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A water-soluble curcumin lysinate incorporated into hydroxypropyl-B-cyclodextrin (NDS27) has been developed
and shown anti-inflammatory properties but no comparative study has been made in parallel with its parent
molecule, curcumin on polymorphonuclear neutrophils (PMNs) and myeloperoxidase (MPO) involved in in-
flammation. The effect of NDS27, its excipients (hydroxypropyl-B-cyclodextrin and lysine), curcumin lysinate
and curcumin were compared on the release of superoxide anion by PMNs using a chemiluminescence assay and
on the enzymatic activity of MPO. It was shown that curcumin and NDS27 exhibit similar inhibition activities on
superoxide anion release by stimulated PMNs but also on MPO peroxidase and halogenation activities. The
action mechanism of curcumin and NDS27 on the MPO activity was refined by stopped-flow and docking
analyses. We demonstrate that both curcumin and NDS27 are reversible inhibitors of MPO by acting as excellent
electron donors for redox intermediate Compound I (~10”M~'s™?) but not for Compound I (~103M~*s™")
in the peroxidase cycle of the enzyme, thereby trapping the enzyme in the Compound II state. Docking calcu-
lations show that curcumin is able to enter the enzymatic pocket of MPO and bind to the heme cavity by n-
stacking and formation of hydrogen bonds involving substituents from both aromatic rings. Hydroxypropyl-B-
cyclodextrin is too bulky to enter MPO channel leading to the binding site suggesting a full release of curcumin
from the cyclodextrin thereby allowing its full access to the active site of MPO. In conclusion, the hydroxypropyl-
B-cyclodextrin of NDS27 enhances curcumin solubilization without affecting its antioxidant capacity and in-
hibitory activity on MPO.

1. Introduction

Curcumin or diferuloylmethane is the main pigment present in the
rhizome of Curcuma longa. This polyphenolic lipophilic molecule was
used for centuries in Chinese and Indian medicine for the treatment of
inflammatory pathologies [1] since it exhibits a large range of biolo-
gical activities including anti-inflammatory, anti-angiogenic, anti-oxi-
dant, wound healing and anti-cancer properties [2]. Thanks to the

beneficial effect of curcumin for health, numerous strategies have been
followed to improve its bioavailability and delivery. Indeed, the low
solubility of curcumin in water, its rapid metabolization and elimina-
tion from the body constitute the major obstacles in the medical ap-
plication [3]. In addition, curcumin undergoes rapid non-enzymatic
degradation in cell culture medium and possibly in vivo as well [4] and
more and more studies are interested in the degradation products of
curcumin that can explain its polypharmacology [4,5]. Moreover,
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curcumin does not have the adequate structural and chemical features
of a lead compound for further drug optimization. One of the strategies
to overcome these disadvantages is complexing of curcumin with other
molecules to improve its medical application [3].

We have developed a highly water-soluble lysine salt of curcumin
(curcumin lysinate), incorporated into hydroxypropyl-B-cyclodextrin
(HPBCD), called NDS27 [6]. Similarly to curcumin [7-9], NDS27 has
been shown to inhibit the NADPH oxidase activity and consequently the
oxidative burst of neutrophils [10]. We suggested that NDS27 binds to
the membrane due to the lipophilic properties of both curcumin and
HPBCD and interferes with the assembly of NADPH oxidase [11].
Moreover, we showed that NDS27 inhibited dose dependently the ac-
tivity of MPO released by cytochalasin B/N-formyl-methionyl-leucyl-
phenylalanine (CB/fMLP) stimulated neutrophils whereas HPBCD alone
had no effect [10]. Sandersen et al. [12] also observed that NDS27
reduced MPO degranulation and activity in broncho-alveolar lavage
fluid of horses with LPS-induced lung neutrophilia.

These promising results in regards to control inflammatory response
prompted us to compare and analyse the effect of curcumin, curcumin
lysinate, NDS27 and its excipients lysine and HPBCD on superoxide
anion production by stimulated neutrophils and MPO activity. In detail,
we aimed at analysing: (i) the stability of curcumin and NDS27 in the
working buffer condition (PBS, pH 7.4) and NaCl 0.9% (pH 5.5), (ii) the
effect of these compounds on the peroxidase and chlorination activity
of MPO, (iii) their impact on the interconversion of the redox inter-
mediates Compound I and Compound II of MPO by multi-mixing
stopped-flow spectroscopy and (iv) the binding of curcumin and NDS27
to the active site of MPO by SIEFED and molecular docking.

2. Material and methods
2.1. Chemicals and reagents

Analytical grade phosphate salts, sodium and potassium chloride,
sodium hydroxide, sodium acetate, H,O, (30%) and Tween 20 were
purchased from Merck (VWR International, Leuven, Belgium). Highly
purified dimeric leukocyte human myeloperoxidase with a purity index
(A428/Azg0) of at least 0.85 was purchased as lyophilized powder from
Planta Natural Products (http://www.planta.at). The bovine serum al-
bumin fraction V (BSA) was obtained from Roche Diagnostics
(Mannheim, Germany). Catalase, lucigenin, phorbol myristate acetate,
sodium nitrite, taurine were from Sigma-Aldrich (Bornem, Belgium).
The 96-well microtiter plates (Combiplate 8 EB) were from Thermo
Scientific (Breda, The Netherlands), the fluorogenic substrate, Amplex
red (10-acetyl-3,7-dihydroxyphenoxazine) from Molecular Probes
(Invitrogen) (Merelbeke, Belgium). The PBS solution contained 20 mM
phosphate buffer, pH 7.4, 137 mM NaCl, and 2.7 mM KCl. Sterile so-
dium chloride injection (0.9%), pH 5.5 was from Baxter Belgium SPRL,
NDS27, curcumin lysinate, curcumin (99% purity), lysine base and 2-
hydroxypropyl-beta-cyclodextrin (HPBCD) were all a gift from Philippe
Neven (Faculty of Pharmacy, University of Liege, Belgium).

The preparation of curcumin lysinate and NDS27 were described in
Neven et al. [6]. Briefly, curcumin in methanol and lysine base in water
both at equimolar concentration (1.36 mM) were mixed together during
5 min then the mixture was evaporated. The non-dissolved residue was
taken back with ethanol and was brought to boiling point then filtered.
The ethanol-based solution was placed at - 20 °C for 1 hh and the pre-
cipitate of curcumin lysinate was collected by filtration. NDS27 was
prepared as follows: 4 gg of HPBCD (Roquette SA) were solubilized in
50 mL distilled water then 514 mg of curcumin lysinate were added in
one movement and under vigorous stirring. Distilled water (40 mL) was
added to the solution and stirred for 60 min. The solution was filtered
and the content of curcumin was checked by HPLC. All concentrations
of NDS27 are expressed as molar concentration of pure curcumin and
contain a 5-fold stoichiometric excess of HPBCD.
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2.2. Solubilization of the compounds and preparation of the stock solutions

Curcumin and curcumin lysinate were dissolved in DMSO while
NDS27 and its excipients were dissolved in distilled H,O at the starting
stock solution 10~2M. From this solution, serial dilutions were per-
formed in the respective solvent to obtain 5.1073M, 10~ 3M, 5.10"*M
and 10~ *M. The same volume of these stock solutions was added to
PBS or NaCl 0.9% to be used at final concentration of 1pM, 5uM,
10puM, 50 uyM and 100 pM during the experiments. HPBCD was pro-
vided in a 5-fold stoichiometric excess. Controls were carried out by
adding the appropriate solvents (distilled H,O or DMSO being both at
final concentration 1%), which did not contain the tested molecules.

2.3. Transformation of curcumin and NDS27

Curcumin degrades quickly at physiological pH [4]. Due to the in-
cubation time of 10 min or 2 h of the molecules with MPO before per-
forming the measurement of MPO activity by the classical or SIEFED
assays respectively, the possible transformation of the molecules was
followed after 10 min and 2 h in PBS buffer (pH 7.4) or NaCl 0.9% (pH
5.5). The loss of chromophore of curcumin was followed at 430 nm and
the possible appearance of an oxidized intermediate (spiroepoxide in-
termediate) was followed at 265 nm according to Luis et al. [13]. Ten
uL of 10"2M curcumin in DMSO or NDS27 in water were added to
1.990 mL 50 mM phosphate buffer saline (PBS) at pH 7.4 or NaCl 0.9%
to reach a final concentration of 50 uM. The reaction was monitored in
a UV-vis spectrophotometer directly after the dilution in PBS or NaCl
0.9% then the spectrum modifications were followed after 2 h incuba-
tion at 37 °C in darkness. Absorbances values were recorded simulta-
neously at 430 nm and 265 nm according to Luis et al. [13].

2.4. Measurement of superoxide anion release by activated neutrophils

Blood was obtained from the jugular vein of healthy horses, which
were fed and bred under identical conditions and were not under
medical treatment (Faculty of Veterinary Medicine, University of Liege,
Belgium). Neutrophils were isolated at room temperature using a dis-
continuous percoll density gradient according to the method of Pycock
et al. [14]. The cell pellets were suspended in 20 mM phosphate buffer
saline (PBS) at pH 7.4 containing 137 mM NaCl and 2.7 mM KCl. The
cell preparation contained 90% neutrophils with a viability of 95% as
measured by the Trypan blue exclusion test. Each experiment was re-
peated three times with different cell batches from different horses.

The superoxide anion production by activated neutrophils was
measured by chemiluminescence (CL) according to Franck et al. [8].
Neutrophils (10° neutrophils/well) were incubated for 10 min in the
well of a white microtiter plate (White Combiplate 8, Thermo Labsys-
tems) with various concentrations of curcumin, curcumin lysinate,
NDS27, lysine and HPBCD or solvent only. Finally, 25uL CaCl,
(7.5uM), 2 L lucigenin (5 uM) and 10 pL phorbol 12-myristate-acetate
(PMA) (16 uM) were added. Just after PMA addition, the CL response
was monitored during 30 min and expressed as the integral value of the
total CL emission. Controls were performed with neutrophils incubated
with the respective solvents which did not contain the tested molecules
(distilled H,O or DMSO being both at final concentration 1% during the
assay).

2.5. Determination of myeloperoxidase activity

In the SIEFED (Specific Immunologic Extraction Followed by
Enzymatic Detection) assay [15], curcumin, curcumin lysinate or
NDS27 were pre-incubated for 10 min with MPO (5 mU/ml) in 50 mM
PBS pH 7.4. This mixture was loaded (100 pLl/well) onto the micro-
plate coated with rabbit anti-human MPO antibodies and incubated
2hat 37°C. For controls only the solvents were added, respectively.
Next, the supernatant was carefully removed and the plate drained on a
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paper towel to remove any remaining liquid. Captured MPO was wa-
shed four times with the PBS solution containing 0.1% Tween 20. Fi-
nally, the peroxidase activity of MPO was monitored by adding 100 pL
of a 40 uM Amplex red solution freshly prepared in 50 mM phosphate
buffer, pH 7.4, supplemented with 10 pyM H,0, and 10 mM sodium ni-
trite. The reaction was followed by fluorimetry. Total fluorescence
developed during 30 min (37 °C) was monitored using a Fluoroskan
Ascent (Thermo Scientific) set at 544 nm and 590 nm for excitation and
emission wavelengths, respectively. Total fluorescence was directly
proportional to the amount of active MPO present in the sample.

Additionally, the activity of MPO was measured by a classical en-
zymatic assay at the same concentrations used in the SIEFED assay.
Briefly, curcumin, curcumin lysinate or NDS27 were dissolved in their
respective solvent and added to MPO (10 mU/mL) in 50 mM phosphate
buffer, pH 7.4, to reach the desired final concentrations. After 10 min of
incubation, 100 pL of these mixtures were loaded into the wells of a
microplate, and the peroxidase activity of MPO was detected by adding
100 pL of the reagent solution containing Amplex red, H,O, and nitrite
in 50mM phosphate buffer, pH 7.4. The reaction was followed by
fluorimetry as described above.

Due to the suspected transformation of curcumin in PBS buffer at
physiological pH, the SIEFED and classical enzymatic assays were also
performed with curcumin and NDS27 diluted in sterile NaCl 0.9%
having a more acidic pH (pH 5.5) and without a 10 min preincubation
time of the molecules with MPO before loading of the microplates.
Moreover, for the SIEFED assay, the washing step was performed with
the NaCl solution (0.9%) containing 0.1% tween 20.

Finally, the myeloperoxidase-chlorinating activity was determined.
The assay is based on the production of taurine chloramine produced by
the MPO/H,0,/Cl ™ -system in the presence of a selected inhibitor at a
defined concentration. The reaction mixture contained the following
reagents in a final volume of 200 pL: 10 mM phosphate buffer (pH 7.4,
300 mM NacCl), 15 mM taurine, the compound to be tested at 1, 2, 2.5,
5, 7.5, 9 and 10 uM and a fixed amount of recombinant MPO (40 nM).
When necessary, the volume was adjusted with water. This mixture was
incubated at 37 °C and the reaction was initiated with 10.0 uL of H,0,
(100 uM). After 5 min, the reaction was stopped by the addition of 10 pL
of catalase (8 units/pL). To determine the amount of taurine chloramine
production, 50 pL of 1.35mM solution of thionitrobenzoic acid (TNB)
was added and the volume was adjusted to 300 pL with water. Then the
absorbance of the solutions was measured at 412 nm with a microplate
reader, and the curve of absorbance as a function of inhibitor con-
centration was plotted. ICs, values were then determined by standard
procedures, considering the absence of hydrogen peroxide as 100%
inhibition and the absence of inhibitors as 0% inhibition [16,17].

2.6. Stopped-flow analysis

Concentrations of myeloperoxidase and hydrogen peroxide were
calculated by spectrometry at 428 nm (eg42s = 91 mM ™~ 'em ™) and
240 nm (ee240-39.4 M! cm'l), respectively [18]. Curcumin stock
solutions were prepared in DMSO and stored in dark flasks. Dilution
was performed with 100 mM phosphate buffer, pH 7.0. Highest DMSO
concentration in stopped-flow measurements was 8% (v/v). NDS27 was
resolved in water.

Because of the inherent instability of MPO Compound I, the se-
quential stopped-flow (multi-mixing) technique was used for determi-
nation of apparent bimolecular rate constants of the reaction of
Compounds I and II with curcumin or NDS27. For Compound I for-
mation ferric MPO was mixed with a 10-fold excess of hydrogen per-
oxide. Typically, MPO (8 uM) was premixed with 80 pM H,O, in the
aging loop for 20 ms (100 mM phosphate buffer, pH 7.0). Finally, MPO
Compound I was allowed to react with varying concentrations of cur-
cumin or NDS27. Reactivity of Compound II was investigated by fol-
lowing the reaction of Compound I with curcumin or NDS27 to
Compound II and back to the ferric enzyme. In this case the resulting
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biphasic curves at 456 nm and 430 nm reflected the initial formation of
Compound II and then its subsequent reduction. The initial exponential
increase and after a short steady-state phase the following exponential
decrease in absorbance at 456 nm were fitted to calculate the apparent
bimolecular rate constants for Compound I and Compound II reduction.

2.7. Docking calculations

The X-ray structure of human myeloperoxidase complexed to 2-
{[3,5-Bis (Trifluoromethyl)benzyl]amino}-N-Hydroxy-6-Oxo-1,6-
Dihydropyrimidine-5-Carboxamide (HX1) (RCSB code 4C1M) was used
as the receptor target in docking studies [18]. The X-ray water and
other ligand molecules were removed from the active site. The ligand
input files were prepared according to the following procedure. The
initial 3D structures of curcumin were generated with the LigPrep
module from Schrodinger (Schrodinger, LLC, New York, NY, 2017).
Docking was performed with the Glide program (version 7.4, Schro-
dinger, LLC, New York, NY, 2017), which approximates a systematic
search of positions, orientations, and conformations of curcumin at the
active site of MPO by use of a series of hierarchical filters. The Glide XP
docking protocol and scoring function were used. The remaining
parameters were set to their default values. Preparation of hydro-
xypropyl-B-cyclodextrin with LigPrep turned out to be impossible as its
atom number is beyond the limit imposed by the module and B-cyclo-
dextrin (CD) was used instead. Docking was computed in regions cen-
tered on different locations along the channel connecting the MPO
binding site pocket to its molecular surface.

2.8. Statistical analysis

Data are presented in relative values (%) in reference to appropriate
control groups (DMSO or H,0) defined as 100%. All data are expressed
as mean * standard deviation (SD) of at least three independent ex-
periments carried out at least in duplicate. The statistical analysis was
performed with GraphPad 6.0 (GraphPad Software, San Diego
California, USA) with one way ANOVA (Dunnett's post test). The results
for the tested molecules were compared to control H;O or DMSO. The
ICso values for the enzymatic assay of MPO were calculated with
GraphPad Prism 6.0 under application of the function “log (inhibitor)
vs. normalized response-variable slope” after converting the values into
their decimal logarithms.

3. Results
3.1. Curcumin and NDS27 transformation

The spectra of curcumin obtained just after the dilution of the
molecule in PBS or NaCl 0.9% (T0) showed two major peaks having a
maximum of absorbance values at 265nm and 430 nm. Just after the
dilution of curcumin (orange powder) and NDS27 (purple powder) in
PBS, both resulting coloured solutions appeared yellow. In contrast,
when the saline solution 0.9% was used instead of PBS, the solution
obtained finally was yellow and slightly cloudy for 100 pM curcumin
and purple for 100 uM NDS27.

In PBS (pH 7.4), the loss of chromophore at 430 nm occurred ra-
pidly. After 10 minat 37 °C in darkness, the loss was —60 + 3% for
curcumin and —49 + 8% for NDS27 in comparison to TO. After 2h
incubation this loss was accentuated and reached —84 + 1% for cur-
cumin and —79 *+ 3% for NDS27 (n = 3).

In NaCl 0.9% (pH 5.5), the loss of chromophore at 430 nm was
slower. After 10 min, the loss was —18 * 2% for curcumin and
—11 + 4% for NDS27 in comparison to TO, while after 2h, the loss
was more accentuated and reached —57 * 5% for curcumin and
—59 + 4% for NDS27 (n = 3).

Regarding the absorbance intensity at 265 nm in PBS, after 10 min
incubation at 37 °C, an increase of absorbance was observed for
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Fig. 1. NDS27 and curcumin inhibit extracellular
superoxide anion production by neutrophils. Effect
of NDS27, curcumin, curcumin lysinate, HPBCD and
lysin on superoxide anion release by equine neu-
trophils stimulated with PMA. 100% activity corre-
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sponds to superoxide anion release by PMNs in the
presence of solvent (H,O DMSO) only (mean * SD,
n = 5). **p < 0.01; *p < 0.05 vs H,O or DMSO
control.

curcumin (+28 *= 6%) and NDS27 (+20 * 3%) in comparison to TO.
After 2 h incubation, the intensity of the peak decreased but stayed
higher than TO: +11 * 3% for curcumin and +7 * 4% for NDS27
(n = 3).

When the molecules were diluted in NaCl 0.9%, a decrease of ab-
sorbance at 265nm was observed for curcumin (—12 *+ 2%) and
NDS27 (=5 = 02%) in comparison to TO while after 2 h the loss of the
absorbance value was accentuated for curcumin (—44 + 8%) and re-
mained quite unchanged for NDS27 (3.6 *= 5.1%) in comparison to TO
(n = 3).

3.2. Impact of curcumin and NDS27 on superoxide anion production by
PMNs

First we probed the impact of curcumin and NDS27 on the super-
oxide anion release by neutrophils stimulated by PMA using lucigenin
as chemiluminescent probe. The effect of these compounds was related
to the response obtained with stimulated PMNs in the presence of the
respective solvent (DMSO or H,0) (=100% activity). Fig. 1 shows that
NDS27, curcumin and curcumin lysinate induced a dose dependent
inhibitory effect on superoxide anion production following the hier-
archy curcumin (ICsp = 0.72 = 0.24pM) < curcumin lysinate
(ICs50 =1.76 £ 0.41uM) < NDS27 (ICso = 2.52 + 0.71uM). The
ICs, of curcumin differs significantly from that of curcumin lysinate and
NDS27 (p < 0.05). HPBCD showed a slight but significant inhibitory
effect at 100 uM, whereas lysin had no impact on the superoxide anion
formation (Fig. 1).

3.3. Curcumin and NDS27 inhibit the peroxidase and chlorination activity
of myeloperoxidase

Next, we tested the influence of curcumin and NDS27 on the per-
oxidase activity of MPO (Fig. 2). The percentage of inhibition was re-
lated to the activity tested in the presence of the respective solvent
(H,0 or DMSO) added to PBS (=100%). The results obtained with the
classic enzymatic test showed a dose dependent inhibition of MPO
peroxidase activity by NDS27 (ICso = 4.9 = 0.5uM), curcumin
(ICsp = 4.5 + 0.5uM), and curcumin lysinate (ICso = 6.0 = 0.5uM).
The ICso of NDS27 and curcumin differ significantly from that of cur-
cumin lysinate (p < 0.05). No significant difference was observed
between the IC50 of curcumin and NDS27. Lysine and HPBCD had no
impact on MPO activity (Fig. 2A).

Similarly, the SIEFED assay (that includes immunocapture of MPO
and washing steps after incubation of MPO with the potential in-
hibitors) showed a dose dependent decrease of MPO activity in the
presence of NDS27 (ICsp = 77.4 = 16.5pM) curcumin (ICso =
75.7 * 32.7uM) and curcumin lysinate (ICso = 42.17 * 13.5) re-
spectively. At higher concentrations (> 50 uM) curcumin lysinate
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exhibited an even higher inhibitory effect than curcumin and NDS27
(Fig. 2B). No significant difference was observed between the IC50 of
curcumin and NDS27. Lysine had no impact on MPO activity, whereas
in this assay HPBCD at 500 uM significantly (p < 0.05) decreased the
activity of MPO by about 30% most probably by interfering on the
immunocapture step.

In the SIEFED assay, the excess of the tested molecule was elimi-
nated by washing. Thus, the final concentration of the tested molecule
after washing was drastically diminished in comparison to the classical
assay and only the molecules bound to the active site of MPO can dis-
turb the activity of MPO probably by hindering the access of the sub-
strates to the active site. In the classical assay, the initial concentration
of the molecule was always present during the revelation of the enzyme
and this assay provides information on the competitive reactions be-
tween the drugs and reagents (nitrite, Amplex Red) used for the per-
oxidase reaction, or on the interactions between the drug, substrates,
and the reaction products [15]. The most intense inhibition of curcumin
and NDS27 on MPO activity observed with the classical assay suggest
that the molecules act mainly as electron donors for Compound I and
Compound II, without staying in the enzymatic pocket and thus being
in competition with nitrite and Amplex Red for the peroxidase cycle of
MPO (Fig. 4). However, at higher concentrations, some molecules of
curcumin or NDS27 have the ability to enter into the enzymatic pocket
of the enzyme, bind to the active site and resist to the washing step
during the SIEFED assay.

The Classical and SIEFED assays were also performed with cur-
cumin, NDS27 and its excipients diluted in NaCl 0.9% (Fig. 3). The
percentage of inhibition was related to the activity tested in the pre-
sence of the respective solvent (H,O or DMSO) added to NaCl 0.9%
(=100%). The results obtained with the classic enzymatic test showed
a dose dependent inhibition of MPO peroxidase activity by NDS27
(ICso = 4.0 = 0.3 uM) and curcumin (ICso = 3.3 = 0.3 uM). The ICsq
of NDS27 and curcumin differ significantly (p < 0.01). Lysine and
HPBCD had no impact on MPO activity (Fig. 3A).

The SIEFED showed a dose dependent decrease of MPO activity in
the presence of NDS27 (ICso = 4.8 = 1.4 uM) diluted in NaCl 0.9%
(Fig. 3B). This inhibition appeared more intense than that observed in
PBS buffer. In comparison to the control with DMSO, curcumin showed
a significant inhibition from the concentration of 10 uM but the in-
hibition profile was not dose dependent and a strong inhibition
(~90%) was only observed at 100 uM. Lysine and HPBCD had no im-
pact on MPO activity.

Finally, we probed the impact of curcumin and NDS27 on the
chlorination activity of MPO. A dose dependent inhibition of this ac-
tivity was observed with calculated ICs, values of 4.2 *= 0.03 pM
(curcumin) and 4.9 * 0.05puM (NDS27), respectively (data not
shown).
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- Fig. 2. NDS27 and curcumin diluted in PBS (ppHH
Classic assay (PBS) A 7.4) inhibit the peroxidase activity of MPO. Effect of
b NDS27, curcumin, curcumin lysinate, HPBCD and lysin
o on myeloperoxidase activity, measured by (A) a classic
enzymatic assay and (B) by SIEFED (with MPO im-
100 munocapture and washing steps). 100% activity refers
_ *% K% sk to MPO activity in the presence solvent (H2O or DMSO)
& 80 only (mean = SD, n = 5). **p < 0.01 vs H,0 or
2 DMSO control.
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Fig. 4. Scheme of the chlorination and peroxidase
cycle of myeloperoxidase (MPO). In the halogena-
tion cycle MPO is oxidized by hydrogen peroxide to
Compound I which catalyzes the two-electron oxida-
tion of halides (X™) to the corresponding hypohalous
acids (HOX). In the peroxidase cycle Compound I
catalyzes the one-electron oxidation of typically aro-
matic substrates (AH,) to the corresponding radicals
(®AH). Compound I is reduced to Compound II which
is reduced to the resting state by oxidizing another
AH, molecule. In blue colour, the substrates used in
this study for chlorination (taurine) and peroxidase
activity (nitrite and Amplex red) of MPO and their
resulting oxidized product: taurine chloramine, ni-
trogen dioxide ('NO,), and the fluorescent compound,
resorufin. In orange, curcumin (or NDS27) competes

Curcumin

AH; 1 . .
(Amplex R‘pd) Compound II AH'NG) with the substrates used for measuring the peroxidase
: activity and it acts as a good electron donor for
1 Oxidized Compound I (unbroken orange arrow) but as a poor
Curcumin curcumin electron donor for Compound II (dashed orange
arrow).
3.4. Curcumin and NDS27 promote compound II accumulation A
0.2 4
In order to determine the mechanism of action of curcumin and
formulated curcumin on MPO activity, a pre-steady-state kinetic study
was performed using multi-mixing stopped-flow spectroscopy. During ° 015 1
turnover native ferric MPO [PorFe(Ill)] is oxidized by H»0,, thereby §
producing water and Compound I {oxoiron(IV) combined with a por- £ 01 4
phyrin (Por) m-cation radical: [*"PorFe(IV)=0]. §
In the halogenation cycle Compound I is reduced directly back to
the resting state by chloride [or other (pseudo-) halides] thereby re- 0.05
leasing hypochlorous acid. Alternatively, in the presence of one-elec-
tron donors the peroxidase pathway is followed, including Compound I
r.eductlon tf) Compot{nd II [PorFe(IV)—OH] and Compound II reduc- 0250 350 450 52’:0 650 7‘50
tion to ferric MPO (Fig. 4). Wavelength (nm)
In the present study Compound I was preformed and probed for
reaction with curcumin or NDS27. Results obtained with NDS27 are B ﬂ 021
illustrated in Fig. 5. With both compounds there was a direct and fast 02 | A 3.6
transition of Compound I to Compound II (Soret maximum at 456 nm) 8 0'17
with clear isosbestic points (Fig. 5A). The reactions were monophasic g
(inset to Fig. 5A). At high curcumin concentrations the absorbance of 0.15 A g =429 nm
curcumin did not allow determination of reliable ks values. The ap- § Time (5) N <013 ——456 nm
3 . © 0027 0.1
parent bimolecular rate constants of Compound I reduction has been £ 0054
estimated to be 9 x 10°M~'s~! (curcumin) and 9.5 x 10°M~!s~! g 017 Stas T e S P
(NDS27) suggesting that both compounds are excellent electron donors < ot Tme (s)
for Compound I. By contrast, both curcumin (7 X 10°M~'s™!) and 005 i u
NDS27 (1.7 X 103M~*s™?) are only slowly oxidized by Compound II e ;
(Fig. 5B). This big difference of more than four orders of magnitude e
0 T

between the apparent rate constants of Compound I and Compound II
reduction is also observed by inspecting the time traces at 456 nm (inset
to Fig. 5B) that show a lag-phase that strictly depended on the con-
centration of H,0, in the system. After complete hydrogen peroxide
consumption (third phase) Compound II was converted back to the
resting state (Fig. 5B) in a concentration dependent manner.

3.5. Both aromatic rings of curcumin are involved in binding to MPO

Finally, we probed the mode of binding of curcumin to the active
site of MPO by molecular docking (Fig. 6). The docking calculations
were performed in the crystal structure of MPO in complex with HX1, a
trifluoromethyl-substituted aromatic hydroxamate, which is known to
inhibit MPO [18]. HX1 forms different non-covalent interactions in-
cluding a m-stacking of its pyridine ring onto the heme pyrrole ring D.
The pyrimidine also forms an interaction via one of its nitrogens with
the heme propionate group and hydrogen bond to Arg239 and His95

39

https://reader.elsevier.com/reader/sd/pii/{S0009279718307543...BD83511F20E1B75AA837B61F1A2504CB10F60BBBOD1ESBA7EQOEOECE6DC24

450 550 650 750
Wavelength (nm)
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Fig. 5. NDS27 and curcumin promote Compound II accumulation. Reaction
of MPO Compound I and Compound II with NDS27. (A) Spectral changes upon
mixing 2pM MPO Compound I with 5pM NDS27 (pH 7.0 and 25°C). Inset
shows a typical monophasic time trace at 456 nm. (B) Spectral changes upon
mixing 2 pM Compound I with 25 uM NDS27 (pH 7.0 and 25 °C). Inset shows
typical multiphasic time traces followed at 456 nm and 429 nm respectively
that indicates Compound II formation followed by Compound II reduction to
ferric enzyme. Arrows show the direction of the spectral changes.

with its hydroxamic acid group [19]. The trifluoromethyl aromatic ring
of HX1 occupies a hydrophobic pocket located at the entrance of the
active site.

Curcumin showed a similar stacking position between one of its
aromatic rings and the pyrrole ring D (Fig. 6). In the diketone structure

24/04/19 15:51
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Fig. 6. Both aromatic rings of curcumin are involved in binding to MPO. Molecular docking of the diketo (A) and keto-enol (B) forms of curcumin to the active
site of MPO. Stacking of a hydroxyl-methoxyphenyl on the pyrrole ring D of the heme is observed for both forms. Hydrogen bonds are shown in orange dotted line

and st — o interactions are shown in cyan dashed line.

the hydroxyl group of this aromatic moiety forms hydrogen bonds with
His95 and Glu91 in the distal cavity. The other aromatic ring extends
further to the entrance of the active site to make a hydrogen bond with
Glul16 and in the best-score poses even forms a stacking with Phe147.
A similar hydrogen bonding network of both aromatic rings can be
found in the keto-enol form of curcumin. Additionally, in the keto-enol
form a hydrogen bond is established between the enolic hydroxyl group
and Glul02. The lowest energy of the diketo form pose (—7.1kcal/
mol) is slightly more favourable than that of the keto-enol form
(—6.6 kcal/mol) although the difference might not be significant.

3.6. B-cyclodextrin cannot enter within the active site of MPO

B-cyclodextrin was docked instead of HPBCD (see Material and
methods). No docked poses were found neither in the binding pocket
nor in the channel. Docked poses were produced at the MPO surface at
the entrance of the channel (Fig. 7). Unless a conformational change
would occur upon interaction of the ligand with MPO (which has not
been considered here), B-cyclodextrin is too bulky to position itself in
the binding site. One may conjecture that this would be true as well for
HPBCD.
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4. Discussion

Curcumin belongs to the polyphenol family and is well known for its
anti-oxidant, anti-inflammatory and anti-cancer activities [20,21].
Consequently, it is expected that curcumin has therapeutic potency to
prevent various lifestyle-related diseases. In order to increase its bioa-
vailability and enable its solubility in water, our group developed
NDS27 having the lysine salt of curcumin incorporated into hydro-
xypropyl-B-cyclodextrin [6]. In horse, the efficiency of NDS27 has al-
ready been demonstrated in vivo on recurrent airway obstruction and in
a LPS-induced lung neutrophilia. NDS27 was able to reduce PMNs in-
flux in respiratory airway thereby leading to decreased MPO con-
centration and activity in bronchoalveolar lavages [12,22]. Further-
more, in an in vitro study, we demonstrated the potential of
curcuminoids and tetrahydrocurcuminoids to inhibit both the oxidant
response of horse neutrophils and the release of total and active MPO
[6]. Later it was shown that NDS27 has the potential to inhibit the
release of ROS and active MPO by stimulated neutrophils [10].

In the present study we aimed at comparing the in vitro activity of
curcumin, curcumin lysinate, NDS27 and its excipients (lysine and
HPBCD) and at elucidating of their mode of action on MPO. Regarding
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interference with superoxide anion release on an ex-vivo activation
model with equine PMNs, we observed a slightly better inhibitory effect
of curcumin in comparison with curcumin lysinate and NDS27, while
no evident effect was observed with lysine and HPBCD alone (Fig. 1).
Coordination of lysine to the enolic hydroxyl group of curcumin seems
to slightly reduce the antioxidant properties of the curcumin salt. In-
deed, the electron-donating groups such as the phenolic and enolic
hydroxyl groups are essential to the antioxidant activity of curcumin
[23,24]. Morales et al. [25] suggested that curcumin and its derivatives
principally act as chain breaking antioxidants rather than as direct free
radical scavengers. Our data also show that HPBCD alone does not af-
fect the antioxidant potential of the salt which is in line with previous
studies, which demonstrated that the complexation of antioxidant
molecules like resveratrol or tocopherol by cyclodextrin does not or
only slightly modifies the antioxidant activity of the complex in com-
parison to the free molecule [26]. Beside their antioxidant activity,
curcumin and NDS27 have an inhibitory effect on the superoxide anion
production by neutrophils via the direct inhibition of the activity of
NADPH oxidase and the inhibition of MPO released by PMNs [10,11].

Another aspect of this study was to elucidate the mechanism of
inhibition of MPO. MPO is the only human enzyme that is able to
oxidize chloride to hypochlorous acid which acts as antimicrobial agent
[27,28]. It can also mediate the two-electron oxidation of bromide and
thiocyanate to hypobromous acid and hypothiocyanite, respectively
[29,30]. Beside their role in innate immunity, hypohalous acids has
been shown to contribute to inflammatory diseases. As a consequence,
MPO was identified as a therapeutic target [31-33].

By enzymatic assay we showed that curcumin, curcumin lysinate
and NDS27 inhibited very similarly the peroxidase activity of MPO
without interferences of lysine and HPBCD (Fig. 2A). These results
suggest that the excipients of NDS27 do not (i) interact specifically with
MPO, (ii) disturb the electron transfer reactions to Compound I and
Compound II, nor (iii) interfere with the oxidation of Amplex Red and
nitrite in the used peroxidase assay.

Previous studies showed the ability of the peroxidase to react and
oxidize curcumin with the difficulty to distinguish between the oxida-
tion due to the enzyme and the spontaneous auto-oxidation of curcumin
in PBS buffer at physiological pH [4,13]. In the present study, we ob-
served in PBS bulffer either for curcumin and NDS27 a rapid loss of the
curcumin chromophore at 430nm and after 10 min incubation the
appearance of a peak at 265 nm corresponding to spiroepoxide inter-
mediate an earliest oxidized product in the oxidation pathway of cur-
cumin [4]. Under these conditions, aware that the observed inhibition
could be partly attribute to the oxidized products, we performed a si-
milar experiment with NaCl 0.9% (pH 5.5) that did not induce the
appearance of the spiroepoxide intermediate. It was shown that cur-
cumin was more stable in acidic pH, but tended to crystallize out of
aqueous acid solutions [34]. As well as for PBS, a similar inhibition
profile (with similar ICso) was observed for the two molecules in NaCl
0.9% (Fig. 3A). Therefore, the progressive oxidation of curcumin and

The soluble curcumin derivative NDS27 inhibits superoxide anion pro... reversible inhibitor of myeloperoxidase | Elsevier Enhanced Reader

41

https://reader.elsevier.com/reader/sd/pii/{S0009279718307543...BD83511F20E1B75AA837B61F1A2504CB10F60BBBOD1ESBA7EQOEOECE6DC24

Chemico-Biological Interactions 297 (2019) 34-43

Fig. 7. B-cyclodextrin cannot enter within the active
site of MPO. Two views of MPO structure with the
docked pose of B-cyclodextrin at the entrance of the
channel leading to the binding site pocket (A and B). The
B-cyclodextrin was docked in absence of any other li-
gand: curcumin docked pose is shown only to highlight
the binding site pocket.

NDS27 in our experimental conditions did not impair the inhibition
potential of curcumin and NDS27 on MPO activity. Here we demon-
strate that both compounds act as one-electron donors of Compound I
and Compound II thus following the peroxidase cycle of MPO (Fig. 4).
In contrast to the halogenation cycle, where Compound I is directly
reduced to the ferric state by chloride, bromide or thiocyanate, in the
peroxidase cycle Compound I is step-wise reduced to Compound II and
further to ferric MPO. The presented stopped-flow analysis (Fig. 5)
clearly showed that both curcumin and NDS27 induced a direct and fast
transition of Compound I to Compound II with apparent bimolecular
rate constants of almost 10’ M~ 's ™!, which is three orders of magni-
tude faster than the two-electron oxidation of chloride and about 4.5-
fold faster than the one-electron oxidation of nitrite by Compound I at
pH 7 [29,35]. By contrast, Compound II reduction by curcumin and
NDS27 is more than four orders of magnitude slower than Compound I
reduction. As a consequence, both compounds promote Compound II
accumulation. Since this redox intermediate does not participate in the
halogenation cycle, curcumin and NDS27 dampen the production of
hypohalous acid as was demonstrated by using the taurine chlorination
assay. Similar effects are seen in the presence of reversible MPO in-
hibitors [36]. The differences in reactivity towards Compound I and
Compound II can easily be explained by a comparison of the involved
reduction potentials with E”(Compound I/Compound II)
> > > (Compound II/ferric MPO) [27,37]. Nevertheless, MPO Com-
pound I and Compound II can contribute to the one-electron oxidation
of curcumin which may lead to the formation of bicyclopentadione as
end product [5] that could also further acts as an electron donor to the
peroxidase cycle and thus compete with Amplex Red and nitrite. In our
enzymatic system, curcumin can also scavenge nitrogen dioxide issue
from the oxidation of nitrite [38].

By using the SIEFED assay, we demonstrated that curcumin and
NDS27 can bind to the active site of MPO (Fig. 2B). This is reflected by
the fact that inhibition remains after washing step of the tested molecules
that block the access of the substrates to the active site. In PBS buffer, a
similar binding of molecules to the active site of MPO is suspected at high
initial concentrations (before washing) with ICsy near 75uM. Interest-
ingly, in NaCl 0.9% a strong dose dependent inhibition was observed
with NDS27 but not with curcumin (Fig. 3B). With NDS27 the inhibition
appeared even more intense than that observed with PBS and showed a
similar ICso (4.8 *+ 1.4puM) with the classical assay (Fig. 3A). These
results suggest the important role of the buffer in the interaction of the
molecule with the enzyme. Our hypothesis is that, in PBS, the curcumin
from NDS27 is rapidly released from cyclodextrin, which explains similar
transformation and inhibitory action compared to free curcumin (with
DMSO). In PBS, ionic, oxidation or solubility constraints could disturb
the access of the molecule to the enzymatic pocket. In NaCl 0.9%, NDS27
remains more stable and more soluble than free curcumin which may
offer to curcumin released by the complex a more efficient binding to the
active site of MPO thus acting more by blocking the access of the sub-
strates than by as an electron donor.

24/04/19 15:51

Page 8 sur 11



T. Franck et al.

Docking studies showed that curcumin can bind to the active site by
adopting a stacked position on the pyrrole ring D of the heme and by
forming hydrogen bonds with His95 and Glu91, residues of the distal
cavity and with Glu102 (Fig. 6). The importance of these specific in-
teractions has been demonstrated for both MPO substrates and in-
hibitors [17,19,39,40].

Remains the question on how curcumin complexed by HPBCD can
interact with MPO. Curcumin lysinate might interact with HPBCD in
two ways. Either in a stoichiometry of curcumin:cyclodextrin of 1:1
having one aromatic ring included in the cyclodextrin cavity or a
stoichiometry of 1:2 having each of the two aromatic moieties included
in two cyclodextrin cavity [41,42]. According to Shitiyakov et al. [43],
a 1:1 binding isotherm for the curcumin:cyclodextrin complex seems
more likely, although some 1:2 complexation was suspected between
curcumin and HPBCD [44]. A stoichiometry 1:1 would be more fa-
vourable to a better interaction of curcumin with MPO since at least one
aromatic moiety could interact with hydrophobic residues from the
substrate channel of the enzyme leading to active site. On the other
hand, the molecular docking clearly suggested first, that both aromatic
rings are involved in binding of curcumin to MPO (Fig. 6) and second,
that B-cyclodextrin and thus HPBCD would be too large to enter the
channel (Fig. 7) unless the channel undergoes a conformational change
upon interaction with the complex. Thus, when the solubilizsation of
NDS27 is optimized, we hypothesize that in the curcumin-lysine-
HPBCD complex a free aromatic moiety of curcumin interacts with the
MPO surface at the entrance of the channel leading to the active site. As
a consequence, this interaction weakens binding to cyclodextrin and
leads to dissociation of the complex. This, finally, enables curcumin to
fully enter into the heme cavity and establish non-covalent interactions
with several amino acids of the enzymatic pocket as described in Fig. 6.
Nevertheless, further studies are needed to confirm this hypothesis, to
precise the role of lysine during the complex dissociation and to un-
derstand the more efficient access of curcumin into the active site of
MPO, when solubilized in NaCl 0.9%.

In conclusion, this study demonstrates that the water-soluble com-
plex of curcumin (NDS27) is as effective as its parent molecule cur-
cumin in inhibiting both superoxide anion production by activated
neutrophils and the peroxidase and halogenation activity of MPO. Both
curcumin and NDS27 show almost similar inhibitory activities, sug-
gesting an easy dissociation of the curcumin-lysine-cyclodextrin
without interference of lysine and HPBCD. The solubilizsation of NDS27
in NaCl 0.9% having a more acidic pH (pH 5.5) rather than in PBS (pH
7.4) allows a better access of curcumin to the active site of the MPO.
Curcumin acts as a reversible MPO inhibitor by specific binding to the
heme cavity and as an electron donor promoting the formation of
Compound II but not its reduction.
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