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Purpose: The early stage of this study verified that a turmeric extract (TUR) including 59% curcumin (CU), 22% demethoxycurcu-
min (DMC), and 18% bisdemethoxycurcumin (BDMC), could enhance the stability of CU and had greater antidepressant potential 
in vitro. The objective of the study was to develop a nano-delivery system containing TUR (TUR-NE) to improve the pharmacokinetic 
behavior of TUR and enhance its antidepressant effect.
Methods: The antidepressant potential of TUR was explored using ABTS, oxidative stress-induced cell injury, and a high-throughput 
screening model. TUR-NE was fabricated, optimized and characterized. The pharmacokinetic behaviors of TUR-NE were evaluated 
following oral administration to normal rats. The antidepressant effect of TUR-NE was assessed within chronic unpredictable mild 
stress model (CUMS) mice. The behavioral and biochemical indexes of mice were conducted.
Results: The results depicted that TUR had 3.18 and 1.62 times higher antioxidant capacity than ascorbic acid and CU, respectively. 
The inhibition effect of TUR on ASP+ transport was significantly enhanced compared with fluoxetine and CU. TUR-NE displayed 
a particle size of 116.0 ± 0.31 nm, polydispersity index value of 0.121 ± 0.007, an encapsulation rate of 98.45%, and good release and 
stability in cold storage. The results of pharmacokinetics indicated the AUC(0-t) of TUR-NE was 8.436 and 4.495 times higher than 
that of CU and TUR, while the Cmax was 9.012 and 5.452 times higher than that of CU and TUR, respectively. The pharmacodynamic 
study confirmed that the superior antidepressant effect of TUR-NE by significantly improving the depressant-like behaviors and 
elevating the content of 5-hydroxytryptamine in plasma and brain in CUMS mice. TUR-NE showed good safety with repeated 
administration.
Conclusion: TUR-NE, which had small and uniform particle size, enhanced the bioavailability and antidepressant effect of TUR. It 
could be a promising novel oral preparation against depression.
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Introduction
Depression is a common mental disease that seriously endangers human physical and mental health. According to a World 
Health Organization (WHO) report, nearly 3 million people worldwide experience depression, constituting 4.4% of the 
global population.1 Depression leads to severe mental and economic burdens on individuals, families, and society due to its 
high recurrence and disability.2,3 However, the antidepressants currently in use generally have the disadvantages of 
significant side effects, slow effects, and recurrence.4–6 In recent years, natural medicine has been widely utilized for 
studying the central nervous system because of its multi-component, multi-target, and multi-pharmacological effects.7,8 

Among them, curcumin (CU) is a polyphenol product extracted from the dried rhizome of turmeric.9 It has been 
demonstrated to possess antidepressant activity in various animal models and clinical trials.10–13 Studies revealed that 
CU could improve depressive symptoms in a variety of ways, including increasing 5-hydroxytryptamine (5-HT), dopamine 
(DA), and brain-derived neurotrophic factor (BDNF) levels within the hippocampus of rats.14 Although the efficacy and 
safety of CU are promising, the poor stability and low oral bioavailability restrict its clinical application.15–17

Studies indicated that CU was more stable when it was present with two other major bioactive components of 
turmeric, namely, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC).18,19 This suggested that CU could 
be more stable in turmeric extract, containing 59% CU, 22% DMC, and 18% BDMC. TUR might be more beneficial as 
a potential antidepressant than CU alone. The base degradation experiment and antidepressant studies were carried out 
in vitro in the early stage to verify the benefits of TUR. DMC and BDMC significantly enhanced the stability of CU. 
TUR had better antioxidant activity and provided a certain degree of neuronal protection compared to CU. The high- 
throughput screening model indicated that TUR might be involved in partial 5-HT reuptake inhibition.

TUR still has some problems, including low solubility and poor absorption, irrespective of its advantages in 
improving the stability of CU. Among the many strategies to improve the oral bioavailability of insoluble drugs, 
nanoemulsion (NE) could be an effective carrier for insoluble drugs. Moreover, it can strengthen the solubility, 
permeability, and stability of the drug at target sites, and the oral bioavailability of bioactive ingredients can be 
significantly enhanced using lipophilicity and nanoscale size.20–22 Therefore, for the first time, this study used an 
emulsification method to develop an oral TUR delivery nanoemulsion (TUR-NE) to improve water solubility and oral 
bioavailability. The method was simple and reproducible and could be utilized in industrial production. The pharmaco-
kinetic behavior of TUR-NE was also analyzed, and a chronic unpredictable mild stress (CUMS) animal model was 
established to assess the antidepressant activity of TUR-NE. These provided a theoretical basis and process to develop 
novel antidepressant drugs clinically.

Material and Methods
Materials
CU, DMC and BDMC were procured from Chengdu Best Reagent Co., Ltd. Chengdu, China. Turmeric extract (TUR) 
was obtained from Ruibo Technology Co., Ltd., China. Polyethylene glycol (PEG)-400, methanol (AR), ethanol (AR), 
and hydrochloric acid (AR) were provided by Cologne Chemicals Ltd. (Chengdu, China). We purchased fluoxetine 
hydrochloride, medium chain triglyceride (MCT), soy lecithin and Tween 80 from Shanghai Aladdin Bio-Chem 
Technology Co. Ltd., Shanghai, China. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from Beijing Solebao Technology Co., Ltd., China. Fetal bovine serum (FBS) and RPMI (Roswell Park Memorial 
Institute)-1640 were acquired from Beijing Thermo Fisher Scientific Shier Co., Ltd.

Cell Lines and Animals
PC12 cells were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and cultured using 
RPMI 1640 medium with 10% (v/v) FBS and 1% (w/v) penicillin/streptomycin in an incubator containing 5% CO2 at 37°C.

Sprague Dawley (SD) rats (age 8 to 9 weeks; 200 ± 20 g) were supplied by the Laboratory Animal Center of 
Southwest Medical University. The rats were housed in a pathogen-free environment with free access to water and food. 
C57BL/6 mice (age five weeks; male; 20 ± 3 g) were purchased from the Tengxin Technology Laboratory Animal Co., 
Ltd., Chongqing, China (approval number: SCXK(Jing) 2019–0010). Animal feeding occurred at a temperature of 20 ± 
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2°C and relative humidity of 40–60% in the SPF room of Laboratory Animal Center of Southwest Medical University. 
The Animal Protection and Use Committee of Southwest Medical University, Luzhou, Sichuan, China, approved the 
experimental procedures (No. 2020335).

The Stability of CU in TUR
Moderate amounts of pure CU, DMC, BDMC, and TUR were prepared in methanol to concentrations of 1, 0.4, 0.4, and 
1 mg/mL, respectively. The buffer solution (pH 9) was comprised of Tris(hydroxymethyl)methyl aminomethane- 
hydrochloric acid and 40% ethanol. CU (1.5 mL) and 0.3, 0.6, 1, and 1.5 mL of DMC and BDMC were added to 4 
25 mL amber volumetric flasks. CU was used as the control. One mL of TUR was added to another volume flask. The 
buffer solution was diluted to 25 mL and placed in a water bath at a constant temperature of 25°C. Finally, samples were 
taken at 20, 80, 140, 200, 260, 320, and 380 min.

The samples were analyzed using an Agilent 1260 high-performance liquid chromatography (HPLC) system (Agilent 
Technologies, Foster City, CA, USA) and an Inertsil ODS-SP C18 chromatographic column (4.2 mm × 250 mm; 5 μm; 
GL Sciences, Tokyo, Japan) with a Phenomenex C18 protective pre-column (4.0 mm × 3.0 mm). Samples were filtered 
through 0.22 μm syringe filters before injection. The mobile phase consisted of phosphoric acid (pH 3.5): acetonitrile 
(45:55, v/v) and was pumped at an 0.8 mL/min flow rate. The injection volume was 20 µL. The ultraviolet detection 
wavelength was 425 nm, and the column temperature was maintained at 30°C. The concentration of CU (C) was 
determined, and the degradation curves were obtained by plotting log C against time.

Study on Antidepressant Effect in vitro
The Antioxidant Activity of TUR
The antioxidant capacity of TUR was measured based on a previous study.23 2,2’-Azino-bis(3-ethylbenzothiazoline- 
6-sulphonic acid) radical (ABTS) solution (dissolved in 2.45 mM potassium persulfate) was primarily diluted using 
phosphoric acid buffer (pH 7.4) to 0.70 ± 0.02 absorbance. Then, 150 µL of CU, TUR, and vitamin C at different 
concentrations were transferred to 450 µL of ABTS solution. After reacting in the dark for 20 min, the samples were 
placed in a 96-well plate at 734 nm to measure the absorbance (A) of each concentration in triplicate. Anhydrous ethanol 
was used as the control. The calculation formula was:

The Neuroprotective Effect of TUR
The PC12 cells in the logarithmic growth phase were inoculated in 96-well plates at a density of 5×103 cells/well and 
cultured for 24 h. After the supernatant was discarded, complete medium containing different concentrations of CU and 
TUR (3.75, 7.5, and 15 µg/mL) was added. Fluoxetine hydrochloride was utilized as the reference standard. The same 
amount of complete medium was added to the control and model groups. The supernatant was discarded after culturing 
for 12 h. Medium (100 µL) containing hydrogen peroxide (H2O2, 100 µM) was added to each well, and the same 
complete medium was added to the control group.24 After 24 h, 5 mg/mL of MTT solution was added and incubated for 3 
h. The absorbance of each well (A) was determined at 490 nm after the purple formazan product was dissolved in 150 µL 
of dimethyl sulfoxide (DMSO). The calculation formula was as follows:

The High-Throughput Screening Model
4-(4-(Dimethylamino)styryl)-n-methylpyridiunium (ASP+) was used to evaluate the inhibitory effect of TUR on the 
cellular uptake of ASP+ according to previous studies.25 In the early stage, the appropriate ASP+ concentration was 
screened by assessing the inhibitory effect of fluoxetine hydrochloride. After PC12 cells adhered to the well wall, the 
medium was replaced with serum-free medium. After 4 h, fluoxetine hydrochloride was added, and the cells were 
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cultured for 2 h. Then, 10 µL of different concentrations of ASP+ dye were added and incubated for 1 h under dark 
conditions. Finally, the cells were washed twice using the D-Hanks solution. A microplate analyzer was utilized to detect 
and record the results at an excitation wavelength of 475 nm and an emission wavelength of 605 nm.

The concentrations in the CU and TUR groups were 3.75-60 µg/mL, and there were five parallel holes in each 
concentration group. After administration and incubation for 2 h, 10 µL ASP+ dye was added and the above steps were 
followed. Finally, the results of the fluorescence intensity were statistically analyzed.

Preparation of TUR-NE
TUR-NE was prepared by the mature emulsification method of our research group with minor adjustments.26 In short, 
PEG-400, lecithin, MCT, and TUR were ultrasonically dissolved in ethanol as the oil phase. Tween 80 was ultrasonically 
dissolved in ultrapure water, constituting the water phase. Then, the oil phase was added to the water phase drop-by-drop 
under high-temperature stirring, and a clarified emulsion was obtained after cooling.

The preparation process (the temperature and time of emulsification and stirring speed) and conditions (the dosage of 
PEG-400, lecithin, MCT, Tween 80, absolute ethanol, ultrapure water, and TUR) were investigated by analyzing 
encapsulation efficiency (EE), particle size, and polydispersity index (PDI) as indexes to optimize the desirable NE 
characteristics. Three parallel samples were used for in each batch.

Optimization of TUR-NE
Central composite design response surface methodology (CCD-RSM) was applied based on single-factor experiments to 
optimize the TUR-NE formulation.27,28 The dosage of Tween 80 (X1), absolute ethanol (X2), MCT (X3), and lecithin 
(X4), which greatly affected the physicochemical properties of NE, were taken as independent variables. EE (Y1) and 
PDI (Y2) were the response values to be optimized. Design-Expert 8.0 software was used to design the CCD scheme, 
consisting of 29 runs. The independent variables with the actual experimental level code values are shown in Table 1.

Characterization of TUR-NE
After diluting with deionized water, particle size, PDI, and the zeta potential of TUR-NE were measured using 
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The TUR-NE content was determined by HPLC to calculate 
EE and loading efficiency (LE). To this end, the prepared TUR-NE was centrifuged at 8000 rpm for 10 min, 50 µL of 
supernatant was taken, demulsified with methanol, and ultrasonicated for 10 min (200 W, 40 HZ), and the content of CU 
in NE was determined after filtration through a 0.22 um hydrophobic microporous membrane. In addition, the total CU 
content in TUR-NE was determined by HPLC at 425 nm. The following formula was utilized in the calculation:

Ps: Where Wd is the amount of total CU in NE, Wf is the amount of free CU in NE, and Wv is the total volume of NE.

Table 1 The Independent Variables with the Actual 
Values of Their Experimental Level Codes

Independent Variables Level

−1 0 +1

Tween 80 (X1) 200 275 350
Absolute ethanol (X2) 150 200 250

MCT (X3) 300 350 400

Lecithin (X4) 100 150 200
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After staining with 1% phosphotungstic acid for 2 min, the morphology of the optimized TUR-NE was characterized 
by transmission electron microscopy (TEM, JEM-1400FLASH, Tokyo, Japan).

In vitro Release Study
The in vitro release of TUR and TUR-NE was studied by a dialysis method, as previously reported, with slight 
modification.29 A TUR suspension and 1 mL of TUR-NE (containing equal amounts of TUR) were added to dialysis 
bags (MW 12000 D) and then placed in release medium (HCl, pH 1.2 and phosphate-buffered saline (PBS), pH 7.4, both 
containing 2% Tween 80) at a temperature of 37°C and a stirring rate of 100 rpm. One mL of release medium was 
removed at the specified times (0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 48 h), and the same amount of fresh release 
medium (37°C) was added. The CU content in samples was determined by HPLC, and the accumulating release was 
calculated.

Stability Study
Three batches of TUR-NE were stored at 25°C and 4°C for four months. The relative changes in particle size, PDI, EE, 
and LE of TUR-NE during storage were detected.

Pharmacokinetics Evaluation
Fifteen SD rats were randomly divided into three groups and given 100 mg/kg of CU, TUR, and TUR-NE (equivalent 
CU) by gavage. Blood samples were collected at 10, 30, 60, 120, 240, 360, 480, and 720 min. CU was extracted from the 
collected plasma using a mixture of ethyl acetate and methanol (9:1, v/v). The supernatant extracted twice was dried by 
nitrogen and redissolved in acetonitrile. Finally, the samples were analyzed by HPLC. The plasma concentration-time 
curves for each group were plotted, and the pharmacokinetic parameters were calculated using DAS 2.1.1 software.

Evaluation of Antidepressant Effect in vivo
Chronic Unpredictable Mild Stress Model (CUMS)
C57BL/6 mice were familiarized with the experimental environment for one week before the experiment. Then, they 
were divided into the control group (3 mice/cage) and CUMS group. The latter was exposed to one stressor (appearing in 
random order) every day. Similar stressors did not appear continuously, and the specific stressors were as follows: 4°C 
ice water bath for 5 min, 45°C hot water bath for 5 min, restraint for 6 h, day and night reversal, wet pad material for 24 
h, oscillation for 15 min, noise for 1 h, and food and water deprivation for 24 h.30 The CUMS group mice were raised in 
isolation, significantly elevating the anxiety and depression levels along with cognitive effects.31 The outline of CUMS 
modeling and other experimental designs is depicted in Figure 1.

Drugs and Grouping
After applying stress, the mice were subjected to behavioral tests. The depressive-like mice, which were screened by the 
sucrose preference test (SPT) and forced swimming test (FST), were randomly divided into the CUMS group (normal 
saline, n = 6), positive control group (fluoxetine hydrochloride 20 mg/kg, n = 6), TUR group (100 mg/kg TUR, n = 6), 
TUR-NE group (100 mg/kg TUR, n = 6), and control group (normal saline every day). Behavioral tests were performed 
after 20 days of continuous administration.

Figure 1 The experimental timeline.
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Sucrose Preference Test
The SPT was performed as previously described.32 The mice were acclimatized in cages using sucrose solution water 
bottles (1%, w/v) for 12 h, and then were deprived of water for 12 h. The mice were then placed in cages with two water 
bottles containing 1% sucrose solution and clean tap water. Sucrose solution and tap water consumption were recorded 
for 12 h, and the sucrose preference value was calculated using the following formula:

Forced Swimming Test
In FST, the mice were placed inside a transparent glass tank (diameter 14 cm, height 20 cm) with tap water (25°C, water 
depth 10 cm) and timed for 6 min. The immobility time, defined as floating upright, except for occasional limb 
movements to keep the head afloat in the water, was recorded after 1 min of adaptation.33

Novelty-Suppressed Feeding Test
The novelty-suppressed feeding test (NSFT) was conducted as previously described.34 After food deprivation overnight, 
the mice were kept in an open field (50 cm × 50 cm × 50 cm) in the same corner, with minimal food in the center. The 
test lasted for 10 min, and the time from entering the box to eating with a forepaw to ingesting food was recorded. At the 
end of each test, the field was cleaned using 75% ethanol. Noise and other interferences were minimized during the test.

Measurement of 5-HT and Monoamine Oxidase
Blood samples of the mice were collected and centrifuged (5000 rpm, 3 min) after the behavior tests. The supernatant 
was removed and stored at −80°C. Mice brains were rapidly removed after blood collection. The brain tissue samples 
were stored at −80°C after cleaning with pre-cooled normal saline. The concentration of 5-HT and monoamine oxidase 
(MAO) in the plasma and brain tissues was analyzed using commercial enzyme-linked immunosorbent assay (ELISA) 
kits. All experimental steps were performed according to the kit instructions, and absorbance was measured at 450 nm.

Histopathological Analysis
The heart, liver, and kidney tissues of the mice were collected immediately after the behavioral test and placed in 10% 
formaldehyde fixative for hematoxylin and eosin (H&E) staining. The study aimed to reveal the histopathological 
characteristics and injury to the heart, liver, and kidney of mice treated using TUR and TUR-NE for a short time. 
After dehydration, the tissues were embedded in paraffin, cut into 5-μm coronal sections, and stained with H&E. The 
BA210 digital trinocular microscopic camera system (MOTIC, Xiamen, China) was used to obtain slice images.

Statistical Analysis
All data were processed using GraphPad Prism 6.0 software and presented as means ± standard deviation (SD). 
Differences between groups were assessed by one-way analysis of variance. Post-hoc multiple comparisons were 
performed with the Student’s t test. P values of < 0.05 was considered to be statistically significant.

Results
The Stability of CU in TUR
Based on the linear relationship shown in Figure 2A, the degradation of CU in TUR and the mixture containing different 
proportions of CU, DMC and BDMC could be described by first-order kinetics. The slope change indicated that the 
degradation rate of CU in TUR was slower than that in the mixture with other ratios, and the degradation rate of pure CU 
was the fastest. These findings revealed that the presence of DMC and BDMC in turmeric extract could enhance the 
stability of CU within an alkaline environment. The degree of improvement was associated with the proportion of the 
compound in the extract. The results indicated that TUR showed the best effect on slowing the degradation of CU 
compared with the mixture containing different proportions of CU, DMC, and BDMC.
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The Antioxidant Capacity of TUR
The ABTS method was used to analyze the scavenging ability of ABTS•+ radicals by different concentrations of CU and 
TUR to study their antioxidant capacity. The data are represented in Figure 2B. All three substances had a scavenging 
effect on ABTS•+ radicals. The effect became more potent with increasing concentrations until it reached a stationary 
value. According to the IC50 values (17.94 µg/mL for TUR > 29.07 µg/mL for CU > 56.96 µg/mL for vitamin C), TUR 
had the highest antioxidant capacity, and the potential was significantly higher than that of CU.

The Neuroprotective Effect of TUR
Figure 2C shows that the cell survival rate of the model group was 50.38 ± 0.29% at 100 µM H2O2. It significantly 
differed from that of the control group (P < 0.01). There were no significant differences between low, medium, and high 
CU concentrations (43.59 ± 2.21%, 48.28 ± 6.81%, and 51.50 ± 3.48%, respectively) compared to the model group. The 
same was true for low and medium TUR concentrations (53.27 ± 1.25% and 54.32 ± 2.49%) and fluoxetine hydro-
chloride. The cell survival rate of the high-concentration TUR group (56.44 ± 1.67%) was 1.11 times higher than that of 
the CU group (compared with the model group, P < 0.05). These results indicated that a high concentration of TUR 
exerted a certain degree of neuroprotective effects because of its antioxidant capacity.

Figure 2 (A) Degradation curves of CU in mixtures of CU, DMC and BDMC with different ratios and in TUR. (B) The effect of Vit C, CU and TUR solution on scavenging 
ability of ABTS•+ radicals. (C) The protective effects of CU, TUR and fluoxetine hydrochloride on H2O2-induced cell injury model. Compared with control group: **P < 
0.05, compared with H2O2 group: #P < 0.05. (D) The inhibition rate of fluoxetine hydrochloride on different concentrations of ASP+. (E) The inhibition rate of CU and TUR 
on ASP+. The line: the inhibition rate of fluoxetine hydrochloride on 100 μM ASP+. Compared with fluoxetine hydrochloride on ASP+: *P < 0.05, **P< 0.01.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S430769                                                                                                                                                                                                                       

DovePress                                                                                                                       
7971

Dovepress                                                                                                                                                            Sheng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


The High-Throughput Screening Model
As shown in Figure 2D, fluoxetine hydrochloride strongly inhibited 25–400 µM ASP+. The inhibition rate of fluoxetine 
hydrochloride became the highest (62.8%) when the dose of ASP+ reached 100 μM. Therefore, 100 µM ASP+ was 
chosen for the subsequent experiments.

Figure 2E shows that CU and TUR could inhibit ASP+ entry into cells in a concentration-dependent manner. 
However, the inhibition rate of CU was lower than that of TUR and fluoxetine hydrochloride. The inhibition rate of 
7.5–30 µg/mL TUR showed good effects at medium and high concentrations (71.11 ± 4.42%, 76.21 ± 1.10%, and 79.12 ± 
3.76%), which were significantly different from fluoxetine hydrochloride (P < 0.05 or P < 0.01). Fluoxetine hydro-
chloride exerted an antidepressant effect by increasing the concentration of 5-HT in the synaptic gap. Simultaneously, 
TUR had an inhibitory effect similar to or better than that of fluoxetine hydrochloride in the high-throughput screening 
model.

Single-Factor TUR-NE Experiments
The formulation and preparation process of TUR-NE were investigated by single-factor experiments. Firstly, the 
emulsification temperature, time, and stirring speed were determined, which were the key factors for the preparation 
of TUR-NE. As shown in Table 2, the indexes were better when the emulsification temperature and time were 70°C and 
10 min, respectively, and the stirring speed was 500 rpm. Then, single factors of the formulation were investigated. The 
effects of the amount of oil phase, emulsifier, co-emulsifier, dissolvent, and TUR on the preparation of TUR-NE are 
shown in Table 3. Through a comprehensive analysis of the effect of EE, particle size, and PDI values, the formulation 
was as follows: the oil phase, 350 mg of PEG-400, 150 mg of lecithin, 350 mg of MCT, 25 mg of TUR, and 200 µL 
absolute ethanol; The water phase, 300 mg of Tween 80 and 2 mL of ultrapure water.

Further Optimization of TUR-NE
The results of the single-factor experiments showed that PEG-400 and TUR had little impact on EE, particle size, and the 
PDI value at 300–500 mg and 15–30 mg, respectively. Therefore, taking EE (Y1) and the PDI value (Y2) as response 
values, Tween 80 (X1), absolute ethanol (X2), MCT (X3), and lecithin (X4) were selected as variables. Design-Expert 8.0 
was used in the CCD optimization experiment with four-factor and two levels. The generated 29 formulations and the 
observed response values are shown in Table 4. The fitting equations of Y1 and Y2 are shown below after performing 
multiple linear regression and polynomial equation fitting of the data:

Y1 = 97.56 + 5.73 × A + 3.44 × B + 2.64 × C - 10.52 × D + 0.66 × AB - 4.53 × AC + 1.48 × AD - 4.11 × BC + 1.15 × 
BD + 1.08 × CD - 5.88 × A2 - 4.10 × B2 + 0.39 × C2 - 12.84 × D2

Y2 = 0.14 - 0.10 × A - 0.047 × B - 0.076 × C + 0.22 × D - 0.032 × AB + 0.022 × AC - 0.065 × AD- 0.019 × BC - 0.11 
× BD - 0.14 × CD + 0.063 × A2 + 0.054 × B2 + 0.047 × C2 + 0.22 × D2

Table 5 summarizes the results of the analysis of variance (ANOVA) for Y1 and Y2. The regression equations for EE 
and the PDI were statistically significant (P < 0.0001 for Y1 and P = 0.0003 for Y2). It revealed that all four selected 

Table 2 Single Factor Analysis of the TUR-NE Preparation Process

EE (%) Size (nm) PDI

Emulsification temperature (°C) 50 80.61 ± 3.78 865.3 ± 1.62 0.406 ± 0.03

60 87.53 ± 3.75 125.4 ± 0.56 0.319 ± 0.02
70 91.81 ± 1.42 137.1 ± 0.32 0.231 ± 0.01

Emulsification time (min) 5 93.83 ± 0.62 240.1 ± 0.69 0.083 ± 0.02

10 95.52 ± 0.93 101.2 ± 0.52 0.234 ± 0.02
20 90.38 ± 1.38 104.1 ± 1.16 0.262 ± 0.01

Speed (rpm) 250 94.43 ± 2.09 118.6 ± 0.76 0.240 ± 0.06

500 95.95 ± 0.93 103.2 ± 0.13 0.213 ± 0.06
800 77.68 ± 1.85 133.3 ± 0.88 0.155 ± 0.02
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formulation variables significantly influenced EE and PDI values. The R2 values of the two response values were 0.9447 
and 0.9246, respectively, and the difference between them and the adjusted R2 values was less than 0.2, which confirmed 
the reliability of the polynomial regression model.35 The response surface plots shown in Figure 3 illustrate the impact of 
the interaction of these four factors on EE and PDI values. The steeper fluctuation trend of the curves indicated that the 
variable factors had more obvious influence on the response values.27,28 The final predicted formulation was Tween 80 
(285.31 mg), absolute ethanol (206.88 µL), MCT (356.88 mg), and lecithin (147.50 mg).

Characterization of TUR-NE
The particle size, PDI, zeta-potential (Figure 4A and B), EE, and LE of TUR-NE prepared by the optimized formulation 
were 116.0 ± 0.305 nm, 0.121 ± 0.007, −11.6 ± 1.23 mV, 98.45 ± 0.31%, and 4.00 ± 0.361 mg/mL, respectively. The EE 
and PDI values were close to the predicted values (98.89% and 0.142), which indicated that the optimal formulation 
obtained by the CCD model was appropriate. The photomicrograph revealed that the droplet outlines of optimized TUR- 
NE were smooth and spherical (Figure 4C), and the size was consistent with the particle size measured above.

Table 3 Single Factor Analysis of the TUR-NE Prescription

EE (%) Size (nm) PDI

PEG-400 (mg) 300 92.20 ± 0.41 163.1 ± 0.23 0.294 ± 0.02
350 98.14 ± 0.31 101.9 ± 0.74 0.229 ± 0.05

400 97.95 ± 1.30 117.2 ± 0.74 0.266 ± 0.02

450 96.52 ± 0.93 123.3 ± 0.52 0.269 ± 0.06
500 96.07 ± 1.12 136.5 ± 0.13 0.275 ± 0.06

Lecithin (mg) 75 97.29 ± 0.40 279.0 ± 14.00 0.654 ± 0.25

100 98.23 ± 0.40 240.0 ± 2.06 0.518 ± 0.21
150 98.98 ± 0.45 105.3 ± 0.56 0.204 ± 0.12

200 95.56 ± 1.20 120.2 ± 0.46 0.823 ± 0.32
250 92.03 ± 1.87 141.0 ± 5.78 1.000 ± 0.85

MCT (mg) 250 96.33 ± 1.90 110.4 ± 0.32 0.624 ± 0 0.23

300 97.05 ± 0.81 112.7 ± 1.00 0.495 ± 0.11
350 98.74 ± 0.49 103.5 ± 0.79 0.203 ± 0.01

400 93.78 ± 1.02 313.2 ± 0.46 0.246 ± 0.02

450 92.70 ± 0.25 376.2 ± 1.07 0.254 ± 0.06
Tween 80 (mg) 100 77.97 ± 2.09 391.4 ± 0.82 0.584 ± 0.12

150 87.05 ± 2.06 147.1 ± 0.57 0.482 ± 0.09

200 91.03 ± 1.86 140.4 ± 0.14 0.451 ± 0.02
250 94.52 ± 0.85 116.8 ± 0.68 0.322 ± 0.04

300 96.52 ± 0.93 92.52 ± 0.13 0.269 ± 0.02

TUR (mg) 15 96.19 ± 0.42 101.9 ± 0.737 0.244 ± 0.01
20 97.95 ± 0.75 108.0 ± 0.615 0.229 ± 0.01

25 97.20 ± 1.01 122.7 ± 0.519 0.156 ± 0.03

30 98.18 ± 0.89 138.0 ± 0.191 0.179 ± 0.04
40 90.80 ± 0.73 259.5 ± 0.76 0.234 ± 0.06

Absolute ethanol (µL) 25 86.56 ± 1.63 40.05 ± 3.70 0.542 ± 0.23

50 89.19 ± 1.15 57.37 ± 0.44 0.524 ± 0.12
100 90.95 ± 0.83 71.42 ± 0.77 0.439 ± 0.02

150 95.66 ± 0.54 86.39 ± 2.45 0.356 ± 0.03

200 97.89 ± 0.94 103.2 ± 0.74 0.236 ± 0.05
Ultrapure water (mL) 0.5 89.92 ± 0.60 816.3 ± 0.17 0.588 ± 0.26

1.5 94.20 ± 0.04 756.0 ± 1.50 0.402 ± 0.12

2.0 96.24 ± 0.31 120.1 ± 0.85 0.230 ± 0.01
3.0 95.20 ± 0.56 942.0 ± 6.52 0.595 ± 0.23

4.0 91.33 ± 0.11 992.0 ± 2.71 0.608 ± 0.32
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In vitro Release Study
Figure 4D shows the accumulated release of the TUR suspension and NE in two release mediums. The accumulative 
release rate of CU in TUR and TUR-NE in HCl within 48 h was 19.69 ± 0.65% and 36.51 ± 3.24%, whereas that in PBS 
was 21.90 ± 1.24% and 44.90 ± 2.47%, respectively. The results indicated that the accumulative release of CU from 
TUR-NE was higher than that from the TUR suspension.

Stability of TUR-NE
Figure 4E-H indicates that the particle size, PDI, EE, and LE of TUR-NE did not significantly change when stored at 4°C 
for 120 d. The appearance was still clear and transparent without precipitation. The particle size and PDI value gradually 
increased, and EE and LE gradually decreased after storage at 25°C for 15 d. These results indicated that TUR-NE had 
strong stability during cold storage.

Table 4 Experimental Design and the Experimental Values of Response Variables

Number X1 (mg) X2 (mg) X3 (mg) X4 (mg) Y1 (%) Y2

1 200.00 150.00 350.00 150.00 82.03 0.438
2 350.00 150.00 350.00 150.00 92.03 0.195

3 200.00 250.00 350.00 150.00 80.01 0.471

4 350.00 250.00 350.00 150.00 92.62 0.101
5 275.00 200.00 300.00 100.00 97.52 0.113

6 275.00 200.00 400.00 100.00 95.22 0.201

7 275.00 200.00 300.00 200.00 71.20 0.982
8 275.00 200.00 400.00 200.00 75.03 0.524

9 200.00 200.00 350.00 100.00 82.99 0.247
10 350.00 200.00 350.00 100.00 94.09 0.200

11 200.00 200.00 350.00 200.00 60.23 0.775

12 350.00 200.00 350.00 200.00 77.02 0.467
13 275.00 150.00 300.00 150.00 82.20 0.352

14 275.00 250.00 300.00 150.00 98.87 0.242

15 275.00 150.00 400.00 150.00 96.44 0.266
16 275.00 250.00 400.00 150.00 96.87 0.080

17 200.00 200.00 300.00 150.00 79.36 0.368

18 350.00 200.00 300.00 150.00 97.46 0.187
19 200.00 200.00 400.00 150.00 98.23 0.179

20 350.00 200.00 400.00 150.00 98.19 0.085

21 275.00 150.00 350.00 100.00 86.02 0.169
22 275.00 250.00 350.00 100.00 96.42 0.278

23 275.00 150.00 350.00 200.00 65.20 0.681

24 275.00 250.00 350.00 200.00 80.20 0.367
25 275.00 200.00 350.00 150.00 98.56 0.117

26 275.00 200.00 350.00 150.00 97.10 0.130

27 275.00 200.00 350.00 150.00 97.77 0.148
28 275.00 200.00 350.00 150.00 97.64 0.141

29 275.00 200.00 350.00 150.00 96.73 0.152

Table 5 Analysis of Variance (ANOVA) for the Quadratic Model

Quadratic Model R2 value Adjusted R2 F-value P-value

Y1 0.9447 0.8894 22.14 < 0.0001
Y2 0.9246 0.8492 11.30 0.0003
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Pharmacokinetics of TUR-NE
The plasma concentration-time curves (Figure 5A) revealed that the plasma concentration of CU in the TUR group was 
higher after 60 min than that in the CU group. The plasma concentration of CU in the TUR-NE group was significantly 
higher than that in the CU and TUR groups at the same time point. Table 6 shows the pharmacokinetic parameters of 
each group. Compared to the CU and TUR groups, the TUR-NE group had a prominently elevated area under the curve 
(AUC(0-t)), 8.436 times higher than that of the CU group and 4.495 times higher than that of the TUR group. The peak 
concentration (Cmax) of the TUR-NE group was also higher than that of the CU and TUR groups, at 9.012 times and 
5.452 times, respectively. However, the mean residence time (MRT(0-t)) and T1/2 of the TUR-NE group were slightly 
lower than those of the CU and TUR groups.

Effect of TUR-NE on the Behavior of CUMS Mice
Figure 5B shows that the sucrose preference of CUMS group mice (54.02 ± 12.91%) was significantly lower than that of 
control group mice (78.94 ± 12.85%, P < 0.01). In the FST (Figure 5C), the immobility time of the mice in the CUMS 
group was 146.95 ± 52.00 s, significantly higher than that of the control group (P < 0.01). Simultaneously, the mice 
showed untidy hair, dullness, and decreased spontaneous activity after chronic stress.

Figure 3 The response surface plots of the effect for the independent variable on EE (A-F) and PDI (G-L).
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Figure 5D shows that the sucrose preference of the control and TUR-NE groups was 73.80 ± 13.27% and 77.50 ± 
18.26%, respectively, significantly higher than that of CUMS group. In contrast, the TUR group showed no significant 
increase. There was no significant difference between control and TUR-NE groups. Figure 5E indicates that the FST 
immobility time of the mice in the TUR and TUR-NE groups was significantly lower than in the CUMS group (P < 0.01). 
Compared with the positive control group, the immobility time of TUR-NE group was significantly lower (P < 0.05). 
Additionally, the feeding latency in the NSFT in the CUMS group was 499.20 ± 94.80 s (Figure 5F), and reversed after 
a certain period of treatment with fluoxetine hydrochloride, TUR, and TUR-NE (P < 0.05).

Detection of 5-HT and MAO Activity
As shown in Figure 5G-J, the 5-HT content in the plasma and brain of mice in the CUMS group was 16.27 ± 1.12 ng/mL 
and 43.97 ± 0.45 ng/mL, respectively. It was significantly lower than in the control group (P < 0.01). After administering 

Figure 4 (A) Size and (B) Zeta potential of TUR-NE. (C) TEM image of TUR-NE (12,000 × magnification). (D) Accumulative release rate for TUR and TUR-NE in HCl (PH 
1.2) and PBS (PH 7.4). The variation in (E) size, (F) PDI, (G) EE, and (H) LE of TUR-NE during stability study.
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fluoxetine hydrochloride, TUR, TUR-NE, the 5-HT content in plasma was 21.89 ± 2.58 ng/mL, 20.16 ± 3.59 ng/mL, 
21.70 ± 2.57 ng/mL, and in the brain, it was 47.54 ± 1.23 ng/mL, 46.19 ± 4.02 ng/mL, and 46.86 ± 0.99 ng/mL, 
respectively. The 5-HT in plasma and brain of fluoxetine hydrochloride and TUR-NE groups was significantly increased 
compared to the CUMS group (P < 0.05). There was no significant difference in the MAO content in plasma and brain 
tissue among the different groups.

Histological Analysis
H&E staining revealed (Figure 6) no noticeable lesions in the heart, liver, and kidney tissues of mice in the CUMS group. 
The hepatocyte cytoplasm was vacuolated inside some liver tissue. Mice in the fluoxetine hydrochloride and TUR-NE 
groups showed mild glomerular enlargement or renal tubule degeneration compared to the control group. The myocardial 
fibers in the fluoxetine hydrochloride group were slightly vacuolated but were not in the TUR and TUR-NE groups.

Figure 5 (A) The plasma concentration-time curves of CU after given CU, TUR, and TUR-NE by oral administration. (B) The sucrose preference value of the CUMS model 
mice in SPT. (C) The immobility time of the CUMS model mice in FST. (D-F) The depression-like and anxiety-like behaviors were improved after administration. (D) The 
sucrose preference value of the mice in SPT, (E) the immobility time of the mice in FST, (F) the latency time to feed of the mice in NSFT. (G-J) The levels of 5-HT and MAO 
in plasma and brain of the mice. Compared with control group: **P < 0.01, compared with CUMS model group: #P < 0.05, ##P < 0.01.
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Discussion
The poor stability and low oral bioavailability of CU are the main problems affecting its clinical application. Prior studies 
addressed the poor stability of CU by modifying the structure of CU or synthesizing different delivery systems. For 
instance, Fang et al36 introduced a dimethylaminomethyl group to the ortho position of the hydroxy group, and the target 
compound had improved aqueous solubility and stability compared to CU, besides exerting potent antioxidant activity. 
CU liposomes and phospholipid complexes were also developed to enhance intracellular and targeted drug delivery.37–39 

DMC and BDMC were reported to synergistically enhance the bioactivity of CU when included in the curcuminoid 
mixture.40 The alkaline degradation of curcumin is due to the deprotonation of hydroxyl groups and the self-oxidation of 
methoxy groups on phenyl rings. Among them, BDMC is resistant to auto-oxidation because of the lack of methoxy 
groups, so whether in pure or mixture forms, BDMC and DMC (one methoxy group) are more resistant to alkaline 
degradation than CU (two methoxy groups).18 From these findings, it could be inferred that the presence of DMC and 
BDMC in curcuminoids might have reduced the degradation percentage of CU and themselves by their synergistic 
stabilizing effect. In the study, TUR was a curcuminoid with different ratios of the three components than previous 
commercial curcumin preparations. The stability exploration experiment confirmed that the presence of DMC and 
BDMC could enhance the stability of CU. Simultaneously, the study explored the correlation between this enhancement 
and the proportion of the three components. The stability effect was stronger when the ratio of CU, DMC, and BDMC 
was closer to that of TUR.

Compelling evidence indicated that the pathogenesis of depression was associated with neurotransmitter disorder, 
hypothalamic-pituitary-adrenal axis activity disorder, oxidative stress, and reduced neurotrophic factor 
concentrations.41,42 CU has been increasingly utilized in antidepressant studies for its extensive antioxidant, anti- 
inflammatory and neuroprotective effects.43 As an antioxidant, CU enhanced the activity of antioxidant enzymes, 
including superoxide dismutase and catalase, and decreased the concentration of oxidative stress markers, such as 
malondialdehyde and nitric oxide (NO).44 In the study, the scavenging ability of TUR on ABTS•+ radicals and the 
protective effect on H2O2-induced PC12 cell oxidative damage were investigated to explore whether TUR had a similar 
or better antioxidant capacity and neuroprotective effects than those of CU.45,46 The results revealed that TUR had 
a more substantial antioxidant capacity than CU or ascorbic acid. However, neither CU nor TUR significantly improved 
cell survival in a cell injury model. This might have been related to the solubility of CU and TUR. Nevertheless, the 
antioxidant capacity of TUR could still reduce cell damage caused by oxidative stress. Previous studies reported that CU 
could increase the concentration of 5-HT in the hippocampus, amygdala, and striatum of rats exposed to long-term 
stress.47 To explore the regulatory effect of TUR on the serotonergic nervous system, ASP+ was utilized to quantify the 
uptake of 5-HT in PC12 cells. As a fluorescent analog of neurotoxin MPP+, ASP+ can replace 5-HT and bind to its 
transporter for cell uptake.25,48 Fluoxetine hydrochloride is a reuptake inhibitor of 5-HT and can block this process.49 The 
study showed that the inhibitory effect of CU was concentration-dependent, but it did not reach the effect of fluoxetine 
hydrochloride. Instead, the inhibition rate of TUR concentrations from 7.5–30 µg/mL was significantly higher than that 

Table 6 The Main Pharmacokinetic Parameters of CU, TUR, and 
TUR-NE

Unit CU TUR TUR-NE

AUC(0-t) mg/L−1·min 63.341 118.879 534.363

MRT(0-t) min 290.448 314.971 235.029

T1/2 min 352.539 456.397 300.181
Tmax min 30.000 120.000 60.000

CL L·min−1·kg−1 1.208 0.554 0.160

Cmax mg/L 0.170 0.281 1.532

Abbreviations: AUC(0-t), area under the curve; MRT(0-t), the mean residence time; 
T1/2, the half-life period; Tmax, the time to peak concentration; CL, the clearance rate; 
Cmax, the peak concentration.
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of fluoxetine. These results indicated that the antioxidant capacity and inhibitory effect of TUR on 5-HT reuptake were 
significantly stronger than those of CU. Thus, TUR showed better antidepression potential than CU.

NE is a thermodynamically unstable isotropic system, which improves solubility and oral bioavailability by trapping 
raw drug material inside. As key evaluation indexes of NE, particle size, and PDI values are directly related to drug 
release, absorption, and dispersion.50 Smaller droplet sizes and appropriate PDI values (< 0.3) can improve the 
uniformity and stability of drug particles and facilitate drug absorption.51,52 In addition, a high drug EE value represents 
an excellent preparation process and high compatibility between drugs and excipients.50,53 In this study, the optimized 
TUR-NE was small and uniform in size, with a high EE value, stable prescription, and excellent reproducibility. Lecithin, 
PEG-400, and Tween 80 can be utilized as surfactants and co-surfactants to make the droplets more stable in the whole 
system.54 TUR-NE showed good release behavior in two mediums simulating the gastrointestinal tract status. Compared 
to free TUR, NE significantly improved the release of CU. This might be attributed to the appropriate drop size and the 
solubilizing ability of NE.29,55 The main properties of TUR-NE remained stable for 120 days at 4°C. However, its EE 

Figure 6 Pathological section images of heart, liver, and kidney in mice (400 × magnification). The green arrow: slight degeneration of the tissue organs.
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decreased slowly over time at room temperature after 15 days. In conclusion, the optimized TUR-NE had good 
characterization and could enhance drug release, thus increasing the bioavailability of TUR. Its stability under cold 
storage conditions made it suitable for future antidepression research and clinical application.

The co-existing curcuminoids could improve the bioavailability of CU.56,57 Here, TUR also increased the plasma 
concentration of CU in rats to promote its absorption. TUR-NE further increased the Cmax and AUC(0-t) of CU in rats 
based on free TUR. These effects could have been due to PEG-400 increasing the water solubility of TUR and passing 
through the gastrointestinal mucus in a smaller molecule state, which was more easily absorbed into the circulatory 
system.58 However, the MRT(0-t) and T1/2 of TUR-NE were slightly lower than those of CU and TUR, suggesting that the 
TUR-NE elevated hydrophilicity and accelerated drug metabolism.

CUMS is a classic animal model of depression that produces a series of physiological responses and abnormal 
behaviors similar to the depressive symptoms of humans.59 The model is often used to evaluate the efficacy of 
antidepressants based on behavioral and biochemical tests.60 Behavioral tests showed that mice in the CUMS group 
exhibited considerable depression-like and anxiety-like behaviors, consistent with previous studies.29,61,62 After 20 days 
of administration, TUR and TUR-NE significantly improved depression-like and anxiety-like behaviors and increased the 
5-HT content in the plasma and brain of chronically stressed mice, and TUR-NE could achieve the same effect as 
fluoxetine hydrochloride. The pathologic sections showed glomerular enlargement or degeneration in the fluoxetine 
group, and the TUR-NE group showed mild symptoms, not causing obvious pathological changes. A small amount of 
cytoplasmic vacuolization was found in some liver tissue, which was also observed in the control group. This was 
considered to be an increase in liver glycogen in the mice caused by insufficient fasting before dissection. The results 
indicated satisfactory safety of TUR and TUR-NE in vivo. TUR-NE could restore 5-HT levels by inhibiting its 
transporter by improving water solubility and oral bioavailability of the bulk drug. Simultaneously, the antioxidant 
capacity of TUR-NE might be involved in the process of antioxidative stress. A previous study showed that CU-coated 
iron oxide nanoparticles exerted antidepressant effects by inhibiting MAO activity and increasing the synthesis of 
monoamine neurotransmitters.63 Although the present study did not find that increases in 5-HT levels were related to 
the effects of TUR-NE on its metabolism, they indicated that TUR-NE could play an antidepressant role by inhibiting 
5-HT reuptake. More studies are needed to explore the specific mechanisms and verify our findings.

Conclusion
The stability of CU in TUR was significantly improved. The antidepressant potential of TUR in vitro was better than that 
of CU. TUR-NE was successfully developed and optimized with uniform and small particle sizes, which significantly 
enhanced the pharmacokinetic behavior of TUR in rats. TUR-NE obviously improved the depression and anxiety-like 
behaviors of CUMS mice and exerted antidepressant effects by regulating the serotonergic system. The antidepressant 
effect and relevant mechanism of TUR were preliminarily elucidated. Further studies are expected to shed light on the 
exact molecular mechanism and clinical applications.
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