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Thioredoxin (Trx) is a pro-oncogenic molecule that underlies tumor initiation, progression

and chemo-resistance. PX-12, a Trx inhibitor, has been used to treat certain tumors.

Currently, factors predicting tumor sensitivity to PX-12 are unclear. Given that hydrogen

sulfide (H2S), a gaseous bio-mediator, promotes Trx activity, we speculated that it might

affect tumor response to PX-12. Here, we tested this possibility. Exposure of several

different types of tumor cells to PX-12 caused cell death, which was reversely correlated

with the levels of H2S-synthesizing enzyme CSE and endogenous H2S. Inhibition of CSE

sensitized tumor cells to PX-12, whereas addition of exogenous H2S elevated PX-12

resistance. Further experiments showed that H2S abolished PX-12-mediated inhibition

on Trx. Mechanistic analyses revealed that H2S stimulated Trx activity. It promoted Trx

from the oxidized to the reduced state. In addition, H2S directly cleaved the disulfide

bond in PX-12, causing PX-12 deactivation. Additional studies found that, besides Trx,

PX-12 also interacted with the thiol residues of other proteins. Intriguingly, H2S-mediated

cell resistance to PX-12 could also be achieved through promotion of the thiol activity

of these proteins. Addition of H2S-modified protein into culture significantly enhanced

cell resistance to PX-12, whereas blockade of extracellular sulfhydryl residues sensitized

cells to PX-12. Collectively, our study revealed that H2Smediated tumor cell resistance to

PX-12 throughmultiple mechanisms involving induction of thiol activity in multiple proteins

and direct inactivation of PX-12. H2S could be used to predict tumor response to PX-12

and could be targeted to enhance the therapeutic efficacy of PX-12.
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INTRODUCTION

Cancer is the leading cause of death worldwide. It is, therefore, highly desirable to understand
the molecular mechanisms behind the initiation and development of cancer and to find effective
therapeutic interventions. Many strategies against cancer have been developed. However, the
self-protective mechanisms of tumors greatly limit the efficacy of cancer therapy (1).

Redox state in tumor cells plays an important role in tumor initiation, development and therapy
(2, 3). The cellular metabolic activity is associated with production of the reactive oxygen species
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(ROS). In normal cells, ROS is depleted by the antioxidative
mechanisms. The decreased cellular defense against ROS leads
to ROS accumulation, causing a situation called oxidative stress
(2, 4, 5). In oxidative stress, ROS causes cell damage through
modification of important molecules and activation of redox
signaling pathway. In cancer cells, the metabolism is accelerated
to meet the energy demand for abnormally high proliferation.
The high metabolic rate leads to an increased ROS generation,
which makes tumor cells under persistent oxidative stress. To
escape from the stress-initiated cell injury, cancer cells develop
several ways to enhance cell resistance against oxidative stress
including activating alternative metabolic pathway to meet the
energy demand without the large accumulation of ROS and
increasing cell defense against ROS.

One of the well-documented mechanisms involved in tumor
cell resistance to oxidative stress is the thioredoxin (Trx) system
(6–9). The Trx system, composed of Trx reductase (TrxR), Trx,
and NADPH, is one of the main thiol-dependent electron donor
systems in the cells, which plays critical roles in maintaining
cellular redox homeostasis and cell survival. Trx exerts its
antioxidative actions via disulfide exchange. It directly scavenges
ROS and plays a vital role in the control of the apoptosis
signal-regulating kinase 1 (ASK1)/MAPK signaling pathway (10,
11). Besides, Trx also controls the activity of enzymes that
counteract oxidative stress within cells. Trx is one of major
molecules involved in the initiation and development of cancer.
In many different cancers, the levels of Trx and TrxR are
increased. High levels of Trx assist cancer development due
to its growth-promoting and antiapoptotic functions. Trx also
facilitates cancer progression through promotion of angiogenesis
and metastasis. In addition, Trx contributes to tumor cell
resistance to chemotherapy (9, 12, 13). Given the central roles of
Trx in cancer cells, Trx has been developed as a therapeutic target
to inhibit cancer growth, progression, and metastasis (14–16).

PX-12 (1-methylpropyl 2-imidazolyl disulfide) is a promising
antitumor chemical that inhibit Trx activity through binding to
the cysteine 73 residue of Trx (17, 18). PX-12 has shown excellent
antitumor activity in both in vitro and in vivo experiments. It
inhibits the growth of many different types of tumors, including
humanMCF-7 breast cancer and human acute myeloid leukemia
cells (19, 20). Currently, PX-12 is undergoing pre-clinical trials
for tumor therapy. However, factors governing tumor cell
response to PX-12 are still largely unknown. To increase the
therapeutic efficacy of PX-12, it is urgently needed to identify
the molecules that interfere with the effects of PX-12 and to
understand the mechanisms.

Hydrogen sulfide (H2S) is an endogenous gaseous biological
mediator produced by cells expressingH2S synthesizing-enzymes
cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS),
and 3-mercaptopyruvate sulfurtransferase (3-MST). H2S has
multifaced biological actions, including antioxidative property
(21–23). It scavenges ROS and enhances cell defense against
oxidative stress. Many types of antioxidative machinery, such
as glutathione, SOD, and catalase, is activated by H2S (24,
25). In many types of tumors, H2S-producing enzymes
are upregulated, which has been recognized as a cancer-
promoting factor. The endogenous H2S produced by tumor

cells increases mitochondrial bioenergetics, accelerates cell cycle
progression, stimulates cell proliferation, promotes angiogenesis
and facilitates tumor cell migration and invasion (26–30).
Furthermore, it enhances cell resistance to apoptosis and
increases cell tolerance to several antitumor drugs (30–33).

We recently reported that H2S exerts its antioxidative effects
through regulating the redox state of Trx (10). Also, H2S cleaves
the disulfide bond in many molecules (10, 34, 35). These findings
prompted us to speculate that H2S may interfere with the effects
of Trx-inhibiting chemicals. The purpose of this study was to test
this hypothesis.

Here, we present our data that H2S increases tumor cell
resistance to PX-12 through multiple mechanisms, including
promoting Trx reductivity, deactivating PX-12, and elevating
sulfhydryl residues in proteins that competitively bind PX-12.
Our study thus characterizes H2S as a presently unreported
molecule contributing to tumor cell resistance to PX-12.
Targeting H2S could be developed to enhance the tumor-killing
efficacy of PX-12.

MATERIALS AND METHODS

Materials
PX-12 and anti-mouse antibody against CTH were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Beta-cyano-
L-Alanine (BCA) was from Cayman Chemical (Ann Arbor,
MI, USA). siRNAs of CTH1 and CTH2 were purchased from
QIAGEN (Tokyo, Japan). 4-acetamido-4’-maleimidylstilbene-2,
2’-disulfonic acid (AMS) was bought from Life Technologies
(Eugene, OR, USA). Alexa 680 C2 maleimide was from
Thermo Scientific (Rockford, IL). Anti-rabbit antibodies against
Trx1 (C63C6), horseradish peroxidase (HRP)-conjugated anti-
rabbit or mouse IgG were bought from Cell Signaling
Technology (Danvers, MA, USA). Sodium hydrosulfide hydrate
(NaHS), L-cysteine hydrochloride, DL-Propargylglycine (PAG),
recombinant Trx (rTrx) and all other chemicals were from Sigma
(Tokyo, Japan).

Cells
Hepatoma G2 (HepG2), NRK52E and Hela cells were purchased
from ATCC (American Type Culture Collection, Manassas,
VA), which were maintained in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 medium (DMEM/F-12; GIBCO-BRL,
Gaithersburg, MD, USA) supplemented with 5∼10% fetal
bovine serum (FBS; Sigma-Aldrich, Carlsbad, CA, USA) and 1%
penicillin/streptomycin/antibiotic antimycotic solution (ABAM;
Sigma-Aldrich, Carlsbad, CA, USA). For experiments, cells were
exposed to stimuli in the absence of FBS.

Assessment of Cell Viability With WST
Reagent
Cells were seeded onto 96-well culture plates and stimulated with
various stimuli for the indicated time. WST reagent was added
and allowed to react with cells for 30min. The optical density
(OD) was measured with a spectrometer at the wavelength of
450 nm. Cell viability was expressed as the percentage of OD
value relative to the untreated control.
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Calcein-AM/Propidium Iodide (PI) Staining
After various treatments, cells were exposed to a mixture of
Calcein-AM (green) and PI (red) solution (Dojindo, Kumamoto,
Japan) for 10–20min, and observed under a fluorescent
microscope. Calcein-AM positive green cells were considered
alive, while PI-positive red cells were considered dead.

Transient Transfection
The HepG2 cells were transfected with a control siRNA or siRNA
against CSE at the concentration of 20 nM using the HiPerFect
transfection reagent for 36 h. Afterward, the cells were seeded
onto 96- or 12-well plate, exposed to stimuli and detected for
cellular expression of targeted protein and cell viability.

Western Blot Analysis
Western blot was performed as described previously (11).
Briefly, extracted proteins were separated on 10 or 12% SDS–
polyacrylamide gels and electro-transferred onto polyvinylidene
difluoride membranes. The membranes were blocked with 5%
non-fat dry milk in phosphate-buffered saline (PBS), followed by
overnight incubation with primary antibody at 4◦C. Afterward,
the membranes were washed and probed with HRP-conjugated
anti-rabbit or anti-mouse IgG. The signals in the membrane
were visualized by Chemi-Lumi One L (NacalaiTesque, Kyoto,
Japan) and captured with a Fujifilm luminescent image LAS-1000
analyzer (Fujifilm, Tokyo, Japan). β-tubulin or β-actin was used
as an internal loading control. Quantification of the bands was
performed using ImageJ software.

Lead Sulfide Method for Determination of
H2S Production Capacity
H2S production capacity was determined according to the
method described by Hine et al. (36). Briefly, H2S test paper was
soaked in 20mM lead acetate solution and dried. To measure
H2S production capacity, we seeded the equal number of NRK,
HepG2, or Hela cells onto 96-well culture plate. The cells
were cultured in DMEM/F12 containing 10mM L-cysteine plus
10µM pyridoxal-5’-phosphate (PLP). The H2S test paper was
placed directly over the 96-well plate for 24 h and allowed to
react with the cell-released gaseous H2S. The reaction of H2S with
lead acetate causes the formation of lead sulfide, which darkens
the paper and forms a visible black-colored circle. The intensity
of the circle was analyzed using the IntDen measurement in
ImageJ software.

Redox Western Analysis
Protein redox status was determined using AMS-shift assay
reported by Chen et al. (37). Cellular proteins precipitated with
10% Trichloroacetic acid (TCA) were washed twice with 100%
acetone and dissolved in lysis buffer (62.5mM Tris-Cl, PH 6.8,
1% SDS). The dissolved proteins were allowed to react with
20mMAMS at room temperature for 1 h. Afterward, the samples
were subjected to Western blot analysis for the redox state of Trx
under non-reducing condition.

Red Maleimide for Detection of Sulfhydryl
(-SH) Groups
This assay was modified from the previous reports (38, 39).
Proteins treated with or without the indicated stimuli was
precipitated with TCA, washed with acetone, redissolved in PBS
and allowed to react with Alexa Fluor 680 C2 maleimide (red
fluorescence at the final concentration of 2 or 5µM) at 4◦C for
2 h. The unlabeled maleimide was removed with TCA/acetone
precipitation. The re-precipitated proteins were equally divided
into two tubes with or without 1mM DTT. After one hour at
4◦C, the protein samples were directly applied to 0.45-µm pore
size nitrocellulose membrane in a commercial dot-blot apparatus
(BioRad). The signal of fluorescent maleimide in the membranes
was captured with a Fujifilm image LAS-1000 analyzer (Fujifilm,
Tokyo, Japan) and quantified with ImageJ software. EZ blue
staining or immunoblotting of the membrane with an anti-
rabbit Trx1 antibody was performed to confirm the equal loading
of proteins.

Absorption Spectroscopic Method for
Detection of 2-Mercaptoimidazole
UV absorption spectra was measured to detect 2-
Mercaptoimidazole (2-MI) produced by the reaction of
PX-12 with NaHS using a Shimadzu UV-1800 recording
spectrophotometer. Hundred micromolar PX-12 that was
dissolved in a mixture of DMSO and ethanol was added into
1mM NaHS in the volume of 1ml PBS at room temperature
for 1 h. 2-MI production was confirmed by the absorption band
at 252 nm. Each measurement was repeated three times for
all samples.

Statistical Analysis
Values are expressed as mean ± SE. Comparison of two groups
was made by Student’s t-test. For multiple comparisons, one-way
analysis of variance was employed. Both analyses were performed
with Microsoft Excel (Microsoft, Redmond, WA, USA) or Sigma
plot software (Systat Software Inc., San Jose, CA). P < 0.05 was
considered statistically significant.

RESULTS

H2S Regulates Cell Sensitivity to PX-12
To determine the role of H2S on tumor cell response to PX-
12, we compared the effect of PX-12 among three different cell
lines, NRK, HepG2 and Hela. Figures 1A,B show that these cell
lines expressed different levels of H2S-synthesizing enzyme CSE.
The amount of CSE was abundant in HepG2 cells, moderate
in Hela cells and deficient in NRK cells. Consistently, H2S-
producing capacity of these cells, as detected by using lead sulfide
method, was in a direct proportion to CSE levels (Figures 1C,D).
Furthermore, the level of intracellular H2S was indeed different
between HepG2 and NRK cells as measured by using the
fluorescent probe HSip-1 DA (Supplementary Figure 1).

We, therefore, compared the sensitivity of these cells to PX-12.
Figure 2 shows that PX-12 caused a cell death in a concentration-
dependent manner, which was most sensitive in CSE-deficient
NRK cells and insensitive in CSE-rich HepG2 cells, while Hela
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FIGURE 1 | Different levels of CSE and H2S-producing capacity in three cell

lines. (A,B) The protein level of CSE in NRK, HepG2, and Hela cells. The same

amounts of cellular lysates from NRK, HepG2, or Hela cells were subjected to

Western blot analysis for CSE (A). The densitometric quantitation of the blot is

shown in (B). Data are expressed as percentage relative to HepG2 cells (mean

± SE, n = 3; *P < 0.05, **P < 0.01 vs. HepG2 cells; ##P < 0.01 vs. NRK

cells). (C,D) Comparison of H2S production capacity among these cells.

(Continued)

FIGURE 1 | Cells were seeded into 96-well plate at the density of 4 × 105 and

cultured in growth medium supplemented with 10mM L-cysteine and 10µM

PLP for 24 h (C). The capacity of H2S production was determined based on

the density of the black-colored circle in the test paper as described in the

section of Materials and Methods. Densitometric analysis of the intensity of the

black-colored circles is shown in (D). Data are expressed as percentage

relative to HepG2 cells (mean ± SE, n = 4; **P < 0.01 vs. HepG2 cells;
##P < 0.01 vs. NRK cells).

FIGURE 2 | Different cell response to PX-12. (A,B) Effect of PX-12 on cell

shape and viability. NRK, HepG2 and Hela cells were incubated with the

indicated concentrations of PX-12 for 7 h. Afterward, cells were stained with

Calcein-AM/PI staining (A, magnification: × 400) and photographed. Cell

viability was evaluated by WST assay (B). Data in (B) are expressed as the

percentage of living cells against the untreated control (mean ± SE, n = 4;

**P < 0.01 vs. respective control).

cells were in the middle. These observations suggest that the
cell sensitivity to PX-12 was reversely correlated to the level
of CSE.
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FIGURE 3 | Influence of H2S on cell vulnerability to PX-12-induced cell death. (A,B) Effect of H2S on PX-12-induced HepG2 cell death. HepG2 cells were incubated

with 200µM PX-12 in the presence or absence of 2mM BCA, 3mM PAG, 2mM L-cysteine or 1mM NaHS for 12 h. Then, the cells were either stained with

Calcein-AM/PI (A, magnification: × 400) or assayed for formazan formation with WST reagent (B). Data in (B) are expressed as the percentage of living cells against

the untreated control (mean ± SE, n = 4; *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. PX-12 alone). (C–E) Effect of CSE siRNA on PX-12-induced

HepG2 cell injury. The HepG2 cells were transfected with control siRNA or siRNAs targeting different sequences of CSE (siCTH1 and siCTH2) as described in Method

section. The cellular lysates were extracted and subjected to Western blot analysis for CSE (C). The treated cells were also seeded into 96-well plate and exposed to

200µM PX-12 for 12 h to evaluate cell viability through Calcein-AM/PI staining (D, magnification: × 400) and WST assay (E). Data in (E) are expressed as the

percentage of living cells against the untreated siControl (mean ± SE, n = 4; *P < 0.05 vs. untreated siControl; #P < 0.05 vs. PX-12-treated siControl).
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FIGURE 4 | Effect of H2S on the redox state of Trx. (A,B) Effect of NaHS on Trx protein levels in HepG2 cells. HepG2 cells were exposed to 1mM NaHS for the

indicated time intervals. Cellular lysates were subjected to Western blot analysis of Trx (A). Densitometric analysis of the blot in (A) was shown in (B). Data shown are

mean ± SE, (n = 3). (C,D) Effect of endogenous H2S on the redox state of Trx. HepG2 cells were cultured with or without 2mM BCA or 3mM PAG for 12 h. Cellular

proteins precipitated by TCA were dissolved in lysis buffer and allowed to react with thiol-binding AMS as described in Materials and Methods. The redox state of Trx

was determined through the shift of Trx bands in western blot analysis. Note the obvious reduction of AMS-labeled reduced form of Trx (upper band; C). Densitometric

analysis of the blot in (C) is shown in (D). Data shown are mean ± SE, (n = 3, **P < 0.01 vs. control). (E,F) Effect of H2S on redox state of rTrx. rTrx (2 µg) was

exposed to 1mM freshly prepared NaHS solution (f-NaHS) for 2 h or solution that had been exposed to air for 2 days before the experiments (old NaHS: o-NaHS). The

binding of fluorescence-labeled maleimide (MAL) was evaluated through the fluorescent intensity in dot blot (E). Densitometric analysis of the blot was shown in (F).

Data shown are mean ± SE, (n = 3; *P < 0.05, **P < 0.01 vs. control).

To further establish the role of H2S, we examined cell
response to PX-12 in the presence of CSE inhibitors or H2S
donors. Figures 3A–E show that inhibition or downregulation
of CSE in HepG2 cells with chemical inhibitors (BCA and
PAG) or siRNA significantly sensitized cells to PX-12. On the
contrary, the supplement of HepG2 cells with H2S substrate
L-cysteine or H2S donor NaHS enhanced cell resistance to
PX-12. The similar resistance was also achieved in CSE-
deficient NRK cells (Supplementary Figure 2). Collectively,
these results indicate that H2S regulates cell sensitivity
to PX-12.

H2S Increases the Reductivity of Trx
To explore the mechanisms underlying the effect of H2S, we
first examined its effect on Trx, the therapeutic target of PX-12
(17, 18). Figure 4 shows that H2S donor NaHS did not affect the
protein expression level of Trx (Figures 4A,B), whereas it greatly
affected the Trx redox state. Inhibition of CSE in HepG2 cells
with BCA or PAG decreased the reduced form of Trx as revealed
by AMS-shift assay (Figures 4C,D). Further experiments using
rTrx show that NaHS increased the free sulfhydryl residues, as
evidenced by the increased binding of thiol-reactive maleimide.
This effect of NaHS disappeared after exposure of the donor

Frontiers in Oncology | www.frontiersin.org 6 March 2020 | Volume 10 | Article 252

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Mao et al. H2S Mediates Chemoresistance to PX-12

FIGURE 5 | Counteracting effect of H2S on PX-12 binding to sulfhydryl

residues in Trx. (A,B) Enhancement of Trx activity by H2S. rTrx (2 µg) was

treated with 250µM PX-12 and 1mM NaHS for 2 h and assayed for sulfhydryl

groups as described in Materials and Methods. To confirm the equal loading of

rTrx, the membrane was probed for Trx using anti-Trx antibody. Note the

obvious increased MAL-labeled Trx after NaHS treatment in comparison with

PX-12 alone (A). Densitometric analysis of the blot was shown in (B). Data

shown are mean ± SE, (n = 3; **P < 0.01 vs. untreated control; ##P < 0.01

vs. PX-12 alone).

solution to air to release gaseous H2S for 2 days, suggesting a
mediating role of H2S (Figures 4E,F). Collectively, these results
indicate that H2S stimulates the reductivity of Trx.

To determine whether H2S interfered with the effect of PX-
12 on Trx, we detected free sulfhydryl residues in Trx using
thiol-reactive maleimide. As expected, PX-12 potently inhibited
maleimide labeling, suggesting a loss of free thiol residues in Trx.
In the presence of H2S donor NaHS, however, the effect of PX-12
was largely abolished (Figure 5). These results indicate that H2S
counteracts the inhibitory effect of PX-12 on Trx activity.

H2S Inactivates PX-12
Previous studies from our group showed that H2S is a reducing
chemical that cleaves disulfide bond (10, 34, 35). Given that
there is a disulfide bond in the structure of PX-12, which is
requisite for its function, we speculated that H2S might directly
inactivate PX-12 through reaction with disulfide bond. To test
this possibility, we first examined whether pretreatment of PX-
12 with H2S donor NaHS could lead to a loss of PX-12 activity.
Figures 6A,B show that freshly prepared NaHS abolished PX-
12-mediated inhibition of Trx activity. Intriguingly, this effect of
NaHS was also achieved by pretreatment of PX-12 with NaHS

FIGURE 6 | Loss of PX-12 activity after reaction with H2S. (A,B) Comparison

of the effect of freshly prepared NaHS and H2S pre-released solution on the

thiol-binding activity of PX-12. rTrx (2 µg) was treated with 250µM PX-12, or

PX-12 plus freshly prepared 1mM NaHS for 2 h [f-(NaHS + PX-12)], or a

mixture of PX-12 and NaHS solution that had been prepared 2 days before the

experiment to completely release gaseous H2S [o-(NaHS + PX-12)]. Note that

the pretreatment of PX-12 with NaHS led to a great loss of its binding ability to

Trx, suggesting that H2S may directly inactivate PX-12 (A). Densitometric

analysis of the blot in (A) was shown in (B). Data shown are mean ± SE,

(n = 3; *P < 0.05, **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone). (C)

Production of 2-MI by the reaction of PX-12 with NaHS. 100µM PX-12 were

allowed to react with 1mM NaHS for 1 h. The absorbance under UV-vis

spectroscopic analysis was monitored. Upper panel shows the results of

absorbance of different groups of chemicals. Note the appearance of a wave in

NaHS plus PX-12 group (red line) at 252 nm, the peak position of the standard

2-MI (dotted line). Data shown is one of the representative of three separate

experiments with similar results. Lower panel shows the scheme of potential

reaction of H2S with PX-12. H2S reacted with PX-12, causing the release of

2-MI, a metabolite resulted from the cleavage of disulfide bond in PX-12.
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FIGURE 7 | Ability of PX-12 in binding to cellular proteins and albumin. (A)

Effect of PX-12 on MAL binding to sulfhydryl residues of cellular proteins.

Cellular lysates pretreated with or without 500µM PX-12 were exposed to

thiol-reactive MAL for 2 h. The cellular proteins were separated with

SDS-PAGE and blotted onto PVDF membrane (A). The signal of MAL-labeled

proteins was detected. Note the blocking effect of PX-12 on MAL binding to

protein thiol residues (A, upper part). The equal loading of cellular proteins was

confirmed by staining the membrane with EZ blue (A, lower part). (B) Effect of

PX-12 on MAL binding to native and reduced albumin. Albumin (12.5 µg)

pretreated with or without the reducing chemical DTT was exposed to 250µM

PX-12 followed by reaction with MAL, and the signal of MAL-labeled albumin

was detected using dot blot. Densitometric analysis of the blot in (B) was

shown in (C). Data shown are mean ± SE, (n = 4; *P < 0.05, **P < 0.01 vs.

control; ##P < 0.01 vs. PX-12 alone).

for 2 days, a condition that H2S has been evaporated. This result
suggests that H2S might directly affect PX-12 activity.

To demonstrate that H2S, indeed, disrupted PX-12 structure,
we detected the formation of 2-MI, a metabolite resulted from

the cleavage of the disulfide bond in PX-12. Figure 6C shows
that standard 2-MI exhibited a peak absorbance at 252 nm under
UV-vis detection (dotted line). Incubation of PX-12 with NaHS
caused a formation of 2-MI, as evidenced by the appearance
of a wave at the location of 2-MI (red line), which was not
observed in PX-12, NaHS and dissolvent control. This result
indicates that H2S generated by the hydrolysis of NaHS can
directly deactivate PX-12.

H2S Stimulates Sulfhydryl Residues in
Multiple Proteins That Contribute to PX-12
Drug Resistance
PX-12 is reported to react with thiols of Trx in a specific and
irreversible way (17, 18). However, there is a report describing
that PX-12 also bound tubulin and cysteine-dependent proteases
(40). We, therefore, determined whether PX-12 also reacted
with other cellular proteins. For this purpose, we pretreated
cell lysates with PX-12 and detected its influence on thiol
activity using maleimide labeling assay. Figure 7A shows that
PX-12-pretreated proteins lost their binding abilities to thiol-
reactive maleimide, suggesting that PX-12 was able to react with
sulfhydryl groups of a wide range of cellular proteins.

Albumin is the most abundant serum protein that is
produced by hepatocytes (41, 42). It is reported that albumin
has active cysteine residues (43–45). We, therefore, tested
whether PX-12 also reacts with albumin. Figures 7B,C show
that albumin reacted with maleimide, which was potentiated by
DTT, indicating the presence of sulfhydryl residues. Consistent
with the notion that PX-12 also bound to proteins other than
Trx, pretreatment of albumin with PX-12 caused a significant
reduction in the subsequent maleimide binding. These results
indicate that PX-12 reacts with sulfhydryl residues in albumin.

H2S has reducing activity. We have reported that H2S
increases sulfhydryl residues of several proteins (10, 34). We,
therefore, tested whether H2S also influence the sulfhydryl
residues in albumin. Figures 8A,B show that NaHS increased
sulfhydryl residues of albumin in a way similar to DTT.
This effect was associated with increased albumin sulfhydration
(Figures 8C–E).

Given that the increased sulfhydryl residues in albumin
may compete with Trx in binding PX-12, we speculated that
this mechanism might also contribute to PX-12 resistance.
To confirm this hypothesis, we examined the influence of
sulfhydrated albumin on PX-12-initiated cell death. Figures 8F,G
show that supplement of cells with H2S-pretreated albumin
significantly blunted the cell-killing action of PX-12.

Blockade of Extracellular Sulfhydryl
Residues Enhances Cell Sensitivity to
PX-12
To further confirm that the off-target binding of PX-12
to the sulfhydryl residues of proteins other than Trx may
also contribute to drug resistance, we blocked extracellular
thiol-active residues with membrane-impermeable AMS and
maleimide and examined the changes in cell response. Figure 9
shows that AMS and maleimide alone at the concentration used
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FIGURE 8 | Effect of H2S-treated albumin on PX-12-induced cell death. (A) Induction of the reduced form of albumin by H2S. Albumin (12.5 µg) pretreated with or

without 1mM NaHS were exposed to 250µM PX-12 followed by reaction with thiol-reactive MAL for 2 h. and the signal of MAL-labeled albumin was detected using

dot blot. Densitometric analysis of the blot in (A) was shown in (B). Data shown are mean ± SE, (n = 4; **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone). (C) H2S

induced enhancement of sulfhydryl residues and sulfhydration in albumin. Albumin (12.5 µg) treated with or without 1mM NaHS was assayed for sulfhydration as

described in the section of Materials and Methods. The samples were added to dot-blot apparatus and detected for the fluorescent signal. To confirm the equal

(Continued)
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FIGURE 8 | loading of albumin, the membrane was stained with EZ blue (C, input). Note the obvious increased MAL-labeled Trx after NaHS treatment in comparison

with control and its reduction following DTT treatment. (D) Densitometric analysis of the intensity of bands between control and NaHS-treated samples without DTT

treatment. (E) Quantitative calculation of sulfhydrated albumin by NaHS. The level of sulfhydration was calculated through the fluorescence loss after DTT treatment

and expressed as a percentage against the intensity of fluorescence before DTT treatment. Data in (D,E) are representative of four independent experiments and

values are expressed in mean ± SE, (*P < 0.05, **P < 0.01 vs. control). (F,G) Effect of NaHS-treated albumin on PX-12-induced cell death. HepG2 cells in 96-well

plate were exposed to the indicated concentrations of PX-12 in the presence or absence of 20 mg/ml NaHS-treated albumin for 4 h. Then, the cells were stained with

Calcein-AM/PI (F, magnification: × 400). Cell viability was determined by WST assay (G). Data in (G) are expressed as the percentage of living cells against the

respective control (mean ± SE, n = 4; **P < 0.01 vs. control; ##P < 0.01 vs. PX-12 alone).

FIGURE 9 | Effect of blocking sulfhydryl residues with cell

membrane-impermeable alkylating chemicals on PX-12-induced cell death.

(A,B) HepG2 cells in 96-well were pretreated with 10µM maleimide or 2mM

AMS for 1 h, followed by exposure to the indicated concentrations of PX-12 for

an additional 4 h. Then, the cells were stained with Calcein-AM/PI (A,

magnification: × 400). Cell viability was determined by WST assay (B). Data in

(B) are expressed as the percentage of living cells against the respective

control (mean ± SE, n = 4; **P < 0.01 vs. control; ##P < 0.01 vs.

PX-12 alone).

did not affect cell viability; however, they markedly sensitized
cells to PX-12.

DISCUSSION

In this study, we characterized H2S as a presently unrecognized
molecule influencing cell response to PX-12. Furthermore, we

revealed that this effect of H2S was mediated through multiple
mechanisms. The schematic depiction of the mechanisms has
been shown in Figure 10. Given that H2S is produced by many
types of tumors and also exists in the tumor microenvironment,
H2S could be an important factor determining cell sensitivity to
PX-12. Targeting H2S could be a potential way to increase the
efficacy of chemotherapy.

H2S has been documented to increase tumor cell resistance
to several drugs, such as 5-FU and oxaliplatin (30–33). In this
study, we found that H2S underlay cell resistance to PX-12.
The evidence supporting this conclusion include that: (1) cell
sensitivity to PX-12 was conversely correlated with the level of
H2S-producing enzyme CSE and H2S production; (2) inhibition
of endogenous H2S sensitized cell to PX-12; and (3) supplement
of cells with exogenous H2S enhanced cell resistance to PX-12.

Redox state is a determinant factor of tumor initiation and
development. It is also the target of tumor therapy (2–4). Many
antitumor drugs, such as doxorubicin, cisplatin, and bleomycin,
cause tumor senescence and death through the induction of
oxidative stress (3, 46–48). Previous studies have shown that
ROS also mediated the tumor-killing action of PX-12; inhibition
of ROS abolished its antitumor actions (49–51). Given that
H2S regulates oxidative stress via multiple mechanisms, it is
conceivable that these mechanisms could contribute to the
observed effects in the current investigation.

PX-12 is an inhibitor of Trx, which inactivates Trx through
interaction with the reduced thiols of Trx (17). In this study,
we confirmed that the thiol activity of Trx was blocked by PX-
12. Intriguingly, in the presence of H2S, this effect of PX-12 was
abolished. The question naturally occurs as to howH2S prevented
the effect of PX-12. Theoretically, it could be a result of its effects
on Trx, PX-12, or both.

Regarding the effect of H2S on Trx, we have reported that
H2S promoted the reductivity of Trx through sulfhydration (10).
Here, we reconfirmed our previous finding that H2S increased
sulfhydryl residues in Trx. This increase counteracted the action
of PX-12. Besides its action on Trx, our study also revealed that
H2S directly deactivated PX-12. This conclusion is supported by
the fact that pretreatment of PX-12 with H2S caused a loss of
PX-12 activity and a formation of 2-MI, a metabolite resulted
from the cleavage of the disulfide bond in PX-12. This action
of H2S was unexpected, but not surprising because H2S, as a
reducing chemical, has been shown to cleave disulfide bond in
many proteins (10, 34, 35).

The antitumor action of PX-12 is generally accepted to
be through its specific and irreversible binding to Trx.
However, there are also reports that PX-12 has off-target
effects. It bound to tubulin and cysteine-dependent proteases
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FIGURE 10 | Schematic depiction of the mechanisms involved in H2S-mediated tumor resistance to PX-12. H2S increased tumor cell resistance to H2S through

multiple mechanisms: (1) H2S promotes Trx in the reduced state, counteracting the thiol-inhibiting effect of PX-12; (2) H2S directly reacts with PX-12, leading to the

cleavage of disulfide bond in PX-12 and PX-12 deactivation; and (3) H2S induces sulfhydryl residues in proteins that competes with Trx in binding PX-12, causing a

reduced binding of PX-12 to Trx.

(40). In this investigation, we found that PX-12 interacted
with sulfhydryl residues of many cellular proteins, including
albumin. Interestingly, our group showed that H2S increased the
sulfhydryl residues in many proteins, including IgG and albumin
(10, 34). The observations promoted us to speculate that H2S
could enhance cell resistance through induction of sulfhydryl
residues in these proteins. Our results support this idea. This
is shown by the facts that supplement of cells with H2S-treated
albumin blunted the tumor-killing action of PX-12, and that
blockade of extracellular sulfhydryl residues enhanced efficacy
of PX-12. Thus, induction of sulfhydryl residues in proteins
other than Trx by H2S could be an unexpected, but important
mechanism by which H2S increased cell resistance to PX-12.

Of note, apart from CSE, CBS and 3-MST are also involved in
the production of H2S. In this study, their expression and roles
in the tested cells have not been characterized. Given that the
level of endogenous and exogenous H2S was closely correlated
with the cell sensitivity to PX-12, it is reasonable to conclude
that H2S is a determiant factor governing cell response to PX-12.
Consistent with previous reports (52, 53), our study also indicates
that CSE was the predominant enzyme for H2S production in

HepG2 cells. The inhibition or downregulation of CSE in HepG2
cells significantly sensitized cells to PX-12. In this context, the
lack of the information about CBS and 3-MST should not greatly
affect our conclusion.

It is also worth mentioning that our finding could also be
applicable to tumor chemotherapy targeting Trx reductase such
as auranofin and pleurotin. In our previous study, we have
demonstrated that Trx reductase inhibitor auranofin-induced
cell death was also prevented by H2S (10). This effect of H2S
could be ascribed to its promoting action on Trx reductivity.
In addition, it could also be due to its induction of sulfhydryl
residues in other cellular proteins as revealed in this paper.

Our study could have important basic and clinical
implications. First, we identified H2S as a novel molecule
rendering cell resistance to PX-12. In many types of tumors,
increased expression of H2S-synthesizing enzymes has been
reported (26–30, 54). Besides, tumors could also occur at
an environment exposed to H2S, such as colon where up to
millimolar H2S has been reported (55, 56). Moreover, H2S is
also available from food and bacteria. This endogenous and
exogenous H2S could hinder the therapeutic efficacy of PX-12.
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Strategies against H2S can be developed to increase efficacy of
tumor therapy. Moreover, H2S could also be used as a potential
marker predicting tumor response to PX-12.

Second, our study found that, other than Trx, PX-12 also
reacted with a wide range of proteins through a thiol-disulfide
exchange, including albumin, a protein that is abundant in
hepatocytes and serum (41–43). Given the importance of thiol
residues in protein functions, this finding should be important.
It suggests that PX-12 may have a broader range of activity and
applicability. It also hints that drug resistance to PX-12 should
not be limited to Trx system, but also include other PX-12-
reactive proteins. In this study, we showed that H2S significantly
increased the thiol activity in a wide range of proteins, including
IgG (34) and albumin. Because these proteins are far more
abundant than Trx, it may play an important role in drug
resistance. Thus, prevention of the off-target binding of PX-12
could be an effective way to increase therapeutic efficacy.

Third, our study provides additional evidence supporting
a regulatory role of H2S on cysteine or disulfide bonds in
multiple molecules, possibly through sulfhydration. Given thiol
has been characterized as an important molecule involved in
the regulation of oxidative and redox signaling, this effect of
H2S could be an important mechanism by which H2S increases
drug resistance. In this study, we also found that H2S directly
deactivated PX-12. This result suggests that, in analyzing the
effect and mechanisms of H2S on drug resistance, other than
the important signalingmolecules and cellular proteins, attention
should also be paid to the possible direct chemical reaction
between H2S and drugs.

Of note, our study also has limitations. We have used a
relatively high, non-physiological concentration of NaHS as an
exogenous H2S donor in some of the experiments regarding
the effects of H2S on recombinant Trx, albumin and PX-
12. However, this shortcoming should not greatly affect our
conclusion about the involvement of H2S in cell resistance to Trx
inhibitors because the similar results were also achieved through
modulation of endogenous H2S levels. Another limitation of this

study is that our finding was obtained from cultured cells. It is
necessary to verify the results in animal models. This will be the
direction of our future research.

Collectively, we characterized H2S as an important molecule
governing cell response to PX-12. This effect of H2S involved
multiple mechanisms including increasing thiol activity in Trx
and in the proteins that competitively bind PX-12, as well as
direct inactivation of PX-12. Our study suggests that targeting
H2S and thiol residues could be an effective way to increase the
tumor-killing efficacy of PX-12. H2S can be used as a marker
predicting tumor cell response to PX-12.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

ZM performed research and wrote the manuscript. XY,
YH, and ZZ provided experimental assistance. SM and HS
performed 2-MI detection. KG provided crucial reagents,
technical assistance, and intellectual input. JY designed the study
and wrote the manuscript.

FUNDING

This work was supported by a grant from the Ministry of
Education, Culture, Sports, Science and Technology, Japan
(17K11176 to JY), as well as National Natural Science Foundation
of China (81673912 to KG).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00252/full#supplementary-material

REFERENCES

1. Moscow JA, Cowan KH, Sikic BI, Morrow CS, Cowan KH. Drug resistance

and its clinical circumvention. In: Holland JF, Frei E, editors. Cancer Med. BC

Decker, Inc. (2006). p. 630–47.

2. Gill JG, Piskounova E, Morrison SJ, editors. Cancer, oxidative stress,

and metastasis. Cold Spring Harb Symp Quant Biol. (2016) 81:163–75.

doi: 10.1101/sqb.2016.81.030791

3. Cook JA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell JB,

editors. Oxidative stress, redox, and the tumor microenvironment.

Semin Radiat Oncol. (2004) 14:259–66. doi: 10.1016/j.semradonc.2004.

04.001

4. CunninghamGM, RomanMG, Flores LC, Hubbard GB, Salmon AB, Zhang Y,

et al. The paradoxical role of thioredoxin on oxidative stress and aging. Arch

Biochem Biophys. (2015) 576:32–8. doi: 10.1016/j.abb.2015.02.025

5. Sies H, Berndt C, Jones DP. Oxidative stress. Annu Rev Biochem. (2017)

86:715–48. doi: 10.1146/annurev-biochem-061516–045037

6. Lillig CH, Holmgren A. Thioredoxin and related molecules-from

biology to health and disease. Antioxid Redox Signal. (2007) 9:25–47.

doi: 10.1089/ars.2007.9.25

7. Karlenius TC, Tonissen KF. Thioredoxin and cancer: a role for

thioredoxin in all states of tumor oxygenation. Cancers. (2010) 2:209–32.

doi: 10.3390/cancers2020209

8. Arnér ESJ, Holmgren A. The thioredoxin system in cancer. Semin Cancer Biol.

(2006) 16:420–6. doi: 10.1016/j.semcancer.2006.10.009

9. Kim SJ, Miyoshi Y, Taguchi T, Tamaki Y, Nakamura H, Yodoi J,

et al. High thioredoxin expression is associated with resistance to

docetaxel in primary breast cancer. Clin Cancer Res. (2005) 11:8425–30.

doi: 10.1158/1078–0432.CCR-05–0449

10. Mao Z, Huang Y, Zhang Z, Yang X, Zhang X, Huang Y, et al. Pharmacological

levels of hydrogen sulfide inhibit oxidative cell injury through regulating

the redox state of thioredoxin. Free Radic Biol Med. (2019) 134:190–9.

doi: 10.1016/j.freeradbiomed.2019.01.009

11. Gao K, Chi Y, Sun W, Takeda M, Yao J. 5
′

-AMP-activated protein

kinase attenuates adriamycin-induced oxidative podocyte injury through

thioredoxin-mediated suppression of the apoptosis signal-regulating

kinase 1-P38 signaling pathway. Mol Pharmacol. (2014) 85:460–71.

doi: 10.1124/mol.113.089458

12. Li C, Thompson MA, Tamayo AT, Zuo Z, Lee J, Vega F, et al. Over-expression

of Thioredoxin-1 mediates growth, survival, and chemoresistance and is a

Frontiers in Oncology | www.frontiersin.org 12 March 2020 | Volume 10 | Article 252

https://www.frontiersin.org/articles/10.3389/fonc.2020.00252/full#supplementary-material
https://doi.org/10.1101/sqb.2016.81.030791
https://doi.org/10.1016/j.semradonc.2004.04.001
https://doi.org/10.1016/j.abb.2015.02.025
https://doi.org/10.1146/annurev-biochem-061516--045037
https://doi.org/10.1089/ars.2007.9.25
https://doi.org/10.3390/cancers2020209
https://doi.org/10.1016/j.semcancer.2006.10.009
https://doi.org/10.1158/1078--0432.CCR-05--0449
https://doi.org/10.1016/j.freeradbiomed.2019.01.009
https://doi.org/10.1124/mol.113.089458
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Mao et al. H2S Mediates Chemoresistance to PX-12

druggable target in diffuse large B-cell lymphoma. Oncotarget. (2012) 3:314.

doi: 10.18632/oncotarget.463

13. Molina M, Camps C, De Las Penas R, Alonso G, Lopez-Vivanco G,

Provencio M, et al. Elevated levels of thioredoxin (Trx) in serum correlate

with poor outcome in docetaxel (doc)/cisplatin (cis)-treated stage IV non-

small cell lung cancer (NSCLC) patients (p). J Clin Oncol. (2007) 25:7628.

doi: 10.1016/S1359–6349(07)71362–9

14. Tonissen KF, Di Trapani G. Thioredoxin system inhibitors as mediators

of apoptosis for cancer therapy. Mol Nutr Food Res. (2009) 53:87–103.

doi: 10.1002/mnfr.200700492

15. Biaglow JE, Miller RA. The thioredoxin reductase/thioredoxin system:

novel redox targets for cancer therapy. Cancer Biol Ther. (2005) 4:13–20.

doi: 10.4161/cbt.4.1.1434

16. Raninga PV, Di Trapani G, Vuckovic S, Bhatia M, Tonissen KF. Inhibition

of thioredoxin 1 leads to apoptosis in drug-resistant multiple myeloma.

Oncotarget. (2015) 6:15410. doi: 10.18632/oncotarget.3795

17. Ramanathan RK, Kirkpatrick DL, Belani CP, Friedland D, Green SB, Chow

HH, et al. A Phase I pharmacokinetic and pharmacodynamic study of PX-12,

a novel inhibitor of thioredoxin-1, in patients with advanced solid tumors.

Clin Cancer Res. (2007) 13:2109–14. doi: 10.1158/1078–0432.CCR-06–2250

18. Ramanathan RK, Abbruzzese J, Dragovich T, Kirkpatrick L, Guillen JM, Baker

AF, et al. A randomized phase II study of PX-12, an inhibitor of thioredoxin

in patients with advanced cancer of the pancreas following progression after

a gemcitabine-containing combination. Cancer Chemother Pharmacol. (2011)

67:503–9. doi: 10.1007/s00280–010-1343–8

19. Tan Y, Bi L, Zhang P, Wang F, Lin F, Ni W, et al. Thioredoxin-1 inhibitor PX-

12 induces human acute myeloid leukemia cell apoptosis and enhances the

sensitivity of cells to arsenic trioxide. Int J Clin Exp Pathol. (2014) 7:4765–73.

20. Kirkpatrick DL, Ehrmantraut G, Stettner S, Kunkel M, Powis G. Redox active

disulfides: the thioredoxin system as a drug target. Oncol Res. (1997) 9:351–6.

21. Kimura H. Hydrogen sulfide: its production, release and functions. Amino

acids. (2011) 41:113–21. doi: 10.1007/s00726–010-0510-x

22. Kimura Y, Kimura H. Hydrogen sulfide protects neurons from oxidative

stress. FASEB J. (2004) 18:1165–7. doi: 10.1096/fj.04–1815fje

23. Xie Z-Z, Liu Y, Bian J-S. Hydrogen sulfide and cellular redox homeostasis.

Oxid Med Cell Longev. (2016) 2016:6043038. doi: 10.1155/2016/6043038

24. Lu M, Hu L-F, Hu G, Bian J-S. Hydrogen sulfide protects astrocytes against

H2O2-induced neural injury via enhancing glutamate uptake. Free Radic Biol

Med. (2008) 45:1705–13. doi: 10.1016/j.freeradbiomed.2008.09.014

25. Wang Q, Wang X-L, Liu H-R, Rose P, Zhu Y-Z. Protective effects of

cysteine analogues on acute myocardial ischemia: novel modulators of

endogenous H2S production. Antioxid Redox Signal. (2010) 12:1155–65.

doi: 10.1089/ars.2009.2947

26. Hellmich MR, Szabo C. Hydrogen sulfide and cancer. Handb Exp Pharmacol.

(2015) 230:233–41. doi: 10.1007/978–3-319–18144-8_12

27. Hellmich MR, Coletta C, Chao C, Szabo C. The therapeutic potential of

cystathionine β-synthetase/hydrogen sulfide inhibition in cancer. Antioxid

Redox Signal. (2015) 22:424–48. doi: 10.1089/ars.2014.5933

28. Szabo C, Coletta C, Chao C, Módis K, Szczesny B, Papapetropoulos A,

et al. Tumor-derived hydrogen sulfide, produced by cystathionine-β-synthase,

stimulates bioenergetics, cell proliferation, and angiogenesis in colon cancer.

Proc Natl Acad Sci USA. (2013) 110:12474–9. doi: 10.1073/pnas.1306241110

29. Wu D, Si W, Wang M, Lv S, Ji A, Li Y. Hydrogen sulfide in cancer: friend or

foe? Nitric Oxide. (2015) 50:38–45. doi: 10.1016/j.niox.2015.08.004

30. Wahafu W, Gai J, Song L, Ping H, Wang M, Yang F, et al. Increased H(2)S

and its synthases in urothelial cell carcinoma of the bladder, and enhanced

cisplatin-induced apoptosis following H(2)S inhibition in EJ cells. Oncol Lett.

(2018) 15:8484–90. doi: 10.3892/ol.2018.8373

31. Untereiner AA, Pavlidou A, Druzhyna N, Papapetropoulos A, Hellmich

MR, Szabo C. Drug resistance induces the upregulation of H2S-producing

enzymes in HCT116 colon cancer cells. Biochem Pharmacol. (2018) 149:174–

85. doi: 10.1016/j.bcp.2017.10.007

32. Bhattacharyya S, Saha S, Giri K, Lanza IR, Nair KS, Jennings NB,

et al. Cystathionine beta-synthase (CBS) contributes to advanced ovarian

cancer progression and drug resistance. PloS ONE. (2013) 8:e79167.

doi: 10.1371/journal.pone.0079167

33. Szczesny B, Marcatti M, Zatarain JR, Druzhyna N, Wiktorowicz JE,

Nagy P, et al. Inhibition of hydrogen sulfide biosynthesis sensitizes lung

adenocarcinoma to chemotherapeutic drugs by inhibiting mitochondrial

DNA repair and suppressing cellular bioenergetics. Sci Rep. (2016) 6:36125.

doi: 10.1038/srep36125

34. Zhang Z, Fang X, Yang X, Mitsui T, Huang Y, Mao Z, et al. Hydrogen sulfide

donor NaHS alters antibody structure and function via sulfhydration. Int

Immunopharmacol. (2019) 73:491–501. doi: 10.1016/j.intimp.2019.05.052

35. Huang Y, Zhang Z, Huang Y, Mao Z, Yang X, Nakamura Y, et al. Induction

of inactive TGF-β1 monomer formation by hydrogen sulfide contributes

to its suppressive effects on Ang II-and TGF-β1-induced EMT in renal

tubular epithelial cells. Biochem Biophys Res Commun. (2018) 501:534–40.

doi: 10.1016/j.bbrc.2018.05.032

36. Hine C, Kim H-J, Zhu Y, Harputlugil E, Longchamp A, Matos MS, et al.

Hypothalamic-pituitary axis regulates hydrogen sulfide production. Cell

Metab. (2017) 25:1320–33.e5. doi: 10.1016/j.cmet.2017.05.003

37. Chen Y, Cai J, Jones DP. Mitochondrial thioredoxin in regulation

of oxidant-induced cell death. FEBS Lett. (2006) 580:6596–602.

doi: 10.1016/j.febslet.2006.11.007

38. Sen N, Paul BD, Gadalla MM, Mustafa AK, Sen T, Xu R, et al. Hydrogen

sulfide-linked sulfhydration of NF-κB mediates its antiapoptotic actions.Mol

Cell. (2012) 45:13–24. doi: 10.1016/j.molcel.2011.10.021

39. Liu Y, Yang R, Liu X, Zhou Y, Qu C, Kikuiri T, et al. Hydrogen sulfide

maintains mesenchymal stem cell function and bone homeostasis via

regulation of Ca2+ channel sulfhydration. Cell Stem Cell. (2014) 15:66–78.

doi: 10.1016/j.stem.2014.03.005

40. Huber K, Patel P, Zhang L, Evans H, Westwell AD, Fischer PM, et al. 2-

[(1-methylpropyl) dithio]-1H-imidazole inhibits tubulin polymerization

through cysteine oxidation. Mol Cancer Ther. (2008) 7:143–51.

doi: 10.1158/1535–7163.MCT-07–0486

41. Moshage H, Janssen J, Franssen J, Hafkenscheid J, Yap S. Study of

the molecular mechanism of decreased liver synthesis of albumin in

inflammation. J Clin Invest. (1987) 79:1635–41. doi: 10.1172/JCI113000

42. Woodworth CD, Isom HC. Regulation of albumin gene expression in a

series of rat hepatocyte cell lines immortalized by simian virus 40 and

maintained in chemically defined medium. Mol Cell Biol. (1987) 7:3740–8.

doi: 10.1128/MCB.7.10.3740

43. Bourdon E, Loreau N, Lagrost L, Blache D. Differential effects of cysteine and

methionine residues in the antioxidant activity of human serum albumin. Free

Radic Res. (2005) 39:15–20. doi: 10.1080/10715760400024935

44. Oettl K, Marsche G. Redox state of human serum albumin in terms of

cysteine-34 in health and disease. Methods Enzymol. (2010) 474:181–95.

doi: 10.1016/S0076–6879(10)74011–8

45. Davies MJ, Gilbert BC, Haywood RM. Radical-induced damage to bovine

serum albumin: role of the cysteine residue. Free Radic Res Commun. (1993)

18:353–67. doi: 10.3109/10715769309147502

46. Deavall DG, Martin EA, Horner JM, Roberts R. Drug-induced oxidative stress

and toxicity. J Toxicol. (2012) 2012:645460. doi: 10.1155/2012/645460

47. Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular

mechanisms of action. Eur J Pharmacol. (2014) 740:364–78.

doi: 10.1016/j.ejphar.2014.07.025

48. Cort A, Timur M, Dursun E, Kucuksayan E, Aslan M, Ozben T.

Effects of N-acetylcystein on bleomycin-induced apoptosis in malignant

testicular germ cell tumors. J Physiol Biochem. (2012) 68:555–62.

doi: 10.1007/s13105–012-0173-z

49. You BR, Shin HR, Park WH. PX-12 inhibits the growth of A549 lung cancer

cells via G2/M phase arrest and ROS-dependent apoptosis. Int J Oncol. (2014)

44:301–8. doi: 10.3892/ijo.2013.2152

50. You BR, Shin HR, Han BR, ParkWH. PX-12 induces apoptosis in Calu-6 cells

in an oxidative stress-dependent manner. Tumor Biology. (2015) 36:2087–95.

doi: 10.1007/s13277–014-2816-x

51. Li G-Z, Liang H-F, Liao B, Zhang L, Ni Y-A, Zhou H-H, et al. PX-12

inhibits the growth of hepatocelluar carcinoma by inducing S-phase arrest,

ROS-dependent apoptosis and enhances 5-FU cytotoxicity. Am J Transl Res.

(2015) 7:1528–40.

52. Mani S, Yang G, Wang R. A critical life-supporting role for cystathionine γ-

lyase in the absence of dietary cysteine supply. Free Radic Biol Med. (2011)

50:1280–7. doi: 10.1016/j.freeradbiomed.2011.01.038

53. Kabil O, Vitvitsky V, Xie P, Banerjee R. The quantitative significance

of the transsulfuration enzymes for H2S production in murine

Frontiers in Oncology | www.frontiersin.org 13 March 2020 | Volume 10 | Article 252

https://doi.org/10.18632/oncotarget.463
https://doi.org/10.1016/S1359--6349(07)71362--9
https://doi.org/10.1002/mnfr.200700492
https://doi.org/10.4161/cbt.4.1.1434
https://doi.org/10.18632/oncotarget.3795
https://doi.org/10.1158/1078--0432.CCR-06--2250
https://doi.org/10.1007/s00280--010-1343--8
https://doi.org/10.1007/s00726--010-0510-x
https://doi.org/10.1096/fj.04--1815fje
https://doi.org/10.1155/2016/6043038
https://doi.org/10.1016/j.freeradbiomed.2008.09.014
https://doi.org/10.1089/ars.2009.2947
https://doi.org/10.1007/978--3-319--18144-8_12
https://doi.org/10.1089/ars.2014.5933
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1016/j.niox.2015.08.004
https://doi.org/10.3892/ol.2018.8373
https://doi.org/10.1016/j.bcp.2017.10.007
https://doi.org/10.1371/journal.pone.0079167
https://doi.org/10.1038/srep36125
https://doi.org/10.1016/j.intimp.2019.05.052
https://doi.org/10.1016/j.bbrc.2018.05.032
https://doi.org/10.1016/j.cmet.2017.05.003
https://doi.org/10.1016/j.febslet.2006.11.007
https://doi.org/10.1016/j.molcel.2011.10.021
https://doi.org/10.1016/j.stem.2014.03.005
https://doi.org/10.1158/1535--7163.MCT-07--0486
https://doi.org/10.1172/JCI113000
https://doi.org/10.1128/MCB.7.10.3740
https://doi.org/10.1080/10715760400024935
https://doi.org/10.1016/S0076--6879(10)74011--8
https://doi.org/10.3109/10715769309147502
https://doi.org/10.1155/2012/645460
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1007/s13105--012-0173-z
https://doi.org/10.3892/ijo.2013.2152
https://doi.org/10.1007/s13277--014-2816-x
https://doi.org/10.1016/j.freeradbiomed.2011.01.038
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Mao et al. H2S Mediates Chemoresistance to PX-12

tissues. Antioxid Redox Signal. (2011) 15:363–72. doi: 10.1089/ars.20

10.3781

54. Panza E, De Cicco P, Armogida C, Scognamiglio G, Gigantino V, Botti

G, et al. Role of the cystathionine γ lyase/hydrogen sulfide pathway in

human melanoma progression. Pigment Cell Melanoma Res. (2015) 28:61–72.

doi: 10.1111/pcmr.12312

55. Wallace JL. Hydrogen sulfide-releasing anti-inflammatory drugs. Trends

Pharmacol Sci. (2007) 28:501–5. doi: 10.1016/j.tips.2007.09.003

56. Magee EA, Richardson CJ, Hughes R, Cummings JH. Contribution of dietary

protein to sulfide production in the large intestine: an in vitro and a

controlled feeding study in humans. Am J Clin Nutr. (2000) 72:1488–94.

doi: 10.1093/ajcn/72.6.1488

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Mao, Yang, Mizutani, Huang, Zhang, Shinmori, Gao

and Yao. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 14 March 2020 | Volume 10 | Article 252

https://doi.org/10.1089/ars.2010.3781
https://doi.org/10.1111/pcmr.12312
https://doi.org/10.1016/j.tips.2007.09.003
https://doi.org/10.1093/ajcn/72.6.1488
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Hydrogen Sulfide Mediates Tumor Cell Resistance to Thioredoxin Inhibitor
	Introduction
	Materials and Methods
	Materials
	Cells
	Assessment of Cell Viability With WST Reagent
	Calcein-AM/Propidium Iodide (PI) Staining
	Transient Transfection
	Western Blot Analysis
	Lead Sulfide Method for Determination of H2S Production Capacity
	Redox Western Analysis
	Red Maleimide for Detection of Sulfhydryl (-SH) Groups
	Absorption Spectroscopic Method for Detection of 2-Mercaptoimidazole
	Statistical Analysis

	Results
	H2S Regulates Cell Sensitivity to PX-12
	H2S Increases the Reductivity of Trx
	H2S Inactivates PX-12
	H2S Stimulates Sulfhydryl Residues in Multiple Proteins That Contribute to PX-12 Drug Resistance
	Blockade of Extracellular Sulfhydryl Residues Enhances Cell Sensitivity to PX-12

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


