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ARTICLE INFO ABSTRACT

Keywords: NF-E2-related factor 2 (NRF2) plays a crucial role in the maintenance of cellular homeostasis by regulating

xCT various enzymes and proteins that are involved in the redox reactions utilizing sulfur. While substantial impacts

Mit9Ch°ndria of NRF2 on mitochondrial activity have been described, the precise mechanism by which NRF2 regulates
Syzt:;s e mitochondrial function is still not fully understood. Here, we demonstrated that NRF2 increased intracellular
Perulﬁde persulfides by upregulating the cystine transporter xCT encoded by Slc7all, a well-known NRF2 target gene.

Persulfides have been shown to play an important role in mitochondrial function. Supplementation with
glutathione trisulfide (GSSSG), which is a form of persulfide, elevated the mitochondrial membrane potential
(MMP), increased the oxygen consumption rate (OCR) and promoted ATP production. Persulfide-mediated
mitochondrial activation was shown to require the mitochondrial sulfur oxidation pathway, especially sulfide
quinone oxidoreductase (SQOR). Consistently, NRF2-mediated mitochondrial activation was also dependent on
SQOR activity. This study clarified that the facilitation of persulfide production and sulfur metabolism in
mitochondria by increasing cysteine availability is one of the mechanisms for NRF2-dependent mitochondrial
activation.

Mitochondrial membrane potential

anti-inflammatory function [6,7]. Recent studies have also clarified that
appropriate activation of NRF2 has antiaging effects by limiting the

1. Introduction

The KEAP1 (Kelch-like ECH-associated protein 1)-NRF2 (nuclear
factor-erythroid 2-related factor 2) system is an important cytopro-
tective mechanism against oxidative and electrophilic stresses [1].
Under basal conditions, NRF2 is constitutively subjected to ubiquitina-
tion and proteasomal degradation through binding to KEAP1, a sub-
strate adaptor protein of E3 ubiquitin ligase. In the presence of oxidative
and electrophilic stresses, KEAP1 is inactivated, and NRF2 is stabilized.
Consequently, NRF2 translocates into the nucleus, binds to antioxidant
response elements (ARESs), recruits coactivators for enhancer formation
and activates the transcription of a battery of cytoprotective genes,
including SLC7A11, encoding the cystine transporter xCT [2-4]. In
addition to its antioxidant function [5], NRF2 exerts a potent

accumulation of oxidative damage in tissues [8-10]. Moreover, NRF2
has been reported to confer resistance against mitochondrial toxins [11,
12], protect against mitochondria-related disorders such as Parkinson’s
disease and Alzheimer’s disease [13,14] and improve skeletal muscle
performance and exercise endurance with increased oxygen consump-
tion [15,16]. These reports suggest that NRF2 plays a crucial role in the
regulation of mitochondrial function. Indeed, NRF2 has been shown to
impact mitochondrial function as a master regulator of cellular redox
homeostasis [17]. However, the precise mechanism by which NRF2
enhances mitochondrial activity is still not fully understood.
Mitochondria are key organelles functioning as the “energy power-
house” in eukaryotic cells, which principally rely on redox reactions.
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The physiological importance of mitochondria has been widely appre-
ciated, and mitochondrial dysfunction is associated with various dis-
eases [18-20]. Recently, we found that mitochondrial sulfur metabolism
makes an important contribution to cellular energy production [21].
Cysteinyl tRNA synthetase (CARS) has been identified as a dual enzyme
possessing two independent catalytic activities: cysteinyl tRNA synthe-
sizing activity and cysteine persulfide synthesizing activity. Cysteine
persulfide production in mitochondria mediated by CARS2, which is a
mitochondrial isoform of CARS, is required for the maintenance of the
mitochondrial membrane potential (MMP) [21], indicating a critical
contribution of persulfides to MMP generation. Cysteine persulfide in
mitochondria was shown to be reductively metabolized to sulfide
depending on the activity of the electron transport chain (ETC) [21],
implying that ETC-derived electrons are accepted by cysteine persulfide.
Sulfide is oxidized by sulfide quinone oxidoreductase (SQOR), which is
followed by subsequent sulfur oxidation by a persulfide-oxidizing
enzyme, ethylmalonic encephalopathy 1 protein (ETHE1), and sulfite
oxidase (SUOX), resulting in the excretion of sulfate and thiosulfate
[22]. Because sulfide accumulation inhibits ETC activity [23,24] and
because SQOR transfers electrons from sulfide to ubiquinone of the ETC
[25], the sulfur oxidation pathway is thought to protect cells from sul-
fide toxicity and to support electron transport efficiency by bringing
ETC-derived electrons back to ubiquinone of the ETC.

Because NRF2 promotes cystine uptake by upregulating SLC7A11,
which encodes the cystine transporter xCT [26], we hypothesized that
NRF2 enhances mitochondrial activity by increasing cellular cysteine
availability to facilitate mitochondrial sulfur metabolism. In this study,
we found that cystine availability is one of the major determinants of
intracellular persulfides and that persulfide supplementation promotes
mitochondrial function. Mitochondrial activation induced by NRF2
activation due to KEAP1 inhibition relies on cystine uptake, followed by
persulfide production and sulfur oxidation.

2. Materials and methods
2.1. Reagents

Dimethyl sulfoxide (DMSO) was purchased from Wako Pure Chem-
icals (Osaka, Japan). Carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone (FCCP) was purchased from Abcam (Cambridge, UK).
Antimycin A, rotenone and sulfasalazine (SASP) were obtained from
Santa Cruz Biotechnology (Dallas, TX, USA). Oligomycin was purchased
from Alomone Labs (Jerusalem, Israel). Glutathione trisulfide (GSSSG)
was synthesized as previously described [27,28]. GSSSG was dissolved
in distilled water to prepare a 1 mM stock solution until analysis. Sodium
acetate, 30 mM, was added to adjust the stock solution to a pH of 5.0.
The stock solution was diluted with culture medium to the indicated
final concentration.

2.2. Cell culture

Hepalclc7, HeLa and H1650 cells were cultured and maintained in
low glucose Dulbecco’s Modified Eagle Medium (DMEM; Wako Pure
Chemicals, Osaka, Japan) containing 10% fetal bovine serum (FBS;
Biosera, Kansas, MO, USA) and 1% penicillin/streptomycin (Nacalai
Tesque, Kyoto, Japan) under 5% CO; at 37 °C.

2.3. Cell viability and growth assays

Hepalclc7, HeLa and H1650 cells (5.0 x 10* cells/well in 24-well
plates) were cultured in low glucose DMEM containing 10% FBS for
24 h. The culture medium was removed, and the cells were washed twice
with PBS. The cells were further cultured in cystine-depleted low
glucose DMEM supplemented with 10% FBS and cystine (20 or 200 pM)
under 5% CO, at 37 °C for designated periods of time (0, 12 and 24 h).
Viability and growth were measured by staining with 0.4% trypan blue
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and manual counting with a hemocytometer. The percentage of viability
was defined as the percent of live cells per total cells.

2.4. Mitochondrial membrane potential assay

The mitochondrial membrane potential (MMP) was measured using
a Cell Meter JC-10 Mitochondrion Membrane Potential Assay Kit (AAT
Bioquest, Sunnyvale, CA, USA) according to the manufacturer’s in-
structions. Cells were seeded in 4-chamber 35-mm culture dishes at a
density of 1 x 10° cells/well for confocal microscopy and in 96-well
black-walled clear-bottom plates at a density of 2 x 10* cells/well and
incubated for designated periods of time. JC-10 dye loading solutions
were added to cells and incubated at 37 °C and 5% CO; for 1 h. Then,
assay buffer was added. For the microplate reader assay, the fluores-
cence intensities were measured at Ex/Em = 490/525 nm and 540/590
nm with a microplate reader (SpectraMax M2e, Molecular Devices, San
Jose, CA, USA). For imaging, the cells were observed at Ex/Em = 488/
515-535 nm and 552/570-610 nm under confocal microscopy (TCS SP8,
Leica, Wetzlar, Germany). The fluorescence intensity was measured by
ImageJ (National Institute of Health).

2.5. Persulfide detection

Intracellular persulfides were detected using Sulfane Sulfur Probe 4
(SSP4, Dojindo, Kumamoto, Japan) according to the manufacturer’s
instructions. The cells were seeded in 4-chamber 35 mm culture dishes
at a density of 1 x 10° cells/well and incubated for designated periods of
time. After two washes with serum-free low glucose DMEM, 20 pM SSP4
working solution containing 0.5 mM cetyltrimethylammonium bromide
was added to the cells and incubated at 37 °C and 5% CO5 for 15 min.
Then, the cells were washed twice with PBS and observed at Ex/Em =
488/515-535 nm with confocal microscopy (TCS SP8, Leica). The
fluorescence intensity was measured by ImageJ (National Institute of
Health).

2.6. Immunoblot analysis

The cells were seeded in 35 mm culture dishes at a density of 2 x 10°
cells/well and incubated for designated periods of time. After the
designated treatment, whole cells were lysed in 100 pl of sodium
dodecyl sulfate buffer. The samples (10 pl) were subjected to electro-
phoresis on 7.5% or 10% sodium dodecyl sulfate-polyacrylamide gels for
90-120 min at 10 mA and then transferred onto polyvinylidene
difluoride membranes for 100 min at 200 mA. The membranes were
blocked in 5% skim milk in Tris-buffered saline with Tween 20 (TBS-T)
for 1 h and incubated overnight at 4 °C in the presence of primary an-
tibodies at dilutions of 1:1000-1:3000 in 5% skim milk in TBS-T or
Signal Enhancer HIKARI for Western Blotting and ELISA Solution A
(Nacalai Tesque). After four washes with TBS-T, the membranes were
incubated with the corresponding species-appropriate secondary anti-
bodies at dilutions of 1:1000-1:3000 in 5% skim milk in TBS-T or TBS-T
for 1 h. Then the immunoreactive bands on the membrane were visu-
alized with ECL Prime Western Blotting Detection Reagents (GE
Healthcare, Chicago, IL, USA) or Chemi-Lumi One L (Nacalai Tesque),
and the images were captured using the LAS-4000 mini (Fujifilm, Tokyo,
Japan). The antibodies used were as follows: anti-NRF2 (sc-13032, Santa
Cruz Biotechnology) and anti-a-tubulin (T9026, Sigma-Aldrich, St.
Louis, MO, USA). The antibody against KEAP1 was described previously
[29].

2.7. RNA purification and quantitative real-time PCR (RT-PCR)

Total RNA samples were prepared from cells using ISOGEN (Wako
Pure Chemicals). cDNAs were synthesized from 500 ng of total RNA
using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo,
Osaka, Japan) in three independent experiments. Quantitative real-time
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PCR was performed with a QuantStudio real-time PCR system (Thermo
Fisher Scientific, Waltham, MA, USA) using KAPA SYBR FAST qPCR
Master Mix (Kapa Biosystems, Wilmington, MA, USA). -Actin and Hprt
were used as internal controls for normalization. The primer sequences
used in the quantitative real-time PCR are listed in Supplementary
Table 1.

2.8. Oxygen consumption rate (OCR) measurements

Hepalclc7 cells were seeded in Agilent Seahorse XFp cell culture
miniplates (Agilent Technologies, Santa Clara, CA, USA) at a density of
1.2 x 10* cells/well and cultured with low glucose DMEM that was
phenol red-free and cystine-deficient (Cell Science & Technology Inst.,
Inc) containing 10% FBS in the presence of 200 pM cystine and/or 10 pM
GSSSG under 5% CO4 at 37 °C for 24 h. Then, the culture medium was
changed to XF DMEM (Cat# 103575-100, Agilent Technologies) sup-
plemented with 2 mM glutamine, 1 mM sodium pyruvate, 10 mM
glucose and/or 10 pM GSSSG and cultured for 1 h in a COy-free 37 °C
incubator before performing a Mito Stress Test (Agilent Technologies).
In the GSSSG and GSSG supplementation study, 10 pM GSSSG or GSSG
was added to XF DMEM containing 2 mM glutamine, 1 mM sodium
pyruvate and 10 mM glucose, and the pH was adjusted to 7.40. The
oxygen consumption rate (OCR) was measured with an XFp flux
analyzer (Agilent Technologies) using the manufacturer’s protocols. For
the Mito Stress Test, the following drug concentrations were used: 1 pM
oligomycin, 150 nM FCCP, and 1 pM rotenone +1 pM antimycin A
(Agilent Technologies).

H1650 cells were seeded in XF24 cell culture microplates (Agilent
Technologies, Santa Clara, CA, USA) at a density of 4 x 10* cells/well
and cultured with low glucose DMEM containing 10% FBS for 24 h.
Then, the culture medium was changed to XF DMEM (Agilent Tech-
nologies) supplemented with 2 mM glutamine, 1 mM sodium pyruvate
and 25 mM glucose and cultured for 1 h in a CO,-free 37 °C incubator
before performing the Mito Stress Test (Agilent Technologies). The ox-
ygen consumption rate (OCR) was measured with an XF24 flux analyzer
(Agilent Technologies) using the manufacturer’s protocols. For the Mito
Stress Test, the following drug concentrations were used: 1 pM oligo-
mycin, 100 nM FCCP, and 1 pM rotenone +1 pM antimycin A (Agilent
Technologies).

2.9. Small interfering RNA (siRNA) transfection

Mouse Nfe2l2 (Nrf2) (cat. # L-040766-00-0005), mouse Keap1 (cat.
# M-041104-01-0005), mouse Cars2 (cat. # L-060862-01-0005), mouse
Sqor (cat. # M-063889-00-0005), mouse Ethel (cat. # L-056791-01-
0005), mouse Suox (cat. # L-053903-01-0005), human KEAP1 (cat. # L-
012453-00-0020), human SLC7A11 (cat. # M-007612-01-0010), human
SQOR (cat. # M-008271-01-0010), human ETHE] (cat. # M-012508-00-
0005), and human SUOX (cat. # L-008310-00-0005) siRNAs were pur-
chased from Dharmacon (Lafayette, CO, USA). Human NFE2L2 (Nrf2)
siRNAs were purchased from Invitrogen (Waltham, MA, USA, cat. #
HSS107128). Human CARS2 siRNAs were purchased from Ambion
(Austin, TX, USA, cat. # 4392420). MISSION siRNA Universal Negative
Controls (Sigma-Aldrich) were used as controls. Hepalclc7, HeLa and
H1650 cells were transfected with 100 nM siRNA using RNA iMAX re-
agent (Invitrogen) according to the manufacturer’s protocol. At 24 h
after transfection, the medium was changed to fresh medium containing
the indicated reagents.

2.10. ATP measurements

Hepalclc7 cells were seeded in 96-well flat clear-bottom plates
(View Plate™-96-F TC, PerkinElmer, cat. # 6005182, USA) at a density
of 5 x 10° cells/well and cultured with low glucose DMEM that was
phenol red-free and cystine-deficient (Cell Science & Technology Inst.,
Inc.) containing 10% FBS in the presence of cystine (200 uM or 20 pM)
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under 5% CO; at 37 °C for 24 h. For the GSSSG and GSSG supplemen-
tation study, 10 pM GSSSG or 10 uM GSSG was added to medium con-
taining 200 pM cystine. The ADP/ATP ratio measurement was
performed according to the manufacturer’s instructions (ADP/ATP
Ratio Assay Kit, cat. # MAK135, Sigma—Aldrich, USA).

2.11. Statistical analysis

Experiments were repeated independently at least three times. All
data are expressed as the mean + S.D. The confidence interval was
calculated for the evaluation of fold changes. a < 0.05 was considered to
be statistically significant. An unpaired Student’s t-test was used to
analyze differences between two groups. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used to analyze dif-
ferences among three groups. P < 0.05 was considered to be statistically
significant. These analyses were performed using GraphPad Prism 9.5
(Graph Pad Software, San Diego, CA, USA) and JMP pro 15 (SAS Insti-
tute, Cary, NC, USA).

3. Results

3.1. Cystine restriction reduces intracellular persulfides and inhibits
mitochondrial activity

Based on our previous finding that cysteine is converted to cysteine
persulfide by CARS2 in mitochondria and that CARS2-dependent mito-
chondrial persulfide production contributes to the maintenance of
mitochondrial activity [21], we first examined how cysteine availability
impacted intracellular persulfide levels and mitochondrial function.
Because one of the major cysteine sources is extracellular cystine, cells
were challenged with cystine restriction for up to 24 h Hepalclc7 cells
exhibited a reduction in intracellular persulfides, as evaluated by the
fluorescent probe SSP4 [30] (Fig. 1A), and a decrease in mitochondrial
membrane potential (MMP), as evaluated by the fluorescent probe JC-10
(Fig. 1B), after 12 h of exposure to 20 pM cystine compared with 200 pM
cystine. Similar effects were observed in HeLa and H1650 cells after 24 h
of exposure to 20 pM cystine (Supplementary Figs. 1A and 1B). Cystine
restriction slowed the cell number increase but did not affect cell
viability during the 24 h after initiation of cystine restriction (Supple-
mentary Figs. 1C and 1D), suggesting that the MMP decrease in
cystine-restricted cells was not due to cell death. We next examined ATP
production in Hepalclc?7 cells exposed to 20 uM cystine for 24 h and
found that cystine restriction elevated the ADP/ATP ratio (Fig. 1C).
These results indicated that cystine restriction reduces intracellular
persulfides and suppresses mitochondrial energy metabolism, which is
consistent with our previous observation that mitochondrial persulfide
production is necessary for the maintenance of mitochondrial activity.

3.2. Glutathione trisulfide (GSSSG) supplementation promotes
mitochondrial activity

We next asked whether exogenous persulfide supplementation acti-
vates mitochondrial function. Glutathione trisulfide (GSSSG) was added
to the culture medium of Hepalclc? cells as a source of persulfides, and
intracellular persulfides and mitochondrial function were evaluated
after 24 h. Supplementation with GSSSG increased persulfides (Fig. 2A)
and elevated MMP (Fig. 2B). The increase of MMP was not induced by
GSSG supplementation (Fig. 2C). OCR was increased by GSSSG (Fig. 2D)
but not by GSSG (Fig. 2E). Similarly, the ADP/ATP ratio was lowered by
GSSSG (Fig. 2F) but not changed by GSSG (Fig. 2G). These results sug-
gest that increased persulfides contributed to the activation of mito-
chondrial function. A persulfide increase and MMP elevation were also
observed in GSSSG-treated HeLa cells (Supplementary Fig. 1E).
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Fig. 1. Cystine restriction decreases intracellular persulfides and inhibits mitochondrial activity in Hepalclc7 cells.

(A) Detection of intracellular persulfides by the SSP4 fluorescence probe. Representative images from 4 to 5 images of randomly selected areas per experiment from
three independent experiments (left) and relative fluorescence intensities (right) are shown. Scale bars correspond to 50 pm (left). (B) Mitochondrial membrane
potential (MMP) analyzed by using JC-10 fluorescence imaging. Representative images from 5 to 7 images of randomly selected areas per experiment from three
independent experiments (left) and relative red and green fluorescence ratios (right) are shown. Scale bars correspond to 50 pm (left). (C) ADP/ATP ratio mea-
surement. Relative ratios are shown.

At 24 h after cell seeding, the culture medium was replaced with fresh medium containing 20 pM or 200 pM cystine. SSP4 staining (A) and JC-10 staining (B) were
conducted 6 h, 12 h and 24 h after the medium change. ADP/ATP ratio measurement (C) were conducted 24 h after the medium change. The data are presented as the
mean + S.D. of three independent experiments. **a < 0.01 compared with the cystine 200 pM group, determined using confidence interval estimation. ns: not

significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. The sulfur oxidation pathway is required for persulfide-mediated
mitochondrial activation

Mitochondria are equipped with a sulfur oxidation pathway that
consists of sulfide:quinone oxidoreductase (SQOR), ethylmalonic en-
cephalopathy protein 1 (ETHE1) and sulfite oxidase (SUOX), which are
responsible for oxidizing sulfide, persulfide and sulfite, respectively [22,
31-33]. Persulfides generated by CARS2 in mitochondria are reduced to
sulfide in an ETC-dependent manner [21], and the resultant sulfide

together with persulfides are metabolized to thiosulfate and sulfate via
sequential and concurrent oxidation processes.

To clarify the significance of the sulfur oxidation pathway in mito-
chondrial function, we inhibited the sulfur oxidation pathway by
knocking down genes encoding SQOR, ETHE1 and SUOX and examined
their effects on MMP in Hepalclc7, HeLa and H1650 cells (Supple-
mentary Figs. 2A and 2B). Cars2/CARS2 knockdown was used as a
positive control. The MMP was decreased by the reduction of these
enzymes, except for SUOX (Fig. 3A and Supplementary Fig. 2C), and the
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Fig. 2. Glutathione trisulfide (GSSSG) supplementation increases intracellular persulfides and promotes mitochondrial function in Hepalclc? cells. (A) Detection of
intracellular persulfides by the SSP4 fluorescence probe. Representative images from 4 to 5 images of randomly selected areas per experiment from three independent
experiments (left) and relative fluorescence intensities (right) are shown. Scale bars correspond to 50 pm. (B, C) MMP analyzed by using JC-10 fluorescence imaging.
Representative images from 5 to 7 images of randomly selected areas per experiment from three independent experiments (left) and relative red and green fluo-
rescence ratios (right) are shown. Scale bars correspond to 50 pm. (D, E) Oxygen consumption rate (OCR) analysis. A representative OCR respirogram from three
independent experiments is shown (top). Respiration parameters were calculated from the results of three independent experiments (bottom). Basal respiration is an
average of the OCR values before the addition of oligomycin. Maximum respiration is the average OCR value after the addition of FCCP. ATP-coupled OCR is the
difference between basal respiration and the average OCR value after oligomycin addition. Oligomycin (1 pM), FCCP (0.15 pM) and antimycin A + rotenone (1 pM
each) were used. (F, G) ADP/ATP ratio measurement. Relative ratios are shown.

At 24 h after cell seeding, the culture medium was replaced with 200 pM cystine-containing fresh medium with vehicle (water) or GSSSG (1 pM or 10 pM). Analyses
were conducted 24 h after the medium change. The data are presented as the mean + S.D. of three independent experiments. *a < 0.05 and **a < 0.01 compared
with the vehicle (water) group, determined using confidence interval estimation (A, B, D, E and F). An unpaired Student’s t-test was conducted for comparison of
GSSSG-treated cells and GSSG-treated cells (C and G). *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 3. The sulfur oxidation pathway is required for persulfide-mediated mitochondrial activation in Hepalclc? cells.

(A and C) MMP was analyzed by using JC-10 fluorescence imaging for Hepalclc? cells with Cars2, Sqor, Ethel and Suox knockdown (A) and GSSSG treatment and/or
Sqor knockdown (C). Representative images from 5 to 7 images of randomly selected areas per experiment from three independent experiments (left) and relative red
and green fluorescence ratios (right) are shown. Scale bars correspond to 50 pm. (B and D) OCR analysis. A representative OCR respirogram from three independent
experiments is shown (left). Respiration parameters were calculated from the results of three independent experiments (right). (E) ADP/ATP ratio measurement.
Relative ratios are shown.

At 24 h after siRNA transfection, the culture medium was replaced with 200 pM cystine-containing fresh medium (A and B) and 200 pM cystine-containing fresh
medium with vehicle (water) or 10 pM GSSSG (C and D). Analyses were conducted 24 h after the medium change. The data are presented as the mean + S.D. of three
independent experiments. *a < 0.05 and **a < 0.01 compared with the control cells (A and B) and with GSSSG-treated control cells (D and E), determined using
confidence interval estimation. An unpaired Student’s t-test was conducted for comparison of GSSSG-treated cells with and without Sqor knockdown (C). *p < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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OCR was reduced by SQOR inhibition (Fig. 3B and Supplementary Sqor-knockdown Hepalclc? cells (Fig. 3C-E), indicating that the sulfur
Fig. 2D). These results suggested that CARS2-mediated persulfide pro- oxidation pathway, especially SQOR, is required for GSSSG-induced
duction and SQOR- and ETHE1-mediated sulfur oxidation are required mitochondrial activation.

for mitochondrial activity, which is consistent with previous reports [21,

34]. Importantly, GSSSG-induced mitochondrial activation, i.e., eleva-

tion of MMP, OCR and relative ATP amount vs. ADP, was not observed in
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Fig. 4. NRF2 promotes mitochondrial activity and increases intracellular persulfides in Hepalclc7 cells.

(A) Verification of the knockdown efficiency of Nrf2 and Keap1 in Hepalclc7 cells. Representative immunoblot analysis of NRF2 and KEAP1 proteins. a-Tubulin was
used as a loading control. (B) MMP was analyzed using JC-10 fluorescence imaging for Hepalclc7 cells with Nrf2 and Keap1 knockdown. Representative images from
5 to 7 images of randomly selected areas per experiment from three independent experiments (left) and relative red and green fluorescence ratios (right) are shown.
Scale bars correspond to 50 pm. (C) OCR analysis. Representative OCR respirograms from three independent experiments are shown (left). Respiration parameters
were calculated from the results of three independent experiments (right). (D) Detection of intracellular persulfides by the SSP4 fluorescence probe. Representative
images from 4 to 5 images of randomly selected areas per experiment from three independent experiments (left) and relative fluorescence intensities (right) are
shown. Scale bars correspond to 50 pm.

At 24 h after siRNA transfection, the culture medium was replaced with 200 uM cystine-containing fresh medium. Analyses were conducted 24 h after the medium
change. The data are presented as the mean + S.D. of three independent experiments. **a < 0.01 compared with the control cells, determined using confidence
interval estimation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.4. NRF2 activation increases intracellular persulfides and promotes
mitochondrial activity

To investigate the impacts of NRF2 activity on mitochondrial func-
tion in this experimental setting, MMP and OCR were examined in
Hepalclc7, HeLa and H1650 cells with different NRF2 activities. Hep-
alclc? cells were treated with siRNAs against Nrf2 and Keap1 (Fig. 4A)
and used for MMP and OCR analyses. NRF2 inhibition decreased MMP
and OCR, whereas NRF2 activation by KEAP1 inhibition increased MMP
and OCR (Fig. 4B and C). Similar effects of NRF2 inhibition and NRF2
activation were observed in HeLa and H1650 cells (Supplementary
Figs. 3A-3C). Consistent with a positive correlation between persulfide
levels and mitochondrial activities, intracellular persulfides were
decreased and increased in Nrf2-knockdown and Keapl-knockdown
Hepalclc7 cells, respectively (Fig. 4D). These results suggested that
NRF2 activation promotes mitochondrial function by increasing intra-
cellular persulfides.
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3.5. NRF2-mediated activation of mitochondrial function requires cystine
uptake via xCT

We wanted to know how NRF2 increases intracellular persulfides.
Because Slc7all, which encodes a cystine transporter xCT, is a well-
established NRF2 target gene [26] and because persulfide-synthesizing
enzymes, including CARS2, did not seem to be directly regulated by
NRF2, we hypothesized that NRF2 increases persulfides by promoting
cystine uptake through xCT upregulation.

Sulfasalazine (SASP), an inhibitor of xCT, decreased intracellular
persulfides and MMP in Hepalclc?7 cells (Fig. 5A and B) as well as in
HeLa and H1650 cells (Supplementary Figs. 4A and 4B), consistent with
the decreased cystine availability resulting in reduced persulfides and
mitochondrial inhibition. Although loss-of-function experiments of
Slc7al11 in Hepalclc7 cells were not successful due to poor knockdown
efficiency, SLC7A11 knockdown in HeLa and H1650 cells was efficient
enough to show a significant decrease in MMP (Supplementary Figs. 4C
and 4D). Increased persulfides and elevated MMP by Keap1 knockdown
were reversed by SASP treatment in Hepalclc? cells (Fig. 5C and D),
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Fig. 5. The cystine transporter xCT is responsible for NRF2-mediated mitochondrial activation in Hepalclc7 cells.

(A and C) Detection of intracellular persulfides by the SSP4 fluorescence probe in Hepalclc7 cells treated with SASP. Representative images from 4 to 5 images of
randomly selected areas per experiment from three independent experiments (left) and relative fluorescence intensities (right) are shown. Scale bars correspond to
50 pm. (B and D) MMP was analyzed by using JC-10 fluorescence imaging in Hepalclc? cells treated with SASP. Representative images from 5 to 7 images of
randomly selected areas per experiment from three independent experiments (left) and relative red and green fluorescence ratios (right) are shown. Scale bars
correspond to 50 pm.

At 24 h after cell seeding (A and B) and 24 h of control siRNA or Keapl siRNA transfection (C and D), the culture medium was replaced with 200 pM cystine-
containing fresh medium with vehicle (DMSO) or 500 uM SASP. Analyses were conducted 24 h after the medium change. The data are presented as the mean +
S.D. of three independent experiments. **a < 0.01 compared with the vehicle (DMSO) group, determined using confidence interval estimation (A and B). An un-
paired Student’s t-test was conducted for comparison of Keap1-knockdown cells with and without SASP treatment (C and D). *p < 0.05, *p < 0.01. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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suggesting that the NRF2-mediated persulfide increase and mitochon-
drial activation depend on increased cystine uptake.
3.6. NRF2-mediated activation of mitochondrial function requires the
mitochondrial sulfur oxidation pathway

To further examine whether NRF2-mediated mitochondrial activa-

tion requires persulfide production and sulfur oxidation pathway ac-
tivity, we conducted simultaneous inhibition of KEAP1 and
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mitochondrial sulfur-metabolizing enzymes. The simultaneous knock-
down of Keap1 and Cars2 reversed the MMP elevation induced by Keap1
knockdown in Hepalclc7 cells (Fig. 6A), suggesting that NRF2-
mediated mitochondrial activation depends on CARS2-mediated per-
sulfide production. The simultaneous knockdown of Keapl and Sqor
reversed the MMP elevation and OCR increase induced by Keapl
knockdown (Supplementary Fig. 5A, Fig. 6B and C). Similar effects on
MMP were observed in HeLa and H1650 cells (Supplementary Figs. 5B
and 5C). The simultaneous knockdown of Keap1 and Ethel reversed the
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Fig. 6. Persulfide production and the sulfur oxidation pathway are required for NRF2-mediated mitochondrial activation.

(A, B and D) MMP was analyzed by using JC-10 fluorescence imaging in Hepalclc? cells with Keapl and/or Cars2 knockdown (A), Sqor knockdown (B) and Ethel
knockdown (D). Representative images from 5 to 7 images of randomly selected areas per experiment from three independent experiments (left) and relative red and
green fluorescence ratios (right) are shown. Scale bars correspond to 50 pm. (C) OCR analysis. A representative OCR respirogram from three independent experiments
is shown (left). Respiration parameters were calculated from the results of three independent experiments (right).

At 24 h after siRNA transfection, the culture medium was replaced with 200 pM cystine-containing fresh medium. Analyses were conducted 24 h after the medium
change. The data are presented as the mean + S.D. of three independent experiments. **a < 0.01 compared with the control cells, determined using confidence
interval estimation (C). An unpaired Student’s t-test was conducted for comparison of Keap1 single knockdown cells and double knockdown cells (A, B and D). *p <
0.05. Panels A and D share the same control samples and Keap1 knockdown samples. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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MMP elevation induced by Keapl knockdown (Fig. 6D). These results
suggested that NRF2-mediated mitochondrial activation depends on the
sulfur oxidation pathway in mitochondria. Thus, NRF2 activation
caused by Keapl inhibition promotes mitochondrial function by
increasing cystine uptake and subsequent persulfide production and
sulfur oxidation.

4. Discussion

Accumulating evidence has suggested that cysteine persulfide and
related persulfides are found in abundant quantities in both prokaryotic
and eukaryotic cells and play important roles in antioxidant and anti-
inflammatory responses [27,35-38]. Among the enzymes that have
been reported to possess persulfide-synthesizing activity, including
cystathionine B-synthetase (CBS), cystathionine y-lyase (CSE), 3-mer-
captopyruvate sulfurtransferase (3MST) and CARS [21,27,39,40],
CARS2, a mitochondrial isoform of CARS, is regarded as the major
contributor to the production of persulfide-containing metabolites
judging from the results of loss-of-function experiments [21]. This study
reproduced the result showing the necessity of CARS2 for persulfide
generation and mitochondrial function and demonstrated important
roles of the sulfur oxidation pathway catalyzed by SQOR and ETHELI in
mitochondrial activity. Based on these results, we identified
xCT-dependent cystine uptake as one of the major activities of NRF2 in
promoting mitochondrial function. Considering that cystine is also a
substrate of CBS and CSE for direct generation of cysteine persulfide [27,
41], cystine availability is most likely to be an important determinant of
intracellular persulfide levels. NRF2-mediated mitochondrial activation
depends on persulfide production and the sulfur oxidation pathway,
verifying the significance of sulfur metabolism for mitochondrial
function.

How persulfides support mitochondrial function is possibly
explained by the following mechanisms that are tightly intertwined with
one another. Considering their antioxidant function [27], persulfides are
likely to quench reactive oxygen species generated in mitochondria and
prevent oxidative damage to mitochondrial proteins. Considering a
previous result that cysteine persulfide is converted to sulfide in an
ETC-dependent manner [21], persulfides are likely to serve as electron
acceptors for electrons from the ETC and may prevent aberrant electron
acceptance by dioxygen and consequently avoid generation of excessive
reactive oxygen species. Considering their possible roles in the synthesis
of iron-sulfur clusters [42], persulfides may serve as a decoy to protect
persulfide-based sulfur transfer for the incorporation of sulfur into
iron-sulfur clusters, which is essential for ETC function. The necessity of
sulfide oxidation by SQOR for persulfide-mediated mitochondrial acti-
vation implies three aspects of sulfide metabolism: protection from
sulfide toxicity [23,24], recovery of electrons leaked from the ETC via
persulfides and regeneration of persulfides from sulfide. Sulfide accu-
mulation needs to be avoided for mitochondrial integrity, whereas
electrons transferred from sulfide to ubiquinone participate in the ETC
for mitochondrial energy production. And sulfide should become
hydropersulfide after being oxidized by SQOR, resulting in the regen-
eration of mitochondrial persulfides.

Regarding the relationship between NRF2 activity and mitochon-
drial function, a previous study described that MMP was reduced and
elevated in mouse embryonic fibroblasts (MEFs) and primary cortical
neural cells derived from Nrf2-and Keapl-knockout mice, respectively
[43], which is quite similar to our current results. Another report
described that NRF2 activation facilitates fatty acid oxidation in the
mitochondria of MEFs as well as those isolated from the brain, liver and
heart [44]. These studies concluded that NRF2 promotes mitochondrial
function by increasing the availability of substrates, NADH and FADH,
for mitochondrial respiration. A fatty acid-metabolizing enzyme in
peroxisomes, ACOX2, has been shown to be one of the target genes of
NRF2 [45], which may contribute to the increased supply of NADH and
FADH, by NRF2 for mitochondrial respiration. Because increased
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NADH/NAD™ ratio could limit metabolic processes that require NAD™
such as those catalyzed by dehydrogenases, metabolic impacts of NRF2
activation may be more complex. Nevertheless, our study indicated that
elevated mitochondrial activity is primarily attributable to the
NRF2-mediated increase in cysteine availability, which is expected to
secure the efficiency of ETC function. Therefore, taken together, the
results suggest that NRF2 increases proton-donating substrates and im-
proves electron transport efficiency in mitochondria.

A previous study showed that sulfide activates NRF2 by inactivating
KEAP1 through the formation of a disulfide bond between two cysteine
residues, Cys226 and Cys613 [46], which appears to be an indirect effect
of sulfide considering that sulfide is not an oxidant. Indeed, this study
suggested the involvement of HyO5 production in the upregulation of
NRF2 by sulfide [46]. We surmise that reactive oxygen species generated
from mitochondria due to inhibitory action of excessive sulfide might
induce the disulfide bond formation between two cysteine residues,
Cys226 and Cys613, resulting in the NRF2 activation. This study also
showed that NRF2 induces SQOR expression and proposed a feedback
loop between NRF2 and sulfide [46]. In our experimental setting, in
Hepalclc? cells, NRF2 binding was detected in the first intron of the
Sqor gene in a chromatin-immunoprecipitation assay (unpublished
observation). However, the NRF2 contribution to SQOR protein level
was limited, implying that the feedback loop between NRF2 and sulfide
is likely to be context dependent.

Intriguingly, glutathione synthesis was shown to be enhanced in
Dictyostelium discoideum under starvation, which resulted in cysteine
sequestration to limit the mitochondrial use of cysteine, especially the
use of cysteine sulfur atoms for iron-sulfur cluster synthesis by desul-
furation [47]. This previous study suggested the competitive utilization
of cysteine by glutathione synthesis in the cytoplasm and
desulfuration-coupled persulfide production in mitochondria. While
NRF2 directly promotes anabolic processes utilizing cysteine, such as
glutathione synthesis by inducing the rate limiting enzyme y-gluta-
mylcysteine synthetase [1] and protein translation by maintaining the
reduced states of ribosomal subunits [48], the promotion of mitochon-
drial sulfur metabolism, i.e., persulfide synthesis and subsequent sulfur
oxidation, are an indirect and passive effect of NRF2 activation through
the increasing cysteine supply. When NRF2 strongly and persistently
promotes glutathione synthesis, which often occurs in NRF2-activated
cancer cells with KEAP1 mutations [49], mitochondrial cysteine de-
mand may not be satisfied, resulting in mitochondrial suppression. In
addition, NRF2-activated cancer cells are subjected to a glutamate
shortage and, consequently, insufficient anaplerosis for TCA cycle in-
termediates, which decreases substrates for electron donation to the ETC
and inhibits mitochondrial activity [50,51]. Therefore, we surmise that
the sufficient availability of NADH and FADH, for electron donation to
the ETC is an important prerequisite for NRF2-mediated mitochondrial
activation, which is dependent on persulfide production and sulfur
oxidation.
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