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Abstract: Triptolide (TP) displays a strong immunosuppression function in immune-mediated 

diseases, especially in the treatment of rheumatoid arthritis. However, in addition to its medical 

and health-related functions, TP also exhibits diverse pharmacological side effects, for instance, 

liver and kidney toxicity and myelosuppression. In order to reduce the side effects, a nano 

drug carrier system (γ-PGA-l-PAE-TP [PPT]), in which TP was loaded by a poly-γ-glutamic 

acid-grafted l-phenylalanine ethylester copolymer, was developed. PPT was characterized by 

photon scattering correlation spectroscopy and transmission electron microscopy, which dem-

onstrated that the average diameter of the drug carrier system is 98±15 nm, the polydispersity 

index is 0.18, the zeta potential is −35 mV, and the TP encapsulation efficiency is 48.6% with  

a controlled release manner. The methylthiazolyldiphenyl-tetrazolium bromide assay and flow 

cytometry revealed that PPT could decrease toxicity and apoptosis induced by free TP on 

RAW264.7 cells, respectively. The detection of reactive oxygen species showed that PPT could 

decrease the cellular reactive oxygen species induced by TP. Compared with the free TP-treated 

group, PPT improved the survival rate of the mice (P0.01) and had no side effects or toxic 

effects on the thymus index (P0.05) and spleen index (P0.05). The blood biochemical indexes 

revealed that PPT did not cause much damage to the kidney (blood urea nitrogen and creatinine), 

liver (serum alanine aminotransferase and aspartate aminotransferase), or blood cells (P0.05). 

Meanwhile, hematoxylin and eosin staining and terminal-deoxynucleotidyl transferase dUTP 

nick-end labeling staining indicated that PPT reduced the damage of free TP on the liver, kidney, 

and spleen. Our results demonstrated that PPT reduced free TP toxicity in vitro and in vivo and 

that it is a promising fundamental drug delivery system for rheumatoid arthritis treatment.
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Introduction
Triptolide (TP),1 extracted from the traditional Chinese medicinal vine Tripterygium 

wilfordii Hook F, was used as one of the most common systemic treatments for 

inflammatory and immune disorders in the People’s Republic of China for centuries. 

TP was demonstrated to be effective for the treatment of rheumatoid arthritis (RA), 

systemic lupus erythematosus, systemic sclerosis, dermatomyositis, and other immune-

mediated inflammatory diseases.2,3 During the past 3 decades, thousands of patients 

with various autoimmune and inflammatory diseases have been treated with TP or 

Tripterygium wilfordii Hook F in clinical trials in People’s Republic of China.4–6 

Recently, because of the potent immunosuppression activity of TP, research studies 

on TP for RA treatment have received increased attention.7–9

This compound has been reported to inhibit cell proliferation, induce apoptosis, and 

cause immunosuppressive activity, but the mechanisms are complicated. TP can interact 
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with potassium channels to reduce the amplitude of inwardly 

rectifying K+ current in glioma cells and macrophage,10,11 

work as an xeroderma pigmentosum group B/transcription 

factor II H inhibitor to block transcriptional initiation,12,13 and 

increase the production of reactive oxygen species (ROS).14 

It inhibits cell activation and cytokine gene expression and 

suppresses the expression of genes for transcription factors.15 

TP also directly interacts with the p40 promoter to inhibit its 

transcription in inflammatory macrophages.16

However, when used in the treatment of RA in clinical 

trials, TP exhibits some disadvantages, such as low solubility 

in water and various side effects.17,18 It can damage the liver, 

spleen, circulating blood, kidney, genital systems, and bone 

marrow.19–22 Delivery systems are innovative ways for admin-

istering to alleviate the disadvantages of the drug.23–25 In order 

to reduce the adverse effects of TP, hydrophilic, biodegradable, 

and high drug-loading content efficiency drug carriers need to 

be developed. Among the drug carriers, poly-γ-glutamic acid 

(γ-PGA) is a very promising one. There are increasing reports 

on the use of γ-PGA as a drug carrier.26,27 Amphiphilic block 

copolymers composed of γ-PGA-l-phenylalanine ethylester 

(l-PAE) are very effective in drug delivery applications.28

In this study, a nano drug carrier system (γ-PGA-l-

PAE-TP [PPT]), in which TP was loaded by a γ-PGA-grafted-

l-PAE copolymer, was fabricated. A hydrophobic block 

forms the interior structure that acts as a package site to parcel 

therapeutic agents, especially hydrophobic drugs. The char-

acterization of PPT was analyzed by light scattering (LS) or 

photon scattering correlation spectroscopy and transmission 

electron microscopy (TEM). The control release manner of 

TP from PPT and its cytotoxicity to RAW264.7 cells were 

further studied. The acute toxicity effects were carried out 

eventually to verify the safety features of PPT.

Materials and methods
Drugs and reagents
TP (purity 99%) was supplied by Oriental Pharmaceutical 

Science and Technology (Shanghai, People’s Republic of 

China); γ-PGA (molecular weight 300 kD) was purchased 

from Zijin Harbor Biotechnology Co., Haining, Zhejiang, 

People’s Republic of China; 1-ethyl-3-(3-dimethyllamin-

opropyl) carbodiimide hydrochloride was purchased 

from Medpep Co. Ltd, (Shanghai, People’s Republic of 

China), l-PAE, and penicillin–streptomycin sulfate were 

purchased from Sigma-Aldrich Co. (St Louis, MO, USA); 

4′,6-diamidino-2-phenylindole was purchased from Roche 

(Hoffman-La Roche Ltd., Basel, Switzerland); and dim-

ethyl sulfoxide was purchased from Sinopharm Chemical 

Reagent Co. (Shanghai, People’s Republic of China). 

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) and 

trypsin were purchased from Amresco (Solon, OH, USA), 

fetal calf serum, penicillin and streptomycin, and Dulbecco’s 

Modified Eagle’s Medium cell culture medium were bought 

from Thermo Fisher Scientific (Waltham, MA, USA).

cells and animals
The murine macrophage RAW264.7 cell lines were purchased 

from the Type Culture Collection of the Chinese Academy of 

Sciences, Shanghai, People’s Republic of China. Cells were 

cultured in Dulbecco’s Modified Eagle’s Medium containing 

10% fetal calf serum and 1% penicillin and streptomycin in 

37°C incubator supplemented with 5% CO
2
. Three-month-old 

specific pathogen-free C57/B6 mice (male and female, 20±2 g) 

were purchased from Slac Laboratory Animal Ltd Co. (Shang-

hai, People’s Republic of China). All the murine studies were 

performed according to the Guiding Principles for the Care and 

Use of Laboratory Animals according to the Regulations of the 

People’s Republic of China for Administration of Laboratory 

Animals. And these studies were approved by the East China 

Normal University of Ethics Committee on Animal Resources.

Preparation of PPT
The copolymers were the amphiphilic complex of γ-PGA 

and l-PAE, of which γ-PGA worked as the hydrophilic part 

and l-PAE worked as the hydrophobic part. The γ-PGA-l-

PAE-TP (PPT) biopolymer was synthesized by modifying the 

Akaga method.29 Briefly, 6.24 g of l-PAE was grafted to 4 g 

small-molecular-weight γ-PGA through amidation with the 

catalyst 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide for 

24 hours at room temperature to form the l-PAE-γ-PGA com-

plex (PP). The PPT complex was produced by mixing 5 mg of 

TP with 20 mg of PP dimethyl sulfoxide solution, which was 

dropped into ultrapure water to develop a translucent liquid, 

under magnetic stirrers with a rotating speed of 60 rpm, fol-

lowing ultracentrifugation to remove the free TP.

characterization of PPT
To determine the mean particle size and zeta potential of 

PPT, the LS (Malvern Zetasizer Nano ZS, Malvern Instru-

ments, Malvern, UK) was performed at 25°C in triplicate. 

The sample was deposited at 4°C. The mean diameter and 

polydispersity index of the sample were evaluated in order 

to assess the particle size distribution, and a transmission 

electron microscope (TEM) was used (JEM-2100, JEOL, 

Tokyo, Japan) to evaluate the morphology of the PPT.

Encapsulation efficiency
To determine the encapsulation ratio, we performed 

high-performance liquid chromatography (Agilent 1100, 
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Palo Alto, CA, USA) with a reversed-phase Lichrospher ODS 

C18 column. TP was released from PPT by depositing 5 mg 

of PPT into 1 mL of acetone. A rotary evaporator was used 

to evaporate the solution under reduced pressure at 40°C, fol-

lowed by the addition of 2 mL of ethanol. The mobile phase 

was a mixture of acetonitrile–water (30/70, v/v), and the flow 

rate was controlled at 1.0 mL/min. A variable wavelength 

detector was used to detect column effluent at 204 nm, by 

maintaining the column temperature at 30°C. The encapsula-

tion efficiency (EE) of TP in PPT was determined by using 

the formula EE = M
1
/M

2
, where M

1
 is the amount of TP in 

PPT, and M
2
 is the weight of TP applied in the formula.

Release profiles of TP from PPT
The dialysis method was carried out in order to evaluate the 

TP released from PPT. About 10 mg of PPT was blended 

into 2 mL of phosphate-buffered saline (PBS) and was placed 

in a dialysis bag (interception, 8000Da, Spectrum, Rancho 

Dominguez, CA, USA). The bag was then sealed and steeped 

into 28 mL of PBS or saline with persistent and mild stirring 

at 60 rpm at 37°C. At a given time point, 0.5 mL of dialysate 

was taken and synchronously restored with isometric PBS or 

saline. Accumulative release profile of TP from the dialysis 

bag at a given time was drawn.

In vitro cytotoxicity assay
RAW264.7 cells were plated in 96-well plates with a density 

of 4×103 per well. The same TP concentrations (200, 100, 

50, 25, 12.5, and 6.25 nM) of free TP or PPT were added 

and cultured for 24, 48, and 72 hours. At every time point, 

the cell survival rate was examined by MTT. About 20 μL 

of 5 mg/mL MTT solution was added to each well, and 

the mixture is incubated for another 3 hours. After the 

supernatant was wiped out, 100 μL of dimethyl sulfoxide was 

added into each well. The optical density values of each well 

were detected by a microplate reader (BioTek, SYNERGY, 

Winooski, VT, USA) under 570 nm absorption value, which 

were used to evaluate the cell viability.

Apoptosis detected by flow cytometry
Murine macrophage RAW264.7 cell lines were incubated with 

100 nM TP or PPT (TP equivalent to 100 nM) for 24 hours. 

The cells treated with PBS were used as control group. After 

incubation, the apoptosis of RAW264.7 cells induced by TP 

or PPT was detected by flow cytometer. The double-staining 

of Annexin V-fluorescein isothiocyanate (FITC)/propidium 

iodide was used to quantify apoptosis. Briefly, after incubation, 

cells were centrifuged and washed with PBS for three times, 

incubated in 500 μL of flow cytometric method buffer with 

5 μL of PI and 5 μL of Annexin V-FITC for 15 minutes. The 

apoptosis rate of the different groups was detected by ACCURI 

C6 (Becton Dickinson, Franklin Lakes, NJ, USA).

Detection of rOs
RAW264.7 cells were seeded in 96-well plates with a density 

of 4×103 cells per well, and 100 nM TP or PPT was added and 

cultured for 24 hours. The control group was treated with 

PBS. The ROS of RAW264.7 cells were then detected by 

2,7-dichlorodihydrofluorescein diacetate kit (DCFH-DA, 

Beyotime, Shanghai, People’s Republic of China). The cell 

supernatant of each well was removed and replaced with 

100 μL of DCFH-DA (diluted 1,000 times with Dulbecco’s 

Modified Eagle’s Medium). After a thorough wash, the plate 

was placed in an incubator at 37°C for 20 minutes. The ROS 

level was detected by the fluorescence intensity by using a 

spectrophotometer (BioTek, SYNERGY) with 490 nm exci-

tation wavelength and 520 nm emission wavelength.

In vivo toxicity
C57/B6 mice were used to detect in vivo toxicity of PPT. 

The mice were divided into six groups randomly (n=10) and 

were treated with 2 mg/kg TP, 1 mg/kg TP, 0.5 mg/kg TP, 

0.5 mg/kg PPT, PP (PP concentration equivalent to PPT), 

and PBS (named as control), respectively. All the groups 

were administrated with different drugs by tail vein injection 

once every 4 days for four times. After the first injection, 

the livability and body weight were examined every day for 

16 days as an indicator of systemic toxicity. On the 16th day 

after the first injection, the mice were killed to collect the 

blood samples. The hemocytometer was used to count the red 

blood cells, white blood cells, and lymphocytes. The renal 

and hepatic functions were determined by creatinine, blood 

urea nitrogen, aspartate aminotransferase, and serum alanine 

aminotransferase by using an autoanalyzer (BM704, Hitachi, 

Tokyo, Japan). The spleens and thymuses were weighed to 

determine the spleen index and thymus index, respectively.

histological examination
The livers, spleens, and kidneys of each group were obtained 

and fixed with 10% formalin. After dehydration with gradient 

alcohol, paraffin embedding, and pathological section, 

hematoxylin and eosin (HE) staining was performed in the 

paraffin slices for histological examination.

Terminal-deoxynucleotidyl dUTP 
transferase dUTP nick-end labeling staining
Apoptosis in the livers, spleens, and kidneys was identified 

by a terminal-deoxynucleotidyl transferase dUTP nick-end 
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labeling (TUNEL) kit (Promega Corporation, Fitchburg, 

WI, USA). Paraffin sections of kidney, spleen, and liver 

tissues were deparaffinized with xylene and rehydrated 

in a series of graded ethanol. Proteinase K (20 mg/mL; 

Sigma-Aldrich Co., St Louis, MO, USA) was used for cell 

membrane perforation at 37°C for 30 minutes. The tissue 

sections were then incubated with a reaction mixture of 

terminal deoxynucleotidyl transferase at 37°C for 1 hour. 

Finally, 4′,6-diamidino-2-phenylindole was added to stain the 

nucleus, and the apoptotic cells were detected by fluorescence 

microscopy (DM4000B, LEICA, Wetzlar, Germany).

Results and discussion
characterization of PPT
LS and TEM are conventional methods to detect the size 

of particles. In particular, LS provides size distribution 

and surface zeta potential, and TEM provides morpho-

logical information. The LS data showed that the size 

distribution of PPT was almost homogeneous (Figure 1A). 

The average diameter of PPT was 98±15 nm (polydisper-

sity index =0.18), and the zeta potential was −35 mV. The 

PPT morphology measured by TEM method was shown 

in Figure 1B. The average size was 116±27 nm, and the 

morphology was almost anomalous. The zeta potential 

magnitude can be used as a stability indicator of a colloidal 

system. The particles will repel each other if they have 

strong potential to create dispersion stability. The bound-

ary between the stable and unstable particles in aqueous 

phase is generally regarded at either +30 or −30 mV.30 

RA induces angiogenesis, of which the endothelium is 

discontinuous with large fenestrations with enhanced 

permeability and retention effects that can enhance drug 

retention. Permeability of the blood vessels was enhanced 

in the inflammatory tissues, which made small long-circu-

lating drug carrier systems to aggregate at the site through 

enhanced permeability and retention effects.31,32 Eventu-

ally, the drugs persisted in extravascular space, mainly 

devoured by the macrophages in the synovial layer.33–36 The 

TP encapsulation ratio was detected by high-performance 

liquid chromatography method, and the EE of TP in PPT 

was 48.6%. The nano size and the zeta potential make it 

promising for the treatment of RA.

In vitro slow-release profile
Drugs should be released from a slow-release formula-

tion in a sustainable manner rather than in a fast-releasing 

manner. Figure 2 showed that the free TP released in both 

PBS and saline out of a dialysis bag revealed a burst-release 

profile, whereas TP from PPT was released in a sustainable 

manner. The half-maximal release time (t
1/2

) of free TP was 

1.5 hours. However, the t
1/2 

was almost 23 hours for PPT. 

After 6 hours, ~60% of TP was released from the dialysis 

bag, whereas only ~23% of TP was released from PPT. An 

81% released of TP from PPT was observed after 100 hours, 

which indicated that PPT has sustained-release properties. 

Compared with the non-slow-release formulation, the 

slow-release formulation could maintain a suitable blood 

drug concentration, and because of the small molecule size, 

free TP could be quickly removed from the body by liver 

metabolism and the kidneys. PPT as a slow-release formu-

lation could release TP in a sustainable manner; hence, the 

drug dose and the usage frequency were greatly reduced, 

which had a better therapeutic effect and had simultane-

ously increased the compliance of the patients.37

Figure 1 The nano size and morphological identification of PPT.
Notes: (A) Nano size distribution of PPT detected by dynamic light scattering by Malvern Zetasizer Nano Zs (Malvern Instruments, UK). (B) Nano morphology detected 
by transmission electron microscope.
Abbreviations: PPT, γ-Pga-l-Pae-TP; γ-Pga, poly-γ-glutamic acid; l-Pae, l-phenylalanine ethylester; TP, triptolide.
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In vitro cytotoxicity assay
Table 1 showed that the half-inhibition concentration of 

PPT was much higher than that of free TP at 24 hours 

(367±29.43 nM vs 45±17.45 nM) and 48 hours (89±19.59 nM 

vs 25±15.23 nM), which could be accounted for the slow 

release of TP from PPT. However, at 72 hours, the cell 

survival rates of the TP and PPT (200 nM) treatment groups 

were nearly the same, which could be the result of the fact 

that almost all the TPs were eventually released from the PPT 

(Figure 3). These data suggested that the PPT drug delivery 

system could reduce cytotoxicity in the early stages and help 

realize the drug efficacy. RA is a common form of a chronic 

inflammatory disease of the joints, persistent synovial inflam-

mation, articular damage, and an altered immune response.38 

Tumor necrosis factor alpha (TNFα) plays a dominant role 

in the development of RA.39 There are several theories on 

how TNFα derives in a disease process.40 In RA patients, the 

activated macrophages produce the inflammatory cytokine 

TNFα in abundance.41,42 Several studies have reported that 

TP can reduce the TNFα expression level in the activated 

macrophages.43,44 The PPT drug delivery system can 

inhibit macrophage proliferation with reduced toxicity and 

decreased side effects.

PPT decreased TP-induced apoptosis 
detected by a flow cytometric method
Free TP could cause both apoptosis and necrocytosis, which 

is one of the important mechanisms of TP in the treatment 

for RA.45 In the current study, we wanted to test the in vitro 

effect of PPT on apoptosis and necrocytosis of macrophages. 

The cell survival rate was assessed by a flow cytometric 

method. Annexin V-FITC staining and PI staining were 

used to detect the macrophage apoptosis at both early and 

late apoptotic stages and necrocytosis. Within the 24 hours 

of incubation, there was no obvious apoptosis phenomenon 

in the control group (Figure 4A) and the PP-treated group 

(Figure 4B). However, both TP and PPT treatments induced 

severe apoptosis of macrophages; the apoptosis rate in free 

TP treatment group was 2.7% (Figure 4C), and the apoptosis 

rate in PPT treatment group was 3% (Figure 4D), which sug-

gested that during the early stages of apoptosis, a significant 

difference between PPT and TP treatment group could not be 

detected. However, the live cells in the PPT treatment group 

were 90%, which was much higher than that in the free TP 

treatment group (78%; Figure 4C). These results showed that 

PPT treatment significantly increased the cell survival rate 

compared with TP treatment. The post-apoptosis and death 

rate (12%) in the free TP treatment group (Figure 4C) were 

much higher than that in the PPT treatment group (4.7%; 

Figure 4D). The flow cytometry results revealed that the 

apoptotic cells at late apoptosis stage were less in PPT group 

than those in TP group.

PPT decreased TP-induced upregulation 
of cellular rOs
It was reported that TP enhanced the ROS level in order to 

mediate DNA damage.46 In this study, we determined the 

effect of PPT on ROS production of macrophage. DCFH-DA 

is widely used to detect cellular ROS. The DCFH-DA fluo-

rescence intensity is a response to intracellular ROS levels. 

We found that TP increased the intracellular ROS levels by 

2.5-fold compared with the control, whereas PPT decreased 

the intracellular ROS levels to 80% (Figure 4E). Our study 

demonstrated that PPT significantly decreased the production 

of ROS induced by TP, and thus PPT could greatly reduce 

the toxicity.

Figure 2 The controlled release manner of PPT.
Notes: Free TP or PPT dissolved in dialysis bag and shaken at 37°c at 60 rpm. each 
solid line was fitted by one exponential.
Abbreviations: h, hours; PPT, γ-Pga-l-Pae-TP; γ-Pga, poly-γ-glutamic acid; 
l-Pae, l-phenylalanine ethylester; TP, triptolide; PBs, phosphate-buffered saline.

Table 1 In vitro cytotoxicity of PPT against raW264.7cells

Exposure time (h) IC50 value (nM)

TP PPT

24 45±17.45 367±29.43
48 25±15.23 89±19.59
72 9±3.12 37±12.43

Notes: PPT and TP loaded in the empty drug carrier (the complex of γ-Pga and 
l-Pae). Data presented as mean ± standard deviation.
Abbreviations: h, hours; Ic50, half-inhibition concentration; PPT, γ-Pga-l-Pae-TP; 
γ-Pga, poly-γ-glutamic acid; l-Pae, l-phenylalanine ethylester; TP, triptolide.
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Figure 4 The RAW264.7 cell apoptosis induced by PPT and TP detected by flow cytometric method and ROS method.
Notes: The effect of (A) PBs, (B) PP, (C) 100 nM TP, and (D) PPT in which the TP concentration equals to 100 nM on apoptosis of RAW264.7 cells by flow cytometry 
by using PI and annexin V-FITc to stain the apoptosis cells. (E) The rOs level after treatment with PBs, PP, 100 nM TP, and PPT was detected by 2,7-dichlorodihydro 
fluorescent diacetate kit.
Abbreviations: PPT, γ-Pga-l-Pae-TP; γ-Pga, poly-γ-glutamic acid; l-Pae, l-phenylalanine ethylester; TP, triptolide; PBs, phosphate-buffered saline; PP, l-Pae-γ-Pga 
complex; ROS, reactive oxygen species; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 3 The in vitro cytotoxicity of free TP or PPT on raW264.7 cells.
Notes: MTT assay was used to measure the cell survival rate of raW264.7 cells after incubation with free TP (200, 100, 50, 25, 12.5, and 6.25 nM) or PPT (equal to  
TP concentration 200, 100, 50, 25, 12.5, and 6.25 nM) for (A) 24, (B) 48, or (C) 72 hours.
Abbreviations: h, hours; PPT, γ-Pga-l-Pae-TP; γ-Pga, poly-γ-glutamic acid; l-Pae, l-phenylalanine ethylester; TP, triptolide; MTT, methylthiazolyldiphenyl-tetrazolium bromide.

PPT decreased in vivo toxicity
The livability was 100% when mice were injected with 

PBS (Figure 5A), PP (Figure 5B), and PPT (Figure 5C), 

whereas all mice died on the second day (Figure 5D) when 

the mice were injected with 2 mg/kg TP, and all mice that 

were injected with 1 mg/kg TP died on day 7 (Figure 5E). 

However, the livability was 70% when mice were injected 

with 0.5 mg/kg of TP (Figure 5F). These results indicated that 

PPT remarkably protected mice from toxicity injury of TP. 

In addition, 0.5 mg/kg of TP treatment caused a 20% loss of 
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Figure 5 survival rate of mice received PPT by tail vein injection.
Notes: survival rate of mice after tail vein injection of (A) PBs, (B) PP, (C) PPT, (D) 2 mg/kg TP, (E) 1 mg/kg TP, and (F) 0.5 mg/kg TP. The livability was recorded every day.
Abbreviations: d, days; PBs, phosphate-buffered saline; PP, l-Pae-γ-Pga complex; l-Pae, l-phenylalanine ethylester; γ-Pga, poly-γ-glutamic acid; PPT, γ-Pga-l-Pae-TP; 
TP, triptolide.

Figure 6 Body weight changes of different groups.
Notes: (A) Body weight changes of TP-treated mice by tail vein injection. (B) Body weight changes of different groups on the last day. Three-month-old c57/B6 mice 
were treated with TP (2, 1, and 0.5 mg/kg of TP) or PPT (equal to 0.5 mg/kg TP). The body weight was recorded every day. Values are the mean ± sD of seven mice per 
group.*P0.05 vs control group.
Abbreviations: d, days; PP, l-Pae-γ-Pga complex; l-Pae, l-phenylalanine ethylester; γ-Pga, poly-γ-glutamic acid; TP, triptolide; PPT, γ-Pga-l-Pae-TP; sD, standard deviation.

body weight at the end of the experiment (P0.001), while 

the same concentration PPT treatment showed no negative 

effect on body weight (Figure 6A and B).

On the other hand, there were no significant decreases 

(P0.05) in white blood cells, red blood cells, or lympho-

cytes in PPT, PBS, or PP groups. However, a great reduction 

(P0.01) could be detected in free TP-treated group. Serum 

analysis indicated that only free TP group induced damage 

to the kidney (blood urea nitrogen and creatinine) and liver 

(serum alanine aminotransferase and aspartate aminotrans-

ferase). And there were no obvious differences between 

PPT-treated and control groups (P0.05), which indicated 

that PPT revealed lower toxicity (Table 2).

TP treatment reduced thymus index (P0.001) and 

increased spleen index (P0.01), compared with control 

group, whereas there were no significant disparity among 

the PPT, PP, and control groups (P0.05; Table 3).

he staining pathologic analysis
The TP cytotoxicity, including myelosuppression,47 acute 

nephrotoxicity, and hepatotoxicity,48 severely limits the 

clinical application. Hence, we performed HE staining to 

determine the effect of PPT on liver, kidney, and spleen. In 

the current study, we found that in the control and PP groups, 

the liver cells maintained a complete structure, with the cell 

nucleus arranged orderly in the middle and the cytoplasm 
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Table 3 Thymus index and spleen index of PPT-treated animals

Groups Thymus index Spleen index

control 3.90±0.44 3.62±0.59
PP 3.72±0.89 3.59±0.29
PPT 3.62±0.37 3.81±0.24
TP 2.90±0.36*** 4.44±0.41**

Notes: Thymus index = (thymus weight/body weight) ×100; spleen index = (spleen 
weight/body weight) ×100. **P0.01, ***P0.001 vs control group. Data presented 
as mean ± standard deviation.
Abbreviations: PP, l-Pae-γ-Pgacomplex; γ-Pga, poly-γ-glutamic acid; l-Pae, 
l-phenylalanine ethylester; PPT, γ-Pga-l-Pae-TP; TP, triptolide.

free of any degeneration or necrosis. The livers of the mice 

in TP-treated group emerged hyperemic, mottled, and fragile; 

the cell nuclei showed pyknosis and rupture; portions of the 

nuclei were gone; the cytoplasmic staining was uneven with 

slight cell damage; and the morphological structures were 

fuzzy. In contrast, the livers of the mice in the PPT group did 

not reveal any great changes, the liver cellular structures were 

clear, and the cells were arranged in an orderly way.

In control, PP, and PPT groups, the structures of the renal 

glomerulus, tubule, and interstitium were normal, without 

blurry boundaries of the epithelial cells of the renal tubule 

(especially the proximal tubule). However, in TP group, the 

renal glomerulus was hyperemic, swelling, scattered, and 

necrotic. The boundaries of renal tubule epithelial cells were 

blurry. Stenosis or atresia occurred in lumens, and interstitial 

edema was evident.

In addition, free TP treatment induced spleen edema and 

increase of spleen red pulp, whereas PPT treatment reduced 

those damaging effects of TP on spleen (Figure 7).

TUNel assay
TUNEL assay is a common method for detecting cell 

apoptosis in the organs. The TUNEL assay can detect DNA 

strand breaks as a result of apoptosis. Therefore, TUNEL 

assay was performed to assess the apoptosis of liver, kidney, 

and spleen. There was no positive staining in the PP- or PBS-

treated samples. But TP induced great apoptosis of kidney, 

spleen, and liver, whereas only slight positive staining 

could be observed in the PPT-treated group. Those results 

indicated that TP exhibited severe in vivo toxicity but that 

PPT markedly decreased the toxicity of TP on liver, spleen, 

and kidney (Figure 8).

Conclusion
The results indicated that the average diameter of PPT was 

98±15 nm with a polydispersity index =0.18, which is suit-

able for enhanced permeability and retention effects, the EE T
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Figure 7 he staining of liver, spleen, and kidney.
Notes: Three-month-old c57/B6 mice were treated with PBs, PP, TP, or PPT. The liver, spleen, and kidney tissues of every treatment group were harvested for pathologic 
examination (magnification ×200). The circled areas show the renal glomerulus and the arrow is showing the hepatic nuclei.
Abbreviations: he, hematoxylin and eosin; PBs, phosphate-buffered saline; PP, l-Pae-γ-Pga complex; l-Pae, l-phenylalanine ethylester; γ-Pga, poly-γ-glutamic acid;  
TP, triptolide; PPT, γ-Pga-l-Pae-TP.

Figure 8 TUNel assay in different tissues.
Notes: sections of kidney, spleen, and liver tissues of control, PP, TP, and PPT treatment groups were processed for TUNel assay in order to detect the apoptosis of kidney, 
spleen, and liver. Nucleus was stained with DAPI (blue), and the apoptosis was stained with green (magnification ×200).
Abbreviations: PP, l-Pae-γ-Pga complex; l-Pae, l-phenylalanine ethylester; γ-Pga, poly-γ-glutamic acid; TP, triptolide; PPT, γ-Pga-l-Pae-TP; TUNel, terminal-
deoxynucleotidyl dUTP transferase nick-end labeling; DaPI, 4′,6-diamidino-2-phenylindole.
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was 48.6% with a controlled release manner, and the zeta 

potential was −35 mV. The MTT assay and flow cytometric 

methods revealed that PPT could reduce free TP-induced 

inhibition on RAW264.7 cells and apoptosis, respectively. 

The ROS method showed that PPT could decrease the TP-

induced upregulation of cellular ROS. Compared with the 

free TP-treated group, PPT increased the survival rate of 

mice without affecting thymus index, spleen index, or the 

blood biochemical index. PPT could significantly reduce 

renal, liver, and kidney toxicity in vivo. HE staining and 

TUNEL assay suggested that TP induced great damage to 

the kidney, spleen, and liver, while PPT markedly decreased 

the toxicity of TP. According to the results of the current 

study, we believe that PPT is a promising fundamental drug 

delivery system for RA treatment.
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