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Abstract 

Rationale: Selenium has been shown to have chemotherapeutic effects against cancer. However, 
the anti-cancer mechanism of selenium is not fully understood, and the role of hydrogen selenide 
(H2Se), which is a common metabolite of dietary selenium compounds, has not been elucidated due 
to the lack of detection methods. In this study, we revealed a new anti-cancer mechanism of selenite 
with the help of a H2Se fluorescent probe.  
Methods: HepG2 cells were cultured under a simulated tumor hypoxic microenvironment. The 
H2Se and H2O2 levels were detected by fluorescent probes in living cells and in mice. Autophagic and 
apoptotic proteins were detected by Western blotting. The redox of HMGB1 protein were 
analyzed by non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis. 
Results: After pharmacological doses of Na2SeO3 treatment of HepG2 cells under hypoxic 
conditions, high levels of H2Se were produced before cell death. The H2Se accumulation resulted in 
reductive stress instead of oxidative stress, which was induced by Na2SeO3 treatment under 
normoxic conditions. Furthermore, H2Se targeted the HMGB1 protein and induced cell autophagy. 
H2Se could interrupt the disulfide bond in HMGB1 and promote its secretion. The reduced HMGB1 
outside the cells stimulated cell autophagy by inhibiting the Akt/mTOR axis. Here, autophagy played 
a dual role, i.e., mild autophagy inhibited apoptosis, while excessive autophagy led to 
autophagy-associated cell death.  
Conclusions: These results show that H2Se plays a key role during HepG2 cell death induced by 
selenite. Our findings reveal a new anti-cancer mechanism of selenite and provide a new research 
area for selenium studies. 

 

Introduction 
H2Se is a common metabolite of dietary selenium 

compounds (selenite, SeMet, MeSeCys and 
CysSeSeCys)1, 2. Dietary selenium compounds 
significantly differ in their metabolic pathways and 
their abilities to produce various selenium 
metabolites, but their metabolic pathways intersect at 

a common metabolite, which has widely been 
identified as hydrogen selenide (H2Se)1. H2Se is a 
highly reducible selenide with very high volatility 
and reactivity that cannot be directly detected in cell 
and animal models. Selenium compounds may have a 
potential use in the prevention and treatment of 
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cancers3. However, the role of H2Se in selenium 
compound treatments for cancers has not been 
elucidated due to the lack of detection methods. In 
our previous study, we developed a specific 
fluorescent probe for the real-time monitoring of H2Se 
in living cells and in vivo4 (Fig. 1A). This probe can 
rapidly respond to H2Se with high selectivity and 
sensitivity. In this study, we reveal an important effect 
of H2Se during selenium treatment for cancer with the 
help of this fluorescent probe. 

Sodium selenite (Na2SeO3) is the first dietary 
selenium compound shown to produce H2Se during 
metabolism and is considered to have cancer 
treatment properties1. Therefore, we chose Na2SeO3 as 
the supplier of H2Se in this study. Na2SeO3 has 
anti-tumor effects, but the mechanisms are very 
complex and not fully understood. Previous studies 
have attributed the anti-cancer mechanism of Na2SeO3 
to oxidative stress5-8. Selenite is reduced to H2Se by 
glutathione reductase (GR); then, H2Se can rapidly 
react with O2 to form elementary selenium and 
superoxide anion radicals (O2.-), leading to DNA 
strand breaks and apoptosis in cancer cells9, 10 or 
resulting in a decrease in the mitochondrial 
membrane potential and release of cytochrome c into 
the cytosol, which then leads to cell apoptosis11,12. 
Although the anti-cancer mechanism of selenite has 
been under investigation for two decades, there are 
still inconsistencies between in vitro studies and 
clinical outcomes. The main reason for these 
differences is that the tumor microenvironment is 
very complicated, and most in vitro studies do not 
fully consider the influence of the tumor 

microenvironment on the experimental results. 
Hypoxia, which refers to low levels of O2, is a 

well-known feature of the microenvironment of solid 
tumors. It has been estimated that 50 to 60% of solid 
tumors contain regions of hypoxia due to the 
increased tumor size, abnormal growth of the tumor 
vasculature, and reduced oxygen concentration in the 
blood13-15. The intratumoral O2 levels in many solid 
tumors ranges between 5.3 and 14 mmHg (0.7-1.8%)16. 
In hepatocellular carcinoma (HCC), most regions 
inside the tumor have O2 values within the range of 
0-10 mmHg (0-1.32%)13,17. Clinical studies have shown 
that intratumoral hypoxia is closely related to the 
effect of chemotherapy. However, previous studies 
have overlooked this problem in most cases and 
tested cancer cells cultured in a normoxic 
environment in vitro, which provides sufficient O2 
levels to produce reactive oxygen species (ROS). 
Therefore, we question whether H2Se produced by 
selenium metabolism could completely react with 
oxygen to produce ROS under hypoxic conditions. 

Here, we chose human hepatocellular carcinoma 
HepG2 cells to reveal the important role of H2Se 
produced by Na2SeO3 under hypoxia (1% O2). Once 
HepG2 cells were treated with pharmacological doses 
of Na2SeO3 under hypoxic conditions, high levels of 
H2Se were produced, but no obvious increase in ROS 
was observed. The H2Se accumulation resulted in 
reductive stress in cells and a reduction in HMGB1 
protein. The reduced HMGB1 was secreted and 
promoted cell autophagy, eventually leading to 
autophagy-associated cell death via the inhibition of 
Akt/mTOR phosphorylation. 

 

 
Figure 1. H2Se fluorescent probe and the cytotoxicity of Na2SeO3 in HepG2 cells. (A) Probe used to detect H2Se. (B, C, D and E) HepG2 cells were treated with 
different concentrations of Na2SeO3 for 24 h under hypoxic conditions (1% O2) or normoxic conditions (20% O2). Cell viabilities were determined by an MTT assay 
(B). Cell death was measured by LDH release assay (C) and Typan blue staining analysis (E). Morphological changes were observed under an inverted microscope 
(Olympus, Japan) (D). (*p< 0.05, **p< 0.01, ***p< 0.001, t test). 
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Materials and Methods 
Cell culture 

Hepatocellular carcinoma HepG2 cells were 
obtained from the Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China) and 
cultured in DMEM supplemented with 10% FBS at 37 
°C in a humidified atmosphere of 95% air (20% O2) 
and 5% CO2. For simulating the tumor microenviron-
ment, cells were cultured in a mixture containing 1% 
O2, 94% N2 and 5% CO2 using Bugbox M (Ruskinn, 
England). 

Reagents and antibodies 
Sodium selenite (Na2SeO3) and 3-(4,5-dimethyl- 

2-thiazolyl)-2,5-diphnyl-2H-tetrazolium bromide (MT 
T) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). NADP/NADPH Assay Kit (ab 65349) was 
obtained from Abcam (Cambridge, MA, USA). GSH/ 
GSSG Assay Kit, total Superoxide Dismutase Assay 
Kit and Catalase Assay Kit were from Beyotime 
(Shanghai, China). Recombinant human high-mobil-
ity group protein B1 (HMGB1) was from ProSpec- 
Tany (Israel). Anti-LC3 (16 kDa, 14 kDa), anti-p62 (62 
kDa), anti-cleaved caspase 9 (35 kDa), anti-cleaved 
caspase3 (17 kDa), anti-AKT (60 kDa), anti-p-AKT 
(ser473) (60 kDa), anti-p-AKT (thr308) (60 kDa), 
anti-mTOR (289 kDa), anti-p-mTOR (ser2448) (289 
kDa) and anti-Histone H3 (17 kDa) antibodies were 
from Cell Signaling Technology (Danvers, MA, USA). 
Anti-superoxide dismutase 1 (18 kDa), anti-catalase 
(60 kDa), anti-HMGB1 (25 kDa), anti-caspase9 (46 
kDa), anti-caspase3 (35 kDa) antibodies and the 
secondary antibody were from Abcam (Cambridge, 
MA, USA). 

Cell viability assay and LDH release assay 
The cytotoxicity of Na2SeO3 to HepG2 cells 

under normoxic (20% O2) and hypoxic (1% O2) 
conditions was evaluated by MTT assays. Briefly, 
HepG2 cells were seeded in 96-well flat-bottom 
microtiter plates at a density of 20,000 cells/mL with 
100 μL per well and incubated for 24 h at 37 °C. Then, 
cells were exposed to different concentrations of 
Na2SeO3 under normoxic and hypoxic conditions for 
24 h. 20 μL MTT solution (5 mg/mL) was added to 
each well and incubated at 37 °C for 4 h. The 
supernatant was discarded, and 100 μL DMSO was 
added to each well to dissolve the crystals. 
Absorbance was recorded at a wavelength of 490 nm 
with a microtiter plate reader (Bio-Tek ELX800, 
Winooski, VT, USA). LDH release assay was 
measured according to LDH cytotoxicity assay kit 
(Beyotime Biotechnology, China) according to the 
manufacturer’s instructions. At least three replicates 

were carried out for each treatment.  

Fluorescence imaging in living cells 
The fluorescence of H2O2 and H2Se was detected 

by confocal microscopy. HepG2 cells were grown on 
15 mm glass-bottom culture dishes. After treatment 
with Na2SeO3, the cells were incubated with 10 μM 
H2O2 probe or 10 μM H2Se probe in FBS-free DMEM 
medium at 37 °C for 15 min and then washed three 
times with PBS buffer. Then, the cells were imaged 
immediately using a confocal microscope (×40) with 
532 nm excitation and 600-700 nm collection for H2O2 
and 633 nm excitation and 650–750 nm collection for 
H2Se. 

Tumor model preparation 
All animal experiments were carried out 

according to the Principles of Laboratory Animal Care 
(People's Republic of China) and the Guidelines of the 
Animal Investigation Committee, and approved by 
the local Animal Care and Use Committee. 
Eight-week-old Kunmin mice were purchased from 
the Shanghai SLAC Laboratory Animal Co., Ltd. 
1×107 hepatocellular carcinoma H22 cells derived 
from mice were injected into the enterocoelia of one 
mouse, and ascites were formed after 5-7 days, which 
were then used after three passages. Eight-week-old 
mice received a subcutaneous injection of H22 ascites 
tumor cells into the axillary lateral subcutaneous of 
their left forelimbs at a density of 1×107 cells/mL with 
100 μL per mice. After 5 days, these mice were given 
different concentrations of Na2SeO3 through oral 
administration for different times. Tumor volume was 
measured using digital calipers and calculated as: 
volume = 0.5 × (length×width2) 18.  

Fluorescence imaging in vivo 
After administration of 0-10 mg/kg of Na2SeO3 

via oral administration for 10 days, the mice were 
subcutaneously injected with an H2O2 probe or H2Se 
probe and incubated for 30 min. The fluorescence 
images were obtained using an in vivo imaging system 
(IVIS) with 532 nm excitation and 600-700 nm 
collection for H2O2, and 633 nm excitation and 
650–750 nm collection for H2Se. 

Measurement of SOD and CAT activities 

Tumor-bearing mice were treated with 0-10 
mg/kg of Na2SeO3 through oral administration for 10 
days. The tumor tissues were harvested and 
homogenized on ice. Total SOD and CAT activities 
were measured using a Total Superoxide Dismutase 
Assay Kit with NBT (Beyotime Biotechnology) and a 
Catalase Assay Kit (Beyotime Biotechnology), 
respectively. The assays were performed according to 
the instructions provided by the manufacturer. 
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NADPH and GSH detection 
Tumor-bearing mice were treated with different 

concentrations of Na2SeO3 through oral administra-
tion for 10 days. The tumor tissues (approximately 50 
mg) were then harvested and washed with cold PBS. 
The tissues were homogenized on ice using a Dounce 
homogenizer (30-50 passages) with 500 μL of 
NADP/NADPH extraction buffer. The samples were 
transferred to a tube and centrifuged at 14,000 rpm at 
4 °C for 5 min. Then, the extracted NADP/NADPH 
supernatant was transferred into a 10 kD Spin 
Column (ab 93349) and centrifuged at 10,000×g for 20 
min at 4 °C to remove the enzymes contained in 
tissues that can consume NADPH rapidly. Then, the 
samples were assayed according to the instructions of 
the NADP/NADPH Assay Kit (colorimetric) (ab 
65349). Samples preparation for GSH detection was 
similar to the above, and the samples were assayed 
according to the instructions of the GSH/GSSG Assay 
Kit (Beyotime Biotechnology). 

HMGB1 ELISA assays 
HepG2 cells were exposed to 10 μM Na2SeO3 

under hypoxic conditions or 5 μM Na2SeO3 under 
normoxic conditions for different time (0-24 h). After 
treatment, the supernatants of each well were harves-
ted and analyzed for HMGB1 levels using an HMGB1 
ELISA kit (Shino-TestCorporation, Kanagawa, Japan) 
according to the manufacturers’ instructions. Simulta-
neously, the cells of each well were also collected and 
lysed to test the intracellular HMGB1 levels by 
Western blot analysis. 

Western blot analysis 
After treatment, HepG2 cells were harvested and 

lysed using 100 μL of lysis buffer (50 mM Tris, pH 7.4, 
150 mM NaCl, 1% Triton X-100, 1% sodium deoxych-
olate, 0.1% SDS, EDTA, Complete protease inhibitor) 
for 15 min at 4 °C. The lysates were centrifuged at 
15,000 rpm for 15 min at 4 °C. The supernatants were 
transferred to a new tube and quantified by BCA 
Assay Kit (P0009) (Beyotime, China). An equal 
amount of protein was separated by SDS-PAGE (12%) 
and transferred to PVDF membranes. After the 
membrane was blocked with 5% non-fat dried milk 
for 2 h, it was incubated with the desired primary 
antibodies overnight at 4 °C. Then, the membrane was 
incubated with HRP-conjugated IgG secondary 
antibodies for 2 h. Chemiluminescence was detected 
using the Western Blotting Detection System 
(ImageQuant LAS 500). For quantification of equal 
loading, the membrane was reprobed with Histone 
H3 antibody. 

Transmission electron microscopy (TEM) 
HepG2 cells were exposed to Na2SeO3 for 

different time (0-24 h) under hypoxic and normoxic 
conditions. After treatment, cells were harvested and 
fixed according to our previous report19. The data 
were then analyzed by TEM. 

H2Se interrupts the disulfide bond in HMGB1 
Exogenous H2Se was prepared according to our 

previous report4. Briefly, Al2Se3 reacted with H2O in 
an N2 atmosphere for 30 min, then, the aqueous 
solution containing H2Se was used for the experiment. 
HMGB1 proteins were dissolved in sterile 18 MΩ-cm 
H2O not less than 100 µg/ml, which can then be 
further diluted to other aqueous solutions. To 
examine whether H2Se can interrupt the disulfide 
bond in HMGB1, 10 μg protein samples were 
incubated with sodium dodecyl sulfate (SDS) sample 
buffer ( 4% SDS, 40% Glycerol, 0.032% Bromophenol 
blue, 40 mM Tris-HCl PH 8.0 ) containing 2 mM H2Se 
or 200 mM DTT for 30 min, respectively; the mixture 
was then separated by non-reducing SDS-PAGE (12% 
gel). The gel was run at 90 V for 2 h followed by 
staining with Coomassie blue. The image was 
acquired using a gel imaging system (ImageQuant 
LAS 500).  

Statistical analysis 
Data were analyzed using GraphPad Prism 5.0 

software. Student t test (two-tailed) was used for 
single comparisons. All data are presented as mean ± 
SEM, data were considered statistically significant 
when p < 0.05, where *: p<0.05; **: p<0.01; ***: p<0.001. 

Results  
Na2SeO3 has different cytotoxicity under 
hypoxic conditions and normoxic conditions 

To investigate the different effects of Na2SeO3 
under hypoxia and normoxia, we evaluated the cell 
viability of HepG2 cells treated with Na2SeO3 under 
hypoxic conditions (1% O2) and normoxic conditions 
(20% O2), respectively. After the HepG2 cells were 
treated with different concentrations of Na2SeO3 for 
24 h, the semi-inhibitory concentration (IC50) of 
Na2SeO3 under the hypoxic conditions was 
approximately 10 μM. However, under the normoxic 
conditions, the IC50 was 5 μM (Fig. 1B) (the IC50 

concentration was used in the subsequent 
experiments). The cell death assay and morphological 
observations revealed that after the treatment with 5 
μM of Na2SeO3 for 24 h, about half of the cells 
cultured under the normoxic conditions died, while 
the cells cultured under the hypoxic conditions 
displayed minimal cell death. When the concentration 



 Theranostics 2019, Vol. 9, Issue 6 
 

 
http://www.thno.org 

1798 

of Na2SeO3 was increased to 10 μM, most cells under 
the normoxic conditions died, while only 
approximately half of the cells under the hypoxic 
conditions died (Fig. 1C, D and E). Remarkably, 
numerous vacuoles appeared inside the undead cells 
under the hypoxic conditions (Fig. 1D). These results 
suggest that the anti-cancer mechanism of Na2SeO3 
under hypoxia may differ from that under normoxia. 

Na2SeO3 does not induce oxidative stress 
under hypoxic conditions 

Several previous studies have shown that 
Na2SeO3 can induce cell apoptosis through oxidative 
stress5,7. Thus, we assessed whether oxidative stress 
was induced by Na2SeO3 in the process of cell death 
under the hypoxic conditions. In this experiment, a 
previously described H2O2 probe20,21 (Fig. S1) was 
employed because of its high selectivity and 
sensitivity. HepG2 cells were exposed to 10 μM 
Na2SeO3 for 0-24 h or 0-10 μM Na2SeO3 for 6 h under 
hypoxic conditions, and then, the cells were incubated 
with the H2O2 probe for 15 min. Negligible H2O2 
intracellular background fluorescence was observed 
under the hypoxic conditions (Fig. 2A, B). Conversely, 
under the normoxic conditions, the fluorescence 
intensity increased after the cells were treated with 
0-10 μM Na2SeO3 for 6 h (Fig. 2C). These results 
confirm that Na2SeO3 exhibits a pro-oxidant function 
under normoxic conditions. However, under the 
hypoxic conditions, no oxidative stress was involved 
in the process of Na2SeO3-mediated HepG2 cell death. 
To further confirm these findings, we conducted a 
similar experiment in vivo. Tumor-bearing mice were 
orally treated with different concentrations of 
Na2SeO3 for 10 days. Then, the mice were 
subcutaneously injected with 10 μM of the H2O2 
probe, and fluorescence images were obtained using 
an in vivo imaging system after 30 min. The 
fluorescence signals of H2O2 were not enhanced in the 
Na2SeO3 treatment groups (Fig. 2D). These findings 
support the in vitro results obtained using the HepG2 
cells showing that no oxidative stress was involved in 
the Na2SeO3-induced cell death. 

Furthermore, two antioxidant enzymes, 
superoxide dismutase (SOD) and catalase (CAT), 
were detected. Tumor-bearing mice were orally 
treated with different concentrations of Na2SeO3 for 
10 days. The tumor tissues were obtained to detect the 
protein expression and enzyme activity of SOD and 
CAT. Immunoblot analysis revealed that the Na2SeO3 
treatment did not cause changes in the expression of 
SOD and CAT (Fig. 2E). Consistent with these 
observations, the enzyme activities of SOD and CAT 
also showed minimal changes after the mice were 
treated with different concentrations of Na2SeO3 (Fig. 

2F and G). 

Na2SeO3 induces reductive stress by 
the accumulation of H2Se 

Na2SeO3 can be reduced to H2Se by GSH and 
other reduction systems1. In our previous work, we 
reported the synthesis of a novel small-molecule 
fluorescent probe (NIR-H2Se) for the detection of 
H2Se4. NIR-H2Se can rapidly respond to H2Se with a 
high selectivity and has been successfully used for 
detecting endogenous H2Se both in vitro and in vivo. In 
this study, we used the probe to observe the H2Se 
levels produced by Na2SeO3 metabolism during cell 
death. HepG2 cells were exposed to 0-10 μM Na2SeO3 
for 12 h or 10 μM Na2SeO3 for 0-24 h under hypoxic 
conditions. After treatment, the cells were loaded with 
10 μM NIR-H2Se for 15 min. The results indicate that 
the HepG2 cells treated with 0-10 μM Na2SeO3 had a 
concentration-dependent increase in fluorescence, 
and a nearly 4-fold increase in the fluorescence 
intensity was observed in the 10 μM group compared 
with that in the control group (Fig. 3A). Additionally, 
after the HepG2 cells were treated with 10 μM 
Na2SeO3 for 0-12 h, the fluorescence intensity was also 
enhanced in a time-dependent manner. However, 
when the treatment was extended to 24 h, the 
fluorescence intensity decreased due to the cell was 
going to die (Fig. 3B). Cell death analysis results 
showed that approximately half of the HepG2 cells 
died after 10 μM Na2SeO3 treatment for 24 h (Fig. 3C 
and D). These results indicate that H2Se is produced 
before cell death. In contrast, after the HepG2 cells 
were exposed to 0-10 μM Na2SeO3 for 12 h under the 
normoxic conditions, the cells exhibited much lower 
fluorescence compared with that under the hypoxic 
conditions (Fig. 3E), which may be due to the rapid 
oxidation of H2Se in the aerobic environment9.  

Further support for above phenomenon under 
the hypoxic conditions was provided by the in vivo 
experiment. Tumor-bearing mice were treated with 
different concentrations of Na2SeO3 via oral administ-
ration for 10 days. Then, the mice received a 
subcutaneous administration of the NIR-H2Se probe 
(10 μM) into the tumor. The probe was incubated for 
30 min before the fluorescence images were obtained 
using an in vivo imaging system. As a result, the 
fluorescence signal of the probe was substantially 
increased in the Na2SeO3 treatment groups (Fig. 3F). 
Furthermore, we tested the NADPH levels and GSH 
levels in the tumor tissues in parallel mouse 
experiments. The NADPH levels were significantly 
increased in a dose-dependent manner in the Na2SeO3 
treatment groups (Fig. 3G). Consistent with the 
NADPH results, the GSH levels were also increased in 
the Na2SeO3 treatment groups (Fig. 3H). H2Se, 
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NADPH and GSH are three highly reactive reducible 
molecules, and excess NADPH and/or GSH is a 
marker of reductive stress22-24. Several studies have 
reported that reductive stress can also cause body 
damage and lead to cell death22,25. Our tumor volume 
measurement experiments indicated that Na2SeO3 
could significantly inhibit tumor growth in a dose- 
and time-dependent manner (Fig. 3I and 3J). 
Therefore, here, we propose that the cell death 
induced by Na2SeO3 under the hypoxic conditions in 
vitro and the liver cancer growth inhibition in vivo 
may be attributed to reductive stress caused by 
the accumulation of H2Se.  

H2Se targets the redox of the HMGB1 protein 
and activates cell autophagy  

Our data indicate that H2Se may play a key role 
in the cell death caused by Na2SeO3. Subsequently, we 
elucidated the anticancer mechanism of H2Se. Because 
H2Se is a highly reactive and reducible molecule, we 
first considered its effect on redox proteins. High- 
mobility group protein B1 (HMGB1) is a 
redox-sensitive protein containing three cysteines 
(Cys23, 45, and 106), and the two Cys23-Cys45 
residues can form an intramolecular disulfide bond26. 
The activity of HMGB1 strongly depends on its redox 
state27. In addition, the HMGB1 protein is both a 
nuclear factor and a secreted protein associated with 
cell survival and death28. In the nucleus, HMGB1 acts 
as a non-histone architectural chromatin-binding 
factor that bends DNA and promotes protein 
assembly in specific DNA targets29, 30. HMGB1 is also 
a secreted protein that can be secreted from cells in 
response to damage or stress and functions as an 
extracellular signaling molecule in cell survival/death 
pathways31, 32. Therefore, we hypothesize that 
HMGB1 is a target of H2Se. 

Subsequently, we examined the intracellular and 
extracellular HMGB1 levels under hypoxic conditions 
and normoxic conditions. HepG2 cells were treated 
with IC50 concentrations of Na2SeO3 for 0-24 h under 
hypoxic conditions and normoxic conditions, respect-
ively. The cells were then harvested and lysed to 
assess the intracellular HMGB1 protein levels. The 
data showed that the intracellular HMGB1 protein 
levels were down-regulated significantly in the 
Na2SeO3 treatment group in a time-dependent 
manner under the hypoxic conditions, while there 
was less reduction under the normoxic conditions 
(Fig. 4A). Simultaneously, the culture supernatants 
were also collected, and the extracellular HMGB1 
levels were analyzed by ELISA. We found that the 
extracellular HMGB1 levels increased obviously in a 
time-dependent manner under the hypoxic 
conditions. In comparison, under the normoxic 

conditions, the HMGB1 levels also showed an 
increasing trend over time but were lower than those 
observed under the hypoxic conditions (Fig. 4B). 
These results indicate that intracellular HMGB1 is 
released outside the cell after HepG2 cells are treated 
with Na2SeO3 under both hypoxic and normoxic 
conditions; however, the released amount under the 
hypoxic conditions is higher than that under the 
normoxic conditions. 

The activity of the secreted/released HMGB1 
depends on its redox state26,27. Previous reports have 
shown that reduced exogenous HMGB1 can increase 
autophagy and that oxidized HMGB1 increases 
apoptosis33-35. Therefore, we investigated whether 
autophagy was induced after HepG2 cells were 
treated with Na2SeO3 under hypoxic conditions. 
HepG2 cells were exposed to IC50 concentrations 
(10μM) of Na2SeO3 for 0-24 h under hypoxic 
conditions. Simultaneously, the same treatment was 
applied under normoxic conditions for comparison. 
After treatment, the cells were harvested and lysed. 
Then, the LC3 and p62 proteins, a pair of autophagy 
markers, were assessed. Immunoblot analysis 
revealed that the Na2SeO3 treatment resulted in a 
drastic conversion of LC3 I/II and down-regulation of 
p62 in a time-dependent manner during the process of 
cell death. In contrast, the characteristic autophagy- 
related events were observed less under the normoxic 
conditions (Fig. 4C, Fig. S2A and B). The transmission 
electron microscopy results showed that the Na2SeO3 
treatment caused the accumulation of autophagoso-
mes and/or autolysosomes in a time-dependent 
manner under hypoxic conditions, comparatively, 
there were only mild autophagy appeared under 
normoxic conditions (Fig. 4D). Moreover, chloroquine 
(CQ) and 3-methyladenine (3-MA), which are two 
autophagy inhibitors, inhibited the autophagy 
process successfully (Fig. 4E), indicating that an 
autophagic flux occurred under the hypoxic 
conditions. At the same time, two apoptosis-related 
markers, i.e., caspase-9 and caspase-3, were also 
detected. The Na2SeO3 treatment for 12-24 h 
significantly increased the levels of cleaved caspase-9 
and cleaved caspase-3 under the normoxic conditions. 
However, under the hypoxic conditions, the Na2SeO3 
treatment resulted in a mild increase in cleaved 
caspase-9 and cleaved caspase-3 (Fig. 4C, Fig. S2C and 
D). These data indicate that Na2SeO3 mainly induces 
cell apoptosis under normoxic conditions but 
activates cell autophagy under hypoxic conditions, 
suggesting that under hypoxic conditions, the 
released HMGB1 may exist in the reduced form, while 
under normoxic conditions, it should exist in the 
oxidized form. 

To further identify the redox state of the released 
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HMGB1 under hypoxic and normoxic conditions, we 
treated HepG2 cells with recombinant HMGB1 
proteins. A portion of the protein was subjected to 
dithiothreitol (DTT), which is a well-known thiol- 
based protein disulfide reducing agent, to obtain 
reduced HMGB1, and another portion was exposed to 
H2O2 to obtain oxidized HMGB1. As shown in Fig. 4F, 
under hypoxia, the treatment with reduced HMGB1 
induced LC3-II formation and reduced the expression 

of p62. There was no significant change in the 
expression of cl Caspase9 and cl Caspase3. Conver-
sely, oxidized HMGB1 led to obviously increased 
levels of cl Caspase9 and cl Caspase3, but the LC3-II 
and p62 levels did not significantly change. These 
results indicate that reduced HMGB1 promotes 
autophagy, while oxidized HMGB1 promotes 
apoptosis in HepG2 cells, which is consistent with 
previous studies33,34. 

 

 
Figure 2. Detection of oxidative stress. (A) HepG2 cells were exposed to 10 μM Na2SeO3 for 0-24 h under hypoxic conditions (1% O2) and then incubated with 10 
μM of the H2O2 probe for 15 min before the fluorescence images were obtained using confocal microscopy. (B and C) HepG2 cells were exposed to 0-10 μM 
Na2SeO3 for 6 h under hypoxic conditions (1% O2) or normoxic conditions (20% O2), and then, the cells were incubated with 10 μM of the H2O2 probe for 15 min 
before the fluorescence images were obtained using confocal microscopy. The fluorescence intensity of Figure A, B and C was quantified based on the results of the 
relative fluorescence intensity of per cell in the scanned area. (D) Tumor-bearing mice were treated with 0-10 mg/kg Na2SeO3 for 10 days, and then, 10 μM H2O2 
probe was subcutaneously injected into the tumor for 30 min before the fluorescence was analyzed using an in vivo imaging system. (E, F and G) After tumor-bearing 
mice were treated with 0-10 mg/kg Na2SeO3 for 10 days, the tumor tissues were harvested and lysed for CAT and SOD protein expression detection by western-blot 
assay with Histone H3 as an internal reference for protein standardization (E), and for CAT and SOD activity detection (F and G). The scale bar in all fluorescence 
images of cells is 50 μm. 
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Figure 3. Detection of reductive stress. (A) HepG2 cells were exposed to 0-10 μM Na2SeO3 for 12 h under hypoxic conditions (1% O2) and then incubated with 10 
μM of the H2Se probe for 15 min before the fluorescence images were obtained using confocal microscopy. (B) HepG2 cells were exposed to 10 μM Na2SeO3 for 
0-24 h under hypoxic conditions (1% O2), and then, the H2Se probe was added using the method described in (A). The fluorescence images were obtained using 
confocal microscopy. The fluorescence intensity of Figure A and B was quantified based on the results of the relative fluorescence intensity of per cell in the scanned 
area. (C and D) HepG2 cells were exposed to 10 μM Na2SeO3 for 0-24 h under hypoxic conditions (1% O2), the cytotoxicity of Na2SeO3 was observed under an 
inverted microscope (C), then, the cells were collected and stained by trypan blue (D). (E) HepG2 cells were exposed to 0-10 μM Na2SeO3 for 12 h under normoxic 
conditions (20% O2), and then, the H2Se probe was added using the method described in (A). The fluorescence images were obtained using confocal microscopy and 
the fluorescence intensity was quantified as described in (A and B). (F) Tumor-bearing mice were treated with 0-10 mg/kg Na2SeO3 for 10 days, and then, 10 μM 
NIR-H2Se probe was subcutaneously injected into the tumor for 30 min before the fluorescence was analyzed using an in vivo imaging system. (G and H) 
Tumor-bearing mice were treated with 0-10 mg/kg Na2SeO3 for 10 days, and then, the tumor tissues were harvested for the NADPH/NADPHt and GSH/GSHt ratio 
detection. (I) Tumor-bearing mice were treated with 0-10 mg/kg Na2SeO3 for 10 days, then, the tumor tissues were taken out and photographed. (J) While the 
tumor-bearing mice were treated with 0-10 mg/kg Na2SeO3 for different days, the tumor volumes were measured using digital calipers. (*p< 0.05, **p< 0.01, ***p< 
0.001, t test). The scale bar in all fluorescence images of cells is 50 μm. 
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Figure 4. HMGB1 protein analysis and cell autophagy detection. (A and B) HepG2 cells were treated with 10 μM Na2SeO3 under hypoxic conditions (1% O2) or 5 
μM Na2SeO3 under normoxic conditions (20% O2) for 0-24 h, respectively; then, the cells were collected to detect the intracellular HMGB1 levels by western blot 
assay (A), and the culture supernatants were collected to test the extracellular HMGB1 levels by ELISA (B) (*p< 0.01, **p< 0.01, t test). (C) The cell treatment 
methods are the same as those described in (A). After treatment, the cells were harvested and lysed to detect the LC3, p62, clCaspase 9 and clCaspase 3 levels by 
western-blot analysis with Histone H3 as an internal reference. (D) HepG2 cells were treated with 10 μM Na2SeO3 under hypoxia or 5 μM Na2SeO3 under normoxia 
for 6-24 h, then the formation of autophagosomes and autolysosomes was assessed by transmission electron microscopy. Red arrow indicating autophagosome or 
autolysosome. (E) Under hypoxic conditions, HepG2 cells were incubated with the autophagy specific inhibitor CQ (10 μM) for 3 h or 3-MA (5 mM) for 1 h, followed 
by treatment with 10 μM Na2SeO3 for 24 h. After treatment, the cells were collected to detect the LC3 and p62 levels by western-blot analysis. (F) Under hypoxic 
conditions, HepG2 cells were treated with 10 μg/mL reduced HMGB1 or 10 μg/mL oxidized HMGB1 for 24 h, respectively; then, the cells were harvested and lysed 
to detect the LC3, p62, clCaspase 9 and clCaspase 3 levels by western-blot analysis. “R” represents reduced HMGB1, and “O” represents oxidized HMGB1. 

 
According to the above results, we believe that 

the released HMGB1 after Na2SeO3 treatment under 
hypoxia should be in the reduced form, and the 
reduction of HMGB1 may be attributed to the strong 
reduction of H2Se. To determine whether H2Se could 
interrupt the Cys23-Cys45 disulfide bond in HMGB1, 
an in vitro simulation system experiment was 
performed. Because the redox states of proteins can be 
monitored by mobility shift 36-38, we tested whether 
H2Se could interrupt the disulfide bond in HMGB1 
using non-reducing sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). In 
this experiment, we used the strong reducing agent 
DTT for comparison. Similar to the DTT-treated 
group, the protein incubated with H2Se showed an 
electrophoretic mobility that was smaller than that in 
the group without H2Se (Fig. 5A). These results 
demonstrate that H2Se could interrupt the disulfide 
bond contained in HMGB1. To further prove that 
H2Se can transform the disulfide bond to the 
mercapto groups in proteins, we tested the lysozyme, 
which contains four disulfide bonds, by an ESSI-MS 
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analysis. After adding H2Se to the lysozyme, all 
disulfide bonds were interrupted and formed eight 
mercapto groups (Fig. S3). Thus, we speculated that 
the secreted HMGB1 protein under hypoxic 
conditions in the above experiment (Fig. 4B) should 
exist in its reduced form and that the reduction in 
HMGB1 is attributed to the accumulation of H2Se 
produced by Na2SeO3. Then, the reduced HMGB1 
promotes autophagy. 

To further determine the relationship between 
H2Se and autophagy, we removed H2Se with oxidized 
DTT (oxDTT) and observed the change in autophagy. 
HepG2 cells were incubated with Na2SeO3 (10 μM) 
and oxDTT (100 μM) for 12 h under hypoxic 
conditions. After the treatment, a fraction of the cells 
was loaded with 10 μM NIR-H2Se for 15 min and 
submitted to a fluorescence analysis. As shown in Fig. 
5B, the enhanced fluorescence intensity of H2Se 
induced by Na2SeO3 was markedly decreased by 
oxDTT, indicating that oxDTT can clear H2Se. Another 
fraction of the cells was collected for a western-blot 
analysis. The results showed that the Na2SeO3- 
induced increase in the protein expression of LC3-II 
was obviously reversed by oxDTT (Fig. 5C). These 
results further indicate that H2Se induces autophagy 
in HepG2 cells under the hypoxic conditions. 

H2Se-mediated autophagy can inhibit 
apoptosis and result in autophagy-associated 
cell death 

To investigate the role of autophagy in selenite- 
induced cell death, HepG2 cells were incubated with 
the autophagy specific inhibitor CQ (10 μM) for 3 h, 
followed by treatment with Na2SeO3 under hypoxic 
conditions. After treatment, the cells were collected 
and submitted to a western-blot analysis and MTT 
assay. The results showed that CQ blocked the 
progression of autophagy by blocking the fusion of 
autophagosomes and lysosomes to upregulate LC3-II 
expression (Fig. 4E). Furthermore, MTT assay 
revealed that compared with the Na2SeO3 treatment 
alone, the CQ-pretreatment enhanced the inhibitory 
effect of Na2SeO3 on cell viability when HepG2 cells 
were treated with 10 μM Na2SeO3 for 6-12 h. In 
contrast, when the Na2SeO3 treatment time was 
extended to 24-48 h, the CQ-pretreatment weakened 
the effect of Na2SeO3 (Fig. 6A). Similarly, after treating 
the HepG2 cells with 5-7.5 μM Na2SeO3 for 24 h, the 
CQ-pretreatment boosted the cell growth inhibition of 
Na2SeO3. However, as the concentration of Na2SeO3 
increased to 10-20μM, the CQ-pretreatment attenua-
ted the inhibitory effect of Na2SeO3 (Fig. 6B). To 
observe the relationship between autophagy and 
apoptosis induced by selenite, we also tested the 
activity of caspases. After the HepG2 cells were 

treated with 10 μM Na2SeO3 for 12 h, the CQ- 
pretreatment significantly enhanced the activity of 
caspase 3 and caspase 9 compared with that following 
the Na2SeO3 treatment alone (Fig. 6C and D). Howev-
er, the CQ-pretreatment only caused a mild increase 
in caspase 3 and caspase 9 activities when Na2SeO3 
treatment time was extended to 24 h (Fig. 6C and D). 
These observations indicate that the autophagy indu-
ced by H2Se plays a dual role. Mild autophagy can 
inhibit cell apoptosis, and autophagy plays a cytopro-
tective role. However, excessive autophagy leads to 
autophagy-associated cell death, and, autophagy and 
apoptosis simultaneously promote cell death. 

H2Se activates autophagy by inhibiting 
Akt/mTOR phosphorylation in HepG2 cells 

Subsequently, we examined the upstream targets 
of autophagy signaling to further illuminate the 
mechanism of H2Se-induced autophagy. It has been 
demonstrated that blocking the Akt/mTOR axis 
stimulates autophagy39. Therefore, we examined 
whether the Akt/mTOR pathway was inhibited in 
selenite-treated liver cancer cells. HepG2 cells were 
treated with 10 μM Na2SeO3 for 0-24 h under hypoxic 
conditions. The western blot analysis showed that the 
phosphorylation of Akt (Ser473 and Thr308) was 
attenuated by Na2SeO3 in a time-dependent manner, 
while the total protein levels of Akt remained 
unchanged compared to those in the control (Fig. 6E). 
Moreover, Na2SeO3 suppressed the phosphorylation 
of mTOR (Ser2448) without affecting its total protein 
expression (Fig. 6E). These results suggest that the 
Akt/mTOR signaling pathway is inhibited by 
Na2SeO3. 

Discussion 
Selenium is an essential trace element involved 

in different physiological functions in the human 
body and has both cancer preventive and cancer 
treatment properties. Selenium plays a possible role in 
cancer prevention largely because of its antioxidant 
properties40. As a component of antioxidant seleno-
proteins (e.g., glutathione peroxidase), selenium can 
have antioxidant effects by reducing the formation of 
free radicals and reactive oxygen species1, 41. Most 
importantly for this study, selenium is considered to 
have cancer treatment properties. Previous studies 
have shown that the cytotoxicity and anti-cancer 
activity of selenium are mainly attributed to its 
prooxidant action, including the oxidation of protein 
thiols and ROS generation1,7. The generation of ROS 
by selenium has been well-documented by in vitro 
studies, but the ultimate source of ROS generation 
and the mechanism responsible for exerting 
selenium’s proapoptotic effects are uncertain1. 



 Theranostics 2019, Vol. 9, Issue 6 
 

 
http://www.thno.org 

1804 

Notably, previous studies have tested cancer cells 
cultured in a normoxic environment in vitro, which 
provides sufficient O2 levels. However, the solid 
tumor microenvironment is known to be hypoxic (low 
levels of O2)42,43. Thus, whether selenium promotes 
cell death by producing ROS in a hypoxic 
environment is unclear.  

In this study, we investigated the anti-tumor 
mechanism of selenite from the perspective of 
selenium metabolism under simulated tumor 
microenvironment (hypoxia) conditions. The results 
showed that treating liver cancer cells with 
pharmacological concentrations of Na2SeO3 did not 
cause an increase in ROS and did not induce changes 
in the activity of antioxidant enzymes in vitro and in 
vivo, indicating that Na2SeO3 does not induce 
oxidative stress under hypoxic conditions. However, 
under the normoxic conditions, Na2SeO3 resulted in 
oxidative stress, which is consistent with another 
report that showed Na2SeO3 leads to cell apoptosis 
due to increases in ROS5. More importantly, under 
hypoxic conditions, pharmacological concentrations 
of Na2SeO3 induced the accumulation of H2Se in vitro 
and in vivo. H2Se is a common intermediate metabolite 
of dietary selenium compounds and has high 
reducibility. In the metabolism of selenite, selenite is 
first reduced by GSH to produce selenodiglutathione 
(GSSeSG), which can then be reduced by NADPH and 

glutathione reductase (GR) to glutathione 
selenenylsulfide (GSSeH). Finally, H2Se (hydrogen 
selenide ion (HSe-) at a physiological pH) is produced 
in a system containing GSH, NADPH and GR44-46. 
Previously, the role of H2Se in the anti-tumor effect of 
selenium has not been elucidated due to the lack of 
detection methods and its high volatility and 
reactivity. Here, we explored the important role of 
H2Se with the help of a fluorescent probe4 which can 
image H2Se specifically. 

 Reductive stress is the opposite of oxidative 
stress, and is defined as an excessive amount of 
reducing equivalents in the forms of NAD(P)H 
and/or GSH23,24. Similar to oxidative stress, reductive 
stress also represents a disturbance in the redox state 
that is harmful to biological systems. An excess of 
reducing equivalents can prevent growth factor- 
mediated signalling, promote mitochondrial dysfunc-
tion, decrease cell survival, and increase apoptosis47. 
Our experiments showed that a large amount of H2Se 
was produced before cell death after Na2SeO3 
treatment of liver cancer cells under hypoxic 
conditions; simultaneously, there was also an increase 
in the NADPH and GSH levels. According to these 
results, we propose that pharmacological concentrat-
ions of selenite metabolism can cause reductive stress 
in cancer cells, which may be mainly due to the 
production and accumulation of H2Se. 

 

 
Figure 5. H2Se interrupts the disulfide bonds in HMGB1 and induces cell autophagy. (A) Non-reducing SDS-PAGE indicated the reduction in HMGB1. HMGB1 (10 
μg/lane) with or without H2Se and DTT was loaded on a 12% gel. Lanes marked with “O” represents oxidized HMGB1 in the absence of H2Se and DTT. Lanes marked 
with “R” represents reduced HMGB1 by H2Se or DTT. (B) oxDTT can clear H2Se. HepG2 cells were incubated with 10 μM Na2SeO3 and 100 μM oxDTT for 12 h 
under hypoxic conditions. After treatment, the cells were loaded with 10 μM H2Se probe for 15 min and fluorescence images were obtained using confocal 
microscopy. Scale bar = 50 μm. The fluorescence intensity was quantified based on the results of the relative fluorescence intensity of per cell in the scanned area. 
(**p< 0.01, ***p< 0.001, t test). (C) H2Se induced cell autophagy. HepG2 cells were treated using the method described in (B), and then, the cells were harvested and 
lysed to detect the LC3 levels by western-blot analysis. 
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The above results suggest that H2Se may play a 
key role in the cell death caused by Na2SeO3. Because 
H2Se is a highly reactive and reducible molecule, we 
first considered its effect on HMGB1 protein because 
HMGB1 is a redox-sensitive protein and its activity 
strongly depends on its redox state. HMGB1 contains 
three cysteines encoded at positions 23, 45, and 106. 
The two Cys23-Cys45 residues of HMGB1can rapidly 
form an intramolecular disulfide bond at the standard 
redox potential (237 mV)36. The cellular glutathione 
redox system is not enough to keep HMGB1 
completely reduced in cells. Thioredoxin can reduce 
oxidized HMGB1, but the reaction is much slower 
than other reducing reactions mediated by 
thioredoxin. The low efficiency of HMGB1 with the 
thioredoxin reaction along with the protein 
stabilization by the Cys23-Cys45 disulfide bond may 
cause the HMGB1 protein to exist in an oxidized form 
in cells under physiological conditions and oxidative 
stress26,48. (Fig. S4). Our above results show that the 

accumulation of H2Se produced by Na2SeO3 
metabolism under hypoxic conditions provides a 
strong reducing environment that may lead to the 
reduction of HMGB1 in cells. The in vitro simulation 
system experiment indicated that H2Se could 
interrupt the disulfide bond contained in HMGB1 and 
transform the disulfide bond to mercapto groups. 

HMGB1 protein is both a nuclear factor and a 
secreted protein. When HMGB1 is released outside 
the cell, it can function as an extracellular signaling 
molecule in cell survival/death pathways32. Our 
results showed that the intracellular HMGB1 is 
released outside the cell when HepG2 cells were 
treated with Na2SeO3 under hypoxic conditions. 
Comparatively, under normoxic conditions, HMGB1 
was also released outside the cell; however, the 
released amount was lower than that under hypoxic 
conditions. Interestingly, the activity of secreted 
HMGB1 strongly depends on its redox state. Reduced 
exogenous HMGB1 can increase autophagy and 

oxidized HMGB1can increase apopto-
sis33. Our present data showed that the 
Na2SeO3 treatment induced cell 
autophagy under hypoxic conditions, 
but mainly activated cell apoptosis 
under normoxic conditions, suggesting 
that the released HMGB1 may exist in its 
reduced form under hypoxic conditions, 
while under normoxic conditions, it 
should exist in the oxidized form. Under 
hypoxic conditions, the reduction of 
HMGB1 should be attributed to the 
accumulation of H2Se, while the 
oxidized form of HMGB1 under 
normoxic conditions should be caused 
by oxidative stress.  

The relationship between H2Se and 
autophagy was detected using oxidized 
DTT, which can clear H2Se. The results 
showed that autophagy was obviously 
blocked after H2Se was removed, 
indicating that H2Se induces cell 
autophagy. Combined with the above 
experimental results, we speculate that 
H2Se induces autophagy by reducing 
the HMGB1 protein and causing its 
release from the intracellular to the 
extracellular space. Subsequently, the 
autophagy signaling pathway detection 
results displayed that Na2SeO3 could 
suppress the phosphorylation of Akt 
and mTOR, indicating that H2Se 
activates autophagy by inhibiting the 
Akt/mTOR pathway in HepG2 cells. 

In tumor therapy, autophagy and 

 

 
Figure 6. Detection of apoptosis after the inhibition of autophagy and an Akt/mTOR axis analysis. (A 
and B) HepG2 cells were pretreated with 10 μM CQ for 3 h followed by treatment with 10 μM 
Na2SeO3 for 0-48 h or 0-20 μM Na2SeO3 for 24 h under hypoxic conditions, then the cell viabilities 
were determined by an MTT assay. (*p< 0.05, t test). (C and D) HepG2 cells were pretreated with 10 
μM CQ for 3 h followed by treatment with 10 μM Na2SeO3 for 0-24 h under hypoxic conditions; 
then, the cells were harvested for the caspase 9 and caspase 3 activity detection (*p< 0.05, t test). (E) 
HepG2 cells were treated with 10 μM Na2SeO3 for 0-24 h under hypoxic conditions; then, the cells 
were harvested and lysed to detect p-AKT and p-mTOR levels by western-blot analysis with Histone 
H3 as an internal reference. 
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apoptosis are intricately related. In general, 
autophagy may impair stress-induced apoptosis, and 
apoptotic caspases breakdown autophagy-related 
proteins to suppress autophagy49,50. However, 
sometimes, autophagy-associated proteins may help 
apoptosis, and excessive autophagy degrades 
essential cellular components to induce autophagic 
cell death (ACD)51. In our study, we found that H2Se 
induced both autophagy and apoptosis in HepG2 
cells treated with pharmacological concentrations of 
Na2SeO3 under hypoxic conditions. However, the 
degree of apoptosis under the hypoxic conditions was 
significantly lower than that under the normoxic 
conditions. Interestingly, two phenomena appeared 
after autophagy was inhibited by CQ under the 
hypoxic conditions. If the inhibition occured during 
the early stages of autophagy, cell apoptosis was 
accelerated. However, if autophagy was advanced, 
the inhibition of autophagy delayed the rate of cell 
death. These results indicate that mild autophagy 
plays a cytoprotective role and inhibits cell apoptosis, 
but excessive autophagy leads to autophagy- 
associated cell death under hypoxic conditions. 

In addition, the cytotoxicity test results showed 
that Na2SeO3 had different cytotoxicity under hypoxic 
conditions and normoxic conditions. The IC50 concen-
tration of Na2SeO3 under the hypoxic conditions was 
twice that the under normoxic conditions. This 
difference may be attributed to the fact that selenite 

induces apoptosis by oxidative stress under normoxic 
conditions; whereas, under hypoxic conditions, H2Se 
activates autophagy, which initially delays cell death 
but ultimately leads to autophagy-associated cell 
death. This autophagy-associated cell death is a slow 
cell death process compared to apoptosis. 

Taken together, this work reveals a new 
anti-tumor mechanism for selenium. Under hypoxic 
conditions, H2Se produced by selenite metabolism 
gradually accumulates and induces reductive stress in 
cancer cells. Furthermore, H2Se causes the reduction 
of the HMGB1 protein, which is secreted and 
promotes cell autophagy. Here, autophagy plays a 
dual role, i.e., mild autophagy inhibits apoptosis, 
while excessive autophagy leads to autophagy- 
associated cell death. In contrast, in a normoxic 
environment, H2Se may rapidly react with O2 to form 
ROS, then leading to caspase-dependent apoptosis via 
oxidative stress 6,11(Fig. 7). Thus, we propose that in 
vitro studies investigating the treatment of hypoxic 
tumors with reducing drugs should be performed 
under the corresponding hypoxic conditions because 
different oxygen conditions may lead to widely 
different conclusions and mislead the clinical use of 
these drugs. Our findings also suggest that 
appropriate oxygen supplementation during selenite 
treatment for hypoxic tumors may improve the cancer 
therapeutic effect. 

 

 
Figure 7. Schematic of the mechanism of selenite under hypoxic and normoxic conditions. In tumor cells, selenite metabolism produces H2Se in a system containing 
GSH, NADPH and glutathione reductase (GR). Under hypoxic conditions, the H2Se gradually accumulates and induces reductive stress. Furthermore, H2Se causes the 
reduction of the HMGB1 protein, which is secreted and promotes cell autophagy by inhibiting the Akt/mTOR axis. Here, autophagy plays a dual role, i.e., mild 
autophagy inhibits apoptosis, while excessive autophagy leads to autophagy-associated cell death. In contrast, under hypoxic conditions, H2Se may rapidly react with 
O2 to form ROS, then leading to caspase-dependent apoptosis via oxidative stress. The ROS may cause the oxidation of the HMGB1 protein, which is secreted and 
promotes cell apoptosis. 
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