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Poor solubility and bioavailability are limiting factors for the clinical application of curcumin. This study seeks to develop
poloxamer/chitosan thermosensitive gel containing curcumin-cyclodextrin inclusion complex with enhanced brain bioavailability
and antidepressant effect. The optimized gel had shorter gelation time and produced sustained release in vitro characterized
with non-Fickian diffusion. Pharmacokinetics of gel were evaluated using male Sprague-Dawley rats receiving 240 𝜇g/kg of
curcumin and curcumin-cyclodextrin inclusion complex through intranasal administration, compared against a control group
receiving intravenous curcumin (240 𝜇g/kg). The intranasal administration of gel provided sustained release by maintaining plasma
concentrations of curcumin above 21.27 ± 3.26 ng/mL for up to 8 h. Compared to intranasal administration of the inclusion complex,
AUC0–8 h of curcumin from thermoreversible gel in plasma and hippocampus was increased 1.62- and 1.28-fold, respectively. The gel
exhibited superior antidepressant activity in mice. The findings reported here suggested that the clinical application of curcumin
can be better exploited through an intranasal administration of the thermosensitive gel.

1. Introduction
Intranasal drug administration has been considered to treat
neuropsychiatric disorder due to the advantages brought
by the highly vascularized nasal epithelium, which gives
extraordinary permeability of drugs, allows high molecular
mass cutoff of approximately 1000 Da, and therefore results
in rapid drug absorption with plasma drug profiles almost
identical to those from intravenous injections [1]. Drugs
can be transported to central nervous system (CNS) along
the olfactory and trigeminal neural pathways and the blood
circulation [2]. The former two pathways ensure drugs
reach the targeted sites of CNS to avoid the hepatic first
pass effect, systemic dilution effect, and blood-brain barrier
(BBB). Previous studies have demonstrated that intranasal
administration offers a simple, noninvasive, convenient, and
cost-effective alternative route for rapid drug delivery to
the brain/CNS [3, 4]. However, major disadvantages, such
as the low bioavailability of conventional formulations, fast

mucociliary clearance at human nasal cavity, and irritation
caused by nasal administration, hinder the application of
nasal drug discovery [5]. Therefore, in recent years, various
reagents were investigated to prolong the contact time of
drug molecules with the nasal mucosa, including lipid emulsions, surfactants, absorption enhancers, nanoparticle, and
thermoreversible gel. Among them, thermoreversible gel is
preferable in terms of patient comfort and flexibility, and it
offers better accuracy in drug dosing, longer residence time,
and well-controlled drug releasing.
Curcumin, known as diferuloylmethane, is a polyphenol
compound isolated from the rhizomes of Curcuma longa,
commonly called turmeric. It has been widely used as a
spice, to color cheese and butter. In medicine, curcumin
was reported to have antioxidant [6–8], hypolipidemic [9],
anti-inflammatory [10, 11], anticancer [12], and antimetastatic
[13] effects. It has been extensively studied in the prevention and treatment of Alzheimer’s disease (AD) due to its
anti-inflammatory and antioxidant activities. Curcumin can
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chelate Cu (^), Al (d), and Zn (^), inhibit 𝛽 amyloid
formulation and aggregation [14–18], and clear 𝛽 amyloid.
It lowers the hippocampal NgR expression and promotes
axonal regeneration [19]. Curcumin also exhibits multitarget antidepressant effect through increasing serotonin (5hydroxytryptamine, 5-HT) and dopamine levels, inhibiting
the monoamine oxidase enzymes (both MAO-A and MAOB) [20, 21] and enhancing cyclase (AC) catalytic activity
and cyclic adenosine monophosphate (cAMP) concentration
(AC-cAMP) and cAMP response element binding protein
(CREB) [22]. Additionally, curcumin has been proved safe
without dose limiting toxicity, when administered at doses
up to 10 g/day in humans [23]. However, its poor aqueous
solubility, easy degradation at neutral or alkaline pH, high
photosensitivity, and rapid metabolic turnover in the liver
and intestine (mainly glucuronidation and sulfotransferase
1A1/1A3-mediated sulfation) resulted in weak bioavailability
[24], which eventually limit its application in neuronal dysfunction treatment. It has been reported that curcumin was
undetectable in human serum even at an oral dose of 2–8 g
[7]. Complexation with cyclodextrins has been successfully
utilized to improve solubility and bioavailability of drugs
[25, 26]. Among those different cyclodextrin derivatives,
hydroxypropyl-𝛽-cyclodextrin (HP-𝛽-CD) is considered as
one of the best due to its high solubility, good complexing
properties, and absence of irritant or toxic effects.
Thus, the main purpose of current work is to
develop a thermosensitive gel formulation for intranasal
administration of curcumin and therefore to obtain a targeted
drug absorption in the therapy of neuronal dysfunction.
Poloxamer, a nontoxic poly(ethylene oxide)/poly(propylene
oxide)/poly(ethylene oxide) (PEO-PPO-PEO) triblock
copolymers with good tolerability, has been widely used
in topical, rectal, and ocular formulations [27]. Thus,
Poloxamer 407 (P407) was included in the thermosensitive
gel formulation as the mucoadhesive polymer. Chitosan (CS)
consisting of a copolymer of N-acetyl-D-glucosamine and
D-glucosamine, is a natural cationic polysaccharide with
wound-healing function and excellent biocompatibility with
lack of toxicity and therefore is selected as a permeation
enhancer [5]. HP-𝛽-CD was attempted for nasal delivery
of curcumin as a solubilizer. This is the first report on
the P407/chitosan system containing the curcumin-HP𝛽-CD inclusion complex for intranasal drug delivery. The
structure of the curcumin-HP-𝛽-CD inclusion complex
and the effect of HP-𝛽-CD on drug dissolution properties
were investigated. The formulation of thermosensitive
gel was designed to have high permeability and high
solubility to achieve enhanced bioavailability. This gel was
characterized by gelation temperature, viscoelasticity, and in
vitro release characteristics. The in vivo pharmacokinetic and
pharmacodynamic of the gel was evaluated in rats.

2. Materials and Methods
2.1. Materials and Animals. Curcumin (98% purity) was
purchased from China Food and Drug Administration
(Beijing, China). Emodin (98% purity) was provided by
National Institute for the Control of Pharmaceutical and
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Biological Products (Beijing, China). Chitosan (molecular
weight 150,000, deacetylation degree 75%–85%), HP-𝛽-CD,
Poloxamer 407 (P407), and Poloxamer 188 (Pluronic-F68)
were obtained from Sigma-Aldrich Co. (St Louis, MO, USA).
Polyethylene glycol 8000 (PEG8000) was purchased from
Sangon Biotech (Shanghai, China). All other chemicals were
of analytical reagent grade and used with no further purification.
Male ICR mice with weights of 18–20 g and male SpragueDawley rats with weights of 200–250 g were kept under standard conditions (temperature: 22 ± 2∘ C, relative humidity:
50–60%) for 5 days before experiment. All animals were
fasted overnight with free access to water prior to the dosing
study. Animal experiments were carried out in accordance
with the NIH Guide for Care and Use of Laboratory Animals.
The experimental protocol was approved by the Committee
on Animal Research of Zibo Institute for Food and Drug
Control.
2.2. Preparation of the Curcumin-HP-𝛽-CD Inclusion Complex. The curcumin-HP-𝛽-CD inclusion complex was prepared by the kneading method. In short, curcumin and
cyclodextrin in the proportion of 1 : 2 molar ratio were mixed
in a mortar for 1 h with small quantity of alcohol; distilled
water was added intermittently to get slurry-like consistency.
It was then dried in a hot air oven at 45∘ C for 24 h, pulverized
into fine powder, and sifted with 80-mesh sieve.
The inclusion complex was characterized by molecular
mechanics simulations. It was performed with Hypercube’s
hyperchem package, using the Amber force field as implemented in the program. The structure of the inclusion
complex was optimized by semiempirical method PM3 with
conjugated gradient at 0.1 kcal/mol.
2.3. Preparation of Thermoreversible Gels Containing the
Inclusion Complex. The thermoreversible gels were prepared
by the cold method [28]. Briefly, chitosan (0.3%, w/v) was
prepared in 1% acetic acid and mixed with the curcuminHP-𝛽-CD inclusion complex (2%, w/v, containing curcumin
0.12%). This mixture was used to dissolve P407 (20%-21%,
w/v) and P188 to (2%-3%, w/v) make solution (Table 1),
which was cooled down to 4∘ C and stored overnight to ensure
complete dissolution.
2.4. Measurement of Gelation Temperature. Gelation of the
prepared gel was evaluated using visual inspection [5]. The gel
solution (1 mL) was transferred to test tubes in a water bath at
10∘ C and sealed with parafilm. The bath was heated slowly to
25∘ C and left to equilibrate for 15 min. The temperature was
then increased with increment of 1∘ C until the meniscus of
the gel would no longer move on tilting through 90∘ C. Each
sample was assayed in triplicate.
2.5. In Vitro Release Study. In vitro release study was performed using dialysis method [membrane molecular weight
cutoff (MWCO): 1.2–1.4 kDa, Sigma-Aldrich Co.]. Thermoreversible gels (2.0 mL) were put into the dialysis membrane.
Then, it was placed in a glass beaker containing 100 mL of
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phosphate-buffered saline (pH 6.4), which was preconditioned and maintained at 37∘ C in a water bath. The diffusion
media were then stirred with a magnetic bar (50 rpm). At
fixed times, samples (1 mL) were withdrawn and immediately
supplemented with the same volume of fresh media. The content of curcumin in the samples was quantified by reversed
phase HPLC using an agilent SB-C18 ODS column (250 ×
4.6 mm, 5 𝜇m) with detecting wavelength at 400 nm (Agilent
1200, USA). The mobile phase consisted of acetonitrile and
2% acetic acid (50 : 50) and the flow rate was 1.0 mL/min. The
injection volume for drug analysis was 20 𝜇L. The inter- and
intraday variance of this HPLC method was 1.8%.
2.6. In Vivo Pharmacokinetic Study
2.6.1. Animal Study. Twelve experimental animals were
divided into two groups. For intranasal administration
group, six rats were anesthetized with 5% chloral hydrate
(250 mg/kg, i.p.). The curcumin-HP-𝛽-CD inclusion complex and the thermoreversible gel were administered via a
20 𝜇L micropipette at a dose of 240 𝜇g/kg. For i.v. administration group, the curcumin solution (50 𝜇g/mL) was injected
through the caudal vein.
Blood samples (0.5 mL) were taken from the tail vein
and centrifuged at 3500 rpm for 10 min (3K15 Sigma low
temperature centrifuge) to separate plasma. The collected
plasma samples were stored at −20∘ C before analysis. After
sampling, the same volume of saline solution was injected to
replace the removed plasma, rats were sacrificed after blood
withdrawal, and the hippocampus was carefully excised,
rinsed with saline, and stored at −80∘ C until HPLC analysis.
2.6.2. Analysis of Curcumin by HPLC. Curcumin and emodin
(IS) stock solution was prepared in methanol at a concentration of 436 ng/mL and 640 ng/mL, respectively. Standard
working solutions of curcumin were prepared by diluting with methanol. All solutions were stored at 4∘ C. The
calibration standards were prepared by first spiking 50 𝜇L
hippocampus homogenates (hippocampus : saline = 2 : 1, w/v)
or 50 𝜇L rat blank plasma with 50 𝜇L of appropriate working
solution followed by addition of 50 𝜇L of IS. Three quality
controls (QC) were prepared at concentrations of 20, 50, and
100 ng/mL for measuring plasma samples and 20, 40, and
80 ng/g for measuring hippocampus samples. An aliquot of
50 𝜇L plasma sample was transferred to a clean centrifuge
tube and mixed with 50 𝜇L of IS and 200 𝜇L of methanol
to precipitate proteins. The mixture was vortexed for 5 min
(XW-80A Microvortex mixed Miriam) and centrifuged at
14000 rpm for 10 min to obtain supernatant. The supernatant
was collected and an aliquot of 10 𝜇L supernatant was taken
for HPLC analysis.
2.7. In Vivo Pharmacodynamic Study: Antidepressant Activity. Antagonism of reserpine-induced ptosis, akinesia, and
hypothermia test was performed to evaluate the antidepressant activity of the thermoreversible gel. Briefly, mice with
a rectal temperature of 36–38∘ C were used and randomly
divided into six groups: control, reserpine (2.0 mg/kg i.p.),
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fluoxetine hydrochloride (15 mg/kg i.g.), curcumin (15 mg/kg
i.g.), and thermoreversible gel (0.18 mg/kg, 0.36 mg/kg,
and 0.72 mg/kg of curcumin via intranasal administration).
Experimental mice, except for the vehicle-treated control
group, received reserpine (2.0 mg/kg i.p.) 1 h after drug
treatments before they were placed at the center of a disk
(20 cm of diameter). The akinesia and the degree of palpebral
ptosis were measured 1 h after reserpine administration,
and the rectal temperature were checked 2 h after reserpine
administration. Mice were not considered akinetic when (1)
walking along the edge of the disk and looking over the side;
(2) moving 180∘ in place; (3) displaying head movement of
90∘ in one direction immediately followed by a 45∘ movement
in the opposite direction [29]. The degree of palpebral ptosis
was rated according to the following scale: 0, open; 1, onequarter closed eyes; 2, half-closed; 3, three-quarters closed;
and 4, completely closed eyes [30].
2.8. Data Analysis and Statistics. The results of in vitro
study were expressed as the mean ± standard deviation (SD)
of three replicates while the results of the in vivo study
were presented as the mean ± standard error (SEM). Pharmacokinetic parameters were estimated using the modelindependent method. Area under the concentration-time
curve (AUC) was calculated based on moment methods. Peak
concentration (𝐶max ) and peak time (𝑇max ) were observed
values. All in vivo data were compared using one-way analysis
of variance (ANOVA) and values of 𝑃 < 0.05 were considered
significant.

3. Results and Discussion
3.1. Characterization of the Curcumin-HP-𝛽-CD Inclusion
Complex. The structure of curcumin was obtained from
pubchem (CID969516). Considering the elongated, symmetrical shape of curcumin, optimization 1 : 1 host : guest
complexation with binding energy of −26267.8458 kcal/mol
was illustrated in Figure 1(a). Considering the truncatedcone structure of cyclodextrin, there are three structures
of 2 : 1 host : guest complexation (Figures 1(b), 1(c), and
1(d)) with the binding energy of −47088.8920 kcal/mol,
−47082.4039 kcal/mol, and −47098.8084 kcal/mol, respectively. The smaller the value of the binding energy is, the
better the stability of the structure is. Thus, minimum energy
structures (Figure 1(d)) in which each curcumin guest is
complexed by a CD host at each end of the molecule
would seem the most likely inclusion scenario. This result is
agreement with the previous studies which indicated that a
true curcumin-HP-𝛽-CD inclusion complex was formed at
1 : 2 in the solid state [31, 32], and the equilibrium constant for
encapsulation by the second cyclodextrin host is significantly
smaller than that for the first in each case, probably a result of
steric bulk of the first cyclodextrin, with deep inclusion of the
curcumin molecule, hindering encapsulation by the second
cyclodextrin host [31].
3.2. Gelation Temperature of Thermoreversible Gel. Thermoreversible gel using curcumin-HP-𝛽-CD inclusion complex has been developed for intranasal delivery of curcumin,
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Figure 1: The structures of the 1 : 1 curcumin : HP-𝛽-CD (a) and three types of 1 : 2 curcumin : HP-𝛽-CD ((b), (c), and (d)) inclusion complex.

a drug for dysfunction CNS treatment. This approach has
overcome the poor aqueous solubility of curcumin and
greatly improved drug dissolution and release rate. Taking the
administered dosage and solubility of the inclusion complex
into consideration, the inclusion complex in rats was kept
at 2% (w/v) in all the tested formulations (Table 1). Thermoreversible gel was prepared utilizing chitosan as mucoadhesive polymer and nasal absorption enhancers [33, 34] and
P407 as thermoreversible polymer. P407, a poly(ethylene
oxide)/poly(propylene oxide)/poly(ethylene oxide) (PEO99 PPO67 -PEO99 ) triblock copolymers, shows an incipient gelation temperature below 25∘ C and a long gelation time due to
the low ratio of PEO to PPO (2.93, w/w, weight/weight). F68
exhibits a higher ratio of PEO to PPO (3.47, w/w). Thus, the
addition of F68 in the formulation results in more hydrophilic
PEO in the micelle, which eventually increases the incipient
gelation temperature and reduces the gelation time [35]. As
the temperature of the nasal cavity was around 33-34∘ C,
P407-based liquid formulations of the thermoreversible gel
is desired to be transformed into gel when temperature is

below 33∘ C. The gelation temperatures of F1 and F4 were 32.3
± 0.9∘ C and 30.5 ± 0.8∘ C, respectively, and the gelation times
were 0.3 ± 0.1 and 0.7 ± 0.3 min, respectively. When compared
to F4, F1 was closer to the physiological temperature of
the nasal cavity and had a shorter gelation time. Thus,
formulation F1 was chosen for the following in vitro and in
vivo studies.
3.3. In Vitro Release Study. As illustrated in Figure 2, the
release profiles of F1 and curcumin solution were extremely
different. A burst release for solution was observed at beginning, and the drug was almost completely released at 4 h
(98.5% ± 2.8). There was a pronounced time prolongation of
the drug release from F1, where approximately 38.2% ± 1.9
of drug was released within the first 45 min, followed by a
sustained release to a total of 87.5% ± 4.8 of drug over 6 h.
Drug release from poloxamer devices occurred either
by drug diffusion through the extramicellar water channels
of the gel matrix [36], by matrix erosion [37], or by a
combination of both mechanisms. It can be affected by
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Table 1: The gelation temperature of different thermoreversible Gel formulations.
Formulation
F1
F2
F3
F4

Concentration (%, w/v)
Inclusion complex
Chitosan
P407
2
0.3
20
2
0.3
20
2
0.3
21
2
0.3
21

F68
2
3
2
3

Percentage of curcumin released

100

80

60

40

20

0
0

60

120

180
240
Time (min)

300

360

solution
F1

Figure 2: In vitro release profile of F1 and curcumin solution using
dialysis is shown. MWCO of the dialysis membrane is 1.2–1.4 Da.
Each point represents the mean ± SD (𝑛 = 3).

drug physicochemical properties and matrix-drug interaction [38]. The in vitro release data was analyzed by the
following equation:
log

𝑀𝑡
= log 𝑘 + 𝑛 log 𝑡,
𝑀

(1)

where 𝑀𝑡/𝑀 is the released fraction of drug, 𝑘 is the release
constant, and 𝑛 is the release exponent to determine release
mechanism. 𝑛 ≤ 0.45 indicates that the drug is released from
the polymer by Fickian diffusion mechanism. 0.45 < 𝑛 <
0.89 indicates non-Fickian release. 𝑛 ≥ 0.89 indicates matrix
erosion. In this investigation, 𝑛 value of thermoreversible gel
was 0.52, demonstrating that curcumin release was by nonFickian release and mainly controlled by drug diffusion and
matrix erosion. The results did not agree with a previous
report that stated drug diffusion controlled curcumin release
from thermoreversible gel. The disagreement could be due
to the difference in gel formulation recipe [35]; the gel
formulation of current study contains chitosan while the
previous formulation did not include chitosan.
3.4. In Vivo Pharmacokinetic Study. The HPLC method for
curcumin determination and quantitation in rat plasma and
hippocampus has been developed and validated. Representative chromatograms are shown in Figure 3, including a

Gelation temperature ± SD (∘ C)

Gelation time ± SD (min)

32.3 ± 0.87
34.3 ± 0.34
28.1 ± 0.52
30.5 ± 0.83

0.3 ± 0.1
1.1 ± 0.2
0.7 ± 0.3

blank plasma and hippocampus sample (Figures 3(a) and
3(d)), plasma and hippocampus containing curcumin and
emodin standard (Figures 3(b) and 3(e)), and a plasma
and hippocampus sample obtained 4 h and 2 h, respectively,
after intranasal administration of curcumin-loaded thermoreversible gel (Figure 3(c)). The resulting chromatograms
show the assay specificity, as there were no endogenous
plasma components eluted at the retention time of curcumin
or IS.
The calibration curves were linear from 10 to 150 ng/mL
(𝑟2 = 0.9971) for plasma and 10–80 ng/g (𝑟2 = 0.9982)
for hippocampus. The detection method was sensitive, and
the LLOQ was low (10 ng/mL for plasma and 10 ng/g for
hippocampus). The mean extraction recovery ratios of three
QC samples were between 92.25% and 99.67% with RSD
value below 6.23% for plasma and between 93.67% and
99.89% with RSD value below 7.56% for hippocampus. The
intraday and interday precision of QC samples were below
6.54% and 5.89% for plasma and hippocampus, respectively.
The accuracy ranged from 94.52% to 109.96% for plasma and
from 95.43% to 107.98% for hippocampus. The plasma and
hippocampus samples were stable at room temperature for
at least 6 h, over three freeze/thaw cycles. They could also be
kept at −20∘ C for at least 250 days, with no significant loss of
curcumin (≤1.93%).
Figure 4 shows the concentration profile of curcumin
in rat plasma and hippocampus over 8 h after 240 𝜇g/kg
intranasal administration of curcumin-loaded thermoreversible gel, the inclusion complex, and intravenous administration of controlled curcumin solution. After intravenous
administration, curcumin displayed a multiexponential disposition with a rapid decline of the initial plasma concentration from 113.33 ± 3.67 ng/mL to less than 41.59 ± 2.13 ng/mL
within 1 h. Following intranasal administration of the inclusion complex, a maximum plasma concentration (𝐶max ) of
approximately 29.17 ± 3.23 ng/mL was reached in 1 h. An
increased drug absorption and sustained release of curcumin
over 8 h was observed when it was through intranasal administration of curcumin-loaded thermoreversible gel. 𝐶max of
approximately 31.52 ± 1.46 ng/mL was reached in 4 h.
Upon intravenous administration of curcumin solution,
AUC0–8 h values of curcumin in the plasma and hippocampus
were 351.61±1.81 ng⋅h/mL and 217.40±10.05 ng⋅h/g, respectively. By comparison, intranasal administration of the inclusion complex and thermoreversible gel gave the AUC0–8 h
values of 141.77 ± 8.23 ng⋅h/mL and 230.56 ± 8.95 ng⋅h/mL in
plasma, respectively, and 220.17 ± 18.75 ng⋅h/g and 282.35 ±
12.20 ng⋅h/g of curcumin in hippocampus, respectively. In
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Figure 3: Representative chromatograms of (a) a blank plasma sample, (b) a curcumin standard in plasma (46.5 ng/mL of curcumin), (c) a
curcumin sample in plasma, (d) a blank hippocampus sample, (e) a curcumin standard in hippocampus (39.2 ng/mL of curcumin), and (f)
a curcumin sample in hippocampus. The left peak (retention time of 9.5) of the figure is representative of curcumin and the right (retention
time of 15.2) is indicative of the peak of the internal standard.
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Figure 4: Curcumin concentration profile in plasma and hippocampus of male Sprague-Dawley rats after 240 𝜇g/kg intranasal administration
of the inclusion complex and the thermoreversible gel and 240 𝜇g/kg intravenous administration of curcumin solution over 8 h.

other words, compared to intranasal administration of the
inclusion complex, AUC0–8 h of curcumin from thermoreversible gel in plasma was increased 1.62-fold. Interestingly,
the absolute bioavailability in hippocampus was significantly
enhanced 1.30-fold. The curcumin concentration in the brain
when using intranasal administration was higher than that of

using intravenous administration over the experimental time
(8 h), especially in the last 6 h.
Curcumin released from thermoreversible gel may take
two metabolic pathways to enter brain, which can explain
the higher AUC2–8 h of curcumin in hippocampus observed
in nasal administration group. The first pathway curcumin
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Table 2: Effect of thermoreversible gel on reserpine-induced ptosis, akinesia, and hypothermia.
Treatment
Control
Reserpine
Fluoxetine hydrochloride
Curcumin
Thermoreversible gel
##

Dose (mg/kg)
2.0
15
15
0.18
0.36
0.72
∗

𝑃 < 0.01 compared with control group; 𝑃 < 0.05,

∗∗

Ptosis mean score
0
2.00 ± 0.67##
1.10 ± 0.32∗∗
1.82 ± 0.97
1.20 ± 0.63∗
1.10 ± 0.74∗
1.00 ± 0.47∗∗

Akinesia (mice number)
0
9
7
8
8
7
6

Rectal temperature (∘ C)
37.3 ± 0.54
34.75 ± 0.78##
35.91 ± 0.53∗∗
35.11 ± 0.98
35.69 ± 1.02∗
36.25 ± 1.09∗∗
36.7 ± 0.82∗∗

𝑃 < 0.01 compared with reserpine.

taken is blood diffusion, by which curcumin can further cross
the BBB and reach brain. The second pathway is through the
olfactory and trigeminal neural pathways to enter the brain,
which avoids metabolism in the liver and intestine where
the metabolic product of curcumin (tetrahydrocurcumin)
was produced. In general, due to the different PK behavior
of curcumin when it is complexed in thermoreversible gel,
nasal delivery by thermoreversible gel greatly enhanced the
bioavailability of curcumin in vivo.
3.5. In Vivo Pharmacodynamic Study: Antidepressant Activity. In the reserpine test (Table 2), reserpine significantly
increased the ptosis mean score and considerably decreased
the rectal temperature and locomotor activity. Fluoxetine
hydrochloride (the antidepressant agent used as a reference
drug) greatly antagonized ptosis, akinesia, and hypothermia.
Curcumin (15 mg/kg) slightly antagonized ptosis, akinesia,
and hypothermia. Thermoreversible gel at the three dosages
significantly antagonized all the effects induced by reserpine.
The results indicate that thermoreversible gel containing the
curcumin-HP-𝛽-CD inclusion complex possesses superior
antidepressant effect.

4. Conclusions
On the basis of the fact that chitosan and drug-HP-𝛽-CD
can enhance the intranasal permeation of drug moiety, an
optimized thermoreversible gel for intranasal delivery of curcumin was formulated. The thermoreversible gel displayed
sustained curcumin release in vitro and an enhanced brain
uptake of curcumin as compared to intravenous administration in vivo. It also showed superior antidepressant activity.
Thus, poloxamer/chitosan thermoreversible nasal gel containing drug-cyclodextrin inclusion complex can shed light
on the design of new controlled delivery for the curcumin
administration to treat depression.
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