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Abstract19

Purpose: Arsenic has been reported to induce apoptosis in malignant tumor cells,20

therefore, it may be regarded as a treatment for some cancers. The mitochondrial21

apoptosis pathway, mediated by GSK-3β, plays an important role in tumor cell22

apoptosis. Nonetheless, the regulation of GSK-3β by arsenic remains controversial.23

Materials and Methods： We included 19 articles, which conducts the role of24

GSK-3β in the process of arsenic-induced tumor cell apoptosis by the meta-analysis.25

Results: Compared with the control group, the expression of GSK-3β (SMD=26

-0.92,95% CI (-1.78,-0.06)), p-Akt (SMD= -5.46,95% CI (-8.67,-2.24)) were reduced27

in the arsenic intervention group. Meanwhile, the combined treatment of arsenic and28

Akt agonist can inhibit the expression of p-GSK-3β. Using the dose and time29

subgroup analysis, it was shown that the low-dose and sub-chronic arsenic exposure30

could inhibit the expression of p-Akt (P<0.05). In the subgroup analysis of GSK-3β31

sites, arsenic could inhibit p-Akt and GSK-3β (Ser9) (SMD = -0.95, 95% CI (-1.56,32

-0.33)). There was a dose-related effect seen between arsenic (≤8 μmol/L) and33

p-GSK-3β, and the expression of p-GSK-3β was gradually followed by the arsenic34

dose. When arsenic acted on GSK-3β (ser9), the expression of Mcl-1 and35

pro-caspase-3 were dropped, while the loss rate of mitochondrial membrane potential36

and cleaved-caspase-3 were increased significantly (P<0.05).37

Conclusion: This study revealed that arsenic could inhibit the expression of GSK-3β38

(Ser9) and then induce tumor cell apoptosis. It might be correlated with arsenic39

inhibiting p-Akt, down-regulating GSK-3β, and triggering the Mcl-1-mediated40

mitochondrial apoptosis pathway.41

Keywords: arsenic, PI3K/Akt, GSK-3β, mitochondria, apoptosis42
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Introduction43

Arsenic and its compounds have been reported to have therapeutic effects on44

certain diseases since ancient times [1]. Studies have shown that arsenic can induce45

tumor cell apoptosis, inhibit cancer stem-like cell growth, act as anti-angiogenesis,46

increase the sensitivity of chemotherapy and radiotherapy in recent years [2]. Thus,47

Arsenic trioxide is widely used in the treatment of malignant tumors such as acute48

promyelocytic leukemia [3]. Meanwhile, it has been included in the clinical practice49

guidelines on 2020 [4]. However, the mechanism by which arsenic induces apoptosis50

of malignant tumor cells is still unclear.51

Glycogen Synthase Kinase 3β (GSK-3β) is a constitutive multifunctional serine52

/threonine kinase that induces tumor cell apoptosis through the destruction of53

oncogene products by the proteasome destruction [5]. It was reported that Nerigoside54

induced apoptosis in colorectal cancer cells (HT29, SW620) by inhibiting the55

ERK/GSK-3β/β-catenin signaling pathway [6]. Moreover, GSK-3β is closely related56

to the function of the mitochondrial apoptotic pathway. It promotes the loss rate of57

mitochondrial membrane potential and the release of cytochrome C [7], which may be58

related to the regulation of Mcl-1 (myeloid cell leukemia-1) protein degradation [8].59

These results suggest that the GSK-3β-mediated mitochondrial apoptosis pathway60

plays an important role in the apoptosis of tumor cells.61

GSK-3β can be regulated by a variety of signaling pathways to mediate62

mitochondrial activity, including PI3K/Akt, PKA, ERK, etc. [8]. GSK-3β, as a63
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downstream target protein of Akt, participates in the PI3K/Akt signaling pathway to64

regulate various biological processes such as cell cycle [9], cell proliferation, and65

apoptosis [10,11]. In addition, Gao Y H demonstrated that Akt inhibitors on gastric66

cancer cells (SGC-7901) can significantly reduce the expression of GSK-3β, and67

increase the apoptotic family of enzymes (Bax, Bak, and caspase-3) [12]. In summary,68

PI3K/Akt regulate the expression of GSK-3β and induce tumor apoptosis.69

In recent years, many studies have focused on the mechanism of GSK-3β in70

arsenic-induced tumor cell apoptosis, along with many controversies about the71

regulatory effect of arsenic on GSK-3β. Wang, R. [13] demonstrated that the72

expression of p-GSK-3β was decreased in the apoptosis of acute myeloid leukemia73

cells (NB4, HL-60) induced by As2O3 (P<0.05). On the contrary, Lo, Rico K.H. [14]74

found that the expression of p-GSK-3β in the arsenic intervention group was higher75

than the control group (P<0.05), which induced MCL cells apoptosis (Jeko-1,76

Granta-519). For wild-type myelogenous leukemia cells (U937-∆C NDRG2) [15],77

there were no significant difference in GSK-3β and Mcl-1 protein expression between78

the As2O3 group and the control group (P>0.05). Nowadays, the regulation of arsenic79

on GSK-3β is still unclear, and the systematic reviews of the relationship between80

arsenic and GSK-3β have not been reported. To clarify the mechanism of GSK-3β in81

arsenic-induced apoptosis of tumor cells, we used meta-analysis of the literature on82

this topic, and took advantage of existing evidence to illustrate the mechanism of83

GSK-3β in arsenic-induced cancer cells apoptosis, so as to provide a theoretical basis84

for elucidating the mechanism of arsenic tumor-inhibiting activity.85
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Materials and methods86

1. Inclusion criteria87

In this study, the inclusion criteria were formulated according to the principles of88

PICO；89

Research design: 1) Experimental research published in Chinese and English. 2)90

Research object (P): malignant tumor cells. 3) Intervention (I): The experimental91

group was exposed to arsenic or arsenic compounds. If there were time or dose-effect92

models related to arsenic and GSK-3β and PI3K/Akt in the study, we selected one93

group for analysis in each of the high-dose and low-dose group or the acute and94

subchronic toxicity test. 4) Control (C): Blank control group without any intervention95

measures. 5) Outcome (O): Apoptosis-related indicators (caspase-3, caspase-9, Bax,96

Bak, PARP, p-PARP) and GSK-3β, p-GSK-3β, Akt, p-Akt, Mcl-1.97

2. Exclusion criteria98

1) Non-Chinese or non-English papers. 2)The title or abstract of the paper does not99

contain arsenic or arsenic compounds and GSK-3β. 3) The literature does not contain100

clear apoptotic indicators (the rate of apoptotic or changes in apoptosis-related101

indicators). 4) Repeated publication (published in both Chinese and English journals102

at the same time, the same author publishes similar articles in different magazines or103

the same data in articles published by the same author). 5) The data of the article is104

incomplete (lack of internal reference protein, the dose or time of arsenic poisoning is105

not clear). 6) The literature data cannot be extracted (the expression of GSK-3β or106
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p-GSK-3β protein cannot be extracted). 7) Review articles, conference papers, or107

articles where only abstracts can be retrieved. 8) No control groups.108

3. Search strategy109

The literature included in this study came from PubMed, Web of Science, Cochrane110

Library, Excerpta Medica database (EMBASE), China National Knowledge111

Infrastructure (CNKI), Wan Fang Data databases, Wiper databases, and China112

Biology Medicine disc (CBMdisc). Keywords for this search included: arsenic,113

arsenite, ATO, As2O3, NaAsO2, Arsenic trioxide, GSK-3β, Glycogen Synthase Kinase114

3 beta, apoptosis, caspase-3, caspase-9, Bax, Bcl-2, Mcl-1, Cyt-C, PARP, Akt, and115

P-Akt.116

Taking PubMed database as an example:(((((((arsenic) OR As) OR ATO) OR117

Arsenic trioxide) OR NaAsO2) OR arsenite) OR As2O3) AND (((GSK-3β) OR118

Glycogen Synthase Kinase 3 beta) OR Glycogen Synthase Kinase 3β) AND119

((((((((((apoptosis) OR caspase-3) OR caspase-9) OR Bax) OR Bcl-2) OR Mcl-1) OR120

Cyt-C) OR PARP) ORAkt) OR p-Akt).121

4. Search results122

In this study, 265 articles were retrieved from 8 databases. According to the123

inclusion and exclusion criteria, 19 papers were finally included and screened by two124

different researchers. According to the PICO principle, a total of 265 articles were125

included. There were 91 duplicate articles (same articles were retrieved in different126

databases), 11 conference papers, 1 review, and 1 non-Chinese non-English document.127
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All of them were excluded and the remaining 158 articles were left. Taking the title128

and abstract into perspective, 118 articles and 2 additional articles (not containing129

arsenic and GSK-3β), and 15 articles (not related to apoptosis) were eliminated. After130

studying the full text and through re-screening the remaining 23 articles, 4 articles131

with incomplete or undesirable data were eliminated, and finally, 19 articles were132

included. The search deadline was October 31, 2020. The search results are shown in133

Fig. 1.134

5. Quality evaluation135

This study made use of the Cochrane risk Migration assessment tool to136

systematically evaluate seven aspects for the 19 included articles.137

1) Random sequence generation (selection bias). 2) Allocation concealment138

(selection bias)). 3) Blinding of participants and personnel (performance bias). 4)139

Blinding of outcome assessment (measurement bias). 5) incomplete outcome data140

(attrition bias). 6) Selective reporting (reporting bias). 7) Other sources of bias (other141

bias).142

6. Data collection143

The data of this study was collected by two reviewers independently. The collected144

data were cross-checked. If the literature with inconsistent results or trends is145

encountered, the two reviewers independently re-extracted the data from the article.146

The literature was included and summarized according to the following information:147

1) Title of the paper, lead author, publication date. 2) Research object characteristics:148
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cell line. 3) Intervention: type of arsenic, dose, exposure time. 4) Baseline data: site,149

number of groups (n), related proteins (mean, standard deviation (SD)).150

7. Data analysis151

The purpose of this study was to explore the effects of arsenic on Akt, GSK-3β,152

caspase-3, caspase-9, Bax, Bcl-2, Mcl-1, Cyt-C, PARP, and to further explore the153

mechanism of GSK-3β apoptosis induced by arsenic.154

The data analysis was performed by Review Manager 5.3 (The Nordic Cochrane155

Centre, The Cochrane Collaboration 2012, Portland, OR, USA) and Stata 12.0 (Stata156

Corp LP, College Station, TX, USA). Review Manager 5.3 software was used to157

evaluate the quality of the included literature according to the Cochrane risk deviation158

assessment tool. The apoptosis-related outcome indicators were continuous variables159

in this study. Taking into account the different units or large mean data included in the160

literature, the standardized mean difference (SMD) was used to reflect their effect size.161

The SMD formula used is:
Se
xx ii 21

id


 (i=1,2,3…k)162

In this study, the combined effect of each indicator in the experimental group and163

control group was described by standardized mean difference (SMD) and its 95%164

confidence interval. SMD and its confidence interval were observed by drawing a165

forest map. If P>0.05 and the confidence interval contained 0, it could not be166

considered a difference between the experimental and control group. If P< 0.05 and167

the confidence interval did not contain 0, it indicates a statistical difference between168

the experimental and control group. Heterogeneity is assessed by calculating I2.169
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According to the Higgins JP T study [16], 25%, 50%, and 75% of I2 were defined as170

low, medium, and high levels. The choice of the model was determined by observing171

the P-value and I2. When P<0.05 and I2 >50%, the random effect model was selected;172

when P>0.05 and I2 ≤ 50%, the fixed effect model was chosen. Heterogeneity in the173

study was explained by I2. In this study, the subgroup analysis was used to find the174

sources of heterogeneity in the included 19 articles. Exposure dose (≤5 μmol/L or >5175

μmol/L), exposure time (≤24 h or >24 h), and the GSK-3 site (Ser9 or non-Ser9) were176

used to determine the subgroups. Hence, GSK-3β was divided into two subgroups177

(Ser9 or non-Ser9) in the subgroup analysis of GSK-3β sites.178

Meanwhile, R 4.0.1 software was used to establish a dose-effect model of arsenic to179

observe the dose-effect relationship of GSK-3β and Akt during the process of180

arsenic-induced apoptosis. The funnel chart was drawn by Review Manager 5.3181

software to evaluate publication deviation. Stata 12.0 software was used for182

sensitivity analysis to evaluate the stability and reliability of the results. Chi-square183

test used α = 0.05 as the significance level; all statistical analyses are carried out on184

both sides. When P <0.05, the difference was considered to be statistically significant.185

Results186

1. The basic characteristics of included research187

A total of 19 articles were included in this study, including GSK-3β site, arsenic188

type, dose, time, and other information, as shown in Table 1. The experimental group189

was treated with different types of arsenic, including 14 arsenic trioxide (As2O3), 3190
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arsenic sulfide (As2S3), and 2 sodium arsenite (NaAsO2).191

The arsenic exposure dose was divided into a low-dose group (≤5 μmol/L, n=8) and192

a high-dose group (>5 μmol/L, n=11). The exposure time was divided into acute193

exposure group (≤24 h, n=17) and subchronic exposure group (>24 h, n=2).194

According to the position of arsenic on GSK-3β, it was divided into Ser9 group (n=10)195

and non-Ser9 group (n=8). The result variables were GSK-3β signaling pathway196

indicators (GSK-3β, p-GSK-3β, p-Akt, Akt, Mcl-1, p-Mcl-1) and apoptosis-related197

indicators (13 indicators included).198

2. Quality Evaluation199

The literature quality evaluation of the 19 documents, followed by the inclusion200

and exclusion criteria, found that the low-risk bias rate was greater than 75%, and the201

high-bias risk rate was less than 10%, as shown in the literature quality evaluation202

(Fig. 2A).203

3. The effect of arsenic on tumor cell apoptosis-related proteins204

The expression of apoptosis-related indicators was increased in the arsenic205

intervention group. The apoptosis-related protein cleaved-caspase-3 (SMD= 7.48,206

95% CI (3.35,11.62)), cleaved-caspase-9 (SMD= 7.94,95% CI (0.48,15.40)), Bax207

(SMD = 2.87, 95% CI (0.26,5.49)), p-PARP (SMD= 30.29, 95% CI (16.73,43.85))208

were increased, and the protein expression of pro-caspase3 was decreased (P=0.002),209

while the expression of Bcl-2 and PARP were not statistically significant (P>0.05,210

respectively; Fig.2B). Bak (SMD= -2.10, 95% CI (-3.83, -0.38)) and Mcl-1 (SMD=211
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-2.25, 95% CI(-4.16, -0.33)) were decreased in the arsenic-exposed group (Fig. 2C),212

the expression of cytochrome C in the cytoplasm increased (SMD= 18.59, 95% CI213

(7.50,29.69)), while the cytochrome C in the mitochondria (SMD= -10.70, 95% CI214

(-18.35,-3.05)) were decreased (Fig. 2D).215

4. The effect of arsenic on the expression of GSK-3β protein in tumor cells216

In the meta-analysis of arsenic on GSK-3β, the expression level of GSK-3β in the217

arsenic-exposed group was lower than the control group (SMD= -0.92,95% CI (-1.78,218

-0.06); Fig. 3A), and there was no statistically significant difference in the expression219

of p-GSK-3β(P>0.05; Fig. 3B).220

5. The effects of arsenic on GSK-3β proteins in tumor cells221

Compared to the control group, the expression of GSK-3β (Ser9) was decreased in222

the arsenic intervention group (SMD= -1.61, 95% CI (-2.68, -0.55); Fig. 3C). The223

downstream apoptosis-related indicators of GSK-3β (Ser9) in the meta-analysis, the224

loss rate of mitochondrial membrane potential, the expression of cleaved-caspase3225

and cleaved-caspase-9 in the arsenic intervention group were increased, while the226

expression of pro-caspase-3 and pro-caspase-9 were decreased (P<0.05, respectively;227

Fig. 3D).228

6. The effect of arsenic on Akt-related proteins between tumor cells229

The results of Figure 4 showed that there was no significant difference in the230

expression of Akt in the arsenic exposure group (Fig. 4A), while the expression of231

p-Akt was decreased (SMD= -5.46,95% CI (-8.67,2.24); Fig. 4B)232
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7. The effect of arsenic on PI3K/Akt and GSK-3β signal related factors233

The literature containing arsenic and Akt agonists were extracted from the 19234

articles. Meanwhile, the arsenic exposed group was used as the control group, and the235

combined treatment with arsenic and Akt agonist was used as the experimental group.236

Compared with the control group (arsenic-exposed group), the expression of GSK-3β237

in the combined treatment group with arsenic and Akt agonist was not statistically238

different (P>0.05; Fig. 4C), while the expression of p-GSK-3β was decreased (SMD=239

-2.94, 95% CI (-5.47, -0.41); Fig. 4D).240

At the same time, we also included four additional pieces of literature with no241

arsenic intervention, taking the Akt inhibitor group as the experimental group, and the242

control group with no other treatment measures. The expression of p-GSK-3β in the243

experimental group was lower than that of the control group (SMD= -6.36, 95% CI244

(-8.94,-3.79); Fig. 4E).245

8. Subgroup analysis of arsenic exposure dose246

The results of subgroup analysis showed that the expression of GSK-3β (Ser9) and247

pro-caspase-3 in the high-dose and low-dose arsenic intervention groups were248

decreased, and the expression of Bax and ΔψM loss rate increased (P<0.05,249

respectively). After a low-dose arsenic intervention, the expression of p-Akt was250

decreased (SMD= -4.17, 95% CI (-6.77,-1.57)), while the expression of cleaved-251

caspase-3 increased in the high-dose arsenic-exposed group (SMD= 12.70, 95% CI252

(5.21,20.20), and the expression of GSK-3β, p-GSK-3β, Akt, p-GSK-3β (Ser9) were253
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not statistically different (P>0.05, respectively; Fig. 5A)254

9. Subgroup analysis of arsenic exposure time255

There was no significant difference in the expression of GSK-3β, p-GSK-3β, and256

Akt in the acute exposure group (≤24 h) and subchronic exposure group (>24 h). The257

expression of p-Akt, GSK-3β (Ser9) and p-GSK-3 (Ser9) were having no significant258

differences in the acute arsenic exposure group (P>0.05), while the expression of259

p-Akt was decreased after the subchronic arsenic intervention (SMD= -8.99, 95% CI260

=(-14.29,-3.68); Fig. 5B).261

10. Subgroup analysis of GSK-3β sites exposed to arsenic262

Compared with the control group, the expression of GSK-3β (ser9), p-Akt, Mcl-1,263

pro-caspase-3, ΔψM loss rate, and cleaved-caspase-3 were decreased in the arsenic264

intervention group (P<0.05, respectively), while the expression of p-GSK-3β, Akt265

were not significantly different (P>0.05, respectively; Fig. 5C).266

11. Dose effect analysis of arsenic and GSK-3β267

In this study, the Spline model was used to explore the effect of the dose of arsenic268

on GSK-3β, p-GSK-3β, Akt, and p-Akt (Fig. 6). The results showed that the content269

of p-GSK-3β was increased with the arsenic exposure dose when the dose of arsenic270

was less than 8 μmol/L. It had also shown a downward trend when the dose of arsenic271

was more than 8 μmol/L (Fig. 6B). In the dose-effect analysis of arsenic and Akt, as272

the dose of arsenic was less than 9 μmol/L, the expression of p-Akt showed a273

decreasing trend. The content of p-Akt decreased with the increase in the arsenic274

exposure dose when the dose of arsenic was more than 9 μmol/L (Fig. 6D). There was275
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no dose-effect relationship between GSK-3β and Akt (Fig. 6A and C).276

12. Sensitivity analysis277

Taking the sensitivity analysis of arsenic and GSK-3β as an instance, the points of278

all results were distributed on both sides of the midline, and the results of 19279

references did not exceed the midline with 95% CI. After being excluded, the results280

did not change significantly, which revealed that the results of this study were281

relatively stable (Fig. 7A).282

13. Publication bias283

Taking arsenic and p-GSK-3β as an example to explore whether there is a284

publication bias, the funnel chart showed that the results of all the included literature285

were arranged symmetrically around the centerline, indicating that the publication286

offset was not significant (Fig. 7B).287

Discussion288

Arsenic can induce apoptosis of malignant tumor cells, as a consequence it289

has been used in the treatment of some cancers. As a key protein in multiple290

signaling pathways, GSK-3β plays a key role in tumor apoptosis. However, the291

mechanism of GSK-3β in arsenic-induced tumor cell apoptosis is contradictory. In292

this meta-analysis, we suggested that arsenic could inhibit the expression of p-Akt,293

inhibit GSK-3β (Ser9), down-regulate the expression of Mcl-1, and mediate the294

mitochondrial apoptosis pathway. The results of this study provided a theoretical basis295

for the molecular mechanism of arsenic inhibition on the tumor.296
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It is reported that arsenic could down-regulate the expression of GSK-3β (ser9) and297

induce tumor cell apoptosis. Zhen Tan et al. [18] showed that arsenic significantly298

decreased the expression of Akt and GSK-3β on PC12 cells. This study found that299

arsenic inhibited the expression of GSK-3β, p-Akt, and Mcl-1 protein, thereby300

inducing tumor cell apoptosis, and the combined treatment of arsenic and Akt agonist301

inhibited the expression of p-GSK-3β. In addition, GSK-3β was regulated by multiple302

pathways in arsenic-induced tumor cell apoptosis, and the mechanism might be303

related to cross-talk between various signaling pathways. In the apoptosis of304

myelogenous leukemia induced by arsenic trioxide [15], NDRG2, as a carrier between305

PP2A and GSK-3β, promoted the dephosphorylation of GSK-3β and reduced the306

expression of its downstream Mcl-1 protein, and finally induced tumor cell apoptosis307

through mitochondrial apoptosis pathway (Fig. 8). Similarly, As2O3 induces acute308

promyelocytic leukemia (NB4) apoptosis by down-regulating the expression of309

IL-3Rα and inhibiting PI3K/Akt signaling pathway. Meanwhile, the expression of310

p-GSK-3β was significantly reduced [29], suggesting that arsenic might inhibit311

IL-3Rα by GSK-3β (Fig. 8). Furthermore, arsenic could activate NF-κB [32] and312

IKKβ kinase [24], down-regulate the expression of GSK-3β (Fig. 8). The above313

results indicated that arsenic can regulate GSK-3β through a variety of ways, thereby314

inducing apoptosis of malignant tumors. There are two sites for GSK-3β(Ser9 and315

Tyr-216). The subgroup analysis results showed that high-dose and low-dose arsenic316

could inhibit the expression of p-Akt, down-regulate GSK-3β (ser9), and ultimately317

induced tumor cell apoptosis.318
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GSK-3β, which is closely related to mitochondrial function, can activate the319

apoptotic pathway of mitochondrial damage. In recent years, some studies have320

shown that GSK-3β participated in the opening of mitochondrial permeability321

transition pore (mPTP) and phosphorylation of GSK-3β at Ser9, could increase the322

threshold of mPTP opening. The results suggested that the loss rate of mitochondrial323

membrane potential was significantly increased in the arsenic-exposed group, which324

further confirmed this apoptosis pathway. GSK-3β participated in regulating glycogen325

synthesis, changing mitochondrial permeability, and promoting the release of326

cytochrome C in mitochondria [33]. At the same time, the study found that the327

expression of Mcl-1 in the arsenic treatment group was decreased, and the expression328

of Bax, Bak, and Caspase-3 was increased. It may be due to the phosphorylation of329

Bcl-2, triggering the Caspase cascade reaction [34], promoting the release of330

cytochrome C [25] induced by As2O3. It is suggested that arsenic may trigger the331

mitochondrial damage pathway through GSK-3β.332

However, there were several limitations in this study. Non-English and non-333

Chinese literature was not included in the search, which might result in insufficient334

literature. At the same time, there were few pieces of literature involved in in-vivo335

experiments (n=2) [35,36], which were not included in this study. p-GSK-3β had high336

heterogeneity in our research. Although we did subgroup analysis of time, dose and337

GSK-3β sites, it might also be affected by other factors such as arsenic type and cell338

line. Due to the number of included literature, the subgroup analysis of arsenic types339

and cell lines were not carried out in this study. In the sensitivity analysis, the stability340
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of the included literature was sound. The points of all the results were distributed on341

both sides of the midline, and the results did not change significantly after being342

excluded. Based on the funnel chart, the results of the included literature were343

arranged symmetrically around the centerline, and the publication bias was not344

significant.345

In summary, arsenic can inhibit the expression of PI3K/Akt and GSK-3β(Ser9),346

down-regulate the expression of Mcl-1 protein, and trigger apoptosis mediated by the347

mitochondrial pathway. The role of NDRG2, IL-3Rα, NF-κB and other molecular348

relationships in the regulation of GSK-3β by arsenic should be further explored in the349

future, to clarify the molecular mechanism of arsenic regulating GSK-3β.350
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Excluded 4 literatures, which the data were undesirable or incomplete.

19 literatures were included

Read the literature for rescreening (n=23)

Excluded 118 articles that were not related to arsenic (After full text
retrieval, arsenic only appeared in the discussion, and the results were
not related to arsenic).

Excluded 2 articles that were not related to GSK-3β (After full text
retrieval, GSK-3β only appeared in the discussion, and the results
were not related to GSK-3β).

Read the titles and abstracts for preliminary screening (n=158)

Excluded 91 repetitive articles.

Excluded 11 conference papers, and 4 review.

Excluded1 non-Chinese or English literature.

265 articles obtained by database serarch (n=246):Pubmed (n=23),
Web of science (n=28), Embase (n=32), Cochrane Library

(n=0),CNKI (n=3), Wan Fang (n=156), Viper (n=4), SinMed (n=19)

Figure 1. The flow chart for determining the final literature included in the meta-analysis.484
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Table 1. Characteristics of the Studies Included in the Meta-analysis.485

Authors Site Year Language N Arsenic Dose Time Outcome Cell line

Huang,Huei-Sheng et al.[17] ser9 2011 English 3 As2O3 > 5 ≤24 1,2,3 A431,HaCaT

Tan,Zhen et al. [18] ser9 2019 English 3 As2S3 > 5 ≤24 1,2,3,5,6,7,8,9,10 PC12

Deng, L.J. et al [19] Total 2019 Chinese 3 As2S3 > 5 ≤24 1,2,3,5,6,9 PC12

Zhai, B. et al.[20] Total 2015 English 3 As2O3 ≤5 > 24 1,2,3,5 HepG2,HUH7

Lo, Rico K. H. et al.[14] Tyr-216 2014 English 3 As2O3 ≤5 ≤24 1,3 Jeko-1,Granta-519

Gao,Y.H. et al. [12] ser9 2014 English 3 As2O3 ≤5,>5 ≤24 1,2,3,4,5,6,8,11 SGC-7901

Wang,Rui et al. [21] ser9 2018 English 3 As2O3 ≤5 ≤24 1,2,5,6,12,13 MOLM13

Hossain, K. et al. [22] Total 2003 English 3
NaAsO2

> 5 ≤24 1 Jurkat

Zheng,Lei et al. [23] ser9 2016 English 3 As2O3 ≤5,>5 ≤24 1 LncaP,PC3

Guo, Wei et al.[24] Total 2014 English 3 NaAsO2 > 5 ≤24 1 MEFs

Wang, R. et al. [13] ser9 2013 English 3 As2O3 ≤5 ≤24 1,2,5,12,14 NB4,HL-60

Watcharasit, Piyajit et al.[25] ser9 2008 English 4 As2S3 > 5 ≤24 1,2,3,5,6 SH-SY5Y

You, P.D. et al. [26] Total 2017 Chinese 3 As2O3 > 5 ≤24 1,2,3,4,5,12 HL-60

Park,S. et al. [15] ser9 2019 English 3 As2O3 ≤5 ≤24 1,2,3,5,6,11,12 U937

Chen, P. et al. [27] Total 2019 English 3 As2O3 > 5 ≤24 1,12 HL-60,U937

Chen, Y. J. et al.[28] ser9 2018 English 3 As2O3 > 5 ≤24 1,2,3,4,5,6,7,8,11,12,13 U937

Chen, P. et al. [29] Total 2014 English 3 As2O3 ≤5 > 24 1,2 U937

Huang, C. H. et al.[30] ser9 2020 English 3 As2O3 > 5 ≤24 1,2,3,5,6,7,8,9,12,13 K562

Jin, J et al.[31] Total 2016 Chinese 3 As2O3 > 5 ≤24 1,2,3,4,5,11,12 U937

The number of parallel samples was represented by n in the experimental group; GSK-3β, serine/threonine kinase GSK-3, a486

multifunctional kinase; Akt, is a serine/threonine kinase and it participates in the key role of the PI3K signaling pathway; MCL-1,487

Myeloid cell leukemia-1, a member of antiapoptotic Bcl-2 family proteins, is a key regulator of mitochondrial homeostasis;488

caspase-3, is an apoptotic cysteine protease, is the main executioner of apoptosis; caspase-9, is a key player in the intrinsic or489

mitochondrial pathway; 1, GSK-3β; 2, Akt; 3, caspase-3; 4, caspase-9; 5, Bcl-2; 6, Bax; 7, ROS; 8, ΔψM loss rate; 9, Cyt C; 10,490

C-MYC; 11, PARP; 12, Mcl-1; 13, Bak.491
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492

Figure 2. The effect of arsenic on apoptosis-related proteins. SMD, standardized mean difference; PARP, poly ADP-ribose493

polymerase; caspase-3, cysteinyl aspartate specific proteinase-3; caspase -9, cysteinyl aspartate specific proteinase-9; Bcl-2,494

B-cell lymphoma 2 ;,Bax, Bcl-2-associated X protein. Mcl-1, myeloid cell leukemia-1; Bak, Bak BH3 peptide complex; ΔψM,495

mitochondrial membrane potential; Cyt c, cytochrome c; cyto, cytoplasmic; mito, Mitochondrial; (A) Risk of bias graph. This496

study included 19 articles with a low-risk rate of more than 75 percent. (B) The effect of arsenic on apoptosis-related proteins. (C)497

Bak, Mcl-1 and P-Mcl-1 expression in arsenic- exposed group and control group. (D) In the arsenic-exposed group and control498

group, the expression of the ΔψM loss rate, cytochrome C and mitochondrial cytochrome C.499
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500

Figure 3. The effect of arsenic on GSK-3β and p-GSK-3β. The forest plot shows the difference in the expression of GSK-3β and501

p-GSK-3β between the control group and the arsenic-exposed group. SMD, standardized mean difference; 95% CI, 95%502

confidence interval; GSK-3β,Glycogen Synthase Kinase 3β; (A) GSK-3β expression between the control group and the503

arsenic-exposed group. (B) The expression of p-GSK-3β between the control group and the arsenic-exposed group. (C) The504

effect of arsenic on GSK-3β (Ser9). (D) The effect of arsenic on GSK-3β(Ser9) downstream apoptotic factors; A, Mcl-1; B, ΔψM505

loss rate; C, cleaved -caspase3; D, pro-caspase -3; E, cleaved-caspase-9; F, pro-caspase-9.506
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507

Figure 4. The effect of arsenic on Akt and p-Akt. The forest plot shows the difference between Akt and p-Akt expression between508

the control group and the arsenic-exposed group. SMD, standardized mean difference; 95% CI, 95% confidence interval; Akt,509

protein kinase B; (A) the expression of Akt between the control group and the arsenic-exposed group. (B) the expression of510

P-Akt between the control group and the arsenic-exposed group. (C) GSK-3β expression between the arsenic-exposed group and511

the combined treatment group with arsenic and Akt agonist. (D) The expression of p-GSK-3β between the arsenic-exposed group512

and the combined treatment group with arsenic and Akt agonist. (E) The forest plot shows the difference in GSK-3β expression513

between the control group and the Akt inhibitor treatment group.514
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Figure 5. Subgroup analysis of arsenic exposure dose. SMD, standardized mean difference. GSK-3β, Glycogen Synthase Kinase515

3β; Akt, protein kinase B; Mcl-1, myeloid cell leukemia-1; Bak, Bak BH3 peptide complex; ΔψM, mitochondrial membrane516

potential; caspase-3, cysteinyl aspartate specific proteinase-3; Bax, Bcl-2-associated X protein; The two endpoints of the line517

segment represent the upper and lower limits of the 95% CI, respectively, the midpoint of the line segment represents the518

combined effect size (SMD). If the 95% CI contains 0, it means that the combined effect size is not statistically significant. (A)519

Subgroup analysis of arsenic exposure dose. (B) Subgroup analysis of arsenic exposure time. (C) Subgroup analysis of GSK-3β520

sites exposed to arsenic.521
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522

Figure 6. The dose-response relationship between arsenic and GSK-3β, p-GSK-3β, Akt, and p-Akt. The spline method in the523

random effect models was used to analyze the relationship between arsenic and GSK-3β, p-GSK-3β, Akt, and p-Akt. The dashed524

line represents 95% CI of the spline model, and the solid line represents the standardized mean difference. (A) The dose-effect525

relationship between arsenic and GSK-3β. (B) The dose-effect relationship between arsenic and p-GSK-3β. (C) The dose-effect526

relationship between arsenic and Akt. (D) The dose-effect relationship between arsenic and p-Akt.527
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528

Figure 7. The literature quality evaluation. (A) Sensitivity analysis of GSK-3β. (B) Funnel diagram of GSK-3β. The two slashes529

are the 95% confidence interval of the funnel chart, and the blue dashed line represents the standard mean deviation of the overall530

estimate after merging. SMD, standardized mean difference; SE, standard deviation.531
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Figure 8. Mechanism diagram of GSK-3β inducing apoptosis of malignant tumor cells through arsenic.532
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The �ow chart for determining the �nal literature included in the meta-analysis.



Figure 2

The effect of arsenic on apoptosis-related proteins. SMD, standardized mean difference; PARP, poly ADP-
ribose polymerase; caspase-3, cysteinyl aspartate speci�c proteinase-3; caspase -9, cysteinyl aspartate
speci�c proteinase-9; Bcl-2, B-cell lymphoma 2 ;,Bax, Bcl-2-associated X protein. Mcl-1, myeloid cell
leukemia-1; Bak, Bak BH3 peptide complex; ΔψM, mitochondrial membrane potential; Cyt c, cytochrome c;
cyto, cytoplasmic; mito, Mitochondrial; (A) Risk of bias graph. This study included 19 articles with a low-
risk rate of more than 75 percent. (B) The effect of arsenic on apoptosis-related proteins. (C) Bak, Mcl-1
and P-Mcl-1 expression in arsenic- exposed group and control group. (D) In the arsenic-exposed group
and control group, the expression of the ΔψM loss rate, cytochrome C and mitochondrial cytochrome C.



Figure 3

The effect of arsenic on GSK-3β and p-GSK-3β. The forest plot shows the difference in the expression of
GSK-3β and p-GSK-3β between the control group and the arsenic-exposed group. SMD, standardized
mean difference; 95% CI, 95%con�dence interval; GSK-3β,Glycogen Synthase Kinase 3β; (A) GSK-3β
expression between the control group and the arsenic-exposed group. (B) The expression of p-GSK-3β
between the control group and the arsenic-exposed group. (C) The effect of arsenic on GSK-3β (Ser9). (D)
The effect of arsenic on GSK-3β(Ser9) downstream apoptotic factors; A, Mcl-1; B, ΔψM loss rate; C,
cleaved -caspase3; D, pro-caspase -3; E, cleaved-caspase-9; F, pro-caspase-9.



Figure 4

The effect of arsenic on Akt and p-Akt. The forest plot shows the difference between Akt and p-Akt
expression between the control group and the arsenic-exposed group. SMD, standardized mean
difference; 95% CI, 95% con�dence interval; Akt, protein kinase B; (A) the expression of Akt between the
control group and the arsenic-exposed group. (B) the expression of P-Akt between the control group and
the arsenic-exposed group. (C) GSK-3β expression between the arsenic-exposed group and the combined
treatment group with arsenic and Akt agonist. (D) The expression of p-GSK-3β between the arsenic-
exposed group and the combined treatment group with arsenic and Akt agonist. (E) The forest plot shows
the difference in GSK-3β expression between the control group and the Akt inhibitor treatment group.



Figure 5

Subgroup analysis of arsenic exposure dose. SMD, standardized mean difference. GSK-3β, Glycogen
Synthase Kinase 3β; Akt, protein kinase B; Mcl-1, myeloid cell leukemia-1; Bak, Bak BH3 peptide complex;
ΔψM, mitochondrial membrane potential; caspase-3, cysteinyl aspartate speci�c proteinase-3; Bax, Bcl-2-
associated X protein; The two endpoints of the line segment represent the upper and lower limits of the
95% CI, respectively, the midpoint of the line segment represents the combined effect size (SMD). If the
95% CI contains 0, it means that the combined effect size is not statistically signi�cant. (A) Subgroup
analysis of arsenic exposure dose. (B) Subgroup analysis of arsenic exposure time. (C) Subgroup
analysis of GSK-3β sites exposed to arsenic.



Figure 6

The dose-response relationship between arsenic and GSK-3β, p-GSK-3β, Akt, and p-Akt. The spline method
in the random effect models was used to analyze the relationship between arsenic and GSK-3β, p-GSK-3β,
Akt, and p-Akt. The dashed line represents 95% CI of the spline model, and the solid line represents the
standardized mean difference. (A) The dose-effect relationship between arsenic and GSK-3β. (B) The
dose-effect relationship between arsenic and p-GSK-3β. (C) The dose-effect relationship between arsenic
and Akt. (D) The dose-effect relationship between arsenic and p-Akt.

Figure 7



The literature quality evaluation. (A) Sensitivity analysis of GSK-3β. (B) Funnel diagram of GSK-3β. The
two slashes are the 95% con�dence interval of the funnel chart, and the blue dashed line represents the
standard mean deviation of the overall estimate after merging. SMD, standardized mean difference; SE,
standard deviation.

Figure 8

Mechanism diagram of GSK-3β inducing apoptosis of malignant tumor cells through arsenic.
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