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Background: Type [ hypersensitivity is an allergic reaction characterized by the overactivity of
the immune system provoked by normally harmless substances. Glucocorticoids, anti-histamines,
or mast cell stabilizers are the choices of treatment for type I hypersensitivity. Even though these
drugs have the anti-allergic effect, they can have several side effects in prolong use. Cedrol is
the main bioactive compound of Cedrus atlantica with anti-tumor, anti-oxidative, and platelet-
activating factor inhibiting properties.

Methods: In this study, the preparation and anti-anaphylactic effect of cedrol-loaded nanostruc-
tured lipid carriers (NLCs) were evaluated. NLCs were prepared using Compritol® 888 ATO
and triolein as lipid phase and vitamin E D-c-tocopherylpolyethyleneglycol 1000 succinate,
soya lecithin, and sodium deoxycholate as nanoparticle stabilizers.

Results: The average diameter of cedrol-NLCs (CR-NLCs) was 71.2 nm (NLC-C)) and
91.93 nm (NLC-C)). The particle had negative zeta potential values of =31.9 mV (NLC-C))
and —44.5 mV (NLC-C,). Type I anaphylactoid reaction in the animal model is significantly
reduced by cedrol and cedrol-NLC. This in vivo activity of cedrol resulted that cedrol sup-
pressed compound 48/80-induced peritoneal mast cell degranulation and histamine release from
mast cells. Furthermore, compound 48/80-evoked Ca** uptake into mast cells was reduced in
a dose-dependent manner by cedrol and cedrol-NLC. Studies confirmed that the inhibition of
type [ anaphylactoid response in vivo in mice and compound 48/80-induced mast cell activation
in vitro are greatly enhanced by the loading of cedrol into the NLCs. The safety of cedrol and
CR-NLC was evaluated as selectivity index (SI) with prednisolone and cromolyn sodium as
positive control. SI of CR-NLC-C, was found to be 11.5-fold greater than both prednisolone
and cromolyn sodium.

Conclusion: Administration of CR-NLC 24 hours before the onset of anaphylaxis can prevent
an anaphylactoid reaction. NLCs could be a promising vehicle for the oral delivery of cedrol
to protect anaphylactic reactions.
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Introduction

Over the last few decades, the occurrence of allergic asthma, rhinitis, conjunctivitis,
food allergy, and anaphylaxis has increased in both the developing and the devel-
oped world.!? Systemic anaphylaxis is the most deadly one among them.? Around
300 million people suffer from asthma globally. The World Health Organization
(WHO) has estimated that worldwide mortality due to asthma has reached >180,000
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annually.®® Asthma affects all age groups. The pathogenesis
mainly involves inflammation of the airways, which in
turn affects sensitivity of the nerve endings resulting in
irritation, breathlessness, and wheezing. Normally harm-
less environmental agents act as the cause for this disease.
Asthma, allergic rhinitis, atopic dermatitis, and food allergy
are categorized under type I hypersensitivity. Many types
of inflammatory cells like T-helper type 2 cells, mast cells,
B cells, eosinophils, and a number of inflammatory leukot-
rienes and cytokines are involved in type I hypersensitivity.*>
The allergens trigger B cells to produce immunoglobulin
IgE and IgG antibodies. Crosslinking of IgE with the high-
affinity receptor for IgE (FceR1) on the surface of mast cell
and basophil triggers mast cell activation and release of
inflammatory mediators like histamine and bioactive lipids
including eicosanoids, platelet-activating factor (PAF), and
numerous proinflammatory cytokines,® which are essential
in the pathogenesis of allergic diseases and anaphylaxis.
Secretion of chemokines from mast cell initiates the late
phase response which promote leukocytes into the affected
tissues. 2478

Corticosteroids, anti-histaminic, and mast cell stabilizers
are commonly used in the treatment of type I hypersensitivity.
These drugs are anti-inflammatory or prevent the activation
of inflammatory cells and consequently block the actions of
inflammatory mediators. Although these drugs are helpful
in the treatment of type I hypersensitivity, they may have
side effects in long-term use. For example, oral corticos-
teroids cause general immunosuppression, skin fragility,
and Cushing syndrome. Not even the new generation anti-
histaminics are completely devoid of sedative properties.*!'
Therefore, new anti-asthmatic agents that are effective in both
early and late phase and of good tolerability in long-term use
is still a vital need.

Screening of novel therapeutic agent is one of the cur-
rent trends in the process of lead discovery.!*2 In the last
40 years, Centre for Drug Evaluation Research of the US
Food and Drug Administration, Silver Spring, MD, has
processed >400 new plant species.'* Plant-derived products
are gaining interest in the discovery of new anti-asthmatic
agents because of their availability and low cost. Only a
fraction of ~250,000 plant species have been studied for anti-
asthmatic activity till now.'*?' WHO has reported that 80%
people of world population believe in traditional medicine
for their health management.?

In our laboratory, we have screened a vast number of
natural extract in the form of steam volatile oil in vitro
for their inhibitory effect on mast cell degranulation and

anaphylactic shock. Cedarwood oil from Cedrus atlantica
was found to be a potential inhibitor of compound 48/80-
induced mast cell degranulation at a low concentration.
The cedarwood oil contains a number of sesquiterpenes
like o-cedrene, B-cedrene, and cedrol.* Cedrol is the main
active constituent of cedarwood oil. (+) Cedrol (CR) showed
anti-obesity, anti-hyperlipidemia, and/or antidiabetic effect.?
Umeno et al used cedrol via inhalation in both healthy
subjects and anosmic patient and found a significant decrease
in blood pressure. Their results showed that cedrol acts on
the lower respiratory system and may help in hypertensive
therapy in future.? Later, Hori et al found that cedrol not only
modulates autonomic activity via central nervous system?
but also causes an increase in the extracellular matrix in
dermal cells which may be useful for clinical skin care.?
Now cedrol is mostly used as positive control in different
experiments for comparing the PAF antagonist activity.?s%
In the present study, we showed that (+) cedrol had a strong
inhibitory effect on mast cell degranulation and anaphylactic
shock in mice. But the major drawback of cedrol is its poor
water solubility (21.88 mg/L), thereby limiting its bioavail-
ability and localization.*® Therefore, to become a lead for
asthma treatment, a suitable and low-cost delivery system
for cedrol was essential.

D-o-Tocopherylpolyethyleneglycol 1000 succinate
(vitamin E TPGS, or simply TPGS) is a well-known
stabilizer which is amphiphilic in nature containing both
lipophilic alkyl tail and hydrophilic polar head groups.
It is a water-soluble vitamin E derivative with hydrophilic-
lipophilic balance value of 13.2 and critical micelle con-
centration of 0.02% w/w.*'*2 A number of advantages like
the extended half-life of the drug in plasma and increase in
drug-loading (DL) capacity can be achieved by using TPGS
in the formulation.**-** P-gp is a protein in the cell mem-
brane which uses ATP as energy to pump drugs and other
xenobiotics out of the cell making the cell more resistant.®
Vitamin E TPGS is a P-gp efflux inhibitor.*® TPGS inhibits
P-gp by several mechanisms like membrane fluidization,
depletion of ATP, and inhibition of substrate binding. Rege
et al*” showed the effect of Tween 80, cremophor EL, and
vitamin E TPGS on the P-gp efflux transporter in caco-2
cell monolayers. They reported that TPGS has inhibitory
effect at a concentration of 0.025 mM.” Hence, cedrol
nanoparticle stabilized by TPGS is expected to have a good
pharmacological response in asthma.

In our formulation, we have used both solid and
liquid lipids to form the core matrix for nanostructured
lipid carrier (NLC). NLC has certain advantages over
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solid lipid nanoparticles and other drug delivery systems
which include high DL capacity, enhanced storage sta-
bility, improved permeability, bioavailability, reduced
adverse effect, prolonged half-life, and tissue-targeted
delivery.®® Triolein is a hydrophobic molecule that shows
little interaction with water and phospholipid planer
bilayers. Measured effects of triolein on the structure and
properties of phosphatidyl ethanolamine membrane have
verified that triolein could enhance the formation of the
H,, phase, which may be beneficial for destabilizing the
membrane and enhancing the gene transfection.* Artificial
lipoprotein has been developed with triolein, and the trans-
fection efficacy was comparable with that of commercial
Lipofectamine.***! In our laboratory, we have prepared
cedrol-NLC composed of compritol® 888 ATO and triolein
as lipid matrix stabilized by TPGS, soybean lecithin, and
sodium deoxycholate.

Materials and methods

Materials

Compritol® 888 ATO was supplied by Gattefosse India Pvt
Ltd (Mumbai, India). Triolein, soybean lecithin, TPGS,
sodium deoxycholate, compound 48/80, O-phthalaldehyde
(opt), 4-nitrophenyl N-acetyl-B-D-glucosaminide, Fura
2-AM, cromolyn sodium, prednisolone, and cedrol were
obtained from Sigma-Aldrich Co. (St Louis, MO, USA).
Fetal bovine serum (RM10432 HiMedia), RPMI 1640, and
Medium 199 were supplied by HiMedia (Mumbai, India).

Instruments and equipment

Sartorious digital balance, Vortex (CM101 cyclomixer;
Remi, Mumbai, India), a 700 MW sonicator (Vibra cell
VCX750; Sonics, Newtown, CT, USA), high-speed homog-
enizer (Ika® T10 basic, Ultra-Turrax®), magnetically stirred
hot plate (Tarsons, Spinot digital model MCO,), lyophilizer
(LaboGene-ApS, 6-B-DR-3450 Lynge, Denmark) were
used in the process of NLC preparation. Analyses were
carried out by high performance liquid chromatography
(HPLC) (Dionex ultimate3000; Thermo Fisher Scientific,

Waltham, MA, USA), UV spectrophotometer (Shimadzu
UV-1800; Schimadzu, Koyto, Japan), BOD incubator shaker
(BOD Inc 18, Kolkata, India), CO, incubator (MCO-15AC;
Sanyo, Tokyo, Japan), Laminar Airflow (Stericlean; Deepak
Meditech Pvt. Ltd, New Delhi, India), Cold Centrifuge
(Rota 4R-V/FM; Plasto Crafts, Mumbai, India). Standard
glasswares of Borosil® brand were used for experimental
purposes. GraphPad Prism 5.0.1, Statistica version 6, and
MedCalc version 11.6 were used for statistical analysis.

Methods

Ethics statements

All the experiments were carried out on BALB/c mice of
either sex, weighing 20-25 g and of approximately the same
age. All the mice were housed in polypropylene cage and
were kept in pathogen-free condition of animal house. The
experimental procedure was done according to the guidelines
of Jadavpur University Animal Ethics Committee (Commit-
tee for the purpose of control and supervision of experiments
on animals), which also approved the study and was carried
out with necessary humane care. Mice had the free access
of standard diet and water ad libitum and were exposed to a
proper day and night cycle.

Preparation of cedrol-loaded NLCs

The lipid materials used in the formulation have been used
frequently in the preparation of NLC for good biocompat-
ibility with hydrophobic drugs.*> Cedrol-loaded NLCs were
prepared by a combination of melt emulsification combined
with high-speed stirring and ultrasonication method. Briefly,
according to the drug and lipid ratio (Table 1), Compritol®
888 ATO (3 g) (glycerylmonobehenate 15%, glyceryldibe-
henate 50%, glyceryl tribehenate 35%), triolein (0.63 g), and
the drug were mixed and melted at 85°C with occasional
stirring for 15 minutes to form a transparent and uniform
oil phase. The stability study for cedrol at the melting point
of the lipid for the time period to obtain NLC revealed that
no degradation of cedrol has occurred under these condi-
tions. Besides the lipid phase, the aqueous phase (120 mL

Table | Characterization of NLC by particle size, zeta potential, PDI, EE, and DL

Formulation Cedrol concentration Lipid: Yield (%)*(after Mean size Zeta potential PDI* EE (%w/w)* DL (%wlw)?
(%wiw) drug lyophilization) (nm)? (mV)?

NLC-C, 0 - 81+2.6 55.90+0.26 —26.9+0.021 0.207+£0.007 - -

NLC-C, 9 8:1 96+0.43 71.20+0.57 -31.9+0.019 0.269+0.003 82+0.923 7.23+0.032

NLC-C, 18 4:1 82+0.78 91.93£0.61 —44.5+0.041 0.196+0.007 88+0.712 14.00+0.243

Note: *Each value represents mean + SD (n=3).

Abbreviations: NLC, nanostructured lipid carrier; PDI, polydispersity index; EE, entrapment efficiency; DL, drug loading; SD, standard deviation.
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double-distilled water) containing hydrophilic emulsifier
vitamin E TPGS (0.048 g), sodium deoxycholate (0.03 g),
and amphiphilic emulsifier soya lecithin (0.63 g) was also
heated to 85°C for 15 minutes and was then added dropwise
slowly to the lipid phase under homogenization (Ika® T10
basic, Ultra-Turrax®) at 20,000 rpm for 10 minutes. The
obtained pre-emulsion was then subjected to ultrasonica-
tion (a 700 MW sonicator, Vibra cell VCX750; Sonics) for
10 minutes at 85°C. Blank NLC was also prepared by the
same technique except for the addition of cedrol.

Coumarin-6 was used as a fluorescent marker to prepare
coumarin-6-loaded nanoparticles (CM-NLC). CM-NLC
was prepared by the same technique where 150 nmol/g
of coumarin-6 was added instead of cedrol. The different
formulations of NLCs were then cooled at 4°C for 20 hours
and filtered through Millipore filter (0.45 um). To each
NLC suspension, 7% sorbitol was added. The obtained
NLC suspensions were frozen to —80°C and lyophilized
for 48 hours at —45°C using a LaboGene-ApS Lyophilizer
(LaboGene-ApS 6-B-DR-3450 Lynge) until the solid product
was obtained. The yields of the NLCs were calculated by
using the following formula:

Y% = (LW/TW)x 100

where LW is the (lyophilized weight-weight of sorbitol
added) and TW is the theoretical weight of lipids and
surfactants.

Physicochemical characterization of cedrol-NLC
(CR-NLC)
Particle size, polydispersity index (PDI), and zeta potential
Average particle sizes of different formulations of NLCs were
determined by a dynamic light scattering (DLS) method using
Data Transfer Assistance (DTA) software by Zetasizer Nano
7S90 (Zetasizer Nano ZS; Malvern Instrument, Malvern,
UK) at 25°C. The range of the analyzer was 0.02 nm to 2 um.
The PDI is an index of width or spread or variation within
the particle size distribution. It was measured for different
formulations by DLS instrument.*

PDI can be calculated by the following equation:

PDI = D90_ 10
D

50

where D, , D, and D are particle diameter determined
at 90th, 50th, and 10th percentile of undesired particles,

respectively.

Zeta potential was measured by Zetasizernano ZS
(Malvern Instrument). It is measured as charge of a potential
that moves as suspension placed between two electrodes
that have DC voltage across them, and the velocity will be
proportional to the zeta potential of the particle.*

Field emission scanning electron microscopy
(FE-SEM)

The surface morphology of NLC was studied by FE-SEM.
For that purpose, after suspending the sample in distilled
water, it was centrifuged (30,000 rpm for 30 minutes)
two times and was then resuspended in distilled water.
Millipore filter membrane (0.45 um) was used as the carrier
medium. Then with the help of tweezers, membrane squares
(0.5%0.5 cm) were dipped in concentrated NLC suspension,
and carrier medium was mounted on stubs. Using a Sputter
Coater JFC-1100, the particles were coated with gold (20 nm
thickness) and was observed under a JSM-6700F scanning
electron microscope (JEOL, Tokyo, Japan).

Transmission electron microscopy (TEM)

The morphology of CR-NLC was examined by TEM (Jeol
JEM 2100F; JEOL-France, Paris, France), with an accel-
erating voltage of 200 kV. A drop of NLC suspension was
stained by a 2% phosphotungstic acid aqueous solution for
30 seconds and was sprayed onto copper grids overlaid
with 1% formvar in chloroform. The grid was then allowed
to air dry before observation under transmission electron
microscope.

Atomic force microscopy (AFM)

The surface properties of cedrol-loaded NLCs were visual-
ized by an AFM (Dimension Icon, Bruker, Germany). After
diluting the sample 20 times in double-distilled water, the
CR-NLC suspension was dropped (20 pL of final sample)
onto freshly cleaned mica plates, followed by vacuum drying
for 24 h at 25°C, and measurements were taken in triplicate
in different sample locations. AFM was done by tapping
mode, using high resonant frequency (F, =129 kHz), 2 uM
pyramidal cantilevers with a monocrystalline silicium tip
(Ultalever UL 020) having force constant 10 nN. The linear
scanning speeds were set at 1 Hz. Contact and non-contact
methods of AFM also revealed that this method has no effect
on the shape of nanoparticles.

Fourier transform infrared (FT-IR) spectroscopy
To detect the interaction of cedrol with carriers, FT-IR
studies were carried out. FT-IR spectra for pure cedrol, the
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physical mixture of all components, pure TPGS, blank NLC,
and the CR-NLC were obtained at ambient temperature. All
the spectra were acquired by scanning the samples between
4,000 and 400 cm™ at a resolution of 4 cm™ (IR Affinity 1;
Shimadzu, Kyoto, Japan).

Differential scanning calorimetry (DSC) analysis

DSC analysis was carried out for pure cedrol, pure TPGS,
CR-NLC, blank NLC, and physical mixture of all com-
ponents on a DSC 60 detector (Pyris Diamond TG/DTA;
PerkinElmer, Singapore). 5 mg of each sample was taken
in a platinum crucible and sealed hermetically. DSC scan
was recorded in the range of 30°C-300°C at a heating rate
of 5°C/min under a nitrogen purge, using alpha aluminum
powder as a reference.

Stability studies of freeze-dried cedrol-loaded NLC
Lyophilized NLCs were stored in glass vials in refrigerator
(at 4°C) for 60 days. The stability of the NLC was evalu-
ated on the basis of mean diameter, PDI, zeta potential, and
DL capacity.

Determination of entrapment efficiency (EE) and DL

For the determination of EE and DL capacity, CR-NLC was
taken in a centrifuge tube and 3 mL of 0.5 wt% Tween 80
in phosphate-buffered solution (PBS, pH 7.4) was added.
It was then shaken for 3 minutes by using the vortex to dis-
solve the free drug. After proper mixing, the samples were
centrifuged for 15 minutes at 25,000 rpm (Cold Centrifuge
Rota 4R-V/FM; Plasto Crafts, Mumbai, India). The super-
natant after centrifugation was analyzed by HPLC method
(Dionex ultimate3000, Thermo Fisher Scientific) where
HPLC column used was C18, 4.6x250 mm, 5 uM. The
mobile phase was chloroform and methanol (85:15).% The
flow rate was 1 mL/min, and the detecting wavelength was
242 nm. The calibration curve of peak area against the con-
centration of cedrol (Y =30.48X +13.11, R>=0.991, where
Y = peak area and X = cedrol concentration) was plotted.
This was used to detect cedrol concentrations throughout.
The drug EE and DL of NLC were calculated by using the
following equations:

total __

\W%
fiee % 100%

total

EE =

fee % 100%

lipids

DL — Wtota] B W

where W~ W__and W

total” free’ lipids

were the weight of drug added
in the system, analyzed weight of drug in supernatant, and
weight of lipids added to the system, respectively.

In vitro release of cedrol-loaded NLC

In vitro release of cedrol from the NLC core has been studied
using dialysis bag diffusion technique. For the study, freeze-
dried CR-NLC in a concentration of 3 mg/mL was suspended
in 3 mL of deionized water and vortexed. The resulting
suspension was then placed into a 12 kDa, molecular weight
cutoff pre-swelled dialysis bag. The bag was incubated in
50 mL release medium (0.5% of Tween 80 in PBS, pH 7.4,
and acetate buffer, pH 4.5) at 37°C under 100 rpm horizontal
shaking. At specific time interval (0.75, 1.5, 3, 6, 12, 24, 48,
and 72 hours) aliquots of 2 mL were withdrawn from the
dissolution media and the same volume was replaced by
fresh buffer. To all the collected aliquots, 2 mL of HPLC
grade chloroform was added, shaken properly, and allowed
for phase separation. To quantify cedrol in the aliquots,
chloroform layer was taken and analyzed by HPLC.

Mast cell purification and culture

Mice peritoneal mast cells were isolated as described.*
Briefly, mice were killed with excess carbon dioxide and
5 mL of heparinized (10 IU/mL) calcium- and magnesium-
free Hank’s solution (HBSS) was injected into peritoneal
cavity. After 90 seconds, the fluid was collected, centrifuged
at 1,290 rpm for 10 minutes at 4°C. The pelleted cells were
resuspended in HBSS containing 0.1% protease-free bovine
serum albumin and purified by continuous isotonic Percoll
gradient (72%) for mast cell isolation. Purified mast cells
were resuspended in HBSS containing Mg?" and Ca?*. Purity
and viability were evaluated by toluidine blue and trypan
blue exclusion staining, respectively. Purified mast cells
were transferred to 15% FBS and 5 pg/mL streptomycin
and 50 U penicillin fortified RPMI-1640 for multiplication
of mast cells.*” Media was changed after every 3 days, and
the culture was maintained up to 2 months.

Trypan blue exclusion assay of mast cell viability

For the cell viability assay, trypan blue exclusion was car-
ried out. Briefly, to a 1.5 mL clear effendrop tube, 200 UL
of mast cells was aseptically transferred and incubated with
an equal volume of 0.4% (w/v) trypan blue solution prepared
in 0.8% NaCl and 0.06% (w/v) dibasic potassium phosphate
for 3 minutes at room temperature. Cells were counted by
using dual chamber hemocytometer under a light microscope.
Viable and nonviable cells were recorded separately, and the
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means of the three independent cell counts were pooled for
analysis. Cell viability study was conducted by incubating the
cells for 24 hours at 37°C with the experimental concentra-
tions of standard anti-asthmatic drugs, cedrol, and CR-NLC
used for histamine release assay, B-hexosaminidase release
assay and intracellular Ca*" uptake measurement.

Mast cell sensitization by compound 48/80 and
microscopic observation

Purified mast cell suspension in HEPES-Tyrode’s buffer was
incubated with compound 48/80 (4 wg/mL) for 10 minutes at
37°C. Smears of mast cells were prepared, fixed in methanol,
and stained with 0.1% (w/v) toluidine blue for 10 minutes.
The morphology of the cells was observed under a light
microscope.*

Time course of fluorescence intracellular
distribution studies

For intracellular distribution study, CM-NLC was prepared
and un-entrapped coumarin-6 was removed by dialysis
(12 kDa; Sigma-Aldrich Co.). To study the uptake of
CM-NLC in mast cells, 4x10° cells/well were seeded with
CM-NLC (0.5 mg/mL) and incubated in a CO, incubator
at 37°C for 15, 30, and 45 min. After these time intervals,
the samples were withdrawn and observed under confocal
laser scanning microscope (TCS SP8; Leica Microsystems,
Wetzlar, Germany) equipped with Leicasuitelas X software.
Samples were observed in fluorescein isothiocyanate channel.
The magnification of the objective was 63X.

Effects of anti-asthmatic drugs, cedrol,and CR-NLC
on histamine release assay from mast cells

Purified mice peritoneal mast cells (2x10° cells/mL) were
preincubated at 37°C for 10 minutes in carbon dioxide
incubator for stabilization. Standard anti-asthmatic drugs,
cedrol, and CR-NLC at various concentrations were added
and incubated at 37°C. After 24 hours of incubation, the
cells were washed to free from the unabsorbed drug before
incubation with compound 48/80 (4 1g/mL) for 20 minutes.
The reaction was stopped by chilling test tubes in ice water.
The cells were separated from the released histamine by
centrifugation at 2,108 rpm for 5 minutes at 4°C. In the cell
pellets, 0.05% (v/v) Triton X-100 was added to liberate the
residual histamine. After the addition of 0.02% opt-methanol
solution, histamine content in the supernatant and cell pellets
was determined spectrofluorimetrically (excitation 360 nm,
emission 450 nm). For the estimation of the spontane-
ous release of histamine (spontaneous), exactly the same

procedure without adding drugs and samples was followed.
The release percentage of histamine was calculated by the
following equation.*-¥

Histamine release (%) =

(Supernatant — Spontaneous)

x100%
([Supernatant + Cell pellet] — Spontaneous)

Effect of anti-asthmatic drugs, cedrol,and CR-NLC
on B-hexosaminidase release assay from mast cells
As a marker of degranulation, we measured the release of
B-hexosaminidase. To measure B-hexosaminidase release,
cells were incubated with standard anti-asthmatic drugs,
cedrol, and CR-NLC at various concentrations for 24 hours
at 37°C. The supernatant from cells after the compound
48/80-stimulation in PIPES buffer and B-hexosaminidase
substrate (p-nitrophenyl-N-acetyl-B-D-glucosaminide) in
100 mM citrate buffer (pH 4.5) were mixed in 48-well plates
and were incubated at 37°C for 1 hour in carbon dioxide
incubator. The reaction was terminated by adding 100 mM
carbonate buffer (pH 10.5), and the absorbance at 405 nm
was measured by a microplate reader. The percentage of
B-hexosaminidase release inhibition was calculated by using
the following formula:

Inhibition (%) = [1 —m} x 100
C-N

T = test, in the presence of compound 48/80 and drug

B = blank, in the absence of compound 48/80 but in the
presence drug

C = control, in the presence of compound 48/80 without
drug

N = normal, in the absence of compound 48/80 and drug.

Measurement of intracellular calcium

The intracellular levels of Ca’" ions were estimated by Fura-
2-AM. The cells (107 cells/mL) were incubated with anti-
asthmatic drugs, cedrol, and CR-NLC in Ca?*-supplemented
Tyrode solution for 24 hours. The cells were then washed
and stimulated with C 48/80 for 20 minutes at 37°C, except
for wells used to measure the baseline release from cells
alone. The intracellular level of Ca®" ions was measured
by adding 2 uM Fura-2-AM and incubating the cells for a
further 30 minutes prior to analysis. Finally, the cells were
washed twice in PBS and the fluorescence intensity was
recorded using fluorescent plate reader at an excitation of
340 nm and emission of 500 nm.
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Compound 48/80-induced systemic anaphylactic
reaction

The experiment was carried out according to the method as
described by Kim et al.*! Briefly, each mouse was given an
intraperitoneal (ip) injection of mast cell degranulator com-
pound 48/80 (10 mg/kg) to evoke a systemic anaphylactic
reaction. The anti-asthmatic drug, cedrol, or CR-NLC was
orally administered 1, 16, and 24 hours before the injection
of compound 48/80. Survival time and mortality were moni-
tored after the induction of anaphylactic shock.

Cytotoxicity assay and selectivity index (SI)

The assay was performed in 48-well tissue culture plates in
the presence of 2x10° mast cells in RPMI-1640 medium.
The wells were seeded with standard anti-asthmatic drugs,
cedrol, or CR-NLC solutions and incubated at 37°C in carbon
dioxide incubator for 3 days followed by counting of viable
mast cells stained by trypan blue, microscopically. Control
cell system was run in parallel in the absence of drugs or
inhibitors. The SI which is typically considered as high-
est exposure that produces desired efficacy is an important
parameter in efforts to achieve this balance. In the present
study, the degree of selectivity of the drug or its formulation
is expressed as SI = CC,; of a drug or its formulation in a
mast cell line/IC, of the same drug or its formulation, where
CC,, is the concentration required to kill 50% of mast cell
population and IC, is the concentration required to inhibit
50% of either histamine or B-hexosaminidase release from
mast cell in the presence of the drug or its formulation. When
SI value is >10, the drug or formulation presents promising
activity, that is higher than its toxicity.*

Statistical analysis

Experimental results were expressed as mean + standard
deviation. Comparison of IC, values of histamine assay,
B-hexosaminidase assay, and Ca?* uptake inhibition between
groups was done by one-way analysis of variance followed
by Tukey’s test for post hoc pairwise comparison between
groups. P<<0.05 was considered as significant. In the case of
survival time comparison between the groups in anaphylaxis
reaction, we conducted Kaplan—Meier survival analysis.

Table 2 The composition of nanostructured lipid carrier system

Results

Selection of lipids and surfactants

In the development of lipid nanoparticle, the most critical
parameter is to select adequate lipids. The selected lipids form
solid-liquid binary lipid (SLB) matrix and should have the
ability to solubilize the drug.*® For that purpose, to select the
most suitable matrix, the solubility of cedrol was studied in
different solid and liquid lipids. The most suitable lipid matrix
was found to be Compritol® 888 ATO:Triolein =5:1 (w/w)
for cedrol-loaded NLC preparation. Based on the capacity
to emulsify SLB, the surfactants were selected. The most
suitable combination of surfactants in the preparation of
NLC was found to be soya lecithin:vitamin E TPGS:sodium
deoxycholate =21:1.6:1(w/w/w).

Characterization and preformulation
study of NLC

A number of active pharmaceutical compounds are efficient
in vitro at the cellular level, but their high hydrophobicity
that restricts their direct administration in vivo. Low drug
capacity is the major drawback for polymeric nanoparticles.>*
High drug content and good drug retention are the most
desirable properties of nanoparticles to exert their efficacy
in both in vitro and in vivo.* Nanoparticles with a lipid
core constitute ideal carrier for the vectorization of high
payloads of these lipophilic drugs/compounds. In this study,
we described a low-cost preparation of NLC composed of
Generally Recognized As Safe (GRAS) ingredients, such
as fat, oil, and lecithin, TPGS, and sodium deoxycholate
surfactants (Table 2).

Preparation and physicochemical characterization

of cedrol-loaded nanoparticles

Different NLC formulations were prepared by the tech-
nique of both hot melt homogenization and ultrasonica-
tion, comprising Compritol® 888 ATO and triolein as the
lipid phase and a mixture of surfactants — TPGS, soya
lecithin, and sodium deoxycholate. Several initial experi-
ments were performed to ensure the optimum conditions
with respect to formulation composition in the preparative
process of NLC.

Formulation Solid lipid Liquid lipid Hydrophillic emulsifier Amphiphillic
code (%wiw) (%wlw) (%wlw) emulsifier (%w/w)
CR-NLC Compritol® Triolein (14.5) TPGS (1.1) Soya lecithin (14.5)

888ATO (69.2)

Sodium deoxycholate (0.7)

Abbreviation: CR-NLC, cedrol-nanostructured lipid carrier.
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Abbreviations: DLS, dynamic light scattering; NLC, nanostructured lipid carrier.

To interpret the effect of lipid-to-drug ratio on the physical
properties of NLCs, the particle size, zeta potential, PDI, EE,
and DL values were evaluated, which are shown in Table 1.
The Z average diameter for the NLCs was increased from 71.2
to 91.9 nm as the cedrol concentration increased from 9%
to 18% (Figure 1; Table 1). TPGS-emulsified nanoparticles
exhibited negative surface charge, NLC-C, having—31.9 mV
and NLC-C, having —44.5 mV. PDI indicates the width
of the particle size distribution, which ranges from 0 to 1.
A monodisperse sample has PDI near to 0. The mean PDI
values for the NLC-C, and NLC-C, formulations varied in
the range 0f 0.269—-0.196 as tabulated in Table 1. PDI values
indicate that the NLCs show polydispersity. NLCs prepared
with 9% and 18% (w/w) cedrol resulted in 7.23% and 14%
(w/w), respectively, of DL and 82%—-88% (w/w) of EE. For-
mulation NLC-C, was considered for further characterization,
due to higher DL.

Morphology study

FE-SEM study confirms that the particles are in nano range
(Figure 2A). TEM analysis of NLCs showed that the particles
are of spherical shape (Figure 2B1 and B2). Particles with an
inner dark core comprising Compritol® 888 ATO and triolein
can be observed at high magnification. TEM image also
revealed that the particles have no rupture on their surfaces.
The topographic and three dimensional (3D) micrographs
of AFM were generated by the atomic level interaction
between a sharp tip and the surface of CR-NLC which is
depicted in Figure 2C1 and C2. AFM images showed uniform

spherical-shaped CR-NLCs having a smooth surface without
any visible crevices or pores. The uniform covering of both
hydrophilic and amphiphilic emulsifier over the surface of
solid-liquid lipid core is the probable cause for the smooth
surface of NLC. The images of morphology study of NLCs
revealed the regular spherical shapes, smooth surface with
no apparent aggregation.

FTIR spectroscopy

FTIR investigation showed that cedrol had important peaks
at 1,128, 1,371, and 3,352 cm™" (Figure 3A). A small sharp
peak of 1,128 cm™! was present in cedrol, whereas the same
peak in CR-NLC turned too broad. The peak 1,128 cm™
represents C-O stretching of C-OH, and when the same peak
becomes broad, it represents bond stretching is hindered due
to immobilization in NLC. A small sharp peak at 1,371 cm™
of cedrol represents —O-H bending, and the same is absent
from CR-NLC. This observation again shows that due to
immobilization in NLC, —O-H bending is hindered. A broad
peak at 3,352 cm™' represents H-bonded —OH of cedrol, and
the same is absent from the physical mixture, whereas pres-
ent in the CR-NLC due to H-bonding. A small sharp peak

\
at 1,371 cm™ represents /C(CH3)2 of cedrol and the same is

absent from CR-NLC due to immobilization.

DSC study

The DSC thermograms of cedrol, pure TPGS, physical mix-
ture, blank NLC, and CR-NLC are depicted in Figure 3B.
In DSC thermogram of pure cedrol and pure TPGS, a sharp
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Figure 2 Morphology study of cedrol-NLC.
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Notes: (A) FE-SEM image of cedrol-loaded NLC diluted with double-distilled water in a ratio of 1:20 for image. The accelerating voltage was 5 kV. (B) Visualization of particle
shape and size of cedrol-NLC nanoparticles by TEM. (Bl) Particle at high magnification (x300,000, acceleration voltage: 80 kV) and (B2) scanning transmission electron
microscopy image of particles. (C) AFM study of cedrol-NLC nanoparticles. (Cl) 2D surface topography and (C2) 3D particle distribution.

Abbreviations: FE-SEM, field emission scanning electron microscopy; NLC, nanostructured lipid carrier; TEM, transmission electron microscopy; SEM, scanning electron

microscopy; AFM, atomic force microscopy.

melting point at 83.6°C and 44.8°C, respectively, indicates
crystalline behavior of the two. The sharp endothermic peak
of blank NLC and CR-NLC appeared at 72.58°C and 71.81°C,
respectively. In case of the physical mixture of cedrol with
all components of NLC, the peak exhibited at 78.04°C.

The absence of sharp endotherm of cedrol in the thermogram
of CR-NLC is the clear indication of phase transformation
of cedrol. Here it can be suggested that during the process of
encapsulation, cedrol has transformed to amorphous state
from crystalline state. The melting-homogenization process
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Notes: (A) FT-IR spectroscopic studies depicted drug—carrier interactions and hydrogen bond formation between hydroxyl group of cedrol and double bond of
glyceryltrioleate (color codes: cedrol, sky; physical mixture, green; TPGS, red; blank NLC, blue; cedrol-NLC, violet). (B) DSC thermograms ascertained complete dilution of

cedrol in NLC (color codes: cedrol, sky; physical mixture, green; TPGS, red; blank NLC, blue; cedrol-NLC, violet).

Abbreviations: NLC, nanostructured lipid carrier; FT-IR, Fourier transform infrared; TPGS, D-o-tocopherylpolyethyleneglycol 1000 succinate; DSC, differential scanning

calorimetry.
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Table 3 Particle size parameters, PDI, ZPs, loading capacity of lyophilized cedrol-loaded NLCs after storage at 4°C for 2 months in

the dark

Sample Size* PDI? ZP (mV)? Loading capacity (wt%)*
Before After Before After Before After Before After
storage storage storage storage storage storage storage storage

Cedrol-loaded NLC-C,  71.20£0.57  73.410.31 0.269+0.003  0.270+0.006  —31.9+0.019  -32.1+0.012  7.23+0.032 6.90+0.01

Cedrol-loaded NLC-C,  91.93%0.61 92.5+0.26  0.196+0.007  0.201+0.004  —44.5+0.041 —44.8+0.024 14.00+0.243 13.84+0.28

Note: *Each value represents mean * SD (n=3).

Abbreviations: PDI, polydispersity index; ZP, zeta potential; NLC, nanostructured lipid carrier; SD, standard deviation.

has prevented the recrystallization of cedrol. As a result,
cedrol inside the NLC core became amorphous molecular
dispersion form. Furthermore, homogeneous encapsulation
of cedrol can be suggested here because of the absence of
redundant endothermic peaks of CR-NLC. In addition, the
absence of redundant endothermic peak suggests that there
is homogenous encapsulation of cedrol inside the NLC.

Storage stability

The data of stability study of NLC-C, and NLC-C, after
60 days of storage at 4°C is presented in Table 3. It can be
observed that there is a very little change in mean diameter,
PDI, a slight decrease in zeta potential and loading capacity,
as observed in Table 3, thus indicating the stability of the
formulations, which is the most important desired product
characteristics.

In vitro release study of cedrol from NLC

In vitro drug release study was conducted upon sink
condition performed in order to assess the potential of
cedrol-NLC to control the release of cedrol for prolonging
the action. The in vitro drug release profile of cedrol from
CR-NLC in phosphate buffer pH 7.4 and acetate buffer pH
4.5, respectively, placed in dialysis bag and incubated in
PBS, pH 7.4, with 0.5% (v/v) Tween 80 and acetate buffer
4.5 at 37°C is presented in Figure 4. The release of cedrol
from NLCs showed phase release behaviour, where an
initial burst release has been noticed which extended over
a period of 24 hours. The release of cedrol from NLCs in
PBS, pH 7.4, is comparatively greater than the release in
acetate buffer, pH 4.5. As it is reported earlier in the case
of hydrophobic drugs, this is due to the partial erosion of
outer phospholipid layer of CR-NLC, and there is a rapid
diffusion and desorption of surface adsorbed or weakly
bound cedrol which resulted in quick diffusion.’® The
subsequent extended release was achieved up to 72 hours,
indicating the slower diffusion of the encapsulated cedrol
from CR-NLC core. The phospholipid envelop of NLC acts

as the barrier, which has restricted the penetration of release
media and reduced the faster immobilization of cedrol
from the compritol-triolein core extending the release.”’
To measure the efficiency of the formulation NLC-C, and
NLC-C,, in vitro release of cedrol from NLC was conducted
in stimulated physiological dissolution medium. The results
obtained were further analyzed by using different math-
ematical models for drug release kinetics. To investigate the
kinetic modeling of drug release from NLCs, the correlation
coefficient (R?) was used as an indicator of the best fitting
of the models which is shown in Table 4. The dissolution
profiles were fitted to zero order (Q = kt): first order [In
(100-Q) = In Q,—k t]: Higuchi (Q = k,t'?) and Korsmeyer-
Peppas models equation.’® The R? values for first-order
kinetics of NLC-C, and NLC-C, were greater than that
of zero order at pH 7.4. To understand the mechanism of
drug release, the first 60% drug release data were fitted to
Korsmeyer-Peppas exponential model M/M_ = Kt", where
M/M_ is the fraction of drug released after time “t” and
“K” is kinetic constant and “n” is release exponent, which
characterizes the different drug release mechanism.*® The
value of release exponent “n” of Korsmeyer-Peppas model
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Figure 4 In vitro release profile of cedrol-NLC nanoparticles in phosphate-buffered
saline (0.5% of Tween-80 in PBS, pH 7.4) and acetate buffer (pH 4.5).
Abbreviation: NLC, nanostructured lipid carrier.
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Table 4 R? values of different drug release kinetics models and release exponents of different formulations

Formulation pH Correlation coefficient (R?)

code Zero First Korsmeyer- Hixson- Higuchi Release
order order Peppas Crowell exponent (n)

NLC-C, 74 0.7386 0.959%4 0.9412 0.4624 0.9194 0.4525

NLC-C, 0.726 0.987 0.9324 04513 0912 0.4451

NLC-C, 4.5 0.9271 0.8913 0.9881 0.5656 0.9862 0.4887

NLC-C, 0.9505 0.6984 0.9686 0.5971 0.9567 0.4739

Abbreviation: NLC, nanostructured lipid carrier.

indicates the release mechanism (Fickian diffusion, case 11
transport or anomolos transport) involved in the process.
The limits considered were n =0.43 (for classical Fickian
diffusion-controlled drug release) and n=0.85 indicates a
case II release transport; non-Fickian, zero-order release.
When “n” value lies between 0.43 and 0.85, this can be the
indicator of both phenomena (drug diffusion in the hydrated
matrix and matrix relaxation) generally called as anomalous
transport.” In our study, both the formulation NLC-C, and
NLC-C, at both pH have “n” value in the range between
0.43 and 0.85, which suggests the phenomena of anomalous
or non-Fickian diffusion and is related to both diffusion of
the drug and dissolution of the NLC matrix.

Light microscopy of compound 48/80-
induced degranulation of mast cell

Mast cells showed 94% purity and 97% viability when
evaluated by toluidine blue and trypan blue exclusion stain-
ing, respectively. When mast cell incubated with standard
anti-asthmatic drugs, cedrol and cedrol-NLC for 24 hours at
37°C with experimental concentrations used for histamine
release assay, B-hexosaminidase release assay and intrac-
ellular Ca®* uptake measurement, no major change in the

viability has occurred. The morphology of the mast cells was
observed under a light microscope to examine compound
48/80-induced mast cell activation (Figure 5). Microscopic
observation of mast cells smear stained with toluidine blue
showed the presence of granules generally spherical or oval in
shape within a mast cell (Figure 5A). Following stimulation
with compound 48/80 for 10 minutes, mast cells showed the
characteristics of mast cell degranulation with cell swelling
and extended granules near the cell surface and the surround-
ing medium (Figure 5B).

Permeation of NLC in mast cell

In order to assess the permeation potential of NLCs, the
permeation study using mast cell model was conducted
(Figure 6). CM-NLC was used as a fluorescent label for
time-dependent uptake of NLC. Considerable internaliza-
tion of CM-NLC into the mast cells was within 45 minutes
of incubation while 15 minutes incubation period showed
insignificant internalization. Cellular internalization of
CM-NLC only took place in viable cells. Figure 6 represented

time-dependent uptake of CM-NLC. The anti-degranulation
activity of CR-NLC is attributed to be the cedrol payload
and to mast cell localization.

Figure 5 Light microphotographs using light microscopy of mice peritoneal mast cells in HEPES-Tyrode buffer: (A) resting mast cells and (B) mast cells stimulated with

compound 48/80 (magnification 100x).
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Figure 6 Penetration of coumarin-6-NLC (CM-NLC) in mast cells.

Notes: Fluorescence images of CM-NLC-loaded nanoparticles were used as prototype to study the cellular uptake of cedrol-NLC in mice peritoneal mast cells. 4x10° mast
cells/well in three batches were seeded with CM-NLC (0.5 mg/mL) and incubated in CO, incubator at 37°C for (A) 15 minutes, (B) 30 minutes, and (C), 45 minutes. Cellular
internalization of CM-NLC took place only in viable cells. These figures represented time-dependent internalization of CM-NLCs (magnification 63Xx).

Cedrol and CR-NLC inhibit compound
48/80-induced histamine release from

mast cells

A standard histamine concentration curve was obtained
using pure histamine by the method of Shore et al.®® Incu-
bation of mast cells with compound 48/80 in the positive
control group showed significant increase of histamine
release compared to the normal control group. In contrast,
preincubation of mast cells with anti-asthmatic drugs,
cedarwood oil, cedrol, and CR-NLC showed a significant
and dose-dependent inhibition of histamine release from
mast cells, indicating their mast cell stabilizing activity. To
determine SI, a parameter for the relative safety of drugs,
ICSO’
cedrol, and CR-NLCs were determined as shown in Table 5

CC,, values of anti-asthmatic drugs, cedarwood oil,

and Figure 7. Histamine release from mast cells was
estimated from the standard histamine curve, and the per-
centage inhibition was calculated with respect to control
histamine release (without effector). Table 5 shows that
50% inhibitory concentration (IC,)) of NLC-C, for hista-
mine release from mast cells was least (10.5 uM) followed
by NLC-C, (17 uM) < cromolyn sodium (23 uM) <
prednisolone (26 uM) < cedrol (35 uM). With respect
to SI, NLC-C, showed maximum selectivity (99.2) fol-
lowed by NLC-C, (64.1) > cedrol (25.2) > prednisolone
(8.6) > cromolyn sodium (8.5) > cedarwood oil (7.9).
Since SI value of CR-NLCs was >10 and much higher
than standard anti-asthmatic drugs, we may expect CR-
NLCs would be therapeutically safe for the amelioration
of asthma, allergy, and rhinitis. Blank NLC had no effect
on mast cell degranulation.

Cedrol and CR-NLC inhibits compound
48/80-induced B-hexosaminidase release

from mast cells

Degranulation marker B-hexosaminidase was determined
by measuring the levels of secreted B-hexosaminidase from
compound 48/80-sensitized mast cells.* Preincubation of
mast cells with anti-asthmatic drugs, cedrol, and CR-NLCs
showed a dose-dependent inhibition of B-hexosaminidase
release from compound 48/80-sensitized mast cells, indi-
cating their mast cell stabilizing activity. Comparative
analysis of SIs of the anti-asthmatic drug, cedrol, and
CR-NLC-treated mast cells revealed highest SI of NLC-C,
(29.8) followed by NLC-C, (23.6) > cromolyn sodium

Table 5 Histamine release evaluation from mast cells in the
presence of anti-histaminic drugs, cedarwood oil, cedrol, and
cedrol-NLC?

Substance IC,, (mean £ SD, CC,, (mean +SD,

tested n=4) uM n=3) uM, (mast cells)®
IC,, SIe

Prednisolone 26.00+2.86 8.6 225425

Cromolyn sodium  23.00+2.95 85 195122

Cedarwood oil? 72.00+7.6 7.9 571+78

Cedrol 35.00+3.85¢¢ 252 885+l 15"

NLC-C, 17.00£2.21"  64.1 1,090+ 139%

NLC-C, 10.50+1.05%4 992 1,042+125%

Notes: “Assay of histamine release from mast cells in the presence of C-48/80
was described in the “Materials and methods” section. *Cytotoxic concentration
(CC,) of tested substances was evaluated in mast cells as described in the “Materials
and methods” section. S| was defined as the ratio of CC, /IC, . ‘ug/mL. One-way
ANOVA followed by Tukey’s test shows significant difference from corresponding
1) prednisolone °P<0.01, P<0.001; 2) cromolyn sodium, #<0.001, "P<0.05;
3) cedrol, 'P<0.001; and 4) NLC—CI, iP<<0.05.

Abbreviations: NLC, nanostructured lipid carrier; SD, standard deviation; SI,
selectivity index; ANOVA, analysis of variance.
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Figure 7 Comparative study of histamine release evaluation from mast cells in the presence of prednisolone, cromolyn sodium, cedarwood oil, cedrol, and CR-NLC.
Notes: (A) Comparison of IC_; values. One-way ANOVA followed by Tukey’s test shows significant difference from corresponding ) prednisolone ¢P<<0.01, P<<0.001;
2) cromolyn sodium, 2P<<0.001, "P<<0.05; and 3) cedrol, P<<0.001; 4) NLC-C , iP<0.05. (B) Comparison of SI.

Abbreviations: CR-NLC, cedrol-nanostructured lipid carrier; S, selectivity index.

(9.28) > cedrol (7.3) > prednisolone (5). Table 6 reveals
that in -hexosaminidase degranulation model, SI of CR-
NLCs was again >10 and higher than cromolyn sodium
and cedrol. Our result indicates that CR-NLC is an effective
and safe inhibitor of mast cell degranulation induced by
compound 48/80.

Measurement of intracellular calcium

Mast cell degranulation is a highly regulated Ca** dependent
process.®%? To investigate the mechanisms of cedrol and
CR-NLC in histamine release inhibition, intracellular calcium
levels were examined. Upon treatment with compound
48/80 (4 ug/mL), the intracellular calcium of mast cells gets
stimulated which are presented in Figure 8A—C. Preincuba-
tion of cromolyn sodium (Figure 8A), cedrol (Figure 8B),
and CR-NLC (Figure 8C) decreased intracellular calcium

Table 6 B-Hexosaminidase release inhibition from mast cells in
the presence of anti-histaminic drug, cedrol, and cedrol-NLC®

Test substance IC,, (mean £ SD, CC,, (mean * SD,

UM) n=4 iM) n=3 (mast cells)®
IC,, SIe

Prednisolone 45.00+4.95 5 225+25

Cromolyn sodium ~ 21.00+2.73¢ 9.28  195%22

Cedrol 120.00£13.2¢ 7.3 885+ 15°f

NLC-C, 46.00+5.068" 23.6  1,090£139<f

NLC-C, 35.00+£3.9 29.8  1,042£125<f

Notes: *3-Hexosaminidase release assay from mast cells was carried out as described
in the “Materials and methods” section. *Cytotoxic concentration (CC,) of tested
substances was evaluated in mast cells as described in the “Materials and methods”
section. °SI was defined as the ratio of CC_/IC, . One-way ANOVA followed by
Tukey’s test shows significant difference from corresponding 1) prednisolone P<<0.01,
¢P<<0.001; 2) cromolyn sodium, P<<0.001, ¢P<<0.01; and 3) cedrol, "P<0.001.
Abbreviations: NLC, nanostructured lipid carrier; SD, standard deviation; SI,
selectivity index; ANOVA, analysis of variance.

levels induced by compound 48/80. CR-NLC appears to
have highest Ca®" uptake inhibition property followed by
cromolyn sodium and cedrol (Figure 8D).

Effects of oral cedrol and CR-NLC after
different periods of pretreatment in

the mice model of C-48/80-mediated
systemic anaphylaxis

Systemic anaphylaxis was induced in mice by IP injection
of 10 mg/kg of C-48/80. Systemic anaphylaxis was evalu-
ated by death of mice which took place at 18+2 minutes
(n=5). To determine the influence of the pretreatment
period on the anaphylactic reaction, mice were given
oral doses with standard anti-asthmatic drugs and cedrol
before 1 hour and CR-NLCs before 1, 16, and 24 hours
prior to induction of anaphylaxis by C-48/80. Cedrol and
CR-NLC significantly attenuated anaphylactic death,
suggesting that they prevented C-48/80-sensitized mast
cell activation causing systemic anaphylaxis (Table 7),
compared with administration of vehicles prior to secret-
agogue. However, CR-NLC treatment was more effective
than free cedrol. We conducted Kaplan—Meier survival
analysis to have the median survival time (Figure 9). The
mice that survived >120 minutes were considered to
survive the challenge. After pretreatment with predniso-
lone for 1 hour at 278 umoles/kg and cromolyn sodium
at 390 umoles/kg, the reaction was inhibited and the
mice survived >120 minutes compared to the vehicle
group where mice died within 18+2 minutes. The effect
increased with increase of dose. Thus, longer period of
pretreatment (16 or 24 hours) further improved the efficacy
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Figure 8 Evaluation of the effect of cromolyn sodium, cedrol, and NLC-C, on Ca?* uptake study of mast cell by Fura-2-AM.

Notes: (A) Inhibition of intracellular Ca?* uptake by graded cromolyn sodium concentrations. The significant difference from corresponding 1) cell, 2P<<0.001; 2) cell +
C-48/80, *P<<0.001. (B) Inhibition of intracellular Ca*" uptake by graded cedrol concentrations. The significant difference from corresponding I) cell, 2P<<0.001, °P<0.01;
2) cell + C-48/80, P<0.05, ‘P<<0.01, P<<0.001; 3) cedrol 12 uM, P<0.05. (C) Inhibition of intracellular Ca** uptake by graded NLC-C, concentrations. The significant
difference from corresponding to 1) cell, °P<0.001, °P<<0.01; 2) cell + C-48/80, P<<0.01, ®P<<0.001; 3) NLC-C, 5 uM, P<<0.05. (D) Comparison of percentage inhibition of

intracellular Ca** uptake of mast cells by cromolyn sodium, cedrol, and NLC-C,.
Abbreviation: NLC, nanostructured lipid carrier.

of CR-NLC. Here it is worth to mention that when DL of
cedrol increased from 7.23% to 14% and at a pretreatment
dose of 450 umoles/kg cedrol as NLCs, 24 hours before
C-48/80 sensitization, median survival time increased
from 28 to 75 min. In conclusion, cedrol and CR-NLC
significantly inhibited the anaphylaxis reaction at tested
time point in comparison with the negative control group
and DL have significant influence on the efficacy of
CR-NLC. This series of experiments in the anaphylaxis
model strongly showed that CR-NLC is beneficial for the
treatment of immediate type I hypersensitivity reactions
and anaphylaxis.

Discussion

There is a well-known evidence that allergic diseases have
debilitating effects on life.* Allergic diseases such as asthma,
allergic rhinitis, atopic dermatitis, anaphylactic reaction
due to some drugs and food allergy are classified as type I
allergy. In the allergic cascade, mast cells play a key role.+
Mast cells are derived from white blood cells and are widely
distributed especially in connective tissue and mucosal
surfaces. Systemic anaphylaxis is a life-threatening allergic
reaction induced by rapid release of mediators like histamine,
cytokines, chemokines, and lipid-derived mediators from
mast cells.® Therefore, mast cells are the key target for the
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Table 7 Effect of anti-asthmatic drugs, cedrol, and cedrol-NLC on compound 48/80-induced systemic anaphylaxis reaction

Substance tested Doses of substance

tested (oral, mg/kg)

Dosing schedule Median survival time

of test substances® (min) from Kaplan-
Meier survival

analysis (n=5)

Prednisolone 50 (138 umoles/kg)
100 (278 umoles/kg)
50 (97 umoles/kg)
100 (195 pumoles/kg)

200 (390 umoles/kg)

Cromolyn sodium

Cedrol 50 (225 umoles/kg)

100 (450 pumoles/kg)

200 (900 pumoles/kg)
NLC-C, 12.5 mg/kg cedrol as NLC

(7.23% cedrol loading) (56 umoles cedrol/kg)

25 mg/kg cedrol as NLC
(112 umoles cedrol/kg)
50 mg/kg cedrol as NLC
(225 umoles cedrol/kg)
100 mg/kg cedrol as NLC
(450 umoles cedrol/kg)
100 mg/kg cedrol as NLC
(450 pumoles cedrol/kg)
200 mg/kg cedrol as NLC
(900 pumoles cedrol/kg)
100 mg/kg cedrol as NLC
(450 pumoles cedrol/kg)
200 mg/kg cedrol as NLC
(900 pumoles cedrol/kg)

NLC-C,
(14% cedrol loading)

| h before C-48/80 38
administration >120 min
| h before C-48/80 36
administration 56

>120 min
| h before C-48/80 18
administration 22

>120 min
| h before C-48/80 23
administration
| h before C-48/80 >120 min
administration
| h before C-48/80 >120 min
administration
16 h before C-48/80 >120 min

administration

24 h before C-48/80 28
administration

24 h before C-48/80
administration

24 h before C-48/80 75
administration

24 h before C-48/80
administration

>120 min

>120 min

Notes: *Determination of C-48/80-induced anaphylactic shock in mice has been described in the “Materials and methods” section. Anti-asthmatic drugs, cedrol, and
cedrol-NLC were administered orally before the intraperitoneal administration of C-48/80 at a dose of 10 mg/kg for anaphylactic shock. For Kaplan—Meier survival analysis,
maximum observation period for survival was set to >120 min. Those mice that survived for >120 min were considered to overcome the C-48/80 challenge.

Abbreviation: NLC, nanostructured lipid carrier.

development of mediators for allergic disorders. From pre-
viously published reports, it is a well-known fact that upon
stimulation with compound 48/80 or IgE, the signal transduc-
tion pathway of mast cell becomes activated through G pro-
tein which leads to the release of histamine from it.*” As a
result of it, calcium movement across the membrane increases
leading to rising in intracellular Ca®* level in mast cell.%
The fact that the Ca®* chelator ethylenediaminetetraacetic acid
abolishes the Ca?* mobilization and mast cell degranulation
that follow FceR1 cross-linking proves intracellular Ca?
concentration to be a potential target of regulation.” 7

This report presents the first study of the effects of the nat-
ural sesquiterpene cedrol and its nanoformulation CR-NLC
on the compound 48/80-induced mast cell degranulation inhi-
bition in vitro as well as early-phase type I hypersensitivity
studies in vivo. The result shows that the release of histamine
and B-hexosaminidase is strongly inhibited by cedrol and
cedrol-NLC. Furthermore, it also inhibits systemic anaphy-
lactic reaction in mice in vivo. The results are comparable or
even superior to standard anti-allergic drugs like cromolyn
sodium and prednisolone (Tables 5 and 7).

Poor oral bioavailability due to the poor water solubility
of drugs and short half-life remains a great clinical issue
in patients.”>™ Cedrol being a poorly water-soluble com-
pound, a preparation with a long-acting effect is desirable.
To improve the oral absorption and bioavailability of poorly
water-soluble drugs, many nanocarriers like SLN and NLC
are used extensively.””” NLC has gained attention because
of biocompatibility, physicochemical stability, and ease of
production.”™

NLCs are known to improve the transportation of drug
through the intestinal epithelial layer and render protection
against the vicious environment of gastrointestinal tracts.”
Several theories have been proposed to explain the mecha-
nism by which nanocarrier facilitates the oral bioavailabil-
ity of drugs.® For instance, absorbed lipid from NLC in
enterocytes can be assembled into intestinal lipoprotein in
the endoplasmic reticulum and Golgi body. The absorbed
lipid is then selectively taken up by the intestinal lymphatic
system after the lipid is exocytosed from the enterocytes.®!
NLCs prepared with Compritol® 888 ATO were successfully
utilized for oral, pulmonary delivery routes and had extended
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Figure 9 Kaplan—Meier survival plot for mice treated with graded doses of cromolyn sodium, cedrol, NLC-C , or NLC-C, followed by the administration of compound 48/80

for anaphylactic shock at either | or 24 h after drug administration.
Abbreviation: NLC, nanostructured lipid carrier.

the release profile.’? Nanoparticles can be modified with
specific stabilizers, such as vitamin E TPGS, Pluronic F127,
and penetrating peptides; once modified, these nanoparticles
can improve the oral bioavailability of drug by promoting
cross static water level and cell membrane permeability.®
In an allergic reaction, mast cells are the key effector
cells. They release a number of mediators along with hista-
mine when exposed to foreign elements that trigger allergic
symptoms like wheezing and shortness of breath. Many
signaling molecules play a crucial role in the cascade of the
allergic process of which PLCy1 is the primary one. PLCyl1
is a membrane-associated enzyme which is tyrosine phos-
phorylated by Syk and Bruton’s TK upon mast cell activa-
tion. PLCyl catalyzes the cleavage of phospholipid PIP2
to secondary messengers like ionositol-1, 4, 5-triphosphate
and diacyl glycerol. As a result, calcium from extracellular
environment enters into the cell. Increase in cytosolic Ca**
initiates mast cell degranulation and the onset of allergic
reaction. Agents that prevent Ca>* mobilization across the

membrane and mediator release from mast cells are termed
as mast cell stabilizers.

Compound 48/80 is well known for its ability to induce
anaphylactic reaction by releasing mediator from mast cell.®
The present study has demonstrated that cedrol and CR-NLCs
inhibit compound 48/80-induced systemic anaphylaxis-like
reactions in mice (Table 7). Free cedrol appears to be less
potent than prednisolone and cromolyn sodium. In contrast,
when cedrol was incorporated in NLC, the activity of cedrol
to prevent compound 48/80-induced anaphylactic shock
became much superior to prednisolone and cromolyn sodium.
When formulation NLC-C, was administered at a dose of
112 pmoles cedrol/kg 1 hour before the administration of
compound 48/80, animal survived >120 minutes, whereas
for prednisolone at a dose of 138 wmoles/kg survived for
38 minutes and for cromolyn sodium ata dose of 195 umoles/kg
animal survived for 56 minutes. Sustained release behavior
is evident when 225 pumoles cedrol/kg was administered
1 hour before the administration of compound 48/80, the
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median survival time was 18 minutes, whereas when NLC-C,
was administered at the same dose 225 pmoles cedrol/kg as
NLC, 1 hour before the administration of compound 48/80,
the mice survived the challenge. Strikingly enough, when
formulation NLC-C, and NLC-C, were administered at
the same dose 450 umoles cedrol/kg, 24 hours before the
administration of compound 48/80, median survival time
for mice were 28 minutes for formulation NLC-C, and
75 minutes for formulation NLC-C,. Formulations NLC-C,
and NLC-C, had their DL 7.23% and 14%, respectively.
Thus, it appears that increased DL may increase efficacy of
formulations. It is interesting to observe that SI of NLC-C,
(99.2) was much higher than NLC-C, (64.1) and the stan-
dard drug prednisolone (8.6) and cromolyn sodium (8.5)
(Table 5; Figure 7). In the process of degranulation of mast
cell, secondary messenger like intracellular Ca®* has a very
critical role.’ Intracellular Ca®* level regulates exocytosis
from mast cells and also an expression of inflammatory
cytokines.?” As calcium movement across the membrane
of mast cell is associated with stimulation and secretion of
mediator, its immobilization is the target for a drug to be
called as effective antiallergic drugs.*® Data presented in this
paper show that cedrol and CR-NLC pretreatment greatly
affected compound 48/80-induced mast cell degranulation
and histamine release from the mice peritoneal mast cells.
A close correlation between the concentration of the histamine,
B-hexosaminidase-releasing stimulus, calcium ion influx, and
the amount of released histamine, B-hexosaminidase suggest
a cause-and-effect relationship between the influx of Ca?" and
the release of both histamine and B-hexosaminidase (Tables 5
and 6; Figures 7 and 8). The compound 48/80 causes increase
in Ca*" uptake and release of histamine, but pretreatment with
cedrol and CR-NLC inhibits the compound 48/80-induced
Ca?* uptake into the mast cells. The inhibitory effect of
CR-NLC on histamine release and Ca*" uptake induced by
compound 48/80 was more potent than cedrol and cromolyn
sodium (Table 5, Figure 8). These observations strongly
indicate the inhibitory effects of cedrol and CR-NLC on the
release of histamine and decrease in intracellular Ca** levels
seems to play an important role in the process.

Conclusion

The purpose of this study was to assess the feasibility of using
NLC to promote the oral absorption of cedrol. The controlled
release was achieved by the lipid matrix with Compritol®
888 ATO and triolein stabilized by vitamin E TPGS, soya
lecithin, and sodium deoxycholate. Our finding provides

evidence that cedrol and CR-NLC inhibit mast-cell-derived
type I hypersensitivity reaction by blocking Ca*" uptake and
histamine release in mast cells. In vitro and in vivo antial-
lergic effects of CR-NLC suggest a possible therapeutic
application against inflammatory allergic diseases. NLC
could be a promising vehicle for oral delivery of cedrol to
improve its antiallergic properties.
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