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Objective  Coptidis Rhizoma (CR), a widely used traditional Chinese herbal medicine, is 
commonly believed to be non-toxic. However, little is known about its cytotoxicity and 
relevant mechanisms at cellular and genetic levels. The present study was conducted to 
explore the cytotoxicity of CR and its mechanisms related to cell cycle arrest, DNA 
damage, cell apoptosis, and mitochondrial membrane potential in L929 murine 
fibroblast cells. Methods  The cells were cultured and treated with different 
concentration of CR aqueous extract for 24 h. Cell viability was determined by CCK-8 
method, morphological changes, and mitochondrial membrane potential were observed 
with an inverted microscope, cell cycle and cell apoptosis were examined by flow 
cytometry and DNA damages were detected by comet assay. Results  Our results 
showed that cell viability was significantly decreased in a dose-dependent manner when 
concentration was higher than 0.2 mg/mL. A concentration above 1 mg/mL altered the 
cells morphology. Each DNA damage indicator score increased in the groups with the 
concentration of above 0.1 mg/mL. Cells at G2/M phase, cell apoptosis and 
mitochondrial membrane potential changed in the 2 mg/mL group. Conclusion 
Overall, our study suggests that CR at a high dosage exhibits cytotoxicity on L929 cells, 
which is likely to be the consequences of cell cycle arrest, DNA damage, cell apoptosis
and mitochondrial membrane potential reduction. 
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1.    Introduction 

 
Coptidis Rhizoma (CR), the dried rhizome of Coptis 

chinensis Franch., C. dletoidea C. Y. Cheng et Hasiao, and C. 
teeta Wall., serves as the medicinal part with bitter taste, 
cold nature, and tropism to the channels of heart, liver, 
stomach, and large intestine. It belongs to the antipyretic 

category because it plays a role in clearing away the 
damp-heat, purging fire away from the heart, and eliminating 
toxic materials from the body. Moreover, CR is used as a 
common traditional herbal drug for treating infectious diseases 
(Ma, 2013). The main components of CR are isoquinoline 
alkaloids (Qiu, 2012; Qing et al, 2016), of which berberine is the 
highest, followed by coptisine, palmatine, epiberberine, and so  
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on (Figure 1). Previous pharmacological studies have 
demonstrated that CR has multiple bioactivities, such as an 
increase in platelet count, neuro-protective and 
immune-modulated (Yu et al, 2006), antimicrobial (Choi et al, 
2007), anti-inflammatory (Lu et al, 2011), antineoplastic 
(Tang et al, 2009), anti-Alzheimer, anti-oxidant (Jung et al, 
2009), hepatoprotective (Ye et al, 2009), analgesic (Tjong et 
al, 2011), and antihyperglycemic (Chen et al, 2012) effects. 
CR has been widely used in clinic for a long time. Treatise on 

Exogenous Febrile Disease, a classical work by Zhong-jing 
Zhang (a famous doctor in Han dynasty), describes 12 types 
of prescriptions containing CR. There are at least 50 
contemporary Chinese medicines containing CR. According 
to the Ministry of Foreign Trade and Medicine Companies’ 
Statistic Data, the demand of CR in the market reached 2000 
tons by 2006. With the discoveries of various efficacies of CR 
and remarkable curative effects in the treatment of various 
disorders, the clinical use of CR is quickly expanding. 

O

O

N+

O
O

berberine

O
O

N+

O
O

coptisine

O

O

N+

O

O

palmatine

O

O

N+

O

O

H

jastrorrhizine  
Figure 1  Molecular structures of four primary active constituents from CR 

It is widely accepted that traditional Chinese herbal 
medicines are natural with very few side effect. In addition, 
CR has been regarded as non-toxic according to its top grade 
in Shennong’s Herbal Classic, as well as its essential role in 
many detoxification prescriptions. But since 1978, there have 
been some suspected cases reported in Singapore that 
pregnant women or newborns who took CR or its active 
principle berberine manifested the defects of glucose-6- 
phosphat dehydrogenase (G6PD), leading to the neonates 
suffering hemolytic jaundice or kernicterus. Many studies 
have been conducted regarding the issue whether CR and 
berberine are toxic. Yeung et al (1990) and Yang (2000) 
demonstrated that CR could aggravate the risk of neonatal 
jaundice in related experiments in 1990 and 2000, 
respectively. In 2001, Yu et al (2001) implemented a clinical 
treatment of diabetes with 8−18 g CR grinds powder capsules, 
adverse reactions emerged, such as nausea, hypoglycemia, 
and diarrhea. Li et al and Qiu et al found that rats receiving 
high doses of CR decoction orally showed the dysfunction of 
gastric mucosal barrier and decrease of prostaglandin E2 (Li 
et al, 2007; Qiu et al, 2004). Previous reports have also 
demonstrated that CR and its products induce adverse 
reactions, including drug eruption, allergies, pancytopenia, 
dizziness, palpitation, shortness of breath, and joint pain 
(Feng, 2004; Zhang et al, 2003). These results all strongly 
suggest that CR has certain toxicity. Therefore, it is 
reasonable to speculate that CR is not as safe as commonly 
believed in some cases. However, it remains unclear the 
toxicity and its relevant mechanisms of CR, especially those 
at the cellular and genetic levels. 

In this study, we used L929 cells line to perform toxicity 
testing, aiming to explore the cytotoxicity of CR and the 

related mechanisms. Our study would provide a theoretical 
basis for its safe applications and allow a rational evaluation 
of the pharmacological effects. 
 
2.    Materials and methods 
 
2.1    Plant materials 

 
Coptidis Rhizoma (CR), national drug standard substance, 

the dry powder of Coptis deltoidea C.Y. Cheng et Hsiao (the 
batch number is 120913-201310) was purchased from the 
National Institutes for Food and Drug Control (Beijing, China). 
CR was extracted as previously described (Ma et al, 2010) with 
minor modifications based on traditional methods. CR was 
extracted in boiling distilled water for three times. After 
filtration, the mixed filtrate was concentrated by a rotary 
evaporator to 0.1 g/mL at 45 oC, then the aqueous extract was 
sterilized by 0.22 μm microporous membrane and saved at 4 oC. 
The CR aqueous extract (0.1 g/mL) will be diluted with cell 
culture medium to the required concentrations for experiments. 

 
2.2    HPLC analysis 

 
Determination of CR contents was performed using 

HPLC (Agilent 1100 Series: Agilent Technologies Ltd., USA) 
with a Diamonsil C18 column (150 mm × 4.6 mm, particle 
size 5 μm). In HPLC experiments, the mobile phase was 
cetonitrile-water solution of 50 mmol/L potassium 
dihydrogen phosphate (50:50, pH 4.0, containing 15 mmol/L 
lauryl sodium sulfate), gradient elution was in a mixture of 
potassium phosphate monobasic (50 mmol/L), and 
acetonitrile was at column temperature of 30 ºC, with a flow 
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rate 1.0 mL/min and UV detection (wave length of 345 nm). 
Epiberberine, coptisine, pamatine, and berberine were used as 
the standard compounds to identify and quantify the major 
components of CR. 
 
2.3    Reagents and chemicals 

 
Fetal bovine serum (FBS) was purchased from Life 

Technologies Co. (Shanghai, China) and high-glucose 
Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained 
from Thermo Fisher Scientific Inc. (Beijing, China). Cell 
Counting Kit-8 (CCK-8) was acquired from Dojindo 
Laboratories (Kumamoto, Japan). Cell cycle assay kit and 
FITC Annexin V Apoptosis Detection Kit were obtained from 
Becton Dickinson (USA). Mitochondrial membrane potential 
assay kit with JC−1 was from Beyotime Institute of 
Biotechnology (Shanghai, China). Low melting agarose 
(LMA) was supplied by Amresco Corporation (Shanghai, 
China). DMSO was purchased from Sigma Aldrich (USA). 
GelGreen was purchased from Biotium, Inc. (USA). All the 
other materials were of analytical grade. 
 
2.4    Cell culture 

 
L929 murine fibroblast (L929) cell line was purchased 

from the type Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured in DMEM 
supplemented with 10% FBS at 37 °C in a saturated 
humidified atmosphere of 5% CO2, and when 85% 
confluence was achieved, L929 cells were dissociated using 
0.25% trypsin and passaged for experiments. 
 
2.5    Assessment of cell viability 

 
Viability of L929 cells with CR-treatment and control 

was measured by CCK-8 assay. Briefly, L929 cells were 
seeded in 96-well tissue culture plate (100 μL/well) at a 
density of 8 × 104 cells/well with some wells left blank. After 
the cells formed a 60%–70% confluent monolayer, the culture 
medium of each well was carefully refreshed by 100 μL CR 
diluents of various concentration as samples. The conditions 
in the blank group were the same as the control except for 
cells. After 24 h, the media were removed and the cells were 
washed twice with phosphate buffer solution (PBS). 
Subsequently, a 100 μL CCK-8 working solution was added 
to each well, the plate was incubated for another 2 h, and the 
optical density (OD) was read on a microplate reader 
(Thermo, USA) at a test wavelength of 450 nm against a 
reference wavelength of 630 nm. The percentages of viability 
were calculated as follows: cell viability = (ODSample－

ODBlank)/(ODControl－ODBlank)  
 
2.6    Flow cytometry analysis of cell cycle 

 
To investigate the antiproliferative toxicity of CR against 

L929 cells, the effects of CR on the progression of cell cycle 
were evaluated. L929 cells in the exponential phase of growth 

were treated with CR at the indicated concentration (0.25, 1, 
and 2 mg/mL) for 24 h. Morphological observation of each 
group was conducted under an inverted 100 × microscope. 
Subsequently, cell supernatants were collected, and the cells 
were stained with propidium iodide followed by harvesting. 
The DNA content of cells was determined with FACSCalibur 
flow cytometry and ModFit analytic software (Verity 
Software House, USA). 
 
2.7    Examination of DNA damage by comet assay 

 
In this experiment, we employed comet assay to evaluate 

the genotoxicity induced by CR on L929 cells with slight 
modification (Gao et al, 2004; Rivera et al, 2013; Singh et al, 
1988). Briefly, cells were induced by the indicated 
concentration (0.05, 0.1, and 0.2 mg/mL) of CR for 24 h. 
After trypsinization, cell density was adjusted to 2 × 105 
cells/mL. The cell suspension was mixed with 1% LMA at 
1:3 and layered on the surface of special slides (40 μL/well) 
which were made by the covers of 24-well cell culture plates 
instead of traditional slides. Then, the slides were conducted 
to gel at 4 ºC for 30 min. Then these slides were immersed in 
freshly prepared cold lysing solution and refrigerated for 
1–1.5 h followed by electrophoresis, despiralization, and 
neutralization. The dried samples were then stained with 
GelGreen after dehydration. The whole process was kept cold 
in dim light to minimize additional repair or damage. Comet 
images of each slide were taken by a fluorescence microscope 
(Olympus IX71, Japan), and analyzed with Comet Assay 
Software Pect (CASP) software (Nandhakumar et al, 2011; 
Xin et al, 2005). 
 
2.8    Measurement of cell apoptosis   

 
To examine whether cell apoptosis was involved in 

CR-induced L929 cytotoxicity, two fluorescent dyes Annexin 
V-FITC/PI were utilized prior to flow cytometric analysis. 
Cells were washed with PBS and collected by centrifugation 
after treatment with 2, 1, and 0.25 mg/mL of CR for 24 h. The 
cell pellets were stained with Annexin V-FITC/PI at room 
temperature for 15 min. Following incubation, 10 000 cells 
were analyzed with a flow cytometry and FlowJo 7.6 software 
was used to analyze cell apoptosis. 

 
2.9    Detection of mitochondrial membrane potential 

 
L929 cells were seeded into the wells of the 6-well plates. 

After treated by indicated concentration of CR for 24 h, JC−1 
work reagent was added to the cells and incubated at 37 oC 
for 20 min. The mitochondrial fluorescence morphology was 
observed using fluorescence inversion microscope system 
(Olympus, Japan). 
 
2.10    Statistical analysis 

 
Statistical analyses were performed by SPSS 19.0 for 

Windows software and evaluated by One-way analysis of 
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variance (ANOVA) followed by Duncan’s test. Data were 
presented as  sx ± , and the significant level was detected at  
P < 0.05. 

 
3.    Results 
 
3.1    HPLC analysis 

 
Four main alkaloids (epiberberine, coptisine, pamatine, 

and berberine) were isolated and analyzed by HPLC (Figure 
2), and their mass percents in this extract were 0.16%, 0.59%, 
0.3%, and 1.22%, respectively.   
 
3.2    Effects of CR on cell viability 

 
The potential cytotoxicity of CR on L929 by CCK-8 was 

investigated (Table 1). The viabilities of the cells treated with 
CR at the concentration lower than 0.2 mg/mL for 24 h were 
not significantly different from the control. Interestingly, a 
growth-promoting effect was detected up to 0.1 mg/mL. 

 
Figure 2  HPLC of reference substances (A) and samples (B) of CR 

a: epiberberine  b: coptisine  c: palmatine  d: berberine 

Table 1  Effects of CR at different concentration on L929 cell 
viability ( 4=± n , sx ) 

Concentration / (mg·mL−1) OD values Survival rates / %
0.0000 0.77 ± 0.04 100 
0.025 0.80 ± 0.09 103.48 ± 7.50 
0.05 0.80 ± 0.09 103.23 ± 9.80 
0.1 0.80 ± 0.04 104.41 ± 4.63 
0.2 0.70 ± 0.02 88.73 ± 2.67* 
1 0.65 ± 0.10* 80.75 ± 17.19** 
2 0.49 ± 0.08** 54.75 ± 12.33** 
4 0.25 ± 0.03** 14.26 ± 4.73** 

*P < 0.05  **P < 0.01 vs control. Same as below. 
 
However, the statistically significant decreases were 

observed when the concentration of CR was higher than 1 
mg/mL compared with the control. Notably, when cells were 
treated with 4 mg/mL CR, the viability of L929 cells was 
14.26 ± 4.73, indicating a significant cytotoxicity. 
 
3.3    Effects of CR on cell morphological characteristics 

 
To verify CR-induced cytotoxicity, the changes of cell 

morphology in L929 cells which was exposed to 0.25–2 
mg/mL CR for 24 h were examined. Cells in the control 
group were of high density and of adherent growth, while 
cells induced by CR in the groups above 1 mg/mL were 
shrinking, round and detached. A large number of cells 
changed their shapes and floated in 2 mg/mL (Figure 3). 
 
3.4    Effects of CR on cell cycle 

 
Figure 4 shows the results of cell cycle analysis. The 

average proportion of cells in G0/G1 phase decreased from 
(59.15 ± 3.35)% to (46.19 ± 1.78)% at the concentration of 2 
mg/mL (P < 0.01), while S phase had no significant difference. 
Importantly, statistically significant increase was demonstrated 
attributing to the cells proportion in G2/M phase from (8.74 ± 
0.49)% to (18.24 ± 1.69)% at 2 mg/mL group. The results 
suggested that CR prevented cell cycle progression by 
arresting cell cycle at G2/M phase, leading to disorders of cell 
division cycle at the concentration of 2 mg/mL. 

 
3.5    DNA damage 

 
As shown in Figure 5A, only circle fluorescence images 

could be observed in the control group. With the increase of 
CR concentration, circular fluorescents become longer, appearing 

 
Figure 3  Morphological changes of L929 cells after CR treatment at different concentration for 24 h  
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Figure 4  Effects of CR on L929 cell cycle (n = 3) 

(A) Cells were exposed to different CR concentration for 24 h. Cell cycle after PI staining was detected by flow cytometry. (B) Quantities of cell 
cycle were analyzed. **P < 0.01 vs control 

comet image apparently. Compared to the control group, no 
abnormal DNA change was observed at 0.05 mg/mL group; 
but damage scores were all significantly increased at the 
concentration of 0.1 and 0.2 mg/mL. The results indicated 
that the 24 h exposure of L929 cells to CR increased DNA 
damage in a dose-dependent manner (Figure 5B). 
 
3.6    Effects of CR on cell apoptosis  

 
The results showed that the 2 mg/mL CR-induced almost 

two-fold increase in the apoptosis rate in contrast to the 
control and such increase was in a dose-dependent manner 
(Figure 6). These results indicated that cell apoptosis was 
involved in CR-induced L929 cell cytotoxicity. 

3.7    Effects of CR on mitochondrial membrane potential 
 
In this test, we found that the intracellular mitochondrial 

membrane potential level in the group of 2 mg/mL was 
markedly decreased compared with the control (Figure 7). 
These results indicated that mitochondrial membrane 
potential was involved in CR-induced cytotoxicity. 

 
4.    Discussion 

 
With the growing popularity of traditional Chinese 

herbal medicines and international applications, the security 
problem of CR has attracted more and more attention. Some 
studies have demonstrated the toxic effects of CR, whereas  

 

 

 

control                                             0.25 mg/mL 
 
 
 
 
 
 
 
 
 
 
 
 

1 mg/mL                                            2 mg/mL 

G1: 59.15%                                           G1: 58.85% 
S:  32.30%                                           S:  32.44% 
G2:  8.55%                                           G2:  8.72% 

500 

400 

300 

200 

100 

  0 

500

400

300

200

100

  0

N
um

be
r 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

N
um

be
r 

N
um

be
r 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

N
um

be
r 

0   20    40    60   80   100   120 0   20    40    60   80   100   120 

Channels (FL2-A-FL2-Area)                              Channels (FL2-A-FL2-Area)  

500 

400 

300 

200 

100 

  0 

500

400

300

200

100

  0

G1: 60.99%                                            G1: 47.45% 
S:  30.79%                                            S:  35.19% 
G2:  8.22%                                            G2: 17.36% 

0   20    40    60   80   100  120 0 20  40  60   80   100   120 

80 

60 

40 

20 

 0 

G0/G1          S            G2/M 

control 

0.25 mg/mL 

1.00 mg/mL 

2.00 mg/mL **

**

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 

Channels (FL2-A-FL2-Area)                              Channels (FL2-A-FL2-Area)  

C
ou

nt
s /

 %
 



Huang YF et al. Chinese Herbal Medicines, 2016, 8(3): 242-250 

 

247

 
Figure 5  DNA damage of L929 cells stimulated by CR 

(A) The indicated concentration of CR was added to cell culture for 24 h. Following dyed with GelGreen, comet images were taken at a 
magnification of 100 × using a fluorescence microscope. (B) Visual scorings of DNA damage were based on the fluorescence intensity.  

TL: tail length  TDNA: tail DNA%  TM: tail moment  OTM: olive tail moment  n = 50  **P < 0.01 vs control 

 
Figure 6  Effects of CR on L929 cell apoptosis rate 

(A) The cells were exposed to different CR concentration for 24 h. Cell apoptosis rate after Annexin V-FITC/PI staining was detected by flow 
cytometry. (B) The quantitative data of apoptosis rate was shown. n = 3  **P < 0.01 vs control. 

others have reported the opposite results. For example, Liao 
et al (1982) pointed out that CR could not cause acute 
hemolytic jaundice and other adverse effects on healthy 
neonate or G6PD deficiency of newborns, but it could make a 
significant reduction in serum total bilirubin. Shen et al (2006) 
examined the effects of CR on erythrocyte glutathione content 
of SD rats, and found no significance at low doses. While the 
results were reduced at a high dose, glutathione dysfunction 
of maintaining erythrocyte stability was caused. Thus, it is 

necessary to regulate the CR dosage to ensure its safe 
application. Yi et al (2013) demonstrated that the currently 
recommended highest dose of CR is relatively safe because it 
could not cause any abnormal changes in sub-chronic toxicity 
tests on rats; Lee et al (2014) showed that the no-observed- 
adverse-effect level of CR was determined to be 667 mg/kg/d 
for male and 2000 mg/kg/day for female rats. These results 
further highlight the necessity to study the safe dosage  
range of CR. 
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Figure 7  Effects of CR on mitochondrial membrane potential 

(A) Cells were incubated with CR in various concentration for 24 h. Mitochondrial membrane potential after JC-1 staining was examined by 
fluorescence microscope at magnification of 100 ×. (B) Quantitative assessment of mitochondrial membrane potential was determined by 
GraphPad Prism software. n = 3  **P < 0.01 vs control. 

 
The normal process of cell proliferation was 

accomplished by an orderly cell division cycle. The 
conversion of cell cycle relies on the activation and 
expression of a series of cyclins (e.g., cyclin B, D, and E) and 
cyclin-dependent kinases (e.g., CDK 2, 4, and 6) (Weinert, 
1998). Flow cytometry analysis showed that CR at 2 mg/mL 
could induce cell cycle change, mainly for the G2/M phase 
arrest. While this concentration tested on cell viability has 
shown remarkably significant inhibition. Previous studies 
have shown that if the increase of cells in G2/M phase was not 
caused by the result of promoted-proliferation, it might be 
related to DNA damage or other changes. Indeed, we 
observed G2/M phase arrest in our test, compatible with this 
notion. Cell cycle checkpoints were activated to check and 
repair these damages or changes out of self-protection, 
eventually leading to cell cycle arrest (Ghosh et al, 2008; 
Leland et al, 1994). However, this may be the result of 
berberine. The results suggested that the cytotoxicity of L929 
by CR was ascribed to cell cycle arrest partially. 

DNA damage could cause distortion or mutant (Yang et 
al, 2003). We performed the comet assay to check the level of 
DNA damage, based on the correlation between fluorescence 
intensity and cell cycle (Kruszewski et al, 2012). Consistent 
with this report, our results showed that CR induced DNA 
damage in L929 cells, and four kinds of analysis parameters 
reached a good consistency. In addition, we observed no 
significant difference in cell viability at 0.1 mg/mL, but found 
obvious DNA damage in the comet assay at the same 
concentration. Therefore, we speculated that the damage of 
genetic material was prior to biochemical changes in cells. 
This damage partially accounted for a more potent 
cytotoxicity of CR on L929 cells. 

Apoptosis is the programmed cell death of which 
mitochondrial pathway is classic (Liu et al, 2013; Song et al, 
2014). In the early stage of cell apoptosis, mitochondria 
structure has changed resulting from the increase of 

mitochondrial outer membrane permeability and the reduction 
of mitochondrial transmembrane potential. These can 
sequentially cause a variety of biochemical changes in the cell. 
For example, Cyt C will combine with the activation factor 1 
of apoptosis enzyme after it is released into the cytoplasm; 
Under the action of a dATP inducing caspase cascade 
reaction, the cell structure is destroyed with dysfunction, 
causing the final apoptosis (Hu and Hu, 2006). Mitochondria 
can also produce metabolic byproducts-reactive oxygen 
species (ROS) when generating energy (Cong et al, 2008). All 
these reasons and results are relevant in the whole process of 
cytotoxicity. 

Many researches at home and abroad suggested the in 
vitro cytotoxicity was demonstrated obvious correlation to the 
toxicity in vivo (Cheong et al, 2008; Peng and Liu, 2007; Ren 
et al, 2011). The reference index of cytotoxicity LD50 was 
recommended by the National Toxicology Group Program 
and the Toxicology of the Experimental Evaluation Center 
(NICEATM). The report said the value of LD50 could reveal 
better the acute toxicity of the compound in vivo. The result 
of a preliminary study of cytotoxicity of CR and berberine on 
four kinds of cells cultured in vitro was demonstrated by our 
study team. In addition, the in vitro evaluation method is 
adopted at early screening stage of a new chemical substances 
exploited as a drug, can save time, effort, and money, which 
has been accepted by many scholars (Zeng et al, 2011; Guo et 
al, 2013; Liu et al, 2012). 

The advantages of this study were as follows. The 
experiments were performed according to the standard 
procedures using relatively simple and well established 
routine methods. More important, berberine cytotoxicity in 
cell cycle, ROS, DNA damage, and apoptosis was not studied 
by other. To be pointed out that under the present study in 
which the cytotoxic strength and toxicity mechanisms of 
berberine is not clear, the authors chose the international 
standard (UB/T16886.5-2003) of L929 cells as a test cell for 
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general toxicity examination. To be sure, L929 is not a very 
targeted cell. If a deep research due to the results of this study 
will be carried out, a specific target cell model should be 
selected based on experimental purposes (such as genetic 
toxicity, cell cycle progression, etc). 
 
5.    Conclusion 

 
In summary, our study demonstrates that a high dosage 

of CR has exhibited cytotoxicity, which is likely to be the 
consequences of cell cycle arrest, DNA damage, cell 
apoptosis, and mitochondrial membrane potential reduction. 
Further studies are needed to elucidate the complicated 
mechanisms of CR cytotoxicity, thereby guiding the clinical 
application. 
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