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Synthesis, Isolation, and Biological Evaluation of a New
Active Quinone Methide Derived Curcuminoid

Tomer Sinai, Brijesh Singh, Amnon C Sintov*, Shimon Ben-Shabat*

ABSTRACT

A new curcuminoid, quinone methide cyclopentadione (QMC), was synthesized by oxidation of curcumin
(CUR) in the presence of potassium ferricyanide, and further isolated and analyzed. QMC was found to
be a relatively water-soluble curcuminoid, and more stable than CUR in citric-phosphate buffer solutions.
Unlike CUR, QMC possesses a pH-independent stability. In plasma, QMC was degraded by 50% after 8
hours and reached 30% of its initial concentration after 48h, while CUR was thoroughly decomposed. It
has been demonstrated that QMC has a similar anti-proliferative activity as CUR in three different cancer
cell lines- MCF-7, PC3 and HT29. Molecular examination of QMC in cancer cells exhibited similar effect
to CUR on two transcription factors, Nrf-2 and NF-xB. An anti-inflammatory activity of QMC was
demonstrated by measuring MCP-1 secretion levels in TNFa-induced human Kkeratinocytes cell culture,
which had been pre-treated with either CUR or QMC. This report presents the advantages of the new
quinone methide derived curcuminoid and its pharmaceutical potential as an alternative to the poorly
soluble curcumin.

Keywo rds: Curcumin; Quinone methide cyclopentadione; Cell proliferation; Anti-inflammatory activity; Oxidation.

INTRODUCTION

Curcumin is the major yellow pigment extracted from turmeric, a spice that is used in Ayurvedic herbal
remedies 21, It is a potential and promising active agent with a variety of pharmacological activities, such
as an anti-inflammatory effect in Crohn’s disease, ulcerative colitis, rheumatoid arthritis, psoriasis, peptic
and gastric ulcer, as well as a therapeutic activity for breast, skin, oral and intestinal cancers, microbial
and viral infections and diabetes, just to name a few 4. The anti-inflammatory effects of CUR are
associated with inhibition of pro-inflammatory chemokines, reduction of neutrophil and macrophage
infiltration, as well as suppression of COX-2, IL-8 and other proinflammatory targets in-vivo and in vitro
I5-71, In psoriasis, which is an immune-mediated skin inflammation disease, the beneficial role of CUR was
validated in several human and animal studies 5%, CUR molecule is an a bis-a,b unsaturated b-diketone
that exists in equilibrium with its enol tautomer (Figure 1). Under alkaline condition, the enolate form is
predominant while the bis-keto form predominates in acidic and neutral aqueous solutions due to the highly
activated carbon atom in the heptadienone linkage between the two methoxyphenol rings [*4. Tgnnensen
and Karlsen found that CUR in aqueous solutions (containing also methanol) at pH 1-7 is in the neutral
state exhibiting yellow color, which changes to red color when pH decreased to <1 (protonated form) or
increased to pH>7.5 (enolic form with a pKa of approximately 7.8, and two phenolic protons with pKa
values of 8.55 and 9.05 4. CUR is not chemically stable at physiological solutions, as 90% decomposed
within 30 min when incubated in serum-free phosphate buffer, pH 7.2 [13l, According to that study, the
major degradation product was trans-6-(4’-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexanal, and minor
products were found to be vanillin, ferulic acid, and feruloyl methane. Due to CUR’s rapid metabolic
transformation, it is hypothesized that the observed pharmacological effects are not caused by CUR itself
but are due to its metabolites [*416], The in vivo metabolism involves stepwise reduction in the gut by the
NADPH-dependent reductase CurA from intestinal E. coli, and alcohol dehydrogenase 171 reduces CUR
to tetra- and hexahydro-curcumin in the liver 18201, The main metabolites detected in the plasma are those
mediated by sulfation and glucuronidation of CUR and its tetrahydro/hexahydro metabolites (reductive
metabolites). However, these detectable metabolites have been found to be biologically inactive or at least
less active than CUR 21, In a recent study, the most prevalent product of CUR degradation was identified
as the one formed by autoxidative transformation, bicyclopentadione 2223, It has also been suggested that
the hydrolysis pathway is limited and has a minor contribution to CUR degradation, compared to the
autoxidative route. Although the researchers have demonstrated that bicyclopentadione can also be
enzymatically formed via LOX-1 purified from soybean 24 and purified recombinant human COX-2 22,
there is no evidence that this conversion happens in vivo [23l. Furthermore, Sanidad et al. ?! have shown
that total degradation products of CUR and isolated bicyclopentadione had a decreased anti-inflammatory
effect compared to their parent agent in MC38 colon cancer cells and in RAW 264.7 macrophage cells. It
has also been shown
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that when CUR degradation had been suppressed (by redox active
antioxidants), its biological activities were enhanced 28 This implies
that the oxidative degradation products cannot play a major role in CUR
activity, while another metabolite (or metabolites) formed in cells is the
real mediator of CUR effects. Apart of its rapid degradation and
metabolism as well as the unclear mechanism of action, CUR is poorly
soluble, slightly absorbed into the body with a very low bioavailability
[61 1t is of crucial importance, therefore, to seek other pathways of
CUR degradation that might formed and take part in eliciting the
biological effects. In our study, we have isolated and characterized a
new oxidative degradation product of CUR and evaluated its biological
activity. Ks[Fe(CN)s] was chosen as an oxidizing reagent following
previous publication demonstrating its activity in oxidation of organic
compounds [23 271, By reacting this oxidant with CUR, we obtained a
compound identified as (E)-4-(2-hydroxy-5-(4-hydroxy-3-
methoxybenzoyl)-4-oxocyclopent-2-enylidene)-2-methoxycyclohexa-
2,5-dienone [QMC; Quinone Methide Cyclopentadione] (Figure 1).
QMC is a partially conjugated organic molecule having almost the
same molecular weight as CUR (MW=368.139 Da). By comparing
with CUR, QMC has a different structure and chemical nature, it is
soluble in aqueous solutions, and it has similar anti-proliferative
activities as CUR in malignant cancer cells. To have a better
perspective of QMC anti-cancer activity, we examined (in-vitro and in-
silico) the translation factors Nrf2 and NF-xB, two signalling proteins
involved in cancer activity known as being altered by CUR [28-31, To
estimate the anti-inflammatory effect of QMC in comparison with
CUR, we used the TNF-a induced inflammation model of HaCaT cell-

line, which is a well-known in vitro cell culture model of psoriasis %
34]

METHODS
CUR oxidation and QMC isolation
Synthesis

A solution of 200mM Tris-HCI buffer pH 8 was prepared by dissolving
12 g of tris(hydroxymethyl)aminomethane (Sigma-Aldrich, Rehovot,
Israel) in 900 mL purified water, then the solution was acidified with
10N HClI solution and made up to 1L. CUR (Chem-Impex, Wood Dale,
IL)) was dissolved in methanol to obtain a 1 mg/mL solution. Potassium
ferricyanide (Merck&Co., Darmstadt, Germany) was dissolved in the
Tris buffer at a concentration of 0.05M. In a 500 mL round bottom
flask, 60 mL of 1 mg/mL CUR in methanol solution were diluted to a
concentration of 0.325mM in 500mL of 100 mM Tris-HCI buffer pH
8. The reaction was allowed to stir for 3 days while aliquots of 210pL
of 0.05M Ks[Fe(CN)s] solution were added daily. After 72h the
solution was acidified to pH 6 with 1N HCI solution and then washed
3 times with 150mL ethyl acetate to extract the organic products. The
organic solution was concentrated under vacuum and then injected to
semi-preparative  HPLC column for separation. Ethyl acetate,
methanol, and hydrochloric acid were purchased from BioLab, Israel.

Product Isolation and Characterization:

The extracted reaction mixture was separated by a high-pressure liquid
chromatography system (Varian ProStar, USA) equipped with a
prepacked Cig column (Betasil C18, 5um, 250x4.6 mm,
ThermoHypersil, UK) and a diode array detector. The samples were
eluted by a gradient of 20% to 80% acetonitrile in a 0.02% aqueous
acetic acid solution over 30 min at a flow rate of 1 mL/min and peaks
were detected at 380nm. lIsolation and collection of QMC were
conducted by the same HPLC system, equipped with a semi-preparative

Cis column at a flow rate of 4.5 mL/min. After several running
procedures, the collected samples were dried under vacuum. HPLC
grade solvents were obtained from J.T. Baker (Mallinckrodt Baker,
Inc., Phillipsburg, NJ). Structure elucidation was carried out using a
nuclear magnetic resonance (NMR) and mass spectrometry (LC-MS
system: HPLC Agilent 1100 Series connected to UV detector & ion trap
MS Esquire 3000 Plus Bruker Daltonics detector equipped with
Electro-Spray; MS Orbitrap system: Thermo-Fischer LTQ XL Orbitrap
with nano-ES capillaries). *H NMR spectra were (Figure 1-S, Table 1-
S) recorded on a Bruker DMX-500 operating at 500.1 MHz, and

chemical shifts were reported in ppm. *H-NMR (CD30D): 7.49-7.45
(d, 2H), 7.3 (s, 1H), 7.00 (d, 1H) 6.95-6.97 (d, 1H), 6.72 (m, 1H), 6.00
(s, 1H), 4.08 (s, 3H), 4.03 (s, 1H), 3.90 (s, 3H), LC-ESI-MS (positive
QMCe): m/z _368.9 [M+H]*. MS orbitrap analysis (Elemental
analysis) of the compound (Figure 2-S) showed a mass of 369.0969 m/z
(369.098 m/z calculated mass of [C20H1606*]H*). MS/MS (Figure 3-S;
Positive QMCe): m/z 350.9; 322.9; 244.9; 190.9; 177; 123 (Figure 2B).

Cell Cultures

Human keratinocyte (HaCaT) cell line, MCF-7 (human breast
adenocarcinoma) and PC-3 (human prostate cancer) cells were cultured
in Dulbecco's Modified Eagle's medium (DMEM) and DMEM/F12
containing 10% fetal calf serum, 5% L-glutamine and 5%
penicillin/streptomycin. HT29 cells (Human colon epithelial cells from
colorectal adenocarcinoma) were cultured in McCoy’s Modified
Medium containing 10% fetal calf serum, 5% L-glutamine and 5%
penicillin/streptomycin. All cell types were maintained at 37°C in a
humidified atmosphere of 95% air and 5% CO2. The medium was
refreshed every 2—3 days and when the cells reached 90% confluence,
they were either experimentally seeded or sub-cultured in a 1:10
dilution using trypsin-EDTA. Growth media and supplements were
supplied by Biological Industries Ltd. (Kibbutz Beit Ha’emek, Israel).

Cell proliferation experiments

All three cell lines were seeded in a 96-well plate (5x10° cells per well)
after counted by a glass hemocytometer. Weighed samples of QMC and
CUR were dissolved in DMSO at a concentration of 25mg/mL
solutions. Twenty-four hours after seeding, various volumes of these
solutions were added paying attention to not exceeding 0.9% DMSO
per well. 24 and 48 hours after treatments, the growth media were
removed, and the cells were washed twice with PBS solution. After
removing the PBS solution, volumes of 100mL growth media were
added to each well with 50mL of pre-activated XTT solution (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide,
Biological Industries Ltd., Kibbutz Beit Ha’emek, Israel). After
incubation at 37°C in a 5% CO2 atmosphere for 4 hours, each plate was
scanned by ELISA reader at 450nm (Sunrise™, Tecan Group Ltd.,
Ménnedorf, Switzerland).

Cell inflammation experiments

Cultured HaCaT cells (1x108 cells in single culture dish) were treated
with 20uM of QMC, CUR, calcitriol (Vitamin D3) and calcipotriol (all
dissolved in DMSO). Calcipotriol (or calcipotriene) was provided by
Teva Pharmaceutical Industries Ltd. (Kfar Saba, Israel), and calcitriol
was obtained from Sigma-Aldrich (Rehovot, Israel). After 6-hour
incubation, the culture media with the different treatments were
replaced by a TNFo—containing medium (10ng/mL), or a standard
medium (control) for further 24-hour incubation (37°C in a humidified
atmosphere of 95% air and 5% COz). The culture media were collected
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in pre-chilled vials, centrifuged at 1000g for 15min and analyzed for
MCP-1 by an ELISA assay kit (Biolegend, San Diego, CA).

Western Blot Analysis

MCF7 cells were seeded in 6-wells plates (0.6x108 cells per well) and
incubated at 37°C in a 5% CO2 humidified atmosphere. After 24h, the
medium was replaced with a fresh medium containing either 20uM
QMC or CUR. 24h after treatment, cell lysis was carried out in an ice-
cold RIPA buffer (50mM Tris buffer solution, pH 7.4, 150mM NacCl,
1mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 1mM
dithiothreitol and 10ul/mL protease inhibitor cocktail). Protein
concentrations were determined using the Bradford protein assay (Bio-
Rad Laboratories Ltd., Rishon Le Zion, Israel). The proteins from each
sample (30pg of protein) were separated by 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), then transferred to a nitrocellulose
membrane (Pall Corporation, Port Washington, NY). Each membrane
was blocked in TBST buffer (10mM Tris buffer solution, pH 7.5,
100mM NaCl and 0.05% Tween 20) containing 3% non-fat dried milk.
The blots were probed with primary antibodies overnight (ab137550,
anti-NRF2 from ABCAM 1:500 dilution; sc-8008, anti-NF-xB from
SCBT 1:1000 dilution; ICN691001, anti-actin from MP Biochemicals,
1:5000 dilution) followed by 2h exposure to secondary antibodies
(Cells Signalling Technology anti-rabbit IgG HRP-linked antibody or
antimouse Jackson Immuno Research). The blots were then developed
and visualized with the enhanced chemiluminescent EZ-ECL Detection
kit for HRP (Biological Industries, Kibbutz Beit-Haemek, Israel) on an
ImageQuant LAS 4000 digital imaging system (General Electric
Healthcare Bio-Sciences, Pittsburgh, PA).

In-silico analysis

The binding interactions of QMC and CUR with Keap-1 and NF-xB
p50 proteins were simulated using AutoDock Vina software.
ACD/Chem-Sketch (Freeware) were used to draw 2D structure of CUR
and QMC after converted to 3D structure in MDL molfiles format.
From the Protein Data Bank (http://www.rcsh.org/pdb), X-ray crystal
structure of keapl complexed with IQK ligand (PDB ID: 41QK) and
NF-kB p50 dimer complexed with DNA (PDB ID: INFK) were
obtained. Using Discovery studio visualizer V.17.2.0, keapl chain -A
was selected and saved in PDB format while deleting the bound 1QK
ligand, opening the PDB file in text format and removing water and
ions as hetero-atoms. Calculated Gastegier charges of keapl subunit
were saved in PDBQT file format using AutoDock Vina. AutoDock
Vina grid box for docking was defined based on a known binding site
in protein macromolecule %, Grid box size of 80x42x46A with
0.375A spacing was used to include 1QK ligand binding residues.
Docking to protein was done based on hybrid energy function
(empirical + knowledge-based). Using Discovery studio visualizer
V.17.2.0, NF-xB p50 chain A was selected and saved in PDB format
while deleting the bound DNA. After removing water and ions as
hetero-atoms, Gastegier charges to NF-xB p50 subunit were calculated
and saved in PDBQT file format using AutoDock Vina. Using
AutoDock Vina, grid box of size of 46x82x112 A with 0.375A spacing
was used, including DNA binding residues based on known binding
site with CUR [36]. Docking to protein was done based on hybrid energy
function (empirical + knowledge-based). Protein—ligand complex for
lowest free energy of binding (delta G) confirmation was written and
saved in form of log file.

Stability and Solubility testing of QMC and CUR

Stability in aqueous medium: To evaluate the stability of QMC and
CUR in a buffer solution at various pH values, 100mM Na:HPO4
(Sigma-Aldrich, Rehovot, Israel) and 200mM Citric acid solutions in
DDW were mixed together at different ratios to produce buffers of pH
3.0, 7.4, and 8.0. Buffer solution at pH 9 was obtained by adding an
appropriate volume of 0.5M NaOH solution to 100mM Na:HPO4
solution. The stability analysis was performed as previously described
[13,371. CUR or QMC solutions (1mg/mL) in methanol were diluted to
50mg/mL with buffer solutions (in triplicate for each pH) and incubated
at 25°C (in a controlled climate chamber), during which samples were
taken at t=0, 8, and 24h. Samples were extracted twice by equal
volumes of ethyl acetate and the collected organic solvent was
evaporated to dryness. The residue was re-dissolved in methanol and
kept at 4°C until analyzed by HPLC.

Stability in rat plasma: CUR solution (Img/mL) in methanol was
diluted to 50mg/mL concentration with rat plasma. QMC was weighed
and directly dissolved in rat plasma to get a 50mg/mL concentration.
The plasma specimens were incubated at 37°C (in a controlled climate
chamber), and were sampled every one hour for 8 hours, then sampled
at 24h and 48h. The samples were diluted with two volumes of
methanol and centrifuged at 13,000g for 10 min at 4°C, and the
supernatant was then collected. The methanolic solutions were injected
into an HPLC for analysis against a standard calibration curve.

Aqueous solubility: the test was preform as described by Ramya et al.
138, Triplicates of 1mg samples of CUR or QMC were added to 2.0 mL
of HPLC grade water. The samples were vortexed for 5 min, sonicated
for 5 more minutes, and incubated with constant stirring at 37°C for
24h. The mixtures were then centrifuged at 14,000 rpm for 15 min and
the supernatant solution was quantified for CUR or QMC by HPLC
analysis.

RESULTS
QMC is a water-soluble oxidation product of CUR

As a result of 72-h reaction with potassium ferricyanide [KsFe(CN)s],
several degradation products of CUR were detected. The reaction
mixture was then divided to fractions which were screened for their
anti-proliferative activity in MCF-7 cells. Further screening was
performed for compounds isolated from the active fraction, brought
about the discovery of an active anti-proliferative component. NMR
and MS analyses of this isolated active compound have indicated that
the new substance, abbreviated QMC, has an unprecedented structure
of curcuminoid with methoxy phenol groups, quinone methide moiety
and a cyclopenatdione (Figure 1). The oxidation of phenols to quinone
methides by KsFe(CN)e has already been studied previously (Krysin et
al., 2014), showing to create a potential electrophile for a Michael
addition reaction. An indication of a quinone group in QMC molecule
was observed by NMR spectrum, following a chemical shift at 6.95-
7.00 ppm (Table 1-S). Mass spectrum measurements were carried out
using a prototype Orbitrap mass spectrometer, showing m/z of
369.0969 by using a simple one-point calibration, which was in a good
agreement with the calculated mass of 369.0980 (Figure 2-S). The mass
accuracy of this measurement was 1.0 ppm. Purified QMC exists as two
tautomeric isomers which can be separated by reverse phase HPLC
(Figure 2) after isolation from the organic extract of the reaction.
Attempts to oxidize CUR quantitatively in shorter time periods than
72h had failed. It is also important to note that QMC could not be
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created by auto-oxidation reaction, and it would not be formed without
the addition of an oxidizing reagent.

QMC solubility and stability in physiological pH and plasma.

Relative to the practically water insoluble CUR (<0.1mg/mL), QMC
solubility was as high as 0.8mg/mL. QMC is more stable than CUR for
24h in physiological pH buffers (Figure 3A, 3B). In rat plasma, QMC
metabolized by 50% in the first 5-6 hours, followed by a slow
degradation rate which leaving 20%-40% of intact compound after 24h
and 48h. CUR was apparently more stable in plasma and degraded by
about 30% in 24h, but was completely worn off after 48h (Figure 3C).

QMC inhibits cancer cell lines proliferation

To evaluate the anti-cancer activity of QMC relative to CUR, XTT
proliferation assays were carried out for 24 and 48 hours with three
human cancer cell lines, MCF7, HT29, and PC3, which their growth
has been previously shown to be inhibited by CUR 341 (Figure 4). In
the present study, we have demonstrated that both CUR and QMC
significantly inhibited cell growth at concentrations of >5uM. It has
also been shown that QMC was more potent as an anti-proliferative
agent than CUR, particularly in PC3 cell culture. The higher potency of
QMC relative to CUR was more notable after 48-h treatment. The 48-
h treatment with QMC demonstrated that even at a low concentration
of 0.5uM, the cancer cells proliferation was suppressed.

QMC inhibition activity involves reduction in NF-kB and elevation
in Nrf2 protein levels.

Nrf2, is ubiquitously expressed in various tissues as a transcriptional
activator for phase Il genes by binding to Antioxidant Responsive
Element (ARE) sequences. Nrf2 activation depends on Keapl (Kelch
ECH Associating Protein 1), a cytoskeleton protein capable of binding
to actin filaments and Nrf2, thus inhibiting its nuclear translocation and
acting as a repressor during basal conditions 2. Under oxidative stress,
Nrf2 is released from Keapl repression, translocated to the nucleus,
forms heterodimer with small Maf (musculoaponeurotic fibrosarcoma)
proteins in order to bind to cis-acting ARE, afterwards it ignites
assembly of the whole transcription machinery including the RNA
polymerase Il to transcribe its target genes. Consequently, Nrf2 is a
master regulator of cellular antioxidant and cytoprotective defence
systems that protects humans from genotoxic damage caused by
carcinogens. In-vivo studies in Nrf2-null mice have established the
essential role of Nrf2 in cancer protection [“>44, Another signalling
pathway involves cancer pathogenesis and progression is the NF-kB
pathway. The activation of NF-kB pathways takes part in the
tumorigenesis process by transactivating target genes that have

immunoregulatory, inflammatory, anti-apoptotic, and cell cycle
regulatory functions [, Cross-talk between these pathways (Figure
5[1]) are in inverse relationship, as Nrf-2 activation induces intracellular
events that causes NF-xB suppression and vice versa #4461, The
elevation of Nrf2 after treatment of breast cancer cell line by CUR has
been previously studied 34, and it involved a decrease in Fenl (Flap
endonucleasel) activity. It has also been shown that the anti-cancer
activity of CUR involves disruption of the NF-kB pathway in several
cancer cell lines 7-#81, In our study we have found that the anti-cancer
mechanism of both QMC and CUR was connected to elevation in Nrf2
and to decrease in NF-kB protein level (Figure 5[II]), demonstrating
that QMC and CUR share similar activities.

In-silico analysis reveals that QMC binds to NF-kB p50 subunit
and Nrf-2 suppressor Keap-1.

Keap-1 is an inhibitor complex that suppresses Nrf-2 from being
released in the cytoplasm and translocate to the nucleus. Interaction
between Keap-1 subunit and CUR had been demonstrated in previous
studies [35 49501 therefore we examined QMC and CUR binding to
Keap-1 by docking studies using AutoDock Vina software (Figure 6A).
As summarized in Table 1, CUR bound to keap1 subunit with AG of -
8.4 kcal/mol. The hydroxyl group and oxygen atom of methoxy group
(-OCHs) group of CUR forms hydrogen bonding with SER508 and
ARG483. ALA556 depicts pi alkyl interaction. GLY 603 and GLY 364
forms hydrogen bonding with hydroxyl group. GLY509 shows Van der
Waals interaction. VAL606 forms hydrogen bonding with oxygen atom
of methoxy group. QMC bound to Keapl subunit with AG of -9.2
kcal/mol (Table 1). The hydroxyl group of QMC forms hydrogen
bonding with ASN414, ARG415, GLN530, GLY462, GLY509,
TYR334 and TYR525. Hydrophobic interaction of type pi-pi has been
found between QMC, TYR572 and ALA556.SER508 and GLY364
forms hydrogen bonding with oxygen atom of methoxy group (-OCHs).
SER602 forms hydrogen bonding with QMC’s carbonyl group (Figure
6A). Suppression of the NF-kB transcription factor protein complex is
linked to CUR’s ability to bind to the p50 subunit [3¢ 491, Inhibition of
the NF-xB p50 subunit by CUR and QMC showed (Figure 6B) that
CUR bounds to p50 with AG of -6.7 kcal/mol, while QMC bound to
NF-xB p50 subunit with AG of -7.8 kcal/mol (Table 1). The hydroxyl
group and the oxygen atom of methoxy group (-OCH3) of CUR formed
hydrogen bonding with GLY52 and GLY®65, respectively. ASN 136
depicts conventional hydrogen bonding with the hydroxyl group of
CUR. The hydroxyl group of QMC forms hydrogen bonding with
SER63 and ASN136. Hydrophobic interaction of type pi-pi has been
found between QMC and PHES3, while Pi-Alkyl type of interaction
has been found between the compound and PRO68 with LYS77 (Figure
6B).

Table 1: Binding site amino acids interactions and AG of QMC and CUR at Keap-1 and NF-«xB p50 proteins.

Protein Compound  Binding AG (kcal/mol)  Amino Acids at binding site
Keap-1 CUR -8.4 ARG 483, SER508,GLY509, GLY603,GLY364,VAL 606,ALA 556
QMC -9.2 ASN 414, ARG415, GLN530, GLY462, GLY509, TYR334 and TYR525
NF-kB p50 CUR -6.7 GLY52, GLY65 and ASN136
QMC -7.8 SER63, PHES53, PRO68, LYS77, ASN136
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QMC reduce MCP-1 secretion in TNFa- induced HaCaT cells.

Monocyte chemoattractant protein 1 (MCP-1) is a pro-inflammatory
cytokine that is secreted during inflammation of various types of
tissues, including the skin B4 51, To evaluate the anti-inflammatory
effect of QMC on skin cells, cell culture media samples of 24-h TNFa-
induced HaCaT cells pre-treated with 20uM of either QMC, CUR,
calcitriol or calcipotriol were collected and measured for their MCP-1
levels. Calcitriol is an active form of vitamin D and calcipotriol is a
vitamin D derivative, both compounds are commercially used as anti-
inflammatory medications for skin disease [°2. It has been shown
previously 3233 that CUR effectively reduces inflammation in HaCaT
cells within several hours. Similar to CUR (Figure 7), QMC
significantly down-regulated MCP-1 levels after 6h, compared to
calcitriol, calcipotriol and untreated TNFa induced cells.
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Figure 1: Oxidation of CUR with potassium ferricyanide for 72h in Tris
buffer. QMC was formed as the main degradation product of CUR (A),
followed up by HPLC analysis at A=380nm (B). QMC has a distinct shift
towards 380nm in a visible light absorbance, as seen in the spectrum of both
compounds by UV/Vis HPLC detection (C).
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Figure 4: CUR and its oxidative product, QMC, have similar antiproliferative
effects in cancer cell lines. (A) MCF-7 cells, (B) PC-3 cells and (C) HT-29

cells were untreated or treated with CUR, QMC or DMSO vehicle (0.1%) in

DMEM (MCF-7 and PC-3) or McCoy's 5A Medium (HT-29) for 24—48 h. Cell
proliferation was assessed by XTT assay. Results are expressed as percent of
cell viability of compound-treated cells to non-treated cells, expressed as the

mean = SD (n=6, One-way ANOVA was used to determine statistical
difference). (x) P < 0.05 (*x) < 0.01.
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Inflammation generates oxidative stress and the other way around.
Inflammation causes activation and nuclear localization of NF-kB after its
detachment from IkBa, where it connects to kB response elements, inducing
transcription pro-inflammatory proteins. Activation and nuclear localization of
Nrf-2 after its release from Keapl leads to Nrf-2 binding to the antioxidant
response elements in the DNA and transcription of antioxidant genes. NF-xB
signalling inhibits Nrf-2 signalling and vice versa. QMC elevates Nrf-2 levels
and decreases NF-kB levels in the cytoplasm, possibly in a similar way CUR,
by inhibiting Keap-1 and binding directly to NF-«xB.
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Figure 5: [I1] Nrf2 and NF-«xB proteins levels in MCF7 cells normalized to -
Actin (40 KD) in WB analysis after 24 hrs treatment of 20 CUR or QMC. (A)
Representative Western blot film. (B) A significant increase in Nrf2 and
decrease in NF-«B levels following either QMC or CUR treatments in
comparison with DMSO (vehicle control). The bar graph represents the means
+ S.D n=6. One-way ANOVA was used to determine statistical difference, as
indicated by asterisks (*P < 0.05).
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Figure 6: Schematic representation of the binding site of QMC and CUR to
the catalytic site of Keapl and NF-xB p50 subunit.
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Figure 7: Culture media concentration of MCP-1 after 6-h pre-treatment with
calcitriol (Vitamin Dj), calcipotriol (Cal), QMC and CUR followed by 24-hour
treatment of TNFo.. Six hours XTT evaluation of HaCaT cells with QMC\CUR
showed no decrease in viability (data not shown). The bar graph represents the
means of three separate experiments. One-way ANOVA was used to determine

statistical difference, as indicated by asterisks (*P < 0.05).

DISCUSSION

CUR can potentially provide treatment for several pathologies such as
cancer, inflammation and neurodegenerative diseases, however, its
poor bioavailability, poor absorption, high systemic elimination rate
and rapid metabolism limit its therapeutic use 215161, CUR degradation
in physiological solutions, with or without the presence of oxidants,
results in products such as bicyclopentadione, vanillin, and ferulic acid
120,221 Several studies have demonstrated that these products are less
likely to mediate CUR biological effects since they are less active 2%
21, A recent study by Edwards et al. 5%, indirectly showed that CUR
has an anti-inflammatory activity due to an intermediate product
formed by oxidation, seemingly a product containing quinone methide
moiety. QMC, which contains a quinone methide group, was
synthesized by our group using a modified oxidative degradation
protocol of CUR in the presence of potassium ferricyanide. The
cyclopenatdione formed in the QMC molecule could be generated from
an intermolecular cycloaddition reaction. It is presumed that QMC was
formed by a mechanism involving oxidation of one methoxy phenol
groups into a quinone radical, as described previously #7, followed by
intermolecular cycloaddition (Scheme 1). As shown in Scheme 1, the
intermediate cyclopentadione product is coupled with reactive oxygen
radical and undergoes aryl migration, followed by elimination of the
alkyl oxide and further oxidation. This mechanism is based on prior
studies of radical aryl migration and cycloaddition reactions in
polyphenols 4, Evaluation of the anti-cancer proliferation activity of
QMC showed similarity to the CUR effect on several cancer cell lines.
Since CUR has numerous protein signalling targets in cancer cells 5],
we have chosen to find out whether QMC has a similar effect as CUR
on the transcription factors Nrf-2 and NF-kB. These proteins crosstalk
with each other and involved in cancer cellular signalling [+, As
previously shown, CUR upregulates Nrf-2 and downregulates NF-kB
in cancer and other pathologies 849 5%, The same effect as CUR on
these proteins has been demonstrated by QMC in MCF-7 cells. It was,
therefore, interesting to get more insight into the inhibitory mechanisms
of CUR and QMC by using in-silico modelling. Since previous studies
have shown that CUR directly inhibits the Nrf-2-suppersor Keap-1 [3>
49501 and NF-kB p50 subunit 3%, we calculated the protein-inhibitor
free energy of QMC and CUR binding to these proteins. The similar
binding affinity of the two compounds further explains the effect of
QMC on Nrf-2 and NF-kB levels in MCF-7 cells, considering that
Keap-1 inhibition upregulates Nrf-2 and the p50 subunit of NF-xB
activity is essential for NF-kB assembly and DNA binding [°¢l. The anti-
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inflammatory effect of CUR in various disease has been well
established 2 51, In our study we examined the effect of QMC pre-
treatment on TNFa-induced HaCaT Keratinocytes, and compered it
with CUR and two other positive control materials, calcipotriol (used
topically for psoriasis) and calcitriol (vitamin Ds). Pre-treatment for 6
hours caused a dramatic decrease in MCP-1 levels, a cytokine that is
secreted during inflammation. In addition to the potential anti-
inflammatory activity of QMC, the anti-cancer effect of the compound
could also involve in a decrease in inflammatory signals, signals that
are part of the proliferation of malignant neoplastic cells [7- 39-4],

HiCO. NN V OCHa HiCO. N VZ OCH;
CUR

RO ) OH RO= CH)O or CurO
/ OCH;
Q

0

HiCO.
)

HO'

Scheme 1: Proposed mechanism of formation of QMC by oxidation of CUR.
CONCLUSION

In conclusion, QMC, a new oxidative product of CUR, has been found
to be water-soluble, effective as CUR, and a relatively stable molecule,
providing a better chance for curcuminoids to eventually be therapeutic
agents in the clinical practice. Further experimentation remains to be
done, predominantly the evaluation of its oral bioavailability and
pharmacokinetics.
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