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Background: Rheumatoid Arthritis (RA) involves prolonged inflammation of the synovium, damaging joints and causing stiffness 
and deformity. Celastrol (Cel), derived from the Chinese herbal medicine Tripterygium wilfordii Hook F, offers immunosuppressive 
effects for RA treatment but is limited by poor solubility and bioavailability.
Purpose: In this study, long-circulating Cel-loaded liposomes (Cel-LPs) were used to increase the pharmacokinetics of Cel, thereby 
improving drug delivery and efficacy for the treatment of RA.
Methods: Cel-LPs were prepared and administered orally and intravenously to compare the elimination half-life of drugs and 
bioavailability of Cel. Cel-LPs were prepared using the lipid thin-layer-hydration-extrusion method. Human rheumatoid arthritis 
synovial (MH7A) cells were used to investigate the compatibility of Cel-LPs. The pharmacokinetic studies were performed on male 
Sprague-Dawley (SD) rats.
Results: The Cel-LPs had an average size of 72.20 ± 27.99 nm, a PDI of 0.267, a zeta potential of −31.60 ± 6.81 mV, 78.77 ± 5.69% 
drug entrapment efficiency and sustained release (5.83 ± 0.42% drug loading). The cytotoxicity test showed that liposomes had 
excellent biocompatibility and the fluorescence microscope diagram indicated that liposome entrapment increased intracellular 
accumulation of Rhodamine B by MH7A cells. Furthermore, the results exhibited that Cel-LPs improved the pharmacokinetics of 
Cel by increasing the elimination half-life (t1/2) to 11.71 hr, mean residence time (MRT(0-∞)) to 7.98 hr and apparent volume of 
distribution (Vz/F) to 44.63 L/kg in rats, compared to the Cel solution.
Conclusion: In this study, liposomes were demonstrated to be effective in optimizing the delivery of Cel, enabling the formulation of 
Cel-LPs with prolonged blood circulation and sustained release characteristics. This formulation enhanced the intravenous solubility 
and bioavailability of Cel, developing a foundation for its clinical application in RA and providing insights on poorly soluble drug 
management.
Keywords: celastrol, rheumatoid arthritis, liposomes, oral and intravenous delivery, pharmacokinetic

Introduction
Rheumatoid Arthritis (RA) is an autoimmune disease characterized by joint pain, stiffness and swelling caused by 
inflammation of the synovium.1 In addition, RA is induced by dysregulation of pro-inflammatory and anti-inflammatory 
mediators caused by an abnormal immune response.2,3 Accumulating evidence indicates that the invasion and destruction 
of articular bone and cartilage by this aggressive front of tissue leads to stiffness and deformity of the joints.4,5

Early targeted intervention can effectively alleviate the deterioration of the disease. Currently, the first-line treatment 
options include nonsteroidal anti-inflammatory drugs (NSAIDs), adrenocortical hormones, disease-modifying anti- 
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rheumatic drugs (DMARDs), and biological agents, among others. The drugs are often poorly tolerated and cause 
numerous adverse reactions.6,7 Therefore, new effective treatments and drug preparations are urgently required to address 
the enormous medical needs and achieve continuous clinical remission for most patients.

Celastrol (Cel) is an immunosuppressive agent derived from the Chinese herbal medicine Tripterygium wilfordii 
Hook F. Cel is one of the most promising drugs used in the treatment of chronic inflammation and RA. Growing 
evidence indicates that Cel may hinder macrophages from developing into pro-inflammatory via modulating the NF-κB 
and Notch 1 signaling pathways, resulting in reduced pro-inflammatory cytokines and RA progression.8,9 The low 
water solubility, low oral bioavailability, narrow therapeutic window and high incidence of systemic adverse reactions 
limit further clinical use of Cel.10 Therefore, this method delivers these substances simultaneously with sustained 
release.

Nanocarrier liposomes are useful in biomedicine and pharmaceutical sciences due to their excellent biocompat-
ibility, high entrapment, hydrophilic cargo and surface modification. Liposomes with multiple functions have been 
used to treat a variety of diseases.11–14 Previous studies have revealed that intravenous injection of Cel-LPs can 
achieve greater efficacy while reducing systemic adverse reactions due to the prolonged circulation of PEG-modified 
liposomes.15,16

This study aimed to develop long-circulating Cel-LPs to maximize the efficacy of Cel in the treatment of RA. The 
physicochemical properties of Cel-LPs were successfully characterized. The fluorescence probe Rhodamine B (RhoB) 
was encapsulated in liposomes and observed under a fluorescence microscope in human rheumatoid arthritis synovial 
(MH7A) cells. We next evaluated the pharmacokinetics of Cel-LPs in healthy male Sprague-Dawley (SD) rats following 
oral and intravenous administration.

Materials and Methods
Reagents and Materials
Celastrol (A0106-1g, MW:450.61, purity ≥ 99%) was purchased from Chengdu Must Bio-Technology Co., Ltd. 
Cholesterol (Chol, C104032-5g) and Soy lecithin (SL, L105732-25g) were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd, China. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyethylene 
glycol)-2000] (DSPE-PEG2000) was purchased from Shanghai Yare Biotechnology Co., Ltd. Rhodamine B (RhoB) was 
purchased from Beijing Inno Chem Science & Technology Co., Ltd. All other chemicals including methanol, acetonitrile, 
phosphate-buffered saline (PBS), dimethyl sulfoxide (DMSO) and polyethylene glycol (PEG) were of analytical grade 
and used without further purification. The MH7A cells were purchased from Guangzhou Jennio Biotech Co., Ltd and 
cultured in DMEM high glucose medium containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 
37°C in a humidified 5% CO2 atmosphere. Twenty-four SPF male Sprague-Dawley (SD) weighing 220–250 g rats were 
obtained from the Animal Laboratory of Wenzhou Medical University (animal license number: SYXK2021-0020 
(Zhejiang, China). The rats were housed indoors with an alternate cycle of light and dark for 12 hr. All animal 
experiments were approved by the Animal Care and Use Committee of Wenzhou Medical University (No. xmsq2021- 
0409). We followed the GB/T35892 Guidelines for Ethical Review of Animal Welfare and the 3R principles of 
laboratory animal welfare.

Optimization and Preparation of Cel-LPs
Cel-LPs and blank liposomes were prepared using the lipid thin-layer-hydration-extrusion method described 
previously.17,18 The solvent mixture of chloroform and methanol (15 mL, 2:1 v/v) was used to accurately dissolve 
reagents such as 100 mg SL, 16.67 mg Chol, 8.33 mg DSPE-PEG2000 and 10 mg Cel. The solvent was removed after 
ultrasonic treatment by rotary evaporation at 45 °C. We then hydrated the thin film with PBS (or double-distilled water) 
under ultrasound for 30 min. A liposome Extruder (Model: LiposoFast-1, Avestin, Inc., Canada) was used to extrude 
large vesicles through a microporous membrane for 13 cycles to yield monodispersed uniform-size liposomes. The same 
method was performed to prepare blank liposomes and Rhodamine B-loaded liposomes.
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Method Validation for in vivo and in vitro Analysis of Cel
HPLC Analysis of Cel
We first analyzed the content of Cel using a UPLC-MS/MS system equipped with an ACQUITY I Class UPLC and an 
XEVO TQD triple quadrupole mass spectrometer (Waters Corp., Milford, MA, United States). There are two parts to the 
UPLC system: a Binary Solvent Manager (BSM) and a Sample Manager with a Flow-Through Needle (SM-FTN). The 
treated sample (2 μL was injected into an ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm, Waters Corp., 
Milford, MA, USA). The mobile phase comprised 0.1% formic acid and acetonitrile and flowed at 0.4 mL/min. The 
analysis was carried out at 45°C for 3.5 min.

Test of Specificity
The Cel was weighed and dissolved in methanol after being accurately weighed. HPLC was used to detect the solution 
and the chromatogram was recorded based on these conditions.

Establishment of the Standard Curve
The standard sample reserve solution was diluted in methanol to 1 mg/mL. We prepared a series of in vivo standard 
plasma samples with the concentrations of 500, 250, 100, 50, 25, 10, 5, 2.5 and 1 ng/mL by diluting standard reserve 
solution into 45 μL of rat blank plasma. The peak area was determined sequentially after injecting 150 μL of the internal 
standard solution (Midazolam). A ratio of peak area to mass concentration was applied to the Cel in vivo standard curve. 
Three samples were analyzed for each concentration. A series of standard samples were prepared in vitro with 
concentrations of 20, 10, 5, 2.5, 1, 0.5, 0.25 and 0.1 μg/mL after the same treatment and then the in vitro standard 
curve of Cel was determined.

Calculation of Precision and Accuracy
The standard sample reserve solution and in vitro and in vivo quality control samples were prepared at concentrations of 
0.3, 3 and 9 μg/mL. The 150 μL of internal standard solution was added to samples for three-day continuous measurements.

Stability Test
The stability index measures the stability of drugs in each step including short-term stability, long-term stability and 
automatic sampler stability. The two quality control samples with different concentrations were treated as follows: placed 
at room temperature for 6 h, 4°C for 24 h and −80°C for 7 d. The internal standard solution was used to analyze six 
samples of each concentration following each treatment.

Physicochemical Characterization
Characterization of Cel-LPs
The particle size, polydispersity index (PDI) and zeta potential of the freshly prepared blank liposomes and Cel-LPs were 
measured by DLS using a Zetasizer Nano ZS at 25°C. The samples were diluted with double-distilled water and all 
measurements were repeated three times. The surface morphology and internal structure particle size of Cel-LPs were 
observed using a transmission electron microscope (TEM). We applied diluted Cel-LPs to a copper grid (300mesh) 
coated with nitrocellulose while 2% phosphotungstic acid solution was applied as a negative stain. The samples were 
photographed using a TEM following drying.

Determination of Encapsulation Efficiency (EE) and Drug Loading (DL) of Cel-LPs
The EE and DL of Cel-LPs were determined by centrifugal ultrafiltration. An ultrafiltration centrifuge tube (MWCO: 3 
kDa, micropore, Merck & Co., Inc., USA) was used to separate free Cel from Cel-LPs and the free Cel in the filtrate was 
analyzed by HPLC. Briefly, 1 mL of freshly prepared Cel-LPs suspension was diluted with 10 mL of methanol. After 
adequate demulsification and filtration, 150 μL of the filtrate was used to measure the concentrations of Cel and record 
C (micrograms per liter). Meanwhile, 1 mL of Cel-LPs suspension was adequately centrifuged for 30 min under 3000 r/ 
min in an ultrafiltration centrifugal tube. The filtrate was absorbed and fixed to 10 mL in methanol and 150 μL solution 
was taken to measure Cel and record C’ (mg/mL). M (mg/mL) represents the ratio between the weight of the total lipids 
and the volume of Cel-LPs. The EE and DL of Cel-LPs were calculated as follows:
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EE (%) = (C - C’) / C × 100%
DL (%) = (C - C’) / (M + C) × 100%

In vitro Release of Cel from Cel-LPs
The dialysis bag method was used with minor modifications to determine the release of Cel-LPs in vitro at 37°C in PBS 
(pH 5.5, 6.8 and 7.4) containing 0.5% Tween 80 (v/v).13 Briefly, freshly prepared Cel-LPs were transferred to the 
previously activated dialysis bags (Model: MD34, MWCO: 8–14 kDa. Beijing Solarbio Science & Technology Co., Ltd., 
China), which were placed in the 0.5% PBST (pH 6.8 and 7.4, 40 mL) at 37 ± 1°C under stirring at 100 r/min, repeated 3 
times. 1 mL receiving 0.5% PBST medium was absorbed in regular intervals (0.125, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 24, 48, 72 
and 96 h) and 1 mL fresh 0.5% PBST medium was supplied each time to maintain sink conditions. HPLC was used to 
analyze the content of Cel in the receiving medium.

Cytotoxicity Test
The cytotoxicity of blank liposomes and Cel-LPs was evaluated using the Cell Counting Kit-8 (CCK-8) according to the 
supplier’s directions. Briefly, the MH7A cells were seeded at 5×103 cells per well in 96-well plates in DMEM containing 
10% FBS overnight. Afterwards, 10 μL of CCK-8 solution was added to each well and incubated at 37°C for 3 hr. The 
absorbance (OD) was measured at 450 nm by a Multiskan FC microplate reader (Thermo Fisher Scientific (China) Co., 
Ltd). The results of each experiment were derived from three parallel measurements. The cell viability was evaluated 
using the following equation:

Cell viability (%) = [(As - Ab) / (Ac - Ab)] × 100%
As (drug addition): absorbance of medium with cells, CCK-8 solutions, and drug solutions.
Ac (0 addition): absorbance of medium with cells, CCK-8 solution but no drug solution.
Ab (blank): absorbance of medium with CCK-8 solution but no cells and drug solution.
Cell viability: cell proliferation or cytotoxicity.

Cellular Uptake of Liposomes
The uptake of Cel-LPs by MH7A cells was observed by a fluorescence microscope (Model: EVOS M5000, Thermo 
Fisher Scientific (China) Co., Ltd). We used RhoB-LPs instead of Cel-LPs as fluorescent probes. The MH7A cells were 
seeded in 12-well plates and incubated overnight at 37°C and 5% CO2. In the next step, monomer RhoB or RhoB-LPs in 
DMEM were separately added to each well in equal concentrations (RhoB or RhoB-LPs were dissolved in PBS). The 
cells were adequately washed with PBS, fixed with 4% polyformaldehyde fix solution, stained with 4.6-diamidino- 
2-phenylindole dihydrochloride (DAPI) and observed under a fluorescence microscope.

Pharmacokinetics Study
Healthy twenty-four male SD rats (average weighing 220–250 g) were randomly assigned to each of four groups: Cel- 
LPs IV group, Cel IV group, Cel-LPs PO group and Cel PO group. Cel solution (10 mg/kg, Cel dissolved in 5% DMSO, 
65% PEG and 30% normal saline) and Cel-LPs solution (12.5 mg/kg, equivalent to 10 mg/kg Cel solution, Cel-LPs 
dissolved in PBS) were administered separately to rats in the Cel PO group and Cel-LPs PO group. The sublingual veins 
of rats were injected with Cel solution (2 mg/kg) and Cel-LPs solution (2.5 mg/kg, equivalent to 2 mg/kg Cel solution) 
after anesthesia. Then, the blood samples were collected from the tail vein (300 μL) at 0.083, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 
24 and 48 hr following injection. Next, the blood samples were centrifuged at 4000 r/min. The plasma was absorbed into 
the newly designated EP tube and stored at −20°C. The internal standard solution was added to a 50 μL plasma sample 
and vortexed for one min. The upper layer was centrifuged for 5 min at 13,000 r/min and analyzed using the sensitive 
LC-MS/MS method.

Statistical Analysis
Statistical analysis of the pharmacokinetic parameters was performed using the non-AV model to analyze the pharma-
cokinetic parameters including the maximal plasma concentration (Cmax), maximum plasma time (Tmax), apparent 
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volume of distribution (Vz/F), AUC, elimination half-life (t1/2), plasma clearance (CL) and MRT. DAS was used to 
analyze component concentration changes over a while. The curves for plasma drug concentration time were plotted with 
GraphPad Prism (Version 8.0.1; GraphPad Software Inc., San Diego, CA, USA). Statistical data analyses were performed 
utilizing the one-way ANOVA using SPSS (version 22; SPSS Inc., Chicago, IL, USA). All the experimental data were 
expressed as the mean ± standard deviation (mean ± SD) and P-values of less than 0.05 were considered significant.

Results and Discussion
Researchers and clinicians have always struggled to optimize the effect of drugs with poor water solubility. Liposomes 
have been widely used as a drug delivery system for nearly half a century.19 Liposomes are biocompatible and 
biodegradable carriers that are derived from natural compositions.20 Studies have demonstrated that liposomes exert 
significant biocompatibility, nontoxicity, sustained release and long half-lives and can carry hydrophobic (contained in 
lipid bilayers) and hydrophilic drugs.21,22 A variety of liposomes have been developed since AmBisome® was introduced 
in 1994.11,23

Phosphatidylcholine and Chol have inherent characteristics that limit the stability, efficiency, bioavailability and 
circulation of liposomes in vivo.24 SL exhibited significant rigidity/fluidity than other saturated phospholipids, which 
could increase the permeability of liposomes.25 Liposomes typically contain SL, one of the most widely used phospho-
lipids. Past studies revealed that elevated concentrations of Chol increased the stability of liposome bilayers and reduced 
drug leakage.26 The delivery efficiency of drugs must be improved by appropriately modifying liposomes. Researchers 
have found that modification of liposomes with DSPE-PEG forms a hydration film on the surface, which may increase 
the hydrophilicity of liposomes and reduce binding capacity and elimination by the reticuloendothelial system and 
mononuclear macrophage system, thereby prolonging circulation time in vivo.27,28

Therefore, liposomes were modified with DSPE-PEG2000 to enhance entrapment efficiency, bioavailability and 
circulation time of the drug delivery system. The cells were encased in liposomes to maximize medication distribution in 
the body by limiting drug loss in circulation or gathering in non-interesting sections, reducing the nonspecific side effects 
and toxicity of Cel, along with enhancing its efficacy and therapeutic index.

Method Validation and LC-MS/MS
The chromatogram of the Cel standard solution was obtained according to the above HPLC conditions (Figure 1A). The 
peak of Cel and midazolam appeared in 2.62 and 1.09 min, respectively. The following standard curve equations were 
calculated based on the peak area and mass concentration of Cel: y=0.0058936 * x + 0.00397721 (r2=0.998351, in rat 
plasma) and y=3.37958 * x + 0.0600251 (r2=0.995598 in PBS). Based on the findings, there were good linear relation-
ships between the concentration and peak area of Cel in the range of 1~500 ng/mL (in rat plasma) and 0.1~10 μg/mL 
(in PBS).

Table 1 displays the precision (expressed by RSD) and accuracy (expressed by RE) of Cel in rat plasma and PBS 
calculated from the peak area of the chromatogram. There was a significant difference between the RSD% and RE% of 
less than 15% and 115%, respectively. In addition, Table 2 shows the peak areas of the chromatograms calculated for Cel 
in rat plasma and PBS. The above results met all requirements for determining the content of the study.

Optimization and Physicochemical Characterization of Cel-LPs
Characterization of Cel-LPs
Liposomes were obtained by the lipid thin-layer-hydration-extrusion method. The lipid membrane was first deposited on 
the substrate by rotary evaporation and then hydrated with PBS solution. Liposomes are usually reduced in size and layer 
structure through homogenization, ultrasound, extrusion and freeze-thaw cycles.29 Blank liposomes were prepared by 
following the above method. Cel-LPs were prepared using the same method (Cel-LPs had the same concentration of 
lipids as Cel solution). Cel solution (Cel dissolved in DMSO) appeared transparent reddish brown in Figure 1B, blank 
liposomes were milky white and Cel-LPs had a reddish-brown appearance similar to the Cel solution. The liposomes 
present in the liquid produced the liquid to be slightly murky, indicating that Cel exists within the liposomes.
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As shown in Figures 1C and 1D, compared with blank liposomes, the particle size of Cel-LPs encapsulated with Cel 
was increased. The average particle and the overall standard deviations of blank liposomes and Cel-LPs were 46.35 ± 
17.86 nm and 72.20 ± 27.99 nm, respectively. Their particle sizes ranged from 50 to 200 nm, an ideal range for 
liposomes, due to their high membrane permeability and inability to be swallowed.16,30 Accumulating evidence shows 
that the negative surface charge on liposomes can reduce the risk of swallowing by preventing liposomes from 
aggregating.31,32 Table 3 shows that Cel-LPs had a zeta potential of −31.60 mV, whereas blank liposomes had a zeta 
potential of −17.00 mV. Cel-LPs possess higher negative charges, which supports their extended circulation time. Studies 
have indicated that a significant amount of liposomes with strong negative zeta potentials develop negative charges in 
aqueous pH 7.4, which increases their physical stability. The stability of a colloidal suspension depends on the surface 
charge of particles, which promotes particle repulsion and prevents the accumulation of particles.33 In Figures 1E and 1F, 

Figure 1 The preparation and characterization of Cel-LPs. (A) The HPLC chromatogram of Celastrol, (B) The appearance of Celastrol solution, Blank liposomes and Cel- 
LPs, (C) and (D) Size distribution of Blank liposomes and Cel-LPs, (E) and (F) Transmission electron microscopic image of Cel-LPs.

Table 1 Inter- and Intra-Day Precision and Accuracy of Celastrol in Rat Plasma and PBS (n=6)

Intra-Day Inter-Day

Nominal Concentration Precision RSD (%) Accuracy RE (%) Precision RSD (%) Accuracy RE (%)

In Rat Plasma (ng/mL) 3 8.31 111.3 7.53 107.53

30 9.26 106.52 5.59 108.33

300 6.71 110.79 11.09 109.65

In PBS (μg/mL) 0.3 6.14 102.33 7.38 106.11

3 6.13 107.5 11.88 108.94

9 3.54 104.08 3.14 105.54

Abbreviation: PBS, phosphate buffered saline.
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TEM images confirmed that liposomes were round and oval with uniform particle size and smooth surfaces. Moreover, 
the layers of the liposome membrane were observed.

Drug Entrapment Efficiency and Loading Efficiency
Liposome loading performance can be evaluated using EE and DL, which directly correlate with the entrapment and 
absorption of nanoparticles. Previous studies indicate that high EE (more than 70%) means the drug is effective and less 
likely to cause adverse reactions.34 The hydrophobic lipophilic drug Cel is actively dispersed between lipid bilayers in 
liposomes.35 The EE and DL of the prepared long-circulating Cel-LPs were 78.77 ± 5.69% and 5.83 ± 0.42%, 
respectively (Table 3), indicating an efficient drug loading for disease treatment. Chen et al developed Cel-loaded 
galactose-modified PEGylated liposomes and Cel-loaded PEGylated liposomes using the film dispersion method with 
encapsulation efficiencies of 90% and 97%, respectively.36 Therefore, liposomes encapsulating Cel have a higher 
encapsulation efficiency.

In Vitro Drug Release
The solubility of Cel in water is very low, approximately 0.3 μg/mL. PBS was diluted with 0.5% Tween 80 to simulate 
the conditions for drug release in vivo. Figure 2A shows the release of Cel-LPs under different pH buffer conditions 
in vitro. The results indicated that drug release was rapid in the initial stage with 10.51 ± 1.41% (pH 5.5), 13.57 ± 1.52% 
(pH 6.8) and 9.19 ± 1.04% (pH 7.4) in the first 10 hr. After a slow-release period, a plateau was reached after 120 hr with 
the percentages of the cumulative release of 45.57 ± 4.92% (pH 5.5), 36.80 ± 2.20% (pH 6.8) and 19.93 ± 1.96% (pH 
7.4), respectively. The percentages of release under pH 5.5 and 7.4 were slightly lower than pH 6.8 in the first 48 hr 
(Figure 2B). We found that the total percentage of release in pH 5.5 and 6.8 were still higher than pH 7.4 and pH 5.5 was 
the highest.

The entrapment of liposomal reduced drug release. Cel adsorbed on the liposome surface accelerated the release of 
the former, while drug diffusion from the stable lipid bilayer maintained a longer release cycle in the latter segment.37 

Liposome entrapment results in sustained release, which contributes to the effective treatment of diseases. This method of 
drug delivery facilitates rapid blood drug concentration and the recovery of patients from disease. The continuous release 

Table 3 Summary of the Physicochemical Characteristics of Blank Liposomes and Cel-LPs

Sample Particle Size (nm) PDI Zeta Potential (mV) Encapsulation Rate (%) Drug Loading (%)

Blank liposomes 46.35 ± 17.86 0.212 −17.00 ± 16.60 – –

Cel-LPs 72.20 ± 27.99 0.267 −31.60 ± 6.810 78.77% ± 5.69% 5.83 ± 0.42%

Notes: Data represent mean ± SD, n = 3. 
Abbreviation: PDI, polydispersity index.

Table 2 Stability of Celastrol in Rat Plasma and PBS (n=6)

Intra-Day Inter-Day

Nominal Concentration Precision RSD (%) Accuracy RE (%) Precision RSD (%) Accuracy RE (%)

In Rat  

Plasma (ng/mL)

3 8.31 111.3 7.53 107.53

30 9.26 106.52 5.59 108.33

300 6.71 110.79 11.09 109.65

In PBS 

(μg/mL)

0.3 6.14 102.33 7.38 106.11

3 6.13 107.5 11.88 108.94

9 3.54 104.08 3.14 105.54

Abbreviation: PBS, phosphate buffered saline.
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further allows blood drug concentrations to remain stable. Our results indicated that the total release percentage of Cel- 
LPs was highest at pH 5.5, which could be more effective in acidic inflammatory conditions.

Cytotoxicity Test
Figure 3A presents the results. There was no cytotoxicity of blank liposomes on MH7A cells, although cell survival 
fluctuated slightly with increasing concentration and incubation period. It was observed that the long-cycle liposomes 
prepared were highly biocompatible. The cytotoxicity of Cel and Cel-LPs on MH7A cells was dose-dependent and time- 
dependent. MH7A cells were not significantly affected by Cel and Cel-LPs at the concentrations of 0.0625–0.5 μg/mL 
over a 24-hour incubation period. MH7A cells showed a significant reduction in viability after 24 hr when Cel-LPs 
concentrations reached 1 μg/mL. Nevertheless, Cel did not significantly affect the viability of MH7A cells at 
a concentration of 1 μg/mL. The high affinity of liposomes for membranes may have allowed Cel to enter cells more 
efficiently and have a stronger cytotoxic effect.35 Additionally, the higher concentrations of Cel and Cel-LPs result in 
more excellent cytotoxicity effects on MH7A cells. After prolonging the incubation period to 48 h and 72 h, the cell 
survival rate of each group was significantly decreased. The survival rate of the cells treated with the same concentrations 
of Cel and Cel-LPs differed significantly (P < 0.05) following 48 or 72 h of incubation.

The Uptake of Liposomes by MH7A Cells
The uptake of RhoB and RhoB-LPs by MH7A cells was analyzed by fluorescence microscopy. The results showed that 
RhoB-LPs could significantly enhance intracellular fluorescence of the cells compared to RhoB solution (Figure 3B). 
Liposomes are microcapsules containing compact phospholipid bilayers that can fuse with other lipid bilayers to facilitate 
drug uptake. The results of the cytotoxicity tests were similar to those of the previous studies.13

Pharmacokinetics Study
The plasma concentrations of Cel were determined following oral and intravenous administration of Cel-LPs and free Cel 
to SD rats (Figure 4). The primary pharmacokinetic parameters in plasma are summarized in Table 4. The results 
indicated no significant differences in pharmacokinetic parameters between the Cel-LPs PO and Cel PO groups, with 
plasma concentrations increasing slowly. The liposomes may not be stable enough in the gastrointestinal tract. The 

Figure 2 In vitro cumulative release percentage of Cel-LPs in pH 5.5, 6.8 and 7.4 at 37°C. (A) The all 240 hours, (B) The first 48 hours. (Data represent mean ± SD, n = 3).
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degradation of Cel by enzymes or interactions with intestinal components may result in a premature release of Cel, which 
would not improve its pharmacokinetic parameters compared with those of the free drug.

Following intravenous injection, maximum blood concentrations of the two drugs were reached and subsequently 
decreased. A significant difference was noticed between the Cel IV and Cel-LPs IV groups in the first two hr (P< 0.05). 
Intriguingly, we found no significant statistical difference in blood concentrations between the Cel-LPs IV and the Cel IV 
groups after the third hr.

The AUC(0-t) and AUC(0-∞) were similar between the two groups, which indicates that the doses administered were 
identical in both groups. However, the Cel-LPs IV group had an MRT(0-∞) of 7.98 ± 0.33 h, while the Cel IV group had 
2.88 ± 0.18 h. A long period of low blood concentrations and a prolonged retention time were observed in the Cel-LPs IV 
group (P<0.001). A significant improvement was also observed in the t1/2(P<0.001). The results showed that the Cel-LPs 
IV group had 3.5 times longer t1/2 than the Cel IV group (3.35 ± 1.50 h). There were also significant differences 
(P<0.001) in MRT(0-t) and Vz/F. Oral absorption of Cel-LPs and Cel was found to be greatly limited, while injection 
increased their absolute bioavailability. Furthermore, the Cel-LPs IV group showed significantly higher MRT(0-t) and Vz/ 

Figure 3 The viability and uptake of Cel-LPs in MH7A cells. (A) The viability of MH7A cells upon incubation with Celastrol solution, Blank liposomes and Cel-LPs for 
24h,48h and 72h (Data represent mean ± SD, n = 3). *Results are significantly different (*P< 0.05, **P< 0.01), the Cel-LPs groups were compared with the Celastrol group. 
(B) Representative fluorescence microscopic images showing the uptake of liposomes by the MH7A cells. (Up) RhoB solution; (Down) RhoB-LPs. Fluorescent images of the 
cell nucleus stained with DAPI (i and iv), fluorescent images of the RhoB (ii and v), overlay (iii and vi).
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F values than the Cel IV group by 2.2- and 3.4-fold, respectively. Intriguingly, our data indicated that other pharmaco-
kinetic parameters had no significant difference (P>0.05). The encapsulation of liposomes prolonged the circulation time 
and facilitated sustained absorption of the two drugs following intravenous administration. The absolute bioavailability 
(F%) of Cel-LPs and Cel was 5.78 ± 1.07% and 5.36 ± 1.59%, respectively. We found that the administration of Cel-LPs 
increased bioavailability, prolonged drug retention time and maintained high blood concentrations, thereby promoting 
curative effects.

This experiment presents several limitations. The study was conducted on healthy animals, which may not be 
representative of patients with RA. The pharmacokinetic outcome of CIA rats requires further study. We conducted 
pharmacokinetic studies on six rats in each group. Our experiments require this number of subjects, but adding more 
could strengthen our credibility. Furthermore, the research does not address the long-term stability and ideal storage 
conditions of Cel-LPs. Therefore, liposomal formulations should be thoroughly explored and documented for practi-
cal use.

Figure 4 The plasma concentration-time profiles of Celastrol (Data represent mean ± SD, n = 6). *Results are significantly different (*P < 0.05, **P < 0.01). The Cel-LPs IV 
groups were compared with the Cel IV group.

Table 4 The Main Plasma Pharmacokinetic Parameters of Celastrol in the Four Groups

Pharmacokinetics Parameters IV group PO Group

Cel-LPs IV Group Cel IV Group Cel-LPs PO Group Cel PO Group

AUC(0-t) (ug/L*h) 711.27 ± 84.89 731.16 ± 56.78 212.33 ± 50.02 192.92 ± 64.19

AUC(0-∞) (ug/L*h) 751.16 ± 76.94 734.87 ± 57.14 218.22 ± 49.51 199.39 ± 70.60
MRT(0-t)(h) 6.13 ± 1.03# 2.74 ± 0.31 11.67 ± 1.59 10.87 ± 1.10

MRT(0-∞) (h) 7.98 ± 0.33# 2.88 ± 0.18 13.09 ± 4.40 12.24 ± 2.50

t1/2 (h) 11.71 ± 3.05# 3.35 ± 1.50 6.84 ± 4.30 7.03 ± 4.52
Tmax (h) 0.12 ± 0.06 0.11 ± 0.07 3.25 ± 2.19 5.83 ± 3.25

Vz/F (L/kg) 44.63 ± 12.88# 13.13 ± 5.81 450.04 ± 272.16 496.05 ± 251.23

CLz/F (L/h/kg) 2.71 ± 0.25 2.74 ± 0.21 48.59 ± 14.95 55.97 ± 20.98
Cmax (ug/L) 372.40 ± 53.31 445.97 ± 86.89 21.77 ± 10.84 15.80 ± 4.03

Notes:#Results are significantly different (#P< 0.001), the Cel-LPs IV groups were compared with the Cel IV group. Data represent mean ± SD, 
n = 6. 
Abbreviations: AUC, area under the plasma concentration-time curve; MRT, mean residence time; t1/2, elimination half-life; Tmax, maximum 
plasma time; Vz/F, apparent volume of distribution; CLz/F, plasma clearance; Cmax, maximal plasma concentration.
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Conclusions
In this study, we successfully developed Cel-LPs with sustained release profiles. Liposomes encapsulated over 75% of 
Cel with a suitable size distribution window. Cel-LPs exhibited slow and continuous release profiles, which may allow 
the drug to maintain an adequate blood concentration during treatment. The fluorescence microscope indicated that 
Rhodamine-B-loaded liposomes enhanced the absorption of RhoB by MH7A cells. Further experiments showed that Cel- 
LPs were not toxic and increased the absorption of Cel. In addition, the pharmacokinetics of oral and intravenous 
administration indicated that Cel-LPs prolonged the half-life and retention time of Cel. In summary, this study has 
provided valuable insights into how poorly soluble drugs are managed and has increased the solubility and bioavailability 
of Cel through intravenous administration, laying the foundation for its clinical application in the treatment of RA.
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