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Abstract
Background/Aims: This study investigated the underlying mechanisms of the antidepressant 
effects of curcumin and dexanabinol-loaded solid lipid nanoparticles in corticosterone-induced 
cell and mice depression models. Methods: Curcumin and dexanabinol-loaded solid lipid 
nanoparticles (Cur/SLNs-HU-211) were synthesized via an emulsification and low-temperature 
solidification method. Antidepressant activities of nanoparticles in a corticosterone-induced 
major depression model were investigated by MTT assay, cellular uptake by flow cytometry, 
behaviour by Forced Swimming Test and rotarod test, neurotransmitters by High Performance 
Liquid Chromatography, Western blotting, qPCR and immunofluorescence. Results: Treatment 
with Cur/SLNs-HU-211 induced greater dopamine (DA)/5-hydroxytryptamine (5-HT) release 
with reduced corticosterone-induced apoptotic cell death in PC12 cells. Additionally, in vivo 
Cur/SLNs-HU-211 significantly induced recovery from depressive behaviour with increased 
DA/5-HT levels, CB1 mRNA levels and CB1, p-MEK1 and p-ERK1/2 protein expression levels 
in the hippocampus and striatum. Cur/SLNs-HU-211 improved CB1 expression and inspired 
the proliferation of astrocytes in the hippocampus and striatum, exerted neuroprotective 
effects by preventing corticosterone -induced BDNF/NeuN expression reduction. Conclusion: 
Our study implies that Cur/SLNs-HU-211 may be a useful approach for treatment of major 
depression.

Introduction

Major depression is a common and highly debilitating disorder that has been ranked by 
the World Health Organization as a leading cause of disability among oppressive illnesses [1, 
2]. Major depression has serious social and economic consequences. Individuals suffering from 
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depression endure high risks of complicating comorbidities and reduced quality of life. Despite 
significant impetus for effective treatments, relatively few promising treatment trials have been 
reported. No clear explanations for treatment resistance have been reported; however, it is highly 
possible that current antidepressants do not effectively target all pathological processes in major 
depression. Thus, there is an urgent need to broaden the targets upon which antidepressants are 
considered to act.

Curcumin (Cur) is an active component extracted from the roots and stems of plants 
of the Curcuma species, such as turmeric, radix curcumae, and rhizoma curcumaeis. Cur 
provides a number of biological activities, including antioxidant and anti-carcinogenic 
properties and anti-inflammatory and anti-proliferative actions [3-6]. Cur has been found 
to have antidepressant effects in major depression models, and Cur is believed to display 
its antidepressant effects through anti-inflammatory, immune-modulating, neuroprotective, 
mitochondrial, neurotransmitter, hormonal, antioxidative and nitrosative stress activities 
[7, 8]. Cur has been regarded as a valuable and promising drug with various advantages 
for major depression treatment [9]. Dexanabinol (HU-211) is an artificially synthesized 
cannabinoid derivative that exhibits neuroprotective activities due to its anti-inflammatory 
and antioxidant effects in the brain. HU-211 could maintain the integrity of the blood 
brain barrier and decrease cell death by inhibiting NF-κB production and decreasing the 
expression of cytokines, such as TNF-α and interleukin-6. Different from other cannabinoid 
derivatives, HU-211 does not act as a cannabinoid receptor agonist and thus, has no effect on 
the CB1/CB2 receptors, i.e., HU-211 does not induce CB1 expression. Furthermore, HU-211 
has been shown to be safe in clinical trials [10] and is now undergoing Phase I trials for the 
treatment of brain diseases.

Extremely low solubility and poor bioavailability have prevented the uses of Cur and 
HU-211 as antidepressants. To address these issues, solid lipid nanoparticles (SLNs)-based 
nanotechnology has been applied. SLNs have several advantages in delivering drugs to the 
brain, including excellent bioavailability, high drug loading and long circulation time in blood 
[11]. Considering the efficacy, safety, and non-toxicity of curcumin as an antidepressant and 
the significant role of HU-211 in brain disease research, we propose the combination of Cur, 
HU-211 and SLNs to develop Cur/SLNs-HU-211 nanoparticles (NPs) as new curative tools 
for major depression.

Corticosterone (CORT) has frequently been used in major depression models [12]. CORT 
has been known to induce PC12 cell apoptosis and depression-like behaviour in mice. Drugs 
that can attenuate CORT-induced neurotoxicity are believed to have possible therapeutic 
potential in the treatment of major depression.

The endocannabinoid system is a neuromodulatory system that regulates emotional, 
cognitive, neurovegetative and motivational processes. Cannabinoid receptor type 1 
is a G protein-coupled cannabinoid receptor often found in the central and peripheral 
nervous system. Evidence has implicated that deficits in endocannabinoids account for 
the aetiology of major depression [13]. Accordingly, the pharmacological augmentation 
of endocannabinoid signalling may be a novel target for the pharmacotherapy of major 
depression [14]. Deficient CB1 receptor (CB1R)-mediated signalling has been reported to 
result in symptoms that mimic those of major depression. The activation of CB1R-mediated 
signalling results in behavioural and endocrine effects similar to those generated by currently 
used antidepressants. Furthermore, recent genetic studies have recognized that individuals 
with certain CB1R haplotypes have increased vulnerability to depression following adverse 
life events. Overall, the available data imply that the activators of CB1R signalling should be 
considered for therapeutic targets for major depression treatment.

Many conventional antidepressant therapies act through enhanced CB1R-mediated 
signalling. For example, the neuroprotective effects of Cur have been reported to mainly 
occur through the CBR1-mediated endocannabinoid signalling pathway and the brain-
derived neurotrophic factor (BDNF) signalling pathway [15]. Based on our previous study, 
small-sized 60 nm Cur/SLNs-HU-211 advantageously cross the blood brain barrier and act in 
the hippocampus and striatum to protect cells from CORT-induced damage (thereby, evoking 
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behavioural changes in mice) [16]. We hypothesize that Cur/SLNs-HU-211 nanoparticles 
(NPs) may have anti-depressant effects on major depression by targeting CBR1. Rimonabant 
(Rim) as an inverse agonist for CB1R has been used for the treatment of obesity [17]. However, 
Rim showed greater numbers of anxiety and adverse depression events in clinical trials. In 
our study, we used Rim to determine whether Cur/SLNs-HU-211 exerted antidepressant 
effects by targeting CBR1. Additionally, we sought to understand the underlying mechanisms 
and whether Cur/SLNs-HU-211 treatment could prevent depressive behaviour phenotypes 
in CORT-treated mice.

Materials and Methods

Materials
Curcumin and corticosterone were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China); 

rimonabant was purchased from APExBIO Technology (Houston, USA); and HU-211 was purchased from 
Cayman Chemical (Michigan, USA). All other reagents were of analytical grade. Water used was deionized 
water.

Fabrication of nanoparticles
Cur/SLNs-HU-211 were synthesized using an emulsification and low-temperature solidification 

method. Briefly, 10 mL chloroform containing Cur (0.15 g), stearic acid (0.2 g), lecithin (0.1 g), and HU-
211 (0.002 g) were added to 30 mL of H2O containing polyoxyethylene stearate (0.25 g) under 1, 200 rpm 
stirring at 75°C. Then, 10 mL of H2O was added to bring the total solution volume to 15 mL. The solution was 
stirred for 2 h at 4°C. The final product was dried at -56°C under vacuum.

Characterization of nanoparticles
The morphology of the nanoparticles was observed via transmission electron microscopy (JEOL, Tokyo, 

Japan). Nanoparticle zeta potential was measured using a Malvern zetasizer Nano ZS (Malvern Instrument, 
UK). The drug loadings of Cur and HU-211 in Cur/SLNs-HU-211 were measured with ultraviolet–visible 
spectroscopy (UV-Vis) and High Performance Liquid Chromatography (HPLC), respectively.

Cell culture and animals
PC12 cells were cultured according to a previously reported method. Dulbecco’s Modified Eagle’s 

Medium containing penicillin (100 unit/mL), streptomycin (100 μg/mL), 5% foetal bovine serum, and 10% 
horse serum were used. PC12 cells were placed in a 5% CO2 humidified incubator at 37°C.

C57BL/6 mice were purchased from the Laboratory Animal Centre of Tongji University. Animal protocols 
were approved by the institutional research ethics committee of Tongji University and in accordance with 
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Analysis of DA/5-HT level release from PC12 cells
To compare the antidepressant effects of Cur, HU-211, Cur+HU-211, Cur/SLNs-HU-211 (at a Cur dose of 

1 μM), 5-HT level in vitro were measured via HPLC. Cells were grouped as Control, CORT, CORT+ Cur, CORT+ 
HU-211, CORT+ Cur+ HU-211, and CORT+Cur/SLNs-HU-211 nanoparticles. For 5-HT, the mobile phase 
consisted of methanol/0.05 M CH3COONa (60:40, v/v) at a 0.5 mL/min flow rate, and a 275 nm detection 
wavelength.

To investigate the antidepressant effects of Cur/SLNs-HU-211 and the inhibition effect of Rim, the 
release of DA/5-HT from PC12 cells was detected. The cells were seeded in a 12-well plate in five groups: 
Control, Rim (10 μM), Corticosterone (CORT) (300 μM) as the major depression model group, CORT (300 
μM) + NPs (1 μM Cur), and CORT (300 μM) + NPs (1 μM Cur) + Rim (10 μM). Culture media were collected 
after various treatments for 24 h. To determine the DA/5-HT level in the media, an HPLC instrument was 
used. For DA, separation was conducted with a mobile phase consisting of methanol/0.01 M KH2PO4 (10:90, 
v/v, pH 3.5) at 0.5 mL/min and a detection wavelength of 280 nm. For 5-HT, the settings were as described 
above.
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Standard DA/5-HT samples were used to obtain a standard curve, and the concentrations of DA/5-HT 
in the media were determined from the standard curve.

MTT assay
To compare the antidepressant effects of Cur, HU-211, Cur+HU-211, Cur/SLNs-HU-211 (at a Cur dose 

of 1 μM), the MTT assay was used. PC12 cells were seeded in a 96-well plate. The division of groups was the 
same as mentioned before. 24 h after treatment, cell medium was refreshed with 0.5 mg/mL MTT, and the 
cells were cultured for an additional 4 h at 37°C. DMSO was then added to the wells, which were shaked for 
approximately 10 min. Absorbance at 492 nm was measured. The results are presented as percentages of 
the control.

To investigate the antidepressant effects of Cur/SLNs-HU-211 and the inhibition effects of Rim, the 
MTT assay was also used.

Western blot in vitro
Cells were seeded in a 6-well plate and given various treatments. After the treatments, PC12 cells were 

collected and washed with phosphate buffer saline (PBS). Total proteins were extracted, separated and 
transferred onto a PVDF membrane. The membrane was blocked with 5% (w/v) bovine serum albumin 
(BSA) in TBST for 1 h and incubated with primary antibodies (CB1, p-MEK1, and p-ERK1/2) overnight at 4°C. 
After washing with TBST, the membrane was incubated with second antibodies for 1 h at room temperature. 
Finally, bands were observed using a chemiluminescence detection system (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA).

 Cellular uptake detection
To analyse whether Rim will suppress the cellular uptake behaviour of Cur/SLNs-HU-211, PC12 cells 

were seeded in a 6-well plate for 24 h. Then, the media were exchanged with culture media with different 
treatment agents (CORT + Cur/SLNs-HU-211 NPs and CORT + Cur/SLNs-HU-211 NPs + Rim). The cells were 
treated for 1, 2, 4, and 8 h. Afterward, the cells were washed three times with PBS, collected, and washed 
twice to detect Cur at 488 nm with a flow cytometer.

Drug distribution in vivo
Normal mice were separated into three group and given Cur, HU-211 or Cur/SLNs-HU-211 (at a Cur 

dose of 20 mg/kg). Mice brains were sampled at predetermined time points (5, 15, 30, 45, 60, 120, 240, and 
360 min). HPLC was used to determine drug concentrations in the brain, and the protein concentrations of 
the tissue were immediately quantified.

CORT-induced major depression mice model
A major depression mice model was established under repeated daily administration of CORT (40 mg/

kg) for 3 weeks. Then, mice were randomly assigned to five groups: Group I, normal control mice; Group II, 
normal control mice treated with Rim (3 mg/kg); Group III, mice with major depression that received PBS; 
Group IV, mice with major depression that were subjected to Cur/SLNs-HU-211(at a Cur dose of 20 mg/kg); 
and Group V, mice with major depression that received Cur/SLNs-HU-211 and Rim (3 mg/kg). Drugs were 
given daily.

Behavioural change observation
A Forced Swimming Test (FST) was carried out to measure behavioural changes after drug treatment. 

Each mouse was placed in a glass cylinder filled with water for 8 min, and movement was recorded by 
camera. Because immobility was not observed in the first 2 min, the final 6 min were measured by a blinded 
scorer. Mice were considered immobile when they stopped struggling in the water.

One day after the mice finished the FST, the same mice underwent a rotarod test. The apparatus 
comprised a drum that rotated at a speed of 4 rpm, which slowly increased to 40 rpm within 5 min. The 
experiment was measured by counting the latency of mice staying on the drum.

Brain neurotransmitters analysis
Brain regions, including the cortex, hippocampus, brainstem, cerebellum, and striatum, were obtained 

and homogenized for neurotransmitter measurement. DA/5-HT levels were measured as previously 
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mentioned. The protein concentrations 
of each region were quantified 
and the results are reported as the 
concentrations of DA/5-HT per mg 
protein.

qPCR
The total RNA of the cortex, 

hippocampus, brainstem, cerebellum, and 
striatum were isolated using Trizol reagent 
(Invitrogen). The concentration and purity of 
RNA samples were detected by a Nanodrop 
ND-2000 (Thermo Science, USA). cDNA was 
synthesized with a primer Script Reverse 
Transcriptase Kit (Takara). Quantitative real-
time PCR was performed using SYBR Premix Ex 
Taq™ (Takara) on QuantStudio 7 Flex Real-Time 
PCR System. The primer sequences (Sangon 
Biotech, China) are listed in Table 1. Relative 
amounts of mRNA were calculated by the ∆∆Ct 
relative quantification method. GAPDH served as 
the control gene and the mRNA levels of specific 
genes were normalized to GAPDH.

Western blot
The total proteins in the hippocampus and 

striatum cells were extracted. Primary antibodies CB1 (ab23703, abcam), MEK1 (ab32091, abcam), p-MEK1 
(ab214445, abcam), ERK1/2 (ab184699, abcam), p-ERK1/2 (ab32538, abcam) and β-actin (ab8227, abcam) 
were used. The Western blot procedure is described above.

Immunofluorescence
Briefly, 15-μm-thick sections were incubated with a blocking buffer (1× PBS/5% normal goat se-

rum/0.3% Triton X-100) for 1 h. The sections were incubated with the following primary antibodies over-
night in PBS at 1:500 dilution factors at 4°C: CB1 (ab23703, abcam) were conjugated with CF™405S Dye 
(Biotium, Shanghai), glial fibrillary acidic protein (GFAP, ab49874, abcam, conjugated with Cy3), neuronal 
nuclei (NeuN, ab190195, abcam, conjugated with Alexa Fluor 488) and BDNF (bs-4989R-A647, Bioss, con-
jugated with Alexa Fluor 647). After washing with PBS, RedDot (Biotium, Shanghai) and DAPI were used 
for nuclei staining. Later, the sections were observed under a Leica (Wetzlar, Germany) TCS SP5 confocal 
microscope.

Statistical analysis
All results are presented as means ± standard deviation (SD). Statistical analyses were performed using 

the Statistical Product and Service Solutions software. One-way analysis of variance was performed for each 
analysis. Significance was set at P values less than 0.05. Semi-quantitative analyses were conducted using 
ImagePro Plus software.

Results

Characterization of NPs
Cur/SLNs-HU-211 NPs were successfully prepared. The NPs were characterized by 

transmission electron microscopy (TEM). As seen from Fig. 1A, Cur/SLNs-HU-211 had 
spherical shapes and uniform size. The zeta potential distribution (Fig. 1B) showed that 
Cur/SLNs-HU-211 (-22.6±0.9 mV) exhibited a negative zeta potential. The Cur and HU-211 
loading efficiencies in Cur/SLNs-HU-211 as analysed by UV–Vis spectrophotometry and 
HPLC were 19.12%±1.43% and 0.81%±0.04%, respectively.

Table 1. Primer sequences for real-time PCR of target genes

 
 

Table 1. Primer sequences for real-time PCR of target genes. 
 
 

Primer name   Primer sequence 
GAPDH             Forward Primer: 5’ –AGGTCGGTGTGAACGGATTTG – 3’ 

Reverse Primer: 5’ –TGTAGACCATGTAGTTGAGGTCA – 3’ 
CB1                    Forward Primer: 5’ –TCAAGGAGAACGAGGACAACA– 3’ 

Reverse Primer: 5’ –CCAGGGTGAGGGACAGGA– 3’ 
 

 

Fig. 1. Characterization of nanoparticles (A) Transmis-
sion electron microscopy picture of Cur/SLNs-HU-211. 
(B) Zeta potential of Cur/SLNs-HU-211 NPs.

 
Fig. 1. Characterization of nanoparticles (A) Transmission electron microscopy picture of Cur/SLNs-HU-211. (B) 

Zeta potential of Cur/SLNs-HU-211 NPs. 
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Cur/SLNs-HU-211 NPs 
showed better antidepressant 
effects
To determine whether Cur/

SLNs-HU-211 showed greater 
antidepressant effects in vivo, 
5-HT release and MTT assays 
were conducted. As shown in Fig. 
2A, Cur, HU-211 and Cur + HU-
211 showed limited increases in 
5-HT level. However, Cur/SLNs-
HU-211 significantly improved 
5-HT release from cells when 
compared with Cur+HU-211. 
In the MTT assay (Fig. 2B), 
both Cur and HU-211 protected 
cells from CORT-induced cell 
damage and death. Furthermore, 
Cur/SLNs-HU-211 showed 
stronger protective effects than 
Cur+HU-211.

Rim attenuate the protective 
effects of Cur/SLNs-HU-211 
NPs on major depression cell 
model
DA/5-HT release was 

measured to investigate the 
effects of Cur/SLNs-HU-211 in a 
major depression model in PC12 
cells. As seen in Fig. 3A and Fig. 
3B, in the presence of CORT, Cur/
SLNs-HU-211 NPs up-regulated 
DA/5-HT levels, which indicated 
that Cur/SLNs-HU-211 has the 
potential to protect cells from 
CORT. However, this effect was 
weakened when Rim was added.

MTT assays were performed 
to evaluate the effect of Cur/
SLNs-HU-211 on CORT induced 
apoptosis in PC12 cells. In the 
assay, the cell viabilities of 
different groups (i.e., Control, 
Rim, CORT, CORT + NPs and CORT 
+ NPs + Rim) were 100%, 75.4%, 

Fig. 2. Comparison of different treatments in PC12 cell (A) 5-HT 
level for different treatments in PC12 cells. (B) Cells viability de-
termined by MTT assay. For significance, aP<0.05 compared with 
CORT+Cur group, bP<0.05 compared with CORT+ HU-211 group, 
cP<0.05 compared with CORT+Cur+HU-211 group.

 
Fig. 2. Comparison of different treatments in PC12 cell (A) 5-HT level for different treatments in PC12 cells. (B) 

Cells viability determined by MTT assay. For significance, aP < 0.05 compared with CORT+Cur group, bP < 0.05 

compared with CORT+ HU-211 group, cP < 0.05 compared with CORT+Cur+HU-211 group. 

 

Fig. 3. Protective effects of Cur/SLNs-HU-211 on PC12 cell (A) 
DA level for different treatments in PC12 cells. (B) 5-HT release 
from PC12 cells. (C) Cells viability determined by MTT assay. (D) 
Western blot for CB1, p-MEK1, and p-ER K1/2 protein in vitro. 
For significance, aP<0.05 compared with CORT group; bP<0.05 
compared with CORT+NPs group.

 

Fig. 3. Protective effects of Cur/SLNs-HU-211 on PC12 cell (A) DA level for different treatments in PC12 cells. 

(B) 5-HT release from PC12 cells. (C) Cells viability determined by MTT assay. (D) Western blot for CB1, p-MEK1, 

and p-ER K1/2 protein in vitro. For significance, aP < 0.05 compared with CORT group; bP < 0.05 compared with 

CORT+NPs group. 

  

56.1%, 81.9% and 70.3%, respectively (Fig. 3C), suggesting that Cur/SLNs-HU-211 protected 
cells from CORT-induced cell apoptosis, whereas Rim had the opposite effect.

The results of the DA/5-HT release and MTT assays show that Cur/SLNs-HU-211 had 
great potential in protecting PC12 cells from CORT-induced damage. To further understand 
the underlying mechanism behind this protective effect, Western blot analysis was carried 
out. We detected CB1, p-MEK1, and p-ERK1/2 protein expression in all groups. These 
expression levels were markedly lower in the CORT-treated group when compared with those 
of the normal control. Their activities were increased with Cur/SLNs-HU-211 treatment. Rim 
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Fig. 5. In vivo drug distribution for several time 
points (5, 15, 30, 45, 60, 120, 240, 360 min).

 

Fig. 5. In vivo drug distribution for several time points (5, 15, 30, 45, 60, 120, 240, 360 min). 

treatment significantly down-
regulated the expression levels 
in the presence of NPs (Fig. 3D).

As seen from the cellular 
uptake results (Fig. 4), cells 
treated with Cur/SLNs-HU-211 
exhibited much stronger 
fluorescence intensities when 
compared with Rim at different 
time points. Approximately 
79.7% of total cells were 
detected after 8 h treatment 
with Cur/SLNs-HU-211 and 
only 52.1% with Rim. Cellular 
uptake in PC12 cells was time 
dependent for each group. 
Cur/SLNs-HU-211 were easily taken up by 
PC12 cells. Rim suppressed this effect, which 
suggested that Rim may attenuate the Cur/
SLNs-HU-211-induced antidepressant effects 
through decreased cellular uptake.

Cur/SLNs-HU-211 improved drug distribu-
tion in vivo
Drug distribution was measured using 

HPLC (Fig. 5). For the HU-211-treated group, 
no HU-211 was observed in brain samples 
because the HU-211 in the Cur/SLNs-HU-211 
nanoparticles were too low to measure. For the 
Cur-treated group, Cur can be clearly found at a 
few time points in the curve. A peak appeared 
at approximately 30 min after the drug was given, and Cur did not remain in the body 
for a long time. However, when compared with the Cur-treated group, Cur/SLNs-HU-211 
significantly improved the distribution of Cur in the brain and the bioavailability of Cur in 
vivo. Furthermore, Cur/SLNs-HU-211 achieved a sustained release of Cur for approximately 
6 h in vivo.

Rim attenuate the Cur/SLNs-HU-211 NPs induced behavioural recovery and neurotrans-
mitters levels rise
The schematic shown in Fig. 6A shows that the experiments were conducted using a 

major depression mice model. We first established a CORT-induced major depression mice 
model in the first 3 weeks [18]. Then, we treated mice with different drugs for the following 
2 weeks. Subsequently, behavioural changes were observed. We then harvested the tissue 
samples for DA/5-HT analysis.

To determine whether Cur/SLNs-HU-211 suppressed depressive behaviours in the 
CORT-treated mice, we assessed multiple dimensions of depressive behavioural phenotypes. 
The FST and rotarod tests are two reliable and frequently used methods for evaluating 
behavioural changes in mice [19-22].

The results of the FST (Fig. 6B) revealed that mice with major depression (78 seconds) 
showed significant decreases in float duration when compared with Control mice (126 
seconds). Cur/SLNs-HU-211-treated mice significantly increased the float time (109 seconds) 
when compared with CORT (78 seconds). Rim attenuated the effect of Cur/SLNs-HU-211 by 
significantly decreasing the float time (45 seconds). The results of the rotarod test (Fig. 6C) 
also showed that Cur/SLNs-HU-211 (288 seconds) significantly enhanced fall latency when 

Fig. 4. Cellular uptake observation of Cur/SLNs-HU-211 in PC12 
cells by flow cytometry at 1, 2, 4, and 8 h.

 Fig. 4. Cellular uptake observation of Cur/SLNs-HU-211 in PC12 cells by flow cytometry at 1, 2, 4, and 8 h. 
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Fig. 7. Protective effects of Cur/SLNs-HU-211 on 
mice depression model. qPCR assay for the expres-
sion of CB1 in brain region; For significance, aP<0.05 
compared with CORT group; bP<0.05 compared with 
CORT+NPs group.

 
Fig. 7. Protective effects of Cur/SLNs-HU-211 on mice depression model. qPCR assay for the expression of 
CB1 in brain region; For significance, aP < 0.05 compared with CORT group; bP < 0.05 compared with 
CORT+NPs group.  

  

compared with CORT (247 seconds). In the 
Rim + CORT + Cur/SLNs-HU-211 group, Rim 
(245 seconds) decreased the fall latency 
induced by Cur/SLNs-HU-211.

We also measured the levels of DA/5-
HT in the cortex, hippocampus, brainstem, 
cerebellum, and striatum of mice brains. 
The results (Fig. 6D and Fig. 6E) showed that 
Cur/SLNs-HU-211 significantly induced 
more DA/5-HT compared with the CORT 
group especially in the hippocampus and 
striatum. Furthermore, the concentration 
of DA/5-HT in the Cur/SLNs-HU-211 + Rim-
treated group was lower than that of the 
Cur/SLNs-HU-211-treated group. Overall, 
these etiology and biochemical marker 

Fig. 6. Antidepressant activities of Cur/SLNs-HU-211 on mice depression model. (A) Schematic shows the 
establishment of CORT-induced major depression mice model, the drug given and different evaluation; (B) 
Duration of float in the forced swim test; (C) Fall latency in the rotarod test; (D) Measurement of DA in cortex, 
hippocampus, brainstem, cerebellum, and striatum; (E) Detection of 5-HT in cortex, hippocampus, brainstem, 
cerebellum, and striatum. For significance, aP<0.05 compared with CORT group; bP<0.05 compared with 
CORT+NPs group.

 
Fig. 6. Antidepressant activities of Cur/SLNs-HU-211 on mice depression model. (A) Schematic shows the 

establishment of CORT-induced major depression mice model, the drug given and different evaluation; (B) Duration 

of float in the forced swim test; (C) Fall latency in the rotarod test; (D) Measurement of DA in cortex, hippocampus, 

brainstem, cerebellum, and striatum; (E) Detection of 5-HT in cortex, hippocampus, brainstem, cerebellum, and 

striatum. For significance, aP < 0.05 compared with CORT group; bP < 0.05 compared with CORT+NPs group. 
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Fig. 8. Protective ef-
fects of Cur/SLNs-
HU-211 on mice de-
pression model. (A) 
Western blot images for 
CB1, MEK1, p-MEK1, 
ERK and p-ERK1/2 for 
hippocampus and semi-
quantitate for protein 
expression level com-
pared with Control; (B) 
Western blot images for 
CB1, MEK1, p-MEK1, 
ERK and p-ERK1/2 
for striatum and semi-
quantitate for protein 
expression level com-
pared with Control. For 
significance, aP<0.05 
compared with CORT 
group; bP<0.05 com-
pared with CORT+NPs 
group.

 

Fig. 8. Protective effects of Cur/SLNs-HU-211 on mice depression model. (A) Western blot images for CB1, 
MEK1, p-MEK1, ERK and p-ERK1/2 for hippocampus and semi-quantitate for protein expression level 
compared with Control; (B) Western blot images for CB1, MEK1, p-MEK1, ERK and p-ERK1/2 for striatum and 
semi-quantitate for protein expression level compared with Control. For significance, aP < 0.05 compared with 
CORT group; bP < 0.05 compared with CORT+NPs group. 

 

measurements implied that Cur/SLNs-HU-211 showed curative effects in improving the 
mobility and DA/5-HT levels in vivo. Furthermore, Rim can inhibit these Cur/SLNs-HU-211-
induced changes.

Rim supressed the Cur/SLNs-HU-211 NPs induced MEK1/ERK1/2 signalling activation
The results described above encouraged us to further investigate the antidepressant 

activity of Cur/SLNs-HU-211 at the mRNA and protein levels. CB1 mRNA expression levels in 
the cortex, hippocampus, brainstem, cerebellum, and striatum were measured. The results 
(Fig. 7) suggested that in the hippocampus and striatum, the CB1 mRNA levels decreased 
when the rats were treated with CORT. The addition of Cur/SLNs-HU-211 increased the CB1 
mRNA levels. In the CORT + NPs + Rim group, Rim treatment showed the opposite effect 
when compared with the Cur/SLNs-HU-211 group because the CB1 mRNA level significantly 
decreased.

CB1 cannabinoid receptors have been reported to be vital in alleviating major 
depression. The activation of CB1 activates the downstream signalling molecules ERK1/2, 
which occurs via an upstream MEK1 response. Thus, we further investigated the CB1, 
p-MEK1 and p-ERK1/2 protein expression levels in the hippocampus and striatum. The 
results (Fig. 8A and Fig. 8B) revealed that for the CORT-treated mice, the CB1, p-MEK1 and 
p-ERK1/2 protein expression levels were significantly decreased in the hippocampus and 
striatum. However, Cur/SLNs-HU-211 treatment improved the protein levels; adding Rim 
inhibited the protein expression.

Rim supressed the Cur/SLNs-HU-211 NPs induced astrocytes activation and BDNF/NeuN 
expression increase
To confirm the results of the qPCR and Western blot assays, immunofluorescent imaging 

of mice brain samples (hippocampus and striatum) were performed. CB1 expression and 
astrocytes activation were most prominent in the hippocampus and striatum of the CORT-
induced major depression mice [23, 24].
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Fig. 9. Representative immunofluo-
rescence images for CB1, GFAP and 
RedDot in hippocampus and striatum 
after treatment. (A) Immunofluores-
cence images for hippocampus; (B) 
semi-quantitate for CB1 positive cells 
in hippocampus; (C) semi-quantitate 
for GFAP positive cells in hippocam-
pus; (D) Immunofluorescence im-
ages for striatum; (E) semi-quantitate 
for CB1 positive cells in striatum; (F) 
semi-quantitate for GFAP positive cells 
in striatum; aP<0.05 compared with 
CORT group; bP<0.05 compared with 
CORT+NPs group.

 
Fig. 9. Representative immunofluorescence images for CB1, GFAP and RedDot in hippocampus and striatum after 

treatment. (A) Immunofluorescence images for hippocampus; (B) semi-quantitate for CB1 positive cells in 

hippocampus; (C) semi-quantitate for GFAP positive cells in hippocampus; (D)semi-quantitate for CB1 positive cells 

in striatum; (C) semi-quantitate for GFAP positive cells in striatum; aP < 0.05 compared with CORT group; bP < 0.05 

compared with CORT+NPs group. 

In the hippocampus, to ex-
amine the effect of Cur/SLNs-
HU-211 on CB1 expression, we 
employed CF Dye to conjugate 
with CB1. As shown in Fig. 9A 
and Fig. 9B, when compared 
with the Control, CORT induced 
significant decreases in CB1 
expression. However, greater 
CB1 expression was observed 
when the mice were treated 
with Cur/SLNs-HU-211. Rim 
treatment showed the opposite 
effect induced by Cur/SLNs-
HU-211, which indicated that 
the protective function of Cur/
SLNs-HU-211 on major depres-
sion mice was largely due to 
CB1 receptor activation. We 
used the known GFAP marker 
for astrocytes to assess the ef-
fects of Cur/SLNs-HU-211 on 
astrocyte activation (Fig. 9A 
and Fig. 9C). The CORT-treated 
group showed decreased GFAP 
expression when compared 
with the Control. Treatment 

 
Fig. 10. Representative immunofluorescence images of NeuN and BDNF expression in hippocampus and striatum. 

  

with Cur/SLNs-HU-211 induced more GFAP-positive astrocytes, which implied that Cur/
SLNs-HU-211 may play important roles in neurogenesis and major depression treatment.

The results from the striatum were similar to those observed in the hippocampus. As 
shown in Fig. 9D and Fig. 9E, for CB1 expression, Cur/SLNs-HU-211 protected the striatum 
from CORT-induced CB1 expression decrease, and Rim inhibited this function. For GFAP 
expression, CORT-induced astrocyte loss was restored with Cur/SLNs-HU-211 treatment, 
and Rim decreased GFAP expression in the presence of Cur/SLNs-HU-211.

BDNF also regulates neurogenesis, proliferation, and neuronal survival [25-27]. BDNF/
NeuN expression levels were markedly decreased in the hippocampus and striatum of the 

Fig. 10. Representative immunofluorescence images of NeuN and 
BDNF expression in hippocampus and striatum.
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Rim/CORT-treated mice compared with those of the Control (Fig. 10). However, BDNF/NeuN 
expression levels significantly recovered in Cur/SLNs-HU-211-treated mice, suggesting that 
Cur/SLNs-HU-211 may induce neuroprotective effects on CORT-treated mice via the up-
regulation of BDNF and NeuN expression. In the CORT + NPs + Rim group, Rim attenuated 
the Cur/SLNs-HU-211 NP-induced increase in BDNF/NeuN expression. This revealed that 
Cur/SLNs-HU-211 had antagonistic effects.

Overall, these immunofluorescence data implied that Cur/SLNs-HU-211 could be an 
effective drug for neuronal injury recovery and that Rim could influence this therapeutic 
effect.

Discussion

Cur is a traditional herbal medicine that has been used to cure major depression due 
to its neuroprotective effects. HU-211 shows antidepressant properties due to its anti-
inflammatory and antioxidant effects. However, because of the low solubility and poor 
bioavailability of Cur and HU-211, we improved their antidepressant effects with the help 
of nanoparticles. In this study, we combined SLNs with Cur and HU-211 to synthesize a new 
dual-drug nanoparticle (Cur/SLNs-HU-211) for enhanced antidepressant effects.

Cur/SLNs-HU-211 nanoparticles were prepared via an emulsification and low-
temperature solidification method. The resultant uniform sizes of the Cur/SLNs-HU-211 
enable better solubility and bioavailability. A negative potential of -22.6 mV provided 
increased stability and prevented aggregation. These characterization data implied that the 
fabrication of these nanoparticles was feasible. These nanoparticles enhance the efficacy 
and delivery of these drugs.

To prove that our synthesized nanoparticles had enhanced antidepressant activities, 
in vitro 5-HT release and MTT assays were used in a CORT-induced major depression PC12 
cells model. The Cur/SLNs-HU-211 were superior to Cur, HU-211 or Cur + HU-211.

We evaluated the in vitro beneficial effects of Cur/SLNs-HU-211 on depressive behaviours 
to determine the underlying mechanisms in a cell model of major depression. A cannabinoid 
receptor CB1 inverse agonist Rim was used to show that Cur/SLNs-HU-211 exerted its 
antidepressant effects by targeting the CB1 receptor. As is well-known, neurotransmitters 
such as DA/5-HT are vital in the pathogenesis of major depression. Nearly all antidepressant 
strategies have been shown to enhance 5-HT transmission in the brain of laboratory animals. 
DA can also play a pivotal role in the mechanism of action of certain antidepressant strategies. 
Treatment with Cur/SLNs-HU-211 induced more DA/5-HT release with a reduction of CORT-
induced apoptotic cell death in PC12 cells. Cur/SLNs-HU-211 as an antidepressant can 
improve the level of neurotransmitters and protect cells from apoptosis, which is beneficial 
in the treatment of major depression.

The in vitro mechanism was explored using Western blots and cellular uptake analyses. 
The Western blot assays implied that Cur/SLNs-HU-211 may activate the CB1 receptor and 
affect the MEK1/ERK1/2 signalling pathway. Rim significantly inhibited Cur/SLNs-HU-211 
uptake by PC12 cells, which showed that Rim may weaken Cur/SLNs-HU-211-induced CB1 
receptor activation.

Cur/SLNs-HU-211 increased the in vivo distribution of Cur in mice brains and maintained 
drug release for prolonged periods, which facilitates drug delivery and antidepressant effects 
in biological systems. Antidepressants can prevent repeated CORT-induced depression-like 
behaviour in mice. The Forced Swimming Test and the rotarod test are two frequently applied 
behavioural tests for major depression research. Cur/SLNs-HU-211 treatment induced 
recovery from depressive behaviours in the Forced Swimming Test and the rotarod test 
[28, 29]. Rim reversed these improvements. These results suggest that Cur/SLNs-HU-211 
enabled the mice to maintain motor activity and coordination.

Various studies have suggested that the pathogenesis of major depression is closely 
correct with the hippocampus and striatum in the brain region. Thus, 5-HT/DA levels in 
the hippocampus and striatum are important and serve as biomarkers reflecting major 
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depression. Cur/SLNs-HU-211 displayed protective effects by elevating neurotransmitter 
(5-HT/DA) levels in mice brain, especially in the hippocampus and striatum.

The pharmacological augmentation of endocannabinoid signalling could be a target for 
the treatment of major depression. CB1R signalling is an important therapeutic target for 
major depression and has attracted widespread attention. CB1 is closely related with the 
MEK1/ERK1/2 signalling pathway. ERK1/2 is widely retained in mammalian nervous system 
and is indispensable for the functions of normal brain and major depression. The activation 
of ERK1/2 occurs through an upstream MEK1 response. Previous studies have implied that 
acute tetrahydrocannabinol administration could elevate CB1 receptor-mediated ERK1/2 
activation in the striatum and hippocampus. Furthermore, Cur can activate the MEK1/
ERK1/2 signalling pathways through CB1 cannabinoid receptors. Our data implied that 
Cur/SLNs-HU-211 was neuroprotective by enhancing the expression of CB1 and activating 
MEK1/ERK1/2 signalling. Cur/SLNs-HU-211 raised the mRNA level of CB1 and the protein 
expression levels of CB1, p-MEK1 and p-ERK1/2 in the hippocampus and striatum. However, 
Rim, as an inverse agonist for CB1R, reduced the activation of p-MEK1, p-ERK1/2 in the 
presence of Cur/SLNs-HU-211, further suggesting that Cur/SLNs-HU-211 was involved in 
MEK1/ERK1/2 signalling.

Reductions in astrocytes and related markers (GFAP) have been considered important 
characteristics in the pathology of major depression. Astrocytes are the most numerous 
and versatile of all types of glial cells. They are crucial to neuronal microenvironments 
and regulate glucose metabolism, neurotransmitter uptake synaptic development and 
maturation. CORT induces astrocyte loss in the striatum and hippocampus, resulting in the 
prominent pathophysiological development of major depression. This was confirmed in our 
immunofluorescence assays. This phenomenon was rescued by Cur/SLNs-HU-211.

BDNF is believed to be a key modulator of neurogenesis and contributes to cell 
proliferation and neuronal survival. Cur/SLNs-HU-211 restored BDNF/NeuN reductions 
induced by CORT. This implied that Cur/SLNs-HU-211 may ameliorate neurodegenerative 
symptoms and enhance the recovery of neuronal function. Current theories for major 
depression have focused on the hypothalamus-pituitary-adrenal axis, neurotrophin 
signalling and neuroinflammation. However, the correlation between neuroprotection 
and enhanced neurogenesis and 
behavioural recovery from depressive 
phenotypes by Cur/SLNs-HU-211 
suggests the effectiveness of Cur/SLNs-
HU-211 treatment for major depression 
via the attenuation of neuronal injury 
and activation of astrocytes.

Collectively, our results suggested 
that Cur/SLNs-HU-211 reduced 
depressive behaviours in CORT-treated 
mice, alleviated DA/5-HT levels and 
increased GFAP and BDNF expression 
levels in the hippocampus and striatum. 
These effects are involved in the 
activation of MEK1/ERK1/2 signalling 
pathways. We also found that Rim had 
opposing effects in many experiments. 
Based on these results, we proposed 
a mechanism by which Cur/SLNs-
HU-211 acts to treat major depression. 
As shown in Fig. 11, this mechanism 
involved the MEK1/ERK1/2 signalling 
pathways. We demonstrated new 
curative properties of Cur/SLNs-

Fig. 11. Schematic representation of the mechanisms Cur/
SLNs-HU-211 reduced depressive behaviours in the CORT-
treated mice through inhibition of neuronal cell death and 
involved in activation of MEK1/ERK1/2 signalling pathway.

 
Fig. 11. Schematic representation of the mechanisms Cur/SLNs-HU-211 reduced depressive behaviours in the 
CORT-treated mice through inhibition of neuronal cell death and involved in activation of MEK1/ERK1/2 
signalling pathway. 
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HU-211 for major depression as an auxiliary therapy and indicated a new therapeutic 
target CB1 in major depression. Further studies are needed to determine a more detailed 
mechanism and to develop a greater understanding of the therapeutic potency of Cur/SLNs-
HU-211.

Conclusion

Cur/SLNs-HU-211 nanoparticles were successfully prepared by a modified 
emulsification and low-temperature solidification method. In vitro and in vivo tests revealed 
that Cur/SLNs-HU-211 exerted antidepressant activity by targeting the endocannabinoid/
CB1 receptor system. Overall, the results of this study provided a compelling argument for 
the use of Cur/SLNs-HU-211 in the treatment of major depression.
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