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Abstract

Curcumin, a pure compound extracted from the flowering plant, turmeric (Curcuma longa. 
Zingiberaceae), is a common dietary ingredient found in curry powder. It has been studied 

extensively for its anti-inflammatory, antioxidant, antimicrobial and anti-tumour activities. 

Evidence is accumulating demonstrating its potential in chemoprevention and as an anti-tumour 

agent for the treatment of cancer. Despite demonstrated safety and tolerability, the clinical 

application of curcumin is frustrated by its poor solubility, metabolic instability and low oral 

bioavailability. Consequently researchers have tried novel techniques of formulation and delivery 

as well as synthesis of analogues with enhanced properties to overcome these barriers. This review 

presents the synthetic analogues of curcumin that have proven their anticancer potential from 

different studies. It also highlights studies that combined these analogues with approved 

chemotherapies and delivered them via novel techniques. Currently, there are no reports of clinical 

studies on any of the synthetic congeners of curcumin and this presents an opportunity for future 

research. This review presents the synthetic analogues of curcumin and makes a compelling 

argument for their potential application in the management of cancerous disease.
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Low bioavailability resulting from poor aqueous solubility and metabolic instability impedes the 

clinical application of curcumin, a diketone compound isolated from curry powder. Synthetic 

analogues with better aqueous solubility, higher potency, favorable pharmacokinetic properties, 

some with unique mechanisms of action might be clinically applicable.
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1. INTRODUCTION

Cancer is a debilitating and complex disease engaging scientists around the globe working 

tirelessly to find possible cures. Billions of dollars have been spent every year for cancer 

research and treatment globally with questionable returns on investment. In the United States 

for the year 2010 alone, more than $124.6 billion has been spent to treat over 13.7 million 

survivors with 1.5 million newly diagnosed cancer patients in 2010, a decade later the battle 

is far from won (Park et al., 2013). None-the-less, giant strides have been made in the 

management of cancerous disease, from surgery in the 19th century to the introduction of 

chemotherapy in the 1940’s. Most recently, advancements have been made employing 

molecular-targeted and immune-targeted therapy along with modern delivery systems. 

However, the work is far from done. According to the World Health Organization (WHO), 1 

in every 6 deaths is due to cancer and 70% of these deaths occur in low- and middle-income 

countries where early detection and effective chemotherapy and/or modern therapies is 

expensive and hard to come by (Organization, 2018). With an increasing human life 

expectancy and increasingly aging population, the incidence of cancer and related costs is 

expected to rise (Park et al., 2013). Cancer development is a rather insidious multi-step 

process that often starts from exposure to a carcinogen, which leads to hyperplasia, 

dysplasia, carcinoma in situ and ultimately invasive cancer (Haddad and Shin, 2008). 

Notably while it is reported that 30–40% of cancers could be prevented by maintaining 

healthy lifestyle practices such as consumption of healthy diet, regular physical activity and 

maintaining optimum body weight (Glade, 1999, Amin et al., 2009) the incidence of this 
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disease continues to rise. Given issues with toxicity, efficacy and the cost of care of many of 

the current therapies, it is imperative that we look towards alternative therapies for cancer 

prevention and treatment such as cost-effective and efficient natural remedies. An ideal 

agent should be safe for human use, effective at low doses, economical and readily available. 

One such agent that has proven effective for both cancer treatment and prevention is 

curcumin, a natural product from the common plant turmeric (Curcuma longa, 

Zingiberaceae). Several studies have corroborated the findings of Kuttan and co-workers 

who first tested the clinical efficacy of 1% curcumin ointment on skin cancer lesions (Kuttan 

et al., 1987). Multiple reports show that curcumin inhibits growth by arresting the cells in 

the G1/S and G2/M phase of the cell cycle and/or inducing apoptosis of cancerous cells in 

various body tissues like B and T cells, colon, epidermis, prostate, breast, and head and neck 

squamous cell carcinoma (Martínez-Castillo et al., 2018, Tamvakopoulos et al., 2007). 

Moreover, curcumin is safe and tolerable at doses up to 12g/day. However, the realisation of 

curcumin as an effective cancer treatment is limited by its very low oral bioavailability (less 

than 1%) due to metabolic instability (Cheng et al., 2001). This has led to the discovery of 

numerous curcumin analogues (synthetic and semi-synthetic) with higher potency and 

enhanced bioavailability, which could overcome the limitations of the clinical efficacy of 

curcumin (Kudo et al., 2011a, Jordan et al., 2018). We acknowledge that there is an 

exhaustive list of analogues that have been synthesized/semi-synthesized from structure-

activity relationship studies over the years (Agrawal and Mishra, 2010, Rodrigues et al., 

2019, Vyas et al., 2013), this review focuses on synthetic analogues that have demonstrated 

anti-tumour potential with higher potency in multiple studies (Fig. 1, Table 1). These 

analogues have diverse molecular mechanistic pathways (Fig. 2) and have proven prospects 

for the prevention and management of cancerous disease. Here we provide a perspective 

from cell biology and molecular pharmacology (summarized in Table 2).

2. SYNTHETIC CURCUMINS IN CANCER MANAGEMENT

2.1 EF Series (EF24, EF31 and UBS109)

EF24 was the first member of this series developed through the combined efforts of 

scientists from the National Cancer Institute and Emory University with the goal to enhance 

potency and to overcome poor absorption characteristics of curcumin by modifying its 

structure. After testing over 100 analogues, 10 shortlisted compounds were screened using 

the National Cancer Institute, NCI-60 cancer cell line panel. EF24 was identified as one of 

the analogues with great promise (Adams et al., 2004, Kasinski et al., 2008). Subsequently, 

EF31 and UBS109 with better physicochemical and pharmacologic characteristics were 

synthesized (Nagaraju et al., 2013).

2.1.1 EF24- Diphenyl difluoroketone/3,5-bis(2-flurobenzylidene) piperidin-4-
one—EF24 is a fluorinated curcumin analogue (Thomas et al., 2008) that has been 

investigated against several cancer types (Table 2) and exhibits approximately 10-fold higher 

potency than curcumin (Sarkar et al., 2010). Like curcumin, the exact mechanism of action 

of EF24 is not well defined but it seems to suppress cancer cell proliferation and 

angiogenesis by altering regulation of genes in a variety of pathways (Table 2). Adam and 

colleagues reported that through redox-dependent mechanisms, EF24 induced cell cycle 
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arrest and apoptosis in human breast and prostate cancer cells (Adams et al., 2005). 

Subsequently, Thomas et al. reported that EF24 has a different mechanism than its parent 

compound. While curcumin acts via inhibition of Hypoxia-inducible factor 1-alpha 

(HIF-1α) gene transcription, EF24 inhibits HIF-1α post-transcriptionally in both breast and 

prostate cancer cells (Thomas et al., 2008). Kasinski et al. demonstrated that EF24 was 

about 10 times more effective than curcumin in suppressing lung cancer cells (A549) in vitro 
by inhibiting IKK-beta kinase in the NF-κB signalling pathway (Kasinski et al., 2008).

EF24 at a very low dose (0.4 uM) synergizes with p38 inhibitors and suppresses lung cancer 

cells by blocking the p38 signalling pathway (Thomas et al., 2010). EF24 also suppressed 

growth of human liver cancer cells in vitro and in mice xenograft models by blocking NF-

ҡB signalling pathways involving the expression of Bcl-2, COX-2, Cyclin B1, inhibiting p-

ERK, p-AKT and VEGF, and activating p53 and p21 (Liang et al., 2011b, Liu et al., 2012). 

EF24 is also effective against oral squamous cell carcinomas by inhibiting phosphorylated 

MEK/ERK (Lin et al., 2017). Against cisplatin resistant human ovarian cancer cells, EF24 

induced G2/M arrest and apoptosis by increasing phosphate and tensin homolog (PTEN) 

expression and regulating downstream signalling pathways (Selvendiran et al., 2007). In 

another study, EF24 exhibited an 8 to 16 fold higher potency than the parent compound 

against platinum sensitive and resistant ovarian cancer cells (Tan et al., 2010). EF24 also 

showed potential anticancer activity against both prostate cancer and melanoma models by 

selectively targeting the NF-κB pathway, along with enhanced expression of tumour 

suppressor miRNAs and reduced expression of oncogenic miRNAs including miR-21 (Yang 

et al., 2013). Inhibition of miR-21 was further confirmed in human prostate cancer cells. 

Although EF24 unlike curcumin, selectively inhibits the NF-ҡB pathway without affecting 

the signal transducer and activator of transcription (STAT) pathways (Yang et al., 2013, Yin 

et al., 2016), a recent study found that EF24 does inhibit phosphorylation of STAT3. This 

same study also found that EF24-induced apoptosis is mediated by reactive oxygen species 

(ROS)-dependent oxidative stress (Bisht et al., 2019). In summary, EF24 is a potent 

curcumin analogue, that like curcumin, affects multiple pathways including NF-ҡB, 

HIF-1α, p53, STAT3, miRNAs and ROS (He et al., 2018).

2.1.2 EF31 (3,5-Bis(2-pyridylmethylene)-4-piperidone)—EF31 is another 

fluorinated analogue from the National Cancer Institute and Emory University group and 

like the other analogues strongly inhibits the NF-ҡB pathway. A study directly comparing 

EF24 and EF31 suggests that EF31 is more potent than EF24 with respect to inhibition of 

IKK-beta phosphorylation, NF-ҡB nuclear translocation and DNA binding, and has greater 

cytotoxicity than EF24 in human ovarian, breast and pancreatic cancer cell lines (Olivera et 

al., 2012). Another study using colorectal cancer models demonstrates that EF31 induces 

G0/G1 cell cycle arrest and inhibits in vivo tumour growth in xenograft models by inhibiting 

NF-ҡB activity. In addition, EF31 via downregulation of E2F-1 and its target gene 

thymidylate synthase, might overcome 5-FU resistance (Rajitha et al., 2016). Zhu et al. 

studied the pharmacokinetic (PK) profile and anticancer activity of EF31 in mice using head 

and neck cancer models. The results show that EF31 is slightly more soluble (<10 and 13 

μg/ml) and more potent (IC50: 7μM vs. 8μM) than EF24 and inhibits tumour growth in the 

xenograft model (Zhu et al., 2012). When administered peritoneally in mice, the peak 

Adeluola et al. Page 4

Eur J Pharmacol. Author manuscript; available in PMC 2022 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentration was reached within 30 mins with a mean residence time of at least 6 h. While 

prolonged treatment with EF31 led to a decrease in p-IKK-alpha and p-IKK-beta, there were 

increased levels of p-IҡBα. This indicates that there may be other kinases responsible for 

the phosphorylation of IҡBα (Zhu et al., 2012). The pleiotropic nature of EF31 was tested 

against 50 kinases at 5μM dose, confirming that EF31, like curcumin, is pleiotropic in 

nature. EF31 blocked all the kinases studied to varying degrees (Brown et al., 2013). 

Nagaraju et al. examined the effects of EF31 on DNA methylation in MiaPaCa-2 and 

PANC-1 cells and confirmed that EF31 treatment lowered DNA methylation by disrupting 

interaction of DNA methyltransferase (DNMT)-1 and the chaperone protein heat shock 

protein 90 (HSP90), which led to increased expression of SPARC, p16 and E-cadherin 

(Nagaraju et al., 2013). Furthermore, the antiangiogenic potential of EF31 has been studied 

in pancreatic and colorectal cancer cell lines using human umbilical vein endothelial cells 

(HUVEC) tube formation, egg chorioallantoic membrane (CAM) assays and matrigel plug 

assays. EF31 inhibits angiogenesis by inhibiting HSP90, NF-ҡB, HIF1-α and VEGF, which 

play crucial roles in angiogenesis leading to cancer metastasis (Nagaraju et al., 2015, Rajitha 

et al., 2017). Taken together, EF31 is a novel mono-carbonyl analogue with enhanced 

physico-chemical characteristics and proven anti-tumour potential. More studies are required 

to identify any comparative advantage in the pharmacokinetic profile of EF31 against 

curcumin and other analogues.

2.1.3 UBS109—UBS109 is another fluorinated curcumin analogue structurally similar to 

EF24 and EF31, but with higher solubility. Pharmacokinetic studies in mice with a single 

oral dose revealed that peak plasma concentrations were reached at 0.5 h post-dose with 

average plasma concentrations of 131 and 248 ng/ml for oral doses of 50 and 150 mg/kg, 

respectively with terminal elimination half-lives (T½) for these doses averaging 3.7 and 4.5 

h, respectively (Zhu et al., 2014). UBS109 also decreased the levels of phosphorylated IKK-

beta and phosphorylated p65 both in vitro and in vivo and inhibited the growth of head and 

neck squamous cell carcinoma xenograft tumours in mice (Zhu et al., 2014). UBS109 has 

been assessed for its antiangiogenic effects on cancer cells and bone marrow cells. 

Yamaguchi and colleagues reported that UBS109 stimulates osteoblast mineralization and 

inhibits lipopolysachharide-induced osteoclastogenesis (Yamaguchi et al., 2012). 

Subsequently, this finding was corroborated by in vivo mice models transfected with 

metastatic breast cancer cells. UBS109 prevented bone loss in the mice when compared with 

the control group (Yamaguchi et al., 2014). In pancreatic cancer models, UBS109 impaired 

angiogenesis as assessed by in vitro egg CAM assays and HUVEC tube assembly or in vivo 
vascularization by and repressing HIF-1α, HSP90, COX-2 and VEGF (Nagaraju et al., 

2015). In a colorectal cancer model, UBS109 decreased angiogenesis by inhibiting NF-κB 

activity, HIF-1α, COX-2, STAT-3, and VEGF (Rajitha et al., 2017). Inhibition of NF-ҡB by 

UBS109 is also associated with inhibition of DNMT-1 expression and DNA methylation 

(Nagaraju et al., 2013).

2.2 FLLL Series (FLLL11, FLLL12, FLLL31, FLLL32 and FLLL62)

Dr. Fuchs laboratory at Ohio State University initially synthesized 24 curcumin analogues 

that fall under two major chemical groups- a heptadiendione series (13 analogues) and a 

pentadienone series (11 analogues) (Fuchs et al., 2009). Structure activity relationship 
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studies revealed that many of these analogues are more potent than curcumin against 

prostate and breast cancer cell lines, particularly the pentadienone analogues (Fuchs et al., 

2009). Later, members of this groups were named FLLL and newer members were 

introduced. FLLL11 is also available naturally from Curcuma domestica and Curcuma 
longa. FLLL12 has an extra methoxy group at the 5-position of the aromatic rings (Friedman 

et al., 2009). FLLL31, FLLL32 and FLLL62 are newer members derived by functionalizing 

the methylenic position of curcumin (Lin et al., 2010b).

2.2.1 FLLL12—FLLL12 is a promising monoketone analogue with additional methoxy 

groups at position 5 of both aromatic rings which may account for its superiority over 

FLLL11 and curcumin as an anticancer agent (Friedman et al., 2009, Ohori et al., 2006). 

FLLL12 has been screened for its activity against various cancer types such as head and 

neck, lung, breast, pancreatic and colorectal cancers. Initial screening suggests that FLLL12 

is approximately 5–10 times more potent than the parent compounds against prostate (PC-3 

and LNCaP) and breast cancer cell lines (MCF-7 and MDA-MB-231) (Fuchs et al., 2009). 

FLLL12 was also tested against 5 pancreatic cancer cell lines indicating that this analogue is 

3–21-fold more potent in inducing apoptosis (Friedman et al., 2009). Further mechanistic 

studies revealed inhibition of p-AKT and p-STAT3 by FLLL12. Lin et al. also tested the 

efficacy of FLLL12 against eight different breast and prostate cancer cell lines and found 

that FLLL12 is approximately 10–50 times more potent and inhibited p-AKT, p-STAT3, 

STAT3 DNA binding and STAT3 transcriptional activity (Lin et al., 2009). Our laboratory 

determined the IC50 of FLLL12 against eight well-known lung cancer cell lines. FLLL12 is 

5–10 fold more potent in inhibiting cell growth and inducing apoptosis. Mechanistic studies 

demonstrated activation of the death receptor-5 (DR5)-dependent extrinsic apoptotic 

pathway (Haque et al., 2015). Our laboratory also conducted a comparative pharmacokinetic 

study of FLLL12 and curcumin. After oral administration of a dose of 200 mg/kg, peak 

mouse plasma concentrations were reached at 0.25 and 0.5 h post-dose (Tmax) with average 

concentrations (Cmax) of 55.65 and 241.5 ng/ml, for curcumin and FLLL12, respectively 

(Anisuzzaman et al., 2016). This pharmacokinetic advantage could be critical to the clinical 

application of the analogue over curcumin if it scales through preclinical and clinical 

evaluations. Finally, we reported that FLLL12 is about 10–24 times more potent against a 

panel of 9 head and neck cancer cell lines (Anisuzzaman et al., 2016). Interestingly, normal 

human oral keratinocytes were not affected, suggesting that the compound is non-toxic to 

non-cancerous cells. Our laboratory also showed that FLLL12 not only inhibited p-AKT but 

also AKT1 mRNA (Anisuzzaman et al., 2016). More systemic studies are warranted to 

proceed for further clinical development.

2.2.2 FLLL31 and FLLL32—FLLL31 and FLLL32 are diketone analogues of curcumin 

specifically designed to bind selectively to Janus Kinase 2 (JAK2) and the STAT3 SH2 

domain, which serves crucial roles in STAT3 dimerization and signal transduction (Lin et al., 

2010b). These analogues were synthesized by replacing the two hydrogen atoms on the 

central carbon of curcumin with geminal dimethyl substituents (FLLL31) or a spiro-

cyclohexyl ring (FLLL32). Moreover, these analogues contain 3,4-dimethoxy substituents to 

mimic those of dimethoxycurcumin. As expected FLLL31 and FLLL32 effectively inhibit 

STAT3 phosphorylation, DNA binding, and transactivation, leading to the induction of 
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apoptosis, inhibition of soft agar colony formation and cell invasion in pancreatic and breast 

cancer cell lines (Lin et al., 2010b). Moreover, administration of FLLL32 inhibits tumour 

growth and vascularity in chicken embryo xenografts as well as substantially reducing 

tumour volumes in mouse xenografts (Lin et al., 2010b). FLLL31 has also shown its 

potential application in glioblastomas, which often have constitutively active STAT3 (Chiba 

et al., 2012). In colorectal cancer cell (CRC) lines carcinoembryonic antigen-related cell 

adhesion molecule 5 (CEACAM5) plays an active role in tumour progression. FLLL31 was 

shown to reduce the expression of CEACAM5 by inhibiting IL-6-induced STAT3 

phosphorylation (Holmer et al., 2015). In addition, due to the link between interleukins and 

STAT3 activation FLLL31 has also been studied for its potential as an anti-inflammatory 

agent. However, more studies are required for its potential application in inflammatory 

conditions like asthma, chronic obstructive pulmonary disease, multiple sclerosis, 

rheumatoid arthritis and cancer (Yuan et al., 2015, Yuan et al., 2014).

Studies have shown that FLLL32, as a potent inhibitor of STAT3, ablates the cancer 

promoting effects of this transcription factor. Against human and canine osteosarcoma cells 

lines, FLLL32 strongly inhibited STAT3 DNA binding, leading to proteasome mediated 

degradation of STAT3 and consequent ablation of downstream effectors VEGF, MMP2 and 

survivin expression (Fossey et al., 2011). Yan and colleagues in in vivo studies determined 

the effects of FLLL32 on human osteosarcoma cells supported these findings (Yan et al., 

2015). This study also suggests that STAT3 plays a major role in propagation of 

osteosarcoma cells and suggests that inclusion of FLLL32 in combination therapies would 

be a novel strategy to target cancer initiating cells in chemo/radio resistant carcinomas (Yan 

et al., 2015). Lin et al. reported that FLLL32 selectively inhibits STAT3 and downstream 

proteins survivin, Bcl-xL and Notch-1, -3, and -4 in colon cancer-initiating cells and 

inhibited cell viability and tumorsphere formation as well as induced cleavage of caspase-3 

(Lin et al., 2011a). These findings were corroborated by their subsequent work in ALDH+ 

and CD44+/CD24+ stem cell-like pancreatic cancer cells (Lin et al., 2016). Other studies 

have explored the ability of FLLL32 to overcome chemo/radio resistance of cancer cells. 

FLLL32 significantly increased the sensitivity of HNSCC cell lines to cisplatin, thereby 

achieving a similar tumour cell killing with a four-fold lower dose of cisplatin when 

combined with FLLL32 (Abuzeid et al., 2011). A recent study exploring the innovative 

delivery of FLLL32 via liposome technology observed that such a strategy increased the 

sensitivity of pancreatic cancer cells to radiation by inhibiting cancer stem cells (CSCs) 

through STAT3. More so, they observed a synergistic effect when FLLL32 was combined 

with gemcitabine and radiation therapy in vivo and in vitro (Wu et al., 2016).

2.3 GO-Y series

In a bid to identify compounds with growth suppressive effects against the colon cancer cell 

line DLD-1, Ohori et al. screened over 2000 species of compounds from a synthetic organic 

compound library and discovered GO-Y035, a curcumin analogue that showed remarkable 

growth suppressive potential. Subsequently, over 50 similar analogues were developed with 

reference to the structure of GO-Y035. Notable among them was GO-Y030 and GO-Y078 

(Murakami et al., 2017, Ohori et al., 2006).
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2.3.1 GO-Y030, G0Y031—GO-Y030 is a 1,5-diaryl-3-oxo-1,4-pentadiene (DOP) 

analogue, and like most other analogues of curcumin, it was synthesized to overcome the 

low bioavailability of curcumin while retaining the anticancer activities. While GO-Y030 

has a 30–50 fold higher potential to suppress growth of cancer cells than curcumin it retains 

the similar molecular mechanisms of the parent compound (Ohori et al., 2006, Sato et al., 

2011b, Shibata et al., 2009). Some of these mechanisms include; cell cycle arrest, 

downregulation of NF-κB and Wnt signal transactivation as well as activation of Caspase 3 

(Shibata et al., 2009). Some studies have shown GO-Y030 to have a stronger inhibitory 

effect on the Wnt signalling pathway and NF-κB activation than curcumin in thyroid, 

pancreatic and cholangiocarcinoma (Sato et al., 2011b, Shibata et al., 2009). Shibata et al. 

reported a 39% reduction of tumour incidence in an Apc580D/+ mice model of intestinal 

tumorigenesis, thus demonstrating the chemopreventive effects of GO-Y030 (Shibata et al., 

2009). Against colon cancer stem cells (ALDH+/CD133+), GO-Y030 was more potent than 

curcumin in inhibiting STAT3 phosphorylation and expression of STAT3 downstream targets 

as well as inhibition of cell viability, tumorsphere formation, in vivo tumour growth and 

induction of apoptosis (Lin et al., 2011c). In an in vivo transgenic mouse model, Uehara et 

al. demonstrated that GO-Y031 reduced tumour incidence and tumour size of gastric 

carcinoma by 54.4% and 51.6% respectively by significantly suppressing the levels of β 
catenin and STAT3 (Uehara et al., 2015).

In multidrug resistant breast cancer cell lines, GO-Y030 directly interacts with the ABCG2 
transporter (encoding the breast cancer resistance protein, BCRP) at the substrate binding 

site thereby inhibiting efflux of its substrates and increasing sensitivity to the anticancer 

drug, SN-38 (Murakami et al., 2017). GO-Y030 also more strongly inhibited the growth of 

colorectal cancer cell lines and was found to be more potent than curcumin in the induction 

of apoptosis (Cen et al., 2009). Against thyroid, pancreatic and cholangiocarcinoma cells, 

GO-Y030 exhibited about 10-fold higher activity in terms of cell growth inhibition and 

induction of apoptosis, and directly inhibited IKKβ kinase activity and suppression of 

nuclear translocation of the NF-κB p65 subunit (Sato et al., 2011a). Taken together, GO-

Y030 is more potent than curcumin for multi-target anticancer activity with a good safety 

profile. Moreover, GO-Y030 is a promising candidate against chemo-resistance of different 

human cancers.

2.4 4-arylidene curcumin analogues: AC17

In an attempt to synthesize more potent curcumin analogues different from the mono and 

diketone analogues, Qiu et al. synthesized a series of 4-arylidene analogues of curcumin and 

evaluated their anti-tumour and NF-κB inhibitory effects against multiple lung cancer cell 

lines (Qiu et al., 2010). In cell viability assays, many of these analogues are 10–60 times 

more potent than curcumin, with GI50 in sub-micromolar range (0.23–0.93μM) and were 

found to induce apoptosis. These analogues also strongly inhibited TNFα-induced nuclear 

translocation of NF-κB with IC50 values in the low micromolar range (1.0~4.9 μM). The 

IC50 value for curcumin is 11.6 μM in this same assay. AC17 (IC50 1.0 μM) is a member of 

this group showing a more than 10-fold greater potency in blocking the nuclear localization 

of NF-κB than that of curcumin.
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Interestingly, AC17 had direct inhibitory effects on IҡB kinase (IKK), which was not 

observed with curcumin. Molecular modelling suggests that AC17 could potentially bind to 

the ATP pocket of IKKβ (Qiu et al., 2010). A further study by Zhou and colleagues 

identified the deubiquitinase inhibition of 19S regulatory particles (19S RP) by AC17. This 

is a different mechanism of proteasome inhibition through inactivation of deubiquitinase 

19S-RP without inhibiting 20S core particle (CP) mediated proteolysis (Zhou et al., 2013a). 

This led to accumulation of ubiquitinated proteins resulting in NF-ҡB inhibition and 

reactivation of proapoptotic protein p53. The in vitro findings were confirmed in vivo in a 

murine xenograft model of human lung cancer A549. Treatment with AC17 suppresses 

tumour growth in a manner associated with proteasome inhibition, NF-κB blockage, and 

p53 reactivation (Zhou et al., 2013a). This contrasts with curcumin’s inhibitory activity on 

proteasome via DYRK2 inhibition (Banerjee et al., 2018). Since many members of this 

series possess similar anticancer potency like AC17, further systematic studies are required 

to elucidate conclusively the molecular mechanisms, in vivo efficacy, and PK properties of 

these promising compounds.

2.5 B19 [(1E,4E)-1,5-bis(2,3-dimethoxyphenyl) penta-1,4-dien-3-one]

B19 is an analogue of curcumin identified as one of the active molecules among a series of 

monocarbonyl analogues of curcumin synthesized by Liang and colleagues that induces 

endoplasmic reticulum (ER) stress (Liang et al., 2009). Although some of these compounds 

have better stability, more favourable PK parameters and higher antitumour potency against 

multiple cancer cell lines, only B19 modulated C/EBP-homologous protein (CHOP) 

expression suggesting that B19 induced apoptosis via ER stress (Wang et al., 2011). 

Subsequently, Zhang et al. investigated the mechanism of apoptosis induction by B19 in 

ovarian cancer cells. Their results show that B19 is more potent at growth inhibition and 

apoptosis induction than curcumin against cisplatin resistant ovarian cancer cells. Moreover, 

while both curcumin and B19 induced ROS production, only B19 led to ER stress (Zhang et 

al., 2012). Further mechanistic studies revealed that B19 activates autophagy as evidenced 

by the significant accumulation of light chain protein 3 (LC3) in cells treated with B19 (Qu 

et al., 2013). In this case, autophagy serves as a protective mechanism against apoptosis 

since inhibition of autophagy by 3-methyladenine enhanced apoptosis induced by B19. 

Later, Li and co-workers explored the anti-angiogenic potential of B19 in human umbilical 

vein endothelial cells (HUVEC) in vitro and ex vivo via rat aorta ring and chicken 

chorioallantoic membrane assays (Sun et al., 2014). Their results suggest that B19 inhibited 

growth, migration and tube formation of HUVEC cells in vitro while preventing micro-

vessel outgrowth ex vivo. Molecular docking studies identified thioredoxin reductase (TrxR) 

as a primary target for B19 (Chen et al., 2016). Furthermore, B19 directly inhibits TrxR1 

enzyme activity in gastric cancer cells leading to elevated oxidative stress, ROS-mediated 

activation of ER Stress and mitochondrial dysfunction, subsequently resulting in cell cycle 

arrest and apoptosis (Chen et al., 2016). This corroborates earlier conclusions that B19 

induces apoptotic cell death by ROS mediated ER stress and mitochondrial dysfunction. 

Taken together, these studies suggest that B19 is more potent than curcumin as an anti-

tumour agent and provides new insights into TrxR1 involvement in ROS production and ER 

stress. Further studies are warranted to explore the PK properties and in vivo anti-tumour 

efficacies of this promising curcumin analogue.
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2.6 CDF (Difluorinated Curcumin)

Difluorinated-curcumin (CDF) is a diketone curcumin analogue that has been studied 

extensively against various malignancies like colon, pancreatic and ovarian cancer (Momtazi 

and Sahebkar, 2016). More importantly, it is one of the few congeners whose in vivo 
pharmacokinetic properties have been compared with curcumin. In comparative 

pharmacokinetic studies in mice, CDF was 2.7 times more bioavailable than curcumin after 

intragastric intubation of a 250 mg/kg single dose (1.22 vs 0.44μg/ml*h) (Padhye et al., 

2009a). Furthermore, oral administration of CDF produced a 2.7 fold increase in systemic 

drug level than curcumin (AUClast, 1.22 vs. 0.44 μg/ml*h) and its distribution skewed in 

favour of the pancreas (Cmax 44-fold higher than serum). Higher water solubility of CDF 

(8.4 fold higher than curcumin) might be responsible for the enhanced bioavailability of this 

analogue. CDF has shown more stability in vivo compared to curcumin, because of its 

slower absorption, onset of action and longer plasma residence time (Padhye et al., 2009a). 

Although CDF has a higher bioavailability and aqueous solubility than curcumin, concern 

exists that its solubility is still too low for good oral absorption (Momtazi and Sahebkar, 

2016). Formulations of CDF were developed to further improve the water solubility and 

bioavailability. CDF-β-cyclodextrin inclusion complex (1:2) (CDFCD) lowered the IC50 

value by half when tested against multiple cancer cell lines including pancreatic (BxPC-3), 

breast (MDA-MB-231) and prostate (PC3) cancer cells. The IC-50 values of CDF against 

BxPC-3, MDA-MB-231 and PC3 cells were 350 nM, 325 nM and 260 nM whereas those of 

CDFCD 1:2 conjugate were 125 nM, 150 nM and 120 nM respectively (Dandawate et al., 

2012). Such formulations also increased CDF concentrations in serum (110 ng/ml vs. 6 

ng/ml at 2h) and pancreas (410 ng/g vs. ~300 ng/g). Interestingly, another CDF formulation, 

styrene-maleic acid copolymer-CDF nano-micelles only slightly improved efficacy against 

pancreatic cancer cell lines (Kesharwani et al., 2015a).

Mechanistically, CDF is pleiotropic and just like curcumin acts via multiple mechanisms 

inhibiting different pathways, genes, and receptors. CDF in combination with 5-FU and 

oxaliplatin, significantly increased the sensitivity of chemo-resistant HCT-116 and HT-29 

cells by eliminating CSCs, downregulation of the membrane transporter ABCG2 and 

attenuation of EGFR, IGF-1R, and NF-κB signaling (Kanwar et al., 2011). CDF also 

inactivates the AKT pathway by restoring the expression of PTEN by downregulating the 

expression of miR-21 in colon cancer cells (Roy et al., 2013). Bao et al. found that treatment 

of prostate cancer cells with CDF inhibited the production of VEGF and IL-6 along with 

reduced expression of Nanog, Oct4, EZH2 mRNAs, as well as miR-21 and decreased cell 

migration under hypoxic conditions suggesting that the anti-tumour effect of CDF is in part 

mediated through deregulation of tumour hypoxic pathways (Bao et al., 2012a). The same 

group also reported that CDF decreased pancreatic tumour growth and aggressiveness by 

targeting an EZH2-miRNA regulatory circuit for epigenetically controlled gene expression 

(Bao et al., 2012b). CDF decreased pancreatic cancer cell survival, clonogenicity, formation 

of pancreatospheres, invasive cell migration. Additionally, CDF also decreased CSC 

function and the expression of EZH2 and increased expression of a panel of tumour-

suppressive miRNAs. CDF inhibited tumour growth in an orthotopic xenograft model of 

human pancreatic cancer in a manner associated with reduced expression of EZH2, Notch-1, 

CD44, EpCAM, and Nanog and increased expression of let-7, miR-26a, and miR-101 (Bao 
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et al., 2012b). In some ovarian and breast cancer cell lines, the folic acid directed 

combination of paclitaxel and CDF yielded 10% and 20% greater apoptosis respectively 

when compared to drug combinations without folic acid (Gawde et al., 2018). In summary, 

CDF is effective against many cancers and acts by modulating multiple intracellular targets; 

PI3-K/Akt, HIF-1α, EGFR, VEGF, NF-κB, PTEN, EZH2, EpCAM, CD44 and microRNAs 

(miR-210 and mir- 21, mir-34, mir-101 and miR-146a).

2.7 4-[3,5-bis(2-chlorobenzylidene-4-oxo-piperidine-1-yl)-4-oxo-2-butenoic acid] CLEFMA

Lagisetty and co-workers synthesized a series of 3,5-bis(2-fluorobenzylidene)-4-piperidone 

analogues of curcumin and conducted structure activity relationship (SAR) studies against 

the lung adenocarcinoma cell line H441 (Lagisetty et al., 2010). Based on an initial 

screening of the results, the group identified 4-[3,5-bis(2-chlorobenzylidene-4-oxo-

piperidine-1-yl)-4-oxo-2-butenoic acid] (CLEFMA) as a potent curcumin analogue carrying 

a N-maleic acid functional group, and 2-chloro substitution on the aromatic rings which 

exhibited anti-proliferative activity against H441 (lung adenocarcinoma), PC-3 (prostate 

cancer), MiaPaCa-2 and PANC-1(both pancreatic cancer) (Lagisetty et al., 2010). Despite 

having potent activity CLEFMA did not induce apoptosis, rather it killed cancer cells by 

inducing autophagic death (Lagisetty et al., 2010). Subsequently, the group extended their 

studies using gene expression profiling and mechanism of action studies to show that 

generation of ROS, depletion of the intracellular GSH/GSSG ratio and failure of nuclear 

factor erythroid 2-related factor 2 (Nrf2) -mediated oxidative stress response mediates the 

antiproliferative effect of CLEFMA (Sahoo et al., 2012). Interestingly, ROS generation was 

not observed in normal lung fibroblasts which were also resistant to CLEFMA-induced cell 

death. Although previously the group reported autophagic cell death without caspase 3 

activation, later studies demonstrated that CLEFMA induces apoptosis in lung cancer cell 

lines, which was evident by the accumulation of cleaved PARP, Caspase-3 and Caspase-9 in 

a dose-dependent manner and inhibiting the growth of xenografted lung cancer cells in mice 

(Yadav et al., 2013). Mechanistic study reveals that CLEFMA inhibits the NF-ҡB 

transcriptional pathway by reducing nuclear localization of phospo-p65 and levels of NF-

ҡB1 transcripts. CLEFMA treatment in mice reduced the expression of proinflammatory 

COX-2 and circulating levels of pro-inflammatory cytokines IL-6 and TNF-α commonly 

observed in many cancers. Moreover, CLEFMA reduces the potential for angiogenesis and 

migration by reducing levels of CD31 (Yadav et al., 2013). Recently, new evidence has 

shown that CLEFMA induced apoptosis is not limited to the intrinsic pathway, but also the 

extrinsic pathway as CLEFMA has been shown to increase the levels of active caspase 8 in 

osteosarcoma cells, a marker of extrinsic apoptosis (Yang et al., 2019a). Finally, a 

formulation was developed by encapsulating CLEFMA by hydroxypropyl-β-cyclodextrin 

(Agashe et al., 2011b). In vitro studies showed that encapsulation of CLEFMA retained the 

antiproliferative potency of free CLEFMA, while maintaining its non-toxic nature in normal 

lung fibroblasts. IV administration of CLEFMA liposomes significantly reduced (94% 

reduction) tumour volume in nude rats bearing xenograft H441 tumours.

2.8 The diarylidenylpiperidones series

The diarylidenylpiperidones (DAPs) form a novel class of curcumin analogues with the 

inclusion of a piperidone ring within the beta-diketone backbone structure of curcumin and 
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the additional fluorination of the phenyl groups (Dayton et al., 2010, Dayton et al., 2011). 

Like most other analogues of curcumin, the DAPs have superior bio-absorption and 

bioavailability when compared with curcumin. In vitro studies in ovarian cancer cells 

demonstrated that DAP-F(p)-NOH) was taken up in greater proportion and lasted longer 

within the cells compared to curcumin (Rath et al., 2013). Another DAP, HO-3867 was 

taken up in cells within 15 minutes of exposure and in concentrations up to 100 fold higher 

than curcumin (Dayton et al., 2010, Kalai et al., 2011). More so, in vivo models have shown 

that DAPs can produce measurable paramagnetic signals in vital organ tissue after 

intraperitoneal and oral administration (Dayton et al., 2010, Rath et al., 2013). The increased 

biological stability and bioavailability in tissues accounts for DAPs superior anticancer 

activity when compared to curcumin. Rath et al. also reported the selective induction of ROS 

by DAP-F(P)-NOH in cancer cells (Rath et al., 2013). This selective toxicity against 

cancerous cells has been attributed to the N-hydroxypyrolline function in this molecule, 

which is suggested to protect non-cancerous cells (Kalai et al., 2011). Similar effects have 

been observed in other DAPs (HO-4918 and HO-4200) with the N-hydroxypyrolline 

function. Electron paramagnetic resonance spectroscopy measurements of these DAPs 

showed metabolic conversion of the N-hydroxylamine to nitroxide with pronounced 

superoxide radical-scavenging activity in the noncancerous cells compared to cancer cells 

(Prabhat et al., 2019, Selvendiran et al., 2010a).

Regarding molecular targets, studies show that DAPs target the STAT3 pathway to a greater 

extent than other pro-oncogenic pathways (Selvendiran et al., 2010a, Selvendiran et al., 

2010b). However, a study on the ovarian cancer cells, A2780 reported that HO-3867 induced 

G2/M cell cycle arrest by modulating cell cycle regulatory proteins p53, p21, p27, cdk2 and 

promoted apoptosis by caspase 8 and caspase 3 activation (Selvendiran et al., 2010b). 

Selvendiran et al. also demonstrated that HO-3867 at 10μM upregulated both 

phosphorylated and total PTEN expression in vascular smooth muscle cells (Selvendiran et 

al., 2009). Another DAP, H-4073 has been very effective at inhibiting tumour cell 

proliferation, colony formation and cell migration in HNSCC. The remarkable outcomes of 

H-4073 could be linked to inhibition of some important pathways such as STAT, FAK, AKT 

and VEGF (Kumar et al., 2014). Additionally, the synergistic effects of DAPs with other 

anti-tumour agents has also been reported. H-4073 has been reported to synergistically 

enhance the anti-tumour efficacy of cisplatin in overcoming resistance in head and neck 

cancer cells both in vitro and in vivo (Kumar et al., 2014).

2.9 DM-1

DM-1 (sodium 4-[5-(4-hydroxy-3-methoxyphenyl)-3-oxo-penta-1,4-dienyl]-2-

methoxyphenolate) is a water soluble sodium salt of 1,5-bis(4-hydroxy-3-

methoxyphenyl)-1,4-pentadien-3-one, a diarylpentadienone derivative of curcumin (Faiao-

Flores et al., 2012). The parent compound, 1,5-bis(4-hydroxy-3-methoxyphenyl)-1,4-

pentadien-3-one, exhibited potent anti-tumour activity against 9 human cancer cell lines 

(IC50: 0.09–2.3 μM) and was well tolerated (LD50–3.68g/kg) (Quincoces Suarez et al., 

2010). The anti-tumour efficacy of DM-1 was tested on B16F10 melanoma-bearing mice 

either alone or in combination with Dacarbazine (DTIC) administered intraperitoneally 

(Faiao-Flores et al., 2015). The results showed that DM-1 reduced melanoma tumour burden 

Adeluola et al. Page 12

Eur J Pharmacol. Author manuscript; available in PMC 2022 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



without any detectable toxicological changes in major organs. Moreover, mice were 

recovered from anemia arising from melanoma and immunomodulation when treated with 

DM-1+DTIC. Moreover, DM-1 alone or in combination with DTIC induced apoptosis via 

extrinsic and intrinsic pathways (activation of caspase-3, -8 and -9). Synthetic lethal genetic 

screening in Saccharomyces cerevisiae suggests that the molecular mechanism of DM-1 was 

cell line specific and mediated via multiple targets (Oliveira et al., 2017). The TOP-1 gene 

was important for naïve cell lines treated with BRAF inhibitors whereas modulation of the 

adenosine kinase gene was more important for cell lines resistant to BRAF inhibition 

(Oliveira et al., 2017). Melanomas are known to invade and metastasize rapidly due to 

overexpression of metalloproteinases. Recently, it was demonstrated that DM-1 treatment 

inhibited migration of both naive and BRAF- resistant SKMEL-28 melanoma cell lines by 

suppressing the expression of metalloproteinases (de Souza et al., 2020). In conclusion, 

DM-1 is a potent curcumin analogue with in vitro and in vivo activity against multiple 

cancer types although most studies were conducted against melanomas. Further exploration 

of its in vivo activity against other cancer types as well as pharmacokinetic studies are 

warranted.

2.10 Dimethoxycurcumin

Dimethoxycurcumin (DiMC) is a synthetic analogue of curcumin in which the two phenolic-

OH groups are replaced with methoxy groups. This small structural modification allows 

superior anti-cancer activity against multiple cancer types as well as better metabolic 

stability (Table 2) (Teymouri et al., 2018). Kunwar et al. have investigated the potential of 

DiMC (5–50 μM) against MCF7 breast cancer cells and found that it inhibited the cancer 

cells by a mechanism linked to generation of ROS, reductions in glutathione level, and 

induction of DNA damage and mitochondrial dysfunction leading to induction of S-phase 

cell cycle arrest and apoptosis (Kunwar et al., 2012). Another study comparing the 

anticancer activity and metabolism of curcumin and DiMC confirmed that even at low 

concentrations of 5–10 ug/ml DiMC was more potent at inhibiting growth and inducing 

apoptosis in human colon carcinoma HCT116 cells. In addition, DiMC was found to be 

more stable in HCT116 cells and mouse models which could contribute to its increased 

efficacy (Tamvakopoulos et al., 2007). These findings have been supported by another study 

that showed significantly improved anticancer efficacy of DiMC over curcumin in human 

renal carcinoma Caki cells (Lee et al., 2010). Moreover, it was observed that the efficacy for 

generation of ROS and induction of apoptosis was in the order DiMC > Curcumin > bis-

demethoxycurcumin, suggesting that the methoxy group might have a significant role in the 

activity and/or stability of curcumin and its congeners (Lee et al., 2010). Several studies 

demonstrate that DiMC kills cells by a mechanism known as paraptosis which is associated 

with proteosomal inhibition leading to mitochondrial dysfunction, ER- stress, and ROS 

production, especially mitochondrial superoxide (Yoon et al., 2014, Adeyeni et al., 2016). 

Against the hepatocellular carcinoma cell line HepG2/C3A, DiMC exhibited its anticancer 

activity by inducing mitotic arrest through monopolar spindle formation and irreversible 

DNA damage. This was due to oxidative stress leading to the activation of BAK1 and 

caspase 7 via the intrinsic apoptotic pathway (Zanetti et al., 2019). In a study with various 

leukemia cells such as CEM, BV-173 and Kasumi-1, DiMC was found to induce epigenetic 

changes which were not seen with treatment with curcumin (Hassan et al., 2015). Multiple 
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studies implicate DiMC-induced apoptosis to ROS generation (Teymouri et al., 2018). 

Furthermore, DiMC induces ROS-associated DNA damage in the radio-resistant A549 lung 

cancer cells in combination with radiotherapy (Jayakumar et al., 2016). Taken together, 

DiMC is a metabolically more stable curcumin analogue with better cytoprotective activity 

in normal tissues as well as more potent anti-cancer activity acting mainly by generation of 

ROS.

3. Combination Strategies with Curcumin Analogues

It is well accepted that most cancers are heterogenous with complex pathogenetic pathways 

involving several enzymes and receptors. Normal cells must acquire a series of essential 

hallmark abilities to become cancerous. This makes cancer management difficult with a 

single agent, and in most cases resistance to a single agent ensues. In fact, few cancer 

patients are treated with single drug, rather typical treatment involves multiple drugs. The 

main purpose in using a combinatorial approach is to either increase sensitivity or overcome 

resistance through additive or synergistic effects of multiple agents with different molecular 

targets and/or mechanisms of action. Previous work has shown that curcumin and its 

congeners are pleiotropic and would be good candidates for combination therapies (Hurtado 

et al., 2018). For example, FLLL32 suppresses cancer stem cells by inhibiting STAT3 and is 

able to reverse resistance to chemo and radiation therapies (Abuzeid et al., 2011, Wu et al., 

2016). Similarly, EF24 demonstrated synergistic growth inhibitory effects with approved 

chemo drugs for both medullary thyroid cancer and pancreatic cancer (Bertazza et al., 2018, 

Bisht et al., 2016). DM1 and CDF also enhanced the efficacy of paclitaxel in breast cancer 

(Faiao-Flores et al., 2015), cervical cancer and ovarian cancers (Gawde et al., 2018). Table 3 

gives a brief overview of such studies and their findings.

4. Molecular Mechanisms-Curcumin Vs Analogues

Curcumin context-dependently (cells or malignancies) exerts its anticancer effects via 

multiple molecular mechanisms which include inhibition of survival signals, activation of 

proapoptotic signals, generation of ROS and through anti-inflammatory actions (Park et al., 

2013). Similarly, curcumin analogues mediate their anti-cancer effects by various 

mechanisms dependent on the cancer cell type (Table 2, Fig. 2). A summary of the 

molecular mechanisms of curcumin analogues are illustrated below.

4.1 Survival Signals- Nuclear Factor-ҡB

NF-ҡB is considered a master oncogenic transcription factor for carcinogenesis. NF-ҡB 

activation leads to the expression of genes that are critical for the survival of cancer cells. 

Moreover, NF-κB targets genes that are crucial for other necessary traits of tumours 

including angiogenesis, resisting cell death, invasion and metastasis etc. (Gupta et al., 2010). 

Inactive NF-ҡB associates with IκBα in the cytoplasm, upon cleavage of this association by 

IKK-beta kinase, NF-ҡB moves to the nucleus to promote the transcription of genes 

responsible for cell survival. In many cancers, NF-ҡB is constitutively activated. Like 

natural curcumin, the inhibition of the NF-κB pathway remains one of the major molecular 

mechanisms of many of curcumin analogues including CDF in colon cancer stem-like cells 

(Kanwar et al., 2011), CLEFMA in lung adenocarcinoma (Yadav et al., 2013), EF24 in lung, 
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breast, ovarian, and cervical cancer cells (Kasinski et al., 2008, Liang et al., 2011a, Yang et 

al., 2013), EF31/ UBS109 in colorectal, HNSCC, and pancreatic cancer cells (Nagaraju et 

al., 2015, Rajitha et al., 2016, Zhu et al., 2012), GO-Y030/ GO-Y078 in multiple myeloma, 

thyroid, and pancreatic cancers (Kudo et al., 2011b, Sato et al., 2011b) and PAC in ER 

negative breast cancer cells (Al-Hujaily et al., 2011).

4.2 Janus Kinase-Signal Transducer and Activator of Transcription 3 Pathway

STAT3 is also an oncogenic transcription factor constitutively activated in many cancers and 

is involved in the transcription of genes that are important for tumorigenesis as well as for 

proliferation, survival, differentiation, and apoptosis. Multiple upstream kinases, including 

the JAKs, EGFR and Src family of kinases, are responsible for aberrant activation of STAT3 

which results in its phosphorylation and nuclear translocation (Yang et al., 2019b). Some 

curcumin analogues inhibit the JAK-STAT pathways, specifically the FLLL series of 

analogues share a common mechanism of inhibiting this pathway. For example, FLLL11 and 

FLLL12 inhibit phosphorylation of STAT3 in breast and prostate cancer cells (Lin et al., 

2009), FLLL31 and FLLL32 in pancreatic and breast cancer cells (Lin et al., 2010a), and 

FLLL32 and FLLL62 in melanoma and renal carcinoma (Bill et al., 2012). Moreover, DAP 

(H-4073) inhibited JAK-STAT3 pathway in cisplatin resistant HNSCC cell lines (Kumar et 

al., 2014). EF24 also inhibits phosphorylation of STAT3 in cholangiocellular carcinomas 

(Bisht et al., 2019). GO-Y030 inhibits STAT3 phosphorylation and expression of STAT3 

target genes in colon cancer stem cells (Lin et al., 2011c) and suppresses the expression of 

STAT3 in a in vivo transgenic mouse model (Uehara et al., 2015).

4.3 Apoptotic Signals -Intrinsic and Extrinsic

Induction of apoptosis is important for successfully eliminating cancer cells from the body. 

There are two basic apoptotic pathways; the intrinsic pathway mediated mainly by the Bcl-2 

proteins and the extrinsic pathway mediated by activation of death receptors and caspase 8. 

Like curcumin, many curcumin analogues also induce apoptosis through both intrinsic and 

extrinsic pathways (Table 2). For example, FLLL12 induced apoptosis of lung cancer cells 

and SCCHN by activating the DR5 pathway and modulating multiple Bcl-2 proteins, 

respectively (Haque et al., 2015, Anisuzzaman et al., 2016). CDF induced apoptosis of colon 

cancer stem-like cells by inhibiting NF-κB and Bcl-xL and activating proapoptotic Bax 

(Kanwar et al., 2011), CLEFMA induces apoptosis of osteosarcoma cells by activating the 

extrinsic and intrinsic apoptotic processes through JNK1/2 and p38 pathways (Yang et al., 

2019a). DiMC induced apoptosis of breast cancer (MCF-7) cells by significantly increasing 

the Bax/Bcl-2 ratio in favour of apoptosis (Kunwar et al., 2012) and in human renal 

carcinoma by cytochrome c release and caspase 3 activation (Lee et al., 2010). DiMC also 

activated intrinsic apoptosis pathways in human hepatocellular carcinomas (Zanetti et al., 

2019). EF24 induced apoptosis of oral squamous cell carcinoma cells by increasing levels of 

activated caspase 3 and 9 (Lin et al., 2017).

4.4 Trophic Signals- Growth factors and Cytokines

Receptor tyrosine kinases (RTKs) activate and regulate many major biological pathways 

involved in cell proliferation, differentiation, metabolism, and survival. Many cancers have 

mutations in genes that encode RTKs, leading to the overexpression of growth factor 
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receptors (Hsu and Hung, 2016). Like curcumin, tropic factors including growth factors and 

cytokines are targets of many synthetic analogues. CDF in colon cancer cells attenuated 

EGFR and Insulin-like growth factor 1 (IGF-1) receptor signalling, while in prostate cancer 

cells it inhibited the production of VEGF and IL-6 (Bao et al., 2012a, Kanwar et al., 2011). 

Similarly, DAP (H-4073) blocked VEGF production in HNSCC to prevent angiogenesis 

(Kumar et al., 2014). More so, by inhibiting NF-ҡB, EF31 and UBS109 decreased 

transcription and expression of VEGF in colorectal cancer cells (Rajitha et al., 2017).

4.5 Oxidative Stress

Oxidative stress occurs when there is a prolonged disparity in the production and clearance 

of oxidative metabolites especially reactive oxygen species (ROS), which leads to damage of 

cell structure and function (Reuter et al., 2010). Cancer cells generate high concentrations of 

ROS as a result of high proliferation and metabolism often exceeding ROS thresholds that 

would be toxic (Sosa et al., 2013). Curcumin analogues like B19 further induce ROS 

generation that aids apoptosis in ovarian, lung and gastric carcinoma cells (Chen et al., 2016, 

Qu et al., 2013, Zhang et al., 2012). DiMC also exhibited pro-oxidant apoptotic effects 

through ROS generation in renal, breast and lung cancer cells (Jayakumar et al., 2016, 

Kunwar et al., 2012, Lee et al., 2010). EF24-induced apoptosis is mediated by ROS-

dependent oxidative stress (Bisht et al., 2019). Furthermore, the antiproliferative effect of 

CLEFMA is associated with cancer cell specific generation of ROS, depletion of 

intracellular GSH/GSSG ratio and failure of Nrf2-mediated oxidative stress response (Sahoo 

et al., 2012). DAF-(P)-NOH also selectively induced ROS in cancer cells (Rath et al., 

2013).Taken together, the effects of curcumin analogues on ROS is skewed in favour of 

anticancer activity.

4.6 Tumour Microenvironment

Inflammation is another known hallmark of cancerous cells that aids the growth and survival 

of tumours, promotes angiogenesis, metastasis, and ablates immune response in the tumour 

microenvironment (TME) (Mantovani et al., 2008, Diakos et al., 2014). Cyclooxygenase-2 

(COX-2) is an enzyme frequently expressed in the TME which promotes inflammation, 

angiogenesis, and metastasis (Hashemi Goradel et al., 2019). Notably, synthetic analogues 

of curcumin have demonstrated anti-inflammatory effects via inactivation of COX-2. For 

instance, CDF caused COX-2 inactivation in chemo-resistant colon cancer cells (Kanwar et 

al., 2011). UBS109 impaired angiogenesis by repressing HIF-1α, Hsp90, COX-2 and VEGF 

in pancreatic cancer model (Nagaraju et al., 2015) and by inhibiting NF-kB activity, HIF-1α, 

COX-2, STAT-3, and VEGF in colorectal cancer model (Rajitha et al., 2017). CLEFMA 

reduced the expression of COX-2, and CD31 (angiogenesis marker) and the circulatory level 

of IL-6 and TNF-α in mice (Yadav et al., 2013).

4.7 Cancer Stem Cells and miRNA Expression

Cancer stem cells (CSCs) form a group of continuously replicating cells with little 

possibility for senescence. The ability to circumvent senescence may be responsible for 

tumour initiation and failure of current chemotherapy. New studies have identified CSCs as a 

potential target for refractory cancers. Consequently, curcumin and its analogues have been 

demonstrated to target CSCs as well. Some of which include CDF, which deregulated CSCs 
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and suppressed their markers (Nanog, Oct4 and EZH2) via its effects on the HIF-α pathway 

(Bao et al., 2012a, Park et al., 2013). Also, Lin and colleagues identified STAT 3 inhibition 

by FLLL32 as an effective target for CSCs in pancreatic and colon cancer (Lin et al., 2011b, 

Lin et al., 2016). Additionally, curcumin and its analogues have epigenetic effects on the 

expression of tumour suppressor and/or oncogene miRNAs. CDF induces re-expression of 

miR-146a in pancreatic cancer (Ali et al., 2014) and EF24 inhibits miR21 expression in 

human prostate cancer (Yang et al., 2013).

4.8 Proteasome Inhibition

Tumour cells by virtue of their abnormal and uncontrolled growth are known to stockpile 

large amounts of defective and overexpressed proteins. This could be toxic to cells, which 

makes tumours dependent on proteasome activity as an essential pathway for degradation of 

cytosolic and nuclear proteins (Grigoreva et al., 2015, Livneh et al., 2016). This implies that 

inhibition of proteasome 26S activity could be another promising anti-tumour mechanism of 

curcumin for proteasome dependent cancers. Like curcumin, some analogues possess 

inhibitory effects on proteasome activity. For instance, CDF has shown significant inhibition 

of 26S proteasome activity in HCT116 colon cancer cells, which was comparable to that of 

curcumin (Padhye et al., 2009b). Likewise, AC17 inhibits 26S proteasome by inhibiting 

deubiquitinase activity of the 19S Regulatory Particle (RP) (Zhou et al., 2013b).

5. Conclusion and future directions

Anticancer agents are considered clinically useful when they induce apoptosis at doses that 

are not toxic to normal cells. Without doubt, it is evident from different studies that the 

synthetic analogues of curcumin have shown great potential as anticancer agents when 

compared with curcumin. This may be attributed to the enhanced specificity of some 

analogues in certain cancer types or some molecular targets over the lesser specificity of 

curcumin. More importantly, some analogues like EF24, FLLL12 and CDF have physico-

chemical properties, including better solubility and bioavailability, that overcome the 

limitations of curcumin (Padhye et al., 2009a, Reid et al., 2014). Unfortunately, none of 

these potential analogues has yet moved into clinical trials. This is likely due to the lack of 

systematic efforts focusing on a potential candidate to bring it to the clinic. One reason 

might be lack of effective, long-term collaboration between medicinal chemists and cancer 

pharmacologists. Medicinal chemists, cancer pharmacologists and clinicians should work 

together with the long-term goals of developing these analogues for clinical use.

Analogues like CDF, EF24, EF31, FLLL12, GO-Y030 and UBS109 have shown the greatest 

promise. CDF, DiMC and PAC have shown enhanced metabolic stability (Al-Howail et al., 

2016, Padhye et al., 2009a, Teymouri et al., 2018). However, pharmacokinetic properties, 

key parameters for clinical development, of many promising analogues are unknown. Focus 

should be given to PK studies since bioavailability of curcumin is the major drawback. Some 

analogues have also shown promise for combination therapies to increase efficacy or to 

overcome resistance to approved chemotherapy drugs (Bertazza et al., 2018, Bisht et al., 

2019, Faiao-Flores et al., 2015, Faiao-Flores et al., 2012, Reid et al., 2014, Wu et al., 2016). 

Focus should also be given in this area to make potential analogues clinically applicable.
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Although many analogues have similar molecular mechanisms as curcumin, some analogues 

have unique mechanisms that have not been associated with curcumin. For instance, B19 

and not curcumin, directly inhibits TrxR1 enzyme, which leads to ROS mediated ER stress 

(Chen et al., 2016), AC17 blocks proteasome by inhibiting the deubiquitinase activity of 19S 

RP (Zhou et al., 2013a). More studies are required to evaluate specific benefits of one 

pathway of inhibition over the other in proteasome dependent cancers. Targeted drug 

delivery through formulation is gaining increasing attention to reduce drug-associated 

toxicities, improve bioavailability and increase efficacy. Studies have conjugated homing 

moieties to curcumin analogues to direct their delivery and accumulation at specific sites. 

These conjugates were either attached directly to the analogues or to their carriers 

(dendrimers or nanoparticles). Some of the homing moieties tested include hyaluronic acid 

(HA) targeted nanomicelles, which selectively killed triple negative breast cancer cells. 

Also, HA dendrimers increased the IC50 value of CDF 1.71 fold when compared with non-

targeted formulations (Kesharwani et al., 2015b, Wang et al., 2018). EF24 has been 

conjugated to fVIIa targeted tissue factor, which is aberrantly expressed on tumour vascular 

endothelial cells. This conjugate significantly reduced tumour size of human breast cancer 

xenografts in athymic mice when compared with unconjugated EF24 (Shoji et al., 2008). 

Folic acid conjugated EF24 offered greater anticancer activity and accumulation in folate 

expressing tumour cells (Alsaab et al., 2017, Luong et al., 2016). CDF, CLEFMA, EF24 and 

FLLL32 have been encapsulated in liposomes for enhanced delivery at the tumour sites 

(Agashe et al., 2011a, Agashe et al., 2011b, Basak et al., 2015, Bisht et al., 2016, Wu et al., 

2016). Table 4 summarizes these studies. Future studies should be designed to explore other 

cost-effective delivery technologies for curcumin analogues.
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Figure 1: 
The chemical structures of synthetic analogues of curcumin. B19, GO-Y030, FLLL12 and 

DM1 form a group of monocarbonyl analogues of curcumin, while EF series have a 

common piperidone core. The newer generation members of the FLLL series (FLLL31 and 

32) functionalize the methylene group of curcumin.
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Figure 2: 
A schematic representation of the molecular mechanism/ sub-cellular targets of curcumin 

and its synthetic analogues.
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