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Abstract: Naringin is one of the most interesting phytopharmaceuticals that has been widely
investigated for various biological actions. Yet, its low water solubility, limited permeability,
and suboptimal bioavailability limited its use. Therefore, in this study, polymeric micelles of
naringin based on pluronic F68 (PF68) were developed, fully characterized, and optimized.
The optimized formula was investigated regarding in vitro release, storage stability, and
in vitro cytotoxicity vs different cell lines. Also, cytoprotection against ethanol-induced ulcer
in rats and antitumor activity against Ehrlich ascites carcinoma in mice were investigated.
Nanoscopic and nearly spherical 1:50 micelles with the mean diameter of 74.80£6.56 nm
and narrow size distribution were obtained. These micelles showed the highest entrapment
efficiency (EE%; 96.14+2.29). The micelles exhibited prolonged release up to 48 vs 10 h
for free naringin. The stability of micelles was confirmed by insignificant changes in drug
entrapment, particle size, and retention (%) (91.9913.24). At lower dose than free naringin,
effective cytoprotection of 1:50 micelles against ethanol-induced ulcer in rat model has been
indicated by significant reduction in mucosal damage, gastric level of malondialdehyde,
gastric expression of tumor necrosis factor-alpha, caspase-3, nuclear factor kappa-light-
chain-enhancer of activated B cells, and interleukin-6 with the elevation of gastric reduced
glutathione and superoxide dismutase when compared with the positive control group. As
well, these micelles provoked pronounced antitumor activity assessed by potentiated in vitro
cytotoxicity particularly against colorectal carcinoma cells and tumor growth inhibition when
compared with free naringin. In conclusion, 1:50 naringin—PF68 micelles can be represented
as a potential stable nanodrug delivery system with prolonged release and enhanced antiulcer
as well as antitumor activities.

Keywords: naringin, pluronic F68, polymeric micelles, in vitro cytotoxicity, antiulcer, antitumor
activity

Introduction
Naringin (Figure 1 A) is present in grape and citrus fruits, cherries, beans, and oregano.!
It is found in grapefruit juice up to concentrations of 800 mg/L.> Naringin is a promising
phytopharmaceutical that exerts versatile pharmacological effects such as antioxidant,
antiulcer, antiallergic, anticancer, and blood lipid-lowering activities.** The intake of
grapes and citrus fruits by humans for a long time without development of side effects
has empirically proven the safety of naringin.’ Naringin has been practically nontoxic
for Sprague Dawley rats in oral subchronic toxicity study for 13 consecutive weeks,
and no adverse effects were observed in rats up to 1,250 mg/kg/day.®

Gastric ulcer results when some aggressive factors are not balanced by the defensive
action of some endogenous factors.”® Endogenous aggressive factors include overpro-
duction of pepsin and hydrochloric acid, refluxed bile, leukotrienes, and reactive and
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Pluronic F68: EO76-P0O29-EO76

Figure | Structures of the drug and the copolymer.
Notes: (A) Naringin and (B) PFé68.
Abbreviations: EO, ethylene oxide; PF68, pluronic F68; PO, propylene oxide.

stress oxygen species. The defensive mechanisms to protect
the gastric mucosa are the surface mucus, bicarbonate, the
regulation of gastric mucosal blood flow, surface active
phospholipids, antioxidants, the preservation of epithelial
homeostasis, and the acceleration of epithelial regeneration.
For decades, gastric ulcer therapy based on the reduction of
gastric acid secretion using anticholinergic drugs, antacids,
histamine H, receptor antagonists, and proton pump inhibi-
tors since excessive gastric acid secretion was thought to be
the main cause of the gastric ulcer. Nevertheless, most of the
treatment regimens currently used showed limited efficacy
and several adverse reactions, which may limit their use.’
Hence, there is a great need for safe, economic, and efficient
antiulcer agents. Natural products emerged as an interesting
source of compounds with potential antiulcer activities. The
cytoprotection of naringin against ethanol-induced ulcers in
rats has been reported; however, a large dose of 400 mg/kg
was required.'®!" A significant reduction in the ulcer index
and the protection of gastric mucosa in acetylsalicylic acid-
induced ulcer in rats have been documented for naringin
(200 mg/kg)."> The cytoprotection by naringin against ulcer
has been referred to higher glycoprotein secretion and more
viscous gastric mucosa as well as superoxide anion scavenger
and antioxidant properties.!®!" The anti-inflammatory
activity of naringin has been attributed to the suppression of
tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6),
caspase-3, and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) in macrophages."'

The nonselectivity of the cytotoxic action and the narrow
therapeutic index are the main limitations of the majority of

currently available anticancers.'* The use of naturally occur-
ring biocompatible anticancer agents can be represented as a
safe promising alternative. Naringin has induced cytotoxicity
via apoptosis in mouse leukemia P388 cells."® A possibility
of suppression of colon cancer development by naringin
has been documented.!® It has been reported that naringin
could inhibit the growth potential of breast cancer cells by
modulating B-catenin pathway.'®!” This drug (200 mg/kg)
suppressed proliferation and increased apoptosis of colon
epithelial cells.'” Naringin (40 mg/kg) exhibited significant
protection in N-nitrosodiethylamine-induced liver carcino-
genesis in rats.'® Selective inhibition of nodulogenesis by
naringin may explain cytotoxic potential against hepatocellu-
lar carcinoma.' Also, free radical scavenging and antioxidant
potential of this drug may also explain its efficacy against
liver cancer.?

In spite of this great therapeutic potential, the cleavage of
naringin in the lumen or in the cell gut at the harsh pH and
enzymatic conditions of the gastrointestinal tract has been
reported.?'?2 Consequently, the oral bioavailability of naringin
is low (~8%) and its half-life has been estimated to be 2.6 h.?
In addition, its poor solubility in water hindered its formula-
tion for parenteral use.? Thus, alternative naringin formula-
tions such as nanoparticulate systems would be essential to
protect the drug against degradation in the gut, improve its
bioavailability, and provide a sustained delivery of the drug
in the purpose of potentiating its therapeutic efficacy. Nano-
sized drug delivery systems were successful to improve the
therapeutic effectiveness of some phytopharmaceuticals. For
example, nanocapsulated quercetin employing poly(D,L-lac-
tic-co-glycolic acid) showed higher efficacy over free querce-
tin in the prevention of ethanol-induced gastric ulcer in rats.?
Potentiated anticancer activity of naringenin against human
cervical (HeLa) cancer cells upon loading into Eudragit E
nanoparticles has been documented in the literature.?

Polymeric micelles have been emerged as a successful
approach for the site-specific delivery of various drugs. Upon
dilution, polymeric micelles are highly more stable than
surfactant micelles mainly due to a relatively low critical
micelle concentration (CMC) of the former.?” Therefore,
they have been widely employed to deliver chemotherapeutic
agents, such as docetaxel alone and in combination with
other drugs.”?" As well, antitumor activity of doxorubicin
has been considerably enhanced through different micellar
nanoparticles.?** Pluronics represent a class of block
copolymers formed of hydrophilic blocks of poly(ethylene
oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO)
in tri-block arrangement of PEO-PPO-PEO (Figure 1B).**
Pluronics form micelles with a hydrophobic PPO core within
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a hydrophilic PEO shell in aqueous solutions above CMC.
Pluronic nanomicelles showed a noticeable improvement in
stability, solubility, biodistribution, and pharmacokinetics
of encapsulated drugs. It has been reported that nanoscopic
particles showed an increased disposition in inflamed tissue
as ulcerative colon of rats being 5- to 6.5-fold higher than in
the healthy control.* The author suggested that the selective
accumulation in the ulcerative areas and the surrounding
tissue may be due to either the increased sticky mucus
secretion or the particles uptake into the macrophages highly
present in the inflamed tissue. The increased residence time
at the inflammation sites would permit higher therapeutic
effectiveness as well as subsequent dose reduction and cost-
effectiveness particularly on large scale.’

Pluronics can inhibit the drug efflux by the reduction of
adenosine triphosphate (ATP) formation in drug-resistant
cells following incorporation into cells membrane and then
into cells. Consequently, these copolymers have been poten-
tially employed to counteract tumor multidrug resistance
(MDR) against numerous anticancer agents.**“" Highly
limited drug access into normal tissues and an enhanced
passive drug targeting to tumors possibly due to excessive
permeability of blood vessels of cancer cells can be obtained
on drug encapsulation within micellar formulations.’” This
effect is called enhanced permeation and retention (EPR).
The reduced extravasation of blood vessels of normal cells
and the diminished clearance by kidney can account for the
prolonged circulation time of micelles.*®

In the light of the abovementioned facts, it was worth
to prepare, characterize, and optimize polymeric micellar
delivery systems of naringin with the relatively inexpensive
and biocompatible pluronic F68 (PF68). The effects of poly-
meric micellization on cytoprotective activity of naringin
against ethanol-induced ulcer in rats were investigated.
Additionally, to evaluate the influence of micellization of
naringin on its antitumor activity, the in vitro cytotoxicity of
the selected naringin—PF68 micelles against three cell lines,
such as human hepatocellular liver carcinoma (HepG2), breast
cancer (MCF-7), and colorectal carcinoma (Caco-2), was
evaluated. Finally, in vivo antitumor activity was assessed in
Ehrlich ascites carcinoma (EAC)-bearing mice by recording
tumor growth and percentage tumor inhibition.

Materials and methods

Materials

Naringin, PF68, dimethylsulfoxide (DMSO), thiobarbituric
acid, 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl tetrazo-
lium bromide, pyrogallol, and reduced glutathione (GSH)
Ellman’s reagent were purchased from Sigma-Aldrich Co.

(St Louis, MO, USA). NF-xB activation and extraction
kits were obtained from Abcam (Cambridge, MA, USA).
Enzyme-linked immunosorbent assay (ELISA) kit for IL-6
was purchased from R&D Systems, Inc. (Minneapolis, MN,
USA). TNF-a antibodies were provided by (dilution 1/100;
Boster Biological Technology, Pleasanton, CA, USA), and
those of caspase-3 were obtained from Santa Cruz Biotech-
nology Inc. (Dallas, TX, USA). Cisplatin (5 mg/mL vial;
Bristol-Myers Squibb, New York, NY, USA) was diluted
with isotonic saline. Dulbecco’s Modified Eagle’s Medium
(DMEM) was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Fetal calf serum (FCS) was purchased
from Hyclone (Logan, UT, USA). All other chemicals were
of analytical grade.

Preparation of naringin—PF68 micelles
Thin-film hydration method has been used to prepare
pluronic micelles.**> Ten milliliters methanol were used to
dissolve mixtures of naringin (10 mg) and PF68 at the three
respective weight ratios of 1:30, 1:40, and 1:50. Methanol was
evaporated using rotary evaporator (Rotavapor®™; Buchi, Flawil,
Swizerland) at 50°C for 1 h to form a thin film of naringin-PF68
matrix. The formed film was hydrated with 10 mL deionized
water by stirring for 30 min at 60°C. The resultant solution was
filtered through 0.2-um filter to get rid of the unincorporated
drug and finally lyophilized (SIM, FD8-8T, Newark, NJ, USA).
The same procedure was employed to prepare the plain micelles
except that the drug was not included.

Characterization of naringin—PF68

micelles

Determination of loading efficiency (LE%) and
entrapment efficiency (EE%)

Methanol was used to disrupt the micellar structure to be
then analyzed spectrophotometrically (ultraviolet/visible
[UV/VIS] spectrophotometer; JASCO, Tokyo, Japan) for
drug content at 281 nm vs plain micelles treated the same.
The equations used for the estimation of LE% and EE% of
naringin in PF68 micelles were as follows:*

Drug weight in the micelles

LE% x100%

- Weight of drug and polymer added

_ Drug weight in the micelles
Weight of the drug added

EE% x100%

Further characterization of polymeric micelles with
PF68 showing the highest EE% would be carried out.
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Particle size measurements

Dynamic light scattering (DLS) (Malvern Instruments,
Malvern, UK) was used to record the size distribution of the
studied micelles. The lyophilized micelles were reconstituted
in double deionized water, properly diluted, and sonicated
to obtain uniformly distributed micelles.

Morphological analysis

Examination of the selected pluronic micelles morphology
was accomplished using transmission electron microscope
(TEM-2100; JEOL, Tokyo, Japan) operated at an accelerating
voltage of 160 kV. A drop of the aqueous solution obtained
by reconstitution of lyophilized naringin—PF68 micelles was
placed on a carbon grid to dry slowly in air before examina-
tion under TEM.

Fourier transform-infrared (FT-IR) spectroscopy
FT-IR spectra of naringin, PF68, plain micelles, and
naringin—PF68 micelles were analyzed using an FT-IR spec-
trophotometer (Thermo Fisher Scientific). Disk of each
sample with potassium bromide was individually scanned
over a wavenumber range of 500—4,000/cm.

Differential scanning colorimetry (DSC)

DSC (model DSC-4, PerkinElmer Inc., Waltham, MA, USA)
was utilized to study the thermal characteristics of naringin,
PF68, plain micelles, and optimized drug—PF68 micelles.
Heating of the examined samples (4 mg) was carried under
nitrogen gas flow over a temperature range of 50°C-350°C
at a rate of 10°C/min. Indium with the purity of 99.99%
and the melting point of 156.6°C was used to calibrate the
temperature.

X-ray diffractometry (XRD)

XRD analysis (X-ray diffractometer; Diano, Woburn, MA,
USA) of naringin, PF68, plain micelles, and naringin—PF68
micelles was carried out at 45 kV, 9 mA, and an angle of 26.

In vitro drug release study

Dialysis method was utilized to study in vitro release of
naringin from optimized micelles with PF68 compared to
drug solution in water:methanol (9:1) mixture (1 mg/mL) as a
control. Four milliliters of naringin micellar aqueous solution
or naringin control solution were placed in a dialysis mem-
brane bags (Spectra/Por®, 12—14 kDa M Wt cutoff, Canada).
The dialysis bag was immersed into 50 mL release medium
and incubated at 37°C20.5°C under gentle agitation (75 rpm)
(GFL, Gesellschaft fur Labortechnik GmbH, Burgwedel,

Germany). It has been documented that the average residence
time of a formulation in stomach is 2 h.* Therefore, in the
present study, the release medium of simulated gastric fluid
(SGF), pH 1.2, for 2 h and then simulated intestinal fluid
(SIF), pH 6.8, was used to predict the drug release profile
following oral administration.** Phosphate-buffered saline
(PBS), pH 7.4, was also utilized to examine the drug release
pattern possibly obtained after parenteral administration.
Sodium lauryl sulfate (0.25%, w/v) was added to each dis-
solution medium to obtain the sink condition. At certain
time intervals, aliquots of the release medium (1 mL) were
withdrawn. An equal volume of the fresh medium was
added to replace the withdrawn sample. Standard calibration
curves of naringin at different release media have been con-
structed following its quantification spectrophotometrically at
281 nm (UV/VIS spectrophotometer). Plots of mean cumula-
tive percent release of naringin vs time were constructed.

Release kinetics

First-order, zero-order, and diffusion-controlled release
models were used to analyze in vitro release data.* To
verify the release mechanism, Korsmayer—Peppas kinetic
model (m /m_=kt") was also applied as a logarithmic relation
of the fraction of drug released (m /m_) against the release
time (), where £ is the kinetic constant and # is the slope of
log m /m_ vs log t representing the diffusional exponent for
drug release.*’” The model showing the greatest correlation
coefficient (?) was suggested to explain naringin release
mechanism from PF68 micelles.

Stability study

The storage stability of the lyophilized selected micelles
exhibiting the highest drug encapsulation was evaluated
over 3 months at room temperature (25°C+1°C). The lyo-
philized micelles were reconstituted in double deionized
water to examine EE% and the size distribution at the begin-
ning (0 months) and the end of the 3 months as previously
described. The mean drug retention (%) of the stored micelles
was also calculated at the end of the study.

Animals

All animal procedures and handling were accomplished
according to the US National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH publication
no 85-23, revised 1996). The protocol was approved by
the Ethical Committee of Faculty of Pharmacy, Mansoura
University, Egypt. Animals were kept under regular 12 h
light/12 h dark cycles at a temperature of 24°C+1°C and a
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relative humidity of 55%=*5%. The animals had free access
to standard laboratory food and water.

Evaluation of cytoprotective activity

against ethanol-induced ulcer in rats
Induction of ulcer

Male Sprague Dawley rats of a weight range of 180-220 g
were used to investigate the cytoprotective activity of
naringin—pluronic micelles compared with the free drug. Five
groups, each consisted of six rats, were employed. Animals
of groups I (normal control) and II (positive control) did not
receive any treatment for 5 days. The three remaining groups
orally pretreated for successive 5 days with either free nar-
ingin at two doses of 100 mg/kg (group III) and 200 mg/kg
(group IV) or naringin—PF68 1:50 micelles (equivalent to
100 mg/kg of naringin, group V). On the fifth day, all animals
had free access to water but were deprived of food for 24 h.
On the sixth day, ulcer was induced in rats of groups II
(positive control), III, IV, and V by a single intragastric
instillation of 70% ethanol (10 mL/kg).*4°

Tissue collection and preparation

Two hours after ethanol instillation, euthanizing animals
under deep ether anesthesia was followed by immediate lapa-
rotomy to separate stomachs to be opened along the greater
curvature and then washed with normal saline to get rid of
blood clots and gastric content. Stomachs were macroscopi-
cally examined for ulceration and erosion and photographed.
Then, each stomach was divided into two portions. The first
portion was kept in 10% (v/v) buffered formalin solution
for histopathological and immunohistochemical evaluations
of TNF-o. and caspase-3. The second portion was divided
into two parts that were stored at —80°C. One part was
homogenized in 10 volumes of lysis buffer (200 mM NaCl,
5 mM ethylenediaminetetraacetic acid, 10 mM Tris, 10%
glycerine, | mM PMSF, 1 mg/mL leupeptin, and 28 mg/mL
aprotinin, pH 7.4) for the determination of cytokine levels
including NF-xB and IL-6. The second part was weighed
and homogenized in 10 volumes of ice-cold phosphate buf-
fer (100 mM, pH 7.4) for the assessment of oxidative stress
markers including malondialdehyde (MDA), superoxide
dismutase (SOD), and GSH.#*°

Macroscopic evaluation of gastric ulceration

The gastric tissues were examined by an observer that did
not recognize the identity of samples for gastric mucosal
lesions. Hemorrhage, linear streaks (erosions), and damage
to the mucosal surface were recognized as gross mucosal

lesions. Paul’s index as an integral indicator of the number
of lesions induced per treatment group and antiulcer activity
(AA) were estimated to evaluate the cytoprotective activity
of naringin against ulcer.’’** Paul’s index was calculated by
multiplying the mean number of ulcers and the percentage of
rats with ulcers to be then divided by 100. As well, AA was
calculated by dividing Paul’s index of the positive control
group (II) by that of each of the treatment groups. The AA
was recognized if AA was at least of two units.

Histopathological examination

Gastric tissues fixed in 10% (v/v) buffered formalin solu-
tion were washed. This was followed by dehydration by
alcohol, clearing in xylene, and embedding in paraffin in
hot air oven (56°C) for 24 h. The obtained paraffin blocks
were then cut into 5 um sections to be deparaffinized
and stained with hematoxylin and eosin to be examined
using the light microscope (Leica Microsystems, Wetzlar,
Germany).>*** The histopathological examination was per-
formed by an observer unaware of the specimens’ identity
to avoid any bias.

Immunohistochemical localization of TNF-¢; and
caspase-3

Paraffin blocks from rats’ gastric tissues were investigated
for the immunohistochemical evaluation of TNF-a. Tissue
sections were cut and fixed on Superfrost™ Plus Microscope
Slides (Thermo Fisher Scientific). Detection was done using
the Histostain Bulk kit Invitrogen LAB-SA system. Manual
immunohistochemistry stainer was utilized to prepare the
slides following previously reported procedure.’® PBS was
used to deparaffinize the sections. Antigen retrieval was done
by CCI standard (citrate buffer pH 6.0). Blocking the 1,4-
dideoxy-1,4-imino-d-arabinitol (DAB) inhibitor (3% H,0O,
endogenous peroxidase) was done for 5 min at room tem-
perature. Tested sections were incubated with the employed
antibodies of TNF-o. or caspase-3 at 25°C+1°C for a period
0of 40 min and then incubated with the secondary antibody of
universal horseradish peroxidase multimer at 37°C for 8 min.
Treatment of slides with DAB + H,O, substrate for 8 min was
followed by hematoxylin and the bluing reagent counterstain
at 37°C. Washing solution was reaction buffer (PBS). Con-
trols were prepared by staining without primary antibody.
Staining degree of positively stained cells was evaluated using
a digital camera (Olympus Corporation, Tokyo, Japan) placed
on a microscope (Leica Microsystems). Specimen examina-
tion was done by a senior pathologist. Immunoreactive cells
for TNF-o were counted using the ImagelJ analysis.
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Evaluation of gastric MDA, GSH, and SOD

MDA is a thiobarbituric acid reactive substance (TBARS), so
its levels in gastric homogenates were determined according
to the reported TBARS test.*’

Colorimetric assessment of GSH concentrations (nano-
moles per milligram protein) in the gastric tissue homogenate
was carried out at 412 nm following GSH reaction with
Ellman’s reagent (5,5'-dithio-bis[2-nitrobenzoicacid]) after
protein precipitation with trichloroacetic acid.*®

The enzyme amount that produced 50% inhibition of
pyrogallol auto-oxidation was recognized as one unit of SOD
activity.> The activity of SOD was monitored at 420 nm and
expressed as unit per milligram of protein.

ELISA of NF-xB and IL-6 in gastric tissue
homogenate

ELISA technique was used to evaluate the gastric homoge-
nate levels of NF-kB and IL-6 according to the manufac-
turer’s directions of the employed kits. Optical density was
normalized as nanogram (NF-kB) or picogram (IL-6) per
gram of nuclear extract tissue protein.

Evaluation of naringin antitumor activity
Cell cultures

Cell lines of HepG2, Caco-2, and MCF-7 were provided
by American Type Culture Collection through VACSERA
(Cairo, Egypt). The cells’ growth was accomplished in
DMEM containing NaHCO, (3.7 g/L), D-glucose (4.5 g/L),
streptomycin (100 pg/mL), and penicillin (100 U/mL) pro-
vided with 10% FCS at 37°C in a humidified 5% CO, and
95% air atmosphere.

In vitro cytotoxicity study

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) colorimetric assay was used to investigate in vitro
cytotoxicity of free naringin, naringin—PF68 micelles, a
negative control of plain micelles, and a positive control
of cisplatin against HepG2, Caco-2, and MCF-7 cell lines.
Seeding of cultured cells maintained in DMEM was done in
96-well culture plates at 1x10°/well followed by incubation
for 24 h. This was followed by treatment with increasing
concentrations of the examined samples and incubation for
another 72 hat 37°C in 5% CO, atmosphere. DMSO was used
to dissolve each of free naringin and cisplatin to be diluted
with the experiments’ media. Lyophilized plain and medi-
cated micelles were reconstituted in a culture medium and
then filtered through a 0.2-um membrane filter as a mean of
sterilization. Wells were rinsed with PBS after the incubation
period. Afterward, MTT solution (0.5 mg/mL) was added to

each well and incubation was lasted for 4 hat 37°C. Formazan
crystals formed due to MTT reduction by mitochondria of
viable cells were dissolved by the addition of DMSO to each
well and shaking for 15 min. Spectrophotometric analysis at
570 nm using microplate reader (Dynatech, Melville, NY,
USA) was applied to estimate the optical absorbance of each
well. Influences of tested samples on cells proliferation were
evaluated by the calculation of cell viability (%) using the
following equation:

A of treated cells

Cell viability (%) =
A 570of control cells

In vitro cytotoxic activity was evaluated by the calculation
of the mean values of the concentration of the drug required
to kill 50% of cells relative to the untreated cultures known
as the half maximal inhibitory concentration (IC,).

In vivo antitumor activity
Female Swiss albino mice weighing 20-30 g were used
to investigate the antitumor activity of naringin—pluronic
micelles in comparison to the free drug. Mice were obtained
from Urology and Nephrology Center of Mansoura University,
Mansoura, Egypt. Netherlands Cancer Institute established
EAC cells. Serial intraperitoneal (ip) injections at 7 days
intervals were employed to maintain Ehrlich tumor line at the
laboratory of Faculty of Pharmacy, Mansoura University.

Seven days after EAC cells inoculation, needle aspiration
from the peritoneal cavity of tumor-bearing mice was done
under aseptic conditions to withdraw ascitic fluid to be washed
three times using normal saline by centrifugation at 1,000 rpm.
Trypan blue was used to test the viability of EAC cells
obtained after washing. The cells suspended in normal saline
were counted under microscope so that each 0.1 mL contained
5x10° viable EAC cells. Subcutaneous inoculation of 0.1 mL
containing 5x10° viable tumor cells into the right thigh of mice
lower limb was done for the induction of solid tumors.®® A
digital caliper was used to measure the largest diameter of the
tumor a and its perpendicular b to evaluate the tumor growth
via the equation: tumor size (mm?)=0.5xaxb?.%!

When the size of the primary tumor reached 50—-100 mm?®,
24 mice were divided into four groups of six mice each.
Normal saline (5 mL/kg) was given to the first group (EAC-
bearing mice). The second group administered cisplatin at
a dose of 1 mg/kg ip. The third group received naringin
(100 mg/kg ip). The fourth group administered PF68
micelles of naringin at an equivalent amount of 100 mg/kg ip.
Anegative control group of six mice was also studied. Tumorsize
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was measured 5 days after tumor inoculation and before
treatment (day 0) and after 14 days. Changes of tumor size in
the treatment group (A7) and in the EAC-bearing mice (AC)
were recorded. The tumor growth was calculated according
to the equation A7/ACx100. The tumor growth inhibition (%)
was estimated by subtracting the degree of tumor growth from
100%.%' Survival (%) of each group was calculated at the end
of'the study (day 14) as the number of mice surviving divided
by the number of animals living at the start.®

Statistical analysis

One-way analysis of variance followed by Tukey—Kramer
multiple comparisons test was applied to perform statis-
tical analysis of the results at the significance levels of
P<0.001, <0.01, and <0.05. Statistical analysis was car-
ried out using the GraphPad Instat 2.04 statistical package
(GraphPad Software, Inc., La Jolla, CA, USA).

Results and discussion

Micelle characterization

Drug LE% and EE%

The increase in the polymer content improved EE% of nar-
ingin in its micelles possibly due to the higher number of the
core-forming blocks allowing encapsulation of more drug
(Table 1). It has been reported that several factors govern
the LE% and EE% of micelles among them the total polymer
content.®® Accordingly, naringin—PF68 1:50 micelles showed
the highest EE% (96.14+2.29) among other ratios, hence
selected to be characterized and evaluated. These micelles
exhibited the LE% of 1.8910.05.

Micelles size

The mean diameter as determined by DLS was 74.80+6.56 nm
for 1:50 micelles with PF68 with mean value of polydisper-
sity index of 0.3020.11 indicating a narrow size distribution
(Figure 2). It has been reported that both circulation time
and biodistribution of the drug are directly affected by the
particle size.** Prolonged circulation times and facilitated

Table | Drug entrapment and loading efficiencies at different
drug-to-polymer ratios

Preparation Drug-to-polymer EE% LE%
ratio (w/w)

Naringin-PF68 1:30 69.99+2.81 2.26+0.09

micelles 1:40 83.53+1.74 2.04+0.04
1:50 96.14+2.29 1.8940.05

Note: Data are expressed as mean + SD (n=3).
Abbreviations: EE%, entrapment efficiency; LE%, loading efficiency; PF68,
pluronic F68.
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Figure 2 Size distribution curve of naringin—PF68 micelles.
Abbreviation: PFé8, pluronic F68.

access of cells and tissues are expected in case of micelles
with diameter <100 nm.* Unpredictable change in drug’s
pharmacokinetics and organ biodistribution may occur
due to a broad micelle size distribution. An increased
residence time and selective accumulation in inflamed
ulcerative tissues can be expected with these nanoscopic
particles.® This would allow dose reduction of naringin and
subsequent cost-effectiveness particularly on large-scale
production.*® Moreover, these polymeric nanomicelles may
selectively accumulate in solid tumors through EPR effect
allowing passive targeting of solid tumor and a predictable
biodistribution.”:6566

Morphological analysis

Figure 3 represents TEM image of naringin—PF68 1:50
micelles. In agreement with particle size analysis via
DLS, this figure illustrates micelles as well-dispersed and
individual spherical particles with diameter <100 nm.

Figure 3 TEM image of naringin—-PF68 micelles.
Abbreviations: PF68, pluronic F68; TEM, transmission electron microscope.
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However, TEM image shows particles with diameter smaller
than that estimated by DLS. This can be explained on
the basis that DLS measures the particles hydrodynamic
diameter, which includes polymer shells and hydration
layer leading to a larger particle size.” In addition, DLS is
extremely sensitive to the dispersion/aggregation behavior
of the particles in solution.®® Selective accumulation and
targeting of naringin in inflamed tissues and tumor cells can

A

Transmittance (%)

still be proposed. Consequently, an enhancement of antiulcer
and antitumor activities of naringin can be expected upon
micellization with PF68.

FT-IR spectroscopy

FT-IR spectra of free naringin, PF68, nonmedicated micelles,
and naringin—PF68 micelles are illustrated in Figure 4A.
Naringin has polyhydroxy groups, hence O—H bond stretched
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Figure 4 Solid characterization.

Notes: (A) FT-IR spectra, (B) DSC curves, and (C) XRD patterns of (I) naringin, (Il) PF68, (lll) plain micelles, and (IV) naringin—PF68 micelles.
Abbreviations: PF68, pluronic F68; FT-IR, Fourier transform infrared spectroscopy; DSC, differential scanning colorimetry; XRD, X-ray diffractometry.
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on exposure to IR and detected as strong signal peak between
3,000 and 3,500/cm.® Accordingly, FT-IR spectrum of nar-
ingin exhibited characteristic bands at 3,444, 3,420, and 3,384
corresponding to more than one O—H aromatic stretching.
The bands indicating C=C, C=0, and C—H aliphatic stretch-
ing bands appeared at 1,580, 1,683, and 2,931/cm, respec-
tively. The three main peaks of PF68 appeared at 1,111/cm
(R—C-0O symmetric), 948/cm (R—C—O- asymmetric), and
1,282/cm (—CH,~O-R). The disappearance of drug bands
in the spectra of the medicated micelles with PF68 may
indicate the drug encapsulation.*

DSC

Figure 4B illustrates DSC thermograms of free nar-
ingin, PF68, plain micelles, and naringin—PF68 micelles.
The thermogram of naringin showed the phase transition
peak at 164.98°C and an endothermic melting peak at
245.8°C with peaks occurring >250°C attributed to nar-
ingin decomposition.**’ The well-recognized endothermic
peak of PF68 at 54.68°C has appeared in its DSC thermogram.
DSC curves of micelles either plain or medicated showed a
characteristic peak of PF68 (55.52°C and 54.72°C, respec-
tively). Interestingly, DSC thermogram of the drug—PF68
micelles did not show the drug endothermic peak suggesting
naringin encapsulation in the micelles.

XRD

XRD curves of free naringin exhibited different diffraction
peaks reflecting the crystalline nature of the drug (Figure 4C).
Two predominant diffraction peaks at 26, 19.38 and 23.52,
have been identified in PF68 XRD pattern. These peaks were
present in the patterns of both lyophilized nonmedicated and

N
o

Cumulative naringin >
released (%)
8 3

o

o

10 20 30 40 50
Time (h)

naringin—PF68 micellar formulations. The complete absence
of the drug diffraction peaks in the XRD pattern describing
medicated micelles could indicate the drug encapsulation.

In vitro release study

In vitro release profiles of naringin from its micelles with
PF68 at SGF (pH 1.2) for 2 h followed by SIF and that at
PBS (pH 7.4) compared with free naringin solution as a
control are illustrated in Figure 5SA and B, respectively.
Cumulative naringin released (%) at different release media
were estimated employing the equations describing standard
calibration curves at SGF, SIF, and PBS (pH 7.4), which
were y=0.0255x+0.0187 (#*=0.9990), y=0.0247x+0.0213
(r*=0.9999), and y=0.0243x+0.0256 (r*=0.9968),
respectively.

Naringin release from its control solution at SIF was com-
plete (99.96%%0.62%) within 10 h (Figure 5A). Similarly, the
drug was completely released (99.38%10.71%) after 10 h at
PBS (pH 7.4) (Figure 5B), while the gradual release of this
drug from the prepared micelles up to 48 h was preceded by a
burst release at both media. The burst release was observed in
the first 10 h with cumulative drug release of 81.78%1+2.58%
when SGF was used for 2 h followed by SIF. Similar release
pattern was observed at PBS (pH 7.4) as clarified by the
cumulative drug release of 83.28%t0.54%. Generally,
naringin release continued gradually up to 48 h permitting
extended release. Similar biphasic release has been docu-
mented for pluronic micelles of chemotherapeutic agents such
as camptothecin,” paclitaxel,*>’? and vorinostat.”® In these
studies, the investigated micelles exhibited =70%—-80%
drug release during the burst release phase. The biphasic
drug release from the micelles could be explained through

100
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Cumulative naringin
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3
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| o Free naringin # Naringin—-PF68 micelles

Figure 5 In vitro release of naringin from its micelles with PF68 compared with free drug in different dissolution media at 37°C+0.5°C.
Notes: (A) SGF (pH 1.2) (0-2 h) followed by SIF (pH 6.8) and (B) PBS (pH 7.4). Each point represents the mean £ SD (n=3).
Abbreviations: PF68, pluronic F68; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; PBS, phosphate buffered saline.
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Table 2 Kinetic modeling of drug release data

Release medium Correlation coefficient (r?) Release Korsmeyer-Peppas Main transport
Zero First Higuchi order r Diffusional mechanism
order order model exponent (n)

SGF/SIF 0.990 0.990 0.992 Higuchi 0.998 0.702 Non-Fickian

Burst release phase

SGF/SIF 0.994 0.970 0.999 Higuchi 0.988 0.132 Fickian

Gradual release phase

PBS (pH 7.4) 0.977 0.994 0.997 Higuchi 0.998 0.647 Non-Fickian

Burst release phase

PBS (pH 7.4) 0.975 0.992 0.999 Higuchi 0.999 0.137 Fickian

Gradual release phase

Abbreviations: SGF, simulated gastric fluid; SIF, simulated intestinal fluid; PBS, phosphate-buffered saline.

its location within the micelles. The initial burst release can
be attributed to the drug on the interface of the hydrophilic
corona and the micelle hydrophobic core or inside the mobile
micelle corona that could be released via hydration of the
interfacial drug molecules followed by passive diffusion.®®"
The drug incorporated into the inner core compartment stayed
firmly inside the micelles, and hence, it was released slowly
with 20%-30% of the initially incorporated drug. Therapeutic
concentration may be provided by such initial burst drug
release, and the subsequent slow release could keep the drug
concentration at the therapeutic levels.”

Release kinetics

Table 2 depicts the results of kinetic analysis of naringin
release data from the studied pluronic micelles. The results
revealed that in vitro release of naringin from these micelles
was best explained by Higuchi model that suggested release
controlled by diffusion at SGF/SIF and PBS. However,
7% values of the first and Highuchi models describing drug
release during the burst release phase were very close possibly
suggesting that the drug release was due to both drug diffu-
sion through the micelles and micelles erosion. In accordance,
non-Fickian mechanism was found to best explain the drug
release during the burst release phase since n values were
0.702 and 0.647 at SGF/SIF and PBS, respectively. This
may confirm the combination of erosion and diffusion during
this phase of drug release. Meanwhile, Fickian mechanism
representing diffusion-controlled release during the phase of
gradual release could be confirmed by the n values of 0.132
and 0.137 at SGF/SIF and PBS, respectively. Fickian and
non-Fickian release mechanisms have described curcumin
release from pluronic micelles.”

Stability study
Large-scale production of pharmaceutical products should be
preceded by the assessment of storage stability. Freeze drying

is a reliable technique to ensure a long-term stability of these
products. Stability of lyophilized naringin—PF68 micelles
respective weight ratio 1:50 was studied. The micelles were
stable on storage at room temperature for 3 months as reflected
by the slight lowering in EE% and the small increase in the
average micelles diameter that remained <100 nm (Table 3).
Additionally, naringin retention (%) in PF68 micelles was
91.9943.24 at the end of the 3 months. It has been reported
that pluronic micelles were stable after lyophilization without
need of cryoprotectant possibly due to the cryoprotectant
long PEO chains in pluronic.”>7>7¢

Evaluation of cytoprotective activity

against ulcer

Macroscopic evaluation of gastric ulceration

Figure 6 represents gross appearance of freshly excised
stomach tissue of different rat groups. Parameters of mac-
roscopic evaluation of ulceration are illustrated in Table 4.
Stomach of group I (normal control) showed normal gastric
mucosa (neither inflammation nor hemorrhage) (Figure 6A).
However, the mucosa of stomach in group II (positive con-
trol), which received ethanol (70%, 10 mL/kg) orally, showed
multiple gastric ulcers and intensely hemorrhagic mucosa
(Figure 6B). Intragastric ethanol administration in rat mod-
els resulted in noticeable alteration in membrane damage,
cellular levels, exfoliation, and epithelial erosion, as well as

Table 3 Storage stability of lyophilized naringin micelles at room
temperature 25°Ct1°C

Parameter 0 month 3 months
LE% 2.26+0.09 1.73+£0.05
EE% 96.14+2.29 88.41+2.66
Mean particle size, nm 74.80+6.56 80.50+0.70
PDI 0.30+0.11 0.23+0.02
Drug retention (%) _ 91.99+3.24

Note: Data are expressed as mean + SD (n=3).
Abbreviations: EE%, entrapment efficiency; LE%,
polydispersity index.

loading efficiency; PDI,
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Figure 6 Gross appearance of stomach tissues.

Notes: (A) Normal control with normal gastric mucosa, (B) positive control
showing multiple gastric ulcers and intensely hemorrhagic mucosa, (C) rats
pretreated with naringin (100 mg/kg) displaying some gastric ulcers and moderately
hemorrhagic mucosa, and rats pretreated with either (D) naringin (200 mg/kg) or
(E) naringin—PF68 micelles (100 mg/kg) showing minimal gastric ulcers and mildly
hemorrhagic mucosa. Arrows indicate gastric ulcers and hemorrhagic mucosa.
Abbreviation: PF68, pluronic F68.

cell death.>?> Accordingly, rats of this group experienced a
high incidence of ulcer (100%), hence the highest Paul’s
index of 26.5 (Table 4). When free naringin (100 mg/kg)
was given for 5 successive days before ethanol adminis-
tration (group III), reduced inflammation and hemorrhage
were observed (Figure 6C). Accordingly, this group showed
significantly (P<<0.05) lower mean ulcers number as well as
smaller Paul’s index and percentage incidence when com-
pared with positive control (II). Significantly diminished
mean ulcers number has been resulted on pretreatment with

200 mg/kg free naringin (IV) relative to positive control
group (II, P<<0.001) and that received 100 mg/kg free nar-
ingin (IIT, P<<0.01). This finding was manifested by lower
percentage incidence of rats with ulcers (66.67%) and Paul’s
index (5.00) in case of group IV. Oral pretreatment with
naringin micelle with PF68 (V) at an amount equivalent to
100 mg/kg of the drug has resulted in a significant decrease
in mean ulcers number in comparison with positive control
group (II, P<<0.001) and that pretreated with 100 mg/kg free
naringin (III, P<<0.05). However, there was insignificant dif-
ference in the mean ulcers number between groups received
micelle (V) or free drug (IV) at respective doses of 100 and
200 mg/kg. Much less ulceration and hemorrhage were
experienced in groups IV and V (Figure 6D and E).

Accordingly, the AA of naringin either free at a dose of
200 mg/kg (IV, AA=5.30) or micelle with PF68 at an amount
equivalent to 100 mg/kg (V, AA=4.55) was highly increased
relative to that produced on oral pretreatment with free drug at
adose of 100 mg/kg (111, AA=1.77). The AA was recognized
if AA was at least of two units.>'53 Hence, the cytoprotective
activity (AA>2) of naringin against ethanol-induced ulcer
in rat model has been enhanced on micellization with PF68
allowing lowering in dose compared with free drug. This
enhancement can be referred to more prolonged residence
time and selective accumulation of nanomicelles in ulcerative
tissues.* Two principal mechanisms have been identified to
account for the accumulation of nanoparticles in ulcerated
tissue.”” Adhesion of nano-sized particles to the mucus layer
in the stomach is favored due to their small mass. Compared
to microparticles, uptake of nanoparticles by immune cells,
such as macrophages, in the area of active inflammation
is much easier. This enhancement can be referred to more
prolonged residence time and selective accumulation of
nanomicelles in ulcerative tissues.*

Histopathological examination
Gastric tissues of normal control group (I) showed normal
gastric mucosa, gastric pits, lining epithelium, gastric glands,

Table 4 Parameters of macroscopical evaluation of ethanol-induced ulcers in rats

Animal group Number of ulcers Percentage Paul’s AA Severity of
Mean + SE incidence index inflammation
n=6 of animals

| (normal control) - 0 0 - — (no inflammation)

Il (positive control) 26.50+2.32 100 26.50 - +++ (severe)

Il (100 mg/kg free naringin) 18.00+1.81% 83.33 14.99 1.77 ++ (moderate)

IV (200 mg/kg free naringin) 7.50+1.047#$% 66.67 5.00 5.30 + (mild)

V (100 mg/kg naringin—PF68 micelles) 8.75+0.85%#3 66.67 5.83 4.55 + (mild)

Notes: *P<<0.05 and *#P<<0.001 vs positive control group (Il). *P<0.05 and **P<<0.01 vs 100 mg/kg free naringin pretreated group (lll).

Abbreviations: AA, antiulcer activity; SE, standard error; PF68, pluronic F68.
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and submucosa (Figure 7A). In accordance with macroscopic
findings, stomach of positive control rats (II) exhibited
coagulative necrosis of entire mucosal thickness with intense
hemorrhage and desquamation of necrotic glandular epithe-
lium, as well as congestion of blood vessels, severe edema,
and neutrophilic infiltrations in the submucosa (Figure 7B).
Coagulative necrosis of luminal half of the gastric mucosa
with hemorrhage and desquamation of necrotic glandular

epithelium as well as severe edema and neutrophilic infiltra-
tions in the submucosa were observed in gastric tissues of rats
orally pretreated with 100 mg/kg naringin (III) (Figure 7C).
Coagulative necrosis of only superficial layer of gastric mucosa
and mild desquamation of necrotic glandular epithelium,
besides mild edema and neutrophilic infiltrations in the
submucosa, were noticed in gastric specimens of rats orally
pretreated with either 200 mg/kg free naringin (IV) or

Figure 7 Histological examination (HE, 100x) of rats stomach.

Notes: (A) Normal control showing normal gastric mucosa (arrow) and submucosa (arrow head), (B) positive control with coagulative necrosis of entire mucosal thickness
with intense hemorrhage and desquamation of necrotic glandular epithelium (arrow) as well as congestion of blood vessels, severe edema, and neutrophilic infiltrations
in the submucosa (arrow head), (C) orally pretreated with naringin (100 mg/kg) showing coagulative necrosis of luminal half of the gastric mucosa with hemorrhage and
desquamation of necrotic glandular epithelium (arrow) as well as severe edema (arrow head) and neutrophilic infiltrations in the submucosa, and orally pretreated with either
(D) naringin (200 mg/kg) or (E) naringin—PF68 micelles (100 mg/kg) displaying coagulative necrosis of only superficial layer of gastric mucosa (arrow) and mild desquamation
of necrotic glandular epithelium, besides mild edema and neutrophilic infiltrations in the submucosa (arrow head).

Abbreviations: HE, hematoxylin and eosin; PF68, pluronic F68.
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naringin—PF68 micelles at a dose equivalent to 100 mg/kg of
the drug (group V) (Figure 7D and E, respectively).

Immunohistochemical localization of TNF-ot and
caspase-3

Figure 8A illustrates immunohistochemical evaluation of
gastric TNF-o expression. Normal control rats (group 1)
displayed minimal immunoreactivity for TNF-o as indi-
cated by minimal brown-stained gastric glands. Intragastric
administration of ethanol (70%, 10 mL/kg, group II) without
naringin pretreatment suggested strong immunoreactivity
as clarified by intense brown staining in gastric mucosal
epithelium, gastric glands, and submucosa. Moderate brown
staining of the gastric mucosal epithelium, gastric glands, and
submucosa on oral pretreatment with 100 mg/kg naringin
(group III) indicated a reduction in the gastric expression
of TNF-a.. Doubling the dose of naringin (IV) or use of
an equivalent amount of micelle drug (V) resulted in mild
immunoreactivity indicated by mild brown staining of

A

superficial gastric mucosal epithelium and gastric glands
and submucosa.

Similar results have been recorded for caspase-3
(Figure 8B). In comparison with rats pretreated with 100 mg/kg
free drug, significantly lower gastric expression of TNF-a.
and caspase-3 has been resulted from dose doubling or use
of equivalent micelle drug (Figure 9). Both later treatments
produced statistically indifferent gastric expression of TNF-o
and caspase-3. The drug accumulation and longer residence
time at inflamed tissues on micellization with PF68 may
explain the reduction of gastric expression of TNF-a and
caspase-3.3>7

Gastric oxidative stress

Gastric tissue levels of MDA, GSH, and SOD in different
studied rat groups are depicted in Figure 10. Ethanol (70%,
10 mL/kg) intragastric administration (II) induced a highly
significant (P<<0.001) increase in MDA content concomitant
with a highly significant (P<<0.001) depression in GSH and

—
200 pm™

Figure 8 Microphotographs of gastric tissue of rats using immunohistochemical staining for (A) TNF-o. and (B) caspase-3 in comparison with normal and positive control
groups (IHC, 100x).

Notes: (I) Normal control displaying minimal brown-stained gastric mucosal epithelium (arrow), (ll) positive control showing intense brown staining in gastric mucosal
epithelium (arrow), gastric glands, and submucosa (arrow head), (1ll) rats orally pretreated with naringin (100 mg/kg) showing moderate brown staining of the gastric mucosal
epithelium (arrow), gastric glands, and submucosa (arrow head), and orally pretreated with either (IV) naringin (200 mg/kg) or (V) naringin—PF68 micelles (100 mg/kg)
displaying mild brown staining of superficial gastric mucosal epithelium (arrow) and gastric glands and submucosa (arrow head).

Abbreviations: IHC, immunohistochemical; PF68, pluronic F68; TNF-o., tumor necrosis factor-alpha.
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Figure 9 Effects of naringin oral pretreatment on ethanol-induced increase of gastric expression of TNF-o. and caspase-3 in rats in comparison with normal and positive
control groups (IHC, 100x).
Notes: (A) TNF-o and (B) caspase-3. Data are mean + SD, n=6. ***P<0.00| vs normal control group. *P<<0.05 and *#P<<0.001 vs positive control group. ¥P<<0.01, and
$33p<0.001 vs 100 mg/kg naringin pretreated group.
Abbreviations: IHC, immunohistochemical; PF68, pluronic F68; TNF-0, tumor necrosis factor-alpha.
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Figure 10 Effects of naringin oral pretreatment on ethanol-induced changes in oxidative stress markers.

Notes: (A) MDA, (B) GSH, and (C) SOD in comparison with normal and positive control groups. Data are mean + SD, n=6. **P<0.001 vs normal control group. *#P<0.01,
and #P<0.001 vs positive control group. *P<<0.05 and $*P<<0.01 vs 100 mg/kg naringin pretreated group.

Abbreviations: GSH, reduced glutathione; MDA, malondialdehyde; PF68, pluronic F68; SOD, superoxide dismutase.
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SOD activities when compared with normal control rats (I).
Oral pretreatment with naringin (100 mg/kg, group III)
resulted in a significant decrease in MDA content and a
significant (P<<0.001) elevation in GSH and SOD activities
when compared with positive control rats (II). Compared
to rats orally pretreated with naringin (100 mg/kg), signifi-
cantly greater suppression of MDA release and elevation of
antioxidant markers was produced on pretreatment with
naringin either free at a higher dose of 200 mg/kg (IV) or
micelle with PF68 (V) at a dose equivalent to 100 mg/kg of
the drug. There was an insignificant difference between the
two later groups (IV and V) regarding their effects on tissue
levels of MDA, GSH, and SOD as well as when compared
with normal control (I).

Consequently, it can be said that polymeric micelles
of naringin with PF68 enhanced its cytoprotective activity
against ulcer induced in rats by ethanol allowing the reduction
of naringin dose to the half possibly due to the high uptake
of these nanoparticles by macrophages at the ulcerative
areas.*>”’

ELISA of NF-xB and IL-6 in gastric tissue
homogenate

Figure 11 represents the effects of naringin oral pretreat-
ment on NF-kB and IL-6 expressions in comparison with
normal and positive control groups using ELISA. As shown
in this figure, NF-xB and IL-6 were significantly (P<<0.001)
expressed in positive control rats (II) when compared with
those of normal control group (I). In contrast, naringin
pretreated groups (III, IV, and V) showed a significant

>

ek

NF-xB (ng/g tissue)

reduction in NF-xB and IL-6 expressions as compared to
positive control group (II). Compared to rats pretreated
with 100 mg/kg naringin (I), such reduction was statisti-
cally significant (P<<0.05) when the dose of free drug was
increased to 200 mg/kg or encapsulated naringin within
PF68 micelles at a dose of 100 mg/kg was administered.
There was an insignificant difference in gastric NF-xB and
IL-6 expressions on the dose increase or micellization of the
drug, and hence PF68 micelles can be still suggested as a
promising drug delivery system of this drug for potentiated
cytoprotective action against ethanol-induced ulcer. Low-
ering of gastric NF-kB and IL-6 expressions encountered
with naringin—PF68 micelles could be explained by the
excessive accumulation of these nanoscopic particles in the
ulcerative tissues.’>"

Evaluation of naringin antitumor activity

In vitro cytotoxicity

Effects of PF68 micelles on naringin cytotoxicity against
HepG2, Caco-2, and MCF-7 were assessed via MTT assay
(Table 5). Values of IC, were estimated for naringin—PF68
micelles, free naringin, plain micelles, and cisplatin as a
reference anticancer. Naringin and its micelles showed dif-
ferent sensitivities to the cell lines used. Caco-2 cells were the
most sensitive to naringin showing the IC, of 7.67+0.14 uM
followed by HepG2 that exhibited the IC, of 25£0.17 uM.
The highest IC, (30.40£1.34 uM) has been recorded for
MCF-7 that is very much consistent with published data,
revealing IC, between 20 and 40 UM as estimated by MTT
assay.” These results reflect the lower cytotoxicity of naringin

BSO

sk

IL-6 (pg/g tissue)

Figure |1 Effects of naringin oral pretreatment on ethanol-induced cytokines expression in comparison with normal and positive control groups using ELISA.
Notes: (A) NF-xB and (B) IL-6. Data are mean % SD, n=6. **P<<0.01, and ***P<<0.001 vs normal control group. *P<<0.05 and **P<<0.001 vs positive control group. *P<<0.05

vs 100 mg/kg naringin pretreated group.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IL-6, interleukin-6; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PF68, pluronic F68.
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Table 5 The in vitro cytotoxicity estimated as the IC, values
after 72 h

Treatment IC  (LM)
HepG2 Caco-2 MCF-7
Naringin 25+0.17 7.67+0.14 30.40+1.34

Naringin—PF68 14.0010.17@@@:¥k (0 |9+0.0]@@@+++ 23 00+].32@@@*
micelles

PF68 plain 98.00+0.08 25.00+0.04 34.00+0.01
micelles
Cisplatin 30.75+0.22 9.80%1.13 20.51+0.57

Notes: Data are expressed as mean + SD (n=3). @@@P<0.00| vs free naringin.
*P<0.05, and ***P<<0.001 vs cisplatin.

Abbreviations: Caco-2, colorectal carcinoma; HepG2, human hepatocellular
carcinoma; IC,, half maximal inhibitory concentration; MCF-7, human breast cancer;
PF68, pluronic F68.

against the breast cancer cell line compared to the other two
cell lines used. This can be referred to the dose-dependent
estrogenic and antiestrogenic activities of naringin.” At low
concentration, this drug showed estrogenic agonist activity.
In contrast, it acted as estrogenic antagonist at high concentra-
tions and, hence, it cannot be considered as an efficient estro-
gen antagonist and high drug concentration can be expected
to significantly affect the viability and proliferation of
estrogen-sensitive MCF-7 cells. Generally, encapsulation of
naringin into PF68 pluronic micelles significantly (P<<0.001)
potentiated its cytotoxicity against all cell lines particularly
Caco-2 cells as indicated by the lowest IC,  0f 0.19+0.01 uM.
The results may represent the micellar formulation of 1:50
naringin—PF68 as a clinically superior delivery system as
suggested by significantly improved in vitro cytotoxicity than
free drug and the reference anticancer cisplatin.

The lower in vitro cytotoxicity of free naringin relative to
its micelles may be explained on the basis that drug aggre-
gates could hinder drug access into cells or be eliminated
from tumors by efflux pumps. The increased permeation
and retention of micelles in cancer cells’” as well as the
inhibition of drug efflux pump or P-glycoproteins by PF68
may explain the improvement of naringin in vitro cytotox-
icity by micellization with pluronics. The direct inhibition
of drug efflux pump by pluronics can be explained on the
basis that they can incorporate into cellular membranes
and translocate into cells hindering ATP synthesis, mito-
chondrial respiration, apoptotic signal transduction, gene
expression, and drug efflux transporters’ activity.® It has
been reported that pluronics reduced ATP formation in
drug-resistant cells rendering (MDR) tumors sensitive to
multiple chemotherapeutics.***> These effects of pluronics
could explain their successful use in developing drug delivery
systems to overcome MDR of tumors.3*408!

Mixed micelles of pluronic L61 and F127 containing
doxorubicin (SP1049C) was the first clinically studied
micellar formulation of anticancer.®? The micelle drug
was effectively accumulated in the tumors with higher
drug residence time and more delayed peak level than free
doxorubicin. Improved cytotoxicity against MCF-7 cells
and different intracellular distributions have been noticed
for doxorubicin—copolymer conjugate compared with free
drug.®® Endocytosis was the main cell transport mechanism
of doxorubicin conjugate with pluronics, while free drug
transported by transmembrane diffusion, and hence conju-
gates could overcome MDR in tumor cells.

In vivo antitumor activity

A solid palpable tumor mass was observed 5 days after
inoculation of EAC cells (day 0). A progressive growth
of the formed tumor to almost 10-fold its initial mass was
observed after additional 14 days (day 14) and recognized
as 100% tumor growth.

The mean values of tumor growth (A7/AC,%) and tumor
growth inhibition are shown in Table 6. All treatment
groups showed significantly (P<<0.05) lower tumor size
than untreated EAC-bearing group. The estimated values
of percentage tumor growth were 20%, 42%, and 28% for
groups receiving cisplatin, free naringin, and naringin—PF68
micelles, respectively, with the respective percentage tumor
growth inhibition of 80, 58, and 72. Antitumor activity of
naringin was significantly (P<<0.05) lower than that of the
reference anticancer cisplatin. Encapsulation of naringin
within PF68 micelles significantly (P<<0.05) improved its
antitumor activity as indicated by the higher percentage
of tumor inhibition 72 vs 58 for free naringin. Interest-
ingly, the antitumor activity of naringin micelle with PF68

Table 6 Effects of micelled naringin (100 mg/kg) on tumor growth
in mice-bearing EAC cells in comparison with cisplatin (I mg/kg)
and free naringin (100 mg/kg)

Treatment Tumor size (mm?)

group Day 0 Day 14 ATIAC (%) Percentage
of inhibition

EAC-bearing  72.40+4.27 722.4+4191 100 0

mice

Cisplatin 71.334£3.97 206.2£12.70+ 20 80

Naringin 70.00£3.86 346.0£19.26%* 42 58

Naringin—PF68 74.33+4.44 258.0+13.35+@ 28 72

micelles

Notes: Data are expressed as mean + SE (n=6). AT, changes of tumor size in the
treatment group; AC, changes of tumor size in the EAC-bearing mice; AT/AC (%),
percentage of tumor growth. ¥P<<0.05 vs EAC-bearing mice group, @P<0.05 vs free
naringin group, *P<<0.05 vs cisplatin group.

Abbreviations: EAC, Ehrlich ascites carcinoma; PF68, pluronic F68.
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Figure 12 Survival (%) of mice of different groups at the end of tumor growth study.
Abbreviations: EAC, Ehrlich ascites carcinoma; PF68, pluronic Fé68.

insignificantly differed from that of cisplatin. At the end
of the study, treatment groups of naringin either free or
encapsulated with PF68 showed the survival percentage of
100 vs 83.3 for cisplatin-treated group suggesting naringin
and its micelles as safer alternative than the currently
available chemotherapy (Figure 12).

The superiority of PF68 micelles of naringin over the
free drug indicated by the significantly improved percent-
age inhibition of tumor growth may suggest it as a novel
promising drug delivery system of naringin for the treatment
of tumor. Potentiation of in vivo anticancer effect of many
drugs as paclitaxel and doxorubicin in different tumor models
has been recorded for formulations with pluronics.328+36

Conclusion

Naringin—PF68 micelles were dispersed spherical particles
with nanoscopic diameter <100 nm and narrow size distribu-
tion suggesting prolonged circulation times and facilitated
access to cells and tissues. A total of 1:50 naringin—PF68
showed the highest drug entrapment. The encapsulation of
drug within these micelles was indicated by results of FT-IR,
DSC, and XRD. The micelles provided extended release up
to 48 vs 10 h for free naringin in different pH release media.
These nanomicelles potentiated naringin cytoprotection
against ethanol-induced ulcer in rats with dose reduction as
reflected by minimized mucosal damage, oxidative stress, and
gastric levels of TNF-q, caspase-3, NF-xB, and IL-6. As well,
improved antitumor activity has been recorded by enhanced
in vitro cytotoxicity against HepG2, Caco-2, and MCF-7 cell
lines and tumor inhibition in EAC-bearing mice. Therefore,

1:50 polymeric micelles with PF68 might be represented as
a promising nanocarrier of the phytopharmaceutical naringin
with prolonged release as well as enhanced antiulcer and
antitumor activities encouraging their clinical investigation
as alternative of the currently available treatment regimens
of ulcer and cancer that exhibited some side effects.
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