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Abstract 

Human risk assessment of genotoxic chemicals is an important area of research. However, the 

specificity of in vitro mammalian genotoxicity assays is sometime low, as they yield to 

misleading positive results that are not observe in in vivo studies. Apoptosis can be a 

confounding factor in the interpretation of the results. Recently, a new strategy for genotoxicity 

screening, based on the combined analysis of phosphorylated histones H2AX (γΗ2ΑX) and H3 

(pH3), was proposed to discriminate efficiently aneugenic from clastogenic compounds. 

However, γH2AX biomarker could also be induce by apoptosis. The aim of the present study 

was to investigate the specificity of this genotoxic biomarker. For this purpose, we analyzed 26 

compounds inducing apoptosis by different mechanism of action, with the γH2AX assay in 

three human cell lines after 24 h treatment. Most of the tested chemicals were negative in the 

assay, whatever the cell line tested. The few compounds that generated positive data have also 

been report positive in other genotoxicity assays. The data presented here demonstrate that the 

γH2AX assay is not vulnerable to the generation of misleading positive results by apoptosis 

inducers. Currently, no formal guidelines have been approve for the γH2AX assay for regular 

genotoxicity studies, but we suggest that this biomarker could be used as a new standard 

genotoxicity assay. 
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1. Introduction 

In vitro genotoxicity assays demonstrate sometime low specificity and it is difficult to 

differentiate a true genotoxic effect from cytotoxicity. In the micronucleus (MN) assay, 

apoptosis can be a confounding factor in the interpretation of the MN induction [1, 2]. 

Moreover, most genotoxicity assays are low throughput and time-consuming, and do not permit 

to distinguish the genotoxic mode of action of the tested compounds (as aneugens or 

clastogens). Recently, a new strategy for genotoxicity screening has been propose, based on the 

combined analysis of γH2AX and pH3 biomarkers, which permit to discriminate efficiently 

clastogens, aneugens and misleading cytotoxic chemicals [3-6]. 

Apoptosis process has an important role during the development process and in normal tissue 

homeostasis for the elimination of altered cells or cells that are no longer needed [7]. This 

process is also the last choice for cells if repair of DNA damage is slow or incomplete. The cell 

death triggered by apoptosis is the result of two important apoptotic pathways [8]. The extrinsic 

signaling pathway mediated by death receptors that are the target of specific ligands like TRAIL 

[9, 10]. The intrinsic pathways governed by mitochondria with different pro-apoptotic proteins 

like Bcl-2 or Bax [11, 12] or by endoplasmic reticulum stress signaling [13-15]. Some 

compounds can induce apoptosis by a direct interaction with the different components of the 

apoptotic signaling pathways. Numerous apoptotic mechanism of action induced by chemicals 

have been demonstrate, targeting mitochondria and associated proteins, endoplasmic reticulum 

or proteasome [16]. Apoptosis is also the consequence of genotoxin insults, as revealed in cells 

treated with various genotoxic agents, including anticancer drugs [17]. 

Phosphorylation of histone H2AX, named γH2AX, is a marker of DNA damage [18]. This 

phosphorylation event is amplified after DNA double-strand breaks [19-21], and promote cell 

cycle checkpoint arrest, DNA repair and apoptosis [22-24]. Indeed, the function of H2AX is 

believed to be associated primarily with repair of DNA damage, but this histone play also a role 



in the apoptotic process. The H2AX phosphorylation is required for DNA ladder formation, but 

not for the activation of caspase-3; and the JNK/H2AX pathway cooperates with the caspase-

3/CAD pathway resulting in cellular apoptosis [25]. The γH2AX genotoxicity biomarker is now 

currently used in numerous genotoxicity assays and demonstrated a high predictivity [6]. 

Although different genotoxicity studies have demonstrated the high specificity of the γH2AX 

biomarker [5, 6, 26], no study has been specifically perform to assess the effect of apoptosis 

inducers on the γH2AX biomarker. 

The aim of the present study was to study the effect on the γH2AX biomarker of a panel of 

apoptosis inducer compounds with different mechanism of action (Table 1). The screening has 

been realize on three human cell lines with p53 wild type status and distinct biotransformation 

properties: the hepatic cell line HepG2, the colon cells LS-174T and the renal cell line ACHN. 

Both HepG2 and LS-174T cell lines have important bioactivation capabilities, whereas ACHN 

cells have poor metabolizing capacities [27, 28]. For all the chemicals, the phosphorylation of 

H2AX and the cytotoxic potential was simultaneously examine with the ICW technique after 

24 h treatment. 

  



2. Materials and methods 

2.1. Chemicals and reagents 

All stock solutions of the compounds were prepared in 100 % dimethyl sulfoxide (DMSO). 

From the stocks, 3-fold dilution series were prepared. All the compounds were of analytical 

grade, and were purchase from Sigma-Aldrich (Saint Quentin Fallavier, France). Penicillin, 

streptomycin, trypsin, PBS, RNAse A, and Triton X-100 were purchase from Sigma-Aldrich. 

The phosphatase inhibitor cocktail tablets (“PHOSSTOP”) were purchased from Roche, and 

the blocking solution (MAXblock Blocking Medium) was purchased from Active Motif 

(Belgium). CF770 antibody (goat antibody anti-rabbit and anti-mouse) and RedDot2 were 

purchase from Biotium (Hayward, California, USA). 

2.2. Selection of compounds  

The identities of the 26 chemicals are listed in Table 1, along with current knowledge of their 

toxic mechanism of action and previous MN induction report. All the compounds were select 

from the literature and represent a broad range of apoptosis inducing activities. The highest 

concentration tested for most of the compounds was 100 µM, in accordance with the 

concentration currently used in in vitro genotoxicity tests [29]. 

2.3. Cell culture 

HepG2 human hepatoblastoma cells (ATCC N° HB-8065), ACHN human renal 

adenocarcinoma cells (ATCC N° CRL 1611) and LS-174T human epithelial colorectal 

adenocarcinoma cells (ATCC N° CL-188) were grown in αMEM medium supplemented with 

10 % FBS, 100 U ml-1 penicillin and 100 µg ml-1 streptomycin. Cultures were maintain in a 

humidified atmosphere with 5 % CO2 at 37 °C and the medium was refresh every two to three 

days during sub-culturing. 



2.4. In-cell western γH2AX assay 

The γH2AX assay using the in-cell western technique was performed as previously described 

[5, 26, 30, 31]. Different primary antibodies were used: rabbit monoclonal anti-γH2AX (clone 

20E3) from Cell Signaling technology, rabbit monoclonal anti-H2AX (clone 12D1), and anti-

H1 (39708) from Active Motif (Belgium). For cytotoxicity determination, the DNA content (as 

a surrogated to the number of cells) recorded in the different experiments was compare with the 

DNA content in the control vehicle treatment. All experiments were perform at least in 

triplicate, independently. 

2.5. Data analysis 

Genotoxicity was consider positive when a compound induced a statistically significant 1.5-

fold histone phosphorylation γH2AX at a level of cytotoxicity below 50% compared to the 

control. These parameters were based on our previous studies [5] and are similar to those used 

by other groups who use γH2AX quantification [3, 32]. Statistical analyses were perform using 

Student’s t-test with Excel 2010 Software. Error bars represent SEM (the standard error of the 

mean). After treatment, statistically significant decreases in the phosphorylation of H2AX or 

non-phosphorylated H2AX and H1, were compared with controls using Student’s test; *, p < 

0.05; **, p < 0.01.  

  



3. Results 

First, we tested a compound activating apoptosis through an exogenous signaling pathway. A 

TRAIL death receptor ligand was test in the three cell lines (HepG2, LS-174T and ACHN) and 

we observed cytotoxicity in the ACHN cells (Figure 1). No induction of γH2AX was detected 

with this compound whatever the cell lines used (Table 2). Then, five compounds targeting 

apoptotic proteins like Bax, Bak or PKC (Table 1), were evaluate for their effects on histone 

H2AX phosphorylation status and cytotoxicity, in the three human cell lines. Results are listed 

in Table 2. In the three cell lines used, embelin was not genotoxic but cytotoxic at 100 µM 

(Figure 1). Triton X100 decreases the H2AX phosphorylation in HepG2 and LS-174T cell lines 

but not in ACHN cells. At the same time, triton X100 was cytotoxic in HepG2 and ACHN cell 

lines at 100 µM and at 30 µM in LS-174T cells (Figure 1). ICRF-193 induced γH2AX in HepG2 

and ACHN cell lines and was not cytotoxic in the three cell lines tested (Figure 1). In HepG2 

and LS-174T cell lines, staurosporine and zapotin increase γH2AX (Figure 1). No cytotoxic 

effect was observe for zapotin in HepG2 or ACHN cells. Staurosporine did not induced 

apoptosis in HepG2 cells. However, this compound was cytotoxic in ACHN and LS-174T cell 

lines. 

We tested two compounds that interact, directly or not, with the Bcl-2 protein family (Table 1). 

In the three cell lines, YC137 increased the H2AX phosphorylation at the same concentration 

(0.3 µM) and was cytotoxic at 100 µM (Figure 2). The BH3 domain inhibitor (BH3i-1) was 

cytotoxic in the three cell lines used. We tested two protein synthesis inhibitors. Emetine 

increases γH2AX at 1µM in HepG2 and ACHN cells and was cytotoxic at 0.1 µM in LS-174T 

cell lines. Reveromycin A was cytotoxic in LS-174T cells at 3 µM but not genotoxic in any cell 

lines (Figure 2). 

A set of four compounds that interact with the mitochondria were tested (Table 2). 

Carboxyatractyloside potassium salt (CAT) and sodium iodoacetate were neither genotoxic nor 



cytotoxic in the three cell lines used at the highest concentration tested (100 µM). Carbonyl 

cyanide 3-chlorophenylhydrazone (CCCP) and costunolide did not induced γH2AX and were 

cytotoxic in the three cell lines used (Figure 3). 

Three endoplasmic reticulum (ER) stress inducers (17-AAG, thapsigargin and tunicamycin) 

were analyse for their genotoxic and cytotoxic effects (Table 2). None of these chemicals was 

genotoxic in any cell line. However, we noted that the cytotoxicity of these chemicals was 

higher in LS-174T cells compared to HepG2 and ACHN cell lines (Figure 4). 

A set of five proteasome inhibitors was then test in the three cell lines (Table 2). For the 20S 

proteasome inhibitors, gliotoxin and tributyltin were not genotoxic and highly cytotoxic to the 

three cell lines at 3 and 1 µM, respectively. The three 26S proteasome inhibitors (bortezomib, 

MG-115 and MG-132) were not genotoxic in any cell line. However, we noted that the 

cytotoxicity of these chemical was higher in LS-174T cells compared to HepG2 and ACHN 

cell lines (Figure 5). 

Finally, we tested a set of four compounds that target the p53 pathway (Table 2). Pifithrin α 

and nutlin-3 did not induced γH2AX and were cytotoxic equivalently in the three cell lines used 

(Figure 6). On the opposite, RITA and P5091 induced significantly γH2AX. RITA was 

observed genotoxic in LS-174T and HepG2 cells at 10 nM but had no genotoxic effect in the 

ACHN cell line. P5091 treatment increased γH2AX in the three cell lines at 10 µM. Moreover, 

these two chemicals induced cell death (Figure 6). 

 

 

  



4. Discussion  

Recently, a new in vitro strategy for genotoxicity screening was propose based on the combined 

analysis of histones γΗ2ΑX and pH3, permitting to discriminate efficiently clastogens, 

aneugens and misleading cytotoxic chemicals [3-6]. However, in vitro genotoxicity assays 

demonstrate sometime low specificity and difficultly to efficiently differentiate true genotoxic 

chemical from cytotoxic compound [1, 2]. It is therefore of value to expose new genotoxicity 

assay to a variety of cytotoxic stimuli in order to assess any potential limitations.  

The aim of the present study was to test a panel of apoptosis inducer compounds with different 

mechanism of action, to evaluate the specificity of the γH2AX assay to differentiate apoptotic 

from genotoxic agents. The screening has been realize on three human cell lines after 24 h 

treatment. Cytotoxicity could be a confounding factor in genotoxicity analysis and limit the 

cytotoxicity to 50 % in data analysis has been proposed to avoid false-positive genotoxic results 

[33]. From the 26 chemicals tested, only seven (ICRF-193, Staurosporine, zapotin, YC137, 

Emetine, P5091 and RITA) were detected as genotoxic, demonstrating that apoptosis induction 

was not a systematic confounding factor in this assay. Moreover, it was recently demonstrate 

that mild apoptosis induction could leads to DNA damage that, in turn, could promotes genomic 

instability, cellular transformation, and tumorigenesis.[12]. 

We decided to investigate in more detail the toxicological effects of the seven positive 

chemicals in the γH2AX assay. ICRF-193 has been shown to be a topoisomerase II inhibitor 

[34] and to induce γH2AX [35], so our result is coherent with the mode of genotoxic action of 

this compound. Staurosporine is frequently use as positive control for apoptosis induction 

through protein kinase C epsilon inhibition. There are controversial data about the genotoxicity 

of staurosporine with notably negative [36] and positive MN results [37, 38]. Nevertheless, 

different studies have observed γH2AX with staurosporine treatment [39-41] and importantly, 



this chemical was described to have a tumor-promoting activity [42]. Zapotin, like 

staurosporine, is a protein kinase C epsilon inhibitor [43]. The observed induction of γH2AX 

in your study may be linked to this property. We also noted that, as with staurosporine, zapotin 

induced genotoxicity only in HepG2 and LS-174T cells and over a large concentration range. 

YC137 is an inhibitor of anti-apoptotic Bcl-2 family members. In agreement with the present 

study, this chemical has demonstrate a genotoxic property in a MN assay [38]. Emetine is an 

anti-parasitic compound with few genotoxicity data. However, this compound has demonstrate 

to be an in vivo genotoxin in Drosophila [44]. Concerning the two compounds targeting the p53 

pathway observed as genotoxic in your study, P5091 has been demonstrate to induce reactive 

oxygen species [45]. We previously observed that oxidative stress induced γH2AX [46]. 

Concerning RITA, this compound have been characterized as an inducer of MN [38] and 

γH2AX [47]. DNA-protein and DNA-DNA cross-links have been observe in treated cells with 

RITA [48, 49]. Based on our previous studies, due to the fact that RITA genotoxicity was only 

observe in cell lines with bioactivation properties (HepG2 and LS-174T cells), we hypothesized 

that RITA metabolization should be necessary for DNA damage induction [5, 46]. However, 

we could not excluded that this discrepancy between cell lines could also be linked to disparity 

in antioxidant capacities, apoptosis signaling, DNA repair proficiency or expression levels of 

drug transporters. Overall, we concluded that the seven positive compounds in your assay 

should not be interpret as false-positive results. 

We observed a marked decrease in γH2AX with some studied compounds, without a marked 

decrease in cytotoxicity. We confirmed a more general histone dissociation phenomenon with 

a decrease of also histones H2AX and H1 after MG-132, MG-115 and 17-AAG treatments in 

HepG2 cells (Fig. S1). This effect may result from general toxicity and linked to the loss of 

higher order chromatin compaction and corresponding histone dissociation [50]. 



One of the interesting result of your study was the negative genotoxic potential of the nutlin-3 

compound. This chemical is an inhibitor of the mdm2/p53 protein complex, resulting in the 

induction of p53. Conflicting genotoxicity results have been published notably with positive 

gadd45 and MN induction [38]. No γH2AX induction was observe in two other studies [3, 49]. 

Recently, this chemical was also mentioned as a false-positive genotoxic compound using a 

transcriptomic approach [51].These results highlight the high specificity of the γH2AX assay. 

The observations presented here allow the conclusion that the γH2AX assay is not prone to 

misleading positive results caused by apoptosis inducer compounds. The majority of the 

apoptosis-inducing chemicals tested were negative in the γH2AX assay and those that were 

positive demonstrated genotoxic mechanisms of action. They were also positive in other 

routinely used in vitro genotoxicity tests. The present study confirmed the high specificity 

(95%) of the γH2AX genotoxicity biomarker reveal by analyzing data with 135 non-genotoxic 

chemicals [6] and it is capacity to distinguishing genuine genotoxins from general apoptotic 

stimuli. Currently, no formal guidelines have been approve for the γH2AX assay for regular 

genotoxicity studies, but we suggest that this biomarker could be used as a new standard 

genotoxicity assay. 
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Table 1. Chemicals studied with their proposed mechanism of apoptosis induction and 

micronucleus report. 

 

  

Name of compound CAS No. Mode of action In vitro MN genotoxicity data 

TRAIL ligand 
Not 

available 
Death receptor ligand No data available 

ICRF-193 21416-68-2 
Apoptotic proteins 

induction 

No data available 

Embelin 550-24-3 No data available 

Triton X100 9002-93-1 Negative data [33, 52] 

Staurosporine 62996-74-1 
Protein kinase C inhibitors 

Discordant data [36-38, 53] 

Zapotin 14813-19-5 No data available 

BH3i-1 300817-68-9 Bcl-2 family proteins 

targets   

No data available 

YC137 810659-53-1 Positive data [38] 

Emetine  316-42-7 
Protein synthesis inhibitor 

No data available 

Reveromycin A 134615-37-5 No data available 

Carboxyatractyloside 

potassium salt (CAT) 
77228-71-8 

Mitochondria uncouplers 

No data available 

Sodium Iodoacetate 305-53-3 No data available 

Carbonyl cyanide 3-

chlorophenylhydrazone 

(CCCP) 

555-60-2 Negative data [3, 4, 54] 

Costunolide 553-21-9 No data available 

Tanespimycin (17-AAG) 75747-14-7 

Endoplasmic reticulum 

stress inducers 

No data available 

Thapsigargin 67526-95-8 Negative data [4, 54] 

Tunicamycin 11089-65-9 Negative data [4, 54] 

Gliotoxin 67-99-2 

20S proteasome inhibitors 

Discordant data [37] 

Tributyltin  1067-52-3 Negative data [3, 55] 

Bortezomib 179324-69-7 

26S proteasome inhibitors 

No data available 

MG-115 133407-86-0 No data available 

MG-132 133407-82-6 No data available 

Nutlin-3 548472-68-0 

p53 targets 

Discordant data [54-57] 

P5091 882257-11-6 No data available 

Pifithrin α 63208-82-2 No data available 

RITA 213261-59-7 Positive data [38] 



Table 2. Summary results of in vitro genotoxicity and cytotoxicity. Phosphorylation of 

histone H2AX (γH2AX) and % of relative cell count (RCC) in HepG2, LS-174T and ACHN 

cell lines treated with chemicals with different mode of apoptotic inducing action. Orange and 

upwards arrows represent an increase in γH2AX compared to the control. Green and 

downwards arrows represent a significant decrease in γH2AX or a decrease of RCC superior to 

50 % compared to the control. Concentrations (μM), excepted trail ligand in µg/mL, correspond 

to the lowest effective concentration (LEC) observed. No color boxes indicate no biomarker 

variation and the highest concentration tested is indicated in brackets. 

Cell lines HepG2 LS-174T ACHN 

Mode of action Name of  compound γH2AX RCC γH2AX RCC γH2AX RCC 

Death receptor ligand TRAIL ligand (10) (10) (10) (10) ↘ 3 ↘ 10 

Apoptotic proteins 

induction 

ICRF-193 ↗ 0.3 (100) (100) (100) ↗ 1 (100) 

Embelin (10) ↘ 100 (10) ↘ 100 (10) ↘ 100 

Triton x100 ↘ 3 ↘ 100 ↘ 3 ↘ 30 (30) ↘ 100 

Protein kinase C 

inhibitors 

Staurosporine ↗ 0.3 (10) ↗ 0.01 ↘ 3 (1) ↘ 3 

Zapotin ↗ 0.3 (100) ↗ 0.3 ↘ 100 (100) (100) 

Bcl-2 family proteins 

target 

BH3i-1 (30) ↘ 100 (10) ↘ 30 (30) ↘ 100 

YC137 ↗ 0.1 ↘ 3 ↗ 0.1 ↘ 1 ↗ 0.1 ↘ 3 

Protein synthesis 

inhibitor 

Emetine ↗ 1 (100) ↘ 0.1 ↘ 0.3 ↗ 1 (100) 

Reveromycin A ↘ 10 (10) (1) ↘ 3 ↘ 10 (10) 

Mitochondria 

uncouplers 

CAT (100) (100) (100) (100) (100) (100) 

Sodium Iodoacetate (100) (100) (100) (100) (100) (100) 

CCCP ↘ 30 ↘ 300 ↘ 30 ↘ 100 (100) ↘ 100 

Costunolide (10) ↘ 30 (10) ↘ 30 (10) ↘ 30 

Endoplasmic reticulum 

stress inducers 

17-AAG ↘ 10 (10) ↘ 0.3 ↘ 10 (10) (10) 

Thapsigargin ↘ 0.03 (1) (0.03) ↘ 0.1 ↘ 1 (1) 

Tunicamycin ↘ 1 ↘ 10 ↘ 0.03 ↘ 0.1 ↘ 0.1 ↘ 100 

20S proteasome 

inhibitors 

Gliotoxin (0.3) ↘ 1 (1) ↘ 3 (1) ↘ 3 

Tributyltin ↘ 0.3 ↘ 1 (0.3) ↘ 1 (0.3) ↘ 1 

26S proteasome 

inhibitors 

Bortezomib ↘ 0.01 (0.1) (0.01) ↘ 0.03 ↘ 0.01 (0.1) 

MG-115 ↘ 3 (10) (1) ↘ 3 ↘ 0.3 (10) 

MG-132 ↘ 0.3 (1) (0.3) ↘ 1 ↘ 0.1 (1) 

p53 target 

Nutlin-3 ↘ 1 ↘ 100 ↘ 3 ↘ 100 ↘ 1 ↘ 100 

P5091 ↗ 10 ↘ 100 ↗ 10 ↘ 30 ↗ 10 ↘ 30 

Pifithrin α ↘ 300 ↘ 1000 ↘ 300 ↘ 1000 ↘ 300 ↘ 1000 

RITA ↗ 0.01 ↘ 3 ↗ 0.003 ↘ 0.3 (100) (100) 

 

  



Figure legends 

Fig. 1. In vitro cytotoxicity and genotoxicity of TRAIL ligand, triton X100, ICRF-193, zapotin 

and staurosporine tested for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity 

is represented by the % RCC. Each value represents the mean ± SEM (n≥3) after 24 h of 

treatment. Significant differences were observed between controls and matched groups (*, 

p≤0.05; **, p≤ 0.01). 

 

Fig. 2. In vitro cytotoxicity and genotoxicity of BH3i-1, YC137, emetine and reveromycin A 

tested for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity is represented by 

the % RCC. Each value represents the mean ± SEM (n≥3) after 24 h of treatment. Significant 

differences were observed between controls and matched groups (*, p≤0.05; **, p≤ 0.01). 

 

Fig. 3. In vitro cytotoxicity and genotoxicity of embelin, carboxyatractyloside, CCCP and 

costunolide tested for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity is 

represented by the % RCC. Each value represents the mean ± SEM (n≥3) after 24 h of treatment. 

Significant differences were observed between controls and matched groups (*, p≤0.05; **, p≤ 

0.01). 

 

Fig. 4. In vitro cytotoxicity and genotoxicity of 17-AAG, tunicamycin and thapsigargin tested 

for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity is represented by the % 

RCC. Each value represents the mean ± SEM (n≥3) after 24 h of treatment. Significant 

differences were observed between controls and matched groups (*, p≤0.05; **, p≤ 0.01). 



Fig. 5. In vitro cytotoxicity and genotoxicity of gliotoxin, tributylin, Bortezomib, MG-132 and 

MG-115 tested for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity is 

represented by the % RCC. Each value represents the mean ± SEM (n≥3) after 24 h of treatment. 

Significant differences were observed between controls and matched groups (*, p≤0.05; **, p≤ 

0.01). 

 

Fig. 6. In vitro cytotoxicity and genotoxicity of pifithrin α, P5091, RITA and nutlin-3 tested 

for γH2AX in the HepG2, LS-174T and ACHN cell lines. Cytotoxicity is represented by the % 

RCC. Each value represents the mean ± SEM (n≥3) after 24 h of treatment. Significant 

differences were observed between controls and matched groups (*, p≤0.05; **, p≤ 0.01). 
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