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ABSTRACT  
Glutathione reductase (GR), one of the most important antioxidant enzymes in maintaining 
intracellular redox homeostasis, has become a novel target to suppress cancer cell growth and 
metastasis. In this work, we evaluated a series of naphthoquinones (NQs) as potential GR inhibitors 
and elucidated the mechanism of inhibition. NQ-6, one of the most potent compounds among 
this series, inhibited GR in vitro and in vivo and was identified as a competitive and irreversible 
inhibitor. The Ki and kinact values of NQ-6 were determined to be 17.30 ± 3.63 μM and 0.0136 ±  
0.0005 min-1, respectively. The tandem mass spectrometric analysis revealed that the two substrate 
binding sites Cys61 and Cys66 of yeast GR were modified simultaneously through arylation or only 
Cys66 was covalently modified by NQ-6. Intracellular reactive oxygen species, collapsing of 
mitochondrial membrane potential and protein S-glutathionylation elevation were induced by NQ- 
6. NQs can be valuable compounds in GR inhibition and oxidative stress-related research.
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1. Introduction

Naphthoquinones (NQs) have been known due to their use in 
traditional medicine as wound-healing agents since ancient 
times [1]. NQs, natural compounds with a naphthalene ring, 
are commonly found in many animals, plants, and microor-
ganisms [2]. Some naturally occurring NQs including plumba-
gin, shikonin, lapachol, juglone, and β-lapachone have 
exerted various activities, such as anticancer, antioxidant, 
anti-inflammatory, antibacterial, and antiviral [3–5].

Oxygen-free radicals, mainly, including reactive oxygen 
species (ROS), reactive nitrogen species (RNS) and reactive 
sulfur species, play a dual role in biological systems as both 
deleterious and beneficial species [6, 7]. Under normal phys-
iological conditions, ROS work as many signaling molecules in 
the progress of cellar life activities [8], however, once the 
normal level is exceeded, the high level of ROS can cause 
damage to DNA, proteins, amino acids and lipids even 
shorten telomeres in vivo [8, 9]. ROS plays a crucial role in 
many diseases including cancer [7, 10]. Compared to 
normal cells, many malignant tumor cells have higher ROS 
levels, thus ROS-modulated therapeutic strategies including 
ROS-scavenging and ROS-boosting approaches are pursued 
for cancer treatment [11].

Cells have many antioxidant systems, including enzymatic 
and non-enzymatic. Glutathione reductase (GR) is a crucial 
antioxidant enzyme which generates reduced glutathione 

(GSH) from oxidized glutathione (GSSG) [12] and regulates 
the level of ROS in the cells [13]. GSH is a tripeptide molecule 
which consists of glutamate, cysteine and glycine, and as the 
most crucial small molecule antioxidant present in the cells. 
GSH also plays a major role in drug resistance mechanisms 
[14, 15]. Studies have shown that GR expression levels are 
higher in recalcitrant tissues [13, 16]. Therefore, GR has 
become a potential therapeutic target in many diseases 
including cancer. GR inhibitors are developed and widely 
used in cancer and other diseases treatment, but the effec-
tiveness advantage is not obvious [16]. It has been reported 
that the induced thiol oxidative stress by GR inhibition has 
shown capability to cancer cell metastasis suppression and 
drug resistance reversal [17, 18]. Thus, it is urgent to 
develop and identify new GR inhibitors.

The pharmacological effect of NQs lies in their ability to 
react with intracellular thiol groups, affecting the activity of 
intracellular enzymes such as glutathione S-Transferase [19]. 
This study aims to evaluate NQs as a novel class of GR inhibi-
tor with unique mechanism of action, and to test the ability of 
NQs induction of oxidative stress in vitro and in vivo. We have 
assessed the inhibitory effect of a series of commercially avail-
able NQs on GR activity and their abilities elevation of oxi-
dative stress, explored the inhibitory effects of NQs on GR 
activity in vitro and in vivo, and explored the kinetic character-
istics of GR inhibition by a representative NQ of this series.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent. 

CONTACT  Wei Chen chenwei@zjcc.org.cn Zhejiang Cancer Hospital, 1 East Banshan Rd., Hangzhou 310022, China; Xiaoling Xu xuxiaoling@tongji.edu. 
cn Department of Radiation Oncology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, 507 Zhengmin Rd., Shanghai, China
*These authors contributed equally to this work.
†These authors contributed equally to this work as co-corresponding authors.

REDOX REPORT 
2024, VOL. 29, NO. 1, 2432830 
https://doi.org/10.1080/13510002.2024.2432830

http://crossmark.crossref.org/dialog/?doi=10.1080/13510002.2024.2432830&domain=pdf&date_stamp=2024-11-28
http://orcid.org/0000-0003-0801-5613
http://creativecommons.org/licenses/by-nc/4.0/
mailto:chenwei@zjcc.org.cn
mailto:xuxiaoling@tongji.edu.cn
mailto:xuxiaoling@tongji.edu.cn
http://www.tandfonline.com


2. Methods and materials

2.1. Materials

Fetal bovine serum (FBS), penicillin/streptomycin and 
trypsin were purchased from Gibco (Grand Island, NY, 
USA). DMEM growth medium, and phosphate buffered 
saline (PBS) were purchased from Cellmax (Beijing, China). 
All reagents for GR enzyme assays including yeast GR, 
bovine serum albumin (BSA), ethylenediaminetetraacetic 
acid (EDTA) tetrasodium salt hydrate, oxidized form gluta-
thione (GSSG) and reduced form of nicotinamide adenine 
dinucleotide phosphate (NADPH) were purchased from 
Sigma-Aldrich Chemical Co (St. Louis, MO, USA). CellRox 
Green Reagent was from ThermoFisher Scientific. HPLC 
grade acetonitrile and trifluoroacetic acid (TFA) were pur-
chased from Tedia Company, Inc. (Fairfield, OH, USA). The 
mass spectrometry grade trypsin was purchased from 
Promega Corporation (Madison, WI, USA). Anti-glutathione 
antibody was from Abcam (MA, USA). Naphthoquinones 
(NQs) were obtained from Aladdin (Shanghai, China) and 
MERYER Co., LTD (Shanghai, China) and prepared as 
100 mM stock solutions in dimethyl sulfoxide (DMSO). 
Other reagents were obtained in their highest purity 
grade available commercially.

2.2. Cell lines and culture conditions

Human melanoma A375 cells and gastric cancer NUGC3 cells 
were cultured at 37°C in a humidified atmosphere of 5% CO2 

in DMEM medium supplemented with 10% FBS, 100 U/mL 
penicillin and 100 μg/mL streptomycin.

2.3. GR activity assay

The GR activity assays were performed as described earlier [20] 
using a Multiskan Spectrum microplate reader (Thermo Scien-
tific, Waltham, MA, USA). The final volume of GR assay mixture 
was 150 μL and the initial GR activity was 0.2 U/mL for each 
sample. The standard assay mixture containing 1 mg/mL 
bovine serum albumin and 0.2 mM NADPH was prepared in 
PE buffer (100 mM potassium phosphate, 2 mM EDTA, pH 
7.0). The reaction was initiated by addition of GSSG solution 
(final concentration 0.5 mM) and the GR activity was deter-
mined by the initial rates of NADPH consumption detected 
at 340 nm in 96-well plates by a microplate reader.

2.4. Screening of GR inhibitory effect by NQs

Purified yeast GR prepared in PE buffer containing 1 mg/mL 
BSA and 0.2 mM NADPH was incubated with various concen-
trations (0-32 μM) of all the purchased 17 NQs at 37°C for 1 h. 
The remaining GR activity was determined by GR assay after 
the incubation.

2.5 Kinetics of GR inhibition induced by NQ-6

The concentration- and time-dependence of GR inhibition 
by NQ-6 was evaluated to determine the parameters of 
enzyme inhibition kinetics. 0.6 U/mL GR in PE buffer con-
taining 1 mg/mL BSA and 0.2 mM NADPH were incubated 
with various concentrations of NQ-6 (0, 4, 8, 16 μM) at 37° 
C. Aliquots were withdrawn and the remaining GR activity 
was analyzed at 10, 20, 30 and 40 min. The sample 

prepared without NQ-6 treatment was conducted in parallel 
as a control at 0 min. A total of 100 μL mixture containing 
0.3 mM NADPH and 0.75 mM GSSG was added to 50 μL 
GR aliquot withdrawn above in a 96-well plate, and the 
remaining enzyme activity was determined. Ki and kinact 

values were calculated based on the following formula of 
Kitz and Wilson [21, 22].

1
Kapp
=

1
Kinact

+
Ki

Kinact

 

×
1
[I] 

2.6. Determination of the irreversibility of GR 
inhibition by dialysis of NQ-6-treated GR

6 U/mL GR was incubated with 100 μM NQ-6 in the presence 
of 0.2 mM NADPH at 37°C for 1 h, and then loaded into a 
Slide-A-Lyzer dialysis cassette (Thermo Scientific) with a mol-
ecular mass cut-off of 10 kDa followed by extensive dialysis in 
500 mL PE buffer with continuous stirring. Control sample 
was prepared in the absence of NQ-6 treatment. Aliquots 
were withdrawn at different time intervals, and the remaining 
GR activity was determined as described for the GR activity 
assay.

2.7. Substrate protection assay

1.5 U/mL GR was incubated with 0.2 mM NADPH at 37°C for 
1 h, and then the NADPH-pretreated GR was incubated with 
20 μM NQ-6 in the presence or absence of GSSG (20, 40, 80 
and 160 μM) in PE buffer at 37°C for 20 min. After incubation, 
aliquots without NADPH removal were withdrawn and the 
remaining GR activity was determined as described for the 
GR activity assay.

2.8. Determination of NQ-6-induced intracellular GR 
inhibition in human cancer cells

A375 and NUGC3 cells were treated with different concen-
trations of NQ-6 (10, 20, 40, and 60 μM) for 2 h. Control 
samples were processed in parallel without NQ-6 treatment. 
The cells were collected by trypsinization and washed twice 
with cold PBS and lysed in RIPA buffer on ice for 30 min. The 
lysate was centrifuged at 150,000 ×g for 30 min at 4°C. The 
supernatant was collected and used to determine GR activity 
as described above. The protein concentrations of the cell 
lysate were determined by the BCA assays and the GR activity 
was normalized to protein concentrations accordingly.

2.9. Reactive oxygen species (ROS) detection

Intracellular ROS generation was determined by using a 
CellRox Green Reagent fluorescent probe according to the 
manufacturer’s instructions. The cells were treated with the 
indicated concentration of NQ-6 at 37°C for 2 h and then 
stained with 2.5 μM CellRox Green Reagent for 30 min. The 
intracellular green fluorescence intensity was analyzed by 
flow cytometry (SP6800, SONY). Data analysis was performed 
using FlowJo software.

2.10. In vivo study

ICR mice (5 weeks, male) were obtained from Shanghai SLAC 
Laboratory Animal Co. Ltd. (Shanghai, China). The animal 
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experiments followed the protocols approved by the Insti-
tutional Animal Care and Use Committee at Zhejiang 
Cancer Hospital. All the mice were housed in the animal facil-
ity of Zhejiang Cancer Hospital under a climate-controlled 
environment with a 12 h light/dark cycle. The mice were 
fasted for 12 h before experiment. NQ-6 and the positive 
control carmustine (BCNU) were prepared in 0.5% carboxy-
methylcellulose sodium solution and administrated to mice 
by oral gavage. Thirty minutes after administration, the 
mice were anesthetized by inhalation of isoflurane using an 
anesthesia machine and euthanized by cervical dislocation. 
The livers, spleens, lungs and kidneys of mice were collected 
and homogenized with a homogenizer. The homogenate was 
centrifuged at 150,000 ×g for 30 min at 4°C. The control 
samples were prepared from the naïve mice which were 
not administrated with vehicle nor compounds. The super-
natant was collected and used to determine GR activity as 
described above.

2.11 GSH and GSSG quantification in cancer cells

Intracellular GSH and GSSG concentrations in cancer cells 
were determined by the established LC-MS method 
described earlier [17]. Briefly, the cancer cells treated with 
NQ-6 for 3 h were collected by trypsinization followed by 
cold PBS wash (1 mL × 2). And, then the intracellular GSH 
and GSSG were extracted by adding 0.1 mL of 3% (w/v) sulfo-
salicylic acid aqueous solution. The cell suspension was soni-
cated over ice for 5 min and centrifuged at 16,000 ×g for 
10 min at 4°C and the supernatant was collected and 
diluted with 0.2% (w/v) formic acid and then submitted for 
GSH and GSSG analysis by LC-MS. GSH, GSSG and p-amino-
benzoic acid (internal standard) at the mass of m/z 
307.08381 (M + H)+ m/z, 612.15196 (M + H)+ m/z and 
138.05550 (M + H)+ m/z were detected by LC-MS in positive 
ionization and SIM (selected-ion monitoring) mode, respect-
ively. The mass tolerance was set at 10 ppm.

2.12 Protein S-glutathionylation detection by 
immunofluorescence

The protein S-glutathionylation induced by NQ-6 in A375 and 
NUGC3 cells was detected using anti-glutathione antibody 
followed by probing by a green fluorescent-conjugated sec-
ondary antibody. Briefly, the cells were seeded at densities 
of 50,000 cells in an 8-well chamber slide. After 24-h attach-
ment at 37°C, the cells were treated with various concen-
trations of NQ-6 for 1 h. The cells were washed with PBS 
twice and then fixed with 3.7% formaldehyde and prepared 
in PBS for 10 min at room temperature. The cells were 
washed 3 times with PBS and incubated with cell permeable 
solution (0.1% Na-citrate, 0.1% Triton-X-100 in PBS) at room 
temperature for 1 h. After incubation with the blocking sol-
ution (5% bovine serum albumin), the cells were incubated 
with anti-glutathione monoclonal antibody followed by 
probing by FITC-conjugated secondary antibody. The nuclei 
were stained with DAPI (1 μg/mL). Fluorescent images were 
taken with an Olympus IX53 fluorescent microscope.

2.13 LC-MS/MS analysis of NQ-6-treated GR

Yeast GR samples for mass spectrometric analysis were pre-
pared as described earlier [23] with minor modifications. In 

brief, 8.0 μg yeast GR was incubated with the absence and 
presence of 100 μM NQ-6 in PE buffer containing NADPH at 
37°C for 1 h. After incubation, the remaining NQ-6 was 
removed by an Amicon® Ultra 10 kDa molecular weight cut- 
off filter (Millipore, USA) by centrifugation. The GR samples 
were concentrated and denatured in 6 M urea at room temp-
erature for 30 min. And then, the samples were digested with 
trypsin (1:50, w/w) in 25 mM ammonium bicarbonate solution 
at 37°C for overnight. The digested peptides were extracted 
and desalted by using Pierce® C18 Tips (Thermo Scientific, 
Rockford, IL, USA) following the manufactory protocol. The 
digested peptides were eluted from the C18 Tips by using 
80% (v/v) acetonitrile aqueous solution and the solvent was 
removed under vacuum. The samples were reconstituted in 
0.1% (v/v) TFA aqueous solution. The above 2 μg digested 
peptides were analyzed by a Q-Exactive Orbitrap 
high resolution mass spectrometer equipped with an Easy- 
nLCTM 1000 ultra-high pressure nano-HPLC system. The 
samples were separated on a C18 Acclaim® PepMap RSLC 
column (50 μm × 15 cm, 2 μm, 100 Å) (Thermofisher Scientific) 
coupled with a C18 Acclaim® PepMap 100 pre-column 
(100 μm × 2 cm, 5 μm, 100 Å) (Thermofisher Scientific), and 
then the eluted peptides were introduced into the mass spec-
trometer operating in tandem mass mode across a 90 min gra-
dient [8% (v/v) acetonitrile/0.1% (v/v) formic acid to 25% 
acetonitrile/0.1% (v/v) formic acid in 70 min, 25% (v/v) aceto-
nitrile/0.1% (v/v) formic acid to 45% (v/v) acetonitrile/0.1% 
(v/v) formic acid in 10 min, 45% (v/v) acetonitrile/0.1% (v/v) 
formic acid to 95% (v/v) acetonitrile/0.1% (v/v) formic acid in 
3 min, and held at 95% (v/v) acetonitrile/0.1% (v/v) formic 
acid for another 7 min].

2.14 Detection of mitochondrial membrane potential 
(Δψm)

Δψm was detected with the tetramethylrhodamine ethyl 
ester (TMRE) staining kit (C2001S, Beyotime Biotech, China). 
The A375 and NUGC3 cells were treated with various concen-
trations of NQ-6 and CCCP as the positive control at 30 μM for 
4 h. And, then the cells were loaded with the potentiometric 
dye TMRE at 37°C for 20 min [24] and fluorescent images were 
taken by an Olympus IX53 fluorescent microscope. The fluor-
escent intensity of TMRE was analyzed and quantified by 
ImageJ software. The cells processed in the same way were 
also analyzed by flow cytometry (SP6800, SONY). Data analy-
sis was performed using FlowJo software.

2.15 Statistical analysis

Data were analyzed with GraphPad Prism software. The Stu-
dent’s t-test was performed to illustrate the differences 
between treatment groups and untreated controls. Each 
experiment was implemented at least triplicate. P < 0.05 
was considered as significance in all experiments. Data 
were derived from at least three independent experiments 
and the values were expressed as mean ± SD or mean ± SEM.

3. Results

3.1 Inhibition of yeast GR by NQs

Purified yeast GR in PE buffer containing 1 mg/mL BSA and 
0.2 mM NADPH was incubated with various concentrations 
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of all the obtained 17 NQs compounds or without compounds 
(Figure 1A) at 37°C for 1 h. The remaining GR activity was deter-
mined by the GR assay. The results (Figure 1B) showed that the 
NQs inhibited yeast GR in a concentration-dependent manner. 
Take consideration of NQs’ GR inhibitory potency against 
purified and intracellular GR, as well as the GR in organs of 
mice., The most potent top 4 NQs in Figure 1B were selected 
and tested in vitro and in vivo for GR inhibitory effects. As 
shown in Figure S1A, the top 3 NQs (NQ-2, NQ-3 and NQ-9) 
from Figure 1B showed much less inhibitory ability against 
intracellular GR of cancer cells compare to that of NQ-6 
(Figure 4A). In addition, no GR inhibitory effect was observed 
in NQ-9-treated mice organs (Figure S1B). Preliminary exper-
iments with NQ-6 revealed that it exhibited the most 
effective inhibitory impact on GR activity. NQ-6 was selected 
as the candidate compound to illustrate the inhibitory kinetics 
and the mechanism of action.

3.2 Kinetics of GR inhibition by NQ-6

The results indicated that GR was inhibited by NQ-6 in a con-
centration- and time-dependent manner as shown in 
Figure 2A, which presents a plot derived from the natural log-
arithm of the GR activity versus time at various concentrations 
of NQ-6. The results showed that NQ-6 induced GR activity 
repression over time, indicating a characteristic of irreversible 
enzyme inhibition. The inhibitory parameters Ki and kinact of 
NQ-6 against yeast GR were determined to be 17.30 ±  
3.63 μM and 0.0136 ± 0.0005 min-1 respectively by plotting 
the reciprocal of apparent rate constant of inhibition (kapp) 
(slopes calculated from Figure 2A) against the reciprocal of 
inhibitor concentration (Figure 2B) according to the method 
of Kitz and Wilson [21].

3.3 Irreversible GR inhibition induced by NQ-6

Dialysis of NQ-6-inhibited GR was performed to determine 
the irreversibility of the GR inhibition by NQ-6. The NQ-6- 
treated GR was extensively dialyzed in a bulky PE buffer. No 
GR activity rescue was observed in NQ-6-inhibited GR after 
24 h-dialysis, confirming the possibility of irreversible inhi-
bition of GR by NQ-6 (Figure 2C).

3.4 Substrate protection assay

The substrate protection assay was carried out in the absence 
and presence of substrate GSSG to investigate whether NQ-6 
is a competitive inhibitor of GR and whether the inhibitor 
interferes with the catalytic center of GR. The results (Figure 
2D) showed that GSSG significantly protected GR from inhi-
bition by NQ-6 in a concentration-dependent manner reveal-
ing that NQ-6 and GSSG were competing for the same 
substrate binding site of GR and NQ-6 is a competitive inhibi-
tor of GR.

3.5 Mass spectrometric analysis of NQ-6-GR complex

Yeast GR was incubated with the absence and presence of 
100 μM NQ-6 in PE buffer containing NADPH at 37°C for 1 h 
followed by protein denature and trypsin digestion. The 
desalted samples were subjected to a Q-Exactive Orbitrap 
high resolution mass spectrometer equipped with an Easy- 
nLCTM 1000 ultra-high pressure nano-HPLC system. The LC- 
MS/MS raw data were analyzed by Proteome Discoverer 1.4 
software (ThermoFisher). In the NQ-6-treated GR samples, 
the precursors of NQ-6-modified peptides TLLVEA-
KALGGTCVNVGCVPK and TLLVEAKALGGTCVNVGCVPKK con-
taining the substrate binding sites Cys61 and Cys66 were 
detected (Figure 3A-D). The precursor ion at m/z 629.77655 
(M + 4H)4+ containing bis-NQ-6 adduct (2 × 221.97199 Da) 
was extracted from the mass spectrum (Figure 3C) at reten-
tion time of 46.75 min indicating that two substrate binding 
sites Cys61 and Cys66 of GR were modified by NQ-6 through 
covalent bind simultaneously. The precursor ion at m/z 
606.29926 (M + 4H)4+ containing mono-NQ-6 adduct 
(221.97199 Da) was extracted from the mass spectrum 
(Figure 3D) at retention time of 34.96 min indicating that 
one of the substrate binding sites Cys61 and Cys66 of GR 
was modified by NQ-6. By investigating the tandem mass of 
the monomer precursor ion at m/z 606.29926 (M + 4H)4, a 
series of fragment ions were observed (Tables 1 & 2). A y6 
ion (GCVPKK) was detected at m/z 285.11938 (M + 3H)3 with 
mono-NQ-6 adduct (221.97199 Da) revealing that only the 
thiol on Cys66 was covalently modified by NQ-6 (Figure 3E). 
And, no NQ-6 modification was detected in the untreated 
GR samples (data not shown).

Figure 1. The chemical structures of the tested NQs (A) and their GR inhibitory effects (B). The results are presented as the means ± S.D. of three independent 
experiments.
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3.6 Determination of intracellular GR inhibition in 
NUGC3 and A375 cells

To evaluate the inhibitory effect of NQ-6 on intracellular GR, 
NUGC3 and A375 cells were incubated with NQ-6 at 0, 10, 20, 
40 and 60 μM concentrations. After treated for 2 h, the intra-
cellular GR activity was significantly inhibited by NQ-6, indi-
cating that NQ-6 was able to significantly suppress 
intracellular GR activity in these two cancer cell lines 
(Figure 4A).

3.7 Determination of GR inhibition in organs of ICR mice

NQ-6 and BCNU as the positive control prepared in 0.5% carbox-
ymethylcellulose sodium solution were administrated to mice by 
oral gavage. Mice in the untreated group served as the controls. 
The GR activity in mouse liver, lung, spleen and kidney was ana-
lyzed. The results showed that NQ-6 at 10 mg/kg significantly 
reduced the GR activity in mice liver (Figure 4B) and spleen 
(Figure 4C), and NQ-6 at 20 mg/kg significantly reduced the 
GR activity in mice liver (Figure 4B), lung (Figure 4D) and 
kidney (Figure 4E). BCNU at 40 mg/kg only significantly sup-
pressed GR activity in mice liver (Figure 4B) and kidney (Figure 
4E), exhibiting poorer GR inhibitory effects than NQ-6.

3.8 NQ-6 induces thiol oxidative stress in cancer cells

The intracellular GSH and GSSG in NUGC3 and A375 cells were 
quantified using LC-MS. As shown in Figure 5A&D, depletion of 
GSH was only observed in cells treated with NQ-6. However, 
substantial increase in GSSG concentration was observed in 
A375 and NUGC3 cells (Figure 5B&E). Up to 2.5 and 2.3 fold- 
change of GSSG was determined in A375 and NUGC3 cells, 
respectively. The intracellular GSH/GSSG ratios, a major index 
reflecting intracellular thiol oxidative stress, were calculated 
and presented in Figure 5C&F. The GSH/GSSG ratio was deter-
mined to be 234.9 : 1 and 54.2 : 1 in A375 and NUGC3 cells, 
respectively. After treated with NQ-6, the GSH/GSSG ratio 
was significantly decreased to the range of 113.9 : 1–89.1: 1 
in A375 cells and 21.1 : 1–11.7 : 1 in NUGC3 cells. The data indi-
cated that NQ-6 is able to generate thiol oxidative stress by 
inducing of GSSG accumulation.

3.9 NQ-6 induces ROS generation in cancer cells

The intracellular ROS generation induced by NQ-6 in the 
NUGC3 and A375 cells was determined by flow cytometry. 
The results showed that NQ-6 induced significant ROS 
produce in these two cell lines. Compared to the controls, 

Figure 2. The inhibitory kinetics of GR by NQ-6. (A) time- and concentration-dependent inhibition of GR. The natural logarithm of remaining yGR activity (% of 
control) is plotted against time. The data were derived from one of the triplicate experiments. (B) Determination of Ki and kinact based on the method of Kitz and 
Wilson [21]. Double-reciprocal plot of the apparent rate constants of inhibition (kapp, slope from A) versus the reciprocal of NQ-6 concentration ([I ]). The Ki and kinact 

values were calculated to be 17.30 ± 3.63 μM and 0.0136 ± 0.0005 min−1, respectively. (C) Determination of the irreversibility of GR inhibition by NQ-6 via dialysis. 
NQ-6 treated yeast GR was extensively dialyzed in PE buffer in a Slide-A-Lyzer dialysis cassette with a molecular mass cut-off of 10 kDa. The data showed one of 
three independent experiments. (D) Substrate protection of GR against NQ-6 inhibition. NADPH-pretreated GR was incubated with 20 μM NQ-6 in the presence or 
absence of GSSG (0, 20, 40, 80 and 160 μM) in PE buffer at 37°C for 20 min. Aliquots were withdrawn and tested for GR activity as described for the GR assay. The 
results are presented as the means ± S.D. of three independent experiments. **P < 0.01 versus control group.
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the ROS level was increased up to 1.55 and 2.07-fold in the 
A375 (Figure 5G,H) and NUGC3 (Figure 5I,J) cells treated 
with 20 μM NQ-6, respectively.

3.10 NQ-6 induces protein S-glutathionylation in 
cancer cells

Protein S-glutathionylation was found to be induced in 
cancer cells earlier by GR inhibitor 2-AAPA [20, 25]. Protein 

S-glutathionylation detection was performed to reveal 
whether NQ-6 is able to increase the intracellular S-glutathio-
nylation of cancer cells. The result showed that protein S-glu-
tathionylation was elevated by NQ-6 treatment in A375 and 
NUGC3 cells (Figure 6).

3.11 NQ-6 induces mitochondrial membrane 
potential (Δψm) depletion in cancer cells

TMRE staining was performed to determine the changes in 
Δψm by NQ-6 in cancer cells. TMRE only accumulates in 
hyperpolarized mitochondria, and its red fluorescent intensity 
correlates with mitochondrial membrane potential. As shown 
in Figure 7, NQ-6 treatment induced a concentration-depen-
dent depletion of Δψm in both A375 and NUGC3 cells. NQ-6 
increased a significant decline in red fluorescent intensity in 
these two cell lines (Figure 7A, B), which indicated the Δψm 
loss. The mitochondrial membrane potential collapse was 
found to be from 10.0% to 95.4% and 9.8% to 96.2% in 

Figure 3. Mass spectra of NQ-6-treated yeast GR and the molecular mechanism of GR inhibition. NQ-6 treated yeast GR was denatured in 6 M urea and digested 
with trypsin (1:50, w/w) in 25 mM ammonium bicarbonate solution at 37°C for overnight. The digested peptides were extracted and desalted and submitted for 
LC-MS/MS analysis. The LC-MS/MS spectra were derived from the digested peptides of GR. (A) The precursor ion at m/z 629.77655 (M + 4H)4+ containing bis-NQ-6 
adduct (2 × 221.97199 Da) was extracted from the mass spectrum at retention time of 46.75 min. (B) The precursor ion at m/z 606.29926 (M + 4H)4+ containing 
mono-NQ-6 adduct (221.97199 Da) was extracted from the mass spectrum at retention time of 34.96 min. (C,D) Fragmentation of precursor ion at m/z 629.77655 
(M + 4H)4+ and precursor ion at m/z 606.29926 (M + 4H)4+ from trypsin-digested NQ-6-treated GR, respectively. (E) Proposed mechanism of yeast GR inhibition by 
NQ-6. The tandem mass analysis of the NQ-6-inhibited yeast GR revealed that the thiol on Cys61 and Cys66 can be covalently modified by NQ-6 simultaneously or 
only Cys66 is covalently modified by NQ-6.

Table 1. Observed fragment ions of peptide -TLLVEAKALGGTC*VNVGC*VPK in 
the tandem mass spectrum of trypsin-digested NQ-6-treated Yeast GR.

Observed ions Theoretical (m/z) Observed (m/z)

TLLVEAKALGGTC*VNVGC*VPK 629.77307 (M + 4H) 629.77655 (M + 4H)
T (b1) 102.05496 (M + H) 102.05485 (M + H)
TLL (b3) 110.07922 (M + 3H) 110.07132 (M + 3H)
TLLV-H2O (b4-H2O) 137.09850 (M + 3H) 137.07851 (M + 3H)
K (y1) 147.11281 (M + H) 147.11246 (M + H)
VPK (y3) 115.08285 (M + 3H) 115.08649 (M + 3H)
GC*VPK (y5) 182.06462 (M + 4H) 182.07982 (M + 4H)

*NQ adduct.
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A375 and NUGC3 cells treated with NQ-6, respectively. The 
positive control CCCP caused 39.1% and 23.3% mitochondrial 
membrane potential lose in A375 and NUGC3 cells, respect-
ively. Depletion of Δψm in these two cell lines treated with 
NQ-6 was confirmed by flow cytometric analysis (Figure 7C, 
D). Significant changes of TMRE-negative cell amount were 
observed in NQ-6 treated A375 and NUGC3 cells. The 
results indicated that NQ-6 was more potent in depletion of 
Δψm in cancer cells than CCCP with comparable concen-
trations. In the meantime, the cells submitted for flow cyto-
metric assay were stained with trypan blue and the cell 
viability was determined by a cell counter (Countess 3 FL, Invi-
trogen, Thermo Fisher Scientific). The results shown in Figure 

Figure 4. Inhibition of GR in vitro and in vivo by NQ-6. NQ-6-induced GR inhibition was tested in vitro and in vivo. (A) The intracellular GR is inhibited by NQ-6 in 
A375 and NUGC3 cells. The cells were treated with different concentrations of NQ-6 (10, 20, 40, and 60 μM) for 2 h and collected by trypsinization and lysed in RIPA 
buffer. The supernatant was obtained by centrifugation and tested for GR activity. The results are shown as the means ± S.D. of three independent experiments. 
NQ-6 and the positive control carmustine (BCNU) were prepared in 0.5% carboxymethylcellulose sodium solution and administrated to mice by oral gavage. The 
mice were anesthetized by inhalation of isoflurane and euthanized by cervical dislocation. The organs of mice were collected and homogenized. The supernatant 
was collected and tested for GR activity as described above. NQ-6 reduced the GR activity in mice (B) liver, (C) spleen, (D) lung and (E) kidney.

Table 2. Observed fragment ions of peptide -TLLVEAKALGGTCVNVGC*VPKK in 
the tandem mass spectrum of trypsin-digested NQ-6-treated Yeast GR.

Observed ions Theoretical (m/z) Observed (m/z)

TLLVEAKALGGTCVNVGC*VPKK 606.30381 (M + 4H) 606.29926 (M + 4H)
T (b1) 102.05496 (M + H) 102.05554 (M + H)
TL(b2) 215.13903 (M + H) 215.13968 (M + H)
TLL (b3) 110.07922 (M + 3H) 110.07188 (M + 3H)
TLLV (b4) 143.10202 (M + 3H) 143.11841 (M + 3H)
TLLVE (b5) 186.11622 (M + 3H) 186.12448 (M + 3H)
TLLVEAK (b7) 755.46621 (M + H) 755.46362 (M + H)
K (y1) 147.11281 (M + H) 147.11314 (M + H)
VGC*VPK (y6) 285.11539 (M + 3H) 285.11938 (M + 3H)

*NQ adduct.
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S2 ensured that the majority of the cells submitted for flow 
cytometric analysis were live cells.

4. Discussions

Naphthoquinones are naturally distributed secondary metab-
olites and highly reactive small molecules [26]. In the present 
study, we have shown that a series of NQs are capable of 

inhibiting yeast GR, intracellular GR in human cancer cells 
and GR in the organs of ICR mice.

During screening this series NQs’ GR inhibitory capability, 
several NQ compounds (such as NQ-2, NQ-3 and NQ-9) were 
found to be more potent than NQ-6. Somehow, they were 
unable to inhibit intracellular GR efficiently (data not 
shown). Therefore, NQ-6 was selected as the representative 
NQ among this series to illustrate the inhibitory kinetics and 

Figure 5. NQ-6 induced oxidative stress in cancer cells. NQ-6 induced thiol oxidative stress in A375 (A-C) and NUGC3 (D-F) cells. The cancer cells were treated with 
various concentrations of NQ-6 at 37°C for 3 h. Intracellular GSH, GSSG, and GSH/GSSG ratios were detected by LC-MS. NQ-6 stimulated ROS generation in A375 (G- 
H) and NUGC3 (I,J) cells. The NQ-6-treated cells were stained with 2.5 μM CellRox Green Reagent. The intracellular green fluorescence intensity was analyzed by 
flow cytometry. Data analysis was performed using FlowJo software. The results are presented as the means ± S.D. of three independent experiments. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001versus control group.

Figure 6. Protein S-glutathionyaltion induced by GR inhibition in the A375 (A) and NUGC3 (B) cells. The cancer cells were treated with NQ-6 at the indicated 
concentrations for 1 h and the S-glutathionylation was recognized by anti-glutathione antibody and probed by FITC-conjugated second antibody and nuclei 
were stained with DAPI. Fluorescent images were captured by an Olympus IX53 fluorescent microscope. The data are derived from one of the three independent 
experiments.
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the mechanism of action. NQ-6 exhibited a time- and concen-
tration-dependent inhibitory manner against yeast GR. The 
inhibitory parameters Ki and kinact of NQ-6 against yeast GR 
were calculated to be 17.30 ± 3.63 μM and 0.0136 ±  
0.0005 min-1, respectively. Based on the results, NQ-6 is 
more potent and effective than BCNU and 2-AAPA, two 
widely used GR inhibitors, in inhibiting GR [22, 27]. The dialy-
sis experiment further indicated that GR inhibition induced by 
NQ-6 was probably irreversible. The GR inhibition by NQ-6 
was prevented by addition of substrate GSSG, indicating 
that the inhibitor was competing with the substrate and 
interacting with the active site of GR. All the above results 
indicated that covalent modifications between NQ-6 and 
the thiol groups of cysteine residues at the active site of 
the GR enzyme may have been formed. To identify which 
active site residues Cys61 and/or Cys66 are covalently 
modified by NQ-6, the samples were processed and sub-
mitted for LC-MS/MS analysis. The tandem mass spectro-
metric analysis revealed that the two substrate binding sites 
Cys61 and Cys66 of yeast GR were simultaneously modified 
through covalent bind or only Cys66 was covalently 
modified by NQ-6. Based on the tandem mass spectrometric 
data, we speculate that the thiol group in Cys66 in yeast GR is 
more active than Cys61 to be arylated by NQ-6. But whether 
the arylation on Cys66 can further facilitate covalent bond for-
mation by NQ-6 on Cys61 is unknown. The irreversible inhi-
bition of GR by NQ-6 was further confirmed by the LC-MS/ 
MS results.

GR has become an attractive target for anticancer develop-
ment. GR inhibitors have shown to possess anticancer 
potency, for example, FDA-approved BCNU exerted strong 
GR inhibitory activity and therapeutic cytotoxic effects [16]. 
GR inhibition was also found to be relevant to intracellular 
oxidative stress induction, suppression of cancer cell metasta-
sis and chemo-resistance reversal [17, 20]. In this study, the 
capability of NQ-6 in inducing oxidative stress in vitro and 

in vivo was assessed. First of all, NQ-6’s GR inhibitory effect 
was tested in vitro and in vivo. The results showed that NQ- 
6 significantly repressed GR activity in A375 and NUGC3 
cells. GR inhibition was also observed in the liver, lung, 
spleen and kidney of ICR mice administrated with NQ-6. 
NQ-6 depleted GSH in NUGC3 cells rather than A375 cells. 
And GSSG concentration in A375 and NUGC3 cells increased 
significantly. As a result, the ratio of GSH/GSSG, a crucial 
marker of thiol oxidative stress, decreased dramatically indi-
cating the generation of thiol oxidative stress by NQ-6 in 
these two cell lines. Moreover, the flow cytometric data 
showed that the ROS production probed by CellRox Green 
Reagent was also increased in A375 and NUGC3 cells 
treated with NQ-6. Mitochondria are known as the major 
intracellular source of ROS. In consequence, collapsing of 
mitochondrial membrane potential (Δψm) was observed in 
cancer cells treated with NQ-6. NQ-6 is more potent in indu-
cing Δψm loss compared to CCCP at comparable concen-
trations. Protein S-glutathionylation, a unique redox-driven 
protein post-translational modification involving the revers-
ible addition of a GSH to the cysteine residue through a 
disulfide bond, was found to be raised under thiol oxidative 
stress in various cancers [17, 28–31]. S-glutathionylation not 
only protects the reduced protein thiols from irreversible oxi-
dation but also modulates various molecular and cellular sig-
nalling pathways by changing the structure and/or function 
of target proteins under physiological and pathological con-
ditions [30, 32]. Protein S-glutathionylation is reported as a 
molecular mechanism associated with protein degradation 
in response to ROS and serves as cancer biomarkers [18, 31, 
33]. As a result of GR inhibition, protein S-glutathionylation 
was observed increased significantly in the cancer cells 
treated with NQ-6. The results indicated the ability of NQs 
in induction of intracellular protein S-glutathionylation and 
may serve as a potential inducer of protein S-glutathionyla-
tion. All the data showed that NQs can be a useful research 

Figure 7. NQ-6 induced mitochondrial membrane potential (Δψm) changes in the cancer cells. The A375 and NUGC3 cells were treated with various concen-
trations of NQ-6 and CCCP as the positive control at 30 μM for 4 h. Δψm was probed by TMRE followed by analyzing using fluorescent microscopy (A,B) and 
flow cytometry (C, D). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001versus control group.
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tool to study the impact of GR inhibition on thiol status, 
protein S-glutathionylation and oxidative-related disease in 
vitro and in vivo [34, 35].

NQ derivatives were utilized in the treatment of various 
diseases, and mixtures were well-tolerated by the patients 
and no signs of heart, kidney, and liver toxicities were 
reported [36–38]. Early research revealed that the severity 
of side effects induced by NQ derivatives is significantly 
lower than those caused by the parent compound at the 
same dosage level [39]. Therefore, most of the NQs demon-
strated low toxicity potential. Some animal experiments 
showed that the most effective dosage of NQ compounds 
is significantly lower than the toxic dose [40]. With no altera-
tions in body weight or animal behavior observed, continu-
ous administration of high doses, reaching up to 10 mg/kg/ 
day for 21 days, did not induce significant side effects. Conse-
quently, NQ compounds could potentially exhibit a favorable 
therapeutic index in clinical treatments [40, 41].

5. Conclusions

In summary, NQs have been characterized as irreversible and 
competitive inhibitors of GR. NQ-6 inhibited yeast GR activity 
by arylating the thiol/thiols on Cys66 along or two substrate 
binding sites Cys61 and Cys66 simultaneously. In addition, 
NQ-6 can repress GR activity in the cancer cells and the 
organs of ICR mice. The data revealed that NQ-6 induced 
thiol oxidative stress, ROS, collapsing of mitochondrial mem-
brane potential and protein S-glutathionylation in the cancer 
cells by inhibition GR.
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