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Introduction
Hydrogen sulphide (H2S) has attracted attention due to its impor-
tant physiological and pathological roles in the central nervous sys-
tem (CNS). H2S is known as the third member of the gaso-transmit-
ter family. This compound has roles in the CNS including neuro-pro-
tection and modulation of neurotransmission [1, 2]. Furthermore, 
H2S is involved in regulating several pathological or physiological cel-
lular functions. It has been identified in various tissues including the 
nervous system, brain, lungs, kidneys and heart [3, 4]. This com-
pound is easily distributed in biological membranes and exposure of 
organisms to its low concentrations can lead to acute toxicity [5]. In 
workplaces such as textile and paper industries, natural gas extrac-
tion plants and the oil refinery there is a possibility of exposure to 

H2S [6]. In addition, research has shown that H2S as a toxic gas has 
the ability to inhibit the mitochondrial cytochrome c oxidase. Cy-
tochrome c oxidase is one of the important enzymes in the electron 
transfer chain in mitochondria and the binding of H2S to this enzyme 
is associated with inhibition of oxidative phosphorylation [3, 5].

Mitochondria are very important organelles that play a role in dif-
ferent cellular processes. These organelles are known as cellular pow-
erhouses and are vital for cell bioenergetics. It is also one of the main 
sources of adenosine triphosphate (ATP) production [7–9]. Its loca-
tion in the cell varies between cell types. However, they mitochon-
dria most often localized near sites of high ATP utilization as their 
main role is to produce and supply ATP to the cells via the enzyme 
complexes in the mitochondrial respiratory chain [10]. Mitochondria 
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Abstr act

Hydrogen sulfide (H2S) is a toxic compound known as a mem-
ber of the gasotransmitter family. H2S has the ability to inhibit 
the cytochrome c oxidase enzyme in the mitochondrial res-
piratory chain. Mitochondria play an important role in energy 
production and the brain needs energy for normal function. 
Mitochondrial dysfunction is associated with neurodegenera-
tive diseases. This study investigated the mechanisms of cyto-
toxicity induced by H2S in brain neurons. thioacetamide has 
been used to produce H2S in water solutions. The results of the 
study showed that thioacetamide at concentrations of 116, 
232 and 464 µg/ml was able to increase the level of reactive 
oxygen species (ROS), collapse in mitochondrial membrane 
potential (MMP), damage to the lysosomal membrane, increase 
in the level of oxidized glutathione (GSSG) and decrease in the 
level of reduced glutathione (GSH) in brain neurons. The results 
of the study suggested that H2S causes damage to mitochon-
dria and lysosomes in brain neurons that could be associated 
with neurodegenerative diseases.
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are involved in other processes such as cell death [11, 12]. The CNS 
needs high ATP to function properly. Oxidative phosphorylation in 
mitochondria is the most important source of ATP production in the 
CNS. Therefore, brain tissue is highly dependent on mitochondria 
[10, 13, 14]. Furthermore, this tissue utilizes 1/4 of total body glu-
cose and 1/5 of body oxygen consumption [15].

Mitochondrial dysfunction is associated with dysfunction of the 
nervous system and neurodegenerative diseases. Therefore, the 
normal function of brain tissue depends on mitochondria [15, 16]. 
In this study, the mechanism of cytotoxicity induced by H2S in brain 
neurons was investigated.

Materials and Methods

Chemicals
2 ′,7 ′-dichlorofuorescin diacetate (DCFH-DA) (CAS Number: 4091–
99–0), Rhodamine 123 (Rh 123) (CAS Number: 62669–70–9), 
5,5′-dithiobis 2-nitrobenzoic acid (DTNB) (CAS Number: 69–78–
3), acridine orange (CAS Number: 65–61–2) and dimethyl sulfox-
ide (DMSO) (CAS Number: 67–68–5) were purchased from Sigma 
(St. Louis, MO USA) (Cambridge. UK). In addition, other chemicals 
were selected with the analytical grade.

Animals
The Wistar rat (200–250 g) were purchased from the Institute Pas-
teur (Tehran, Iran). There were five (n = 5) rats in each group for ex-
periments. All animal were kept in individual cages under con-
trolled room temperature (20–25  °C) and humidity (50–60 %), and 
exposed to 12 h light/dark cycles. All experiments were done ac-
cording to the guidelines of ethical standards and Institutional An-
imal Care and Use Committee of Shahid Beheshti University of Med-
ical Sciences in Tehran, Iran.

Rat neurons isolation
Rat neurons were isolated using the method of Brewer et al. (2007) 
[17]. Briefly, the hippocampus, cortex, and other parts were dis-
sected. Then, 0.5 mm slices were created, and were digested with 
papain for 30 minutes at 30  °C. In the next step, the cells were trit-
urated to release. Neurons were purified using a density gradient. 
In the following, the cells were concentrated and re-suspended in 
the desired medium. Then, the neurons were in the Neurobasal/
B27 plus growth factors, and plated on poly-Lys-coated glass sub-
strate. Finally, they were incubated with 9 % oxygen and 5 % carbon 
dioxide (CO2) at 37  ° C.

Brain neurons exposure
In this study, brain neurons were exposed to different concentra-
tions of thioacetamide (0, 50, 100, 200, 300 and 400 µg/ml). Thio-
acetamide has been used to produce H2S. At first, the brain neu-
rons were incubated with thioacetamide (0, 50, 100, 200, 300 and 
400 µg/ml) to evaluate cell viability. Then, the brain neurons were 
incubated with thioacetamide at concentrations of 116, 232 and 
464 µg/ml to assess the reactive oxygen species (ROS) level, mito-
chondrial membrane potential (MMP) collapse, lysosomal mem-
brane damage, and finally reduced glutathione (GSH) and oxidized 
glutathione (GSSG) levels. Levels of ROS and collapse in the MMP 

were assessed at 15, 30 and 60 minutes incubation times. Further-
more, lysosomal damage and GSH and GSSG levels were assessed 
at 30, 60 and 120 min incubation times.

Viability assay
Briefly, Trypan blue dye (0.4 % w/v) was used to evaluate brain neu-
rons viability. To perform the test, neurons were plated onto 96 
well plate (1 × 104 cells/ml) and incubated with thioacetamide at 
concentrations of 0, 50, 100, 200, 300 and 400 µg/ml. In the next 
step, brain neurons viability was performed by trypan blue (0.4 % 
w/v) staining [18].

Brain neurons ROS level
In the first step, neurons were exposed to concentrations of 116, 
232 and 464 µg/ml of thioacetamide for 15, 30 and 60 min. Next, 
the neurons were washed with PBS. In the following, DCFH-DA 
(10 µM) probe was used to assess the level of ROS. In the final stage, 
the fluorescence intensity (DCF) was measured at λ Ex = 495 nm, 
and λ Em = 530 nm. Fluorescence intensity (DCF) is directly related 
to the level of ROS [18, 19].

Brain neurons MMP collapse
In the first step, neurons were exposed to concentrations of 116, 
232 and 464 µg/ml of thioacetamide for 15, 30 and 60 min. Next, 
the neurons were washed with PBS. In the following, Rh 123 (10 µM) 
probe was used to assess the MMP collapse. In the final stage, the 
fluorescence intensity (Rh 123) was measured at λ Ex = 470 nm, and 
λ Em = 540 nm. Fluorescence intensity (Rh 123) is directly related 
to the collapse in MMP [18, 20].

Brain neurons lysosomal membrane damage
To perform this test, neurons were exposed to concentrations of 
116, 232 and 464 µg/ml of thioacetamide for 30, 60 and 120 min. 
In the following, the neurons were washed with PBS. After incuba-
tion, damage to the lysosomal membrane was assessed by acrid-
ine orange (5 µM) probe. Then, the fluorescence intensity (acridine 
orange) was measured at λ Ex = 495 nm, and λ Em = 530 nm [21, 22]. 
An increase in fluorescence intensity (acridine orange) indicates 
damage to the lysosome membrane of neurons.

Brain neurons GSH and GSSG level
At first, neurons were exposed to concentrations of 116, 232 and 
464 µg/ml of thioacetamide for 30, 60 and 120 min. After these times, 
TCA 10 % (0.5 ml) was added to the cells and centrifugation was per-
formed for 2 min at 11000 rpm. To measure GSH and GSSG level, phos-
phate-EDTA buffer (4.5 ml) was used to dilute the supernatant. Then, 
diluted supernatant (100 μl) was added to phosphate-EDTA buffer 
(2.8 ml) and OPT solution (100 μl). After incubation (15 min) at room 
temperature, in each sample GSH and GSSG level were measured in 
quartz cuvettes at λ Ex = 350 nm, and λ Em = 420 nm [23].

Statistical Tests
Data are shown as Mean ± SD (n = 5). All statistical tests were carry 
out using SPSS (version 22) and GraphPad Prism (GraphPad Prism 
software, version 6). Statistical significance was determined using 
the one-way ANOVA test followed by the post hoc Tukey for evalua-
tion of cell viability and the two-way ANOVA test followed by the post 
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hoc Bonferroni for evaluation of ROS level, MMP collapse, lysosomal 
membrane damage and GSH and GSSG level. Statistical significance 
was set at P < 0.05.

Results

Thioacetamide and cell viability
The effects of thioacetamide on cell viability were evaluated at dif-
ferent concentrations of 50 to 400 µg/ml and the concentration of 
232 µg/ml of thioacetamide was IC50. In ▶Fig. 1, the results showed 
that thioacetamide at concentrations of 116 (1/2 IC50), 232 (IC50), 
and 464 (2IC50) µg/ml was able to reduce cell viability (p < 0.001).

Thioacetamide and ROS level
Over-generation of ROS is associated with damage to macromole-
cules (DNA, proteins and lipids). As shown in ▶Fig. 2, thioacetamide 
at concentrations of 116, 232, and 464 µg/ml and at incubation times 
of 15, 30 and 60 minutes was able to increase the level of ROS gen-
eration in neurons (p < 0.0001). There is a direct relationship between 
fluorescence intensity (DCF) and the level of ROS.

Thioacetamide and MMP collapse
Collapse in the MMP is associated with an increase in mitochondri-
al membrane permeability and the release of pro-apoptotic pro-
teins (such as cytochrome c) and ultimately activation of apoptot-
ic signaling. In ▶Fig. 3, the results showed that exposure of neu-
rons to thioacetamide at all concentrations (116, 232, and 464 µg/
ml) and incubation times (15, 30 and 60 minutes) caused a collapse 
in the MMP (p < 0.0001).

Thioacetamide and lysosomal damage
As shown in ▶Fig. 4, thioacetamide at concentrations of 116, 232, 
and 464 µg/ml and at incubation times of 30, 60 and 120 minutes 
was able to damage the lysosome (p < 0.05). There is a direct rela-

tionship between fluorescence intensity (acridine orange redistri-
bution) and the lysosomal damage.

Thioacetamide and GSH and GSSG level
In ▶Fig. 5a, b, the results showed that exposure of neurons to thio-
acetamide at all concentrations (116, 232, and 464 µg/ml) and in-
cubation times (30, 60 and 120 minutes) caused a decrease in GSH 
level (p < 0.05) and an increase in GSSG level (p < 0.05).

Discussion
The aim of this research was to evaluate cell viability, ROS levels, 
collapse in the MMP, lysosomal membrane damage, intracellular 
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▶Fig. 1	 Cell viability assay. The effect of thioacetamide (50, 100, 
200, 300 and 400 µg/ml) on cell viability. Data are shown as 
mean ± SD (n = 5).  * * *p < 0.001 vs the corresponding control group.

▶Fig. 2	 ROS generation assay. The effect of thioacetamide (116, 
232, and 464 µg/ml) on ROS generation. Data are shown as 
mean ± SD (n = 5).  * * * *p < 0.0001 vs the corresponding control 
group.

▶Fig. 3	 MMP collapse assay. The effect of thioacetamide (116, 
232, and 464 µg/ml) on MMP collapse. Data are shown as mean ± SD 
(n = 5).  * * * *p < 0.0001 vs the corresponding control group.
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GSH and GSSG levels in brain neurons after exposure to H2S. H2S 
along with carbon monoxide (CO) and nitric oxide (NO) is known 
as one of the gasotransmitters. This compound has been identified 
in many tissues of the body, including the brain, and has been 
shown to play a protective role in this tissue [24, 25]. In contrast, 
studies have shown that hydrogen sulfide is a toxic compound and 
exposure to it can have side effects. H2S has the ability to inhibit 
the enzyme cytochrome c oxidase in the mitochondrial respiratory 
chain and subsequently inhibit oxidative phosphorylation [2, 5, 6]. 
Accordingly, this study investigated the cellular mechanism of H2S 
toxicity on rat neurons.

Mitochondria are known as one of the vital organelles in eukaryot-
ic organisms. This organelle is involved in various physiological pro-
cesses including energy (ATP) and ROS production and cell death 

[26, 27]. The brain needs this organelle to perform its normal func-
tions [28–30]. Compared to other tissues, the brain consumes higher 
ATP. Mitochondria are known as an important source of ATP produc-
tion in cells and therefore each single neuron has a high number of mi-
tochondria (hundreds to thousands). This indicates the critical de-
pendence of nerve cells on mitochondria for ATP production [14, 15]. 
Therefore, a compound that can impair mitochondrial function can 
also damage the brain and cause neurodegenerative diseases.

Initially, the results showed that thioacetamide, the source of 
H2S production, reduced cell viability in a concentration-depend-
ent pattern. The IC50 concentration for thioacetamide was 232 µg/
ml. Next, the study of ROS levels showed that thioacetamide caused 
an increase in ROS levels in brain neurons. In eukaryotic organisms, 
mitochondrial respiratory chain complexes are known to produce 
ROS. Electron emission from mitochondrial respiratory chain com-
plexes (especially complexes I and III) and their reaction with oxy-
gen is accompanied by the formation of ROS (such as superoxide 
anion) [10, 31, 32]. ROS in different concentrations have a variety 
of physiologic roles. ROS in high concentrations have the ability to 
damage different tissues and are involved in the etiology of various 
diseases [33]. Since the nervous system is dependent on mitochon-
dria for ATP, damage to mitochondria is associated with a distur-
bance of the nervous system functions [15, 16]. The results showed 
that thioacetamide was probably able to increase the level of ROS 
through mitochondria respiratory chain in the brain neurons, which 
could lead to irreversible consequences.

Furthermore, the results showed that thioacetamide could 
cause a collapse in the MMP of brain neurons. Previous studies have 
shown that there is a direct relationship between an increase in the 
level of ROS and a collapse in the MMP. Collapse in the MMP is 
known as an irreversible event that can lead to the induction of cell 
death signaling [33]. It is possible that thioacetamide collapsed the 
MMP through ROS production. As a result, an increase in the level 
of free radicals and the consequent collapse of the mitochondrial 
membrane potential may be associated with the death of brain neu-
rons. Lysosomes are organelles that contain ROS and can increase 
the level of ROS [34, 35]. In patients with neurodegenerative  

▶Fig. 4	 Lysosomal damage assay. The effect of thioacetamide 
(116, 232, and 464 µg/ml) on lysosomal damage. Data are shown as 
mean ± SD (n = 5).  *p < 0.05,  * * *p < 0.001, and  * * * *p < 0.0001 vs the 
corresponding control group.

▶Fig. 5	 GSH and GSSG level assay. The effect of thioacetamide (116, 232, and 464 µg/ml) on GSH (a) and GSSG (b). Data are shown as mean ± SD 
(n = 5).  *p < 0.05,  * *p < 0.01,  * * *p < 0.001, and  * * * *p < 0.0001 vs the corresponding control group.
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disorders, changes in mitochondria and lysosomes occur simulta-
neously, indicating a close functional relationship between the two 
organelles [36]. Exposure of brain neurons to thioacetamide is as-
sociated with damage to the lysosomal membrane, which can be 
accompanied by leakage of ROS from the lysosomes.

Subsequently, Intracellular GSH and GSSG levels were evaluat-
ed. In brain neurons, thioacetamide was able to decrease GSH level 
and increase GSSG level. GSH in the cell plays a protective role 
against ROS. Reduction in intracellular GSH content leads to the 
vulnerability of the defense system of cells against ROS. On the 
other hand, an increase in the level of ROS is associated with dam-
age to small and large biomolecules (RNA, DNA and proteins) 
[37, 38].

Conclusion
The results of this study showed that thioacetamide as the potent 
generator of H2S in aqueous media can disrupt the function of mi-
tochondria and lysosomes, along with an increase in the level of 
ROS and collapses in the MMP in rat brain neurons. These events 
are also associated with a reduction in GSH levels as one of the most 
important intracellular antioxidants.

Conflict of Interest

The authors declare that they have no conflict of interest.

References

[1]	 Li H, Liu L, Dang M et al. Increased susceptibility of mice obtained from 
in vitro fertilization to global cerebral ischemia-reperfusion injury: 
possible role of hydrogen sulphide and its biosynthetic enzymes. Int J 
Neurosci 2020; 130: 533–540

[2]	 Peng SY, Wu X, Lu T et al. Research progress of hydrogen sulfide in 
Alzheimer's disease from laboratory to hospital: a narrative review. 
Med Gas Res 2020; 10: 125–129

[3]	 Jimenez M, Gil V, Martinez-Cutillas M et al. Hydrogen sulphide as a 
signalling molecule regulating physiopathological processes in 
gastrointestinal motility. Br J Pharmacol 2017; 174: 2805–2817

[4]	 Ma J, Du D, Liu J et al. Hydrogen sulphide promotes osteoclastogenesis 
by inhibiting autophagy through the PI3K/AKT/mTOR pathway. J Drug 
Target 2020; 28: 176–185

[5]	 Cochrane PV, Rossi GS, Tunnah L et al. Hydrogen sulphide toxicity and 
the importance of amphibious behaviour in a mangrove fish inhabiting 
sulphide-rich habitats. J Comp Physiol B 2019; 189: 223–235

[6]	 Ventura Spagnolo E, Romano G, Zuccarello P et al. Toxicological 
investigations in a fatal and non-fatal accident due to hydrogen 
sulphide (H(2)S) poisoning. Forensic Sci Int 2019; 300: e4–e8

[7]	 Herst PM, Rowe MR, Carson GM et al. Functional Mitochondria in 
Health and Disease. Front Endocrinol (Lausanne) 2017; 8: 296

[8]	 McBride HM, Neuspiel M, Wasiak S. Mitochondria: more than just a 
powerhouse. Curr Biol 2006; 16: R551–R560

[9]	 Picard M, Wallace DC, Burelle Y. The rise of mitochondria in medicine. 
Mitochondrion 2016; 30: 105–116

[10]	 Leaw B, Nair S, Lim R et al. Mitochondria, Bioenergetics and 
Excitotoxicity: New Therapeutic Targets in Perinatal Brain Injury. Front 
Cell Neurosci 2017; 11: 199

[11]	 Abate M, Festa A, Falco M et al. Mitochondria as playmakers of 
apoptosis, autophagy and senescence. Semin Cell Dev Biol 2020; 98: 
139–153

[12]	 Davidson SM, Adameová A, Barile L et al. Mitochondrial and 
mitochondrial-independent pathways of myocardial cell death during 
ischaemia and reperfusion injury. J Cell Mol Med 2020; 24: 3795–3806

[13]	 Picard M, McEwen BS. Psychological Stress and Mitochondria: A 
Conceptual Framework. Psychosom Med 2018; 80: 126–140

[14]	 Rango M, Bresolin N. Brain Mitochondria, Aging, and Parkinson’s 
Disease. Genes (Basel) 2018; 9: 250

[15]	 Wang W, Zhao F, Ma X et al. Mitochondria dysfunction in the 
pathogenesis of Alzheimer's disease: recent advances. Mol 
Neurodegener 2020; 15: 30

[16]	 Jardim FR, de Rossi FT, Nascimento MX et al. Resveratrol and Brain 
Mitochondria: a Review. Mol Neurobiol 2018; 55: 2085–2101

[17]	 Brewer GJ, Torricelli JR. Isolation and culture of adult neurons and 
neurospheres. Nat Protoc 2007; 2: 1490–1498

[18]	 Assadian E, Dezhampanah H, Seydi E et al. Toxicity of Fe(2) O(3) 
nanoparticles on human blood lymphocytes. J Biochem Mol Toxicol 
2019; 33: e22303

[19]	 Salimi A, Eybagi S, Seydi E et al. Toxicity of macrolide antibiotics on 
isolated heart mitochondria: a justification for their cardiotoxic 
adverse effect. Xenobiotica 2016; 46: 82–93

[20]	 Baracca A, Sgarbi G, Solaini G et al. Rhodamine 123 as a probe of 
mitochondrial membrane potential: evaluation of proton flux through 
F(0) during ATP synthesis. Biochim Biophys Acta 2003; 1606: 137–146

[21]	 Eno CO, Zhao G, Venkatanarayan A et al. Noxa couples lysosomal 
membrane permeabilization and apoptosis during oxidative stress. 
Free Radic Biol Med 2013; 65: 26–37

[22]	 Pourahmad J, O'Brien PJ. Biological reactive intermediates that mediate 
chromium (VI) toxicity. Adv Exp Med Biol 2001; 500: 203–207

[23]	 Hissin PJ, Hilf R. A fluorometric method for determination of oxidized 
and reduced glutathione in tissues. Anal Biochem 1976; 74: 214–226

[24]	 Cong HM, Gao QP, Song GQ et al. Hydrogen-rich saline ameliorates 
hippocampal neuron apoptosis through up-regulating the expression 
of cystathionine β-synthase (CBS) after cerebral ischemia- reperfusion 
in rats. Iran J Basic Med Sci 2020; 23: 494–499

[25]	 Jiang W, Liu C, Deng M et al. H(2)S promotes developmental brain 
angiogenesis via the NOS/NO pathway in zebrafish. Stroke Vasc Neurol 
2021; 6: 244–251

[26]	 Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell 
death. Nat Rev Mol Cell Biol 2020; 21: 85–100

[27]	 Picard M, McEwen BS. Psychological Stress and Mitochondria: A 
Systematic Review. Psychosom Med 2018; 80: 141–153

[28]	 Belenguer P, Duarte JMN, Schuck PF et al. Mitochondria and the Brain: 
Bioenergetics and Beyond. Neurotox Res 2019; 36: 219–238

[29]	 Hubbard WB, Harwood CL, Prajapati P et al. Fractionated 
mitochondrial magnetic separation for isolation of synaptic 
mitochondria from brain tissue. Sci Rep 2019; 9: 9656

[30]	 Stelmashook EV, Isaev NK, Genrikhs EE et al. Mitochondria-Targeted 
Antioxidants as Potential Therapy for the Treatment of Traumatic Brain 
Injury. Antioxidants (Basel) 2019; 8: 124

[31]	 Mazat JP, Devin A, Ransac S. Modelling mitochondrial ROS production 
by the respiratory chain. Cell Mol Life Sci 2020; 77: 455–465

[32]	 Wang HW, Zhang Y, Tan PP et al. Mitochondrial respiratory chain 
dysfunction mediated by ROS is a primary point of fluoride-induced 
damage in Hepa1-6 cells. Environ Pollut 2019; 255: 113359

[33]	 Eskandari MR, Moghaddam F, Shahraki J et al. A comparison of 
cardiomyocyte cytotoxic mechanisms for 5-fluorouracil and its 
pro-drug capecitabine. Xenobiotica 2015; 45: 79–87

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Seydi E et al. Toxicity of Hydrogen Sulfide …  Drug Res 2022; 72: 197–202 | © 2022. Thieme. All rights reserved.

Original Article Thieme

202

[34]	 Daum S, Reshetnikov MSV, Sisa M et al. Lysosome-Targeting Amplifiers 
of Reactive Oxygen Species as Anticancer Prodrugs. Angew Chem Int 
Ed Engl 2017; 56: 15545–15549

[35]	 Fu J, Shao Y, Wang L et al. Lysosome-controlled efficient ROS 
overproduction against cancer cells with a high pH-responsive 
catalytic nanosystem. Nanoscale 2015; 7: 7275–7283

[36]	 Todkar K, Ilamathi HS, Germain M. Mitochondria and Lysosomes: 
Discovering Bonds. Front Cell Dev Biol 2017; 5: 106

[37]	 Hu J, Wang T, Zhou L et al. A ROS responsive nanomedicine with 
enhanced photodynamic therapy via dual mechanisms: GSH depletion 
and biosynthesis inhibition. J Photochem Photobiol B 2020; 209: 
111955

[38]	 Liu T, Sun L, Zhang Y et al. Imbalanced GSH/ROS and sequential cell 
death. J Biochem Mol Toxicol 2021; e22942

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


