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Abstract: It is estimated that over 1.5 billion people suffer from various forms of chronic liver disease
worldwide. The emerging prevalence of metabolic syndromes and alcohol misuse, along with the
lack of disease-modifying agents for the therapy of many severe liver conditions predicts that chronic
liver disease will continue to be a major problem in the future. Better understanding of the underlying
pathogenetic mechanisms and identification of potential therapeutic targets remains a priority. Herein,
we explored the potential role of the 3-mercaptopyruvate sulfurtransferase/hydrogen sulfide (H2S)
system in the regulation of the endoplasmic reticulum (ER) stress and of its downstream processes in
the immortalized hepatic cell line HepG2 in vitro. ER stress suppressed endogenous H2S levels and
pharmacological supplementation of H2S with sodium hydrogen sulfide (NaHS) mitigated many
aspects of ER stress, culminating in improved cellular bioenergetics and prevention of autophagic
arrest, thereby switching cells’ fate towards survival. Genetic silencing of 3-MST or pharmacological
inhibition of the key enzymes involved in hepatocyte H2S biosynthesis exacerbated many readouts
related to ER-stress or its downstream functional responses. Our findings implicate the 3-MST/H2S
system in the intracellular network that governs proteostasis and ER-stress adaptability in hepatocytes
and reinforce the therapeutic potential of pharmacological H2S supplementation.
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1. Introduction

Hydrogen sulfide (H2S), a gaseous endogenous biological mediator, plays an important role in the
regulation of various mammalian cell functions. The main mammalian enzymes responsible for H2S
biosynthesis are cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), and 3-mercaptopyruvate
sulfurtransferase (3-MST) [1–3]. While the functional roles of CBS and CSE have been extensively
investigated over the last decade and a half, the biological regulatory roles of the 3-MST/H2S system in
health and disease are less understood [1–6].

Unresolved endoplasmic reticulum (ER) stress is now recognized as a pathogenic mechanism for
hepatic injury and malfunction upon a variety of pathophysiological conditions, including metabolic
syndrome. Shared among these seemingly different pathophysiological liver manifestations is the
presence of intracellular or extracellular conditions that perturb calcium handling and the dynamics for
protein folding and degradation. This response, in turn, generates a vicious cycle of persistent ER stress,
which can exhaust the adaptive regenerative capacity of the organ to promote pro-inflammatory and
pro-apoptotic signaling, ultimately favoring hepatic injury (which, depending on the underlying disease,
can produce various functional and histopathological pictures ranging from hepatic dysfunction to
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hepatic scarring and hepatocellular carcinoma [7–9]. Pharmacological or therapeutic approaches that
counteract ER stress may be useful to limit the progression of various forms of liver diseases [7–9].

The current study was designed to explore the potential role of the 3-MST/H2S system in the
regulation of the cellular response under endoplasmic reticulum (ER) stress (hereafter occasionally
referred to as stress conditions) in the immortalized hepatic cell line HepG2.

2. Materials and Methods

2.1. Materials

Cell proliferation kit II (2,3-Bis-(2-methoxy-4-nitro-5-sulphophenyl)–2H–tetrazolium–5–|carboxanilide)
(XTT; Ref ID: 11465015001), Cell Proliferation 5-bromo-2′-deoxyuridine (BrdU) colorimetric
ELISA kit (Ref ID: 11647229001), and Cytotoxicity Detection KitPLUS (lactate dehydrogenase
(LDH); Ref ID: 4744934001) were purchased from Roche Diagnostics Ltd. (Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland). Agilent Seahorse XF Glycolytic Rate Assay (Ref ID:
103344-100) and Cell Mito Stress Test (Ref ID: 103015-100) kits, Seahorse XF-24 cell culture
microplates, and the corresponding Seahorse XF assay media and calibrant solution were
acquired from Agilent Technologies AG (Basel, Switzerland). The 3-MST inhibitor [10]
2-[(4-hydroxy-6-methylpyrimidin-2-yl)sulfanyl]-1-(naphthalen-1-yl)ethan-1-one (HMPSNE) was
purchased from MolPort SIA, Riga, Latvia. Sodium hydrosulfide monohydrate (NaHS; ≥90%),
Aminooxyacetic acid hemihydrochloride (AOAA; 98%), MISSION® esiRNA human 3-MST (Ref ID:
EHU086511) along with its corresponding universal negative control (Ref ID: SIC001), nuclease-free
water, 7-azido-4-methylcoumarinv (AzMC), autophagy assay kit, and dimethyl sulfoxide (DMSO;
anhydrous, ≥99.9%) were obtained from Sigma-Aldrich Chemie GmbH. Bovine serum albumin
(BSA) was acquired from Cell Signaling Technology (CST; Bioconcept AG, Allschwil, Switzerland).
Other materials and reagents for cell culture, cell transfection, protein concentration estimation,
Western blotting, and live-cell labeling were purchased from Thermo Fisher Scientific (Basel,
Switzerland), unless otherwise stated.

2.2. Cell Culture

The human hepatoma HepG2 (ATCC® HB-8065™) cell line was acquired from LGC Standards
(Molsheim, France). The non-tumorigenic HepG2 cells were cultured in DMEM basal medium
supplemented with 1X Glutamax™, 10% heat-inactivated fetal bovine serum (FBS), 100 IU/mL of
penicillin, and 100 µg/mL of streptomycin. The cells were maintained at 37 ◦C in a humidified incubator
with 5% CO2 and 95% air. Culture medium was renewed twice per week. Cells were sub-cultured
when 80–90% confluent and grown up to passage 10 to avoid loss of hepatic-specific functions.
Propagating cells were seeded at a ratio of 1:10 or at the desired cell density for each assay. Viable cells
were quantified with the automated R1 Cell Counter (Olympus Schweiz AG, Volketswil, Switzerland).

2.3. Cell Treatments

Thapsigargin (TG), tunicamycin (TM), and HMPSNE were reconstituted in 100% DMSO at a
stock concentration of 1 mM, 10 mg/mL, and 0.5 M, respectively. Stock solutions were aliquoted and
stored at −20 ◦C until further use. All aliquots were thawed once and serially diluted in the serum-free
basal growth medium to final desired working concentrations for each experimental setup. NaHS and
AOAA were maintained in powdered, desiccated form at 4 ◦C and reconstituted in serum-free basal
medium to an initial concentration of 10 mM and 100 mM immediately before use. Stock solutions
were serially diluted to the desired final working concentrations of 50–600 µM or of 30–100 µM using
the corresponding medium. All cell treatments were conducted at least in duplicate per assay per
experimental setup.
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2.4. Cell Transfections

HepG2 were seeded at a density of 1 × 106 cells at 95% viability in Corning® cell culture T-75
flasks that corresponded to 70–80% confluency the following day. Short interfering RNA (siRNA)
were delivered to the cells using the Lipofectamine™ 2000 reagent, as per the manufacturer’s protocol.
Opti-MEM® I Reduced Serum Medium replaced basal growth medium during the transfection and
used for diluting Lipofectamine™ 2000 and RNA oligomers prior to complex formation. Twenty-four
hours following the initiation of the transfection, cells were harvested and seeded at the corresponding
micro-plates and culture vessels for each assay. Cell treatments were conducted 56 h following the
initiation of the transfection. Gene silencing efficiency was monitored with Western blotting.

2.5. Assessment of Cell Viability and Proliferation

Cell Proliferation kit II (XTT), Cell Proliferation ELISA BrdU (colorimetric) kit and Cytotoxicity
Detection KitPLUS (LDH) were respectively used for the quantification of hepatic cell viability,
proliferation and necrosis. The assays were formatted in Corning® Costar® TC-Treated, flat-bottom,
transparent 96-well microplates. HepG2 cells were seeded at a density of 2 × 104 cells at 95% viability
per well in total of 100 µL for 24 h. They were serum-starved for 8 h. Afterward, they were stressed
with 10, 100, and 1000 nM thapsigargin for 16 h and assayed with the Cell proliferation kit II and
Cytotoxicity Detection KitPLUS, as per our previously published methodology [11]. Upon the selection
of the optimal ER stressor concentration, cells were treated with vehicle control or 100 nM thapsigargin
in the presence or absence of various concentrations NaHS (0–600 µM), HMPSNE (0–100 µM) or AOAA
(0–100 µM) for 16 h. Cells were then assayed with the Cell Proliferation Kit II and Cell Proliferation
ELISA BrdU kit. Vehicle control treatment refers to the maximum concentration of DMSO used that
was 0.1%.

2.6. Assessment of Cellular Bioenergetics

Extracellular flux (XF) analysis deployed for real-time quantification of oxygen consumption rate
(OCR) and the proton efflux rate (PER) with the Agilent Seahorse XF Cell Mito Stress Test kit and
Agilent Seahorse XF Glycolytic Rate Assay kit, respectively. Both assays were formatted in Seahorse
XF24 cell-culture microplates and performed as previously described [11]. HepG2 cells were seeded
at a density of 2 × 104 cells per well in a total of 200 µL for 24 h. Cells were serum-starved for 8 h
and treated with vehicle control, 100 nM thapsigargin, or 1 µg/mL tunicamycin for 16 h prior to the
initiation of measurements. To assess the effect of the pharmacological regulation of the intracellular
H2S levels, cells were co-treated with 100 µM NaHS, 100 µM HMPSNE, or 30 µM AOAA.

2.7. Live-Cell Labelling for Autophagy and Endogenous H2S Quantification

The autophagy assay kit and AzMC fluorogenic probe were accordingly used for real-time
quantification of autophagosome formation and endogenous H2S levels. Both assays were formatted
in Corning® Costar® TC-Treated, optical-bottom, black, 96-well microplates. HepG2 cells were seeded
at a density of 1 × 104 cells per well in a total of 100 µL for 24 h. Cells were serum-starved for 8 h and
treated with vehicle control or 100 nM thapsigargin and 100 µM NaHS for 16 h. After the treatments,
spent medium was discarded and the cells were incubated with 1X of the Autophagosome Detection
Reagent in the kit-provided stain buffer for 30 min at 37 ◦C in a humidified incubator with 5% CO2 and
95% air. Cells were washed thrice and the fluorescence signal of the Autophagosome Detection Reagent
was read with an Infinite®200 PRO microplate reader at λexcitation = 360 nm and λemission = 520 nm.
Alternatively, cells were incubated with 100 µM of the AzMC probe in pre-warmed Gibco™Hanks’
Balanced Salt Solution (HBSS) with calcium and magnesium for 1 h. The AzMC fluorescence signal
was read with an Infinite®200 PRO microplate reader at λexcitation = 365 nm and λemission = 450 nm
and normalized to the corresponding protein content of each microculture. Representative images of
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each cell labeling were captured under the Olympus CKX53 inverted fluorescent microscope with a
DAPI channel.

2.8. Live-Cell Labeling for Mitochondrial Superoxide

The MitoSOX™ Red mitochondrial superoxide indicator [12] was used for real-time quantification
of mitochondrial oxidative stress following the cell handling and treatments described in the previous
subsection. The fluorogenic probe was reconstituted 100% DMSO at a stock concentration of 5 mM,
aliquoted and stored as per manufacturer’s guidelines. Stock solutions were diluted in pre-warmed
HBSS with calcium and magnesium to the final working concentration of 5 µM. Cells were loaded
with the working solution and incubated for 10 min at 37 ◦C in a humidified incubator with 5% CO2

and 95% air. Cells were washed thrice and the fluorescent signal of MitoSOX™ probe was read with an
Infinite®200 PRO microplate reader at λexcitation = 510 nm and λemission = 580 nm. Acquired data were
normalized to the corresponding total cell number with Janus green staining (Abcam, Cambridge, UK).
Janus green staining was performed according to the manufacturer’s protocol.

2.9. Protein Extraction and Western Blotting

HepG2 cells were seeded at a density of 5× 105 cells in Corning® cell culture T-25 flasks. Cells were
serum-starved for 8 h and treated with vehicle control, 100 nM thapsigargin, or 1 µg/mL tunicamycin
for 16 h. To assess the effect of the pharmacological regulation of the intracellular H2S levels, cells were
co-treated with 100 µM NaHS, 100 µM HMPSNE, or 30 µM AOAA. Following the incubation with the
treatments, the cells were washed twice with ice-cold 1X phosphate-buffered saline (PBS) and harvested
in 1X PathScan® Sandwich ELISA cell lysis buffer supplemented with protease/phosphatase inhibitor
cocktail (1X). After two freeze/thaw cycles, the whole-cell lysate was collected and sonicated for 1 min
(5 s ON/5 s OFF-6 cycles). The total protein was extracted by centrifugation at 16,000× g at 4 ◦C for
15 min. The Pierce™ Coomassie Plus (Bradford) protein assay was deployed for the estimation of the
protein concentration of the samples. Protein samples of whole-cell lysate were aliquoted and stored at
−80 ◦C until processed for Western blotting, in accord with our previously published protocol [13].
The primary antibodies used in the Western blotting experiments are summarized in Table 1.

Table 1. List of primary antibodies used in Western blotting. (SM = skimmed milk; BSA: bovine serum
albumin).

Target Blocking Buffer Dilution Isotype Manufacturer Catalogue Number

β-Actin 5% w/v SM 1:2000 Mouse IgG Cell Signaling 3700
Beclin-1 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 3495

Atg3 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 3415
Atg7 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 8558
ATF6 5% w/v SM 1:1000 Mouse IgG Abcam ab122897
BiP 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 9956

Calnexin 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 9956
PDI 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 9956

Ero1-Lα 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 9956
Chop 5% w/v SM 1:1000 Mouse IgG Cell Signaling 9956
IRE1α 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 9956

Phospho-IRE1 (Ser724) 5% w/v SM 1:1000 Rabbit IgG Abcam ab48187
PERK 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 3192

Phospho-PERK (Thr980) 5% w/v BSA 1:1000 Rabbit IgG Thermo Fisher 15033
Phospho-eIF2α (Ser51) 5% w/v BSA 1:1000 Rabbit IgG Cell Signaling 9721

Bak 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 12105
Bcl-xL 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 2764

Cleaved PARP 5% w/v SM 1:500 Rabbit IgG Abcam ab32064
CBS 5% w/v SM 1:1000 Rabbit IgG Cell Signaling 14782

3-MST 5% w/v SM 1:1000 Rabbit IgG Abcam ab154514
CSE 5% w/v SM 1:1000 Rabbit IgG Abcam ab151769
TST 5% w/v SM 1:1000 Rabbit IgG Abcam ab166625

ETHE1 5% w/v SM 1:1000 Rabbit IgG Abcam ab174302
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2.10. Statistics

All the results were expressed as mean ± standard error (SEM) of at least three independent
experiments. Assumption of normality was examined with D’Agostino–Pearson’s K-squared
and Shapiro–Wilk tests. Differences among means were considered significant if p ≤ 0.05.
Data were analyzed with one- or two-way ANOVA analysis, followed by post-hoc Bonferroni’s
multiple-comparison t-tests to identify differences among experimental groups and effects of the
co-treatments of H2S donors and inhibitors under control and ER-stressed conditions. Statistical
calculations were performed in GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) for
Mac OS X software.

3. Results

3.1. H2S Donation Rescues Thapsigargin-Induced Cell-Growth Arrest

First, we addressed the effect of thapsigargin in hepatic cell physiology for determining the
optimal ER stressor concentration. As shown in Figures 1 and 2, XTT conversion and BrdU
incorporation decreases while the LDH release rises in the supernatant in response to thapsigargin,
indicating cell-growth arrest and cell death under conditions of ER stress. The intermediate
concentration of the ER stressor, i.e., 100 nM produced a 40% reduction in cell viability (Figures
1a and 2a) and proliferation (Figure 2b) that corresponds to half-fold increase in cytotoxicity (Figure 1b).
Therefore, we have selected the 100 nM concentration of thapsigargin for the subsequent experiments.
Thapsigargin at 100 nM significantly suppressed cellular H2S levels, evidenced by an approximately
50% suppression in the fluorescent signal of the H2S probe, AzMC (Figure 2c,d). H2S donation with
NaHS increased the levels of this gaseous signaling molecule, with the concentration of 100 µM
reaching the control (normal) levels, as shown in Figure 2c. NaHS also produced an amelioration of the
aberrant hepatic cell viability and proliferation, as illustrated in Figure 2a,b. Among the concentrations
evaluated, 100 µM of NaHS was the most effective to restore cell viability and proliferation under
ER stress conditions, without affecting basal cell growth (in the absence of the ER stressor) (Figure 2).
Thus, we have selected the concentration of 100 µM of the H2S donor for our subsequent experiments.
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Figure 1. Concentration-dependent effect of thapsigargin on hepatic-cell viability. HepG2 cells were
serum-starved for 8 h and treated with 0, 10, 100 and 1000 nM of thapsigargin for 16 h. Micro-cultures
were assayed for the XTT conversion (a) to assess cell viability. Cell supernatant was collected and
processed for the LDH activity (b) to determine cytotoxicity. Each line represents mean ± SEM from
four independent experiments. Data are expressed as a percentage of the control conditions (CC).
CC refer to vehicle-treated cells that correspond to 0 nM of the ER stressor and 0.1% DMSO (the vehicle).
** p ≤ 0.01; *** p ≤ 0.001, when compared to CC.
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Figure 2. NaHS co-treatment normalizes the endogenous H2S levels and rescues hepatic-cell
viability and proliferation during chronic ER stress. HepG2 cells were serum-starved for 8 h and
treated with the vehicle or 100 nM of thapsigargin (TG), in the presence or absence of NaHS for 16 h.
Micro-cultures were assayed for the XTT conversion (a) and BrdU incorporation (b) to assess cell
viability and proliferation, respectively. Alternatively, micro-cultures were labeled with 100 µM AzMC
to quantify the endogenous H2S levels (c). Representative pictures of the AzMC signal were captured
with an Olympus CKX53 inverted microscope at 10×magnification; the left sub-panel corresponds to
the bright-field channel (BF) for whole-cell imaging, whereas the right sub-panel to the DAPI fluorescent
channel for AzMC imaging (d). Each bar represents mean ± SEM from four independent experiments.
Data are expressed as a percentage or fold change of the control (vehicle-treated) conditions (CC).
** p ≤ 0.01; *** p ≤ 0.001, when compared to CC; # p ≤ 0.05; ### p ≤ 0.001, when compared to the
TG-treated HepG2 cells. Scale bar: 20 µm.

3.2. H2S Donation Ameliorates the Hepatic Unfolded Protein Response and Inhibits Autophagy Arrest

Next, we tested whether the cytoprotective effects of NaHS co-treatment could affect the regulation
of the unfolded protein response (UPR) under conditions of persistent ER stress. We harvested cells
that had been previously treated with the vehicle or 100 nM thapsigargin in the presence or absence
of 100 µM NaHS. The extracted protein samples were then processed for Western blotting of key
effectors and mediators of the UPR. Thapsigargin elicited a more than 30- and 10-times increase in
the expression levels of the binding immunoglobulin protein (BiP) (Figure 3a) and of the activating
phosphorylation of inositol-requiring enzyme-1α (IRE1α) (Figure 3b), respectively. It also doubled the
phosphorylated levels of protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) (Figure 3c)
and its downstream target for global cell translation-the eukaryotic initiation factor 2 (eIF2) α subunit
(Figure 3d), indicating the induction of ER stress response [14].



Biomolecules 2020, 10, 1692 7 of 26

Biomolecules 2020, 10, x 7 of 26 

Figure 2. NaHS co-treatment normalizes the endogenous H2S levels and rescues hepatic-cell 
viability and proliferation during chronic ER stress. HepG2 cells were serum-starved for 8 h and 
treated with the vehicle or 100 nM of thapsigargin (TG), in the presence or absence of NaHS for 16 h. 
Micro-cultures were assayed for the XTT conversion (a) and BrdU incorporation (b) to assess cell 
viability and proliferation, respectively. Alternatively, micro-cultures were labeled with 100 µM 
AzMC to quantify the endogenous H2S levels (c). Representative pictures of the AzMC signal were 
captured with an Olympus CKX53 inverted microscope at 10X magnification; the left sub-panel 
corresponds to the bright-field channel (BF) for whole-cell imaging, whereas the right sub-panel to 
the DAPI fluorescent channel for AzMC imaging (d). Each bar represents mean ± SEM from four 
independent experiments. Data are expressed as a percentage or fold change of the control 
(vehicle-treated) conditions (CC). ** p ≤ 0.01; *** p ≤ 0.001, when compared to CC; # p ≤ 0.05; ### p ≤ 
0.001, when compared to the TG-treated HepG2 cells. Scale bar: 20 µm. 

3.2. H2S Donation Ameliorates the Hepatic Unfolded Protein Response and Inhibits Autophagy Arrest 

Next, we tested whether the cytoprotective effects of NaHS co-treatment could affect the 
regulation of the unfolded protein response (UPR) under conditions of persistent ER stress. We 
harvested cells that had been previously treated with the vehicle or 100 nM thapsigargin in the 
presence or absence of 100 µM NaHS. The extracted protein samples were then processed for 
Western blotting of key effectors and mediators of the UPR. Thapsigargin elicited a more than 30- 
and 10-times increase in the expression levels of the binding immunoglobulin protein (BiP) (Figure 
3a) and of the activating phosphorylation of inositol-requiring enzyme-1α (IRE1α) (Figure 3b), 
respectively. It also doubled the phosphorylated levels of protein kinase R (PKR)-like endoplasmic 
reticulum kinase (PERK) (Figure 3c) and its downstream target for global cell translation-the 
eukaryotic initiation factor 2 (eIF2) α subunit (Figure 3d), indicating the induction of ER stress 
response [14].  

 
Figure 3. NaHS co-treatment ameliorates the hepatic unfolded protein response (UPR). HepG2 
cells were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG), in the 
presence or absence of 100 µM NaHS for 16 h. Cells were harvested and the extracted protein was 

0 100
0

20

40

60

Thapsigargin (nM)

Bi
P 

Pr
ot

ei
n 

Ex
pr

es
si

on
(F

ol
d 

ch
an

ge
 to

 C
C

)
##

***

***

CC TG TG+ NaHS

BiP 72 kDa

45 kDaβ-Actin 

0 100
0.0

0.5

1.0

1.5

2.0

2.5

Thapsigargin (nM)

Ph
os

ph
o-

eI
F2

α 
Pr

ot
ei

n 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

 to
 C

C
)

##

**

CC TG TG + NaHS

peIF2α Ser51
38 kDa

45 kDaβ-Actin 

0 100
0

5

10

15

Thapsigargin (nM)

Ph
os

ph
o/

to
ta

l I
RE

1α
 

Pr
ot

ei
n 

Ex
pr

es
si

on
(F

ol
d 

ch
an

ge
 to

 C
C

)

###

***

***

CC TG TG + NaHS

IRE1⍺ 130kDa 

45 kDaβ-Actin 

pIRE1⍺Ser724 110kDa 

0 100
0

20

40

60

Thapsigargin (nM)

C
ho

P 
Pr

ot
ei

n 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

 to
 C

C
)

###

***

CC TG TG + NaHS

Chop 27 kDa

45 kDaβ-Actin 

*

0 100
0.0

0.5

1.0

1.5

2.0

2.5

Thapsigargin (nM)

Ph
os

ph
o/

to
ta

l P
ER

K
 

Pr
ot

ei
n 

Ex
pr

es
si

on
(F

ol
d 

ch
an

ge
 to

 C
C

)

###

***

CC TG TG + NaHS

PERK 140kDa 

45 kDaβ-Actin 

pPERKThr980 170kDa 

Untreated

 NaHS

0 100
0

5

10

15

Thapsigargin (nM)

C
le

av
ed

 P
A

RP
 

Pr
ot

ei
n 

Ex
pr

es
si

on
 

(F
ol

d 
ch

an
ge

 to
 C

C
) 

#

***

*

CC TG + NaHSTG
Cleaved
PARP 25 kDa

45 kDaβ-Actin 

(a) (b) (c)

(d) (e) (f)

Figure 3. NaHS co-treatment ameliorates the hepatic unfolded protein response (UPR). HepG2 cells
were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG), in the presence
or absence of 100 µM NaHS for 16 h. Cells were harvested and the extracted protein was processed for
Western blotting analysis of the expression levels of BiP (a), activating phosphorylation of IRE1α at
the serine residue 724 (Ser724) (b), the activating phosphorylation of PERK at the threonine residue
980 (Thr980) (c), the inhibitory phosphorylation of eIF2α at Ser51 (d), Chop (e), and of cleaved PARP
(f). Each graph line represents mean ± SEM from three independent experiments. Data are expressed
as a fold change of the control (vehicle-treated) conditions (CC). * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001
compared to CC; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 compared to TG-treated HepG2 cells. For the
abbreviations used, please refer to the main text.

Thapsigargin treatment induced a 30-fold rise in the expression levels of the C/EBP-homologous
protein (Chop (Figure 3e), a protein that is recognized for its signaling role in the proapoptotic phase of
the UPR (“terminal UPR”) [14]. The latter mechanism is further supported by the aberrant cleavage
of poly [ADP-ribose] polymerase (PARP) 1, as shown in Figure 3f. NaHS co-treatment reduces
the ectopic BiP expression and IRE1α activation (Figure 3a,b), although their levels have remained
significantly elevated when compared to control conditions (p ≤ 0.001). NaHS co-treatment also
restored PERK signaling, evidenced by the normalization of the activating phosphorylation of PERK
(Figure 3c), of the inhibitory phosphorylation of eIF2α (Figure 3d) and of the intracellular Chop content
(Figure 3e). The latter effect also correlated with a significant prevention of thapsigargin-induced,
ER-stress-associated PARP1 cleavage (Figure 3f). These findings indicate that H2S donation ameliorated
the activation and expression patterns of effectors proteins of the ER stress response that downstream
shifted the UPR towards a pro-survival outcome.

We next assessed whether the NaHS co-treatment could affect the ER folding machinery
during ER stress. In order to examine this question, we quantified the expression levels of the
protein quality-control chaperones–calnexin (Figure 4a), ER oxidoreductase 1α (ERO1-Lα) (Figure 4b),
and protein disulfide isomerase (PDI) (Figure 4c). Chronic thapsigargin treatment significantly
down-regulated calnexin while it up-regulated ERO1-Lα and PDI expression. NaHS co-treatment
rescued the suppressed calnexin expression and normalized ERO1-Lα and PDI levels, as shown in
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Figure 4. These biochemical observations suggest that the exogenous H2S donation can preserve
essential proteostatic mechanisms [14] under the conditions of persistent ER stress.
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Figure 4. NaHS co-treatment partially counteracts the dysregulation of the expression of local
chaperones for the ER folding machinery. HepG2 cells were serum-starved for 8 h and treated with
the vehicle or 100 nM of thapsigargin (TG), in the presence or absence of 100 µM NaHS for 16 h.
Cells were harvested and the extracted proteins were processed for Western blotting analysis of the
expression levels of calnexin (a), ER oxidoreductase 1α (ERO1-Lα) (b), and protein disulfide isomerase
(PDI) (c). Each graph line represents mean ± SEM from three independent experiments. Data are
expressed as a fold change of the control (vehicle-treated) conditions (CC). * p ≤ 0.05, ** p ≤ 0.01;
*** p ≤ 0.001 compared to CC; # p ≤ 0.05, ## p ≤ 0.01 compared to TG-treated cells.

Perturbation of ER calcium by thapsigargin hampers autophagosome biogenesis and its fusion
with the lysosomes precludes macroautophagy (hereinafter referred to as autophagy) that can, in turn,
elicit and/or exacerbate ER stress [15]. Accordingly, we observed that chronic thapsigargin treatment
diminished the expression of the autophagy-related (Atg) proteins, beclin-1, Atg3, and Atg7 (Figure 5)
that are known to orchestrate the formation, elongation and maturation of the autophagosome [16].

Deficiency in Atg components coincided with a significant reduction in the fluorescence signal of
the autophagosome probe that corresponded to a decreased number of double-membrane vesicles
in the cells, as shown in Figure 5. This observation pointed towards an autophagic arrest under
conditions of chronic ER stress. Co-treatment with NaHS normalized the expression of beclin-1
(Figure 5a,b), Atg3 (Figure 5a,c), and Atg7 (Figure 5a,d). It additionally attenuated the decreased
intercellular content of fluorescent-tagged vesicles, as shown in Figure 5e,f. These findings demonstrate
that the pharmacological restoration of the suppressed intracellular H2S with the fast-releasing H2S
donor–NaHS can restore the availability of autophagy components and rescue the arrested formation
of autophagosomes during ER stress.
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Figure 5. NaHS co-treatment rescues the arrested autophagy following chronic ER stress. HepG2
cells were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG), in the
presence or absence of 100 µM NaHS for 16 h. Cells were harvested, and the extracted protein was
processed for Western blotting analysis of the expression levels of beclin-1 (a,b), Atg3 (a,c), and Atg7 (a,d).
Alternatively, cells were incubated with the Autophagosome Detection Reagent working solution for
30 min at 37 ◦C with a humidified incubator with 5% CO2 and 95% air. Cells were washed thrice
and the fluorescence signal was read with an Infinite®200 PRO microplate reader (e). Representative
images of the labeling were captured under an Olympus CKX53 inverted fluorescent microscope with
a DAPI channel (f). Autophagy is indicated by bright dot staining of the autophagic vacuoles (yellow
arrowheads). Data are expressed as a fold change of the control (vehicle-treated) conditions (CC).
** p ≤ 0.01, *** p ≤ 0.001 compared to CC; ## p ≤ 0.01, ### p ≤ 0.001 compared to TG-treated cells. For the
abbreviations used, please refer to the main text. Scale bar: 10 µm.

3.3. H2S Donation Restores Cellular Bioenergetics and Counteracts Mitochondrial Stress during ER Stress

The impaired cellular bioenergetics (as evidenced by a decreased basal OCR and PER) of the
thapsigargin-treated HepG2 cells (compared to the control, unstressed conditions) suggests that
persistent ER stress hindered hepatic oxidative phosphorylation and glycolysis to suppress both
aerobic and anaerobic bioenergetic function, respectively. These alterations in cellular bioenergetic
function correlated with a significant increase in the relative fluorophore intensity of the MitoSOX™
Red reagent, indicating increased mitochondrial oxidative stress (mitochondrial superoxide generation)
by the dysfunctional mitochondria as shown in Figure 6.
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Figure 6. NaHS improves cellular bioenergetics and reduces mitochondrial oxidant production
during ER stress. HepG2 cells were serum-starved for 8 h and treated with the vehicle or
100 nM of thapsigargin (TG), in the presence or absence of 100 µM NaHS for 16 h. We then
monitored (a,c) the oxygen consumption rate (OCR) over the sequential injection of oligomycin (1 µM;
ATP synthase inhibitor), FCCP (1.5 µM; mitochondrial uncoupler) and of rotenone + antimycin A
(0.5 µM; Complex I and III inhibitors) and (b,d) the proton efflux rate (PER) over the sequential injection
of rotenone + antimycin A and 2-deoxy-D-glucose (20 mM) with the Seahorse XFe24 Extracellular Flux
Analyzer. We have also quantified (e) the relative fluorescence signal of MitoSOX™ red mitochondrial
superoxide indicator and (f) the relative expression of Bcl-xL and Bak proteins. Each graph line and
bar represent mean ± SEM from four independent experiments. Data are expressed as a fold change
of the control (vehicle-treated) conditions (CC). *** p ≤ 0.001 compared to CC; # p ≤ 0.05, ## p ≤ 0.01,
### p ≤ 0.001 compared to the TG-treated cells.

Pharmacological restoration of the suppressed endogenous H2S levels with NaHS partially
protected against the ER-stress-associated decline in the various parameters for mitochondrial
bioenergetics (Specifically, NaHS co-treatment improved the glycolytic parameters (Figure 6a,c)
to a higher extent than its effect on the parameters of mitochondrial oxidative phosphorylation. That
observation demonstrated a more pronounced beneficial effect of the exogenous H2S donation on the
regulation of anaerobic respiration (as compared to aerobic) during ER stress. NaHS co-treatment also
normalized the up-regulated superoxide signal (Figure 6e) and the decreased ratio of the pro-survival
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Bcl-xL to the pro-apoptotic Bak (Figure 6f) under conditions of persistent ER stress. The latter signaled
for the ability of NaHS co-treatment to improve mitochondrial function and abrogate the activation of
the intrinsic apoptotic pathway, respectively.

3.4. Effect of ER Stress on the Expression of Various H2S-Synthesizing and -Degrading Enzymes

As introduced earlier, CBS, CSE and 3-MST are the three principal enzymes generating H2S in
mammalian cells. All three enzymes are abundantly expressed in the liver tissue and in hepatocytes [1–3],
raising the possibility that these enzymes may become affected by ER stress and/or that the H2S
produced endogenously by these enzymes may affect the progression of the ER stress response.

First, we determined if the expression of the three principal H2S producing enzymes is affected by
chronic ER stress. Persistent ER stress with 100 nM thapsigargin induced a significant downregulation
of 3-MST, while the protein levels of CBS and CSE remained unaltered (Figure 7). The expression
of the H2S-metabolizing enzyme ETHE1 did not significantly change under conditions of chronic
ER stress (Figure 7e). However, the expression of thiosulfate sulfurtransferase (TST; also known as
rhodanese) significantly increased in response to thapsigargin treatment (Figure 7f). Interestingly and
unexpectedly, NaHS co-treatment restored 3-MST and TST expression during ER stress, predicting a
possible feedforward or feedback mechanism between intracellular H2S levels, 3-MST and rhodanese
(Figure 7).
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Figure 7. Hepatic persistent ER stress selectively down-regulates the expression of 3-MST enzyme
for H2S synthesis; such an effect is reversible upon the exogenous donation of H2S. HepG2 cells
were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG), in the presence
or absence of 100 µM NaHS for 16 h. Subsequently, cells were harvested and the extracted protein
was processed for Western blotting analysis of 3-MST (a,b), CBS (a,c), CSE (a,d), ETHE1 (a,e), and TST
(rhodanese) (a,f) enzymes. Each graph line represents mean ± SEM from four independent experiments.
Data are expressed as a fold change of the control (vehicle-treated) conditions (CC). ** p ≤ 0.01 and
*** p ≤ 0.001 compared to CC; ### p ≤ 0.001 compared to the TG-treated cells. For abbreviations used,
please refer to the main text.
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3.5. Effect of 3-MST Silencing on the Development of the ER Stress Response and on the Effect of H2S Donation

Partial silencing of the 3-MST enzyme (Figure 8) did not significantly affect baseline cellular
parameters. This was evidenced by the unaltered levels of the UPR signaling nodes-BiP, Chop,
and calnexin (Figure 9a,d), and of the expression levels of autophagy-related markers-Atg3 and Atg7
(Figure 9b,e). Similarly, mitochondrial respiratory activity (Figure 10), cell proliferation (Figure 9g),
and cell viability (Figure 9f) remained unaltered between the sham-transfected and 3-MST silenced
cells under baseline (non-ER-stressed) conditions.

Biomolecules 2020, 10, x 12 of 26 

were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG), in the 
presence or absence of 100 µM NaHS for 16 h. Subsequently, cells were harvested and the extracted 
protein was processed for Western blotting analysis of 3-MST (a,b), CBS (a,c), CSE (a,d), ETHE1 (a,e), 
and TST (rhodanese) (a,f) enzymes. Each graph line represents mean ± SEM from four independent 
experiments. Data are expressed as a fold change of the control (vehicle-treated) conditions (CC). ** p 
≤ 0.01 and *** p ≤ 0.001 compared to CC; ### p ≤ 0.001 compared to the TG-treated cells. For 
abbreviations used, please refer to the main text. 

3.5. Effect of 3-MST Silencing on the Development of the ER Stress Response and on the Effect of H2S Donation 

Partial silencing of the 3-MST enzyme (Figure 8) did not significantly affect baseline cellular 
parameters. This was evidenced by the unaltered levels of the UPR signaling nodes-BiP, Chop, and 
calnexin (Figure 9a,d), and of the expression levels of autophagy-related markers-Atg3 and Atg7 
(Figure 9b,e). Similarly, mitochondrial respiratory activity (Figure 10), cell proliferation (Figure 9g), 
and cell viability (Figure 9f) remained unaltered between the sham-transfected and 3-MST silenced 
cells under baseline (non-ER-stressed) conditions.  

 
Figure 8. Partial efficacy of 3-MST silencing using siRNA. Quantification of 3-MST protein levels 
and representative blot pictures following RNA interference. Each bar represents mean ± SEM from 
four independent cell transfections. Data are expressed as a fold change of the transfection negative 
control (si-CNTRL); ** p ≤ 0.01. 

3-MST silencing did not deteriorate the UPR outcome (Figure 9a,d), the arrested 
autophagosome formation (Figure 9b–e), or the aberrant parameters of oxidative phosphorylation 
(aerobic respiration) (Figure 10b,d). It did not affect the thapsigargin-induced suppression of cell 
proliferation (Figure 9g).  

Figure 8. Partial efficacy of 3-MST silencing using siRNA. Quantification of 3-MST protein levels
and representative blot pictures following RNA interference. Each bar represents mean ± SEM from
four independent cell transfections. Data are expressed as a fold change of the transfection negative
control (si-CNTRL); ** p ≤ 0.01.

3-MST silencing did not deteriorate the UPR outcome (Figure 9a,d), the arrested autophagosome
formation (Figure 9b–e), or the aberrant parameters of oxidative phosphorylation (aerobic respiration)
(Figure 10b,d). It did not affect the thapsigargin-induced suppression of cell proliferation (Figure 9g).

However, 3-MST silencing exacerbated the degree by which chronic ER stress suppressed cellular
bioenergetic function. In particular, in the 3-MST-silenced cells, chronic thapsigargin treatment
potentiated a more pronounced suppression of basal glycolytic rate and basal PER (Figure 10c).
The impaired mitochondrial function was also evidenced by a more significant deterioration of the
decreased XTT conversion for cell viability in the 3-MST silenced cells than in the sham-silenced
controls after persistent ER stress (Figure 9f).

Interestingly, the beneficial effects of NaHS co-treatment on the regulation of the UPR, autophagy
and cell bioenergetics during persistent ER stress were no longer apparent in the cells with 3-MST
silencing (in contrast to the efficacy of the H2S donor in the sham-silenced control cells), as shown in
Figures 9 and 10. These findings may account for a threshold level of H2S that exogenous H2S donation
needs to be reached during ER stress in order to exert beneficial effects, and when one of the principal
sources of endogenous H2S generation is impaired, this threshold may not be achieved with 100 µM
NaHS. Consistent with this hypothesis, quantification of AzMC fluorescence signal revealed that the
3-MST knockdown significantly decreased the H2S levels at basal (non-ER stressed) conditions and
partially counteracted the restoration of H2S levels by the exogenous H2S donation under conditions
of persistent ER stress, as shown in Figure 9h.
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Figure 9. 3-MST silencing attenuates the restorative effects of the H2S donor NaHS on the ER stress
response and autophagy. HepG2 cells previously subjected to 3-MST silencing (knockdown (KD))
or sham-silencing (si-CNTRL) were serum-starved for 8 h and treated with the vehicle or 100 nM of
thapsigargin (TG), in the presence or absence of 100 µM NaHS for 16 h. Whole-cell lysate was collected
and processed for protein expression of the UPR sensor–BiP, the UPR apoptotic mediator–Chop, the ER
chaperone–calnexin (a,d), and of the autophagy-related proteins Atg3 and Atg7 (b,e). Representative
images of the cells previously labeled with the Autophagosome Detection probe were captured under
the Olympus CKX53 inverted fluorescent microscope with a DAPI channel. Autophagy is indicated by
bright dot staining of autophagic vacuoles (c). Micro-cultures were assayed for XTT conversion (f) BrdU
incorporation (g), and AzMC fluorochrome intensity (h) to assess cell viability, cell proliferation, and
intracellular H2S levels, respectively. Each bar represents mean ± SEM from three and four independent
experiments for Western blotting and cell-physiology studies, respectively. Data are expressed as a
percentage of the transfection negative control, control (vehicle-treated) conditions (si-CNTRL+CC).
* p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 compared to corresponding CC; # p ≤ 0.05, ## p ≤ 0.01 and
### p ≤ 0.001 compared to the corresponding TG-treated cells; ∂ p ≤ 0.05, ∂∂ p ≤ 0.01 and ∂∂∂ p ≤ 0.001
compared to the corresponding 3-MST KD treatment group.
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Figure 10. Effect of 3-MST silencing (knockdown; KD) on cellular bioenergetic function during ER
stress. HepG2 cells previously subjected to 3-MST silencing (knockdown (KD)) or sham-silencing
(si-CNTRL) were serum-starved for 8 h and treated with the vehicle or 100 nM of thapsigargin (TG),
in the presence or absence of 100 µM NaHS for 16 h. We then monitored the proton efflux rate (PER)
over the sequential injection of rotenone + antimycin A and 2-deoxy-D-glucose (20 mM) (a,c) and
the oxygen consumption rate (OCR) over the sequential injection of oligomycin (1 µM; ATP synthase
inhibitor), FCCP (1.5 µM; mitochondrial uncoupler) and of rotenone + antimycin A (0.5 µM; Complex I
and III inhibitors) (b,d) with the Seahorse XFe24 Extracellular Flux Analyzer for assessing glycolysis
and oxidative phosphorylation, respectively. Each graph line and bar represent mean ± SEM from
four independent experiments. Data are expressed as a fold change of the sham-transfected control,
vehicle-treated control conditions (si-CNTRL + CC). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 compared to
corresponding CC; # p ≤ 0.05 and ## p ≤ 0.01, compared to the corresponding TG-treated cells; ∂ p ≤ 0.05
compared to the corresponding 3-MST KD treatment group.

3.6. Effect of Pharmacological CBS and 3-MST Inhibition on the Development of ER Stress Response

Next, we examined the physiological effect of the pharmacological inhibition of the 3-MST
or CBS/CSE enzymes on cell fate and proteostasis following chronic thapsigargin co-treatment.
Pharmacological inhibition of the 3-MST enzyme was achieved by 30 µM and 100 µM HMPSNE (similar
to prior studies using these concentrations of the inhibitor, which produce a marked pharmacological
inhibitory effect without adversely affecting cell viability [6,17–19]). Interestingly, and in contrast to
multiple other cell types where these concentrations were not affecting baseline cell function [6,17–19]-in
HepG2 cells, under normal, non-stressed conditions HMPSNE significantly reduced the XTT conversion,
but without affecting BrdU incorporation for cell proliferation, as illustrated in Figure 11a,b. In the
presence of chronic thapsigargin exposure, HMPSNE exacerbated the ER-stress-induced suppression
of cell viability and proliferation (Figure 11a,b).
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Figure 11. 3-MST pharmacological inhibition strengthens UPR apoptotic signals to exacerbate cell
growth arrest under condition of persistent ER stress. HepG2 cells were serum-starved for 8 h and
treated with the vehicle or 100 nM of thapsigargin (TG), in the presence or absence of HMPSNE or
AOAA for 16 h. Micro-cultures were assayed for XTT conversion (a) and BrdU incorporation (b) to
assess cell viability and proliferation, respectively. Moreover, cells were harvested and processed for
protein expression of the UPR sensors–BiP (c), IRE1α (activating phosphorylation at Ser724), PERK
(activating phosphorylation at Thr 980), eIF2α (inhibitory phosphorylation at Ser51), and total ATF6
(d), along with the UPR apoptotic mediator–Chop (c). We also monitored the oxygen consumption
rate (OCR) over the sequential injection of oligomycin (1 µM; ATP synthase inhibitor), FCCP (1.5
µM; mitochondrial uncoupler) and of rotenone + antimycin A (0.5 µM; Complex I and III inhibitors)
(e) and the proton efflux rate (PER) over the sequential injection of rotenone + antimycin A and
2-deoxy-D-glucose (20 mM) (f) with the Seahorse XFe24 Extracellular Flux Analyzer for assessing
glycolysis and oxidative phosphorylation, respectively. Representative pictures of the AzMC signal
were captured with an Olympus CKX53 inverted microscope at 10×magnification; the left sub-panel
corresponds to the bright-field channel (BF) for whole-cell imaging, while the right sub-panel to the
DAPI fluorescent channel for AzMC imaging (g). Each graph line and bar represent mean ± SEM
from three independent experiments. Data are expressed as a percentage or fold change of the control
(vehicle-treated) conditions (CC). * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 compared to corresponding
CC; # p ≤ 0.05, ## p ≤ 0.01 and ### p ≤ 0.001 compared to the corresponding TG-treated cells.

For the combined pharmacological inhibition of CBS and CSE, we used aminooxyacetic acid
(AOAA), an agent that is commonly referred to as a “CBS inhibitor”, even though in fact it inhibits
both CBS and CSE (as well as a host of additional PLP-dependent enzymes) [20,21]. We have utilized
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the AOAA concentrations of 30 µM and 100 µM, which have been commonly used in prior studies,
and in most cell types do not affect baseline cell viability or cell function (although it can sensitize cells
to cytotoxic agents) [22–30]. However, in our HepG2 cells, we have noticed that even at the lowest
concentration of AOAA, there is a baseline impairment of cell viability and proliferation (Figure 11a,b).
AOAA enhanced the ER-stress-associated reduction in the hepatic cell viability, without significantly
affecting the suppression of cell proliferation (Figure 11a,b).

Considering the concentrations in which a significant synergistic effect of thapsigargin and
the inhibitor on cell growth arrest, we selected to continue with the concentration of 100 µM of
HMPSNE and 30 µM AOAA for our next set of experiments. Both selected concentrations have
successfully decreased the intracellular H2S levels at basal (control) conditions, as shown in Figure 11g.
Neither inhibitors affected the ectopic expression of the UPR sensor-BiP (Figure 11c). Intriguingly,
though, HMPSNE doubled the aberrant Chop expression, signifying the exacerbation of UPR apoptotic
signals under chronic ER stress (Figure 11c). The latter correlates with a deterioration of the reduced
AzMC fluorochrome intensity under conditions of persistent ER stress (Figure 11g).

With regards to the upstream effectors of the UPR, HMPSNE co-treatment augmented the
upregulated activation of IRE1α and the inhibitory phosphorylation of eIF2α, without affecting PERK
activity (Figure 11d). Moreover, HMPSNE amplified the decreased expression of the third UPR
effector ATF6 (Figure 11d) that altogether may account for the exacerbation of UPR apoptotic outcome.
These effects were not accompanied by a deterioration in the mitochondrial respiratory function under
conditions of chronic ER stress (Figure 11e,f).

3.7. Delayed Supplementation of H2S Exerts Partial Effects on the ER Stress Response

Next, we tested whether there is a critical time window for the regulatory effects of H2S donation
on proteostatic processes under conditions of persistent ER stress. NaHS treatment, when delayed to 4
h post thapsigargin did not affect the aberrant expression of the effector proteins of the UPR–BiP, IRE1α,
PERK. In addition, it ameliorated the apoptotic signals driven by ectopic Chop expression and PARP
cleavage following chronic ER stress (Figure 12a,b). The suppressed expression of the local chaperone
calnexin and the up-regulated levels of the oxidoreductase ERO1-Lα remained unaffected (Figure 12c).
However, delayed H2S administration had an effect on eiF2α activation; it also normalized of the
aberrant expression of disulfide-bond formation-related chaperone PDI (Figure 12c). Furthermore,
the delayed supplementation of H2S partially counteracted the autophagy impairments, evident by the
attenuation of the suppressed expression of beclin-1 and Atg3 protein for autophagosome formation;
however, it exerted no significant effect on Atg7 (Figure 12d).
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Figure 12. Delayed exogenous supplementation with H2S does not ameliorate UPR activation
though it partially rescues autophagy impairments. HepG2 cells were serum-starved for 8 h and
treated with the vehicle or 100 nM thapsigargin (TG) for 16 h. NaHS treatment initiated 4 h post
thapsigargin. Next, cells were harvested and the extracted protein was processed for Western
blotting analysis of the expression levels of BiP, activating phosphorylation of IRE1α at the serine
residue 724 (Ser724), the activating phosphorylation of PERK at the threonine residue 980 (Thr980),
the inhibitory phosphorylation of eIF2α at Ser51 (a). We additionally quantified the expression levels
of the UPR apoptotic mediator Chop and of the cleaved PARP (b). Moreover, the expression of the
chaperones–calnexin, PDI and ERO1-Lα (c), and of the autophagy-related proteins (Atg)-beclin-1,
Atg3 and Atg7 (d) were assessed. Each bar represents mean± SEM from three independent experiments.
Data are expressed as a fold change of the control (vehicle-treated) conditions (CC). * p≤ 0.05, ** p ≤ 0.01;
*** p ≤ 0.001 compared to CC; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 compared to TG-treated cells. For the
abbreviations used, please refer to the main text.

3.8. Effect of H2S on the Tunicamycin-Induced ER Stress Response

Next, we tested whether H2S also affects the ER stress response to a different ER stress inducer
agent, tunicamycin. After testing the sensitivity of the HepG2 cells to tunicamycin (Figure 13a,b),
we selected the 1 µg/mL concentration of the stressor agent for the subsequent studies. NaHS treatment
had a significant protective effect against the aberrant expression of the effector proteins of the UPR–BiP,
IRE1α, PERK, ATF6, and Chop (Figure 13c,d), and protected against the deterioration of cellular
bioenergetics (Figure 13e–i).
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Figure 13. No-calcium dependency in the hepatoprotective effects of NaHS under conditions of
persistent ER stress. HepG2 cells serum-starved for 8 h and treated with 0, 0.1, 1, and 10 µg/mL of
tunicamycin (TM) for 16 h for stressor concentration optimization. Micro-cultures were assayed for
the XTT conversion (a) to assess cell viability. Cell supernatant was collected and processed for the
LDH activity (b) to determine cytotoxicity. We selected the concentration of 1 µg/mL of tunicamycin
for the experiments. For the subsequent experiments, HepG2 cells were treated with the vehicle or
1 µg/mL of tunicamycin, with/without 100 µM NaHS for 16 h. Following the treatment incubation,
whole-cell lysate was collected and processed for protein expression of the UPR sensors-BiP (d),
IRE1α (activating phosphorylation at Ser724), PERK (activating phosphorylation at Thr 980), and total
ATF6 (c). We additionally quantified the expression levels of the UPR apoptotic mediator-Chop (c).
Micro-cultures were assayed for XTT conversion (e) or cellular bioenergetic function using the Seahorse
XFe24 Extracellular Flux Analyzer for assessing oxidative phosphorylation (f,h) and glycolysis (g,i).
Each graph line and bar represent mean± SEM from three independent experiments. Data are expressed
as a percentage or fold change of the control, untreated/unstressed conditions (CC). * p ≤ 0.05, ** p ≤ 0.01
and *** p ≤ 0.001 compared to corresponding CC; # p ≤ 0.05, ## p ≤ 0.01 and ### p ≤ 0.001 compared to
the corresponding TM-treated cells.
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4. Discussion

Pharmacological disruption of ER-calcium dynamics offers an integrated preclinical in vitro
model to investigate the mechanisms and experimental therapy of ER-stress-associated hepatic cell
dysfunction. Thapsigargin acts as a specific, non-competitive inhibitor of the Sarco/ER calcium ATPase
(SERCA) and precludes the cell from pumping calcium into the sarcoplasmic and endoplasmic reticula
that transiently increases the cytosolic calcium levels [31]. The concomitant depletion of ER calcium
stores hampers the activity of calcium-dependent local chaperones, like calnexin, and induces an
aberrant accumulation of unfolded/misfolded protein within the organelle lumen that defines the ER
stress [32]. The cell, in return, engages the UPR network that integrates signals about the chronicity
and severity of the insult and coordinates the activation patterns of PERK, ATF6, and IRE1a effector
signaling to determine cell fate [14,33]. For instance, prolonged ER stress sustains over time the
up-regulated activation of PERK-a Ser/Thr protein kinase of which the catalytic core shares a substantial
homology to eIF2A and phosphorylates eiF2α at the serine 51 residue. This phosphorylation impedes
the delivery of the initiator methionyl-tRNA to the ribosome and ceases global protein translation.
Though an adaptive stress mechanism, at first sight, sustained translational repression downstream
of chronic ER stress mediates apoptosis via the persistent ectopic expression of the pro-apoptotic
transcription factor Chop (also termed as growth-arrest, DNA-damage 153-GADD153) [34,35].

Chronic ER stress can additionally favor the hyperactivation of IRE1α-a dual function
type I transmembrane protein with Ser/Thr protein kinase with endoribonuclease activities.
When hyperactivated, IRE1α recruits tumor necrosis factor receptor (TNFR)-associated factor-2)
(TRAF2) and apoptosis signaling kinase 1 (ASK1) to activate c-Jun N-terminal kinase (JNK) and nuclear
factor κB (NF-κB). It can additionally exacerbate the function of the regulated IRE1-dependent decay
(RIDD) pathway to aberrantly chop RNAs for proteins/factors of ER biogenesis and for degradation
pathways that altogether increase cell sensitivity to stress and promote apoptosis [35]. Monitoring of
multiple ER-stress-related outcome variables, as conducted in the current study, shows that the in vitro
model employed in the current experiments has successfully recapitulated the various core aspects of ER
stress. Chronic thapsigargin treatment of HepG2 cells, as expected, augmented PERK and IRE1α arm
signaling to provoke an ectopic expression of Chop that correlated with a prominent downregulation
in calnexin protein levels and an excess in ERO1-Lα and PDI protein expression. The abnormal
expression pattern of these chaperones was also associated with suppressed cell bioenergetics and
increased mitochondrial oxidative stress. Calnexin silencing has been previously demonstrated to
sensitize cardiomyocytes to ER stress and mediates apoptosis through Chop up-regulation and calcium
deregulation [36]. Induction of the oxidoreductase ERO1-Lα downstream of Chop perturbs the ER
redox state [37], which, in turn, stimulates inositol-1,4,5-trisphosphate receptor (IP3R)-mediated calcium
efflux into cytosol [38]. Calcium mishandling could influence multiple pathways upstream of the core
apoptosis machinery and, most importantly, mitochondrial membrane polarization and respiration [39].
Overexpression of PDI has triggered the aberrant production of reactive oxygen species and, thus,
apoptosis through interacting with and regulating the state of the NAPDH oxidase [40]. Furthermore,
the IRE1α/JNK signaling arm activates the ER-resident caspase 12 and imbalances the expression and
activity ratio between pro-apoptotic and pro-survival members of the Bcl-2 family, which orchestrates
a downstream cascade for PARP degradation and programmed cell-death initiation [35], as reflected in
the ‘baseline’ results (i.e., the effect of thapsigargin on the various ER-stress-associated parameters)
presented in the current report.

The liver is a fundamental site for endogenous H2S biosynthesis and detoxification. Hepatic H2S
production has been previously implicated in the regulation of hepatic insulin sensitivity, and glucolipid
metabolism [41,42]. Aberrant H2S production and signaling contribute to a plethora of chronic diseases
of this organ, including non-alcoholic steatohepatitis, hepatocellular carcinoma, and liver fibrosis [41,42].
Supplementation of H2S (with either NaHS or other classes of H2S donors) has been previously shown
to suppress liver inflammation, ameliorate intracellular stress responses, and to counteract hepatic
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injury associated with a variety of insults ranging from ischemia-reperfusion, xenobiotic toxicity,
and obesity, diabetes mellitus and metabolic disease (alone or in their various combinations) [41–47].

In the current study, we have tested, in a well-characterized in vitro system, whether exogenous
or endogenous H2S modulates the ER stress response (as triggered by the pharmacological
perturbation of ER calcium homeostasis). The findings clearly demonstrate that supplementation
(pharmacological restoration) of H2S counteracts the thapsigargin-induced pathophysiological
alterations in a comprehensive array of ER-stress-related markers, which, in turn, culminates in
an improvement of hepatocyte bioenergetics, viability and proliferation.

Importantly, H2S supplementation was found to ameliorate the abnormal BiP expression along
with a partial or complete normalization of PERK, eiF2α, and IRE1α phosphorylation patterns.
H2S supplementation also mitigated ectopic Chop expression and prevented PARP cleavage,
attenuated calnexin suppression, and restored PDI and ERO1-Lα protein levels. These effects
were not only associated with an improvement of oxidative phosphorylation and glycolysis, but also
with a normalization of mitochondrial superoxide production and a beneficial effect on the ratio of
pro-survival to pro-apoptotic Bcl-family members. Collectively, our findings suggest that the H2S
supplementation can regulate the induction patterns of UPR effectors and pro-apoptotic mediators
and promote chaperone homeostasis in the ER lumen. Altogether, these effects improve hepatic cell
proteostasis under conditions of persistent ER stress. We hypothesize that the various functional
responses (improved bioenergetics and proliferation) are downstream of these responses. The increased
mitochondrial superoxide production may either be a cause or a consequence of mitochondrial
dysfunction, or these two events may form a positive feedforward pathophysiological cycle under the
conditions of ER stress.

Acute SERCA channel inhibition precludes autophagosome formation [48] and fusion with
lysosomes [49], resulting in autophagy arrest. Autophagy failure [50] combined with deregulated
UPR, may detrimentally affect protein generation and degradation processes that can exhaust the
liver regeneration capacity and drive the progression of various liver diseases. Autophagy is a
tightly regulated pathway that allows cells to eliminate harmful/damaged components and lipid
droplets through catabolism and recycling to maintain nutrient and energy homeostasis. It therefore,
constitutes a crucial mechanism for preserving structures and functioning of subcellular organelles,
including ER and mitochondria, when operating at basal levels and for cell adaptation and survival
upon stress [50]. Several studies have shown that NaHS promotes autophagy and cell survival
in the liver, heart, and brain [51]. Accordingly, NaHS has been previously shown to prevent the
aberrant inflammation and hepatic injury by halting excessive autophagy in the murine liver [43].
Exacerbated autophagic flux can degrade endogenous inhibitors of apoptosis and Atg components
that lead to cell death. That dual role has been further attributed to autophagy under ER stress
conditions [52]. Here, we show that apoptotic ER stress correlates with a substantial decrease in the
protein levels of beclin-1, Atg3, and Atg7 that corresponds to a suppressed autophagosome formation
intracellularly. This deficiency in autophagy-related components may stem from the ectopic Chop
expression that can limit the transcriptional control of a dozen of Atg genes involved in phagophore
elongation and maturation into the autophagosome as part of its apoptotic mechanism of action
upon persistent ER stress [53,54]. Strikingly, NaHS co-treatment ameliorates Atg3, Atg7, beclin-1,
and reinstates hepatic autophagy that signals for cell adaptation and survival upon unmitigated
ER stress.

The effect of H2S donation is clearly time-dependent. Delaying the administration of the H2S
donor to 4 hours after the start of thapsigargin exposure of the HepG2 cells resulted in a loss of
most of the protective effects. These findings point towards the hypothesis that the site for the
beneficial action of H2S lies in early events of the intracellular stress cascade. Perhaps, it is at the level
of the SERCA channel inhibition (the activity of SERCA was not directly measured in the current
study), or at the level of the consequent calcium mobilization. However, the direct modulation of the
SERCA channel or ER calcium levels by H2S seem less likely. Co-treatment with NaHS also exerted
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beneficial effects against the tunicamycin-induced ER stress. Tunicamycin, another well-documented
ER-stress inducer, inhibits protein N-glycosylation in the ER and thus increases the unfolded protein
load within the organelle lumen. It potentiates a hepatic ER stress response that is phenotypically
similar to the one triggered by thapsigargin, though considered a “calcium-independent” one [55,56].
Considering these, possible candidates for the mechanism of action of H2S may be those (relatively
early) cellular effectors or processes that regulate the activation of the three main proximal effectors
of UPR (PERK, IRE1α, and ATF6) that are common to both calcium-dependent and -independent
triggers of ER stress. Multiple prior reports in the literature have indicated that H2S donation
can ameliorate various ER-stress-related downstream parameters (in signaling and/or in cellular
bioenergetics or viability) [57–65]. However, the exact molecular site(s) of the beneficial action of H2S
on the initiation and progression of ER stress and ER-stress-associated cellular responses remain to
be further refined. In this respect, the partial efficacy of delayed H2S administration on some (but
not all) ER-stress-related parameters may be helpful for us to re-focus on some potentially relevant
pathways with prolonged activation during ER stress. Although the UPR effector kinases, PERK and
IRE1α remained unaffected by delayed H2S administration, a major component of the integrated stress
response, the phosphorylation of eIF2α, was, nevertheless, still inhibited. H2S-induced regulation of
eIF2α phosphorylation patterns may be potentially linked to the regulation of GCN2 kinase [66,67]
and to the persulfidation status of the catalytic subunit of protein phosphatase (PP1c) that performs
the dephosphorylation of eIF2α [68].

In contrast to the clear ameliorative effect of exogenous H2S on a host of ER-stress-related
parameters, pharmacological inhibition of CBS/CSE and/or pharmacological inhibition or partial
silencing of 3-MST (to suppress the endogenous production of H2S) exerted a less complete effect
on the ER-stress responses. As expected, on some (but not all) parameters, an exacerbation of the
ER-stress-responses was noted, which is consistent with some of the published literature [69,70].
These findings are also consistent with the hypothesis that endogenously produced H2S may, indeed,
exert some protective effect against the pathophysiological events associated with ER stress response.
We hypothesize that a possible reason for the partial/incomplete effects seen after silencing/inhibition
of individual H2S producing enzymes is that endogenous H2S production is the result of multiple
enzymatic reactions (as well as various non-enzymatic processes); thus, inhibition of any individual
enzymatic source of H2S (e.g., inhibition of 3-MST or partial genetic knockdown of 3-MST) will reduce
(but will not completely eliminate) endogenous H2S production.

Interestingly, HMPSNE does not affect BiP, of which the induction not only serves as a signal
for ER stress but also represents the “adaptive” pro-survival component of the UPR to cope with the
unfolded protein load with the ER lumen. HMPSNE does exacerbate the ectopic Chop expression that
correlates with an amplification of cell growth arrest under conditions of chronic ER stress. This finding
signifies that the exogenous inhibition of the 3-MST/H2S system activity selectively amplifies the
apoptotic signals of the UPR to create “a-point-of-no-return” for cell fate. Furthermore, our data
show that HMPSNE amplifies Chop by boosting eIF2α/ATF4 arm without altering PERK activity.
As discussed earlier, the GCN2 kinase for eIF2α phosphorylation at serine 51 has been implicated in
the signaling repertoire modulated by H2S [66] that may explain our biochemical phenotype following
HMPSNE treatment. In addition to the eIF2α phosphorylation, HMPSNE strengthens the IRE1α
hyperactivation and exacerbates the suppressed expression of ATF6. In vivo, this combinatorial
deregulation of these two UPR arms seems to drive the aberrant lipid metabolism and the progression
of liver steatosis [71–73].

5. Conclusions

In conclusion, our findings implicate the 3-MST/H2S system in the intracellular network that
governs proteostasis and hepatic ER stress adaptability (Figure 14) and thus reinforce the therapeutic
potential of pharmacological H2S supplementation. Despite this exciting pharmacological direction
raised by the present study, the immortalizing nature and the limited drug-metabolism capabilities
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of HepG2 cells pose a considerable burden for translating these data into the human liver disease.
Consequent proof-of-concept studies in primary hepatocytes will enlighten us on the specificity of the
3-MST/H2S system for determining UPR outcome for hepatic cell fate.
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19. Abdollahi Govar, A.; Törő, G.; Szaniszlo, P.; Pavlidou, A.; Bibli, S.I.; Thanki, K.; Resto, V.A.; Chao, C.;
Hellmich, M.R.; Szabo, C.; et al. 3-Mercaptopyruvate sulfurtransferase supports endothelial cell angiogenesis
and bioenergetics. Br. J. Pharmacol. 2020, 177, 866–883. [CrossRef]

20. Asimakopoulou, A.; Panopoulos, P.; Chasapis, C.T.; Coletta, C.; Zhou, Z.; Cirino, G.; Giannis, A.;
Szabo, C.; Spyroulias, G.A.; Papapetropoulos, A. Selectivity of commonly used pharmacological
inhibitors for cystathionine β synthase (CBS) and cystathionine γ lyase (CSE). Br. J. Pharmacol. 2013,
169, 922–932. [CrossRef]

21. Zuhra, K.; Augsburger, F.; Majtan, T.; Szabo, C. Cystathionine-β-synthase: Molecular regulation and
pharmacological inhibition. Biomolecules 2020, 10, 697. [CrossRef] [PubMed]

22. Szabo, C.; Coletta, C.; Chao, C.; Módis, K.; Szczesny, B.; Papapetropoulos, A.; Hellmich, M.R. 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, 12474–12479. [CrossRef] [PubMed]

23. Chao, C.; Zatarain, J.R.; Ding, Y.; Coletta, C.; Mrazek, A.A.; Druzhyna, N.; Johnson, P.; Chen, H.; Hellmich, J.L.;
Asimakopoulou, A.; et al. Cystathionine-beta-synthase inhibition for colon cancer: Enhancement of the
efficacy of aminooxyacetic acid via the prodrug approach. Mol. Med. 2016, 22, 361–379. [CrossRef] [PubMed]

24. Wang, C.; Chen, H.; Zhang, M.; Zhang, J.; Wei, X.; Ying, W. Malate-aspartate shuttle inhibitor aminooxyacetic
acid leads to decreased intracellular ATP levels and altered cell cycle of C6 glioma cells by inhibiting
glycolysis. Cancer Lett. 2016, 378, 1–7. [CrossRef]

http://dx.doi.org/10.1016/j.phrs.2018.11.034
http://dx.doi.org/10.1016/j.jhep.2018.06.008
http://dx.doi.org/10.1055/s-0039-1681032
http://dx.doi.org/10.3389/fmed.2018.00192
http://dx.doi.org/10.1038/srep40227
http://www.ncbi.nlm.nih.gov/pubmed/28079151
http://dx.doi.org/10.3390/biom10040653
http://www.ncbi.nlm.nih.gov/pubmed/32340322
http://dx.doi.org/10.1016/j.niox.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24755204
http://dx.doi.org/10.1038/s41598-017-16488-x
http://www.ncbi.nlm.nih.gov/pubmed/29170452
http://dx.doi.org/10.1038/nrm3270
http://www.ncbi.nlm.nih.gov/pubmed/22251901
http://dx.doi.org/10.1016/j.ceca.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30261424
http://dx.doi.org/10.1089/ars.2010.3482
http://www.ncbi.nlm.nih.gov/pubmed/20712405
http://dx.doi.org/10.1128/IAI.00272-18
http://www.ncbi.nlm.nih.gov/pubmed/30323021
http://dx.doi.org/10.3390/biom10030447
http://www.ncbi.nlm.nih.gov/pubmed/32183148
http://dx.doi.org/10.1111/bph.14574
http://dx.doi.org/10.1111/bph.12171
http://dx.doi.org/10.3390/biom10050697
http://www.ncbi.nlm.nih.gov/pubmed/32365821
http://dx.doi.org/10.1073/pnas.1306241110
http://www.ncbi.nlm.nih.gov/pubmed/23836652
http://dx.doi.org/10.2119/molmed.2016.00102
http://www.ncbi.nlm.nih.gov/pubmed/27257787
http://dx.doi.org/10.1016/j.canlet.2016.05.001


Biomolecules 2020, 10, 1692 24 of 26

25. Szczesny, B.; Marcatti, M.; Zatarain, J.R.; Druzhyna, N.; Wiktorowicz, J.E.; Nagy, P.; Hellmich, M.R.;
Szabo, C. 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. [CrossRef]

26. Untereiner, A.A.; Pavlidou, A.; Druzhyna, N.; Papapetropoulos, A.; Hellmich, M.R.; Szabo, C. Drug resistance
induces the upregulation of H2S-producing enzymes in HCT116 colon cancer cells. Biochem. Pharmacol. 2018,
149, 174–185. [CrossRef] [PubMed]

27. Panagaki, T.; Randi, E.B.; Augsburger, F.; Szabo, C. Overproduction of H2S, generated by CBS, inhibits
mitochondrial Complex IV and suppresses oxidative phosphorylation in Down syndrome. Proc. Natl. Acad.
Sci. USA 2019, 116, 18769–18771. [CrossRef]

28. Zhang, M.; Li, J.; Huang, B.; Kuang, L.; Xiao, F.; Zheng, D. Cystathionine β synthase/hydrogen sulfide
signaling in multiple myeloma regulates cell proliferation and apoptosis. J. Environ. Pathol. Toxicol. Oncol.
2020, 39, 281–290. [CrossRef]

29. Ye, F.; Li, X.; Sun, K.; Xu, W.; Shi, H.; Bian, J.; Lu, R.; Ye, Y. Inhibition of endogenous hydrogen sulfide
biosynthesis enhances the anti-cancer effect of 3,3′-diindolylmethane in human gastric cancer cells. Life Sci.
2020, 261, 118348. [CrossRef]

30. Yue, T.; Zuo, S.; Bu, D.; Zhu, J.; Chen, S.; Ma, Y.; Ma, J.; Guo, S.; Wen, L.; Zhang, X.; et al. Aminooxyacetic acid
(AOAA) sensitizes colon cancer cells to oxaliplatin via exaggerating apoptosis induced by ROS. J. Cancer
2020, 11, 1828–1838. [CrossRef]

31. Thastrup, O.; Cullen, P.J.; Drøbak, B.K.; Hanley, M.R.; Dawson, A.P. Thapsigargin, a tumor promoter,
discharges intracellular Ca2+ stores by specific inhibition of the endoplasmic reticulum Ca2+-ATPase.
Proc. Natl. Acad. Sci. USA 1990, 87, 2466–2470. [CrossRef] [PubMed]

32. Schröder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005,
74, 739–789. [CrossRef] [PubMed]

33. Xia, S.W.; Wang, Z.M.; Sun, S.M.; Su, Y.; Li, Z.H.; Shao, J.J.; Tan, S.Z.; Chen, A.P.; Wang, S.J.; Zhang, Z.L.;
et al. Endoplasmic reticulum stress and protein degradation in chronic liver disease. Pharmacol. Res. 2020,
161, 105218. [CrossRef] [PubMed]

34. Moreno, J.A.; Radford, H.; Peretti, D.; Steinert, J.R.; Verity, N.; Martin, M.G.; Halliday, M.; Morgan, J.;
Dinsdale, D.; Ortori, C.A.; et al. Sustained translational repression by eIF2α-P mediates prion
neurodegeneration. Nature 2012, 485, 507–511. [CrossRef] [PubMed]

35. Tabas, I.; Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress.
Nat. Cell Biol. 2011, 13, 184–190. [CrossRef] [PubMed]

36. Bousette, N.; Abbasi, C.; Chis, R.; Gramolini, A.O. Calnexin silencing in mouse neonatal cardiomyocytes
induces Ca2+ cycling defects, ER stress, and apoptosis. J. Cell Physiol. 2014, 229, 374–383. [CrossRef]

37. Marciniak, S.J.; Yun, C.Y.; Oyadomari, S.; Novoa, I.; Zhang, Y.; Jungreis, R.; Nagata, K.; Harding, H.P.; Ron, D.
CHOP induces death by promoting protein synthesis and oxidation in the stressed endoplasmic reticulum.
Genes Dev. 2004, 18, 3066–3077. [CrossRef]

38. Li, G.; Mongillo, M.; Chin, K.T.; Harding, H.; Ron, D.; Marks, A.R.; Tabas, I. Role of ERO1-alpha-mediated
stimulation of inositol 1,4,5-triphosphate receptor activity in endoplasmic reticulum stress-induced apoptosis.
J. Cell Biol. 2009, 186, 783–792. [CrossRef]

39. Kaufman, R.J.; Malhotra, J.D. Calcium trafficking integrates endoplasmic reticulum function with
mitochondrial bioenergetics. Biochim. Biophys. Acta 2014, 1843, 2233–2239. [CrossRef]

40. Jaronen, M.; Vehviläinen, P.; Malm, T.; Keksa-Goldsteine, V.; Pollari, E.; Valonen, P.; Koistinaho, J.;
Goldsteins, G. Protein disulfide isomerase in ALS mouse glia links protein misfolding with NADPH
oxidase-catalyzed superoxide production. Hum. Mol. Genet. 2013, 22, 646–655. [CrossRef]

41. Wu, D.D.; Wang, D.Y.; Li, H.M.; Guo, J.C.; Duan, S.F.; Ji, X.Y. Hydrogen sulfide as a novel regulatory factor in
liver health and disease. Oxid. Med. Cell Longev. 2019, 2019, 3831713. [CrossRef] [PubMed]

42. Sun, H.-J.; Wu, Z.-Y.; Nie, X.-W.; Wang, X.-Y.; Bian, J.-S. Implications of hydrogen sulfide in liver
pathophysiology: Mechanistic insights and therapeutic potential. J. Adv. Res. 2020, in press.
[CrossRef] [PubMed]

43. Kang, K.; Zhao, M.; Jiang, H.; Tan, G.; Pan, S.; Sun, X. Role of hydrogen sulfide in hepatic
ischemia-reperfusion–induced injury in rats. Liver Transpl. 2009, 15, 1306–1314. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep36125
http://dx.doi.org/10.1016/j.bcp.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29061341
http://dx.doi.org/10.1073/pnas.1911895116
http://dx.doi.org/10.1615/JEnvironPatholToxicolOncol.2020034851
http://dx.doi.org/10.1016/j.lfs.2020.118348
http://dx.doi.org/10.7150/jca.35375
http://dx.doi.org/10.1073/pnas.87.7.2466
http://www.ncbi.nlm.nih.gov/pubmed/2138778
http://dx.doi.org/10.1146/annurev.biochem.73.011303.074134
http://www.ncbi.nlm.nih.gov/pubmed/15952902
http://dx.doi.org/10.1016/j.phrs.2020.105218
http://www.ncbi.nlm.nih.gov/pubmed/33007418
http://dx.doi.org/10.1038/nature11058
http://www.ncbi.nlm.nih.gov/pubmed/22622579
http://dx.doi.org/10.1038/ncb0311-184
http://www.ncbi.nlm.nih.gov/pubmed/21364565
http://dx.doi.org/10.1002/jcp.24459
http://dx.doi.org/10.1101/gad.1250704
http://dx.doi.org/10.1083/jcb.200904060
http://dx.doi.org/10.1016/j.bbamcr.2014.03.022
http://dx.doi.org/10.1093/hmg/dds472
http://dx.doi.org/10.1155/2019/3831713
http://www.ncbi.nlm.nih.gov/pubmed/30805080
http://dx.doi.org/10.1016/j.jare.2020.05.010
http://www.ncbi.nlm.nih.gov/pubmed/33318872
http://dx.doi.org/10.1002/lt.21810
http://www.ncbi.nlm.nih.gov/pubmed/19790158


Biomolecules 2020, 10, 1692 25 of 26

44. Kang, K.; Jiang, H.C.; Zhao, M.Y.; Sun, X.Y.; Pan, S.H. Protection of CSE/H2S system in hepatic ischemia
reperfusion injury in rats. Zhonghua Wai Ke Za Zhi 2010, 48, 924–928.

45. Morsy, M.A.; Ibrahim, S.A.; Abdelwahab, S.A.; Zedan, M.Z.; Elbitar, H.I. Curative effects of hydrogen sulfide
against acetaminophen-induced hepatotoxicity in mice. Life Sci. 2010, 87, 692–698. [CrossRef] [PubMed]

46. Tan, G.; Pan, S.; Li, J.; Dong, X.; Kang, K.; Zhao, M.; Jiang, X.; Kanwar, J.R.; Qiao, H.; Jiang, H.; et al. Hydrogen
sulfide attenuates carbon tetrachloride-induced hepatotoxicity, liver cirrhosis and portal hypertension in rats.
PLoS ONE 2011, 6, e25943. [CrossRef] [PubMed]

47. Wu, D.; Zheng, N.; Qi, K.; Cheng, H.; Sun, Z.; Gao, B.; Zhang, Y.; Pang, W.; Huangfu, C.; Ji, S.; et al. Exogenous
hydrogen sulfide mitigates the fatty liver in obese mice through improving lipid metabolism and antioxidant
potential. Med. Gas Res. 2015, 5, 1. [CrossRef]

48. Engedal, N.; Torgersen, M.L.; Guldvik, I.J.; Barfeld, S.J.; Bakula, D.; Sætre, F.; Hagen, L.K.; Patterson, J.B.;
Proikas-Cezanne, T.; Seglen, P.O.; et al. Modulation of intracellular calcium homeostasis blocks
autophagosome formation. Autophagy 2013, 9, 1475–1490. [CrossRef]

49. Ganley, I.G.; Wong, P.-M.; Gammoh, N.; Jiang, X. Distinct autophagosomal-lysosomal fusion mechanism
revealed by thapsigargin-induced autophagy arrest. Mol. Cell 2011, 42, 731–743. [CrossRef]

50. Allaire, M.; Rautou, P.-E.; Codogno, P.; Lotersztajn, S. Autophagy in liver diseases: Time for translation?
J. Hep. 2019, 70, 985–998. [CrossRef]

51. Wu, D.; Wang, H.; Teng, T.; Duan, S.; Ji, A.; Li, Y. Hydrogen sulfide and autophagy: A double edged sword.
Pharmacol. Res. 2018, 131, 120–127. [CrossRef] [PubMed]

52. Song, S.; Tan, J.; Miao, Y.; Li, M.; Zhang, Q. Crosstalk of autophagy and apoptosis: Involvement of the dual
role of autophagy under ER stress. J. Cell Physiol. 2017, 232, 2977–2984. [CrossRef] [PubMed]

53. B’chir, W.; Maurin, A.C.; Carraro, V.; Averous, J.; Jousse, C.; Muranishi, Y.; Parry, L.; Stepien, G.; Fafournoux, P.;
Bruhat, A. The eIF2α/ATF4 pathway is essential for stress-induced autophagy gene expression. Nucleic Acids
Res. 2013, 41, 7683–7699. [CrossRef] [PubMed]

54. B’chir, W.; Chaveroux, C.; Carraro, V.; Averous, J.; Maurin, A.C.; Jousse, C.; Muranishi, Y.; Parry, L.;
Fafournoux, P.; Bruhat, A. Dual role for CHOP in the crosstalk between autophagy and apoptosis to
determine cell fate in response to amino acid deprivation. Cell Signal. 2014, 26, 1. [CrossRef] [PubMed]

55. Yang, G.; Yang, W.; Wu, L.; Wang, R. H2S, endoplasmic reticulum stress, and apoptosis of insulin-secreting
beta cells. J. Biol. Chem. 2007, 282, 16567–16576. [CrossRef] [PubMed]

56. Abdullahi, A.; Stanojcic, M.; Parousis, A.; Patsouris, D.; Jeschke, M.G. Modeling acute ER stress in vivo and
in vitro. Shock 2017, 47, 506–513. [CrossRef] [PubMed]

57. Wei, H.; Zhang, R.; Jin, H.; Liu, D.; Tang, X.; Tang, C.; Du, J. Hydrogen sulfide attenuates
hyperhomocysteinemia-induced cardiomyocytic endoplasmic reticulum stress in rats. Antioxid. Redox Signal.
2010, 12, 1079–1091. [CrossRef]

58. Barr, L.A.; Shimizu, Y.; Lambert, J.P.; Nicholson, C.K.; Calvert, J.W. Hydrogen sulfide attenuates high fat
diet-induced cardiac dysfunction via the suppression of endoplasmic reticulum stress. Nitric Oxide 2015,
46, 145–156. [CrossRef]

59. Li, F.; Luo, J.; Wu, Z.; Xiao, T.; Zeng, O.; Li, L.; Li, Y.; Yang, J. Hydrogen sulfide exhibits cardioprotective
effects by decreasing endoplasmic reticulum stress in a diabetic cardiomyopathy rat model. Mol. Med. Rep.
2016, 14, 865–873. [CrossRef]

60. Yang, F.; Yu, X.; Li, T.; Wu, J.; Zhao, Y.; Liu, J.; Sun, A.; Dong, S.; Wu, J.; Zhong, X.; et al. Exogenous H2S
regulates endoplasmic reticulum-mitochondria cross-talk to inhibit apoptotic pathways in STZ-induced type
I diabetes. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E190–E203. [CrossRef]

61. Zou, W.; Yuan, J.; Tang, Z.J.; Wei, H.J.; Zhu, W.W.; Zhang, P.; Gu, H.F.; Wang, C.Y.; Tang, X.Q. Hydrogen
sulfide ameliorates cognitive dysfunction in streptozotocin-induced diabetic rats: Involving suppression in
hippocampal endoplasmic reticulum stress. Oncotarget 2017, 8, 64203–64216. [CrossRef] [PubMed]

62. Majumder, A.; Singh, M.; Behera, J.; Theilen, N.T.; George, A.K.; Tyagi, N.; Metreveli, N.; Tyagi, S.C. Hydrogen
sulfide alleviates hyperhomocysteinemia-mediated skeletal muscle atrophy via mitigation of oxidative and
endoplasmic reticulum stress injury. Am. J. Physiol. Cell Physiol. 2018, 315, C609–C622. [CrossRef]

63. Wu, J.; Pan, W.; Wang, C.; Dong, H.; Xing, L.; Hou, J.; Fang, S.; Li, H.; Yang, F.; Yu, B. H2S attenuates
endoplasmic reticulum stress in hypoxia-induced pulmonary artery hypertension. Biosci. Rep. 2019,
39, BSR20190304. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lfs.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20951146
http://dx.doi.org/10.1371/journal.pone.0025943
http://www.ncbi.nlm.nih.gov/pubmed/22022478
http://dx.doi.org/10.1186/s13618-014-0022-y
http://dx.doi.org/10.4161/auto.25900
http://dx.doi.org/10.1016/j.molcel.2011.04.024
http://dx.doi.org/10.1016/j.jhep.2019.01.026
http://dx.doi.org/10.1016/j.phrs.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29514056
http://dx.doi.org/10.1002/jcp.25785
http://www.ncbi.nlm.nih.gov/pubmed/28067409
http://dx.doi.org/10.1093/nar/gkt563
http://www.ncbi.nlm.nih.gov/pubmed/23804767
http://dx.doi.org/10.1016/j.cellsig.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24657471
http://dx.doi.org/10.1074/jbc.M700605200
http://www.ncbi.nlm.nih.gov/pubmed/17430888
http://dx.doi.org/10.1097/SHK.0000000000000759
http://www.ncbi.nlm.nih.gov/pubmed/27755507
http://dx.doi.org/10.1089/ars.2009.2898
http://dx.doi.org/10.1016/j.niox.2014.12.013
http://dx.doi.org/10.3892/mmr.2016.5289
http://dx.doi.org/10.1152/ajpendo.00196.2016
http://dx.doi.org/10.18632/oncotarget.19448
http://www.ncbi.nlm.nih.gov/pubmed/28969063
http://dx.doi.org/10.1152/ajpcell.00147.2018
http://dx.doi.org/10.1042/BSR20190304
http://www.ncbi.nlm.nih.gov/pubmed/31239370


Biomolecules 2020, 10, 1692 26 of 26

64. Lv, S.; Wu, N.; Wang, Q.; Yang, L.H. Endogenous hydrogen sulfide alleviates methotrexate-induced cognitive
impairment by attenuating endoplasmic reticulum stress-induced apoptosis via CHOP and caspase-12.
Fundam. Clin. Pharmacol. 2020, 34, 559–570. [CrossRef] [PubMed]

65. Ying, R.; Wang, X.Q.; Yang, Y.; Gu, Z.J.; Mai, J.T.; Qiu, Q.; Chen, Y.X.; Wang, J.F. Hydrogen sulfide suppresses
endoplasmic reticulum stress-induced endothelial-to-mesenchymal transition through Src pathway. Life Sci.
2016, 144, 208–217. [CrossRef]

66. Longchamp, A.; Mirabella, T.; Arduini, A.; MacArthur, M.R.; Das, A.; Treviño-Villarreal, J.H.; Hine, C.;
Ben-Sahra, I.; Knudsen, N.H.; Brace, L.E.; et al. Amino acid restriction triggers angiogenesis via GCN2/ATF4
regulation of VEGF and H2S Production. Cell 2018, 173, 117–129.e14. [CrossRef]

67. Yamamoto, K.; Takahara, K.; Oyadomari, S.; Okada, T.; Sato, T.; Harada, A.; Mori, K. Induction of liver steatosis
and lipid droplet formation in ATF6alpha-knockout mice burdened with pharmacological endoplasmic
reticulum stress. Mol. Biol. Cell. 2010, 21, 2975–2986. [CrossRef]

68. Horsman, J.W.; Miller, D.L. Mitochondrial sulfide quinone oxidoreductase prevents activation of the unfolded
protein response in hydrogen sulfide. J. Biol. Chem. 2016, 291, 5320–5325. [CrossRef]

69. Guo, R.; Wu, Z.; Jiang, J.; Liu, C.; Wu, B.; Li, X.; Li, T.; Mo, H.; He, S.; Li, S.; et al. New mechanism of lipotoxicity
in diabetic cardiomyopathy: Deficiency of endogenous H2S production and ER stress. Mech. Ageing Dev.
2017, 162, 46–52. [CrossRef]

70. George, A.K.; Homme, R.P.; Majumder, A.; Laha, A.; Metreveli, N.; Sandhu, H.S.; Tyagi, S.C.; Singh, M.
Hydrogen sulfide intervention in cystathionine-β-synthase mutant mouse helps restore ocular homeostasis.
Int. J. Ophthalmol. 2019, 12, 754–764.

71. Rutkowski, D.T.; Wu, J.; Back, S.H.; Callaghan, M.U.; Ferris, S.P.; Iqbal, J.; Clark, R.; Miao, H.; Hassler, J.R.;
Fornek, J.; et al. UPR pathways combine to prevent hepatic steatosis caused by ER stress-mediated
suppression of transcriptional master regulators. Dev. Cell. 2008, 15, 829–840. [CrossRef] [PubMed]

72. Chen, X.; Zhang, F.; Gong, Q.; Cui, A.; Zhuo, S.; Hu, Z.; Han, Y.; Gao, J.; Sun, Y.; Liu, Z.; et al. Hepatic ATF6
increases fatty acid oxidation to attenuate hepatic steatosis in mice through peroxisome proliferator-activated
receptor α. Diabetes 2016, 65, 1904–1915. [CrossRef] [PubMed]

73. Yadav, V.; Gao, X.H.; Willard, B.; Hatzoglou, M.; Banerjee, R.; Kabil, O. Hydrogen sulfide modulates
eukaryotic translation initiation factor 2α (eIF2α) phosphorylation status in the integrated stress-response
pathway. J. Biol. Chem. 2017, 292, 13143–13153. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/fcp.12543
http://www.ncbi.nlm.nih.gov/pubmed/32034805
http://dx.doi.org/10.1016/j.lfs.2015.11.025
http://dx.doi.org/10.1016/j.cell.2018.03.001
http://dx.doi.org/10.1091/mbc.e09-02-0133
http://dx.doi.org/10.1074/jbc.M115.697102
http://dx.doi.org/10.1016/j.mad.2016.11.005
http://dx.doi.org/10.1016/j.devcel.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19081072
http://dx.doi.org/10.2337/db15-1637
http://www.ncbi.nlm.nih.gov/pubmed/27207533
http://dx.doi.org/10.1074/jbc.M117.778654
http://www.ncbi.nlm.nih.gov/pubmed/28637872
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Treatments 
	Cell Transfections 
	Assessment of Cell Viability and Proliferation 
	Assessment of Cellular Bioenergetics 
	Live-Cell Labelling for Autophagy and Endogenous H2S Quantification 
	Live-Cell Labeling for Mitochondrial Superoxide 
	Protein Extraction and Western Blotting 
	Statistics 

	Results 
	H2S Donation Rescues Thapsigargin-Induced Cell-Growth Arrest 
	H2S Donation Ameliorates the Hepatic Unfolded Protein Response and Inhibits Autophagy Arrest 
	H2S Donation Restores Cellular Bioenergetics and Counteracts Mitochondrial Stress during ER Stress 
	Effect of ER Stress on the Expression of Various H2S-Synthesizing and -Degrading Enzymes 
	Effect of 3-MST Silencing on the Development of the ER Stress Response and on the Effect of H2S Donation 
	Effect of Pharmacological CBS and 3-MST Inhibition on the Development of ER Stress Response 
	Delayed Supplementation of H2S Exerts Partial Effects on the ER Stress Response 
	Effect of H2S on the Tunicamycin-Induced ER Stress Response 

	Discussion 
	Conclusions 
	References

