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Abstract 
 
Curcumin, a polyphenolic compound from the Curcuma longa plant, is widely used as a 

spice in food and possesses anti-cancer activities [1]. The use of curcumin in clinical 

applications is however limited due to its low bioavailability. Major reasons are the low water 

solubility, poor gut absorption and rapid degradation and metabolisation of curcumin [2]. The 

low bioavailability of curcumin may be improved by removing the unstable β-diketone moiety 

[3]. In this research the bioactivity of 15 newly synthesized nitrogen analogues in which the 

β-diketone function was altered and 3 non-nitrogen analogues were investigated in vitro 

using endothelial (EA.hy926), intestinal (Caco-2 and HT-29), ovarian (CHO) and hepatic 

(HepG2) cell lines. The analogues bearing an N-alkyl functional group without a methoxy 

group next to the hydroxyl group on the aryl moiety demonstrated highest cytotoxic effects 

with SVD99 > SVD95 > SVD90. The isoxazole derivative (SVD130), that did contain this 

methoxy group, also showed high cellular cytotoxic activities. The non-nitrogen analogues 

curcumin, bisdemethoxycurcumin, SVD61 and SVD62 were in general the compounds with 

under average cytotoxic effects. SVD62 however was highly toxic in the endothelial cell line.  

The cytotoxic effects in vitro were not associated with increased intracellular reactive oxygen 

species. The compounds that showed highest cytotoxic effects on the endothelial cell line 

could be detected intracellularly through HPLC analysis. SVD67 however showed toxic 

effects on the ovarian cell line while it was not detected intracellularly in this cell line. High 

antioxidant activities were observed (by the FRAP and DPPH radical scavenging assay) for 

the compounds with an ortho-methoxy and para-hydroxyl substitution pattern. When this 

methoxy group was removed, small antioxidant effects were still observed. The removal of 

the para-hydroxyl group however resulted in no antioxidant activity. 

From these results we can conclude that altering the chemical structure of curcumin indeed 

leads towards distinct shifts in cellular viability, behaviour and uptake. Therefore, the 

bioavailability and anti-cancer bioactivity of curcumin analogues, especially the nitrogen 

analogues with hydroxyl and without methoxy on the aryl group are promising to be studied 

in vivo. 
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Samenvatting 
 
Curcumine is een polyfenol afkomstig van de wortel van Curcuma longa en wordt wereldwijd 

gebruikt als specerij in voeding. Er is aangetoond dat curcumine onder andere kanker 

positief kan beïnvloeden [1]. Het gebruik van curcumine is echter sterk beperkt voor 

klinische toepassingen, dit door de lage biobeschikbaarheid van curcumin. Deze lage 

biobeschikbaarheid is het resultaat van een lage wateroplosbaarheid, lage opname in de 

darm en snelle degradatie en metabolisatie [2]. De biobeschikbaarheid kan echter verhoogd 

worden door het β-diketon in curcumin te verwijderen of te substitueren [3]. In dit onderzoek 

worden 15 nieuw-gesynthetiseerde stikstofanalogen waarbij de β-diketongroep werd 

veranderd en 3 analogen zonder stikstof in vitro onderzocht. Hiertoe werden endotheliale 

(EA.hy926), intestinale (Caco-2, HT-29), ovarium (CHO) en lever (HepG2) cellijnen 

aangewend, dewelke al dan niet van kankeroorsprong zijn. De toxische effecten waren het 

meest uitgesproken bij de analogen met een alkylaminogroep waarbij geen methoxygroep 

aanwezig was op de aromatische ringen (cytotoxiciteit van SVD99 > SVD95 > SVD90). Het 

isoxazool curcumine-analoog (SVD130) die wel deze methoxygroep bevat, toonde 

eveneens hoge cytotoxische effecten. De analogen zonder stikstof (curcumin, 

bisdemethoxycurcumin, SVD61 en SVD62) waren in het algemeen minder toxisch. SVD62 

toonde echter wel sterk toxische effecten op de endotheliale cellijn.  

De toxische effecten in vitro konden niet verklaard worden door intracellulaire generatie van 

reactieve zuurstofspecies (ROS). De meest toxische componenten konden intracellulair 

gedetecteerd worden. Een uitzondering hierop was SVD67, dewelke toxische effecten 

vertoonde in de CHO cellijn maar niet kon gedetecteerd worden intracellulair in dezelfde 

cellijn. De sterkste antioxidanten (getest via FRAP en DPPH assay) bevatten zowel een 

ortho-methoxy als een para-hydroxylgroep. Indien deze methoxygroep niet aanwezig was, 

werd nog steeds een klein antioxidatief effect gezien. Het verwijderen van de hydroxylgroep 

resulteerde echter in geen antioxidatief effect. 

Uit deze resultaten kunnen we besluiten dat het veranderen van de chemische structuur van 

curcumine leidt tot een verschuiving van de viabiliteit, het gedrag en de opname in de cellen. 

De biobeschikbaarheid en anti-kankeractiviteit van curcumine-analogen, en dan met name 

de stikstofanalogen met hydroxyl- maar zonder methoxygroep, zijn veelbelovend voor in vivo 

onderzoek. 
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Introduction 
 
Curcumin is a plant polyphenol extracted from the curcuma plant. It has a strong yellow 

colour and therefore it has extensively been used as a spice in food preparation and as a 

dye for textile processing. Curcumin is considered as a bioactive molecule with beneficial 

health impact. In India it has traditionally been used to treat e.g. biliary disorders, anorexia, 

cough, diabetic wounds, hepatic disorders, rheumatism and sinusitis [4]. Nowadays, the 

impact of curcumin on western-type diseases such as obesity [5], diabetes [6], metabolic 

syndrome [7], Alzheimer’s disease [8] and cancer [9] has been demonstrated.  

Although curcumin has a large bioactive potential, its poor bioavailability strongly limits its 

health effects. Therefore, some research groups have tried to modify the curcumin molecular 

structure in order to promote its potential beneficial effects [10, 11]. 

 

In this research, we will investigate the influence of 19 chemically synthetized curcumin 

derivatives on human cell viability, oxidative stress markers and cellular uptake. Therefore, 

we will first give a literature overview of the structure and properties of curcumin, its mode-

of-action in a cancer context, and the intestinal fate of curcumin-type products. 

Subsequently, various types of analogues of curcumin and their effects will be discussed 

and a short overview of other ways to improve bioavailability will be given. Finally an 

overview of the properties of the cell lines used in this project will be provided. Next, we will 

discuss the methodology used in this thesis, and present the outcome of the in vitro tests. 

Finally, these results will be interpreted using multivariate statistical techniques. 
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1. Literature study 

1.1. Structure and chemical properties of curcumin 
Curcumin (diferuloylmethane) is a hydrophobic diarylheptanoid consisting of two aryl groups 

linked to each other by 7 carbons. The molecular formula of curcumin is C21H20O6 and the 

molecular weight is 368 g/mol. Curcumin is unique considering it occurs in two tautomers, 

the enol and β-diketone form (Figure 1). The most stable form in solution as well as in solid 

state is the enol form [12]. However Manolova et al. [13] showed that the enol form can be 

shifted towards the keto tautomer by addition of water. This is due to the stronger specific 

interactions of the water molecules with the keto form. The maximal absorbance of curcumin 

lays between 415 and 420 nm in acetone. It has a yellow colour at a pH between 2.5 to 7.0 

and becomes more red at a pH higher than 7.0 [14]. Curcumin is found in turmeric, which is 

derived from the rhizome of the herb Curcuma longa. Other major curcuminoids in turmeric 

are demethoxycurcumin and bisdemethoxycurcumin. Commercial curcumin is a mixture of 

different curcuminoids with approximately 77% curcumin, 18% demethoxycurcumin and 5% 

bisdemethoxycurcumin [15]. A lesser known curcuminoid which appears in turmeric is 

cyclocurcumin [16]. Curcumin is poorly soluble in water at room temperature (less than 0.03 

µM) and at least 90% decomposes after 30 minutes in an aqueous neutral-basic solution of 

37 °C [17]. Main degradation products are ferulic acid, ferulic aldehyde, feruloyl methane, 

vanillin and trans-6-(4’-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexenal (Figure 1) [18]. The 

instability of curcumin can be reduced by lowering the pH, adding fetal bovine serum (FBS), 

glutathione or ascorbic acid. In the presence of 10% FBS only 50% was decomposed after 

8h incubation at 37°C. The reduced stability in neutral-basic conditions may be due to the 

deprotonation of the phenolic groups inducing the decomposition of curcumin [17].  

Curcumin has been consumed as a dietary spice at doses up to 100 mg/day [4] and is safe 

to use. Clinical trials have shown that doses up to 8 grams per day did not show any 

adverse side effects [19]. 

1.2. Metabolism 
Curcumin is not often used in the treatment of different diseases because it has a rather low 

bioavailability. This is due to the low water solubility, poor absorption and rapid degradation 

and metabolisation of curcumin [2]. Curcumin undergoes O-conjugation to curcumin 

glucuronide and curcumin sulphate and bioreduction to dihydrocurcumin, 

tetrahydrocurcumin, hexahydrocurcumin and hexahydrocurcuminol in rat and human 

intestinal fractions (Figure 1) [20]. These products can also become subject to 

glucuronidation [21]. The metabolites generally have a lower bioactivity, however 
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tetrahydrocurcumin, one of the most abundant metabolites of curcumin, also possesses an 

anti-inflammatory activity similar to that of curcumin [20, 22].  

 
Figure 1. Curcuminoids, degradation products and metabolites of curcumin. 

 



 

 5 

In a study by Ireson et al. [20] curcumin glucuronide, curcumin sulphate, tetrahydrocurcumin 

and hexahydrocurcumin were demonstrated in the cytosol and microsomes of the intestinal 

cells from humans and rats. Subsequently, the conversion to curcumin sulphate was also 

demonstrated in intact rat gut sacs in situ. This establishes that also the intestinal mucosa of 

rats is able to metabolize curcumin. Finally Ireson et al. [20] found that the enzymes 

sulfotransferase 1A1 and 1A3 are able to sulphate curcumin and that alcoholdehydrogenase 

has the potential to metabolize curcumin to hexahydrocurcumin.   

 

Berginc et al. [17] performed an in vitro study with differentiated Caco-2 cells and an ex vivo 

experiment using the small intestine of rats to examine the main barriers for curcumin 

absorption. Using different specific transporter inhibitors, it was seen that curcumin 

glucuronide formed inside the cells was most probably transported to the apical side of the 

Caco-2 cells by P-glycoprotein (Pgp) and MRP2 (member of the ABC transporters) and to 

the basal side by MRP1 and MRP3 transporters. Curcumin itself was found to be 

transported back into the intestinal lumen by BCRP and to a lesser extent by the two ABC 

transporters Pgp and MRP2. When comparing the results from their ex vivo and in vitro 
experiment it was observed that the permeability of curcumin through the rat intestine was 

lower than through Caco-2 cells. This indicates the presence of an extra barrier such as the 

mucus, which is present in the rat intestine but not at the apical side of the Caco-2 cells [17]. 

This mucus consists of primary water and glycoproteins and could possibly bind free 

curcumin thus preventing its absorption in the gut. 

1.3. Molecular targets of curcumin 
Many papers have described various biological activities of curcumin, including biochemical 

and molecular targets such as transcriptional factors, inflammatory cytokines, enzymes, 

kinases, growth factors and receptors [15, 23]. The main molecular targets of curcumin are 

presented in Figure 2 and the most important ones will be discussed below. 

1.3.1. Transcription factors 

Nuclear factor-κB (NF-κB) is a transcription factor, which has been shown to regulate the 

expression of more than 200 genes. These genes are involved in e.g. proliferation, 

apoptosis and angiogenesis [24, 25]. NF-κB is present in the cytoplasm of almost all cell 

types, however in an inactive state as it is bound to inhibitory proteins (such as IκΒα).  

Stimuli such as IL-1 or tumour necrosis factor (TNF) can mediate the phosphorylation of the 

inhibitory proteins, after which NF-κB is translocated to the nucleus as a heterodimer 

consisting of p50-p65 subunits and becomes activated [25, 26]. This phosphorylation 

happens through the activation of IκB kinase (IKK). Curcumin has the ability to inhibit the 

IKK activity in a concentration dependent way. This inhibition of IKK by curcumin is most 
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likely directly but possibly also via an upstream kinase required for IKK activation [26]. 

 
Figure 2. Molecular targets of curcumin [15]. 

 

AP-1 is a dimeric transcription factor composed of the subunits Jun, Fos and ATF (activating 

transcription factor) and can bind to the AP-1 DNA binding site. AP-1 plays a role in cell 

proliferation and transformation [27] and in all probability plays a role in apoptosis [28]. 

Curcumin has been shown to inhibit the activation of AP-1 [29] and thus could limit the 

proliferation and transformation of tumor cells. 

The STAT (signal transducer and activator of transcription) proteins are molecules that are 

activated after phosphorylation. They contribute to cell survival and cell growth by preventing 

apoptosis through the increased expression of anti-apoptotic proteins [24]. STAT3 and 

STAT5 have been implicated in multiple myelomas, lymphomas, leukemias and other 

tumors [24]. It has been shown that curcumin suppresses the phosphorylation of STAT3 

through interleukin-6 and consequent STAT3 nuclear translocation. Thus curcumin has the 

potential to down-regulate the activation of STAT3 and can prevent the growth of certain 

tumors [30]. 
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Furthermore important transcription factors such as β-catenin, PPAR-γ (peroxisome 

proliferator-activated recptor-γ), Egr-1 (early growth response-1) are all affected by curcumin 

[24]. These transcription factors all play an essential role in various diseases. 

1.3.2. Enzymes 
Cyclo-oxygenase-2 (COX-2) is an enzyme that activates the cyclooxygenase cascade. This 

cascade reaction produces prostaglandins. COX-2 is overexpressed in different stages of 

cancer [23] and the beneficial anti-tumor effects of COX-2 inhibitors are due to inhibition of 

proliferation, increased apoptosis within the tumor, inhibition of stromal cell angiogenesis 

and increased myeloid cell anti tumor immune surveillance [31]. Curcumin is able to prevent 

the COX-2 induction by the tumor promoter TNF and fecapentaene-12 because COX-2 in its 

turn is regulated via NF-κB and because curcumin can down-regulate NF-κB [32]. Another 

study however showed that curcumin could directly inhibit COX-2 in the HT-29 colon 

carcinoma cell line [33]. 

Nitric oxide (NO) is produced endogenously from L-arginine by a family of nitric oxide 
synthases (NOS). NO has a wide range of physiological and pathophysiological actions and 

plays a role in inflammation and in carcinogenesis [34]. There are two groups of NOS: the 

constitutive NOS (cNOS) and the induced NOS (iNOS). The iNOS is a group of synthases 

that becomes induced due to inflammatory cytokines and lipopolysaccharides. The mRNA 

for the iNOS is produced via NF-κB [35]. Pan et al. [34] showed that curcumin strongly 

reduced the induction of iNOS in RAW 264.7 cells (derived from murine macrophages), 

which were activated with LPS. The metabolites tetrahydrocurcumin, hexahydrocurcumin 

and octahydrocurcumin however had less effect. The effect of curcumin toward iNOS is 

most probably due to the blocking of NF-κB activation. 

COX-2 and iNOS are also both up-regulated by activated MAPKs (mitogen activated protein 

kinases). P38 is one such MAPK that was shown to be reduced by curcumin in an in vivo 

study with rats and subsequently also COX-2 and iNOS levels were reduced. However the 

activation of MAPK JNK (c-JUN N-terminal kinase) was not affected by curcumin [36]. 

1.3.3. Receptors 
The androgen receptor (AR) is a receptor that plays an important role in the development 

and progression of prostate cancer because the growth promoting effects of androgen is 

mediated mostly through the AR [37]. During prostate cancer, an increase in the cytoplasmic 

levels of β-catenin is observed. The excessive free β-catenins overload the system and are 

translocated into the nucleus where they are able to interact with the AR and augment AR-

mediated transcription [37]. Choi et al. [38] provided evidence that curcumin has an anti-

androgenic role in LNCaP prostate cancer cells. This might be due to the degradation of β-

catenin through regulation of downstream intermediates in the Wnt/β-catenin pathway.  
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The epidermal growth factor receptor (EGFR), a growth-factor-receptor tyrosine kinase, is 

a receptor and ligands such as EGF and TGF-α can bind to the extracellular domain of this 

receptor. After binding with a ligand, a cascade of biological signals is initiated from the 

cytoplasm to the nucleus [39] which lead to the regulation of the expression of target genes. 

The overexpression of EGFR is associated with various human tumors and appear to 

promote solid tumor growth [40]. Curcumin was shown to reduce the expression of EGFR in 

vitro in human cancerderived cells, including Moser, Caco-2 and HT-29 [41]. 

1.3.4. Growth factors 
Vascular endothelial growth factor (VEGF), a signal protein, is produced by cells and 

stimulates angiogenesis. Through this angiogenesis oxygen can be supplied to hypoxic 

tissues. This is essential during processes such as wound healing, embryonic development 

and the menstrual cycle but also during different diseases such as adenocarcinoma 

formation and chronic inflammation [42]. COX-2 is also induced by many pro-inflammatory 

cytokines such as VEGF and IL-1β and the inhibition of COX-2 by certain drugs could down-

regulate VEGF via the MAPKs p38 and JNK [43]. As stated above, curcumin could down-

regulate COX-2 levels through p38 and Binion et al. [42] demonstrated that angiogenesis 

and COX-2 were inhibited by curcumin in microvascular endothelial cells which were 

stimulated with VEGF in vitro.  

1.3.5. Inflammatory cytokines 

Cytokines are small proteins that play a significant role in cell signalling. TNF-α (tumor 

necrosis factor alpha) is involved in the regulation of infectious, inflammatory and 

autoimmune responses. The main biological activities of TNF-α are its ability to cause tissue 

injury through the pro-inflammatory properties of TNF-α, the ability to induce apoptosis in 

some cancerous cell lines and finally the ability to alter intermediate substrate and energy 

metabolism [44]. TNF-α is produced by e.g. macrophages and T-lymphocyte in response to 

various stimuli [45]. Furthermore TNF-α gene expression is induced by e.g. IL-2, IL-1β and 

TNF-α itself. A study performed by Zhong et al. [46] showed that curcumin was able to 

suppress TNF-α in vascular smooth muscle cells via the NF-κB pathway. Curcumin might 

thus help in cardiovascular diseases such as atherosclerosis and restenosis.  

The Interleukins (IL) are another group of cytokines, which play a major role in the immune 

system. IL’s are produced by e.g. macrophages and lymphocytes when they become 

activated by certain stimuli. As mentioned above the inflammatory responses by TNF-α are 

mediated through stimulation of certain interleukins such as IL-1, IL-2, IL-6 and IL-10. The 

expression of these cytokines is mediated mainly through NF-κB and MAPK [47]. A study by 

Cho et al. [47] investigated the effect of curcumin on the expression of TNF-α induced by 
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interleukins and TNF-α itself. They found that curcumin could inhibit the expression of IL-1β, 

IL-6 and TNF-α in a human keratinocyte cell line. 

1.4. Biological activity 
1.4.1. Antioxidation 

Antioxidants are molecules that have the ability to reduce radicals and thus the possible 

damage caused by these radicals. The first mechanism of antioxidants arises by a chain-

breaking mechanism in which the antioxidant stabilizes a free radical through the donation of 

an electron. The second possible mechanism is to prevent the formation of reactive oxygen 

species (or reactive nitrogen species) by the removal of certain initiators of these processes. 

In various ways these two mechanisms can occur, such as through electron donation, metal 

ion chelation and gene expression regulation [48]. Since ROS can induce DNA damage and 

subsequently initiation and progression of cancer [49], antioxidants may reduce cancer by 

reducing ROS.  

There are three main mechanisms by which polyphenols have antioxidant capacities. In the 

first two, polyphenols inactivate radicals by transferring a hydrogen atom or a single 

electron. The transfer of a hydrogen atom is accomplished by the homolytic cleavage of the 

hydroxyl O-H bond of the phenol. The transfer of an electron is determined by the ionisation 

potential of the polyphenol. More specific, a low ionisation potential favours the transfer of an 

electron. Since polyphenols are aromatics, the newly formed radicals are more energetic 

stable radicals since conjugation effects stabilize them [50]. In the third mechanism (which is 

considered less common in polyphenols) the polyphenol chelates transition metal ions 

forming stable complexes. These metal ions are further not available in reactions that 

generate free radicals [50]. Curcumin possesses antioxidative characteristics [51]. Masuda 

et al. [52] investigated the actual radical scavenging reaction of curcumin and found that 

radical trapping occurred first at the phenol position (just like other phenolic antioxidants). 

The radical position can then move to other positions and finally various non-radical stable 

compounds are formed such as vanillin, ferulic acid and a dimer of curcumin. The 

antioxidative effects are not only mediated through the phenol group, but also the methoxy 

group at the ortho-position plays an important role. More specific, the methoxy group can 

form an intramolecular hydrogen bond with the hydrogen atom of the phenol, leading 

towards an improved removal of the hydrogen atom [16]. Also other electron-donating 

groups at the ortho-position (such as an ethoxy group) are able to improve the radical 

scavenging effect [53].  
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The DPPH radical scavenging activity test has been described as a simple and sensitive in 

vitro antioxidant assay and is commonly used for the quantification of radical scavenging 

activities of various compounds [51]. It is based on the neutralization of the stable 1,1-

diphenyl-2-picrylhydrazyl radical (Figure 3) that has a deep purple colour and absorbs 

maximally at a wavelength of 517 nm. Upon neutralization the purple changes to a more 

yellow colour and the absorption peak at 517 nm disappears. However, caution should be 

taken interpreting the results since Xie and Schaich [54] raised questions on the application 

of the DPPH test. The DPPH radical site appears to be difficult to access due to steric 

hindrance. This implies that the accessibility of the radical position controls the neutralization 

reaction more than the chemical properties of the antioxidant itself. Secondly, absorbance of 

the DPPH radical is commonly measured after 30 minutes or longer. This neglects the 

difference in reaction kinetic. Since radicals in living tissues have lifetimes of milliseconds to 

seconds (hydroxyl radical for example around 10-9 s), the antioxidant reactivity rather than 

the total antioxidant capacity is important [54]. Nevertheless, the DPPH assay is still widely 

used and can give valuable information regarding total antioxidant capacities when the 

neutralization reaction is run to completion.  

 

The ferric reducing ability of plasma (commonly referred to as the ferric reducing antioxidant 

power, FRAP) is another antioxidant assay commonly used in which the antioxidant reduces 

a ferric-tripyridyltriazine complex (Fe3+-TPTZ) to the ferrous form (Fe2+-TPTZ ) through the 

donation of an electron. This ferrous TPTZ form has an intense blue colour and shows an 

absorbance maximum at a wavelength of 593 nm [55]. 

 

 

 
Figure 3. Stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical. 
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1.4.2. Anti-tumor activity via ROS generation 
Reactive oxygen species (ROS) is a term that refers to oxygen radicals (such as hydroxyl 

(yOH), superoxide (yO2) or nitroxyl (NOy)) and non-radical oxidizing molecules (such as 

hydrogen peroxide (H2O2) or organic hydroperoxides (ROOH)) [56]. ROS is involved in 

fundamental activities including enzymatic reactions, activation of nuclear transcription 

factors, mitochondrial electron transport, signalling pathways [57]. Nevertheless, it can also 

cause harmful effects in living cells, however in normal conditions, antioxidants exist in 

balance with ROS and can scavenge these species thus preventing free radical-mediated 

damage. Depletion of antioxidants or an increased ROS production can lead to oxidative 

stress and can damage compounds such as lipids, DNA and proteins [57]. Reactive oxygen 

species can be generated endogenous or exogenous. Endogenous ROS are produced by 

cellular metabolism such as mitochondrial respiration. Sources of exogenous ROS are UV 

light, ionizing radiation and pathogens [49]. Curcumin can exhibit pro-oxidant activities 

depending on its concentration and cell type through the generation of reactive oxygen 

species [58-60]. ROS is a major cause of cancer through the damage of DNA and is 

assumed to be involved in both initiation and progression of cancer [49]. However, ROS is 

also involved in apoptosis through the mitochondrial intrinsic pathway [61] and thus could 

play an important role in antitumor activities through apoptotic tumor cell death. Therefore, 

cancer cells are more vulnerable to be killed by drugs that boost ROS levels since they 

naturally exhibit a higher oxidative stress level when compared to normal cells [62]. Shortly 

explained the mechanism of mitochondrial apoptosis via ROS is the following (see Figure 4): 

the mitochondrial membrane becomes permeable by different apoptotic stimuli (such as 

ROS) and because of this permeabilization, pro-apoptotic proteins (such as cytochrome c) 

are released. Cytochrome C then forms a complex with apoptotic protease-activating factor-

1 (apaf-1) and activates procaspase-9. Through the catalyzing effect of procaspase-9, 

effector caspase-3 is activated. Other apoptotic proteins furthermore help the caspase 

activation by the neutralization of caspase inhibitors. It is this caspase-3 effector that 

executes the final steps of apoptosis [61, 63, 64]. Bhaumik et al. [65] investigated the effect 

of curcumin on AK-5 tumor cells and showed that curcumin could induce apoptosis in those 

AK-5 cells through the activation of caspase-3 by the ROS pathway as described above. 
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 Figure 4. Apoptosis through the mitochondrial pathway. 

 

1.4.3. Anti-tumor activity through p53 
The tumor suppressor protein p53 plays a central role in cell cycle regulation. This protein 

has a supervisory role during the cell cycle and acts as a checkpoint control. When errors 

happen during critical events (such as DNA replication or chromosome segregation) of the 

cell cycle, checkpoints become activated and respond to this damage by arresting the cell 

cycle to provide time for repair [66]. P53 is an important checkpoint that becomes activated 

after DNA damage. The response of p53 is very heterogeneous depending on the cell type, 

type of DNA damage, amount of p53 [64]. Furthermore, it is unclear when the cell goes into 

cell cycle arrest or apoptosis under supervision of p53. However it is clear that p53 has a 

central role during these processes. Jee et al. [67] performed an in vitro study with human 

basal carcinoma (BCC) cells and were able to show apoptosis in these cells induced by 

curcumin and a simultaneous increase in p53. Curcumin was able to promote de novo 

synthesis of p53 or promote the synthesis of proteins for stabilization of p53, leading to 

apoptosis. Other studies however show that curcumin is able to down-regulate the 

expression of p53 at protein and mRNA level in in vitro studies on human colon cancer cells 

(HCT-15) and BKS-2 cells (B cell lymphoma) [68, 69]. The protein p53 is mutated in almost 

50% of all human cancers resulting in uncontrolled cell proliferation and progression of the 

tumor growth, since curcumin was also able to down-regulate the production of p53, it could 

thus also prevent cancer progression by preventing the uncontrolled cell proliferation that is 

induces by the mutated p53 protein [68]. 
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1.4.4. Anti-angiogenesis and anti-tumor activity via NF-κB 
Angiogenesis is the growth of new vascular capillaries from existing vessels and plays an 

important role in processes such as wound healing and bone repair. However uncontrolled 

angiogenesis is known to occur during e.g. tumor growth and rheumatoid arthritis. The 

expansion of primary tumors and their metastasis to other organs is strongly influenced by 

angiogenesis [70]. A central role during angiogenesis and tumor growth is reserved for 

nuclear factor-κB as described above in section 1.3. Cytokines (such as IL-8) and growth 

factors (TNF, VEGF) are produced by macrophages, neutrophils and other inflammatory 

cells and are able to regulate angiogenesis. The production of these cytokines and growth 

factors however is regulated through NF-κΒ and its activation. NF-κB also has effects toward 

e.g. anti-apoptosis, inflammation and metastasis (Figure 5). Several studies show that 

curcumin is able to down-regulate the activation of NF-κB and thus can suppress 

downstream tumorigenic and angiogenic factors [71].  
 

 
Figure 5. Expression of numerous genes regulated by the activation of NF-κB [72]. 

 
1.5. Curcumin analogues 

The poor cellular absorption, metabolism and rapid elimination of curcumin are the major 

reasons for the poor bioavailability of curcumin [2]. Because of this, different ways to provide 

a better bioavailability have been proposed and investigated. A promising solution is the use 

of certain curcumin analogues. Other possibilities are the use of nanoparticles, adjuvants or 

emulsions containing micelles, liposomes or phospholipid complexes of curcumin. The use 

of curcumin analogues will be discussed below. 
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Different curcumin analogues are naturally available. These analogues include 

demethoxycurcumin, bisdemethoxycurcumin and cyclocurcumin or curcumin metabolites. 

The last few decades different curcumin analogues with similar safety profiles as curcumin 

have also been synthesized by man. This in order to overcome the low solubility and 

bioavailability of curcumin and also to exploit information for further molecular design [22]. 

The instability of curcumin may be caused by the presence of its methylene and β-diketone 

moiety. A deletion of the β-diketone moiety may thus result in an increased stability of the 

curcuminoids [16]. Different types of curcumin analogues have been synthetized in the past. 

The first group is characterized by changes in substitution on the aryl ring. This type of 

analogue keeps the β-diketone structure. A second group of derivatives changes the β-

diketone structure. A mono-carbonyl arises if one of the carbonyl groups is removed. 

Furthermore analogues with a substitution on the 1,3-keto-enol moiety and heterocyclic 

curcumin analogues have been synthetized as well. Various curcumin analogues are shown 

in Figure 6. 

1.5.1. Changes in substitution on the aryl ring 
The antioxidative effects of curcumin and its analogues are influenced by the substitutions 

on the aryl ring.  As stated above, electron-donating groups at the ortho-position (such as 

methoxy or ethoxy) are related to the antioxidant activity. An increased number of hydroxyl 

groups on the aryl may contribute to an increased antioxidant activity [16]. 

Demethoxycurcumin and bisdemethoxycurcumin are 2 natural analogues of curcumin that 

differ by the substitution on the aryl moiety. The difference with curcumin is that they lost 

respectively one and two ortho-methoxy groups. Bisdemethoxycurcumin has the lowest 

potency to suppress TNF-α-induced NF-κB activation followed by demethoxycurcumin, while 

curcumin had the highest potency [73]. Furthermore curcumin was also found to be the most 

active in a DNA cleavage reaction via the generation of reactive oxygen species followed by 

demethoxycurcumin, which was more active than bisdemethoxycurcumin [59]. This suggests 

the important role of the methoxy groups on the aryl. Yet, not in all cases curcumin is more 

active. Other studies showed that demethoxycurcumin had the highest antiproliferative 

activity against MCF-7 breast carcinoma cells while bisdemethoxycurcumin was more active 

for cytotoxicity against ovarian cancer cells [74, 75]. Therefore, cell type and the 

corresponding gene expression profiles may also determine the efficacy of the curcumin 

analogues. 

The substitution of the methoxy by an ethoxy group may also play a major role toward 

cytotoxicity. In benzylpiperidin-4-one analogues (A and B) it may lead to higher toxicity in 

certain cell lines (pancreatic, lung and renal cancer). However, the opposite was seen in a 

non-small lung and colon cancer cell line [76]. 
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Diphenyl difluoroketone C is an analogue fluorinated on the aryl, containing one carbonyl 

function and a heterocyclic structure. C is shown to be one of the most active in anticancer 

assays while still considerably less toxic than cisplatin, a commonly used chemotherapeutic 

drug [77]. Diphenyl difluoroketone seems to have some of the same molecular targets like 

curcumin. These molecular targets include COX-2, VEGF and IL-8 [77]. However another 

study performed by [78] showed that C can disrupt the microtubule cytoskeleton while 

curcumin did not show this activity. Thus, although curcumin and C have a very similar 

molecular structure, they do not behave identically. 

1.5.2. Mono-carbonyl analogues 
In mono-carbonyl analogues one of the carbonyl-functions has been removed. As stated 

above that the methylene and β-diketone moiety contributes to the instability of curcumin, 

the introduction of mono-carbonyl analogues may result in an increased stability. 

Analogues were constructed including the deletion of a methylene group on top of the 

carbonyl. In this way, a 5-carbon spacer was present between two aryl groups. The three 

different types included a 1,5-diaryl-1,4-pentadiene-3-one (D), cyclopentanone (E) and 

cyclohexanon (F) analogue. The cyclohexanon compounds were found to be more effective 

in inhibiting LPS-induced proinflammatory cytokines TNF-α and IL-6 than the 

cyclopentanone and 1,5-diaryl-1,4-pentadiene-3-one derived ones. With no change on the 

aryl group, the cyclopentanone, cyclohexanone and 1,5-diaryl-1,4-pentadiene-3-one 

analogue were more active than curcumin itself  [11]. 

Various mono-carbonyl enone analogues of curcumin with 7, 5 or 3 carbons between the 

aromatic rings have been investigated. Among 40 tested analogues with a 5-carbon spacer, 

the most potent analogues toward the inhibition of TNF-α mediated activation of NF−κB 

were the only two that contained a pyridine heterocyclic ring in the aryl (compounds G and 

H). In general the 5-carbon spacer analogues were more active than the 3 and 7- carbon 

spacers [79]. Note that C is also a 5-carbon spacer analogue, however this one was not 

included in the experiments performed by Weber et al. [79]. 

1.5.3. Substitution on the 1,3-keto-enol moiety 

Substitutions on the 1,3 keto-enol moiety include the formation of β-enaminoketone (I), 

dioxime (J) and semicarbazone (K) analogues. A study by Simoni et al. [10] describes the 

activities of β-enaminoketone and dioxime analogues. The β-enaminoketone analogues 

containing a N-alkyl (methyl or ethyl) substituent show comparable (or little lower) cytotoxic 

activities as curcumin. When an aromatic portion was present at the amine, the analogues 

appeared to be inactive toward a breast cancer cell line (MCF-7 and MCF-7R) and a 

hepatocellular carcinoma cell line (HA22T/VGH) in vitro. The dioxime derivatives show 

higher cytotoxicity toward the tested cell lines than curcumin and the β-enaminoketone 
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analogues. The one carrying a benzyl compound was more active than the methyl 

derivative. Furthermore the benzyl compound was able to reduce NF-κB activation (that up-

regulates various anti-apoptotic factors) in the hepatocellular carcinoma cell line whereas 

this was not the case for the methyl analogue and curcumin. The latter two were however 

able to decrease the anti-apoptotic factors to a lesser extent. This suggests a different 

mechanism of action [10]. The curcumin semicarbazone was formed in order to up-regulate 

its liposolubility. The antioxidative capacity and radical scavenging ability of this 

semicarbazone was slightly higher than curcumin. Furthermore also its antiproliferative 

activity toward the MCF-7 breast cancer cell line was higher than curcumin [80]. 

1.5.4. Heterocyclic analogues  

The incorporation of the α,β−unsaturated keto group in a ring containing nitrogen (like an 

isoxazole) seems desirable towards anti-cancer activity in different studies. An isoxazole (L) 
analogue was more active than curcumin and the dioxime derivative bearing a methyl group 

in a breast cancer cell line. The dioxime bearing a benzyl group was more active than this 

isoxazole analogue [10]. Piperidone analogues are another type of heterocyclic analogues. 

They may be more active than curcumin. Compound M was found to be more active than 

curcumin toward cancer cell lines of nine tumor groups (leukemia, non-small cell lung 

cancer, colon cancer, central nervous system cancer, melanoma, ovarian cancer and renal 

cancer) while other 4-piperidone compounds (for example N and O) may be less active [53]. 

The alkyl chain on the N of N-alkyl piperidones has furthermore an effect on the antioxidative 

capacity. Increasing the length of this alkyl group (M versus N) resulted in an increased free 

radical scavenging activity. This is also the case if the length of conjugation is extended (O 

versus M and N) [53]. The antitumor activity in the in vitro tests in this last study went hand 

in hand with their free radical scavenging activity (DPPH test) however no other tests (such 

as for example ROS or NF-κB) were performed in this study. We should thus be careful to 

say that an increased radical scavenging activity correlates with an increased antitumor 

effect. 
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Figure 6. Molecular structure of different curcumin analogues (names of the various compounds are 
stated in the text above). 
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1.6. Cell line  
The in vitro experiments during this study are performed with different cell lines (Caco-2, HT-

29, HepG2, CHO and EA.hy926). A first advantage is that cell lines are easy to cultivate and 

show a fast growth under standard culture conditions. Another advantage is that the used 

cell lines are continuous which means that they can be used during the experiments up until 

a passage number of 30 or even more. The use of primary cultures (cells freshly isolated 

from tissues) is limited by their finite character leading towards fast senescence. Most of the 

cell lines used in this study are derived from human or animal carcinomas and can give 

preliminary information for the in vivo situation. The different cell lines used in this study are 

described below. 

1.6.1. Caco-2 
The Caco-2 cell line is one originated from the human colon adenocarcinoma and was 

obtained from the American Type Culture Collection (ATCC). Caco-2 cells are epithelial cells 

and grow adherent. The epidermal growth factor receptor is expressed in this cell line [81]. 

When grown under standard culture conditions (37 °C, 10% CO2, DMEM, 10-20% FBS and 

1% NEAA) the Caco-2 cells show a spontaneous structural and functional differentiation and 

polarization after 21 days [82]. This differentiation starts when confluency is reached and is 

one of the most relevant in vitro models to study the regulation and effects on intestinal 

epithelial cells [83]. Upon differentiation, microvilli are visible at the apical side of the Caco-2 

cell. The cells are asymmetric and show tight junctions, suggesting the polarization of the 

monolayer. Furthermore also domes are found, which are the consequence of transport of 

media compounds by the Caco-2 cells. The differentiation of the cells is characterized by 

high levels of enzymes associated with the microvilli such as alkaline phosphatase and 

sucrase isomaltase. The Caco-2 cells have low glucose consumption and only produce low 

amounts of lactic acid. In contrast with in vivo enterocytes, they have a higher capacity of 

storing energy as glycogen stores [84].  

1.6.2. HT-29 
The HT-29 cell line is also originated from a human colon adenocarcinoma and was 

obtained from the American Type Culture Collection. Furthermore they also show an 

epithelial morphology and grow adherent. Unlike Caco-2, HT-29 doesn’t show a 

spontaneous differentiation, however when the glucose in the growth medium is removed or 

substituted by galactose, inosine or uridine, a typical partial structural and functional 

enterocytic differentiation can be seen. This differentiation is started when confluency is 

reached (around the 15th day) and the cells form a polarized monolayer with the presence of 

tight junctions and a brush border [84]. Another difference is that the HT-29 cells never form 

domes when differentiated [82]. Hydrolases, which are present in the small intestine brush 
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border and in the brush border of the differentiated cells, include sucrose-isomaltase, 

aminopeptidase N, dipeptidylpeptidase-IV and alkaline phosphatase. These enzymes in the 

differentiated cells however show lower activities than observed in the normal small intestine 

[84]. HT-29 cells have a high glucose consumption and lactic acid production and only 

accumulate a medium degree of glycogen. Because of these findings, HT-29 cells are often 

used when examining glucose metabolism [84]. Another difference with the Caco-2 cell line 

is that HT-29 cells express high levels of COX-2 [85]. This might be relevant towards the 

bioactivity of curcumin because curcumin was shown to be a potent COX-2 inhibitor [33]. 

1.6.3. HepG2 
The HepG2 cell line originates from a human hepatocellular carcinoma and shows an 

adherent, epithelial morphology. Human hepatocytes are suitable as an in vitro model for the 

biotransformation in human liver and are important for toxicological and pharmaceutical 

studies. A study by Wilkening et al. [86] showed that primary hepatocytes are more suitable 

to predict metabolism in adult human liver cells than the HepG2 cell line because the drug-

metabolizing enzymes differ in the two different cell lines. Drug metabolism in the liver 

happens in two phases. During the first phase the drug can undergo oxidation, reduction and 

hydrolytic pathways adding functional groups. The second phase is characterized by a 

modification to the added functional group such as the formation of O- and N-glucuronides 

[86]. Phase I enzymes were shown to be less active and the expression was much lower in 

the HepG2 cell line compared to the in vivo situation. Sulfotransferase 1A1 (a phase II drug 

metabolism enzyme) was however expressed in a higher extent in HepG2 cells and is able 

to sulphate curcumin [20]. Because the HepG2 cell line is easy to cultivate and the results 

are reproducible, it is still often used. 

1.6.4. EA.hy926 
The EA.hy926 continuous cell line is obtained by hybridizing HUVEC (human umbilical vein 

endothelial) cells with A549/8 human lung carcinoma cells. These cells contain many 

endothelial properties such as the Von Willebrand factor and platelet-activating factor. 

Furthermore, Weibel-Palade bodies have been identified in EA.hy926 [87]. These bodies are 

endothelial cell specific storage granules. The Von Willebrand factor is located in these 

bodies and plays a major role in haemostasis by platelet adhesion in case of vascular injury 

[88]. The endothelial cell line grows adherent and is often used for studies on angiogenesis, 

homeostasis, blood pressure and inflammation [89]. 
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1.6.5. CHO 
The CHO cell line is one originated from the ovary of the chinese hamster (Cricetulus 

griseus). The morphology is epithelial-like and the cells grow adherent and they require 

proline in the growth medium in order to grow [90]. CHO cells are frequently used for 

biomedical products and they can express a wide variety of recombinant proteins such as 

human interleukin-6 or human follicle stimulating hormone [91]. An advantage of CHO cells 

is that they have a high productivity [91] and that they grow fast when compared to Caco-2 

cells, both grown under standard culture conditions. 
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2. Problem statement and objective 
Curcumin has been demonstrated to positively affect western-type diseases such as obesity 

[5], diabetes [6], metabolic syndrome [7], Alzheimer’s disease [8] and cancer [9]. 

Curcumin is however not often used in the treatment of different diseases because it has a 

rather low bioavailability. This is due to the low water solubility, poor absorption and rapid 

degradation and metabolisation of curcumin [2]. Various techniques have been proposed to 

improve this bioavailability. Nanoparticles [92], emulsions [93], and adjuvants [94] could offer 

a solution.  Another possibility that has already been suggested as an elegant way to 

improve bioavailability is the use of curcumin analogues. The low bioavailability of curcumin 

may be improved by removing the unstable β-diketone moiety [3]. The use of analogues 

gives opportunities in unravelling the unique structural character of curcumin and may be 

used for further molecular design and quantitative structure-activity relationship (QSAR) 

analysis.  

 

In this thesis, we will investigate the bioactivity of 15 newly formed nitrogen analogues and 3 

non-nitrogen analogues of curcumin using a set of different cell lines and bioassays. To this 

end, various nitrogen analogues of curcumin in which the β-diketone function was altered 

were synthetized by ir. Sam Van Damme and ir. Maarten Van Bogaert under the guidance of 

prof. dr. ir. Matthias D’hooghe and ir. Rob De Vreese.  

 

The cytotoxicity of these compounds will be tested in vitro to show whether or not these 

compounds show an improved biological effect towards various cancer cell lines in 

comparison with curcumin. Non-cancer cells will also be included since cytotoxicity here is 

not desirable. This will allow to determine which functional groups can improve the 

cytotoxicity of curcumin towards tumor cells. Thereafter, the antioxidative capacities will be 

discussed. DNA damage and subsequently cancer initiation and progression can be induced 

by ROS [49]. Since ROS levels may be reduced by antioxidants, the antioxidative capacities 

will be measured using the DPPH and FRAP assay. However, it has been described in 

literature that curcumin can exhibit pro-oxidant and antioxidant activities depending on its 

concentration and type of cancer cell [58-60], and that its anti-tumor activity may be 

exhibited by ROS production [95]. Therefore, a fluorimetric assay that measures intracellular 

ROS will be performed as well. This generation of ROS may be seen as positive in cancer 

cells since ROS is also involved in apoptosis. This may lead to apoptotic tumor cell death as 

described in the literature study in section 1.4.2.  
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Next, a rough estimation of the cellular uptake of the curcumin analogues will be performed 

using analytical techniques in order to know whether the observed biological effects may be 

the result of either the improved bioavailability of the analogue, or of the chemical properties 

of the molecule itself. Finally, these results will be interpreted using multivariate statistical 

techniques to conclude which analogues have the largest potential to be used as anti-cancer 

agents. 
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3. Materials and methods 

3.1. Reagents and cell lines 
Dimethylsulfoxide, triethylamine, trichloroacetic acid, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), 

trolox, sulforhodamine B (SRB), MEM non-essential amino acid solution (NEAA), 

tris(hydroxymethyl)aminomethane, 2,2-diphenyl-1-picrylhydrazyl (DPPH), penicillin 

/streptomycin (P/S), formic acid and 2,7-dichlorofluorescein diacetate were purchased from 

Sigma-Aldrich. Both thiazolyl blue tetrazolium bromide and trypan blue were obtained from 

Amresco. Glacial acetic acid, methanol, ethanol, isopropanol, acetonitrile, ethylacetate and 

acetonitrile from Fisher Scientific. Dulbecco's phosphate-buffered saline (PBS-, no calcium 

and no magnesium), Dulbecco's modified eagle medium (DMEM, high glucose + glutamax 

and RPMI 1640) and trypsin/EDTA solution were obtained from Life Technologies and fetal 

bovine serum (FBS) from Greiner Bio-one.  

The cell lines, Caco-2 (intestinal), HT-29 (intestinal), CHO (ovarian), HepG2 (liver) and 

EA.hy926 (endothelial) cells were obtained from ATCC. These cells were cultivated in the 

same growth medium containing DMEM + glutamax, 1% NEAA, 1% P/S and 10% FBS in 

order to avoid interferences of specific medium compounds with the results. Upon treatment, 

no FBS was added to the medium. Curcumin and its compounds were dissolved in DMSO to 

a concentration of 100 mM. When the cells were exposed, solutions of the compounds were 

prepared from this stock solution in medium immediately before treatment. The final 

concentration of DMSO in this growth medium was less than 0.1% to avoid cytotoxic effects 

caused by DMSO. 

 

3.2. Curcumin analogues 
Curcumin and the used analogues are shown in Figure 7 and were kindly provided by Prof. 

dr. ir. Matthias D’hooghe and ir. Rob De Vreese. All compounds are nitrogen analogues of 

curcumin, except for BDC, SVD61, SVD62 and curcumin itself. All compounds had a purity 

of >99%, except for SVD62, which was a mixture of 90% SVD62a and 10% SV62b. 
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Figure 7. Curcumin and its analogues used in this research. 
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3.3.  Cell viability and proliferation tests 
The MTT assay is based on the conversion of the yellow compound thiazolyl blue 

tetrazolium bromide to formazan by the mitochondria of viable cells. This formazan has a 

purple colour and absorbs maximally at a wavelength of 570 nm. Dead cells are not able to 

convert this MTT dye. Therefore, by measuring the formation of the purple formazan, the 

relative amount of viable cells can be obtained. An aliquot of cells were counted in a bürker 

counting chamber after trypan blue staining. They were seeded at a concentration of 20000 

cells in a 96 well plate and after one day the cells were treated without (control group) and 

with curcumin or its analogues at a concentration of 1, 5, 10 and 25 µM. After 3 days of 

treatment, 100 µL of culture medium was removed and 20 µL of MTT solution (5 mg MTT 

/ml PBS) was added. After 2 hours of incubation in the dark at 37 °C and 10 % CO2 the 

medium was removed and the 96 well plate was dried. Solubilisation of the formazan 

crystals was achieved by adding 200 µL DMSO to each well. Finally, the absorbance was 

recorded at 570 nm using a Bio-Rad Benchmark Plus microplate spectrophotometer. Each 

condition was performed in triplicate. 

 

The SRB assay is based on the measurement of cellular proteins. Sulforhodamine B can 

bind electrostatically with basic amino acid residues if the cells are fixed with trichloroacetic 

acid (TCA) and can be solubilized by weak bases [96]. Because of this quantitative staining 

capacity of SRB, the assay is used to screen for cytoxicity and cell density. The cells were 

seeded at a concentration of 20000 per well and treated with or without (control) compound 

at 1, 5, 10 and 25 µM after 1 day. Three days after this treatment the cells were fixed by 

addition of 50 µL of 50% TCA in milliQ-water for 1 hour at 4°C. The plate was cleaned 5 

times with tap water and dried, after which the cells were stained with an SRB solution (0.4% 

sulforhodamine B in 1% glacial acetic acid). After 30 minutes the plate was rinsed for 5 times 

with 1% glacial acetic acid and dried. Tris buffer in a concentration of 10 mM was used to 

dissolve the stain. Finally the absorbance was measured using the microplate 

spectrophotometer at a wavelength of 490 nm. Each condition was performed in triplicate. 

3.4.  Solubility in exposure medium 
Solutions of 100 mM of curcumin and analogues in DMSO were diluted to 0.5, 5, 25 and 50 

µM in exposure medium of 37 °C. The diluted solutions were transported to a 96 well plate 

and incubated at 37 °C and 10% CO2. After 2 and 24 hours, crystal formation of the dilutions 

was assessed using a phase-contrast light microscope (Motic AE31 equipped with a Zeiss 

Axiocam camera) at a magnification of 10X10. 
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3.5.  Antioxidant capacity 
3.5.1. DPPH radical scavenging activity 

The 1,1-diphenyl-2-picrylhydrazyl radical has a deep purple colour and shows a strong 

absorption at a wavelength of 517 nm. Upon neutralization the purple changes to a more 

yellow colour and the absorption peak at 517 nm disappears. A solution of 40 µg/ml DPPH in 

methanol was prepared. This solution was mixed in a 9:1 ratio with the solution of curcumin 

or its analogues in DMSO with a concentration ranging between 1 and 500 µM. This mixture 

was incubated at 30 °C in the dark for 30 minutes. Subsequently, this mixture was added to 

a 96 well plate and measured in the microplate spectrophotometer at a wavelength of 517 

nm. Blanks without derivative and blanks without DPPH were run simultaneously. The last 

blank was necessary to check for absorption of the derivatives themselves.  Percentage 

inhibition was calculated using the formula:  

𝐼(%) = 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑏𝑙𝑎𝑛𝑘 − 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑏𝑙𝑎𝑛𝑘

∗ 100  

3.5.2. Ferric reducing ability of plasma (FRAP) assay 
Acetate buffer of 300 mM was prepared by adding 3.1 g of sodium acetate trihydrate to 16 

mL of acetic acid, which was diluted to 1000 mL with milliQ-water. The TPTZ (2,4,6-

tripyridyl-s-triazine) solution of 10 mM was prepared by adding 0.156 g of TPTZ to 50 mL of 

ethanol. Lastly, a 20 mM solution of iron(III) chloride hexahydrate was prepared by mixing 

0.5404 g of FeCl3.6H2O with 2 mL 37% HCl and 98 mL milliQ-water. The TPTZ and iron 

solutions were freshly prepared on the day of the assay. These 3 mixtures were added in a 

10:1:1 ratio to obtain the FRAP reagent. Finally, 100 µL of the samples were mixed with 900 

µL of the FRAP reagent and after 4 minutes the absorbance was measured at 593 nm in a 

Cary 50 bio UV-visible spectrophotometer. Trolox (a water soluble analogue of vitamin E) 

was used as a standard and the FRAP value was calculated as trolox equivalent (µmol/L) 

via a linear regression of the trolox standard curve. This method is similar to the protocol 

used by previous workers [55, 97, 98]. 

3.6. Reactive oxygen species (ROS) generation assay  
2’,7’-Dichloro-dihydro-fluorescein diacetate (DCFH-DA) is a non-fluorescent compound in 

solution. This compound can be transported into the cell after which it can be hydrolyzed by 

intracellular esterases. Subsequently, it can be converted to the highly fluorescent 

dichlorofluorescein after oxidation through ROS. The cells were seeded in a black 96 well 

plate with transparent bottom at a concentration of 20000 cells per well. When confluency 

was reached, the cells were treated overnight with or without (control) curcumin or its 

analogues. After 1 day, the cells were washed and incubated at 37°C and 10% CO2 with 

DCFH-DA (20 µM) for 30 minutes. Hereafter hydrogen peroxide (0.25 mM) was added or not 
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(control) to induce oxidative stress. After 1 hour, the cells were washed again and culture 

medium without phenol red was added. The plate was incubated again and was measured 

after 1 hour with a Gemini XPS Microplate Reader with an excitation set at 485 nm and an 

emission at 535 nm. 

3.7. Cellular uptake 
Cells were cultivated in cell culture flasks and after confluency the cells were treated 

overnight with a 10 µM solution of curcumin or its analogues. Subsequently the growth 

medium was collected and the cell monolayer was washed for two times with cold PBS in 

order to stop uptake and to wash the cells. Next, the cells were lysed by adding a PBS 

solution with 10% ethanol. This solution was also collected and stored in a freezer no longer 

than 7 days prior to extraction. Extraction reagent (95% ethylacetate, 5% methanol) was 

added to the sample and mixing was performed thoroughly by vortexing for 1 minute. 

Hereafter, the samples were centrifuged (3555 g) until good phase separation was obtained. 

The organic phase was collected and the sample was washed for 2 times with extraction 

reagent. Finally the samples were dried under nitrogen and resolved in 200 µL of mobile 

phase A (90% methanol, 10% acetonitrile). The analogues were analyzed by reversed-

phase high-performance liquid chromatography with DAD detection (Ultimate 3000, Dionex, 

Thermo). The wavelengths at which the compounds were detected are shown in the graphs 

in Annex 1. A reversed phased YMC-pack C30 column (250 mm x 4.6 mm i.d., S-5µm) from 

YMC (Schermbeck, Germany) was used with methanol:acetonitrile (9:1 v/v) as mobile phase 

A and ethyl acetate with 0.25% triethylamine as mobile phase B. The flow rate was 1 

mL/min, column temperature was 30 °C and the injection volume was 10 µL for the standard 

solutions and 50 µL for the cellular extracts. The gradient profile was as follows: at 0 min 

100% A, linear gradient to 75% A and 25% B in 10 min, isocratic for 5 min, linear gradient to 

100% A over 2 min and finally isocratic for 4 minutes. Since curcumin could not be detected 

using this protocol, a Dionex™ UltiMate™ 3000 UHPLC using a Waters Acquity BEH C18 

column (2.1 mm × 150 mm, 1.7  µm particle size) and a Waters VanGuard Pre-column (2.1 

mm × 5 mm) was used for this component. A constant flow of 0.3 mL/minute was used and 

the injection volume was 10 µL. The column temperature was set at 35°C. Methanol (0.1% 

formic acid) and MilliQ water (0.1% formic acid) were the mobile phases. The gradient profile 

was as follows: at 0 min 5% methanol, isocratic for 5 min, linear gradient to 95% methanol in 

15 min, isocratic for 5 min, linear to 5% methanol in 5 min and finally isocratic for min.  
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3.8.  Statistics 
For the MTT, SRB, ROS, DPPH and FRAP assay a t-test was performed to statistically 

compare the blank of every compound to the other tested condition. P-values lower than 

0.05 are considered to be significant. For the ROS assay the modified Thompson tau test 

was performed to identify and remove outliers. Principal component analysis and 

hierarchical cluster analysis were performed in IBM SPSS Statistics 22. 
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4. Results 

4.1. Cell viability and proliferation tests 
4.1.1. Caco-2 

Figure 8 and Figure 9 show the MTT and SRB results after 3 days of treatment on the 

undifferentiated Caco-2 cell line. Curcumin showed a small response at 25 µM with an MTT 

value of 90.01% ± 1.85% and SRB value of 86.73% ± 3.84%. The highest cytotoxicty was 

seen for SVD90, SVD95, SVD99 and SVD130 with decreases of MTT values to 50% or 

lower. The derivatives SVD1, SVD61 and SVD90  showed a significant increase for the MTT 

at some concentrations. This increase may be due to cell stress. The SRB values showed a 

similar profile. In general, concentrations lower than 25 µM often didn’t show a significant 

response while 25 µM itself led to significantly lower cellular protein contents. Decreases of 

20% or more at 25 µM could be seen for every compound except for curcumin and SVD61 

(both are compounds without nitrogen). 

 

In Figure 10 and Figure 11, the results for the MTT and SRB assay, tested at concentrations 

of 1, 5, 10 and 25 µM, on the differentiated Caco-2 cell line are given. The optical density 

never decreased to more than 75% in both assays. Curcumin itself was not able to 

significantly alter the MTT and SRB values. In the MTT assay the compounds SVD62, 

SVD66, SVD67 and SVD80 were able to significantly increase the mitochondrial acitivity at 

some concentrations. Furthermore, significant decreases could be seen for MVB54, SVD2, 

SVD29, SVD66, SVD99 and SVD130. The SRB values were very constant for almost every 

component. The only significant decrease in cellular protein content was seen for SVD99. 

Remark that SVD99 was also one of the components that gave a large decrease in the 

undifferentiated Caco-2 cells. Furthermore, a small (<8%) but significant increase of cellular 

protein content could be seen for SVD67 and SVD95 at 1 and 25 µM, respectively. 

4.1.2. HT-29 
First of all, curcumin did not show any significant changes in MTT value (p > 0.05) (Figure 

12) at 1, 5, 10 and 25 µM when compared to the untreated cells. The derivatives MVB54, 

MVB59, MVB74, MVB78, SVD1, SVD2, SVD29, SVD66, SVD67, SVD80 and SVD90 only 

showed significant results at a concentration of 25 µM but not at lower concentrations. The 

derivatives SVD95, SVD99 and SVD130 however also showed significant results at 

concentrations lower than 25 µM. SVD99 already had a significant decrease at 1 µM. 

Decreases to 50% or lower can be observed for MVB59, MVB74, SVD1, SVD80, SVD90, 

SVD95 and SVD99. The SRB results (Figure 13) were again more or less similar as the 

MTT results, however curcumin (10 µM), BDC (10 µM), MVB59 (1 µM) and SVD29 (1 and 

10 µM) were able to significantly increase the cellular protein content. This increase was 
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always lower than 20%, except for MVB59 where the SRB values were increased to 138.50 

± 9.93%. For curcumin, BDC and MVB59, this increase was again back to normal levels at 

25 µM whereas for SVD29, a decrease to 78.35 ± 4.34 is seen at this concentration. This in- 

and decrease may be explained by a stress response followed by cell death at higher 

concentrations [99, 100]. 

4.1.3. CHO 
The results on the Chinese hamster ovary (CHO) cell line are presented in Figure 14 and 

Figure 15. For most of the compounds a significant decrease can be seen with increasing 

concentration in the MTT assay. BDC, MVB59, SVD61 and SVD62 showed only a very 

small decrease with a value not lower than 80% when compared to the blank. Curcumin was 

able to decrease the MTT value to 34.79 ± 3.68% at 25 µM. When comparing this value to 

the other derivatives, MVB54, MVB74, MVB78, SVD90, SVD95 andSVD99 were also able to 

decrease this value to 40% or lower. The SRB results showed a very similar pattern as the 

MTT results. A decrease on both assays is associated with toxicity of the compound and 

subsequent cell death [99, 100]. Note that SVD90, SVD95 and SVD99 gave a strong 

decrease on the undifferentiated Caco-2, HT-29 and the CHO cell line. 

4.1.4. EA.hy926 
Finally, also an MTT and SRB were performed on the EA.hy926 endothelial cell line (Figure 

16 and Figure 17). Curcumin was able to slightly but significantly decrease the MTT-value to 

86 ± 5.66% at 25 µM. The addition of the compounds MVB59, MVB78, SVD1, SVD2, 

SVD26, and SVD80 did not lead to a significant response by the cells. Highest cytotoxicity 

was seen for SVD62, SVD95, SVD99 and SVD130 (MTT value <50% at 25 µM). On the 

SRB, curcumin was not able to significantly affect the cells. No effect is seen for MVB54, 

SVD26. Mostly, the same decreases are seen as in the MTT. The decrease in MTT value 

may thus be explained by a decrease in number of cells. Important to notice is that SVD62 

never showed strong cytotoxic effects on the other cell lines. Except for a decrease to 70% 

on the MTT and SRB of the undifferentiated Caco-2 cell lines, SVD62 never decreased the 

MTT and SRB values with more than 20%. 
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Figure 8. MTT values of curcumin and derivatives on the undifferentiated Caco-2 cell line after 3 days of treatment expressed as % of optical density 
compared to the untreated cells (at 570 nm). The x-axis indicates curcumin and analogues tested at 0, 1, 5, 10 and 25 µM of compound. Error bars indicate 
standard deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 9. SRB values of curcumin and analogues on the undifferentiated Caco-2 cell line after 3 days of treatment expressed as % of optical density 
compared to the untreated cells (at 570 nm). The x-axis indicates curcumin and analogues tested at 0, 1, 5, 10 and 25 µM of compound. Error bars indicate 
standard deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
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Figure 10. MTT values of curcumin and derivatives on the differentiated Caco-2 cell line after 3 days of treatment expressed as % of optical density 
compared to the untreated cells (at 570 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate 
standard deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 11. SRB values of curcumin and derivatives on the differentiated Caco-2 cell line after 3 days of treatment expressed as % of optical density 
compared to the untreated cells (at 490 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate 
standard deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

* * ** ** * 

* 
* 

* 

** 

* 
* 

* * 

0 
20 
40 
60 
80 

100 
120 
140 

0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 

CUR BDC MVB54 MVB59 MVB74 MVB78 SVD1 SVD2 SVD26 SVD29 SVD61 SVD62 SVD66 SVD67 SVD80 SVD90 SVD95 SVD99 SVD130 

O
pt

ic
al

 d
en

sit
y 

(%
) 

Concentration (µM) 

* * 

** 

0 

20 

40 

60 

80 

100 

120 

0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 1 10 0 5 25 

CUR BDC MVB54 MVB59 MVB74 MVB78 SVD1 SVD2 SVD26 SVD29 SVD61 SVD62 SVD66 SVD67 SVD80 SVD90 SVD95 SVD99 SVD130 

O
pt

ic
al

 d
en

sit
y 

(%
) 

Concentration (µM) 



 

 33 

 
Figure 12. MTT values of curcumin and derivatives on the HT-29 cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 570 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 13. SRB values of curcumin and derivatives on the HT-29 cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 490 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
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Figure 14. MTT values of curcumin and derivatives on the CHO cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 570 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 15. SRB values of curcumin and derivatives on the CHO cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 490 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
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Figure 16. MTT values of curcumin and derivatives on the EA.hy926 cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 570 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
 

 
Figure 17. SRB values of curcumin and derivatives on the EA.hy926 cell line after 3 days of treatment expressed as % of optical density compared to the 
untreated cells (at 490 nm). The x-axis indicates curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard deviations. 
*: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
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4.1.5. HepG2 
First of all for the MTT assay on the HepG2 hepatocellular carcinoma cell line (Figure 18), 

curcumin did not show any significant results (p < 0.05) when compared to the blank up to a 

concentration of 25 µM. SVD66 and SVD95 showed significantly lower results starting at a 

concentration of 5 µM and SVD26 and SVD67 at 10 µM. SVD61 however only showed a 

significantly higher result (<15% increase) at 1 and 10 µM. The highest cytotoxicity can be 

seen at 25 µM at which SVD95 could reduce the MTT value to 19.92 ± 1.42%. On the SRB 
(Figure 19), no significant results were obtained for curcumin and SVD61. For SVD66, 

SVD67 and SVD95 the results were very similar to the MTT values. Finally for SVD26, a 

small increase at 1 and 5 µM can be seen whereas this was not the case in the MTT.  

 
Figure 18. MTT values of curcumin and derivatives on the HepG2 cell line after 3 days of treatment 
expressed as % of optical density compared to the untreated cells (at 570 nm). The x-axis indicates 
curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard 
deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). Structures can be seen in Figure 7. 

 

Figure 19. SRB values of curcumin and derivatives on the HepG2 cell line after 3 days of treatment 
expressed as % of optical density compared to the untreated cells (at 490 nm). The x-axis indicates 
curcumin and the various analogues tested at 0, 1, 5, 10 and 25 µM. Error bars indicate standard 
deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). Structures can be seen in Figure 7. 
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can be seen for MVB54, MVB74, SVD26, SVD29, SVD61, SVD62, SVD67 and SVD99 since 

crystals were still identified at concentrations of 0.5 µM. After 1 day, in most cases the 

concentration at which crystals were detectable was higher. This may be due to a higher 

solubilisation in the growth medium or to the degradation of the compound. 

 
Table 1. Lowest concentration at which crystals could still be identified after incubation of 2 hours or 1 
day at 37°C and 10 % CO2. 

  
Concentration (µM) 

   
Concentration (µM) 

2 hours 1 day 
 

2 hours 1 day 
Curcumin /* / 

 
SVD61 0.5 0.5 

BDC 5 25 
 

SVD62 0.5 0.5 
MVB54 0.5 5 

 
SVD66 5 25 

MVB59 25 50 
 

SVD67 0.5 5 
MVB74 0.5 5 

 
SVD80 25 25 

MVB78 25 25 
 

SVD90 25 25 
SVD1 5 25 

 
SVD95 25 25 

SVD2 5 50 
 

SVD99 0.5 5 
SVD26 0.5 5 

 
SVD130 5 5 

SVD29 0.5 5 
    * / = No crystals could be detected at a concentration of at least 50 µM.  

4.3. Antioxidant capacity 
4.3.1. DPPH radical scavenging activity 

The DPPH assay for curcumin and the analogues was tested at 5, 25, 50, 100 and 500 µM. 

Results are shown in Figure 20. The compounds SVD26, SVD29, SVD61, SVD62, SVD67 

and SVD80 never showed a significant percentage inhibition (p>0.05). BDC, SVD90, SVD95 

and SVD95 only showed a significant increase in percentage inhibition (less than 15%) at a 

concentration of 500 µM (p<0.01) It can be seen that curcumin, MVB54, SVD2, SVD66 and 

SVD130 showed the largest antioxidant capacities with inhibition percentages ranging from 

69 till 81% at 500 µM. Finally, MVB59, MVB74, MVB78 and SVD1 showed slightly lower 

inhibition of approximately 50% at 500 µM.  

4.3.2. Ferric reducing ability of plasma (FRAP) assay 
The results of the FRAP assay are given in Figure 21 expressed as trolox equivalent 

(µmol/L). Trolox is a standard used widely in antioxidant assays and was measured at a 

concentration ranging from 40 to 1600 µM. Firstly, the linear range was determined after 

which a linear regression was performed with absorbance on the ordinate and concentration 

(in µM) on the abscissa (linear range: 0-800 µM, y =0.0041*x; R2=0.99736). Trolox 

equivalent (TE) was then calculated as TE (µM) =absorbance/0.0041. A trolox equivalent 

comparable with the tested concentration means thus that the compound has an antioxidant 

capacity equivalent with that of trolox. Curcumin and its analogues were measured at 
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concentrations of 50, 100 and 500 µM. The absorbance of the compounds was always 

verified to be in the linear range. The results were comparable to the results obtained from 

the DPPH radical scavenging assay. Curcumin, MVB74, MVB78, SVD2 showed similar or 

even higher antioxidant capacities as trolox (TE > 500 µM at a concentration of 500 µM). 

MVB54, MVB59, SVD1, SVD66, SVD99 and SVD130 showed mediocre antioxidant 

capacities on the FRAP assay with trolox equivalents between 280 µM and 500 µM at 500 

µM of the compound. BDC, SVD90 and SVD95 showed lower antioxidant activities. Finally, 

SVD26, SVD29, SVD61, SVD62, SVD67 and SVD80 still showed significantly increased 

trolox equivalents. However, since the increase was very low (TE<20 µM) these compounds 

possess very small to non-existent antioxidant capacities. 

4.4. ROS generation assay 
ROS values on the endothelial cell line expressed as percentage fluorescence compared to 

the blank without oxidative stressor (H2O2) with DCFH-DA stain are demonstrated in Figure 

22. Untreated conditions with or without H2O2 or stain were performed in every 96-well plate. 

When H2O2 was added, similar or significantly increased ROS levels were obtained. ROS 

values without stain always ranged between 30 and 82% compared to the blank with stain.  

 

First of all, curcumin was the only tested compound that was not able to induce a significant 

in- or decrease in ROS levels at any tested condition. For every tested compound, no 

significant increases was detected at 1 µM (without oxidative stressor). Only for SVD80 and 

SVD29 a significant decrease (p>0.01) to respectively 67.86 ± 8.52% and 60.07 ± 3.06% 

was obtained. The compounds MVB74 (439%), MVB78 (267%), SVD26 (240%), SVD61 

(189%), SVD62 (152%), SVD66 (191%), SVD90 (119%), SVD95 (414%) and SVD99 

(299%) significantly increased ROS levels when 10 µM of the compound was added without 

oxidative stressor. SVD80 again showed lower results with a decrease to 53 ± 3.49%. The 

fluorescence after addition of 1 µM of the compounds and 0.25 mM of H2O2 was significantly 

increased for BDC, MVB78, SVD26, SVD61, SVD90, SVD95, SVD99 and SVD130. So, the 

addition of both an oxidative stressor and an analogue of curcumin at 1 µM could induce 

increased ROS levels, whereas this was not the case without oxidative stressor. It cannot be 

concluded that merely the H2O2 increases the ROS values since the ROS was not always 

significantly increased by an addition of H2O2 in the blanks. This increase at 1 µM of 

compound was however lower than with 10 µM of the compound with H2O2. 



 

 39 

 
Figure 20. Percentage inhibition on the DPPH radical scavenging assay measured at 517 nm after 30 minutes of incubation in the dark at 30 °C tested at 
concentrations of 5, 25, 50, 100 and 500 µM. The x-axis indicates curcumin and the various analogues tested at 0, 5, 25, 50, 100 and 500 µM. Error bars 
indicate standard deviations. *: p<0.05, **: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 21. Trolox equivalent (µM) on the ferric reducing ability of plasma (FRAP) measured at 593 nm with a concentration of 50, 100 and 500 µM of the 
different compounds. The x-axis indicates curcumin and the various analogues tested at 0, 50, 100, 500. Error bars indicate standard deviations. *: p<0.05, 
**: p<0.01 (t-test compared to blank). CUR = curcumin. Structures can be seen in Figure 7. 
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Figure 22. Percentage fluorescence on the ROS assay on the EA.hy.926 cell line relative to the blank with stain and without H2O2. Compounds were 
tested at 1 and 10 µM with or without H2O2 and measured at an excitation set at 485 nm and an emission at 535 nm. Error bars indicate standard 
deviations. *: p<0.05, **: p<0.01 (t-test compared to blank), OX = with oxidative stressor (0.25 µM H2O2), / = without H2O2, S = with stain (20 µM), NS = 
without stain. CUR = curcumin. Structures can be seen in Figure 7. 

 
Figure 23. Percentage fluorescence on the ROS assay on the CHO cell line relative to the blank with stain and without H2O2. Compounds were tested at 1 
and 10 µM with or without H2O2 and measured at an excitation set at 485 nm and an emission at 535 nm. Error bars indicate standard deviations.  
*:p<0.05, **: p<0.01 (t-test compared to blank), OX = with oxidative stressor (0.25 µM H2O2), / = without H2O2, S = with stain (20 µM), NS = without stain. 
CUR = curcumin. Structures can be seen in Figure 7. 
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Interestingly, a huge (>400%) increase in ROS value can be seen for MVB74, MVB78, 

SVD26, and SVD95. Note also that only SVD29 and SVD80 were able to significantly 

decrease the ROS values while those two compounds did not show antioxidative or radical 

scavenging activities on the DPPH and FRAP assay.  

 

The ROS assay was also performed on the CHO cell line for which the results are presented 

in Figure 23. With the addition of 0.25 mM H2O2 no significant increase in ROS level was 

seen for the blank. Curcumin, SVD29, SVD67 and SVD90 were not able to significantly 

increase or decrease the ROS values at all tested conditions.  No decreases in ROS were 

identified on the CHO cell line whereas SVD29 and SVD80 were able to significantly 

decrease the intracellular ROS in the endothelial cell line. In contrast, SVD80 and MVB54 

were the only analogues that increased the ROS value in all tested conditions. The 

compounds MVB54, MVB59, MVB74, MVB78, SVD61, SVD80, SVD99 and SVD130 were 

already able to exert an effect at 1 µM of analogue added without oxidative stressor. In 

general, the increases on the CHO cell line were smaller than on the EA.hy926 cells. A 

maximum increase of 193 ± 21% can be seen with 0.25 mM H2O2 and 10 µM SVD99. The 

strong increase in ROS value (>300%) on the EA.hy926 cell line by MVB74, MVB78, 

SVD26, SVD61, SVD90, SVD95 were not as high in the CHO cell line, where SVD90 did not 

increase ROS at all. 

4.5.  Cellular uptake 
Cellular uptake of the various compounds was assessed through comparing both the 

retention time and DAD spectra of the standard solutions and cellular extracts. This setup 

allows only a rough estimation of the cellular uptake, as optimization of the extraction and 

analysis parameters for each of the analogues was not performed due to time restrictions. 

Therefore, only a qualitative interpretation of the results was possible. Nevertheless, this 

approach may give some useful information about cellular uptake. The compounds curcumin, 

SVD26, SVD61, SVD66, SVD67 and SVD95 were added to the EA.hy926, CHO and 

differentiated Caco-2 cell line, whereas the other compounds were only tested with the 

EA.hy926 cell line. The chromatograms, DAD spectra and peak areas are specified in annex 

1 and 2. Table 2 summarizes the retention time, similarity of the DAD spectra of the 

compounds extracted from the cells with the reference and the assessment of cellular 

uptake. SVD61 could neither be detected with the HPLC or UHPLC protocol. Curcumin was 

detected with the UHPLC and the other compounds with the HPLC. 



 

 42 

Table 2. Assessment of cellular uptake of curcuminoids by reversed phase HPLC with DAD detection. The DAD spectra as well as the retention time were 
used to evaluate cellular uptake. 

 
Standard EA.hy926 cell line CHO cell line Differentiated caco-2 cell line 

  tR  (min) 
tR 

DAD** Uptake 
tR 

DAD Uptake 
tR 

DAD Uptake 
(min) (min) (min) 

Curcumin 21.09  /*  / N* NT* NT NT / / N 
BDC 3.326 / / N NT NT NT NT NT NT 
MVB54 3.493 3.486 N Y* NT NT NT NT NT NT 
MVB59 3.466 / / N NT NT NT NT NT NT 
MVB74 3.593 / / N NT NT NT NT NT NT 
MVB78 3.317 / / N NT NT NT NT NT NT 
SVD1 3.593 / / N NT NT NT NT NT NT 
SVD2 3.275 / / N NT NT NT NT NT NT 
SVD26 3.741 3.771 N Y 3.756 N Y 3.764 N Y 
SVD29 3.478 3.496 N Y NT NT NT NT NT NT 
SVD61  ?  ? ? ?   ? ?   ?  ?  ?  ? 
SVD62 (1)* 3.055 ? ? ? NT NT NT NT NT NT 
SVD62 (2)* 3.188 ? ? ? NT NT NT NT NT NT 
SVD62 (3)* 3.489 ? ? ? NT NT NT NT NT NT 
SVD66 3.545 3.5 Y Y 3.583 Y Y 3.558 Y Y 
SVD67 3.82 3.844 N Y / / N / / N 
SVD80 (1) 3.259 3.293 N Y NT NT NT NT NT NT 
SVD80 (2) 3.446 3.474 N Y NT NT NT NT NT NT 
SVD80 (3) 3.627 / / / NT NT NT NT NT NT 
SVD90 3.259 3.298 Y Y NT NT NT NT NT NT 
SVD95 3.106 3.097 Y Y 3.134 N Y / / / 
SVD99 3.326 3.355 N Y NT NT NT NT NT NT 
SVD130 4.394 4.369 Y Y NT NT NT NT NT NT 

*     / = No peak at same retention time as standard, N = No, Y= Yes, NT= not tested, ? = results not sufficient to asses cellular uptake, 
      (1) = first peak, (2) = second peak, (3) = third peak  
**   DAD spectra of cellular extract compared with standard. Y = similar DAD spectra, N = different DAD spectra
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The standard solutions of SVD62 showed 3 major peaks. Since SVD62 consists of 90% 

SVD62a and 10% SVD62b (see Figure 7) 2 peaks were expected. During storage of the 

compound in DMSO, preparation or analysis some of the compound may have been 

degraded. The loss of an acetoxy group (of both SVD62a or SVD62b) or benzyloxy group (of 

SVD62b) could have resulted in the various peaks. However, in some cases two peaks that 

are not fully separated may lead to a third peak in the middle. The result of the EA.hy926 

cellular extract was furthermore qualitatively not good. Therefore cellular uptake was not  

assessed for SVD62. 

SVD80 also had 3 peaks. This is probably due to the loss of 1 and 2 acetoxy groups. 

Furthermore, no major changes are seen in the DAD spectra of the 3 peaks. The 

degradation of the compound did thus not result in changed UV/VIS absorption. 

Confirmation by mass spectrometry is however needed for both SVD62 and SVD80. When 

no peak could be identified at the same retention time as the standard, we assumed that no 

cellular uptake has occurred. For SVD66 (on the EA.hy926, CHO and differentiated Caco-2 

cells) and for SVD90, SVD95 and SVD130 (on the EA.hy926 cells) the same DAD spectra 

were seen as the standard at the same retention time. Hence we concluded that cellular 

uptake had occurred. 

 

The compounds MVB54, SVD26, SVD29, SVD67, SVD80, SVD95 and SVD99 showed 

peaks at the same retention time as the standard while the DAD spectra were not 

completely identical. The first part of the spectra up till a wavelength of approximately 400 

nm was comparable for the standard and cellular extract (see annex 1). At higher 

wavelengths, the absorption was somewhat lower for the pure compounds than for the 

compounds extracted from the cells. Small modifications (resulting in the same retention 

time) of the structure through cellular activity, degradation in the cell culture medium or co-

elution of other medium compounds in very low concentrations may have resulted in this 

higher absorbance. Although the DAD spectra of the modified compounds were thus not 

completely identical, they still resembled those of the standards rather well. Furthermore, 

since the retention time was also very similar, a cellular uptake was still concluded for those 

compounds. Mass spectrometry could provide more information about the cellular uptake, 

metabolisation and degradation products and should be performed in future experiments. 

Further optimization of the HPLC protocol is advised for most of the structures. These 

results however already give an indication of possible cellular uptake. 
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4.6. Principal component analysis 
To allow interpretation of the results, multivariate statistics, including principal component 

analysis and hierarchical clustering analysis, was used to parts of the dataset generated by 

the bioassays described above. Prior to principal component analysis, the dataset of the 

toxicity tests was reduced to the IC50 and IC80 values, which refer to the concentration at 

which the MTT or SRB value was decreased to respectively 50% and 80% of the untreated 

condition. In Figure 24 the PCA plot of this dataset is shown. In this plot, the results of the 

MTT and SRB assay on the differentiated Caco-2 cell line are not included since the 

variability in those inhibition concentrations was too low, as the IC50 and IC80 were in general 

higher than 25. Also the HepG2 cell line was not included in this test, because there were 

too few analogues tested on this cell line. First the scree plot (see Figure 25) was screened 

to see how many principal components should be selected. The scree plot displays the 

eigenvalues in function of the principal components. These eigenvalues indicate how much 

variance there is in the data in the direction of that principal component. Often the principal 

components are retained with an eigenvalue higher than 1. Four principal components could 

thus be selected based on this scree plot (Figure 25). Based on the fact that 60% of the 

variance [101] was already explained by the first two principal components  and in order to 

graphically interpret the results, 2 components will be selected. The result of the PCA is 

shown in Figure 24. 

 

 
Figure 24. PCA plot based on the inhibition concentration on both the MTT and SRB assay. 50 and 80 
refer to the IC50 and IC80. CHO, EA, ATCC and HT refer to respectively the CHO, EA.hy926, 
undifferentiated Caco-2 and HT-29 cell line on which the MTT and SRB assay were performed. “S_” 
preceding the name of the cell line means the SRB values were used. If not, the MTT values were 
used. 
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Figure 25. Scree plot based on the IC50 and IC80 values of the MTT and SRB assay on the CHO, 
EA.hy926, HT-29 and undifferentiated caco-2 cell line. 

First it can be seen that the EA.hy926 endothelial cell line is differently influenced by the 

various compounds since the variables containing information about the cytotoxicity on this 

cell line are separated from the other cell lines. The undifferentiated Caco-2 cell line forms a 

group close to the HT-29 cell line whereas the CHO cell line is also separated from the 

intestinal cell lines HT-29 and Caco-2. The IC50 values are grouped together with the HT-29 

cell line whereas the IC80 values show a separate group. When observing the results of the 

MTT and SRB on the CHO line (see Figure 14 and Figure 15), it can be seen that if the 

values decreased, this often already started at 1 µM. This was not the case for most of the 

compounds tested on the other cell lines. This may explain the separation of the IC80 values 

on the CHO lines. The cell line thus plays an important role towards activity of the various 

compounds. 

 

Principal component 1 (PC1) can therefore be considered as a measurement for the 

inhibition concentration on the CHO and HT-29 cell line. The cytotoxicity on the EA.hy926 is 

correlated with principal component 2 (PC2) (Figure 24 and Annex 3). The undifferentiated 

Caco-2 cell line is correlated with both principal components. The factor scores of curcumin 

and its analogues were calculated based on those 2 principal components and a hierarchical 

cluster analysis was performed. Four major clusters were identified (Ward’s method, p<0.05 

tested by 1-way Anova, see Annex 3 for dendrogram). The factor scores of curcumin and its 

analogues are shown in Figure 26. The graph at the top left of Figure 26 includes the names 

of the curcumin compounds. The following graphs show the substitution at R1 (top right), R2 

(bottom left) and R3 (bottom right) position. The positions of these functional groups are 

shown in Figure 27. For MVB54, SVD62 and SVD130 another chemical basic structure was 

used. MVB54 only contains the functional groups R2 and R3 on one of its aromatic rings. 
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SVD62 carries 2 benzyl groups and SVD130 consists of a heterocyclic ring at the R1 

position. Hence its R1 group was named isoxazole. 

 

  

 
Figure 26. Factor scores based on the PCA of the cytotoxicity (MTT and SRB) data on the CHO, 
EA.hy926, undifferentiated Caco-2 and HT-29 cell line as shown in Figure 24. The factor scores were 
clustered by a hierarchical cluster analysis (Ward’s method, p<0.05). The graph at the top left 
displays the factor scores with the name of the chemical compounds. The substitution at R1 (top 
right), R2 (bottom left) and R3 (bottom right) position are included in order to graphically interpret the 
effect of certain substitutions. Figure 27 displays the position of the three functional groups. AcO = 
acetoxy, MeO = methoxy, OH = hydroxyl, H = hydrogen. Structures can be seen in Figure 7. 
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Figure 27. Positions of the R1, R2 and R3 functional groups used in Figure 26 and Figure 28. For 
MVB54, SVD62 and SVD130 a different basic structure is used. SVD130’s R1 functional group was 
named isoxazole. The functional groups themselves and their name can be seen in Figure 7, Figure 
26 and Figure 28. 

 

The factor scores are normalized values. A factor score of 0 therefore means that the 

cytotoxicity of the compound is close to the average of all the compounds. A high factor 

score for PC1 means that the inhibition concentration on the CHO and HT-29 cell line is high 

and the cytotoxicity thus low in comparison to the other compounds. A high value for PC2 

means that the IC value on the EA.hy926 cell line is low in comparison with the other 

compounds (IC values on the EA.hy926 were negatively correlated with PC2 as seen in 

Figure 24). Analogues situated in the second quadrant (factor score 1<0, factor score 2>0) 

also show high toxicity on the undifferentiated Caco-2 cell line. It can be seen that SVD95 

and SVD99 (the yellow cluster) score high for PC2 and low for PC1. This means that their IC 

values were low when compared with the mean of the IC values. It can thus be concluded 

that in general SVD95 and SVD99 showed highest cytotoxicity on the cell line included in the 

PCA. BDC, SVD61 and SVD62 showed low cytotoxicity on the CHO, HT-29 and 

undifferentiated Caco-2 cell line (a high IC value) whereas SVD62 showed high cytotoxicity 

on the endothelial cell line. From Figure 7 and Figure 26 it can be seen that these 3 

compounds do not contain nitrogen in the R1 functional group (also not in another functional 

group). Curcumin is the only other compound without nitrogen, which is situated quite close 

to the other 3. In general, the compounds without nitrogen did not result in high cytotoxicity. 

Furthermore it can be seen that MVB59, MVB74, SVD66, SVD67, SVD90 and SVD130 (the 

red cluster) show higher cytotoxicity than curcumin, MVB54, MVB78, SVD1, SVD2, SVD26, 

SVD29 and SVD80. SVD99 (which had the highest toxicity) carries a cyclohexylamine at R1 

position while this functional group is also situated close to the average of the cytotoxicity. 

The same remark can be made for SVD95. The change in cytotoxicity may be attributed to 

another structural property. When comparing the structures of the various compounds 
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(Figure 7 and Figure 26), it can be seen that BDC, SVD90, SVD95 and SVD99 are the 4 

compounds with merely a hydroxyl on the aromatic ring. When this was combined with 

nitrogen in the R1 functional group this led to higher cytotoxicity. 

A second PCA and hierarchical cluster analysis was performed to link ROS generation 

inside the cells with cytotoxicity on the same cell line. The first two principal components 

were able to explain 74% of the total variance for the data on the EA.hy926 cell line. This is 

considered to be a good value [101]. The scree plot (see Annex 4) was also used to obtain 

the number of principal components that were extracted. Two principal components were 

retained. PC1 is a measure for the intracellular ROS in the EA.hy.926 cell line both with and 

without oxidative stressor. PC2 is a measure for cytotoxicity (see Annex 4). A high value for 

PC2 relates to a high inhibition concentration and thus a low cytotoxicity. A standardized 

factor score was then calculated for curcumin and its analogues based on principal 

component 1 and 2. The result is shown in Figure 28. The hierarchical clustering analysis 

identified three major clusters (see Annex 4 for dendrogram, p<0.05 tested by 1-way Anova). 

The analogues in the first and fourth quadrant showed high ROS values in comparison with 

the compounds in quadrant II and III. The upper half of the graph (quadrant I and II) shows 

the compounds with a relatively low cytotoxicity while the lower half contains the more toxic 

compounds. It can thus be seen that SVD62 and SVD99 (which formed the red cluster) were 

most toxic on the EA.hy926 cell line (as was already seen in the first PCA analysis). 

However, now we can see that a relatively high intracellular ROS concentration did not 

always lead to a high cytotoxicity (compounds in quadrant I). Furthermore, also a high 

cytotoxicity was not always correlated with high ROS values (compounds in quadrant III). 

Cluster 1 (blue) contains the compounds that do not induce ROS in the endothelial cell line 

combined with a low cytotoxicity on this cell line. Cluster 2 (green) contains the ones that are 

able to induce intracellular ROS and show a relatively low cytotoxicity. Finally, the third 

cluster (red) with SVD62 and SVD99 has a high cytotoxicity independently of whether the 

compound can induce ROS or not.  
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Figure 28. Factor scores based on the PCA including cytotoxicity and ROS data on the EA.hy926 cell 
line. The factor scores were clustered by a hierarchical cluster analysis (Ward’s method, p<0.05).  
The graph at the top left displays the factor scores with the name of the chemical compounds. The 
substitution at R1 (top right), R2 (bottom left) and R3 (bottom right) position are included in order to 
graphically interpret the effect of certain substitutions. Figure 27 displays the position of the three 
functional groups. AcO = acetoxy, MeO = methoxy, OH = hydroxyl, H = hydrogen. Structures can be 
seen in Figure 7. 
 
 
Third, a principal component analysis was also performed on data for the cytotoxicity and 

ROS assays of the CHO cell line. When all the results of the ROS assay (1 and 10 µM of 

compound with and without H2O2) were used (as for the EA.hy926 cell line), interpretation of 

the sense of the principal components was very difficult. This is due to the low correlation 

between ROS at 1 and 10 µM (see Annex 5). Since the correlation was highest between 10 

µM with and without H2O2 and between 1 µM with and without H2O2 two PCA’s were 

performed for 1 and 10 µM (see Annex 5). The graphs indicate that compounds with the 
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possibility to increase intracellular ROS did not always have a high cytotoxicity. Furthermore, 

also the compounds with a low cytotoxicity could either show a high intracellular ROS 

increase or not. Correlations between a structural property and the ability to increase ROS 

could not be detected.  
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5. Discussion 
Curcumin, a plant polyphenol extracted from the curcuma plant, has been shown to be a 

potential agent for cancer prevention and progression in vitro and in vivo [9, 102]. Curcumin 

is not often used in the treatment of cancer because it has a rather low bioavailability. This is 

due to the low water solubility, poor absorption and rapid degradation and metabolisation of 

curcumin [2]. Therefore, some research groups have tried to modify the curcumin molecular 

structure in order to promote its potential beneficial effects [10, 11]. The low bioavailability of 

curcumin may be improved by removing the unstable β-diketone moiety [3]. The use of 

curcumin analogues gives opportunities in unravelling the unique structural character of 

curcumin and may be used for further molecular design. 

 

As shown in the cell viability and proliferation tests, curcumin was able to decrease the 

viability of only the CHO ovarian cancer cell line to a large extent. For the other tested 

hepatic, colon and endothelial cell lines (EA.hy926, differentiated and undifferentiated caco-

2, HT-29 and HepG2) the effect of curcumin on cell viability and proliferation was very small 

or even non-existent. SVD61 was the only compound that was never able to show large 

cytotoxicity with SRB and MTT values always higher than 80%. Curcumin, BDC, SVD61 and 

SVD62 were the only tested compounds that did not contain nitrogen. BDC and SVD62 were 

in most of the tested cell lines also not cytotoxic however decreases could be observed on 

the undifferentiated Caco-2 and EA.hy926. In general these compounds without nitrogen 

(Figure 29) were less toxic than the ones containing nitrogen. With the exception of 

curcumin, they formed a cluster (Figure 26) in the principal component analysis including the 

cytotoxicity (MTT and SRB) data on the CHO, HT-29, undifferentiated Caco-2 and EA.hy926 

endothelial cell line. The substitution of the β−diketone moiety with a nitrogen functional 

group may be beneficial in reducing cell viability of carcinoma cell lines.  

 
Figure 29. Curcumin and analogues without nitrogen were in general less toxic than the analogues 
containing a nitrogen. 
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Compound SVD99 was the compound showing the highest cytotoxicity. MTT and SRB 

values decreased with more than 50% for every tested cell line with the exception for the 

differentiated Caco-2 intestinal cell line. SVD90, SVD95 and SVD130 (Figure 30) were 3 

other compounds that exhibited high cytotoxicity among the various tested analogues as can 

be seen in the PCA analysis in Figure 26. SVD130 is the only tested compound containing 

an isoxazole. Other authors also found that an isoxazole analogue was more active than 

curcumin itself in a breast cancer cell line [10]. Furthermore SVD90, SVD95 and SVD99 

together with BDC are the only 4 compounds (out of the 19 tested compounds) that only 

contain a hydroxyl group on the aryl. The combination of a β-enaminoketone analogue of 

curcumin with an aryl with one hydroxyl group without methoxy may show improved 

cytotoxic effects against cancer cells.  

 
Figure 30. Most toxic curcumin analogues in vitro 

 
SVD95, SVD2 and SVD29 are β-enaminoketone analogues of curcumin bearing an N-2-

butyl group. The substitutions on the aryl group can be seen in Figure 7. SVD2 and SVD29 

showed very comparable cytotoxic effects in most of the tested cell lines (Figure 26) and 

were in general not very toxic (MTT > 50% compared with blank for every cell line). An N-2-

butyl analogue could thus only lead to a higher cytotoxic capacity without methoxy or 

acetoxy group present on the aryl.  

 

SVD99, SVD66 and SVD67 all contain an N-cyclohexyl. SVD66 however has an additional 

methoxy group next to the hydroxyl on the aryl while for SVD67 the hydroxyl is substituted 

for an acetoxy group.  SVD99 was always more cytotoxic. SVD66 and SVD67 were situated 

closely together in the PCA analysis using the MTT and SRB data. Again, the N-cyclohexyl 

analogues only improve cytotoxicity when they do not bear a methoxy or acetoxy group on 

the aryl. The substitution of the hydroxyl by an acetoxy can also be seen between curcumin 

and SVD61 and between SVD1 and SVD26. SVD61 was never really toxic while curcumin 

was on the CHO cell line. SVD1 and SVD26 were mostly not cytotoxic. SVD26 however was 

able to induce cytotoxicity in the HT-29 cell line and both were cytotoxic in the CHO cell line. 

Based on these results, the effect of a substitution of a hydroxyl group on the aryl with an 
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acetoxy group is difficult to predict. SVD62 and SVD80 also both contain an acetoxy group 

and showed effects in some cell lines. In general, the substitution of the hydroxyl group with 

an acetoxy group did not lead to the most toxic compounds. It has been suggested that the 

methoxy group on the aryl is associated with the potential NF-κB activity since 

bisdemethoxycurcumin has the lowest potency to suppress TNF-induced NF-κB activation 

followed by demethoxycurcumin and curcumin had the highest potency [73]. This suggests 

the important role of the methoxy groups on the aryl. Other studies showed that 

demethoxycurcumin had the highest antiproliferative activity against MCF-7 breast 

carcinoma cells whereas bisdemethoxycurcumin was more active for cytotoxicity against 

ovarian cancer [74, 75]. Furthermore, bisdemethoxycurcumin had the highest potency in 

inhibiting human fibrosarcoma cells invasion followed by demethoxycurcumin and curcumin 

[103]. Our results suggest that highest antiproliferative activity is achieved without methoxy 

group. The hydroxyl group is furthermore necessary to express those high cytotoxic effects 

since SVD80 (which only carries an acetoxy group on the aryl) showed average cytotoxic 

effects (Figure 26). Finally, also the substitution of the β−diketone moiety with a nitrogen 

functional group is necessary considering the lower anti-cancer activity of 

bisdemethoxycurcumin in our in vitro study. 

 

The differentiated Caco-2 cell is one of the most relevant in vitro models to study the 

regulation and effects on intestinal epithelial cells [83]. Because of this, toxic effects on this 

cell line should be minimal since we want to address cancer cells with curcumin and its 

analogues. Curcumin did not induce stress or toxicity in the intestinal Caco-2 cells. Some 

components were capable of inducing cytotoxicity. The effects however were small when 

compared to the other tested cell lines. These small effects may also be due to biological or 

technical variation rather than cytotoxic effects of the compounds since the cells had to be 

maintained for 3 weeks while differentiating. The components that decreased the MTT value 

until maximum 75% were MVB54, SVD29, SVD66, SVD99 and SVD130. 

 

The EA.hy926 endothelial cell line is differently influenced by curcumin and the various 

analogues since the variables containing information about the cytotoxicity on this cell line 

(see PCA in Figure 24) are somewhat separated from the other cell lines. The 

undifferentiated Caco-2 cell line forms a group close to the HT-29 cell line while the CHO 

cell line is quite separated from HT-29 and Caco-2. The IC50 values are grouped together 

with the HT-29 cell line while the IC80 values show a separate group. The EA.hy926 cell line 

is a hybrid of HUVEC (human umbilical vein endothelial) cells with A549/8 human lung 

carcinoma cells and is thus not fully of cancer origin. The HT-29 and undifferentiated Caco-2 
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cell lines are both from colon carcinomas while the CHO cells originated from Chinese 

hamster ovary. The CHO cells were in general more susceptible for toxic effects by 

curcumin and its analogues with lower IC80 values than the other cell lines. Hence the 

separation of the IC80 values on the CHO cell line in the PCA analysis in Figure 24. The 

EA.hy926 cells were in general less prone for toxic effect by curcumin and its analogues with 

the exception of SVD62, SVD95, SVD99 and SVD130, which induced high toxicity. The 

toxicity on colon cancer cell lines HT-29 and cCco-2 were intermediate. The cell line thus 

plays an important role toward activity of the various compounds. 

 

SVD90, SVD95, SVD99 and SVD130 had the highest antiproliferative effects in vitro while 

their solubility in exposure medium was diverse. More specific, SVD99 and SVD130 still 

showed crystals at 0.5 and 5 µM respectively, whereas SVD90 and SVD95 had a higher 

solubility. They only showed crystals starting at 25 µM. A high solubility (curcumin for 

example was highly soluble relative to the other compounds) did not lead to high cytotoxicity 

toward the cancer cell lines. Although SVD99 showed very low solubility with crystals still 

appearing at 0.5 µM, it was the only compound that could reduce all (except for the 

differentiated Caco-2 cell line) MTT and SRB values to less than 50%. Furthermore, 

curcumin showed relatively high solubility whereas it’s cytotoxicity was rather low in 

comparison with the other compounds. On the other hand, when the solubility of the 

compounds that showed medium or high cytotoxicity together with a low solubility, would be 

higher, this could perhaps lead to an even higher cytotoxicity. The solubility and 

bioavailability of low soluble hydrophobic agents could be improved by using polymer-based 

nanoparticles [104] or emulsions [105]. Inert nanoparticles have been used to deliver  

hydrophobic natural products [106]. The particles themselves were found to be not cytotoxic 

in vitro and in vivo [107]. On top of increasing the solubility in aqueous solutions, the 

incorporation of curcumin in nanoparticles resulted in an increased cellular uptake, an 

increased potency to induce apoptosis in tumor cells and a higher activity in suppressing 

NF-κB in vitro [104, 108]. Furthermore, a higher bioavailability and longer half-life was 

shown in vivo in mice [104]. Liposomes (consisting of a hydrophilic aqueous core 

surrounded with a phospholipid multi-layer [109]) and emulsomes (a core consisting of solid 

fats surrounded by one or more phospholipid bilayers [109]) also improve the solubility of 

curcumin [105, 110]. CurcuEmulsomes led to significantly prolonged biological activity in 

hepatocellular carcinoma cells in vitro [110] whereas liposomal curcumin inhibited pancreatic 

carcinoma growth and induced apoptosis in vitro in an equal or better way than curcumin 

alone [105]. 
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Highest antioxidant activities were seen on the DPPH radical scavenging assay for all the 

compounds with a methoxy group next to a hydroxyl group on the aromatic system. When 

this methoxy group was removed, a small antioxidant effect was still observed (BDC, 

SVD90, SVD95 and SVD99). No significant antioxidant effect is seen when the aryl is not 

carrying a hydroxyl group. This corroborates with the evidence from literature that 

polyphenols inactivate radicals through the donation of an electron or hydrogen atom of the 

hydroxyl [50]. Furthermore the methoxy group plays a major role in the antioxidant activity of 

curcumin and its analogues since it leads towards an improved removal of the hydrogen 

from the hydroxyl group [16]. Also other electron-donating groups at the ortho-position (such 

as an ethoxy group) are able to improve the radical scavenging effect [53]. The substitution 

of the hydroxyl group with an acetoxy group in analogues with (SVD26, SVD29, SVD61, 

SVD62 and SVD67) or without (SVD80) methoxy group never led to antioxidant activity on 

the DPPH assay. The FRAP values of these compounds were significantly increased, 

however, only to a very low extent. It has been suggested that the DPPH radical site 

appears to be difficult to access due to steric hindrance. This implies that the accessibility of 

the radical position controls the neutralization reaction more than the chemical properties of 

the antioxidant itself [54]. Therefore also a FRAP assay was performed. In the FRAP assay, 

the components without significant radical scavenging activities on the DPPH assay, 

significantly increased the trolox equivalent, these rises are however very small (trolox 

equivalent < 20 µM at 500 µM of the compound). Intermediate antioxidant levels are again 

seen for BDC, SVD90 and SVD95. A higher trolox equivalent is seen for SVD99 (which does 

not contain a methoxy group). However this TE is still lower then every compound bearing a 

methoxy on the aromatic ring. From the compounds containing a methoxy group next to the 

hydroxyl group, MVB54 has the lowest antioxidant activity on the FRAP assay. This may be 

attributed to the fact that MVB54 contains one aryl without functional groups. The N-allyl and 

N-alkyl substitution on the β-diketone moiety did not alter the antioxidant effect a lot. MVB74 

with an N-n-propyl functional group showed lower antioxidant effects on the DPPH when 

compared with the FRAP. This might be due to the steric hindrance to access the DPPH 

radical since this effect was smaller for MVB59, which has a smaller N-n-propyl functional 

group. Due to the small changes between the DPPH and FRAP antioxidant assay, the 

effects of the N-allyl and N-alkyl groups on the antioxidant capacity is difficult to predict. 

These effects were however always smaller than the substitution of a methoxy or acetoxy 

group. 

 

A study by Youssef and El-Sherbeny [53] showed that N-alkyl piperidone curcumin 

analogues with high radical scavenging effects (tested by the DPPH radical scavenging 

assay) also showed high in vitro anti-tumor effects in cell lines from various cancer origins. 
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In our experiments a high antioxidant activity did not lead to high cytotoxic effects per se. 

SVD90, SVD95 and SVD99 showed highest cytotoxic effects while lower antioxidant 

capacities were seen for those compounds due to the deletion of the methoxy group. 

SVD130, which also showed high cytotoxic effects, was a good antioxidant. The analogues 

SVD26, SVD29, SVD61, SVD62, which showed low DPPH and FRAP values, were often not 

able to induce toxicity or stress in the tested cell lines in vitro. However not every analogue 

(for example SVD67) with a low antioxidant capacity had low cytotoxic effects. The activity of 

various analogues towards the inhibition of NF-κB activation did not correlate with 

antioxidant activity as concluded in a study by Weber et al. [79]. Since NF-κB plays a major 

role in cancer [72], cytotoxicity of cancer cells by curcumin may thus not be correlated with 

antioxidation but with the suppression of NF-κB activation. It has been shown that ROS are 

needed for TNF-induced NF-κB activation [111]. Atsumi et al. [112] showed that curcumin 

induced ROS inside both human gingival fibroblasts primary cells (normal) and human 

submandibular gland carcinoma cells. In the normal cells a plateau of ROS was seen at 15 

µM of curcumin, while ROS kept rising in the carcinoma cells up till a 50 µM of curcumin. 

ROS levels were approximately tripled or quintupled at 15 µM in respectively the carcinoma 

and normal cells. The ROS levels in the carcinoma cells were however more than double 

than those in the human gingival fibroblasts at 50 µM. However, in a study by Sandur et al. 

[113] curcumin was shown to produce ROS while TNF-mediated NF-κB activation was 

inhibited. The authors suggested a concentration effect of ROS or the possibility that the 

apoptotic effects of curcumin are mediated through ROS while NF-κB activation was 

supressed in other ways. Since ROS is involved in apoptosis through the mitochondrial 

intrinsic pathway [61] curcumin may induce apoptosis of tumor cells through this pathway 

[65]. The insight that ROS can induce apoptotic cell dead leads to the question whether 

elevated ROS levels resulted into cytotoxicity and whether constant or decreased cellular 

ROS levels resulted in normal cell viability in our experiments. In our study, curcumin was 

not able to induce elevated ROS levels inside an endothelial hybrid (EA.hy926) and Chinese 

hamster ovary carcinoma cell line at 10 µM while cytotoxicity is clearly seen in the CHO cell 

line. Elevated cellular ROS levels were seen for other compounds after overnight incubation. 

This did not always result in cytotoxicity tested after three days. Furthermore, when 

cytotoxicity could be observed, this did not always translate to increased ROS levels. In fact, 

no general trend between cytotoxicity and induction of ROS was identified. The fact that 

curcumin was not able to significantly increase ROS levels during these experiments might 

be due to the exposure time. It may be that ROS levels were already back to normal since 

other authors measured curcumin-induced ROS after 1 to 5 hours of incubation [112, 113]. 

In a study performed by Sandur et al. [73] the antiproliferative responses on various 
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carcinoma cell lines by curcumin, demethoxycurcumin, BDC and tetrahydrocurcumin were 

shown to be independent of intracellular ROS generation and suppression of NF-κB. Our 

experiments did not explore correlations with NF-κB. Future experiments could focus on 

measuring NF-κB and caspase-3 activity since this caspase-3 effector executes the final 

steps in mitochondrial apoptosis [61]. 

 

As stated in section 4.5, cellular uptake of the various compounds was assessed through 

comparing both the retention time and DAD spectra of the standard solutions and cellular 

extracts. Optimization of the extraction and analysis parameters for each of the analogues 

was not performed due to time restrictions. Therefore, only a qualitative interpretation of the 

results is possible. Since cellular uptake was assessed in the endothelial EA.hy926 cell line, 

the principal component analysis on the ROS and cytotoxicity data of this cell line (see 

Figure 28) was used to link cellular uptake and bioactivity as seen in Figure 31. The most 

toxic compounds (SVD95, SVD99 and SVD130) were detected in the cell lysate. For SVD62 

however, further optimization of the protocol is advised. From these results, it looks like 

cellular uptake is necessary to induce toxic effects. SVD67 however could not be detected in 

the CHO cell line (see Table 2) while toxic effects could be seen for this analogue on this cell 

line (see Figure 14 and Figure 15). The cellular uptake study did not determine degradation 

or metabolisation products. Hence, a possible explanation is that SVD67 was already 

degraded or metabolized before analytical analyses were performed. Another explanation is 

that SVD67 actually was incorporated in the cell but in a concentration under the limit of 

detection. Furthermore, since curcumin is mainly incorporated in the cell membrane [114], 

binding of SVD67 with components of the membrane could have led to a bad extraction. 

 

A study by Kunwar et al. [114] showed cellular uptake by curcumin. Curcumin was mainly 

detected in the cell membrane but also in the cytoplasm and nucleus. Furthermore, cellular 

uptake was higher in carcinoma (from lymphoma and breast origin) cell lines than in 

lymphocytes. This improved cellular uptake resulted in a higher cytotoxicity and may thus 

indicate that curcumin or its analogues could target cancer cells. Curcumin was not detected 

in the EA.hy926 cell line or in the differentiated Caco-2 cell line in this study whereas some 

of the analogues were. Interestingly, only the nitrogen compounds were detected 

intracellular. The compounds without nitrogen were not detected either because of problems 

with the protocol (SVD61 and SVD62) or because there was no cellular uptake (curcumin 

and BDC). The use of analogues may thus increase cellular uptake depending on the cell 

line and give rise to an increased cytotoxicity. This was also seen for a 

diarylidenylpiperidone analogue of curcumin [115]. 
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Figure 31. Factor scores based on the PCA including cytotoxicity and ROS data on the EA.hy926 cell 
line as in Figure 28. Factor score 1 is a normalized measure for the intracellular ROS generation in 
the EA.hy.926 cell line (a high value for factor score 1 means a relatively high generation of 
intracellular ROS) both with and without oxidative stressor. PC2 is a measure for cytotoxicity (a high 
value for factor score 2 means a relatively low cytotoxicity on the EA.hy926 cell line) (see Annex 4). 
Structures can be seen in Figure 7.  
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6. Conclusion 
In general it can be concluded that the differentiated Caco-2 cell line (a relevant in vitro 

model for intestinal enterocytes [83]) and the EA.hy926 endothelial cell line were not very 

susceptible to curcumin and its analogues for stress or toxic effects. The Chinese hamster 

ovary cell line was in general more prone to cytotoxic effects and the HT-29 and 

undifferentiated Caco-2 colon carcinoma cells showed intermediate effects. Since the first 

two cell lines are less cancerous than the other cells, curcumin and its analogues may target 

cells with adenocarcinoma origin while normal cells are less affected. The analogues 

bearing an N-alkyl functional group without a methoxy group next to the hydroxyl group on 

the aryl moiety demonstrated the highest cytotoxic effects with SVD99>SVD95>SVD90 

(Figure 32). The isoxazole derivative SVD130 also showed high cellular cytotoxic activity. 

The non-nitrogen analogues curcumin, BDC, SVD61 and SVD62 were the compounds with 

an under average cytotoxic effect. SVD62 however was able to induce cellular death in the 

endothelial cell line.  

 
Figure 32. The analogues bearing an N-alkyl functional group without a methoxy group next to the 
hydroxyl group on the aryl moiety, together with the isoxazole curcumin analogue, are most promising 
to be studied in vivo. 

 
High antioxidant activities were observed on both the FRAP and DPPH radical scavenging 

assay for the compounds with an ortho-methoxy and para-hydroxyl group. They inactivate 

radicals through the donation of an electron or hydrogen atom of the phenol [50]. The 

methoxy group plays an important role since it forms an intramolecular hydrogen bond with 

the hydrogen atom of the phenol, leading towards an improved removal of the hydrogen 

atom [16] and thus an improved stabilization of the radical. When this methoxy group was 

removed, small antioxidant effects were still observed. The removal of the para-hydroxyl 

group however resulted in no antioxidant activity. 
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The cytotoxicity effects in vitro were not associated with increased intracellular reactive 

oxygen species. Although some authors [65] proved that curcumin induces apoptosis in 

some tumor cells through ROS, other authors [73] showed that the antiproliferative effects of 

curcumin, BDC, tetrahydrocurcumin and demethoxycurcumin were independent of 

intracellular ROS. The mechanism of apoptosis and cytotoxicity in our study remains unclear 

but may be the result of other pathways as described in section 1.4.3 and 1.4.4. 

 

The solubility of the analogues was decreased relatively to curcumin. This decreased 

solubility did however not lead to lower activity against tumor cells. SVD99, which showed 

very low solubility, was the only compound that could reduce all (except for the differentiated 

Caco-2 cell line) MTT and SRB values to less than 50%. Finally, altering the chemical 

structure of curcumin by introducing an amine group led to the detection of the analogues 

intracellular. This improved bioavailability can lead to an increased cytotoxicity. However, 

detection of the compound in the cell lysate did not always lead to cytotoxic effects after 3 

days of incubation. 
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7. Future developments 
Since NF-κB activity has been linked with cancer and curcumin in various publications, it 

may be of interest to perform experiments measuring the activity of this nuclear factor in the 

various cell lines and to link them with cytotoxicity on the same cell line. In our experiments 

ROS generation was not correlated with cytotoxicity while curcumin may induce apoptosis 

through caspase-3 and the mitochondrial pathway depending on the cell line and 

concentration. Therefore, the measurement of caspase-3 may help to see if the 

mitochondrial apoptotic pathway is involved in apoptosis in the CHO, Caco-2, EA.hy926 or 

HT-29 cell line.  

 

The nitrogen analogues with only a hydroxyl on the aryl group showed high toxic effects in 

the tumor cells, while only limited effects were seen in the non-cancer cells. An in vivo study 

may clarify if these analogues provide opportunities for future cancer treatment. 

 

The bioavailability of the compounds assessed through high performance liquid 

chromatography has to be optimized to determine intracellular uptake quantitatively. 

Furthermore, formation of metabolites or degradation products should be determined as 

well. It could be of interest to perform transport studies with differentiated Caco-2 cells to 

predict uptake of the analogues or metabolites by enterocytes and transport of the 

compounds to the basolateral compartment. By doing this, uptake in the blood stream in vivo 

could be predicted and the activity of these metabolites could then be tested on a carcinoma 

cell line (e.g. hepatocellular, renal, breast, ovarian, lung,...) to see if these metabolites still 

show anti-cancer activity.  

 

The results from these experiments may serve in quantitative structure-activity relationship 

(QSAR) analysis. This QSAR will link the activity quantitatively with the molecular structure 

and may then be used for further molecular design of curcumin analogues. This QSAR may 

also enhance to comprehend the unique structural character and effects of curcumin itself. 
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Annex 

7.1. Annex 1. Chromatograms and DAD spectra 

 
Figure 33. Chromatogram of curcumin standard solution (top), differentiated caco-2 (middle) and 
endothelial cell line (bottom) extract. 

 

Figure 34. Chromatogram of BDC standard solution (top) and endothelial cell line (bottom) extract. 

 
Figure 35. Chromatogram of MVB54 standard solution (top) and endothelial cell line (bottom) extract. 

 

 
Figure 36. DAD spectra of MVB54 standard solution (left) and endothelial cell line (right) extract.  
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Figure 37. Chromatogram of MVB59 standard solution (top) and endothelial cell line (bottom) extract. 

 
Figure 38. Chromatogram of MVB74 standard solution (top) and endothelial cell line (bottom) extract. 

 

 
Figure 39. Chromatogram of MVB78 standard solution (top) and endothelial cell line (bottom) extract. 

 

 

Figure 40. Chromatogram of SVD1 standard solution (top) and endothelial cell line (bottom) extract. 
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Figure 41. Chromatogram of SVD2 standard solution (top) and endothelial cell line (bottom) extract. 

 

Figure 42. Chromatogram of SVD26 standard solution (top), CHO (second from top) differentiated 
caco-2 (second from bottom) and endothelial (bottom) cell line extract. 

 

 

Figure 43. DAD spectra of SVD26 standard (top left), CHO (top right), differentiated caco-2 (bottom 
left) and endothelial (bottom right) cell line extract. 
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Figure 44. Chromatogram of SVD29 standard solution (top) and endothelial cell line (bottom) extract. 

 

Figure 45. DAD spectra of SVD29 standard solution (left) and endothelial cell line (right) extract. 

 
Figure 46. Chromatogram of SVD62 standard solution (top) and endothelial cell line (bottom) extract. 

 
Figure 47. Chromatogram of SVD66 standard solution (top), CHO (second from top) differentiated 
caco-2 (second from bottom) and endothelial (bottom) cell line extract. 
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Figure 48. DAD spectra of SVD66 standard solution (top left), CHO (top right), differentiated caco-2 
(bottom left) and endothelial (bottom right) cell line extract. 

 
Figure 49. Chromatogram of SVD66 standard solution (top), CHO (second from top), differentiated 
caco-2 (second from bottom) and endothelial (bottom) cell line extract. 

 

Figure 50. DAD spectra of SVD67 standard solution (left) and endothelial cell line (right) extract. 
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Figure 51. Chromatogram of SVD80 standard solution (top) and endothelial cell line (bottom) extract. 

 

 

 

Figure 52. DAD spectra of SVD80 standard solution peak 1 (top left), peak 2 (top right), peak 3 
(middle left) and endothelial cell line extract peak 1 (middle right) and peak 2 (bottom right). 
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Figure 53. Chromatogram of SVD90 standard solution (top) and endothelial cell line (bottom) extract. 

 

Figure 54. DAD spectra of SVD90 standard solution (left) and endothelial cell line (right) extract. 

 

Figure 55. Chromatogram of SVD95 standard solution (top), CHO (second from top) differentiated 
caco-2 (second from bottom) and endothelial cell line (bottom) extract 
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Figure 56. DAD spectra of SVD95 standard solution (top left), CHO (top right) and endothelial 
(bottom) cell line extract. 

 

Figure 57. Chromatogram of SVD99 standard solution (top) and endothelial cell line (bottom) extract. 

 

Figure 58. DAD spectra of SVD99 standard solution (left) and endothelial cell line (right) extract. 
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Figure 59. Chromatogram of SVD130 standard solution (top) and endothelial cell line (bottom) extract. 

 

Figure 60. DAD spectra of SVD130 standard solution  (left) and endothelial cell line (right) extract. 
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7.2. Annex 2. Cellular uptake assessed by HPLC 
Table 3. Assessment of cellular uptake of curcuminoids by reversed phase HPLC with DAD detection. The DAD spectra as well as the retention time were 
used to evaluate cellular uptake. 

 
Standard (25 µM) EA.hy926 cell line CHO cell line Differentiated caco-2 cell line 

  
tR  (min) Abs area (mAU*t) 

tR Abs area 
DAD** Uptake 

tR Abs area 
DAD Uptake 

tR Abs area 
DAD Uptake 

(min) (mAU*t) (min) (mAU*t) (min) (mAU*t) 
Curcumin 21.09  1.24  /*  /  / N* NT* NT NT NT / / / N 
BDC 3.326 11.76 / / / N NT NT NT NT NT NT NT NT 
MVB54 3.493 11.49 3.486 1.38 N Y* NT NT NT NT NT NT NT NT 
MVB59 3.466 6.92 / / / N NT NT NT NT NT NT NT NT 
MVB74 3.593 3.59 / / / N NT NT NT NT NT NT NT NT 
MVB78 3.317 9.65 / / / N NT NT NT NT NT NT NT NT 
SVD1 3.593 7.56 / / / N NT NT NT NT NT NT NT NT 
SVD2 3.275 15.28 / / / N NT NT NT NT NT NT NT NT 
SVD26 3.741 12.95 3.771 0.83 N Y 3.756 5.61  N Y 3.764  0.91 N Y 
SVD29 3.478 14.67 3.496 0.46 N Y NT NT NT NT NT NT NT NT 
SVD61  ?  ?  ?  ? ? ?   ?  ? ?   ?  ? ?   ?  ? 
SVD62 (1)* 3.055 0.64 ? ? ? ? NT NT NT NT NT NT NT NT 
SVD62 (2)* 3.188 0.72 ? ? ? ? NT NT NT NT NT NT NT NT 
SVD62 (3)* 3.489 0.82 ? ? ? ? NT NT NT NT NT NT NT NT 
SVD66 3.545 11.02 3.5 0.26 Y Y 3.583  0.78 Y Y 3.558  0.60 Y Y 
SVD67 3.82 17.47 3.844 1.54 N Y / / / N / / / N 
SVD80 (1) 3.259 3.26 3.293 0.84 N Y NT NT NT NT NT NT NT NT 
SVD80 (2) 3.446 5.71 3.474 0.98 N Y NT NT NT NT NT NT NT NT 
SVD80 (3) 3.627 0.77 / / / / NT NT NT NT NT NT NT NT 
SVD90 3.259 11.46 3.298 2.40 Y Y NT NT NT NT NT NT NT NT 
SVD95 3.106 13.26 3.097 1.06 Y Y 3.134  1.34 N Y / / / / 
SVD99 3.326 19.43 3.355 0.52 N Y NT NT NT NT NT NT NT NT 
SVD130 4.394 0.60 4.369 2.41 Y Y NT NT NT NT NT NT NT NT 

*     / = No peak at same retention time as standard, N = No, Y= Yes, NT= not tested, ? = results not sufficient to asses cellular uptake, 
      (1) = first peak, (2) = second peak, (3) = third peak  
**   DAD spectra of cellular extract compared with standard. Y = similar DAD spectra, N = different DAD spectra
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7.3. Annex 3. PCA analysis on MTT and SRB data 

 
Table 4. Pattern (left) and structure (right) matrix of PCA analysis based on MTT and SRB data on the 
EA.hy926, HT-29, undifferentiated caco-2 and CHO cell line 

Pattern Matrix 
 

Structure Matrix 

  
Component 

   
Component 

1 2 
 

1 2 
CHO_50 0,663 -0,035 

 
CHO_50 0,672 -0,199 

CHO_80 0,864 0,506 
 

CHO_80 0,739 0,293 
ATCC_50 0,458 -0,49 

 
ATCC_50 0,579 -0,602 

ATCC_80 0,278 -0,662 
 

ATCC_80 0,441 -0,731 
HT_50 0,564 -0,262 

 
HT_50 0,629 -0,401 

HT_80 0,806 -0,087 
 

HT_80 0,828 -0,286 
EA_50 0,003 -0,813 

 
EA_50 0,204 -0,814 

EA_80 -0,02 -0,915 
 

EA_80 0,206 -0,91 
S_CHO_50 0,603 -0,29 

 
S_CHO_50 0,675 -0,439 

S_CHO_80 0,889 0,383 
 

S_CHO_80 0,795 0,164 
S_ATCC_50 0,521 -0,46 

 
S_ATCC_50 0,634 -0,589 

S_ATCC_80 0,493 -0,447 
 

S_ATCC_80 0,603 -0,568 
S_HT_50 0,696 -0,042 

 
S_HT_50 0,706 -0,213 

S_HT_80 0,72 -0,141 
 

S_HT_80 0,755 -0,318 
S_EA_50 -0,219 -0,752 

 
S_EA_50 -0,033 -0,698 

S_EA_80 0,19 -0,627 
 

S_EA_80 0,345 -0,674 
 

 
Figure 61. Cluster analysis based on Ward’s method based on MTT and SRB data on the EA.hy926, 
HT-29, undifferentiated caco-2 and CHO cell line 
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7.4. Annex 4. PCA analysis on ROS and cytotoxicity data on EA.hy926 cells 

 
Figure 62. Scree plot based on the IC50 and IC80 values of the MTT and SRB assay and on the ROS 
assay on the EA.hy926 cell line. 

Table 5. Pattern (left) and structure (right) matrix of PCA analysis based on MTT, SRB and ROS data 
on the EA.hy926,  

Pattern Matrixa 
 

Structure Matrix 

  
Component 

   
Component 

1 2 
 

1 2 
ROS_EN_10_
OX 0,965 0,126 

 

ROS_EN_10_O
X 0,942 -0,05 

ROS_EN_1_O
X 0,907 0,162 

 

ROS_EN_1_OX 0,877 -0,003 

ROS_EN_1 0,816 -0,158 
 

ROS_EN_1 0,845 -0,307 
ROS_EN_10 0,776 -0,213 

 
ROS_EN_10 0,815 -0,355 

EA_50 0,032 0,912 
 

EA_50 -0,134 0,906 
S_EA_50 0,053 0,871 

 
S_EA_50 -0,105 0,861 

EA_80 -0,01 0,839 
 

EA_80 -0,163 0,841 
S_EA_80 -0,083 0,715 

 
S_EA_80 -0,213 0,73 

 

 
Figure 63. PCA plot based on ROS and cytotoxicity data on EA.hy926 cells 
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Figure 64. Cluster analysis based on Ward’s method based on MTT, SRB and ROS data on the 
EA.hy926 cell line. 

7.5. Annex 5. PCA analysis on ROS and cytotoxicity data on CHO cells 
 
Table 6. Correlation matrix of results of ROS assay on CHO cell line 

 
Table 7. Pattern (left) and structure (right) matrix of PCA analysis based on MTT, SRB and ROS data 
(at 1 µM) on the CHO cell line. 

Pattern Matrix 
 

Structure Matrix 

  
Component 

   
Component 

1 2 
 

1 2 

S_CHO_80 0,918 -0,194 
 

S_CHO_80 0,939 -0,294 
CHO_50 0,875 0,11 

 
CHO_80 0,874 -0,349 

CHO_80 0,846 -0,257 
 

CHO_50 0,863 0,015 
S_CHO_50 0,666 0,174 

 
S_CHO_50 0,647 0,102 

ROS_CHO_1_
OX -0,216 0,852 

 

ROS_CHO_1_O
X -0,309 0,876 

ROS_CHO_1 0,141 0,781 
 

ROS_CHO_1 0,056 0,765 

 
ROS_CHO_

1 
ROS_CHO_1

0 
ROS_CHO_1_O

X 
ROS_CHO_10_O

X 

Correlation ROS_CHO_1 1,000 ,282 ,419 ,040 

ROS_CHO_10 ,282 1,000 -,037 ,864 

ROS_CHO_1_OX ,419 -,037 1,000 -,226 

ROS_CHO_10_O
X 

,040 ,864 -,226 1,000 
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Figure 65. Cluster analysis based on Ward’s method based on MTT, SRB and ROS (at 1 µM) data on 
the CHO cell line 

 
Figure 66. Factor scores based on PCA analysis of ROS (at 1 µM), MTT and SRB data on CHO cell 
line (p>0.05 tested by 1-way Anova for clustering). 
 

Table 8. Pattern (left) and structure (right) matrix of PCA analysis based on MTT, SRB and ROS data 
(at 10 µM) on the CHO cell line. 

Pattern Matrix 
 

Structure Matrix 

  
Component 

   
Component 

1 2 
 

1 2 

S_CHO_80 0,92 0,192 
 

S_CHO_80 0,935 0,262 
CHO_50 0,866 -0,009 

 
CHO_50 0,865 0,057 
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CHO_80 0,846 0,24 
 

CHO_80 0,865 0,305 
S_CHO_50 0,707 -0,417 

 
S_CHO_50 0,676 -0,363 

ROS_CHO_10_OX 0,011 0,959 
 

ROS_CHO_10_OX 0,085 0,96 

ROS_CHO_10 0,115 0,914 

 

ROS_CHO_10 0,184 0,923 

 

 
Figure 67. Factor scores based on PCA analysis of ROS (at 10 µM), MTT and SRB data on CHO cell 
line (p>0.05 tested by 1-way Anova for clustering). 
  

 
Figure 68. Factor scores based on PCA analysis of ROS (at 10 µM), MTT and SRB data on CHO cell 
line. 


