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Abstract The aim of the present work was to examine
ellagic acid hydroxypropyl-B-cyclodextrin complex (EA-
HP-B-CD) obtained through the freeze-drying method via
FTIR, XRD, SEM, NMR and molecular modeling, as well
as to investigate it’s antioxidant and anti-inflammatory
activity on carrageenan-induced paw oedema in rats.
Phase-solubility study showed that ellagic acid (EA)
formed 1:2 stoichiometric inclusion complex with hy-
droxypropyl-B-cyclodextrin (HP-B-CD). The XRD and
SEM analysis were confirmed true inclusion complex for-
mation of EA with HP-B-CD by freeze-drying method
when compared with a physical mixture. The FTIR, NMR
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and molecular modeling studies suggested that the car-
bonyl groups and hydroxyl groups of EA were involved in
the inclusion complexation with HP-B-CD. EA-HP-B-CD
exhibited better protection from protein denaturation and
lysis of erythrocyte membrane as compared to positive
controls. In vivo anti-inflammatory evaluation of EA-HP-
B-CD in rats showed significant anti-inflammatory and
antioxidant activity on carrageenan-induced rat paw
oedema. The present findings suggest that EA-HP-B-CD
inclusion complex enhances the anti-inflammatory and
antioxidant effect of EA in experimental animal models.
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Introduction

Consumption of phenolic antioxidants available from fruits
and vegetables is related with decline in the incidence of
several degenerative diseases such as inflammation, cancer,
diabetic and coronary heart disease [1]. Ellagitannins (ETs)
are bioactive polyphenols that are abundant in some fruits,
nuts and seeds such as pomegranates, black raspberries,
raspberries, strawberries, walnuts and almonds, and are
classified under hydrolysable tannins [2]. Ellagic acid (EA)
was first discovered in 1831 by chemist Henri Braconnot,
who named it “acide ellagique” [3]. It is a dimeric derivative
of gallic acid, which mainly occurs in higher plants, as EA-
glycosides, or bound as ETs [4]. Over last two decades,
antioxidant nature of EA has been shown to possess wide
array of pharmacological activities like prevention and
treatment of inflammatory diseases, cancer, diabetic com-
plications, atherosclerosis, hypertension, asthma and as skin
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whitening agent. Even though EA exhibits therapeutic
benefits, it has poor solubility (<10 pg/ml in phosphate
buffer pH 7.4) and permeability (0.13 x 107°). It has been
classified as class IV drug under biopharmaceutical classi-
fication system [5]. Additionally, orally administered EA
displays poor stability at physiological pH (7.4), due to
opening of lactone ring and formation of urolithin in colon
microbiota, which limits its pharmacological activity.
Hence, there is a need to develop drug delivery system which
can mitigate the issues associated with EA without com-
promising its therapeutic benefits.

Cyclodextrins (CDs) are cyclic (a-1,4)-linked oligosac-
charides of a-p-glucopyranose designated as o, B and v-
CDs according to the number of glucose units. They form
inclusion complexes with variety of molecules. The most
important property is the insertion of guest molecule into
cavities of CDs leading to complexation, with no in-
volvement of covalent bonding [6]. CDs have emerged as a
promising approach to improve the solubility of a number
of poorly soluble phytochemicals like hesperetin, hes-
peridin, resveratrol, quercetin, myricetin, kaempferol and
rutin. In addition, the inclusion ability of CDs also poten-
tiates their antioxidant activities [7]. Hydroxypropyl-p-
cyclodextrin (HP-B-CD) complex was reported better in-
clusion ability and water solubility with drugs. Besides,
toxicological studies pointed out that HP-B-CD was well
tolerated in humans as compare other CDs [8, 9].

Boukharta et al. [10] and Chudasama et al. [11] reported
that inclusion complex of EA in cyclodextrin elevates the
levels of EA, almost twice in lung and up to 5.8-fold higher
in pancreas respectively. In our recent study, we have
found that EA-HP-B-CD complex alleviates adjuvant-in-
duced arthritis in rat, which is mediated by attenuation of
hyperalgesia, oxidative stress and pro-inflammatory cy-
tokines [12]. However, to the best of our knowledge,
characterization and evaluation of antioxidant and anti-in-
flammatory activities of inclusion complexes of EA with
HP-B-CD has not been well explored till date.

The objective of the present study was to synthesize
complex of EA with HP-B-CD by freeze-drying method
and further to investigate the mechanism of inclusion
complexation of EA with HP-B-CD using different analy-
tical techniques including Fourier transform infrared
spectroscopy (FTIR), powder X-ray diffractometry (XRD),
nuclear magnetic resonance spectroscopy (NMR), scanning
electron microscopy (SEM) and molecular modeling. EA-
HP-B-CD complex was evaluated for in vitro anti-inflam-
matory activity by protein denaturation and membrane
stabilization assays. Further, evaluation of the antioxidant
and anti-inflammatory potential of EA-HP-B-CD inclusion
complex on carrageenan-induced rat paw oedema was
performed.
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Experimental
Materials

Ellagic acid was obtained from Sigma Chemical Co.
(St. Louis, MO, USA). HP-B-CD was obtained as a gift
sample from Signet, India. Carrageenan (lambda) was
purchased from Fluka Chemical (Switzerland) and
prepared as a 1 % w/v solution in 0.9 % saline, not more
than 24 h before use. Indomethacin (Sigma, USA) was
suspended in 2 % (w/v) aqueous carboxy methylcellulose.
Hydrocortisone was obtained from HiMedia, Mumbai,
India. All other reagents used of analytical grade. Milli Q
water (Millpore) was used throughout the studies.

Animals

Healthy adult male Sprague-Dawley rats weighing
180-220 g were obtained from the animal house of Haf-
fkine Bio-Pharmaceutical Corporation Ltd., Mumbai. The
animals were fed with a rodent standard diet with free
access to water ad libitum and were housed in room
maintained at 22 £ 2 °C temperature and humidity
55+ 5 % with a 12 h light/dark cycle. The Institutes
Animal Ethics Committee (IAEC) of the Department of
Pharmaceutical Science, Institute of Chemical Technology,
Mumbai approved experimental protocol (ICT/IAEC/2013/
P38) in accordance with Committee for the Purpose of
Control and Supervision of Experiments on Animals
(CPCSEA) guidelines.

Phase solubility study

Phase solubility study was carried out using the method
reported by Higuchi and Connors [13]. Increasing con-
centrations of HP-B-CD solutions such as 0, 4, 8, 12, 16,
20 and 24 mM were prepared in distilled water and filled
in screw capped bottles. Excess EA was added to these
solutions to attain saturation. Each bottle was capped and
shaken for 72 h in a constant temperature water bath at
30 £ 2 °C. Following equilibrium, these solutions were
filtered using 0.45 um nylon disk filter, diluted suitably
and assayed for the total dissolved EA content by using
UV spectrophotometer (Shimadzu UV-160, Japan) at
254 nm. Experiments were performed in triplicate. The
phase solubility diagram was constructed by plotting
concentrations of dissolved EA against cyclodextrin
concentration. The stability constants (K;.; and K;.,) for
the complexation were calculated from the plot using
following Eqgs. (1) and (2).

Slope

K= —
" S0(1 = Slope)

(1)
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([Sd = [So])

[Ly] = Ki.1[So] + Ki1:1K1:2[So] L] (2)

where [So] is the intrinsic solubility of EA, slope of initial
straight line obtained from phase solubility diagram and
[S] and [L,] are the concentrations of EA and HP-B-CD in
solution, respectively [6].

Preparation of physical mixture

Physical mixtures (PM) were prepared by homogeneous
blending of previously sieved and weighed EA and HP-j-
CD in a mortar at a molar ratio of 1:2.

Preparation of inclusion complexes

The inclusion complex was prepared by freeze-drying
technique. EA and HP-B-CD in 1:2 molar ratio, was ob-
tained by adding 0.302 g EA to 20 ml Milli Q water con-
taining 2.75 g HP-B-CD. The mixture was first agitated in
rotary orbital shaker for 24 h at room temperature and then
filtered through 0.45 pm filter. The resulting solution was
frozen by keeping it in a repository at —60 °C and was
lyophilized in a freeze-dryer (Labconco FreeZone 4.5,
USA) for 24 h.

Fourier transform infrared spectroscopy (FTIR)

Solid state FTIR studies of EA, PM and EA-HP-B-CD were
carried by a FTIR spectrometer (Shimadzu, IRAffinty-1,
FTIR 8400S, Japan). All the FTIR spectra were collected
over the spectral region 4000450 cm ™.

Powder X-ray diffraction (XRD)

XRD studies were performed by using D8 Advance X-ray
diffractometer (Bruker, Germany), with Cu ko radiation of
wavelength 1.54060 A. EA, HP-B-CD, PM and EA-HP-p-
CD were subjected to XRD studies. The sample powders
were placed in a glass sample holder and scanned from 4°
to 60° (20) at a speed and step size of 2°/min and 0.01°,
respectively.

'H Nuclear magnetic resonance ("H NMR)
spectroscopy

All "H NMR spectra were measured at 25 °C on Bruker
AV 500 MHz (Bruker BioSpin, Switzerland) using
DMSO-d6 as a solvent and TMS as an internal standard.
The spectra were processed using Bruker’s TOPSPIN
software.

Scanning electron microscopy (SEM)

Surface topology of EA, PM and EA-HP-B-CD were in-
dividually evaluated with analytical scanning electron mi-
croscope (JEOL-JSM-6380LA, Japan). The analysis was
carried out at magnification 200x for higher spatial
resolution. Prior to imaging, samples were sputter coated
with platinum using (JEOL-JFC-1600, Japan) auto fine
coater to render them electrically conductive.

In vitro dissolution studies

Dissolution studies were carried out by using USP disso-
lution apparatus type II (Electrolab, India). The test sam-
ples were examined at the paddle rotation speed of 75 rpm
in 900 ml phosphate buffer (pH 6.8) as the dissolution
medium at 37 £ 0.5 °C. Each formulation contained
100 mg EA. The samples were withdrawn at 5, 10, 15, 30,
45 and 60 min, filtered through syringe-filter (0.45 pm)
and analyzed by using spectrophotometer at 254 nm.

Molecular modeling studies

Molecular structure of EA was obtained from Pubchem
[14], converted to 3D from build panel of Maestro [15] and
further energy minimized using MacroModel [16]. The
HP-B-CD structure was drawn by adding 2-hydroxypropyl
groups on the 3D structure of beta-cyclodextrin (B-CD),
obtained from the protein data bank (accession id: 1JL8)
[17] and then subjected to energy minimization by Impact
[18] using Truncated Newton Conjugate Gradient (TNCG)
method and OPLS_2005 force field.

For these studies, complexes of EA with HP-B-CD were
constructed using Maestro in ratios of 1:1 and 1:2 respec-
tively. The free EA and HP-B-CD, as well as the complexes
were individually soaked in SPC water in orthorhombic
boundary conditions in system builder panel of Desmond
[19]. Molecular dynamics using Impact were further pursued
on these systems to relax them to minimum energies and
optimum geometries of the EA-HP-B-CD complexes using
OPLS_2005 force field. Velocity Verlet algorithm was used
for integrating the equations of motion in standard Carte-
sian-space MD with NVT (constant number of molecules,
temperature, and volume) ensemble and the results were
viewed in trajectory panel using appropriate frame steps and
optimum speeds. The complexation energies (AE) of each of
the geometrically refined structures of complexes in the
minimized systems were calculated by molecular mechanics
using MacroModel as a measure of the complexation effect
of HP-B-CD with EA according to the Eq. (3)

AE = Ecomplex - (Ehosl + Eguesl) (3)
where the energies of HP-B-CD, EA and their inclusion
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complex were represented by Eposi, Eguest and Ecompiex in
kJ/mol respectively. The magnitude of the energy change
would be an indication of the driving force towards com-
plexation. The larger the complexation energy change, the
more thermodynamically favorable and stable would be the
inclusion complex.

Inhibition of bovine serum albumin denaturation

Test solutions (1 ml) containing different concentrations of
drug was mixed with 1 ml of 1 % albumin solution in
phosphate buffer and incubated at 27 £ 1 °C for 15 min.
The reaction mixture was keep at 60 = 1 °C in a water
bath for 10 min to induced denaturation. The solution was
allowed to cool and turbidity was measured at 660 nm
using UV spectrophotometer. Indomethacin was used as
standard drug. Percentage inhibition of denaturation was
calculated from control where no drug was added [20].

Membrane stabilizing activity

Fresh whole human blood was collected into heparinized
tube to prevent clotting. The blood centrifuged at 3000 rpm
for 5 min, and was washed three times using equal volume
of 0.9 % saline. The 10 mM sodium phosphate buffer
(pH 7.4) was used to reconstitute 40 % v/v suspension of
erythrocyte and used for this test. The heat induced
haemolysis and hypotonic solution induced haemolysis
assays were performed to access membrane stabilizing
activity describe by Shinde et al. [21].

Lambda (A) Carrageenan-induced paw oedema in rats

The experiment was carried out using the method of Winter
et al. [22]. Adult male Sprague-Dawley rats (180-200 g),
with free access to water, but fasted overnight (8 h) were
used. The animals were randomly divided into 6 groups
(n = 6) and oedema was induced by injection of 0.1 ml of
1 % suspension of A carrageenan into the right hind paw. EA
(20 mg/kg), EA-HP-B-CD (10 and 20 mg/kg), Indomethacin
(10 mg/kg), or vehicle were administrated orally 1 h before
injection of carrageenan. Paw volumes were measured at 0, 1,
2, 3 and 4 h after carrageenan injection, with a plethys-
mometer (Model No. 7140, Ugo Basile, Italy) and the volume
of oedema at each time point was calculated by subtracting
the initial paw volume (0 h). The percentage inhibition of paw
volume was calculated as follows:

Ve = Vi

% inhibition = x 100

c
where Ve is the mean volume of rat paw oedema on car-
rageenan-induced group, and Vt is the mean volume of rat
paw oedema in treated group.

@ Springer

Preparation of tissues homogenates

The SOD, CAT, GSH and MPx levels were determined in
rat paw oedema tissues after sacrifice. To prepare the tissue
homogenates, paw oedema tissues of each rat were treated
with 2 ml solution containing 0.05 M Tris buffer, 0.15 M
NaCl and 0.1 % (v/v) Triton X-100. The mixtures were
homogenised on ice for 15 min. Homogenates were filtered
and centrifuged by using a refrigerated centrifuge at 4 °C.
The supernatants were used for the determination of the
enzymatic activities [23].

Determination of antioxidant enzyme
and myeloperoxidase (MPx) activity in rats paw
tissue

The superoxide dismutase (SOD) activity was determined
as described by Misra and Fridovich [24]. The catalase
(CAT) activity was determined as described by Aebi [25]
while the method of Sedlak and Lindsay [26] was adopted
for the estimation of glutathione (GSH). MPx activity was
measured according to the modified method of Bradley
et al. [27].

Statistical analysis

All values were expressed as Mean £ Standard Error
Mean (S.E.M.). The statistic significance of differences
between the groups were analyzed by one-way ANOVA
tests followed by Dunnett’s test. A p values (p < 0.05) was
considered statistically significant.

Results and discussion
Phase-solubility study

The stoichiometry of EA-HP-B-CD complex was deter-
mined by phase solubility study (Fig. 1). The phase solu-
bility plot is a wuseful technique for evaluation of
interactions between CDs and poorly soluble drug mole-
cules, because it provides not only the solubilizing ability
of CDs but also the stability constant of complex forma-
tion. The plot shows a linear increase in aqueous solubility
of EA as a function of HP-B-CD concentration up to
12 mM followed by negative deviation from linearity up to
24 mM. This solubility curve of EA in the presence of HP-
B-CD can be classified as Ay type according to Higuchi
and Connors [13], and may be attributed to the formation
of soluble 1:2 EA-HP-B-CD inclusion complex [28]. The
calculated stability constants K;.; and K., of EA with HP-
B-CD were 201.61 and 18.91/M respectively, which indi-
cated that cavity size of HP-B-CD is optimal for
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entrapment of the EA molecules and it provides better
solubilization effect [6]. Furthermore, it was observed that
increasing the HP-B-CD concentration resulted in a
downward trend in the negative values of Gibbs free en-
ergy at 30 °C (—2263.91 to —4353.22 cal/mol), which
indicates that the process is spontaneous, and HP-B-CD
solutions put forward a more favourable environment than
water for EA.

FTIR analysis

The formation of inclusion complex of EA with HP-B-CD
was studied by FTIR spectroscopy. It is generally observed
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0.00004 -
4

Ellagic acid concentration (M)

0.00002 -

0

0 0.005 0.01 0.015 0.02 0.025 0.03
HP-B-CD concentration (M)

Fig. 1 Phase-solubility study of EA in HP-B-CD solutions

Transmittance (%)

that FTIR spectrum of inclusion complex showed major
peaks of CDs along with fewer guest peaks, but found to be
shifted to higher or lower wavenumber with reduced in-
tensity or change in shape [28]. Figure 2 and Table 1S in
Supplementary Material shows the FTIR spectra and
spectral assignments of EA, HP-$-CD, PM and the EA-HP-
B-CD inclusion complex. The FTIR spectrum of EA
(Fig. 2a), shows prominent absorption bands at 3468/cm
attributed to the OH stretching, while the band observed at
1710/cm corresponds to C=0 stretching [29]. The band
observed at 1616 and 1506/cm are due aromatic ring vi-
brations, while the bands at 1320-1000/cm imply ester
linkage. The FTIR spectrum of HP-B-CD (Fig. 2b) illus-
trated intense absorption bands at 3340/cm (for O-H
stretching vibrations), 2931/cm (for C—H stretching vibra-
tions) and 1149, 1010/cm (C-O, C-C, C-O-C stretching
vibration). The FTIR spectrum of the PM (Fig. 2c) did not
differ significantly from a combination of the spectra of EA
and HP-B-CD. The spectrum of inclusion complex was
very similar to that of HP-B-CD (Fig. 2d). However, the
characteristic C=0 stretching band of EA at 1710/cm
shifted to 1703/cm with reduced intensity and the OH
stretching band at 3468/cm was masked by an intense band
corresponding to the OH stretching vibrations of HP-B-CD.
This is probably due to inclusion complexation of EA into
the HP-B-CD cavity. This suggests that the carbonyl and
hydroxyl groups of EA were involved in the inclusion
complexation with HP-B-CD.

3800 3400 3000 2600 2200 1900

1700 ~ 1500 ~ 1300 1100

900 800 700 600 500

‘Wavenumber (1/cm)

Fig. 2 The FTIR spectra of EA (a) HP-B-CD (b) physical mixture (¢) and EA-HP-B-CD inclusion complex (d)
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Fig. 3 The XRD patterns of EA (a), HP-B-CD (b), physical mixture (¢) and EA-HP-B-CD inclusion complex (d)

Powder X-ray diffraction (XRD) analysis

Further evidence for the formation of EA-HP-B-CD com-
plex was obtained from XRD. As shown in Fig. 3, HP--
CD exhibited two broad peaks (20 = 11.37° and 18.61°)
confirming its amorphous nature, whereas EA displayed
numerous sharp peaks characteristic of its crystallinity,
which are consistent with the previous reports [30]. The
XRD pattern of PM showed approximate superimposition
of the individual patterns of HP-B-CD and EA (Fig. 3c).
The diffractogram of the complex differed from that of the
corresponding PM, where the characteristic peaks of EA,
particularly at 10.3°, 20.6°, 27.8° and 31.3° (26) nearly
disappeared, indicating the formation of a true inclusion
complex.

'"H NMR spectroscopy
'"H NMR technique reflects direct confirmation of the

inclusion of guest into the hydrophobic HP-B-CD cavity.
Inclusions of EA in HP-B-CD cavity are indicated by the

@ Springer

changes in chemical and electronic environments of pro-
tons, which are affected during complexation, and are
reflected through changes in the chemical shift (Ad) val-
ues (Supplementary Material Fig. S1). Such chemical
shift gives evidence about which part of the guest mole-
cule is inserted into the CD cavity. The '"H NMR spectrum
of HP-B-CD, EA and their inclusion complex are shown
in Fig. 4. The '"H chemical shifts of free HP-B-CD [31]
and EA [32] corresponded to the previous literature and
shown in Table 1. It shows that the inclusion com-
plexation of EA with HP-B-CD has a negligible effect on
the & values of the H-1, H-2, H-3 and H-4 protons of HP-
B-CD (0.001-0.004). However, H-5 (narrow side) and
H-6 protons exhibit significant chemical shift changes,
0.087 and —0.017 ppm respectively. It was observed that
the variation in chemical shift of H-3 was significantly
smaller than H-5 after the inclusion complexation. The
interior of HP-B-CD cavity contains both the H-3 and H-5
protons present near the wide and narrow edges of the
cavity respectively [33]. The "H NMR spectrum of EA at
07.47 ppm (s, 2H, ArH) and 63.36 ppm (s, 4H, OH) are
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Fig. 4 "H NMR spectra of EA
(a), HP-B-CD (b) and EA-HP-f3- a
CD (c) inclusion complex
Ar-OH
|

DMSO

b
J\
C
Ar-OH
e e e e
s > & s =z 3 =z
ppm

Table 1 The 'H Chemical shifts corresponding to HP-B-CD, EA and
EA-HP-B-CD complex

Protons O(free) 3 (complex) AS*

HP-B-CD
H1 4.837 4.838 0.001
H2 3.36 3.356 —0.004
H3 3.755 3.754 —0.001
H4 3.621 3.625 0.004
H5 3.48 3.567 0.087
H6 4.525 4.508 —0.017

Ellagic acid
Ar-H 7.475 7.46 —0.015
OH 3.365 3.356 —0.009

TAS = 8(<:omplex) - 8(free)

shown in Fig. 4 and Table 1. On formation of inclusion
complex of EA with HP-B-CD a change in chemical shift
(0.009-0.015) was seen. Thus, this '"H NMR data reveals
that EA was included in the HP-B-CD cavity and should
penetrate inside the cavity from the narrow side of HP-f3-
CD (Fig. 5).

Fig. 5 Possible inclusion mode of EA-HP-B-CD inclusion complex

Scanning electron microscopy (SEM) analysis
The scanning electron microscopy (SEM) images of EA,

HP-B-CD, EA-HP-B-CD inclusion complex and their PM
were represented in Fig. 6. The SEM images are used to
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Fig. 6 The Scanning electron
microphotographs of EA (a),
HP-B-CD (b), physical mixture
(¢) and EA-HP-B-CD inclusion
complex (d)

a3
=l

3
E 50
34 o EA
g 30 A-PM
S 20 A A—D  SCEAHP-B-CD
° A &> <& <

0,88

0

0 10 20 30 40 50 60 70

Time (min)

Fig. 7 Dissolution rate profiles (B) of pure EA, physical mixture and
EA-HP-B-CD inclusion complex (b)

study the external morphology of drugs, HP-B-CD and
their inclusion complex [34]. EA existed in irregular
shaped crystal particles (Fig. 6a), whereas HP-B-CD was
observed as amorphous ‘‘shrinked” spherical particles
(Fig. 6b). In PM, the characteristic HP-B-CD microspheres
are observed with EA crystals or adhered to their surface
(Fig. 6¢). In contrast, the EA-HP-B-CD inclusion complex
(Fig. 6d) showed a change in morphological appearance,
with loss of the typical structure of EA and HP-B-CD
spherical particles (Fig. 6a, b), thus confirming the for-
mation of the inclusion complex.

In vitro dissolution studies

The dissolution profiles of EA alone, PM and EA-HP-B-CD
are reported in Fig. 7. The release rate profiles were drawn

@ Springer

as the percentage of drug dissolved vs time. According to
these results, the HP-B-CD inclusion complex released up
to 55 % of the drug in 15 min, and up to 60 % after
30 min; whereas EA exhibited a release of 10 % after
15 min and up to 13 % after 60 min. The dissolution rate
of EA-HP-B-CD shows a marked fivefold increase as
compared to that of EA alone. The faster dissolution rate
obtained with inclusion complex can be attributed to the
decrease in EA crystallinity as confirmed by XRD analysis.
Improvement in EA wettability and formation of readily
soluble complexes in the dissolution medium are plausible
reasons cited in literature [35].

Molecular modeling studies

Computer aided molecular modeling has found widespread
use in the study of three dimensional structures of the
inclusion complexes with cyclodextrin especially by
molecular dynamics simulations [36, 37]. EA-HP-B-CD
systems were studied in ratios of 1:1 and 1:2 using mole-
cular dynamics. The structures of EA, HP-B-CD and the
different complexes generated were relaxed and their
energies were calculated using molecular mechanics by
MacroModel. The energies of EA and HP-B-CD were
found to be —10325.861 and —15.750.867 kJ/mol respec-
tively. The complexation energies were then calculated as
per Eq. 3 and are shown in Table 2.

It was observed that EA-HP-B-CD in ratio of 1:2 yields
a more stable complex than in 1:1 inclusion complex. This
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Table 2 Calculated complexation energies (AE) due to formation of inclusion complexes calculated with molecular mechanics

Code Ratio of EA-HP-B-CD Energy of complex in kJ/mol Complexation energy (AE) in kJ/mol
HP-B-CD_EA complex 1:1 —15171.433 —10905.298
HP-B-CD_EA_HP-B-CD complex 1:2 —17104.074 —24723.521

Fig. 8 Representation of the
molecular interactions between
EA and HP-B-CD in the 1:1
(a) and 1:2 (b) inclusion
complexes. The yellow dotted
lines indicate hydrogen bond
interactions between the
hydroxyl and carbonyl groups
of EA and the hydroxyl groups
of HP-B-CD

in turn is favored by large number of hydrophobic inter-
actions on either faces of EA, with the HP-B-CD molecules
in the 1:2 complex. Hydrogen bonding between carbonyl
groups and hydroxyl groups of EA with that of the
hydroxyl groups of HP-B-CD, along with hydrophobic
interactions enhance stability of the 1:2 complex
(—24723.52), almost more than twice as that in 1:1
complex (—10905.29; in Supplementary Material Fig. S2).
Thus, in silico studies indicate that the 1:2 inclusion
complex of EA with HP-B-CD is more stable than the 1:1
complex and the carbonyl and hydroxyl groups of EA are
involved in hydrogen bonding with HP-B-CD as shown in
Fig. 8. These results are in agreement with in vitro FTIR
(Fig. 2) and '"H NMR (Fig. 4) studies.

Effect of EA and EA-HP-B-CD on in vitro
anti-inflammatory activity

The preliminary anti-inflammatory activity was evaluated
in vitro by protein denaturation and membrane stabilization
assays. Denaturation of tissue proteins and membrane stabi-
lization is one of cause of inflammation and rheumatoid
arthritis. In inflammatory disease, lysozomal enzymes like
bactericidal enzymes and proteases are releases from neu-
trophils that caused tissue inflammation and damage. The
erythrocyte membrane was similar to lysozomal membrane
components and the stabilization of membrane was taken as a
measure of anti-inflammatory activity of test drugs [38].
Compared to the indomethacin and hydrocortisone, test group

showed acceptable anti-inflammatory activity and represent-
ed in Table 3. EA-HP-B-CD (20 pg/ml) exhibited maximum
75.85 % inhibition of albumin denaturation, 43.03 % heat
induced and 61.62 % hypotonic induced haemolysis.

Effect of EA and EA-HP-B-CD on carrageenan-
induced paw oedema in rats

The carrageenan group shows maximum phlogistic re-
sponse from 1st to 4th h, while the indomethacin treatment
showed significant inhibition (p < 0.001) of paw oedema
for the same duration with percentage of inhibition from
48.82 to 76.68 as illustrated in Table 4. Treatment with
EA-HP-B-CD at dose of 10 and 20 mg/kg showed dose-
dependent reduction of carrageenan-induced paw oedema,
whereas plain EA had little effect at 20 mg/kg. Peak in-
hibitory effects 51.31 and 59.48 % were recorded with EA-
HP-B-CD at doses of 10 and 20 mg/kg at 4 h post-car-
rageenan administration respectively, comparable to that of
indomethacin (10 mg/kg, 76.68 %). EA was previously
shown to regulate lipopolysaccharide-induced inhibitory
kB (IkB), tumor necrosis factor (TNF-a), interleukin-1
(IL-1PB), and iNOS in murine macrophage RAW 264.7 cells
[39]. Moreover, Corbett et al. [40] reported that EA was
effective against carrageenan-induced rat paw oedema. Our
results agree with previously reported results that EA has
anti-inflammatory activity. This study demonstrates that
due to the complexation with HP-B-CD, significant po-
tentiation of the anti-inflammatory activity occurs.
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Table 3 Effect of EA and EA-HP-B-CD on in vitro anti-inflammatory activity

Groups/test drug Conc. (pg/ml) % Inhibition

Albumin denaturation Heat induced haemolysis Hypotonic induced haemolysis

Indo 10 59.22 £ 3.12 - -

Hydrocortisone 10 - 35.12 + 1.12 50.32 £ 2.97
EA 20 52.65 £ 4.27 30.16 £ 1.60 35.27 £ 2.37
EA-HP-B-CD 10 63.33 + 2.06 3434 £ 1.53 54.56 £+ 2.98
EA-HP-B-CD 20 75.85 £ 3.23 43.03 £ 1.73 61.62 £ 3.68

Data are expressed as Mean == S.EM. (n = 3)
Indo indomethacin, EA ellagic acid, EA-HP-f-CD ellagic acid hydroxypropyl-B-cyclodextrin inclusion complex

Table 4 Effect of EA and EA-HP-B-CD on carrageenan-induced paw oedema in of rats

Groups Oedema volume in ml (Percentage inhibition)

1h 2h 3h 4h
Carr. 0.35 £ 0.06 0.46 £+ 0.04 0.51 £ 0.05 0.57 £+ 0.06
Indo 10 0.18 £ 0.05%** (48.82) 0.17 £ 0.04*** (62.68) 0.16 £ 0.03*** (68.95) 0.13 £ 0.03*%** (76.68)
EA 20 0.32 £ 0.01 (10.43) 0.39 £ 0.01* (14.49) 0.43 £ 0.02*%(16.34) 0.46 £ 0.04** (19.24)
EA-HP-B-CD 10 0.27 £ 0.03** (22.27) 0.32 £ 0.04*** (31.16) 0.31 £ 0.05%** (39.87) 0.28 £ 0.04*** (51.31)
EA-HP-B-CD 20 0.25 £ 0.03*** (29.86) 0.29 £ 0.03*** (37.32) 0.26 £ 0.03*** (49.02) 0.23 £ 0.01%** (59.48)

Data are expressed as Mean = S.EM. (n = 6)

Carr. 1 % carrageenan (0.1 ml), Indo 10 indomethacin (10 mg/kg, p.o.), EA 20 ellagic acid (20 mg/kg, p.o.), EA-HP-f-CD 10 ellagic acid
hydroxypropyl-B-cyclodextrin inclusion complex (10 mg/kg, p.o.), EA-HP-$-CD 20 ellagic acid hydroxypropyl-B-cyclodextrin inclusion
complex (20 mg/kg, p.o.)

Indo 10, EA 20, EA-HP-B-CD 10, EA-HP-B-CD 20 compared with Carr. * p < 0.05, ** p < 0.01, *** p < 0.001

Table 5 Effect of EA and EA-HP-B-CD on antioxidant enzymes and Myeloperoxidase (MPx) activity on carrageenan-induced paw oedema
(4th h) of rats

Groups SOD (U/mg protein) Catalase (U/mg protein) GSH (U/mg protein) MPx (U/mg tissue)
Control 11.54 £ 0.89 472 £ 0.13 5.70 £ 0.34 6.14 £ 0.78

Carr. 5.71 + 0.65" 2.56 & 0.09"* 2.88 & 0.21% 22.26 & 2.55"*
Carr + Indo (10 mg/kg) 9.24 £ 0.82 4.13 £ 0.16%** 5.79 £ 0.82%%** 10.56 £ 0.98***
Carr 4+ EA (20 mg/kg) 6.65 + 0.54 297 £0.15 4.12 + 0.34 14.45 £+ 1.12*
Carr + EAHPCD (10 mg/kg) 8.54 £ 091 3.25 £ 0.14%* 4.78 + 0.36* 12.48 £+ 1.85%*

Carr + EAHPCD (20 mg/kg) 10.38 £ 1.02%** 3.87 £ 0.11%%* 5.24 £ 0.46%** 9.74 £ 1.05%%*

Data are expressed as Mean + S.EM. (n = 6)

Carr. 1 % carrageenan (0.1 ml), Indo 10 indomethacin (10 mg/kg, p.o.), EA 20 ellagic acid (20 mg/kg, p.o.), EA-HP-f-CD 10 ellagic acid
hydroxypropyl-B-cyclodextrin inclusion complex (10 mg/kg, p.o.), EA-HP--CD 20 Ellagic acid hydroxypropyl-B-cyclodextrin inclusion
complex (20 mg/kg, p.o.)

Indo 10, EA 20, EA-HP-B-CD 10, EA-HP-B-CD 20 compared with Carr. * p < 0.05, ** p < 0.01, *** p < 0.001

### p < 0.001 compared with control

Effect of EA and EA-HP-B-CD on antioxidant
enzymes and Myeloperoxidase (MPx) activity
on carrageenan-induced paw oedema (4th h) in rats

Carrageenan (phlogistic agent) is a seaweed polysaccharide
and it is believed that injection of carrageenan induces

@ Springer

biphasic response [22], the initial phase (1 h) involves the
release of histamine and serotonin, and the second phase
(over 1 h) is due to the release of prostaglandin-like sub-
stances. Based on this, the second phase is associated with
increase in oxidative stress in rat paw oedema as well as
leads to the release of other neutrophil derived mediators
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like myeloperoxidase [41]. The levels of antioxidant en-
zymes (SOD, CAT and GSH) were estimated to study if
there was any amelioration of oxidative damage caused due
to inflammation in the rat paw tissue.

Reactive oxygen species (ROS) are normal by-products
of cellular metabolism. Imbalance between ROS and an-
tioxidant occurs in a number of diseases. Among ROS, the
superoxide anion (O,7) plays a pivotal role in inflamma-
tion including endothelial cell damage, increased mi-
crovascular permeability, activation of leukotrienes By,
recruitment of neutophils at sites of inflammation, lipid
peroxidation and formation of peroxynitrite (ONOO™). The
enzyme superoxide dismutase (SOD) neutralizes O, by
transforming it into hydrogen peroxide (H,O,), thereby
preventing the formation of highly aggressive compounds
such as ONOO™ and hydroxyl radical (HO™) [42, 43]. In
present study we found that EA-HP-B-CD (20 mg/kg)
significantly (p < 0.05) increased SOD activity, which was
reduced in carrageenan injected rat paw tissues (Table 5).

Catalase is a cytoplasmic 240 kD homotetrameric pro-
tein and is an important intracellular antioxidant enzyme
detoxifying the H,O, to water and non-reactive oxygen
species thus preventing generation of hydroxyl radical and
protecting the cells from oxidative damage [44, 45]. As
shown in Table 5, there was a significant increase in CAT
activity after EA-HP-B-CD treatment in vivo.

Glutathione in its reduced form (GSH) demonstrates
pleiotropic effect on cell function, it act as an electron
donor for antioxidative enzymes like glutathione per-
oxidase and prevents the formation of conjugates with
some harmful endogenous and xenobiotic compounds via
catalysis of glutathione S-transferase [41]. Treatments with
EA-HP-B-CD restore the GSH level in rat paw which de-
creased the inflammation induced by carrageenan.

Myeloperoxidase (MPx) is an enzyme stored in azur-
ophilic granules of neutrophils and macrophages, acts as
powerful pro-oxidant in the setting of inflammatory pro-
cess. In this study injection of carrageenan significantly
(p < 0.001) increased the MPx level, whereas as treatment
with 20 mg/kg EA (p <0.05), 10 mg/kg EACD
(p < 0.01), 20 mg/kg EAHPCD (p < 0.001) and 10 mg/kg
indomethacin significantly (p < 0.001) reduced the MPx
level. Restored levels of antioxidant enzymes (SOD, CAT
and GSH) and MPx has been attributed to EA [46, 47],
however, we find that this activity increases due to com-
plexation with HP-B-CD.

Conclusion
In this study, we formed ellagic acid inclusion complex

with HP-B-CD by freeze-drying method. The results of 'H
NMR, FTIR, XRD and SEM conclusively proved the

formation of EA-HP-B-CD inclusion complex. 'H NMR
and molecular modeling confirmed that the carbonyl
groups and hydroxyl groups of EA were involved in
complexation into HP-B-CD cavities from its narrow edge.
The result of molecular modeling suggested that 1:2
complex is more stable than 1:1 complex. Moreover, this
study demonstrates that HP-B-CD inclusion is an effective
strategy to enhance the anti-inflammatory and antioxidant
activity of EA. Investigations on whether the approach
developed in the present work could improve the oral
bioavailability and be useful in treatment of chronic in-
flammation, are underway.
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