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Abstract

Hypoxia can lead to different responses from cancer cells, including cell
death or survival, partially depending on how long it is exposed. Patients
with cancer and under hypoxic tumour conditions have a poorer prognosis
and are at greater risk of metastasis. Physiological response to low oxygen
levels is controlled by hypoxia-inducible factor (HIF)-1. Curcumin, the major
component of the rhizomes of Curcuma longa L., reduces HIF-1 levels and
function, inhibiting the production of vascular endothelial growth factor
(VEGF). In addition, curcumin efficiently inhibits the angiogenesis of vascu-
lar endothelial cells triggered by hypoxia. One of the most compelling fea-
tures that drive continued interest in curcumin is the molecules’ modulation
of initiation, promotion, and progression stages of cancer while concomi-
tantly acting as a radiosensitizer and chemosensitizer for tumours. In this
review, we discuss the role of curcumin in modulating hypoxia and investi-
gate the mechanisms and regulatory factors of hypoxia in tumour tissues.

Key words: curcumin, hypoxia-inducible factor (HIF), Von Hippel-Lindau,
cancer, tumour hypoxia.

Introduction

Cancer incidence and death rates have not decreased despite signif-
icant improvements in cancer therapy over the last 3 decades [1]. For
cancer prevention and treatment, it is crucial to understand how genetic
changes contribute to cancer’s genesis and progression. The development
of specific cancer cell targeting methods has reduced tumour growth, pro-
gression, and metastatic spread while mitigating some adverse effects [2].
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Many anti-cancer chemicals with diverse mech-
anisms of action have been isolated from plant
sources [3—6]. Curcumin is the major component
of the rhizomes of Curcuma longa L. [7] and was
isolated in pure crystalline form from the turmeric
plant in 1870 [8]. In the past 2 decades, curcumin
and its derivatives have garnered much attention
due to their bio-functional qualities, which include
anti-inflammatory, anti-tumour, and antioxidant
effects [9-15]. These functionalities are linked to
the major structural components of curcumin [16].
Much research has been conducted on the struc-
ture-activity relationship (SAR) to improve curcum-
in’s physiochemical and biological properties.

Hypoxia, or low oxygen levels, is a characteristic
of most tumours, caused by a disordered vasculature
that provides oxygen to the growing tumour. The se-
verity of hypoxia depends on the type of tumour [17].
When tumours multiply and expand rapidly, oxygen
demand exceeds oxygen supply, and the distance be-
tween cells and existing vasculature grows, further
hampering oxygen diffusion and creating hypoxia.
Hypoxic tissues have poorer oxygenation than nor-
mal tissues and are typically between 1% and 2% ox-
ygenated. As shown by the high proliferation rate of
cancer, a decreased oxygen supply can cause hypoxia
due to anaemia, a compromised arterial network,
or excessive oxygen consumption [18]. Cells in this
state are permanently unable to function normally
because of reduced oxygen pressure. All cells adapt
to hypoxia utilizing a homeostatic process. During ox-
ygen deprivation, cells activate genes involved in glu-
cose uptake, transport, metabolism, inflammation,
erythropoiesis (EPO), angiogenesis, cell proliferation,
pH regulation, and cell death [19, 20].

An important microenvironmental factor in tu-
mours is pathological hypoxia, which facilitates the
survival and propagation of cancer cells. Hypoxia
can lead to different responses from cancer cells,
including cell death or survival, partially depending
on how long the cells are exposed. Reactive oxygen
species (ROS) are produced due to cycling hypoxia,
contributing to tumour cell survival and progres-
sion. Hypoxia causes cellular responses that result
in blood vessel formation, aggressiveness, me-
tastasis, and resistance to treatment when these
subunits are overexpressed. Cancer patients with
hypoxia in their tumours have a poorer prognosis
and are at greater risk of metastasis. Physiological
response to low oxygen levels is controlled by the
hypoxia-inducible factor (HIF) [21].

Curcumin reduces HIF-1 protein levels and
function, inhibiting the production of vascular
endothelial growth factor (VEGF). In addition, cur-
cumin efficiently inhibits the angiogenesis of vas-
cular endothelial cells triggered by hypoxia [22].

Curcumin inhibits HIF-1 activity, resulting in
the downregulation of HIF-1-targeted genes. Cur-

cumin can disrupt one of the 2 HIF-1 subunits, aryl
hydrocarbon receptor nuclear translocator (ARNT),
in various cancer cell types, which can suppress
the HIF-1 expression. However, ARNT expression
can reverse curcumin-induced HIF-1 inhibition.
According to previous research, curcumin can ox-
idize and ubiquitinate ARNT, resulting in its deg-
radation by proteasomes. In response to turmeric
administration, mice with hepatocellular carcino-
mas expressing Hep3B exhibited reduced tumour
growth and expression of EPO, ARNT, and VEGF.
According to these findings, curcumin’s anti-can-
cer properties are related to its ability to inactivate
HIF-1 by ARNT degradation [23, 24].

In this review, we discuss the role of curcumin
in modulating hypoxia and investigate the mecha-
nisms and regulatory factors of hypoxia in tumour
tissues.

Curcumin

Curcumin exerts its unique anti-tumour effica-
cy primarily via pleiotropic functions resulting in
apoptosis and decreased tumour cell growth and
metastasis [25-32]. Curcumin targets multiple
cancer cell lines, including cancer of the prostate,
neck, brain, head, lung, and breast [33]. However,
due to its low water solubility and low chemical
stability, curcumin’s use is limited. In contrast, due
to its hydrophobicity, in the presence of hydrogen
bonds and hydrophobic interactions, curcumin can
bind to fatty acid acyl chains within cellular mem-
branes [25, 34]. The structure of curcumin has re-
cently undergone numerous structural modifica-
tions in an attempt to overcome these limitations
and to improve its anti-cancer potential; indeed,
these modifications are designed to increase se-
lective toxicity and improve the bioavailability of
these modified curcumin agents against cancer
cells. Alternatively, curcumin’s physiochemical
characteristics and anti-cancer activity may be
enhanced by utilizing alternative delivery strat-
egies [33]. Curcumin possesses both preventive
and therapeutic effects against cancer [35]. Tradi-
tional medicine has been used for centuries and is
now being studied for its potential use in modern
cancer treatment. It is a promising natural agent
for cancer prevention and treatment. Curcumin
exerts significant anti-cancer properties against
numerous human cancer cells that can exert its
properties on all the significant stages of carcino-
genesis, including cell growth, proliferation, angi-
ogenesis, survival, and metastasis via numerous
cellular and molecular processes [36, 37].

HIF-1a molecular structure and regulation

Hypoxia-inducible factor (HIF) is a protein het-
erodimer composed of HIF-a and HIF-B subunits

Arch Med Sci 6, November / 2023

1617



Mohammad Zahedi, Hanieh Salmani Izadi, Faezeh Arghidash, Eric Gumpricht, Maciej Banach, Amirhossein Sahebkar

[38]. The 2 units are part of a family of transcrip-
tion factors called PER-ARNT-single-minded pro-
teins (PAS), which are components of basic helix
loop helix (bHLH) proteins [39]. The HIF-a protein
has 3 subunits, while the HIF-B protein has just
2 subunits [40]. Both HIF-1a and HIF-1B are con-
stitutively expressed transcription factor family
members with bHLH and PER-ARNT-SIM(PAS) do-
mains, whereas HIF-1a is oxygen-sensitive and is
destroyed by the proteasome pathway [38]. The
C-terminal activation domain (CAD) regulates most
HIF target genes, while the N-terminal transactiva-
tion domains of HIF-1a and HIF-2a are crucial for
targeting gene specificity [41, 42]. HIF-1a is rapidly
inactivated under normoxic conditions. HIF-1 pro-
teins are hydroxylated by a HIF-prolyl hydroxylase
(PHD) at the proline residue. The hydroxylated pro-
tein binds to the von Hippel-Lindau tumour sup-
pressor protein (VHL). In order for HIF-1a. to bind to
pVHL as a component of the ECV complex (Elongin/
Culin/VHL), HIF-1 must first be acetylated at inter-
nal lysine 532 by the acetyltransferase ARD1 [39,
43]. Through the 26S proteasome, this interaction
quickly leads to poly-ubiquitylation and destruction.
Hypoxic tension impairs PHD and prevents HIF-1a
from being hydroxylated, which prevents it from
binding to pVHL and from degradation. Because of
this, HIF-1a builds up and moves into the nucleus,
where it dimerizes with HIF-1pB. The ATPase-direct-
ed chaperone Hsp90 is thought to provide a sec-
ond mechanism accounting for HIF-1la stability
and degradation. HIF-1’s conformation is altered
by direct contact with Hsp90, which also causes
HIF-1/ARNT heterodimers to form [44]. The balance
between cellular HIF-1 production and destruction
is precise under normal conditions. In addition to
HIF-1’s stability in intra-tumour hypoxia, hyper-ac-
tivation of HIF-1 and reduced degradation can also
be seen under normoxic conditions. This probably
happens because of several strong growth-stim-
ulating factors (i.e. cytokines and growth factors)
or oncogenic signalling factors (i.e. nuclear factor
kB (NF-kB) and mitogen-activated protein kinase
(MAPK)). These factors may stimulate HIF-1, which
may cause it to translate and activate downstream
pathways that result in cancer [45]. Changes in the
phosphatidylinositol-3-kinase (PI3K) significantly
impact the activation of the HIF-1a protein onco-
genic and other oncogenic pathways [46]. PI3K cas-
cade alterations usually aid in the growth of cancer
through a variety of pathways, consisting of the
constitutive activation of receptor tyrosine kinas-
es (RTKs), which activates PI3K, the PTEN (the loss
of tumour suppressor phosphatase and tension
homologue), PI3K mutations, and AKT improper
regulation [47, 48]. Numerous target genes whose
protein products control important body functions
are affected by HIF.

HIF-1a: a cancer treatment target
Angiogenesis

Vascular differentiation is a vital part of the
development and pathophysiology of tumours.
HIF1 induces the production of stromal cell-de-
rived factor 1 (SDF1), nitric oxide synthase (NOS),
adrenomedullin  (ADM), VEGF, angiopoietin 2
(ANGPT2), and stem cell factor (SCF) to stimulate
the angiogenic response [49]. HIF-1 also regulates
the activity of the G protein receptor, calcitonin
receptor-like receptor (CRLR), which stimulates
angiogenesis along with another pro-angiogenic
protein, semaphorin 4D (Sema4D) [50].

Metastasis

HIF-1, which triggers epithelial-mesenchymal
transition changes (EMT) and cancer metastasis,
directly regulates the transcription factor TWIST
[51]. In addition, HIF-1 controls the expression
of adhesion molecules, E-cadherins, and matrix
metalloproteases that are involved in the cellular
processes [52].

Glucose metabolism

In cancer cells, anaerobic glycolysis replaces
mitochondrial oxidative glycolysis. Glyceralde-
hyde-3-P-dehydrogenase (GAPDH), lactate dehy-
drogenase A (LDHA), hexokinases (HK 1 and 2),
pyruvate kinase M (PKM), glucose transporters 1
and 3 (GLUT1, GLUT3), and solute carrier family 2
member (SLC2A1) are only a few of the enzymes
modulated by HIF-1 [53]. It should be noted that
HIF-1 also acts on 2 glycolytic enzymes, namely
MCT4 (monocarboxylate transporter) and PDK1
(pyruvate dehydrogenase kinase), which causes
a change in how cancer cells expend their energy
[54, 55].

Cell survival and proliferation

Human embryonic stem (hES) cells’ full pluripo-
tency requires hypoxic culture. Several growth fac-
tors, including EPO, platelet-derived growth factor
(PDGF), insulin-like factor-2 (IGF2), transforming
growth factor (TGF), connective tissue growth fac-
tor (CTGF), and plasminogen activator inhibitor-1
(PAI-1), are regulated by HIF-1 [55].

Effect of curcumin on HIF in cancer

The abnormal structural intra-tumoural blood
vessels that are functionally present in cancer re-
gions are evidence of hypoxic regions in human
cancers due to their rapid cell proliferation. It is
noteworthy that intra-tumoural hypoxia increases
the risk of invasion, metastasis, treatment failure,
and patient death [56]. Curcumin suppresses the
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HIF-1 pathway under hypoxia, which decreas-
es VEGF expression in both tumour and stromal
cells and suppresses angiogenesis. The tumour
vasculature is aberrant because tumour-activat-
ed endothelial cells have unique gene expression
profiles and luminal cell-surface receptors. The
leaky and constricted blood arteries that charac-
terize this aberrant vascular network also cause
more localized hypoxia, producing a vicious cycle.
As a result, tumour cells undergo a ROS (superox-
ide)-generating hypoxia-reoxygenation cycle that,
perhaps via enhanced ROS (superoxide anion)
generation, is responsible for a more aggressive
phenotype [57]. Another characteristic of solid
tumours is low extracellular pH, and acidosis is
caused by hypoxia in the tumour microenviron-
ment [58, 59]. A hypoxic environment around tu-
moural cells facilitates the accumulation of HIF-1a
and HIF-2a [60].

Curcumin promotes transcriptional activation
of HIF1, which induces the expression of genes
related to cellular metabolism and growth, regu-
lation of angiogenesis, cell survival, and death in
a hypoxic environment. At the same time, hypoxic
signalling is involved in embryonic development
and can be exploited in the physiologic modula-
tion of tumour cells [61]. Low oxygen levels induce
tumour cells to switch from oxidative phospho-
rylation to glycolysis, leading to the generation of
metabolic acids in most malignancies [62]. These
alterations, like enhanced angiogenesis, are medi-
ated by HIF-1a-driven transcription, which upreg-
ulates glucose transporters and glycolysis-related
genes [63]. Li et al. [64] have found a significant
correlation between hypoxia, GLUT-1, and the up-
take of 18F-fluorodeoxyglucose (18F-FDG) [65],
a key signalling pathway that regulates metabolic
activities is the mTOR pathway. By controlling im-
portant transcription factors like HIF-1a, mTOR af-
fects numerous locations along the glycolytic pro-
cess [66]. HIF-1a’s expression is reliant on mTORC1
and mTORC2 [67]. Both mTORC1 and mTORC2 are
crucial for tumour cells’ glucose absorption and
glycolytic metabolism [68]. Therefore, using mTOR
inhibitors to regulate the metabolism of tumours
and the malignant microenvironment will become
a cutting-edge anti-tumour therapy [69].

Increasing evidence has described a high lev-
el of HIF-1a in malignant tumoral cells, whereas
normal cells carry low amounts of HIF-1a.. Notably,
HIF-1 inducible genes and increased levels of HIF-
la are strongly accompanied by the aggressive
behaviour of tumours and, therefore, poorer prog-
nosis. Thus, HIFs are essential for tumour progres-
sion; conversely, their repression has decreased
tumoural growth, angiogenesis, and metastasis
[70]. Recently, HIF-1-inhibiting techniques have
emerged as a new therapeutic target in cancer
therapy. Additionally, due to its anti-cancer poten-

cy through affecting multiple gene transcription
and signalling pathways, curcumin, highlighting
HIF inactivation in an oxygen-, concentration-, and
time-dependent manner, has attracted increased
attention in oncology. Curcumin treatment led
to HIF-1a degradation in primary cultures of hu-
man cancer cells but HIF-1a. enhancement under
normoxic conditions. One of the most compelling
abilities that direct continued interest is curcum-
in’s capacity to suppress all cancer initiation, pro-
motion, and progression stages and act as a radi-
osensitizer and chemosensitizer for tumours [19].

Observations of the present research revealed
that the anti-tumour effects of curcumin are not
only exerted by modulation by expression of
key cell survival regulatory proteins but also via
modulation of disparate signalling and regulatory
pathways. For example, exposure of tumour-bear-
ing mice cells to curcumin resulted in pro-apop-
totic PUMA gene expression and activation of
caspase-3, implicating the involvement of curcum-
in in caspase-dependent apoptosis. Interestingly,
HIF-1a has been shown to play a regulatory role in
the expression of multidrug resistance-1 (MDR-1)
and PUMA. Apoptosis induction and tumour cell
survival regulation have been reported as the re-
sults of MDR-1 expression. Altered tumoural mi-
croenvironment O, saturation and pH condition
might also contribute to the modulation of MDR-1
expression [71, 72].

The poor bioavailability of curcumin in pre-
clinical studies has led to the development of
several novel curcumin analogues. Bromophenol
curcumin [73] and tetrahydrocurcumin [74] exert
antiangiogenic effects in cervical cancer of animal
models through the Akt/VEGF signalling pathway,
and also by reducing HIF-1a at both microvascular
concentrations and expression levels.

Platinum-based (DDP) drugs are the basis for
chemotherapeutic treatment of various human
tumours and have significantly improved patient
outcomes. In recent years, multidrug resistance
by cancer cells has been a significant therapeu-
tic obstacle, with less than a 15% survival rate at
5 years. HIF-1a has been identified as a unique
mediator of MDR proteins. MDR may be attribut-
ed to the fact that amplified HIF-1a levels were
found in the DDP-resistant lung cancer cell lines
under normoxic conditions [75]. In other studies,
oxygen deprivation as the key stimulator of HIF-
lao overexpression was closely correlated with
DDP and doxorubicin resistance in lung cancer
[76] and treatment failure in early-stage invasive
cervical cancer [77]. On the other hand, HIF-1a
knockdown by HIF-1a-specific siRNA showed
a promising reduction in chemoresistance in the
human lung adenocarcinoma A549 cell line [78].
Combination therapy of DDP with curcumin sig-
nificantly reversed DDP resistance via abrogation
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of A549/DDP cell proliferation, disruption in HIF-
1a amplification, and induced apoptosis through
caspase-3 activation and HIF-1a degradation [75].
These findings help to reason the curcumin’s em-
ployment as an anti-tumour agent with therapeu-
tic potential to raise the efficacy of the current
regimens in cancer treatment.

Modulatory pathways

Although hypoxia is considered a primary in-
ducer of HIF-1 transcription, other stressors can
also motivate HIF-1 expression, such as a rise in
the HIF-1a level following endoplasmic reticulum
stress. The thioredoxin (Trx) system is a key anti-
oxidant system generally overexpressed in hypox-
ic tumour cells, and it influences HIF-1a expres-
sion [79]. Under hypoxic stress, Trx inhibitors can
prevent angiogenesis by suppressing HIF-1. With
its potential to target the Trx system, curcumin is
considered an anti-cancer drug via mechanisms
of reduction in intracellular-redox potential, the
elevation of oxidative stress, and induction of cell
death [80].

In many cancers, chemotherapeutic agents
reduce primary tumour growth by inhibiting tu-
mour angiogenesis. Anti-VEGF therapy, however,
has had a poor response, because intra-tumoral
hypoxia associated with impaired angiogenesis
is responsible for the formation of HIF-1-depend-
ent metastases and the expansion of cancer stem
cells. Experiments have shown that overexpres-
sion of HIF-1 in colorectal and pancreatic cancer

cells increases vessel density and tumour growth.
Notably, some cancer studies have found a posi-
tive correlation between overexpression of HIF-1,
resistance to radiotherapy, and mortality of the
patients [56]. Furthermore, curcumin may play
pivotal roles in tumour suppression via the down-
regulation of HIF-1a protein levels and suppres-
sion of pro-angiogenic VEGF under hypoxia-in-
duced angiogenesis of the tumour environment.

Curcumin restrains the amplification of VEGF
utilizing NF-xB regulation. On the other hand,
NF-xB and HIF-1a regulate the expression of one
another interdependently. They are known to be
involved in similar processes like cell apoptosis.
Under severe hypoxia, rising p53 levels promote
Mdm2-dependent HIF-1la degradation. The p53
tumour suppressor prevents hypoxia-induced
HIF-1o. expression by augmenting its proteas-
omes and ubiquitination (Figure 1) [81].

The balance of Th1/Th2 cytokines is associated
with tumour cell apoptosis. Indeed, in tumour-bear-
ing mice, curcumin therapy has decreased the
level of Th2 and inhibited the expression of
stress-adapting proteins Hsp70 and Hsp90 and
anti-apoptotic Bcl2 proteins involved in cell surviv-
al regulation [82]. Studies show that T-regulatory
(Treg), tumour-associated macrophages (TAMs),
myeloid-derived suppressor cells (MDSCs), and
cells are highly infiltrated in intertumoural hypoxic
regions [69]. During prolonged hypoxia exposure,
activated HIF-1a may result in cytotoxic lympho-
cyte inactivation, such as CD8 T cells and natural
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killer (NK) cells, impairing their anti-tumour activi-
ty [83, 84]. Additionally, increased lactate synthesis
in the tumour microenvironment (TME) can render
cytotoxic lymphocytes, including CD8 T and NK
cells, diminishing their anti-tumour activity [85].
The elevation of HIF-1a-dependent PD-L1 expres-
sion in tumour cells, and antigen-presenting cells
such as dendritic cells and macrophages, which is
critical in suppressing anti-tumour immunity by
cancer cells, is strongly influenced by hypoxia [86].
Hypoxia accelerates B cells’ glycolytic rate, inhib-
iting class switching and decreasing proliferation
while increasing death. At crucial points in B cells’
development, HIF will become active, which may
help determine how they develop and function.
Reduced germinal centre B cells, impaired affini-
ty maturation, recall response, and early memory
B-cell development are all effects of constitutive
HIF stabilization caused by Vhl deletion. There-
fore, the overactivation of HIF caused by hypoxia
diminishes B cell function [87, 88]. This suggests
another mechanism of the decline in tumour cell
survival following curcumin administration associ-
ated with HIF-1q, in accordance with the observa-
tion that upstream modulation in the expression
of HIF-1a is attributed to the regulation of Hsp70,
Hsp90, and Bcl2 [89, 90].

Several studies have demonstrated the an-
ti-cancer effect of curcumin, focusing on target-
ing subunits of HIF-1 and HIF-2a. Stréfer et al.
explored curcumin’s inhibitory effect with higher
concentrations, and its result revealed lower HIF-1
subunits and HIF-2a protein levels in MCF-7 breast
cells, Hep3B, and HepG2 liver cells [81]. Another
study showed that curcumin negatively regulates
stable HIF-1 protein levels under hypoxia, but it
did not affect the mRNA level of HIF-1 in HepG2
cells [74]. In another study, Sarighieh et al. inves-
tigated curcumin’s ability to control HIFs expres-
sion under both hypoxic and normoxic conditions
in MCF-7 cells and cancer stem-like cells (CS-LCs),
in which curcumin treatment decreased the level
of HIF2a protein expression but did not affect HIF-
la expression. Moreover, it was hypothesized that
curcumin treatment in CS-LCs could inactivate
HIF-1 through degradation of ARNT, and it helped
inhibit tumour metastasis, other than the direct
inhibitory effect on its transcription [91]. Another
study also demonstrated that of the 2 subunits
of HIF-1, curcumin only destabilized ARNT in sev-
eral cancer cell types, and also ARNT expression
helped curcumin inhibit HIF-1. This study’s results
suggested that curcumin’s anti-tumour activity is
due to the inactivation of HIF-1 through the deg-
radation of ARNT [23].

Tyrosine3-monooxygenase/tryptophan5-mono-
oxygenase activation protein gamma polypeptide
(YWHAG) is a prognostic factor in cervical cancer

of Hela and C33A cells involved in cervical cancer.
A positive correlation between YWHAG and HIF-
la expression has been detected in cervical can-
cer cells, because YWHAG expression promotes
further HIF-1o. overexpression. This interaction
affects the proliferative and invasive capacity of
cervical cancer cells. On the other hand, YWHAG
knockdown leads to a reduction of the pentose
phosphorylation pathway-related proteins, matrix
metalloproteinase (MMP) 2 and MMP9 expres-
sion, and glucose uptake. Combining cisplatin
with curcumin promotes cell apoptosis through
the YWHAG pathway and its interaction with HIF-
la, affecting the pentose phosphorylation path-
way [92].

Different cancers

The remarkable preventive and therapeutic ef-
fects of curcumin can be exerted through various
signalling pathways, as mentioned above. There-
fore, herein we provide up-to-date evidence and
findings of clinical studies on curcumin contribu-
tions and its effect on tumour cell survival and
death by focusing on its anti-cancer effects via HIF
signalling pathway regulation.

In vitro studies

While curcumin has shown benefits in differ-
ent models of cancers by applying a wide variety
of cellular properties, including anti-inflammato-
ry activity by suppression of NF-kB induced by
TNF-a or inflammatory cytokines such as IL-6 and
IL-8 in response to acid exposure, an antioxidant
effect by activating PPAR-y, and anti-bacterial and
antiproliferative activities, recent interests have
focused on its use in cancer treatment via HIF reg-
ulation [93] (Table I).

In non-small cell lung cancer, curcumin has
been shown to promote apoptosis by inducing
anti-apoptotic protein Bcl-2 degradation [94]. In
a recent study, suppression of the pan-caspase
inhibitor zZVAD-fmk resulting from combined cur-
cumin and DDP treatment suggests that curcumin
via a caspase-3-dependent mechanism can sen-
sitize DDP cytotoxicity by triggering A549/DDP
apoptosis. HIF-1a. overexpression was detected
in DDP-resistant cells under normoxic conditions
[75]. Likewise, as an adjuvant chemotherapeutic
agent in lung cancer treatment, curcumin has
played a major role in conquering MDR and im-
proving treatment efficiency by promoting A549
and A549/DDP cell apoptosis via a miRNA mech-
anism. Resistance to cisplatin, the most common
chemotherapeutic agent used in NSCLC, is re-
versed by curcumin [95].

Numerous in vitro and in vivo studies have
shown curcumin’s capability to abrogate the
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proliferation of pancreatic cancer cells through
inhibition of COX-2, CD-31, VEGF, and IL-8 and
suppression of TGF-B via NF-kB and HIF-1a down-
regulation [96]. Another study showed that a new
synthetic curcumin analogue (difluorinated cur-
cumin) could inhibit miR-21, miR-210, HIF-1a, and
cancer stem cell (CSC) signature gene markers in
human pancreatic cancer cells in vitro under hy-
poxic conditions [97]. In another study, curcumin,
in a dose-dependent manner, either as a single
agent or in combination with 5-fluorouracil (5-FU),
resulted in chemoresistance reduction of gastric
cancer cells via phosphorylation of STAT3 [98],
the exact anti-cancer mechanism of curcumin has
been observed in squamous carcinoma cells [99].
In colon cancer cells, curcumin has been report-
ed to induce apoptosis and restrain the growth
of cancer cells through repression of specifici-
ty protein (Sp) transcription factors Sp1,3,4 and
Sp-regulated genes, suppression of genes like
NF-kB (p65 and p50), BCL-2, cyclin D1, and he-
patocyte growth factor receptor (c-MET) [100]. As
in PC3 prostate cancer cells, curcumin suppressed
fibroblast-induced invasion and epithelial-to-mes-
enchymal transition via MAOA/mTORC1/HIF-1a
signalling pathway repression [101].

The reported in vitro and in vivo data on hepa-
tocellular carcinoma (HCC) showed that accumu-
lation of hypoxia-mediated HIF-1a leads to stim-
ulation of B-catenin expression increase in EMT
process, and enhancement in invasive and met-
astatic behaviour [102]. PD-L1 protein expression,
an enhancer of T-cell activation, which can be
a direct target of HIF-1a blockade under hypoxia,
is upregulated when STAT3 and HIF-1a are jointly
overexpressed. Accordingly, Zuo et al. proved that
crosstalk between HIF-1oo and STAT3 signalling
pathways was the mechanism of curcumin action
in significant downregulation of PD-L1 expression
when applied as a co-treatment in hepatic cancer
[103].

Synthesized  formulations  called ceria
nanoparticles, coated with dextran and loaded
with curcumin, represent promising small-mole-
cule drug therapy for neuroblastoma cells while
producing only minor toxicity in healthy cells.
This induced stabilizing HIF-1a, prolonged oxi-
dative stress, and induced caspase-dependent
apoptosis with a specifically more pronounced
effect in MYCN-amplified cells [104]. It has also
been reported that curcumin shows potent anti-
proliferative and apoptotic features in haeman-
gioma endothelial cells by recruiting the HIF-1a-
VEGF axis and its contribution in suppression of
MCL-1 as a key downstream effector of HIF-1a
pathway [105].

According to the literature supporting curcum-
in’s capability in the regulation of miRNA expres-

sion, curcumin affects nuclear traffic by inhibiting
specific importins related to HIF-1a nuclear trans-
location, like IPO7 together with CRM1 (exportinl
or Xpol), which was found to be down-regulated
in curcumin-treated K562 cells in CML treatment.
Interestingly, it was demonstrated that curcumin
could significantly inhibit HIF-1a activity without
affecting its expression and employing a new mo-
lecular scenario, which was up-regulation of miR-
22 expression level [106].

Curcumin pretreatment has shown protective
effects against severe relocated conditions, so-
called hypoxia and reoxygenation (H/R) triggered
injury after BMSCs-based cell therapy. Curcumin
pretreatment remarkably reduced H/R-induced
mitochondrial dysfunction by expediting the pro-
duction of adenosine triphosphate and suppress-
ing ROS accumulation. Furthermore, curcumin
induced Epacl and Akt activation while Erk1/2
and p38 deactivation and HIF-1a destabilization
in BMSCs [107].

Another study also showed that expression of
HIF-1a was significantly upregulated in oral squa-
mous cell carcinoma (OSCC) associated with areca
quid chewing, and arecoline-induced HIF-1a ex-
pression was down-regulated by NAC, curcumin,
PD98059, and staurosporine [108].

Another study showed that in addition to Let-
7C aerobic glycolysis inhibition by targeting HIF-
la, it can regulate cancer progression and me-
tabolism by inhibiting the 1in28/PDK1 pathway.
Furthermore, let-7C can regulate PDK1 expression
through HIF-1a inhibition [109]. Obaidi et al. re-
ported the cancer chemosensitization potential of
curcumin through the induction of let-7C on RCC
[110].

In vivo animal and human studies

Consistent with the strong in vitro studies and
the many molecular efficacies of curcumin in-
volved in the progression and promotion of can-
cer, which have been demonstrated in cell culture
systems, it has provided a good basis to progress
the studies on curcumin into animal and human
subjects.

Curcumin’s efficacy as a chemopreventive
agent in Gl cancers, including oral [111], oesoph-
ageal [112], stomach [113], colon [113], liver
[114], and various extra-intestinal malignancies
such as head and neck squamous carcinoma
[115], lung [116], kidney [117], and haemato-
logical cancers [118], in different animal mod-
els, mainly rodent, is well established. Treatment
with curcumin and its analogues in mice carrying
HCT116 and HT-29 cell xenografts have resulted
in the reduction of angiogenesis in gastrointes-
tinal cancers, and due to the low bioavailability
of orally administered curcumin, gastrointestinal
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cancers, and especially oesophageal cancer, they
seem to be more suitable for curcumin as an an-
ti-cancer regime [119, 120]. Similarly, in a mouse
model, curcumin application reduced tumour-
spheres of H460 cells via inhibition of the JAK2/
STAT3 signalling pathway [121].

In another study, by Zhao et al,, the adminis-
tration of curcumin attenuated the degree of fi-
brosis and inhibited the proliferation of hepatic
stellate cells in CCl4-induced liver fibrosis in rats
[122]. Recent evidence indicated the profound
effect of HIF-1 on regulating profibrotic mediator
production by macrophages and the transcription
of central mediators of tissue remodeling, such as
TIMP-1, PAI-1, and CTGF pathways. It was conclud-
ed that liver fibrosis is promoted by HIF-1a and at
least partly through the ERK pathway, an import-
ant marker in fibrogenesis [122].

More recently, curcumin has been evaluated in
several clinical studies as a potential therapeutic
in human cancers. In one study, oral administra-
tion of curcumin to 25 patients with oral leuko-
plakia, gastric metaplasia, bladder cancer, cervical
intraepithelial metaplasia, or Bowen’s disease
resulted in tumour regression in a proportion of
these patients [123]. In other uncontrolled studies,
topical application of curcumin in 62 patients with
oral cancerous lesions led to tumour shrinkage in
10% of the patients and symptom reduction by
70% [124]. High-dose oral curcumin administra-
tion resulted in disease stability or regression in
4 out of 21 patients with advanced fatal pancreat-
ic cancer [125]. Also, another clinical trial reported
significant clinical outcome improvements in cur-
cumin combined with a standard docetaxel che-
motherapy regime in patients with advanced and
metastatic breast cancer [126]. Ultimately, as the
promising results and interests in the therapeutic
effect of curcumin continue to grow, several other
clinical trials are ongoing, investigating its chemo-
therapeutic potential in gut cancers, pancreatic
cancer, systemic inflammatory diseases, and Alz-
heimer’s disease.

Conclusions

Curcumin exhibits pleiotropic properties, in-
teracting with molecular targets and intracellular
signalling in cancer pathogenesis. However, its
anti-tumour efficacy via regulation of hypoxia sig-
nalling pathways or inhibition of HIF-target genes
has received little attention in this field. Due to
curcumin’s non-toxicity and tolerability reported
in several trials, it is considered a therapeutic sup-
plement in cancer treatment. However, low solu-
bility and poor bioavailability have limited its effi-
cacy profile and hence demand extensive research
to overcome these problems and to bring out nov-
el formulations with maximum efficacy. Curcum-

in’s inhibitory effect on cancer cell development,
invasion, and metastasis via targeting of HIF sub-
units in combination with promising results of
in vitro, in vivo, and human trials have provided
a passionate basis to develop ongoing and further
studies to bring curcumin as a therapeutic agent
in the treatment of human cancer.
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