‑
cations. Curcumin and naphthoquinone (NQ) are novel 
therapeutic diagnostic molecules for cancer targeting, 
detection and treatment (103). A novel nanosystem has been 
developed using MSN_CurNQ that increases drug delivery of 
CurNQ by increasing the enhanced permeability and reten‑
tion effect and sustained release (104). A study demonstrated 
that MSN_CurNQ treatment did not elicit any cytotoxicity 
in the fibroblast 3T3 cell line, but reduced the viability of 
cancer cells to <50%, indicating tumor‑specific toxicity (103). 
Water‑ and alcohol‑soluble cerium oxide‑curcumin conjugates 
were obtained by co‑evaporation with polyN‑vinylpyrrolidone 

Table II. Anticancer effects of curcumin in combination with other drugs.

First author/s,     
year Drug Tumor Mechanism (Refs.)

Du et al, 2013 Curcumin + resveratrol Hepatocarcinoma Promoted ROS production and induced (16)
   caspase activation to cause apoptosis 
Arena et al, 2021  Breast cancer Induced ER stress, activated the PERK/eIF‑2α/ (73)
   CHOP axis and promoted apoptosis 
Cho et al, 2019  Bladder cancer Increased the expression of PARP, the inhibition (74)
   of DNA damage, promotion of apoptosis and the 
   alleviation of drug resistance 
Lee et al, 2020 Curcumin + paclitaxel Lung cancer Increased ROS production, inhibition of cell (77)
  Breast cancer proliferation and promotion of apoptosis 
Attia  Breast cancer Reduced the activity and expression of P‑gp and (84)
et al, 2020   MDR1 and increased paclitaxel sensitivity 
Ebrahimifar et al,  Gastric cancer NF‑κB expression was increased, promoting (85)
2017   apoptosis 
Zhang et al,  Curcumin + doxorubicin Colon cancer Increased ROS, reduced P‑gp transport activity (86)
2021   and reversed drug resistance 
Firouzi   Adenocarcinoma  Bcl‑2 was down‑regulated and Bax and (87)
Amoodizaj et al,  of the stomach caspase‑9 was upregulated, triggering apoptosis 
2020    
Dhandapani et al,  Glioblastoma Reduced the expression of DNA repair enzymes (88)
2007   (MGMT and DNA‑PK) and enhanced DNA 
   damage leading to cell death 
Kocdor et al, 2019 Curcumin + deguelin Thyroid cancer Reduced OSI, enhanced SOD activity and (93)
   induced apoptosis 

ROS, reactive oxygen species; ER, endoplasmic reticulum; PERK, protein kinase RNA‑like ER kinase; eIF‑2α, eukaryotic initiation factor‑2α; 
PARP, poly (ADP‑ribose) polymerase; P‑gp, P‑glycoprotein; MDR1, multidrug resistance 1; MGMT, methylguanine methyltransferase; 
DNA‑PK, DNA‑dependent protein kinase; OSI, oxidative stress index; SOD, superoxide dismutase.
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(PVP) (105), which induced oxidative stress under ultra‑
violet (UV) irradiation or hydrogen peroxide conditions. 
Nanoceramic PVP‑curcumin (NPC) conjugates exhibited 
selective cytotoxicity. Unlike curcumin itself, NPC conjugates 
demonstrated photosensitivity in tumor cell cultures, whilst 
protecting untransformed cultures from the damaging effects 
of UV radiation and oxidative stress.

Curcumin combined with MOFs, nanocomposite hydrogel 
platforms, nanoparticles and nanosystems may enhance the 
sustained release of curcumin via several mechanisms of 
action to improve its targeting and release curve, increase the 
solubility of curcumin and toxicity in tumor cells, improve 
bioavailability and increase its anticancer effects.

6. Discussion

Cancer is a significant health issue, and although early diag‑
nosis and targeted therapy have markedly reduced mortality, 
cancer drug resistance and drug side effects are still clinical 
problems that need to be resolved (106). Curcumin is a natural 
compound that has been used for the treatment of numerous 
types of diseases, such as Alzheimer's disease, fatty liver 
and cancer (53,107,108). Of note, curcumin has a dual role 
in oncological and non‑oncologic diseases. Specifically, in 
non‑neoplastic diseases, curcumin is a potent antioxidant that 
attenuates oxidative stress and mitochondrial damage (35). 
Conversely, in tumors, curcumin binds to several enzymes 
and increases ROS levels (23,24). These different effects 
may be the result of differences in dosage. For instance, in a 
previous study on curcumin treatment of drug‑resistant tumor 
cells, a low dose of curcumin showed no effect on antioxidant 
proteins, whereas a high dose resulted in the inhibition of anti‑
oxidant proteins, thereby increasing ROS levels (25,109‑112). 
Furthermore, mitochondria may be a potential target for 
high‑dose curcumin. During tumorigenesis, mitochondria are 
often functionally and morphologically impaired, leading to 
aberrant changes in ROS levels, and high‑dose curcumin treat‑
ment has been reported to exacerbate the effects on damaged 
mitochondria (42,113). In addition, compared with normal 
cells, proteins abnormally expressed in tumor cells, such as 
GSH and HO‑1, may be targeted by curcumin to cause oxida‑
tive stress in tumor cells. The reasons for the dual action of 
curcumin need to be further explored.

Curcumin induces high levels of ROS accumulation, 
leading to an imbalance in the redox response. This results in 
mitochondrial and DNA damage and subsequent activation 
of the cell death pathway, providing possible approaches for 
cancer therapy. The MAPK signaling pathway consists of three 
distinct cascades, ERK, JNK and p38, which serve a role in cell 
growth, proliferation, motility and death (114); therefore, it may 
be an important pathway to target using curcumin to induce 
apoptosis in cancer cells. Curcumin promotes phosphorylation 
of ERK and JNK and induces ROS production, leading to mito‑
chondrial damage and cytochrome C release, which activates 
caspase‑related signaling pathways to cause apoptosis (115). 
In addition, it disrupts intracellular calcium homeostasis and 
activates ER stress, leading to apoptosis (42). Of note, changes 
in caspase‑3 expression have also been reported to induce the 
production of GSDME‑N and the formation of large amounts 
of pore, which ultimately lead to cell membrane rupture and 

pyroptosis (66). In terms of autophagy, curcumin has been 
reported to induce elevated ROS levels and the appearance of 
autophagy markers and autophagosomes, causing tumor cells to 
undergo autophagy. Nrf2 is a classical transcription factor that 
regulates the cellular oxidative stress response, which controls 
several cellular behaviors, such as cellular detoxification and 
oxidative stress, and induces the downstream production of a 
series of cytoprotective proteins to maintain the balance of the 
intracellular environment and prevent diseases (116). Curcumin 
achieves anticancer effects by regulating the expression of Nrf2 
and its downstream target HO‑1, inhibiting the expression of 
GPX4 and altering the accumulation of intracellular iron and 
inducing the Fenton reaction (60). In addition, the combina‑
tion of curcumin with drugs, the introduction of curcumin 
derivatives and nanocarriers have markedly improved the phar‑
macokinetics of curcumin and enhanced its effects, including 
oxidative stress to kill tumor cells.

Over the past two decades, the mechanisms by which 
curcumin inhibits several types of tumor have been gradu‑
ally elucidated. In addition, research on curcumin derivatives 
and nanocarriers has been performed and its clinical thera‑
peutic potential has been evaluated. However, research 
on curcumin needs to be further deepened in terms of the 
following aspects: i) Studies have reported that the cytotox‑
icity of curcumin nanoparticles is notably increased and 
water‑soluble curcumin components demonstrate greater 
toxicity compared with curcumin itself (117,118). Therefore, 
the toxicity of nanoparticles and water‑soluble curcumin 
needs to be reduced in the development of these substances; 
ii) clinical trials of nano‑curcumin in tumor patients should 
be performed; iii) several formulations of curcumin have 
produced markedly different results in clinical trials. In a 
study by Sharma et al (119), patients experienced adverse reac‑
tions such as diarrhea at a dosage of 3.6 g curcumin, whereas 
no relevant therapeutic toxicity was observed at 8 g curcumin 
with 99.3% purity as described above. The difference between 
the two studies may be due to the different formulations of 
curcumin. Therefore, several formulations of curcumin should 
be assessed to reduce its clinical toxicity and enhance its phar‑
macokinetic effects; iv) the mechanism of action of curcumin 
in several tumor types should continue to be evaluated, with 
oxidative stress being the potential predominant mechanism.

In conclusion, curcumin may have the potential to become 
a cutting‑edge drug for the treatment of tumors and other 
diseases. In‑depth research on curcumin should be performed, 
as well as more clinical trials related to curcumin, to evaluate 
its anticancer activity.
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