
Contents lists available at ScienceDirect

Pharmacological Research

journal homepage: www.elsevier.com/locate/yphrs

Review

Effects of curcumin on hypoxia-inducible factor as a new therapeutic target
Afsane Bahramia, Stephen L. Atkinb, Muhammed Majeedc, Amirhossein Sahebkard,e,f,⁎

a Cellular and Molecular Research Center, Birjand University of Medical Sciences, Birjand, Iran
bWeill Cornell Medicine Qatar, Doha, Qatar
c Sabinsa Corporation, East Windsor, NJ, USA
dNeurogenic Inflammation Research Center, Mashhad University of Medical Sciences, Mashhad, Iran
e Biotechnology Research Center, Pharmaceutical Technology Institute, Mashhad University of Medical Sciences, Mashhad, Iran
f School of Pharmacy, Mashhad University of Medical Sciences, Mashhad, Iran

A R T I C L E I N F O

Keywords:
Aryl hydrocarbon receptor nuclear translocator
Hypoxia-responsive elements
Turmeric
Von Hippel-Lindau

A B S T R A C T

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that consists of two subunits, the HIF-1α and HIF-1β
(ARNT). Under hypoxic conditions, HIF-1 is an adaptive system that regulates the transcription of multiple genes
associated with growth, angiogenesis, proliferation, glucose transport, metabolism, pH regulation and cell death.
However, aberrant HIF-1 activation contributes to the pathophysiology of several human diseases such as
cancer, ischemic cardiovascular disorders, and pulmonary and kidney diseases. A growing body of evidence
indicates that curcumin, a natural bioactive compound of turmeric root, significantly targets both HIF-1 sub-
units, but is more potent against HIF-1α. In this review, we have summarized the knowledge about the phar-
macological effects of curcumin on HIF-1 and the related molecular mechanisms that may be effective candidates
for the development of multi-targeted therapy for several human diseases.

1. Introduction

Hypoxia is defined as lack of oxygen in cells, tissues or in organs.
Hypoxic conditions can develop due to a diminished supply of oxygen
through anemia, or a defective blood vessel network or due to excessive
consumption relative to supply as seen in the high proliferative rate
found in cancer [1]. It is a non-sustainable cellular condition in which
low oxygen pressure hinders the normal function of cell [2]. Adaptation
to hypoxia occurs as a homeostatic mechanism in all the cells. In the
absence of oxygen, cells recruit different adaptive mechanisms for
growth and survival under hypoxic stress by regulating the expression
of genes responsible for glucose uptake, transport, and metabolism,
erythropoiesis, inflammation, angiogenesis, cell proliferation, pH reg-
ulation, and cell death [3]. The cellular response to acute hypoxia is
triggered by the up regulation of hypoxia inducible factors (HIF), which
are a family of evolutionarily conserved transcriptional factors (TF) that
influence the physiological response to low oxygen [4]. HIF-1, is one
important member of the HIF family that is composed of two subunits,
the stable beta (HIF-1β) and the labile alpha (HIF-1α) [5]. Under nor-
moxic conditions, HIF-1α is hydroxylated by prolylhydroxylase domain
proteins, and is rapidly degraded through the ubiquitin-proteasomal
degradation pathway. Under a hypoxic state, the HIF-1α subunit is not

hydroxylated and thus forms a stable complex with HIF-1β. The active
HIF-1 translocates into the nucleus and binds to 5′-RCGTG-3′ core se-
quences in hypoxia-responsive elements (HRE) located on the promoter
region of hypoxia sensitive genes [6,7].

Cellular HIF-1 activation stimulates glucose utilization for the gen-
eration of ATP to maintain cell proliferation and survival under stress
conditions such as nutrient deficiency and cell damage [8]. HIF-1 ac-
tivation results in modulation of the cell cycle and may result in cell
cycle arrest during hypoxia [9], protecting against hypoxia induced cell
damage [10]. Cellular and systemic stresses are regulated by a combi-
nation of short- and long-term response pathways acting through the
activity and transcription of a plethora of cellular proteins. At the cel-
lular level, a molecular response is initiated in which gene expression is
altered to assist the cells to adapt to the stressful environment. For
example, HIF-1-dependent mRNA transcription of erythropoietin and
angiogenic factors leads to elevated neoangiogenesis to facilitate the
increased supply of oxygenated blood to the hypoxic tissue. In addition,
HIF-1 stimulates the glycolytic enzymes leading to the generation of
energy when the mitochondria are starved of oxygen impairing the
electron transport chain [11]. Furthermore, HIF-1 not only mediates the
delivery of oxygen from the peripheral blood, but also helps modulate
oxygen demand through decreasing the action of mitochondria, the
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main cellular consumer of O2. Depending on the severity and length of
the hypoxic stimulus, HIF-1 induces the expression of genes that can be
adaptive (e.g. inducible nitric oxide synthase) or deleterious (e.g. en-
dothelin-1) responses [11]. For instance, the response of proto-onco-
gene c-jun mRNA expression and phosphorylation against extended or
chronic hypoxia is dependent on the existence of HIF-1 [12]. Under
chronic exposure to hypoxia, HIF-1α levels may be amplified to address
the balance between oxygen supply and tissue demand. While hypoxia
is a major stimulant for HIF-1 expression, HIF-1 can also be stimulated
by other types of stress, such as the over-expression of HIF-1α levels
after endoplasmic reticulum (ER) stress [13] following chemical hy-
poxic neuronal death [14].

Transcriptional activation by HIF1 induces the expression of genes
that mediate the metabolic regulation of the hypoxic cell, induces an-
giogenesis around the hypoxic tissue, and promotes cell survival. Thus,
HIFs are essential for embryonic development, but are also exploited by
cancer cells during tumor progression [15,16]. Increasing evidence has
shown that HIF-1 contributes to tumor initiation and development by
modulating the expression of hypoxia-inducible genes and stabilization
of the HIF-1α transcription complex promotes tumor progression and
metastasis [17–19]. It has been shown that an increased level of HIF-1α
was closely related to the aggressive behavior of tumors and poorer
patient outcomes [6,20]. In recent years, inhibiting HIF1 has emerged
as a new target for cancer therapy. Consequently HIF1 has been tar-
geted at the level of transcription, post-transcription, translation, post-
translational modification, ubiquitin/proteasome-protein degradation,
DNA binding, and regulation of target genes [21–23]. Several reports
have indicated that curcumin, a natural bioactive compound of tur-
meric root, significantly targets both HIF-1 subunit levels, but is more
potent against HIF-1α. In this review, we summarize the finding of the
preclinical studies reporting the pharmacological effects of curcumin on
HIF-1 and the related molecular mechanisms, which may be effective
candidates for the design of a multi-targeted therapy for different
human diseases.

2. HIF structure

HIFs is a heterodimer protein comprising of two distinct subunits,
HIF-α and HIF-β (also known as ARNT; aryl hydrocarbon receptor
nuclear translocator) [24].These two subunits belong to the basic helix
loop helix (bHLH) proteins of family of TFs named PER-ARNT-single-
minded protein (PAS) [25]. Until now, three HIF-α subunits (HIF-1α,
HIF-2α, and HIF-3α) and two HIF-β subunits (HIF-1β (or ARNT) and
ARNT2) have been identified [26]. Three HIF-1α mRNAs are tran-
scribed from human HIF1A gene, while only one HIF-2α mRNA is coded
from the human endothelial PAS domain protein 1 (EPAS1; alter-
natively named MOP2) gene (Fig. 1). Both HIF-1α and HIF-1β are
members of the family of the bHLH and PER-ARNT-SIM (PAS) domain-
containing transcription factors and are constitutively expressed, but
HIF-1α is oxygen-sensitive and is degraded via the proteasome pathway
[24]. HIF-1β is stable protein and is also an obligate partner for the aryl
hydrocarbon receptor (AHR) [27]. HIF-1α and HIF-2α can bind to the
HIF-1β subunit and are critical for hypoxia response, while the role of
HIF-3α is not very clear. HIF-2α has a similar structure to HIF-1α, and
they share the domains that are important for DNA binding and di-
merization, a central oxygen-dependent degradation domain (ODD),
two transactivation domains and the N and C terminal activation do-
mains (NTAD and CTAD) [28]. The N-terminal transactivation domains
of HIF-1α and HIF-2α are essential for targeting gene specificity, while
the CAD contributes to the regulation of most, but not all, HIF target
genes [29]. HIF-1α is widely expressed in all tissues, but HIF-2α is
expressed only in certain tissues [30]. HIF-1β is commonly expressed;
however, ARNT2 expression is limited to the kidney and brain of rats
and mice [31,32].

During low O2 (hypoxic) conditions, the CTAD of HIF-1α (amino
acids 786–826) contributes to regulating the transcriptional activation

of HIF-1α, while the NTAD (amino acids 531–575), contributes to the
stability of HIF-1α. In response to hypoxia, the CTAD binds with tran-
scriptional co-activators, such as steroid receptor coactivator-1 (SRC-1),
redox factor-1 (Ref-1) and in particular with p300/cAMP-response
element-binding protein (CBP) [33]. The interaction between HIF-1α
and p300/CBP does not occur in normoxia because hydroxylation of
CTAD via an asparaginyl hydroxylase (also known factor inhibiting
HIF-1; FIH-1) is O2-dependent [34]. CTAD hydroxylation restricts HIF-
1α from binding to p300/CBP and impairs HIF transcriptional activity;
therefore, targeting the complex of HIF-1α, p300/CBP and DNA binding
has the potential to be a novel approach for the direct blocking of HIF-1
action.

HIF-3α has 55% identity with HIF-1α and HIF-2α in the two bHLH
and PAS domains, but lacks the CTAD and so is unable to interact with
p300/CBP [35]. In humans and mice, HIF-3α dimerizes with HIF-β, and
this complex induces the transcription of HRE reporter genes in the
genome. The amplification and mechanism of action related to HIF-3α
is not fully understood [36].The inhibitory PAS domain protein (IPAS)
is an alternative splicing variant of the HIF-3α locus that can interact
with HIF-1α and negatively regulates HIFα [37].

3. HIF-1α regulation

Under normoxia, HIF-1α has a short life and is rapidly degraded
through series of events. In humans, HIF-1α protein undergoes hydro-
xylation of proline (P) residues (402 and 564 for HIF-1α, 405 and 531
for HIF-2α, 406 and 492 for HIF-3α) [38]catalyzed by a unique en-
zyme, HIF-prolyl hydroxylases (PHD). This enzyme needs iron, α-ke-
toglutarate, ascorbate and O2 [38]. The hydroxylated protein is cap-
tured by the von Hippel-Lindau (VHL) tumor suppressor protein, which
recalls the class of Cullin-2/Elongin-B/C ubiquitin complex (CBC) E3
ligase. The HIF-1α-pVHL binding as part of the ECV complex (Elongin/
Culin/VHL) progresses through acetylation of HIF-1α at an internal
lysine (K) residue 532 via an acetyltransferase ARD1 [39]. This inter-
action rapidly results in polyubiquitylation and degradation through
the 26S proteasome. Under hypoxic tension, the PHDs are impaired and
HIF-1α is not hydroxylated inhibiting the binding with pVHL and de-
gradation. Therefore, HIF-1α accumulates and translocates into the
nucleus where it dimerizes with HIF-1β [40]. This active heterodimer
directly binds to the HRE (5′-A/GCGTG-3′) in the promoter region to
triggers transcription of nearly 40 genes, whose proteins have a broad
and complex role in the adaptive pathway for continuing growth and

Fig. 1. Hypoxia-Inducible Factor-1 (HIF-1) structures. ARNT; Aryl hydrocarbon
receptor nuclear translocator, bHLH: basic helix-loop-helix, C-TAD: C-terminal
transcriptional activation domain, LZIP: leucine zipperdomain, N-TAD: N-
terminal transcriptional activation domain, ODDD: oxygen-dependent de-
gradation domain, PAS: Per-Arnt-single-minded protein (Sim), TAD: transcrip-
tional activation domain.
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metabolism under hypoxic conditions [23].
An additional pathway for HIF-1α degradation/stability is attrib-

uted to ATPase-directed chaperone heat shock protein 90 (Hsp90)
(Fig. 2). Hsp90 binds directly with HIF-1α causing conformational
changes in HIF-1α that result in the formation of HIF-1α/ARNT het-
erodimers [41]. Hsp90 inhibitors such as galdanamycin (GA) break
down the association between HIF-1α and Hsp90, hindering HIF-1α
transcriptional activity and also increase the ubiquitination-proteasome
degradation of HIF-1α independent of O2 and VHL protein [42]. Proline
mutations of HIF-1α at position 402 and 564 cannot prevent GA-in-
duced HIF-1α degradation, indicating that Hsp90 recruits a new E3
ubiquitin ligase.

The imbalance between the production and destruction of cellular
HIF-1α is stringently balanced under normal situations; however, ac-
cumulation of HIF-1α occurs when either its production is increased or
its degradation is decreased. Alongside the stability of HIF-1 under intra
tumoural hypoxia, HIF-1 hyper-activation and decreased degradation
may also be observed in normoxic situations (Fig. 2). This event likely
happens due to the activation of a series of potent growth-stimulating
factors [e.g. growth factors, cytokines] or oncogenic signaling cascades
[e.g. NF-κB, mitogen-activated protein kinase (MAPK)]. These growth-
stimulating elements potentially activate HIF-1, inducing HIF-1α
translation as well as causing downstream signaling transduction

pathway activation that may lead to malignancy [43].
Among different oncogenic pathways, alterations in phosphatidyli-

nositol-3-kinase(PI3K)/Akt/mammalian target of rapamycin (mTOR)
have a marked impact on HIF-1α protein activation [44]. Changes in
the PI3K cascade are frequently involved in cancer formation through
different mechanisms including constitutive activation of receptor tyr-
osine kinases (RTKs) causing to PI3K activation; loss of the tumor
suppressor, phosphatase and tensin homologue (PTEN) function; PI3K
mutations and dysregulation of AKT [45,46]. Indeed, the mTOR en-
hances HIF-1α protein translation through phosphorylation of the eu-
karyotic initiation factor 4E (eIF4E), which binds to mRNA 5′ cap under
normoxic states. Although, there are several conflicting reports on the
PI3K/Akt/mTOR axis effects on HIF-1α levels in various cell lines [47].

The MAPK signaling also contributes to the expression and activity
of HIF-1α [48,49]. It has been shown that activation of the Ras/MAPK
module increases the protein production of HIF-1α that interacts with
eIF4E [50]. Higher-expression of the ERK1/2 (alternatively called p44/
42) as down-stream molecules of Ras/Raf/MEK-1/ERK1/2 pathway,
may also significantly promote HIF-1 function [51]. These studies also
showed that MAPK pathway could transactivate HIF-1α by phosphor-
ylation [52]. Repression of MAPK phosphorylation accelerated HIF-1α
ubiquitin-degradation and hindered HIF-1α translocation to the nu-
cleus.

Fig. 2. Overview of cellular HIF-1α pathway in both normoxic and hypoxic conditions and curcumin effects. Under normoxia, HIF-1α is rapidly degraded through
hydroxylation of proline residues by a HIF-prolyl hydroxylases (PHD). The hydroxylated protein is captured by the von Hippel-Lindau (VHL) protein and subsequent
acetylation of HIF-1α at lysine via an acetyltransferase ARD1. This interaction leads to rapid polyubiquitylation and degradation through the proteasome. Under
hypoxic tension, the PHDs are impaired and HIF-1α is not hydroxylated inhibiting the binding with pVHL and degradation. Therefore, HIF-1α accumulates and
translocates into nucleus and dimerizes with HIF-1β. This active heterodimer directly binds to the in the promoter region to trigger transcription of target genes.
Curcumin decreasesHIF-1α and inhibits the transcription of genes-induced by HIF. ARD1: CBP:cAMP-response element-binding protein, HRE: hypoxia-responsive
elements, HSP: Heat shock proteins, mTOR: mammalian target of rapamycin, PDH: prolyl-4-hydroxylase, PI3K: phosphatidylinositol-3-kinase, UB: ubiquitylation,
VHL: Von Hippel-Lindau.
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4. HIF-1 target genes

Hundreds of target genes are reported to be affected via HIF in
different cell types, in which their protein products regulate ery-
thropoiesis, angiogenesis, metabolism, pH regulation, stem cell main-
tenance, inflammation, autophagy, cell proliferation and survival, glu-
cose metabolism, immunity, cell invasion and metastasis [53]. Thus,
HIF-1, HIF-2 and HIF-3 are actively involved in the pathophysiology of
several human diseases such as benign and malignant neoplasms, is-
chemic cardiovascular disorders, pulmonary and kidney disease [53].
Activation of HIF-1 leads to the over-expression of more than 100 po-
tential target genes that are integrally involved in tumor metastasis,
angiogenesis, energy metabolism, cell differentiation and apoptosis
[54] (Fig. 3).

5. HIF-1 and cancer

5.1. Tumor angiogenesis

Vascular differentiation is an important aspect tumor pathology and
progression. HIF1 stimulates angiogenic response by inducing the ex-
pression of vascular endothelial growth factor (VEGF), nitric oxide
synthase (NOS), stromal cell-derived factor 1 (SDF1) and adrenome-
dullin (ADM)], stem cell factor (SCF) and angiopoietin 2 (ANGPT2)
[55,56]. Calcitonin receptor-like receptor (CRLR), a G protein receptor
promoting angiogenesis and Semaphorin 4D (Sema4D), a member of
semaphorins, which promotes angiogenesis are regulated by HIF-1 ac-
tivity [57,58].

5.2. Metastasis

Tumor metastasis is a critical step in its progression. The tran-
scription factor TWIST which mediates epithelial-mesenchymal transi-
tion (EMT) and cancer metastasis is directly regulated by HIF-1 [59].
Apart from this, HIF-1 also regulates the expression of matric metallo-
proteases, E cadhedrins and adhesion molecules [60,61].

5.3. Glucose metabolism

A shift in glucose metabolism from mitochondrial oxidative to
anaerobic glycolysis is seen in cancer cells. Hexokinase (HK) 1, HK2,
glucose transporter (GLUT)1, GLUT3, solute carrier family 2 member
1(SLC2A1), glyceraldehyde-3-P-dehydrogenase(GAPDH), pyruvate ki-
nase M(PKM) and lactate dehydrogenase A (LDHA) have been shown to
be regulated by HIF-1 [62]. Two glycolytic enzymes, namely phos-
phoglycerate kinase 1 (PGK 1) and pyruvate kinase M2 (PKM2)
monocarboxylate transporter MCT4 and pyruvate dehydrogenase ki-
nase 1 (PDK1) are also transactivated by HIF-1 resulting in a shift in
energy metabolism in cancer cells [63,64].

5.4. Cell proliferation and survival

Hypoxic culture appears to be necessary to maintain full plur-
ipotency of human embryonic stem (hES) cells. Erythropoietin (EPO),
insulin-like factor-2 (IGF2), transforming growth factor-α (TGF-α),
plasminogen activator inhibitor-1 (PAI-1), connective tissue growth
factor (CTGF) and platelet derived growth factor (PDGF)], are con-
trolled by HIF-1

6. HIF-1 and fibrosis

Fibrosis, characterized by increased extracellular matrix (ECM) de-
position, and widespread vasculopathy is associated with chronic hy-
poxia [65]. HIF-1α is implicated in producing excessive ECM, which is
the underlying cause of fibrosis [66]. High levels of expression of HIF-
1α was found in fibrotic dermal fibroblasts cultured under hypoxic
conditions. HIF-1α induces collagen hydroxylation and normal collagen
secretion in hypoxia by directly activating transcription of the collagen
prolyl 4-hydroxylase enzyme (P4H) and pyruvate dehydrogenase kinase
1 (Pdk1) [67].

7. HIF and vascular remodeling

Dysregulated proliferation of endothelial cells (ECs) and an increase
in the number and volume of arterial smooth muscle cells (ASMC)

Fig. 3. HIF and its target genes. ADM:
Adrenomedullin, ENG: Endoglin, GAPDH: gly-
ceraldehyde 3-phosphate dehydrogenase,
GLUT: Glucose transporter, HK: hexokinase,
IGF-2: Insulin-like growth factor 2,
KRT14:keratin 14, LDH A: Lactate dehy-
drogenase A, LOX:lysyl oxidase, MMPs: Matrix
metalloproteinases, NDRG: N-myc downstream
regulated gene, NOS2: Nitric oxide synthase2,
PI3K: phosphatidylinositol-3-kinase,SLC7A1:
solute carrier family 2 member 1, SNAI1: snail
family transcriptional repressor 1, TGF:
Transforming growth factor, TCF3:transcription
factor 3,VEGF: vascular endothelial growth
factor,UPAR: urokinase plasminogen-activator
receptor, VIM:vimentin,WWTR1: WW domain
containing transcription regulator 1, ZEB1: zinc
finger E-box binding homeobox1.
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results in progressive vascular occlusion during vascular remodeling.
There is a strong correlation between vascular remodeling and hypoxia
that has been reported by several studies [68,69]. HIF-1 was found to
increase the expression of proteins implicated in vascular remodeling,
including transient receptor potential channel (TRPC) 1 [70], Platelet
derived growth factor bb (PDGFbb) [71], hepatocyte growth factor
(HGF) [72] and stromal-derived factor-1α (SDF-1α) [73], which play a
role in proliferation of EC and VSMC.

8. Curcumin

Curcumin [1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6- heptadiene-
3,5-dione] is an active phenolic pigment extracted from dried rhizomes
of turmeric (Curcuma longa), which is a herbaceous tropical plant and
native to southeast Asian and Middle Eastern countries [74]. Chemi-
cally, commercial curcumin consists of nearly 80% diferuloylmethane
(curcumin), 17% demethoxycurcumin (DMC), and 3% bisdemethox-
ycurcumin (BDMC) [75].

Functional groups of curcumin are reactive bis-α, β unsaturated β-
diketone, methoxy and phenolic hydroxy groups as well as double-
conjugated bonds [76]. Curcumin is a multifunctional molecule pos-
sessing a wide range of cellular targets and has been reported to have
antioxidant [77–80], anti-prolifrative [81,82], analgesic [83,84], an-
ticoagulative [85], immunomodulatory [86], antidiabetic [87], hepa-
toprotective [88,89], anti-bacterial [90], lipid-regulating [91–94] and
anti-inflammatory properties [95–97]. The multiple functions of cur-
cumin are attributed to the α,β-unsaturated β diketone group, which
covalently binds to proteins [98]. Moreover curcumin affects all stages
of tumor development including transformation, proliferation and
progression [98–100].

Curcumin has significant cytoprotective effects through reducing
lipid peroxidation, inflammation and oxidative stress, elevating in-
tracellular antioxidants, scavenging free radicals, and regulating anti-
oxidant or pro oxidant enzymes [101]. This compound exert its cellular
functions directly and indirectly through different molecular mechan-
isms such as regulation of the RAS [102], PI3K/AKT [103], MEKK1-
JNK,AMPK, Nrf2–KEAP1 [104],Wnt/β-catenin and TGF-β1/Smad
(transforming growth factor-β1/drosophila mothers against dec-
apentaplegic protein) signaling pathways, and modulation of variety of
biochemical molecules including TFs, oncogenes and tumor suppressor
genes, protein kinases, adhesion molecules, cell surface receptors,
growth factors and their receptors, proteases, enzymes, cell cycle reg-
ulatory proteins, transcriptional coactivator, transporters, and apop-
totic factors [105–107]. Curcumin also shows inhibition of the proin-
flammatory mediators such as TNF-α, NFκB, toll-like receptor 4 (TLR4)
and TLR2, interleukelin-6 (IL-6), and up-regulation of VEGF, all of
which are involved in tumor formation [108,109].

Different laboratory studies and clinical trials have shown that
curcumin has therapeutic potential in chronic diseases such as cancer,
inflammatory, cardiovascular, pulmonary, metabolic and neu-
ropsychological disorders.

9. Effect of curcumin on HIFs in metabolic diseases and liver
fibrosis

Several studies have highlighted the role of HIF-1α in obesity and
obesity-associated metabolic diseases [110,111]. Dysfunctional adip-
osity results from visceral fat mass excess, adipokine and inflammatory
deregulation, insulin resistance and furthermore, by fibrosis of adipose
tissue under hypoxia [112]. HIF-1α modulates the expressions of genes
responsible for fibrosis and the inflammatory response, which indicates
the involvement of HIF-1α in the genesis and progress of fibrosis and
inflammation-associated with adipose tissue dysfunction [113]. Re-
cently Qiu et al reported that curcumin prevented adipose hypoxia by
decreasing oxygen use as well as preventing HIF-1α-related adipose
fibrosis by the inhibition of the AMPK/mTOR axis [114].

Liver fibrosis results from the accumulation of extracellular matrix
after tissue injury in mammalian. Innate and adaptive immune systems,
angiogenesis and HIF-1 participate in the formation and development
of tissue fibrosis[115]. Following tissue injury, the hepatocytes undergo
apoptosis that can lead to a hypoxic environment causing HIF-1 acti-
vation. It has been shown that curcumin has a beneficial effect in liver
fibrosis by reducing HIF-1α and ERK1/2 expression levels through
several mechanisms including: a), blocking cell proliferation; b), sup-
pression of gene expression of collagen III, and α-smooth muscle actin.
Curcumin may protect from liver fibrosis induction through suppressing
of HIF-1α via the ERK-dependent processes [116].

Recently, the effect of curcumin was assessed on hepatic succinate
accumulation and liver fibrosis in mice that had received a high-fat diet.
It was observed that hepatic succinate accumulation acts as a metabolic
signal for liver fibrosis via HIF-1α induction. Knockdown of HIF-1α by
small interfering RNA (siRNA) prevented succinate stimulation of HSCs
activation, showing the critical role of HIF-1α in succinate signaling
[117]. Oral supplementation of curcumin and metformin prevented
hepatic fibrosis through inhibition of mitochondrial fatty acid oxida-
tion, and succinate dehydrogenase activity, as well as decreasing he-
patic succinate accumulation. In mouse primary hepatic stellate cells
(HSCs) under hypoxia-mimicking conditions (CoCl2 treatment), cur-
cumin impaired succinate-associated HIF-1α induction by reducing
ROS generation, inflammation and expression of fibronectin and TGF-
β1 [117]. This finding implies that HIF-1α might be a potential target
for curcumin in the treatment of liver fibrosis. Curcumin was found to
protect the rat liver from CCl4-caused injury and fibrogenesis by re-
ducing the expression of HIF1 [118].

10. Effect of curcumin on HIFs in diabetes

Both hyperglycaemia and hypoxia are implicated in the adverse
diabetic complications such as diabetic retinopathy, nephropathy and
neuropathy, late wound healing, as well as cardiovascular disease.
Deregulation of HIF-1 is directly related to the lack of cellular adap-
tation to hypoxia in diabetes with increasing evidence suggesting that
high glucose levels destabilize HIF-1α during hypoxia by [119]. Hy-
perglycemia appears to impair hypoxia-dependent stabilization of HIF-
1α through proteasomal degradation. Studies have shown a linear
correlation of blood glucose to fatal outcome related post-acute hypoxic
tensions such as seen in acute myocardial infarction [120], suggesting
that hyperglycemia may impair the tissue’s ability to adapt to acute low
oxygen conditions.

During wound-stimulated hypoxia, HIF-1α is highly regulated and
induces synthesis of VEGF and SDF-1α [121,122], leading to the ac-
cumulation of endothelial progenitor cells (EPCs) and promotion of
angiogenesis [123]. There is increasing evidence suggesting that cur-
cumin may protect against diabetic complications [124]. Kant et al
reported that a combination of substance P (SP) and curcumin sig-
nificantly accelerated wound healing in diabetic rats through increasing
the expressions of IL-10, VEGF, TGF-β1, HIF1-α, SDF1-α, heme oxy-
genase-1 (HO-1) and endothelial NOS, as well promoting activities of
superoxide dismutase (SOD) and catalase (CAT) in the granulation
tissue. The high expression of HIF-1α, SDF-1α and VEGF in the com-
bination-treatment group favors synthesis of new blood vessels, en-
hancing the wound healing process [125]. It has also been reported that
curcumin treatment significantly contributes to neovasculogenesis and
rapid wound closure in diabetic rats by increasing the expression of
VEGF, TGF-β1, HIF1-α, SDF-1α and HO-1 compared with controls
[126]. However, human clinical studies will be needed to confirm these
findings

11. Effect of curcumin on HIFs in cancer

Accumulating evidence suggest that hypoxic signaling is involved in
the modulation of the cellular physiology of tumor cells (Table1)
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[127,128]. Intratumoral hypoxia results in the accumulation of HIF-1α
and HIF-2α in tumor and stromal cells. Notably, hypoxia is related to a
poor prognosis and elevated levels of HIF-1α protein are associated
with a poor outcome and increased mortality rates [129–131]. Cur-
cumin was found to reduce HIF-1 activity in several human tumor cell
lines (Table 1).

It has been shown that accumulation of hypoxia-mediated HIF-1α
stimulates the expression of β-catenin, increases EMT process, enhances
invasiveness and metastatic behavior of hepatocellular carcinoma
(HCC) in vitro and in vivo [132]. Curcumin decreased the expression of
HIF-1α in vascular endothelial cells and HIF-1α protein levels in HCC
cells, which resulted in down-regulation of VEGF that is a master HIF-1
target angiogenesis factor [133]. This finding demonstrated the crucial
role of HIF-1α in EMT alteration, and especially in cancer progression
under hypoxic stress. Moreover, curcumin is a potential anticancer
agent by inhibition of HIF-1α-mediated angiogenesis [134].

Tetrahydrocurcumin (THC) is the colorless metabolite of turmeric,
obtained from hydrogenation of curcumin. Yoysungnoen and collea-
gues investigated the effects of THC on tumor angiogenesis and me-
chanisms of action in cervical cancer (CaSki) injected nude mice.
Results showed that THC significantly restricted tumor angiogenesis in
animal models of cervical cancer by decreasing microvascular density
and reducing protein expression levels of HIF-1α, VEGF and VEGFR-2.
This finding highlighted the protective role of curcumin against cancer
formation through repression of HIF-1α and VEGF/VEGFR-2 pathways
[135].

The bromophenol curcumin [1,5-bis(3-bromo-4, 5-dimethox-
yphenyl) penta-1, 4-dien-3-one] analogue of curcumin has shown an-
tiangiogenic properties in the treatment of cancer. Bromophenol cur-
cumin induced apoptotic death and suppressed migration, invasion,
proliferation and tubular formation in human umbilical vein en-
dothelial cell (HUVEC) via HIF-1α/VEGF/Akt signaling pathways
[136].

Because of the low bioavailability and efficacy of cucumin in pre-
clinical studies, several novel analogues of curcumin have been devel-
oped [98,137]. EF24, a potential curcumin-related compound analog,
showed higher biological activity and bioavailability compared to
curcumin. Thomas et al reported that both EF24 and curcumin effec-
tively inhibited HIF-1α protein concentrations and transcriptional ac-
tivity in breast and prostate cancer cell lines. However, curcumin pre-
vents HIF-1α gene transcription, and EF24 reduces HIF-1α post-
transcriptionally; though they have similar structures, these two com-
pounds exert their actions through different mechanisms. EF24 can
disrupt the microtubule cytoskeleton indirectly and reduce HIF-1α le-
vels dependent on the VHL protein and independent of proteosomal
degradation. Moreover, EF24 also shows a slight reduction in HIF-1β
protein levels [138]; however, inhibition of the HIF-1β protein occurred
at a higher EF24 concentration compared to that dose required for the
inhibition of the HIF-1α protein. The transcriptional activation of HIF-
associated target genes requires both HIF subunits (-α and -β), so tar-
geting either or both HIF subunits is an effective strategy for HIF in-
hibitor use either directly or indirectly [139]. These data are in accord
with previous study reports showing that curcumin could suppress HIF-
1β [140] or HIF-1α [133].

Choi et al evaluated the effects of curcumin administration on HIF-1
expression and activity in cancer cell lines and an animal model of
xenograft cancers. Curcumin successfully inactivated HIF-1 activity and
its target genes. However, between the two HIF-1 subunits, curcumin
could only degrade ARNT in different cell lines without affecting the
transcription of HIF-1α. In addition, curcumin induced the proteosomal
ARNT degradation through oxidation and ubiquitination pathways. In
mice with hepatoma, curcumin attenuated tumor growth and expres-
sion of ARNT, erythropoietin and VEGF in the tumor tissues. This cri-
tical observation provides the first direct evidence that curcumin has
anticancer properties through HIF-1 inhibition via ARNT degradation
[140].

This discrepancy between the findings of this latter study [140] with
other reports may be due to the differing curcumin preparations.
Commercial curcumin often consists of a combination of three dis-
tinctive curcuminoids, each of which may have differing effects on HIF-
1 levels. Given that HIF-1α has the highest transcriptional activity in
the HIF-1 complex, it is a better target compared with ARNT for in-
hibition of HIF-1 as a therapeutic target. However, many tumor cells
have amplified HIF-2α mRNA that is comparable to HIF-1α regarding
protein structure and regulation [141,142]. Indeed, HIF-2α can bind to
ARNT in order to constitute the HIF-2 transcription complex and con-
tributes to gene regulation in hypoxia. It has been demonstrated that
the deletion of HIF1A is unable to prevent vascular tumor progress in
VHL-deficient mice due to HIF2A compensation of hypoxic gene ex-
pression for the loss of HIF1A activity [143]. The deletion of ARNT
prevented tumorigenesis because HIF-1 and HIF-2 act independently
through ARNT; therefore, in the context of cancer, focusing on the in-
hibition of ARNT affects both HIF-1 and HIF-2. Curcumin has been
found to suppress of ARNT expression in preclinical studies and
therefore may be a promising tumoricidal agent to target HIFs.

Curcumin has been shown to have anti-tumor activity through HIF
inactivation in a time-, oxygen-, and concentration-dependent manner.
Curcumin treatment enhanced HIF-1α protein amounts in normoxia but
conversely led to HIF-1α and HIF-2α degradation in hypoxic condi-
tions. HIF-1βwas decreased at both transcriptional and posttransla-
tional levels in both normoxia and hypoxia post 4 h and 24 h of cur-
cumin incubation in cancer cell lines of liver (Hep3B and HepG2) and
breast (MCF-7). Consequently, HIF protein degradation led to a sig-
nificant reduction in HIF protein function in tumor cells treated under
hypoxic conditions [144].

Curcumin also exhibited anti-angiogenic properties by suppressing
both basal and hypoxia-induced synthesis of HIF-1α mRNA in cortico-
troph AtT20 mouse and lactosomatotroph GH3 rat pituitary tumor cells
as well as in human pituitary adenoma cell cultures, under hypoxic
conditions [145]. Curcumin also inhibited HIF1-α levels in primary
cultures of human cancer cells. Therefore, curcumin displayed anti-
proliferative, pro-apoptotic, and anti-tumor neovascularization actions
not only by disruption of HIF-1α protein production and/or stabiliza-
tion, but also by down-regulation of HIF-1α at the transcriptional level,
indicating that curcumin has an inhibitory action on HIF-1α through
several mechanisms of action [145].

The thioredoxin (Trx) system, commonly overexpressed in hypoxic
tumor cells, also has a positive impact on HIF-1α expression [146]. Trx
inhibitors can inhibit activation of HIF-1 and angiogenesis under hy-
poxic stress. Curcumin can target the Trx system to reduce the in-
tracellular-redox potential, elevate oxidative stress, and finally induces
cell death [147]. Curcumin has the potential to be considered as an
anticancer drug with its mechanism of action through the Trx system.

Monoamine oxidase A (MAOA), as a mitochondrial enzyme, med-
iates the development and progression of cancer. MAOA induces EMT
and stabilize the HIF-1α, thus increasing the growth, invasion, and
propagation of cancer cells [148]. Additionally, the mTOR/HIF-1α axis
regulates aerobic glycolysis, which is a metabolic basis for acquired
immunity [149]. More recently, Du and Long studied the role of the
MAOA/mTOR/HIF-1α pathway in cancer-associated fibroblasts (CAFs)-
induced EMT and invasiveness in prostate cancer cells. They also
evaluated the protective effect of curcumin on CAF-derived from
prostate carcinoma cells. Activated fibroblasts in CAFs or myofibro-
blasts are the major non-malignant cell type in the cancer stroma and
the main indicators of a progressive phenotype for the tumor and its
metastasis [150]. CAFs also mediate the EMT process of malignant cells
and their progress to stem cells [151]. CAFs may trigger EMT and attack
prostate cancer cells via a MAOA/mTOR/HIF-1α pathway in order to
increase ROS leading to metastasis and the aggressive behavior of
prostate cancer cells. Furthermore, CAFs potentially induce high-ex-
pression of CXC chemokine receptor 4 (CXCR4) and the IL-6 receptor.
Curcumin prevented CAF-associated aggression and EMT, and
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attenuated ROS generation and expression of CXCR4 and IL-6 receptor
by ameliorating MAOA/mTOR/HIF-1α signaling in prostate cancer
cells. Taken together, these finding suggest that curcumin has the po-
tential to protect against the EMT process in the tumor microenviron-
ment by inhibiting CAF-induced ROS genesis via the MAOA/mTOR/
HIF-1α axis [152]. Since, there are multiple cancer-progressive sig-
naling pathways that mediate interactions between various tumoral and
non-tumoral cells and CAFs [153], targeting CAFs by curcumin may be
a promising therapeutic approach that needs further evaluation.

Curcumin prevents the amplification of VEGF via NFκB regulation.
HIF-1α and NFκB regulate the expression of one another, inter-
dependently. The stability of the HIF-1α protein may be disrupted in-
directly through p53 levels and increased by curcumin. Tumor sup-
pressor protein p53 prevents hypoxia-stimulated expression of HIF-1α
by increasing its proteasomes and ubiquitination [154]. Furthermore,
curcumin decreases HIF-1α protein and activity levels, so suppressing
VEGF gene expression and hypoxia-induced angiogenesis of cancer
cells.

It has been reported that hypoxia-induced HIF-1α in malignant cells
leads to chemo and/or radioresistance [144]. In contrast, HIF-1α in-
hibition reduces human tumor xenograft development, angiogenesis,
evasion, and metastasis [155]. Specific HIF-1α knockdown by siRNA
alleviated the chemoresistance-related to hypoxia in a human lung
cancer cell line [43]. These reports highlight the role of HIF-1α in the
resistance to chemotherapy and radiotherapy in human cancers and
suggested that targeting HIF-1α might be a promising approach for
cancer therapy. Several reports have shown a dose-dependent radio-
sensitization of different cell lines following curcumin pretreatment
before ionizing radiation [156,157]. But in a study performed on he-
patoma and breast cancer cell lines, curcumin pretreatment has proa-
poptotic and antiproliferative effects on clonogenic cell survival, pos-
sibly as a result of partial transcription factors degradation.
Interestingly, 90% knockdown of HIF-1α protein by siRNA effects
radio-sensitivity of these cell lines under hypoxia [144].

Platin-based (DDP) chemotherapy is the basis of treatment of many
human tumors and has been show to significantly improve the prog-
nosis of patients. Multidrug resistance (MDR), particularly for DDP re-
gimens, has markedly decreased the efficacy of chemotherapeutic
drugs, leading to 5-year survival rate of less than 15% for some patients.
This may be contributed to by HIF-1α that was found to be amplified at
both the transcriptional and protein levels in the DDP resistant lung
cancer A549/DDP cell lines under normoxia. Combination therapy with
curcumin and DDP significantly abrogated A549/DDP cells prolifera-
tion, disrupted HIF-1α amplification at the protein level, reversed DDP
resistance and induced apoptosis through enhancing HIF-1α degrada-
tion and activating caspase-3. Down-regulation of HIF-1α–dependent P-
glycoprotein via curcumin provides an additional reason to use cur-
cumin as an anti-tumor agent, that may prevent drug resistance and
increasing therapeutic potential and therefore efficacy of the current
regimens in lung cancer patients [158].

In a recent study, curcumin suppressed the expression of anti-
apoptotic protein myeloid cell leukemia-1 (MCL-1), hypoxia-inducible
factor 1α (HIF-1α), and vascular endothelial growth factor (VEGF) in
primary human hemangioma endothelial cells (HemECs) [159].

12. Conclusion

HIF-target genes are involved in pathogenesis of cancer, fibrosis and
vascular disease. Therefore, approaches modifying the hypoxic tumor
microenvironment, or targeting the hypoxia-regulated signaling path-
ways may be effective therapeutic strategies. Anti-tumor drugs that
target both HIF-1α and -2α subunits and prevent their dimerization
with HIF-1β may have better therapeutic application. Inhibition of HIF-
1β/ARNT has received little attention due to its constitutive expression;
however, ARNT depletion possibly blocks both HIF-1 and HIF-2.
Curcumin has been shown to inhibit ARNT expression and may have a

significant activity in preventing the assembly if HIF protein in hypoxia
induced cancer and fibrotic conditions.

At present, curcumin is known to be a safe and well tolerated
compound showing no toxicity in several clinical trials. Curcumin can
inhibit cancer cell growth, development invasion and metastasis under
hypoxic and non-hypoxic conditions by targeting HIF-α and/or HIF-β.
In this regard, the anti-HIF activity of curcumin in combination with
other conventional therapies would have additive and synergistic ef-
fects. Although the potency of curcumin is presently under evaluation
in multiple clinical trials, its efficacy profile is limited due to its poor
absorption and bioavailability, low solubility, and instability as a result
of immediate renal excretion and hepatic destruction [160]. Increasing
the stability of curcumin derivatives or curcumin-releasing system may
overcome this problem and bring this natural compound to the fore-
front of therapeutic agents for the treatment of human disease in the
future [161,162,163].
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