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Hydrogen sulfide (H,S) is a gasotransmitter and a potential therapeutic agent. However, molecular targets
relevant to its therapeutic actions remain enigmatic. Sulfide-quinone oxidoreductase (SQR) irreversibly oxidizes
H,S. Therefore, SQRis assumed to inhibit H,S signaling. We now report that SQR-mediated oxidation of H,S drives
reverse electron transport (RET) at mitochondrial complex I, which, in turn, repurposes mitochondrial function to
superoxide production. Unexpectedly, complex | RET, a process dependent on high mitochondrial membrane
potential, induces superoxide-dependent mitochondrial uncoupling and downstream activation of adenosine
monophosphate-activated protein kinase (AMPK). SQR-induced mitochondrial uncoupling is separated from the
inhibition of mitochondrial complex IV by H,S. Moreover, deletion of SQR, complex |, or AMPK abolishes therapeutic
effects of H,S following intracerebral hemorrhage. To conclude, SQR mediates H,S signaling and therapeutic
effects by targeting mitochondrial electron transport to induce mitochondrial uncoupling. Moreover, SQR is a
previously unrecognized target for developing non-protonophore uncouplers with broad clinical implications.

INTRODUCTION

Although classically viewed as an environmental toxicant, hydro-
gen sulfide (H,S) is now considered an endogenous gasotransmitter
that modulates numerous physiological and pathological processes.
Moreover, H,S is a potentially versatile therapeutic agent, and several
H,S donors have been in clinical trials for treating inflammatory
and cardiovascular diseases (1-3). However, molecular targets rele-
vant to therapeutic actions of H,S remain enigmatic. The effects of
signaling molecules are supposed to be mediated specifically by a
limited number of cellular targets (4). However, the dominant can-
didate mechanism of H,S signaling, i.e., sulfhydration of target
proteins by H,S-derived polysulfides, is nonspecific, since 10 to 25%
cellular proteins are sulfhydrated (5). It has been suggested that H,S
is not a “true” signaling molecule but acts as an antioxidant to modulate
various activities (6). Moreover, H,S is well established as a potent
inhibitor of mitochondrial complex IV comparable to cyanide. It is
unclear whether therapeutic mechanisms of H,S are separated from
the toxic effect of H,S.

Sulfide-quinone oxidoreductase (SQR) is located in mitochondria
and initiates irreversible oxidation of H,S. Thus, SQR is long assumed
to inhibit H,S signaling. Since SQR has an extremely high activity of
H,S oxidation, it has been questioned whether H,S can be main-
tained at the steady concentrations required for signaling (7). By
oxidation of H,S, SQR transfers electrons from H,S to oxidized
coenzyme Q (CoQ). Then, electrons are either forwardly transferred
to oxygen via mitochondrial complexes IIT and IV or transferred to
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oxidized nicotinamide adenine dinucleotide (NAD") via reverse
electron transport (RET) at mitochondrial complex I (8). While the
former pathway is bioenergetic (9), the latter pathway is assumed to
be essential for detoxification of H,S when H,S at high concentra-
tions inhibits complex IV (8). The normal function of complex I is
to create the mitochondrial membrane potential (A¥},) that drives
adenosine triphosphate (ATP) synthesis. In contrast, complex I
produces mitochondrial superoxide [reactive oxygen species (ROS)]
via RET (10-13). ROS is an important mediator of cellular signaling
(14). Notably, mitochondrial ROS dissipates AW, by activating
uncoupling proteins (UCPs), leading to mitochondrial uncoupling
(15, 16). Thus, we hypothesize that SQR mediates H,S signaling by
driving complex I RET to induce ROS-dependent mitochondrial
uncoupling. However, complex I RET is currently thought to be
incompatible with mitochondrial uncoupling since high AW, is re-
quired to drive complex I RET (10-13). Here, we reported that SQR
oxidation of H,S preferentially drove complex I RET, which, in turn,
induced ROS-dependent mitochondrial uncoupling and down-
stream activation of adenosine monophosphate-activated protein
kinase (AMPK). Moreover, SQR mediated therapeutic effects of
H,S via AMPK activation following intracerebral hemorrhage (ICH).
Thus, SQR is a previously unrecognized molecular target relevant
to therapeutic actions of H,S. Moreover, targeting SQR opens up
the opportunity of developing non-protonophore uncouplers for
clinical translation, given that currently identified mitochondrial
uncouplers exclusively act as protonophores to induce uncoupling
and display intolerable toxicity (17, 18).

RESULTS

Exogenous and endogenous H,S induces

mitochondrial uncoupling

Mitochondrial uncoupling reduces intracellular ATP levels and,
thereby, activates AMPK (17). On the basis of our finding that H,S
activates AMPK to inhibit neuroinflammation in microglia (19), we
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hypothesize that H,S induces mitochondrial uncoupling in microglia.
ADT-OH [5-(4-hydroxyphenyl)-3H-1, 2-dithiole-3-thione] is a widely
used slow-releasing H,S donor that requires mitochondrial enzymes
to release H,S (20). Like the protonophore uncoupler carbonyl cyanide
p-trifluromethoxyphenylhydrazone (FCCP), ADT-OH (50 to100 pM)
enhanced cellular oxygen consumption rate (OCR) in the presence
of oligomycin (Fig. 1, A and B, and fig. S1A) and dose-dependently
reduced intracellular ATP levels and increased adenosine diphos-
phate (ADP)/ATP ratios in primary microglia (Fig. 1, C and D).
Moreover, ADT-OH treatment for 30 min reduced AY,,, as indicated
by JC-1 staining (Fig. 1, E and F). These are the hallmark properties
of mitochondrial uncouplers. Tetramethylrhodamine, methyl ester
(TMRM) staining further showed that ADT-OH treatment reduced
AY,, within 30 min, which was reversible even after 24 hours of
treatment (fig. S1, B and C). The structurally unrelated donor 5a
[N-(benzoylthio)benzamide] releases H,S in the presence of cellular
cysteine (21). Like ADT-OH, 5a at 50 pM induced mitochondrial
uncoupling in primary microglia (fig. S1, D to G). ADT-OH also
induced mitochondrial uncoupling in BV2 microglia, as evidenced
by enhanced OCR in the presence of oligomycin (fig. S1, H and I).
Next, we examined the H,S-releasing kinetics of ADT-OH and 5a.
In contrast to the instant release pattern of the inorganic donor
NaHS, the release of H,S from ADT-OH and 5a was continuous
after they were added into BV2 microglia (fig. S1J). ADT-OH and
5a at the concentrations used to induce mitochondrial uncoupling
released similar concentrations of H,S in similar time frames in BV2
microglia (fig. S1J). We further incubated BV2 microglia in medium
containing ZnCl,, which can block the effects of free H,S (22).
ZnCl, not only abolished ADT-OH-induced reduction in A¥,, and
intracellular ATP levels (fig. S2, A and B) but also blocked ADT-
OH-induced enhancement of OCR in the presence of oligomycin
in BV2 microglia (fig. S2, C and D). ZnCl, also abolished 5a-induced
reduction in AW}, and intracellular ATP levels (fig. S2, E and F).
These results suggested that these donors induced mitochondrial
uncoupling via H,S.

By constructing recombinant human embryonic kidney (HEK)
293 cells overexpressing the H,S synthase cystathionine B-synthase
(CBS) (1), we further confirmed that endogenously produced H,S
induced mitochondrial uncoupling. CBS overexpression enhanced
endogenous H,S levels (Fig. 1, G and H). Oligomycin did not reduce
OCR in CBS-overexpressing HEK293 versus wild-type or control
HEK293 cells expressing enhanced green fluorescent protein (eGFP)
(Fig. 1, I and J). Moreover, overexpression of CBS reduced intra-
cellular ATP levels and AWy, and these effects were abolished by
ZnCl, (Fig. 1,Kand L).

H,S-induced mitochondrial uncoupling requires SQR and is
separable from the inhibition of complex IV by H,S

SQR protein and mRNA were abundantly expressed in mouse primary
microglia and astrocytes but not in primary neurons (Fig. 2, A and B).
SQR was also expressed in human-derived HEK293 cells (fig. S3A).
Unlike FCCP, ADT-OH (50 to 100 uM) did not induce mitochon-
drial uncoupling in primary neurons (Fig. 2, C to G). Conversely, in
the primary neurons ectopically expressing SQR (fig. S3B), ADT-OH
(50 to 100 uM) induced mitochondrial uncoupling, as indicated
by enhanced OCR in the presence of oligomycin (Fig. 2, H and I),
reduced intracellular ATP levels (Fig. 2J), and AY,, (fig. S3D).
Consistently, lentiviral knockdown of SQR in primary microglia
(fig. S3C) abolished ADT-OH-induced mitochondrial uncoupling
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(Fig. 2, Kto M, and fig. S3E). Knockdown of SQR also abolished 5a
(50 uM)~-induced reduction in AWy, and intracellular ATP levels in
primary microglia (fig. S3, F and G). To conclude, H,S induced
mitochondrial uncoupling via SQR.

As a toxicant, H,S potently inhibits complex IV. However, at the
concentrations used to induce mitochondrial uncoupling, ADT-OH
(50 to 100 uM) and 5a (50 uM) did not inhibit complex IV in BV2
microglia (Fig. 2N and fig. S3H). Moreover, ADT-OH (50 to 100 uM)
and 5a (50 uM) enhanced the basal OCR and the extracellular acid-
ification rate (ECAR) in BV2 microglia (fig. S3, I and J), further
supporting that ADT-OH and 5a at these concentrations induced
mitochondrial uncoupling and did not inhibit complex IV. Similarly,
CBS overexpression did not inhibit complex IV in HEK293 cells
(Fig. 20). Moreover, there was a mild trend of an elevation of basal
OCR and ECAR in HEK cells overexpressing CBS versus control or
wild-type HEK cells (fig. S3, K and L). ADT-OH is insoluble in
aqueous medium beyond 100 uM (19). Notably, 5a at 100 to 150 uM
inhibited complex IV in microglia (fig. S3H). Consistently, 5a at 100 uM
considerably reduced basal OCR (fig. S3I) and did not enhance
OCR in the presence of oligomycin in BV2 microglia (fig. S3M).
Collectively, these results suggested that H,S did not inhibit complex
IV at the concentrations used to induce mitochondrial uncoupling
and vice versa.

It is thought that cells lacking SQR like neurons are exquisitely
sensitive to the inhibition of OCR by H,S. However, at the concen-
trations used to induce mitochondrial uncoupling, ADT-OH (50 to
100 uM) and 5a (50 uM) did not inhibit basal OCR of primary neurons
(fig. S4A). Consistently, like ADT-OH at 50 to 100 pM, 5a at 50 uM
did not reduce ATP levels (fig. S4B) and A¥,, (fig. S4C) in primary
neurons. These data further supported that ADT-OH and 5a at
these concentrations required SQR to induce mitochondrial un-
coupling and did not inhibit complex I'V. Consistent with the inhi-
bition of complex IV by 5a at 100 puM, 5a at 100 pM suppressed basal
OCR of primary neurons (fig. S4A). Moreover, 5a (100 to 150 uM)
reduced intracellular ATP levels (fig. S4B) and AYy, (fig. S4C) in
primary neurons lacking SQR. These data suggested that 5a at high
concentrations reduced ATP levels by inhibiting complex IV. Notably,
incubating neurons with ADT-OH or 5a at 50 to 100 uM for 2 hours
did not reduce neuronal viability (fig. S4D). It is possible that H,S is
metabolized into nontoxic products via alternative mechanisms in
neurons lacking SQR.

SQR-mediated oxidation of H,S drives complex | RET

to repurpose mitochondrial function to ROS production
Complex I RET is driven by a highly reduced CoQ pool and high
AY,, (23). Theoretically, oxidation of H,S by SQR transfers electrons
from H,S to CoQ, resulting in an enhanced CoQ reduction. Consistent
with the theoretic prediction, treating microglia with ADT-OH or
5a for 10 min at the concentration used to induce mitochondrial
uncoupling enhanced CoQH,/CoQ ratios (Fig. 3, A and B). Moreover,
treating microglia with ADT-OH for 10 min elevated A¥,,, which
preceded the drop in AW}, occurring at 25 min after treatment with
ADT-OH (Fig. 3, C and D). Thus, H,S simultaneously elevated A,
and the reduced pool of CoQH, before Ay, was decreased by H,S.
Mitochondrial superoxide (ROS) burst is a hallmark of complex I
RET (10). ADT-OH treatment persistently elevated mitochondrial
ROS levels in BV2 microglia for at least 24 hours, and the elevation
of ROS was abolished by rotenone (Fig. 3E), the inhibitor of com-
plex I RET (10, 12, 24). Moreover, knockdown of reduced form of
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Fig. 1. Exogenous and endogenous H,S induces mitochondrial uncoupling. (A to F) Real-time change and statistical analysis of OCR (A and B; n=9), ATP levels (C; n=3),
ADP/ATP ratios (D; n=3), and A¥n, (E, representative images of JC-1 staining; F, statistical analysis; n=9) in primary microglia treated with the H,S donor ADT-OH or the
protonophore uncoupler FCCP. For OCR assay, oligomycin (Oligo), rotenone (Rot), and antimycin A (AA) were added at the indicated time points. ATP/ADP and A¥r,, were
assessed at 30 min after treatment with ADT-OH or FCCP. Control (Ctrl), vehicle (Veh)-treated cells. (G) Protein levels of the H,S synthase cystathionine B-synthase (CBS)
in wild-type human embryonic kidney (HEK) 293 cells (WT HEK), control HEK293 cells stably expressing enhanced green fluorescent protein (eGFP) (Ctrl HEK), and recom-
binant HEK293 cells stably overexpressing CBS and eGFP (CBS HEK); three independent replicates. (H) Relative H,S levels in medium collected from WT HEK, Ctrl HEK, or
CBS HEK cultures (n =4). (I to K) Real-time change and statistical analysis of OCR (I and J; n=9), and ATP levels (K; n = 3) in WT HEK, Ctrl HEK, and CBS HEK cells. ZnCl, was
added to block the effects of free H,S. (L) AWy, in WT HEK, Ctrl HEK, and CBS HEK cells with/without ZnCl, (three independent replicates). Red, tetramethylrhodamine,
methyl ester (TMRM) fluorescence; green, eGFP fluorescence. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 2. H,S-induced mitochondrial uncoupling requires SQR and is separated from the inhibition of complex IV by H,S. (A and B) Expression levels of SQR protein
(A) and mRNA (B) in mouse primary microglia (Mic), neurons (Neu), and astrocytes (Ast). Liver: positive control. (C to G) ADT-OH failed to induce mitochondrial uncoupling
in primary neurons, as indicated by real-time change and statistical analysis of OCR (C and D; n = 6), ATP levels (E; n = 3), and AWy, (F, representative images of JC-1 staining;
G, statistical analysis; n = 9). Ctrl, Veh-treated neurons. (H to J) Real-time change and statistical analysis of OCR (H and I; n =9), and ATP levels (J; n = 3) in primary neurons
infected with lentivirus expressing SQR (LV-SQR) or control lentivirus (LV-Ctrl) and then treated with ADT-OH. (K to M) Real-time change and statistical analysis of OCR
(Kand L; n=7),and ATP levels (M; n = 3) in primary microglia infected with lentivirus expressing SQR-shRNA (short hairpin RNA) or nonsense shRNA (Ctrl-shRNA) and then
treated with ADT-OH. Ctrl, cells without lentiviral infection. (N) Complex IV activity in BV2 microglia treated with ADT-OH. (0) Complex IV activity in WT HEK, Ctrl HEK, and

CBS HEK cells; n = 3.

NAD" (NADH) dehydrogenase (ubiquinone) Fe-S protein 3 (NDUFS3),
a subunit of complex I, also abolished ADT-OH-induced mito-
chondrial ROS burst in HEK293 cells (Fig. 3, F and G). Collectively,
these results suggested that H,S induced complex I RET and conse-
quently repurposed mitochondrial function to ROS production.
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The production of mitochondrial ROS via complex I RET tightly
depends on high A¥,,, and even a slight decrease in A¥,, induced
by FCCP at nanomolar concentrations dramatically reduces ROS
generation via complex I RET (13). Consistently, pretreatment
of BV2 microglia with 20 nM FCCP abolished ADT-OH-induced
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Fig. 3. SQR-mediated oxidation of H,S drives complex | RET to repurpose mitochondrial function to ROS production. (A and B) CoQH,/CoQ ratios in BV2 microglia
treated with ADT-OH (50 uM; A) or 5a (B); n = 3. (C and D) Representative images of the change in AWy, of BV2 microglia after treatment with ADT-OH (C) and quantification
data (D; n = 3). (E) Mitochondrial ROS levels in BV2 microglia simultaneously treated with ADT-OH (50 uM) and/or Rot for the indicated periods of time. (F) Mitochondrial
ROS levels in HEK293 cells infected with lentivirus expressing NDUFS3-shRNA or Ctrl-shRNA for 2 days and then treated with ADT-OH for the indicated periods of time.
(G) NDUFS3 knockdown efficiency in HEK293 cells. (H) Mitochondrial ROS levels in BV2 microglia pretreated with 20 nM FCCP and then treated with ADT-OH for the indi-
cated periods of time. (I and J) Mitochondrial NAD"/reduced form of NAD* (NADH) ratios in BV2 microglia treated with ADT-OH (50 uM) or 5a with or without Rot; n = 3.
(K and L) H,0, levels in microglia-derived mitochondria (K) or neuron-derived mitochondria (L) following treatment with ADT-OH with or without Rot. H,0,, positive
control. (M) NAD*/NADH ratios in microglia-derived mitochondria treated with ADT-OH and/or Rot.
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mitochondrial ROS burst (Fig. 3H), further supporting that ADT-
OH induced ROS generation via complex I RET. As we showed
above, treatment with ADT-OH reduced AY,, within 25 min, but
ADT-OH-induced mitochondrial ROS burst lasted for 24 hours.
Theoretically, ADT-OH cannot induce ROS generation via complex
I RET after the drop in A¥,. As expected, ADT-OH-induced ROS
generation after the drop in A¥, was not inhibited by FCCP added
at 1 hour of ADT-OH treatment (fig. S5A). Notably, pretreating
microglia with FCCP to prevent ADT-OH-induced complex I RET
also inhibited ROS generation at 1 hour after ADT-OH treatment
(Fig. 3H). This indicated that complex I RET induced by ADT-OH
before the drop in A¥y, was also required for ADT-OH-induced
sustained ROS production after the drop in AWy,

Next, we investigated whether endogenous H,S drove complex I
RET. CBS-overexpressing HEK293 cells were cultured overnight.
Notably, A¥,, of CBS-overexpressing HEK293 cells recovered within
35 min and then dropped again at 50 min after we replaced the
overnight culture medium with fresh medium (fig. S5, B and C).
Endogenous H,S production enhanced by CBS overexpression was
likely responsible for the change in A¥,, of CBS-overexpressing cells
after medium replacement. AW, of CBS-overexpressing HEK293
cells was elevated to a level higher than that of wild-type or control
HEK293 cells before it dropped again at 50 min of medium replace-
ment (fig. S5, B and C). Thus, like exogenous H,S, endogenous H,S
also elevated AW, before it reduced A¥,,. Moreover, the reduced
CoQ pool was enhanced in CBS-overexpressing HEK293 cells versus
wild-type or control HEK293 cells (fig. S5D). Overexpression of
CBS also induced mitochondrial ROS burst that was inhibited by
rotenone (fig. S5E). Collectively, the results suggested that both
exogenous and endogenous H,S drove complex I RET and conse-
quently repurposed mitochondrial function to ROS production.

Theoretically, H,S cannot induce ROS generation via complex I
RET after H,S reduces A¥,, below what is required to drive
complex I RET. Notably, sustained ROS generation induced by
ADT-OH at the later time points (8 or 24 hours) was abolished by
the complex I inhibitor rotenone and the complex II inhibitors
malonate and atpenin A5, which were added at 8 or 24 hours fol-
lowing addition of ADT-OH (fig. S5F). It is reported that ROS
generation via deactive complex I is inhibited by rotenone but
insensitive to FCCP (25, 26). Whether H,S induced sustained ROS
generation via deactive complex I and other mitochondrial com-
plexes after the drop in AW}, needs further investigation.

The decrease in mitochondrial NAD*/NADH ratios is another
surrogate marker for complex I RET (24). As expected, ADT-OH or
5a at the concentration used to induce mitochondrial uncoupling
decreased mitochondrial NAD*/NADH ratios in BV2 microglia
(Fig. 3, T and J). Notably, 5a at 100 pM inhibited complex IV and
also reduced mitochondrial NAD*/NADH ratios (Fig. 3]). Unlike
inhibition of complex IV, complex I RET requires complex I activity
to reduce mitochondrial NAD*/NADH ratios (24). The complex I
inhibitor rotenone reversed the reduction in mitochondrial NAD*/
NADH ratios in the microglia treated with ADT-OH or 5a at 50 uM
(Fig. 3, I and J) but not in the microglia treated with 100 uM 5a
(Fig. 3]). These results suggested that H,S drove complex I RET at
the concentration that induced mitochondrial uncoupling.

Last, we confirmed that H,S induced complex I RET via SQR in
isolated mitochondria. To indicate complex I RET, H,0O, generation
was assessed. At 10 min of ADT-OH treatment, H,O, generation
was induced in mitochondria isolated from BV2 microglia, and the
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induction was inhibited by rotenone (Fig. 3K). In contrast, ADT-OH
failed to enhance H,O, generation in mitochondria isolated from
primary neurons lacking endogenous SQR (Fig. 3L). Moreover,
ADT-OH treatment for 10 min decreased NAD*/NADH ratios in
mitochondria isolated from BV2 microglia, and the decrease was
reversed by rotenone (Fig. 3M). To conclude, SQR-mediated oxidation
of H,S drove complex I RET and consequently repurposed mito-
chondrial function to ROS generation.

H,S induces mitochondrial uncoupling via complex | RET

and ROS-dependent activation of UCP2

To investigate whether H,S induced mitochondrial uncoupling via
complex I RET, we used rotenone, the inhibitor of complex I RET
(10, 12, 24). Rotenone abolished ADT-OH (50 uM)-induced elevation
of OCR in oligomycin-treated microglia (Fig. 4, A and B). Rotenone
itself decreased intracellular ATP levels and AY,, (Fig. 4, C to E).
Notably, rotenone reversed the decrease in intracellular ATP levels
and AY¥,, in primary microglia induced by ADT-OH (50 uM) but
not in that induced by FCCP (Fig. 4, C to E). Similarly, rotenone
abolished 5a (50 pM)-induced mitochondrial uncoupling in BV2
microglia (fig. S6, A to D). Next, we blocked complex I RET by
knocking down the complex I subunit NDUFS3. Knockdown of
NDUEFS3 in HEK293 cells inhibited complex I activity, as evidenced
by the reduction in basal OCR (Fig. 4, F and G). Knockdown of
NDUEFS3 abolished ADT-OH-induced mitochondrial uncoupling in
HEK?293 cells (Fig. 4, F to I). Rotenone also abolished the CBS over-
expression-induced mitochondrial uncoupling in HEK293 cells
(fig. S6, E to H). Thus, both pharmacological and genetic inhibition
of complex I abolished H,S-induced mitochondrial uncoupling.
Moreover, inhibiting complex IV with potassium cyanide (KCN)
abolished ADT-OH-induced increase in OCR in the presence of
oligomycin in BV2 microglia (fig. S6, I and J). This implicated that
forward electron transfer was occurring when H,S induced mito-
chondrial uncoupling.

We showed that both H,S and the complex I inhibitor rotenone
suppress ATP synthesis. Unexpectedly, H,S donors at the concen-
tration used to induce mitochondrial uncoupling maintained cellular
ATP levels in rotenone-treated cells. H,S stimulates glycolysis (27).
We investigated whether ADT-OH promoted glycolysis to maintain
ATP levels in rotenone-treated cells by assessing lactate accumulation.
ADT-OH at 50 uM inhibited lactate production in rotenone-treated
microglia (fig. S6K), suggesting that ADT-OH inhibited glycolysis
in the presence of rotenone. H,S may serve as an energetic substrate
via SQR-mediated oxidation of H,S, which bypasses complex I and
is coupled to ATP synthesis by directly feeding electrons from H,S
to mitochondrial complex IIT and IV (9). ADT-OH enhanced OCR
in rotenone-treated microglia (fig. S6, L and M), implicating that
SQR-mediated oxidation of H,S was coupled to ATP synthesis when
complex I RET was inhibited by rotenone. The results further sup-
ported that SQR-mediated oxidation of H,S preferentially drove
complex I RET to induce mitochondrial uncoupling unless complex I
RET was inhibited.

To investigate whether H,S-induced complex I RET led to mito-
chondrial uncoupling via ROS-dependent activation of UC2, we
used MitoTEMPO, a mitochondria-targeted antioxidant (11). Pre-
treatment of microglia with MitoTEMPO abolished ADT-OH-
induced mitochondrial ROS burst (fig. S7A) and uncoupling (fig. S7, B
to E). UCPs are the direct downstream mediators of ROS-dependent
mitochondrial uncoupling (15, 16). UCP2 is expressed in microglia (28).

6 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

A - ADT-OH B C D
= ADT-OH + Rot @ ADT-OH -
-~ Rot @ ADT-OH +Rot P=80x 106 P =1.00000
- P=26x10"
ADT-OH/ _ pe18x10-t § 1204P=3.4x10"° P =0.00006 8
_ 00, 1PT-OH+RoV Rot+AA & 120 A=18x1 = 100 <
£ O 100 e @6
E = 5 5
JS' 400 g % H 34
2 5 0 [ =
;& 200 ® 40 ‘.:, 3]
8 . g% E B R °
o — o g O E P &
0 5 100 150 200 +Oligo’ RS S
Time (min) 79«‘ &
E F
- Ctrl
ADT-OH FCCP___ ADT-OH+Rot FCCP +Rot = Ctrl-shRNA
-+ NDUFS3-shRNA
— 400
Jc-1 <
(red) \Ebl 300
o
°
2 200
- s
Jc-1 o 100
(green) 8
04— .
0 50 100 150 200
Time (min)
G H |
@ ctr Ctrl-shRNA NDUFS3-shRNA
W Ctri-shRNA ADT-OH ADT-OH
B NDUFS3-shRNA
P=0.21015 T P=0.00107 P=0.00171
LA b4 [ |
o P=22x10"7 g 150 P=0.00154 P =0.00250
= 300 P=5'&;< 10 e W‘ TMRM % P:0.9999'_|3
£ - 2
Eu 100 pm 2 100
O 200 2
2 £ s
E 100 eGFP <
5 2
3] s 0
° o I I o
> © N & &
& & &£ 3 3
O — [
R Ctrl-shRNA NDUFS3-shRNA
. o
S
J K . coisirea L mctisikna
>~ > -+ UCP2-siRNA Il UCP2-siRNA
e & ADT-OH ¥ 150, P=3.3x10"
o 'S — 1000 —
& & ¥ koa g 100 o 8
= T
- — 2}
ucr2 [ 35 S o f
] . £ -
Actin [ L __ & 400 0\2
% 200 pr
co o
"0 50 100 150 200 ° — T
Ti ] +Oligo & ADT-OH
M P=0.96030 ime (min)
L —
120 P=0.00014 P=0.00032
N Ctrl-siRNA UCP2-siRNA
ctrl ADT-OH ADT-OH

.... *Ooum

Fig. 4. H,S induces mitochondrial uncoupling via complex | RET and UCP2. (A to E) The complex | RET inhibitor Rot abolished ADT-OH (50 uM)-induced mitochondrial
uncoupling in primary microglia, as indicated by OCR (A, real-time change; B, statistical results; n = 6), ATP levels (C; n = 3), and A¥r, (D, statistical results; n = 9; E, representative
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Notably, knockdown of UCP2 blocked ADT-OH-induced mito-
chondrial uncoupling in BV2 microglia (Fig 4, ] to N). Genipin spe-
cifically suppresses ROS-dependent activation of UCP2 (29). Genipin
also abolished ADT-OH-induced mitochondrial uncoupling in
microglia (fig. S7, F to I). Collectively, these results suggested that
ROS-dependent activation of UCP2 mediated H,S-induced mito-
chondrial uncoupling in microglia.

The protonophoric ability of chemical uncouplers like FCCP can
be tested by induction of swelling of nonrespiring liver mitochon-
dria in the presence of rotenone (30). To exclude the possibility that
ADT-OH directly functions as a protonophore to induce uncoupling
and the possibility that protonophore uncouplers also require SQR
to induce uncoupling, we performed mitochondrial swelling assay
using mitochondria isolated from the livers of global SQR knockout
mice. As a protonophore uncoupler, FCCP should induce mito-
chondrial swelling regardless of SQR expression. FCCP induced
swelling of the mitochondria from SQR knockout mice (fig. S7]),
supporting that SQR is not required for the protonophoric ability of
chemical uncouplers. Since ADT-OH induced mitochondrial un-
coupling via SQR-mediated RET, we expected that SQR deletion and
rotenone would block the protonophoric ability of ADT-OH. As
expected, ADT-OH did not induce swelling of the mitochondria
deficient in SQR (fig. S7]). The results supported that ADT-OH was
not a protonophore uncoupler. Instead, the protonophoric ability
of ADT-OH was mediated by SQR and complex I.

H,S activates AMPK via SQR-induced mitochondrial
uncoupling

Activation of AMPK is a potential mechanism underlying H,S signal-
ing and therapeutic effects (31). Notably, mitochondrial uncoupling
is an important mechanism underlying AMPK activation (17).
Thus, we asked whether H,S-induced activation of AMPK was
mediated by SQR-induced mitochondrial uncoupling. Unlike FCCP,
ADT-OH (50 to 100 pM) failed to activate AMPK in primary neurons
lacking endogenous SQR (fig. S8A). Conversely, ADT-OH (50 to
100 uM) activated AMPK in primary neurons ectopically expressing
SQR (fig. S8B). Consistently, knockdown of SQR in primary
microglia or BV2 microglia attenuated AMPK activation enhanced
by ADT-OH (fig. S8, C and D) or by 50 uM 5a (fig. S8E). Moreover,
inhibiting complex I RET with rotenone attenuated activation of
AMPK enhanced by ADT-OH in microglia (fig. S8, F and G) and of
that enhanced by CBS overexpression in HEK293 cells (fig. S8H).
Since SQR and complex I RET were required for H,S-induced
mitochondrial uncoupling, these results implicated that SQR-me-
diated oxidation of H,S enhanced activation of AMPK by driving
complex I RET to induce mitochondrial uncoupling. Moreover, since
mitochondrial ROS cannot activate AMPK directly (32), it is
unlikely that SQR-mediated oxidation of H,S activated AMPK via
mitochondrial ROS directly.

SQR mediates therapeutic effects of H,S via AMPK activation
H,S inhibits inflammation, and H,S donors have been in clinical
trials for treating inflammatory diseases (1, 3). Notably, AMPK
activation is an important mechanism underlying the inhibition of
inflammation (11, 19, 33). Since SQR-mediated oxidation of H,S
induced mitochondrial uncoupling and consequently activated AMPK,
we hypothesized that SQR mediated therapeutic effects of H,S on
inflammation via AMPK activation. To test the hypothesis, we used
ICH-induced neuroinflammation as a model system. ICH is initiated
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by the rupture of cerebral vessels, followed by the entry of blood
components into the cerebral parenchyma to elicit multiple patho-
genic cascades, including microglia/macrophage-mediated neuro-
inflammation (34, 35). To mimic ICH-induced neuroinflammation,
cultured microglia were treated with lysate of red blood cells (RBC)
(35). ADT-OH at 50 uM inhibited RBC lysate-induced expression
of proinflammatory mediators in BV2 microglia (Fig. 5, A to D) and
primary microglia (fig. S9, A and B), and the inhibition was abol-
ished by knockdown of SQR. ADT-OH enhanced the activation of
AMPK in RBC lysate-treated BV2 microglia (Fig. 5, E and F) and
primary microglia (fig. S9, C and D), which was also attenuated by
SQR knockdown. Moreover, AMPK knockdown in BV2 microglia
abolished the inhibitory effects of ADT-OH on RBC lysate-induced
expression of proinflammatory mediators (Fig. 5, G to J). H,S-
induced mitochondrial uncoupling was dependent on complex I
RET. To block complex I RET, we knocked down the mitochondrial
complex I subunit NDUFS3. Knockdown of NDUFS3 abolished the
inhibitory effects of ADT-OH on the RBC lysate—enhanced expression
of proinflammatory mediators in BV2 microglia (Fig. 5, K to M).
NDUES3 knockdown also blunted the ADT-OH-enhanced AMPK
activation (Fig. 5, N to P). Moreover, the small interfering RNA
(siRNA) against SQR, AMPK, or NDUEFS3 did not affect basal in-
flammatory gene expression in microglia (fig. S9E). Collectively, the
in vitro results suggested that SQR mediated the therapeutic effects of
H,S by targeting mitochondrial electron flow at complex I to ac-
tivate AMPK. AP39 is a derivative of ADT-OH with a mitochondrion-
targeting moiety. If the beneficial effects of ADT-OH against
neuroinflammation were mainly due to RET at mitochondrial com-
plex I, then AP39 would recapitulate anti-inflammatory effects of
ADT-OH at lower concentrations. As expected, AP39 at lower con-
centrations inhibited inflammation in RBC lysate-treated microglia
compared to ADT-OH (fig. S9, F to H).

To further address whether SQR mediated therapeutic actions
of H,S in vivo, we used the CRISPR-Cas9 technique to generate
SQR knockout mice. Since we found that global SQR knockout
mice died before 2 months old, we generated mice with microglia/
macrophage-specific deletion of SQR (Cx3cr1™:Sqr"; Fig. 6A).
Cx3cr197:Sqr"1 mice did not show any overt abnormalities. Immuno-
blot analysis of SQR expression in primary microglia derived from
Cx3cr1°:Sqr"™ mice confirmed efficient ablation of SQR protein
(Fig. 6B). In the mouse ICH model induced by injecting collagenase
into the left striatum (35), ADT-OH ameliorated brain edema
(Fig. 6C), reduced proinflammatory mediator expression in the
ipsilateral striatum (Fig. 6, D to F), and improved neurological defi-
cits (Fig. 6, G to I) in the control mice (Squﬂ/ﬂ) at 3 days after
ICH. As expected, microglia/macrophage-specific deletion of SQR
abolished the therapeutic effects of ADT-OH following ICH
(Fig. 6, C to I). Moreover, ADT-OH enhanced AMPK activation in
the striatum of the control mice following ICH, and ADT-OH-
enhanced activation of AMPK following ICH was abolished in mice
with microglia/macrophage-specific deletion of SQR (Fig. 6]).

To address potential off-target effects during microglial differ-
entiation in germline Cx3crl Cre:Sqrﬂ/ T mice, we used an alternative
approach. To do this, endogenous SQR expression was knocked
down in vivo by injecting lentivirus expressing SQR short hairpin
RNA (shRNA) into the left striatum of adult mice (fig. S9I). Then,
ICH was induced by injecting autologous blood into the left striatum
at 14 days after lentiviral injection. Lentiviral knockdown of endog-
enous SQR in the left striatum abolished the therapeutic effects of
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ADT-OH following ICH (fig. S9, ] to O). Moreover, SQR knockdown
attenuated ADT-OH-enhanced activation of AMPK in the ipsilateral
striatum (fig. SOP). Collectively, we provided evidence that SQR mediated
the therapeutic effects of H,S via AMPK activation following ICH.

DISCUSSION
In this study, we provided evidence that SQR mediated the thera-
peutic effects of H,S by driving complex I RET to induce mitochon-
drial uncoupling. The discovery widens the function of SQR, from
sulfide metabolism to cellular signaling. Current research shows that
SQR-mediated oxidation of H,S is coupled to mitochondrial ATP
synthesis by feeding electrons from H,S to mitochondrial complexes
III and IV (9). In contrast, we showed herein that SQR-mediated
oxidation of H,S repurposed mitochondrial function from ATP
synthesis to ROS production by driving complex I RET. Conse-
quently, oxidation of H,S by SQR induced ROS-dependent mito-
chondrial uncoupling. SQR-mediated oxidation of H,S induces
complex I RET in colonocytes that are physiologically exposed to
high concentrations of H,S (8). Functionally, H,S-induced complex I
RET may be essential for detoxification of H,S when H,S at high
concentrations inhibits complex IV (8). However, we found that
H,S donors did not drive complex I RET at high concentrations
that inhibited complex IV (Fig. 3, B and J, and fig. S3H). Moreover,
SQR-mediated oxidation of H,S drove complex I RET in microglia
that are not exposed to high levels of H,S physiologically. SQR-
mediated oxidation of H,S not only mediated H,S signaling via
mitochondrial uncoupling but also mediated therapeutic effects of
H,S via uncoupling-induced activation of AMPK. The finding is in
contrast to the long-held view that SQR extinguishes H,S signaling
and effects (7, 8). Since mitochondrial uncoupling and downstream
activation of AMPK regulate numerous pathophysiological processes,
SQR-induced mitochondrial uncoupling likely represents a common
mechanism underlying diverse effects of H,S, including beneficial
effects of endogenous H,S (36) and therapeutic effects of H,S donors.
Our results suggested that H,S-induced mitochondrial uncou-
pling was dependent on complex I RET. Since high Ay, is required
to drive complex I RET (10-12), complex I RET is currently thought
to be incompatible with mitochondrial uncoupling. In contrast to
the assumption, both genetic and pharmacological inhibition of
complex I RET abolished H,S-induced mitochondrial uncoupling
(Fig. 4, A to I), supporting that H,S-induced complex I RET led to
mitochondrial uncoupling. Mechanistically, complex I RET initiated
generation of mitochondrial ROS, and ROS-dependent activation
of UCP2 in turn led to H,S-induced mitochondrial uncoupling in
microglia. Numerous studies show that H,S reduces oxidative stress
and ROS. Here, we showed that H,S induced mitochondrial uncoupling
by enhancing mitochondrial ROS. ROS-dependent mitochondrial
uncoupling may represent an important mechanism underlying the
inhibitory effects of H,S on oxidative stress. In addition to UCPs,
mitochondrial ADP/ATP carrier proteins, i.e., adenine nucleotide trans-
locases (ANT), also mediate mitochondrial uncoupling (37). Whether
ANT proteins contribute to H,S-induced mitochondrial uncoupling
needs further investigation. To conclude, SQR-mediated oxidation of
H,S initiated mitochondrial ROS generation by driving complex I RET,
which, in turn, induced ROS-dependent mitochondrial uncoupling
via UCPs (e.g., UCP2 and ANT) and consequently activated AMPK
(fig. S10). This likely represents a new mechanism underlying ther-
apeutic actions of H,S.
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Complex I RET led to H,S-induced uncoupling by enhancing
mitochondrial ROS. Notably, after H,S-induced uncoupling reduced
AY,, below what is required to drive complex I RET, H,S continued
to induce ROS generation via alternative mechanisms (fig. S5F).
One limitation of the study was that we did not uncover the mecha-
nisms underlying sustained ROS generation induced by H,S after
the drop in AWy, Notably, complex I RET, which was initiated before
the drop in AWy, was also required for H,S-induced sustained ROS
generation after the drop in AWy, (Fig. 3H). This further supported
the dependence of H,S-induced mitochondrial uncoupling on com-
plex IRET. Nevertheless, in addition to complex I RET, other mech-
anisms also contributed to H,S-induced mitochondrial uncoupling
and therapeutic actions of H,S, which need further investigation.

In vitro results suggested that SQR mediated the therapeutic
effects of H,S via complex I RET and AMPK activation. Consistently,
in vivo deletion of SQR in microglia/macrophages abolished the
therapeutic effects of ADT-OH and ADT-OH-enhanced AMPK
activation in a mouse ICH model (Fig. 6 and fig. S9). The in vivo
results also suggested that SQR was important for therapeutic actions
of H,S. However, further research is needed to investigate whether
therapeutic actions of H,S involve complex I RET in vivo. Moreover,
mitochondrial uncoupling exerts pleiotropic effects. Although AMPK
activation is a major mechanism downstream of mitochondrial
uncoupling, we cannot exclude the possibility that SQR-induced
uncoupling mediated the therapeutic actions of H,S via other
mechanisms.

Our discovery has translational significance beyond H,S bio-
medicine. Mitochondrial uncoupling extends life span and is attractive
for treating various diseases, such as metabolic diseases and neuro-
degenerative diseases (17, 18). Despite great efforts that have been
dedicated to seek safe chemical uncouplers for more than 80 years,
protonophore uncouplers are still the only class of uncouplers identified
so far (17, 18). Protonophore uncouplers display intolerable toxicity
for clinical use. Current research focuses on developing new chemical
structures or controlled-release formulations of protonophore un-
couplers (17, 18). Unlike these approaches, our study opens up the
opportunity of targeting SQR to develop non-protonophore un-
couplers with broad implications for clinical translation.

Although there are inconsistent results about inhibitory effects
of H,S on mitochondrial electron transfer (38), it is generally thought
that H,S donors have too narrow therapeutic index due to the inhi-
bition of complex IV by H,S (7). We showed herein that SQR-
induced mitochondrial uncoupling mediated therapeutic actions of
H,S, which was separable from the toxic effect of H,S on complex IV.
Thus, it is theoretically possible to develop safe H,S donors. More-
over, due to the cell-specific expressing pattern of SQR, H,S donors
represent a class of uncouplers with cellular specificity. In conclusion,
SQR is a previously unrecognized target relevant to therapeutic
actions of H,S. Moreover, SQR is a druggable target for developing
non-protonophore mitochondrial uncouplers with broad implica-
tions for clinical translation.

MATERIALS AND METHODS

Construction of recombinant HEK293 cells overexpressing CBS
HEK293 cells (Cell Bank of Chinese Academy of Sciences, Shanghai,
China) were seeded on 24-well plates and infected with lentivirus co-
expressing CBS complementary DNA (NM_144855) and eGFP or control
lentiviruses expressing eGFP only (GeneChem Inc., Shanghai, China).
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At 48 hours after infection, cells were incubated with medium con-
taining puromycin (2 pg/ml) for selection of recombinant cells. After
the GFP-positive cells were purified for at least four passages with
puromycin-resistant selection, cells were almost 100% positive for
eGFP under fluorescent microscopy. The recombinant cells were
designated as CBS HEK cells or control HEK cells, respectively. Re-
combinant cells were kept in liquid nitrogen for further use.

Cellular OCR assay

OCR was assayed, as reported previously (11). Briefly, cells were
plated on 24-well seahorse plates at a density of 10> cells per well.
One well per row contained only supplemented medium without
cells, serving as the background control. Before the assay, cells were
washed and incubated with 500 ul of glucose-supplemented XF assay
buffer per well. Then, plates were placed in a CO,-free incubator for
30 min. Cells were not pretreated with H,S donors or FCCP. All
reagents were added at the indicated time points. Briefly, the H,S
donors, FCCP (0.5 uM), oligomycin, the mitochondria-targeted ROS
scavenger MitoTEMPO (1.5 mM), UCP2 inhibitor genipin (20 nM),
ZnCl, (800 pM), rotenone, and antimycin A were added to the ap-
propriate port of injector plates and injected into cells, as indicated
in each experiment. Plates were run on the Seahorse XF-24. OCR
values (picomole of O per min) were measured in real time. Rotenone
and antimycin A were added to inhibit mitochondrial complexes I
and III. Thus, OCR in the presence of rotenone and antimycin A
represents the nonmitochondrial OCR, which was subtracted from
the raw values of basal OCR or OCR in the presence of oligomycin
and/or the H,S donors or FCCP.

Determination of cellular CoQH,/CoQ ratios with HPLC-MS/MS
High-performance liquid chromatography (HPLC)-tandem mass
spectrometry (MS/MS) was used to determine cellular CoQH,/CoQ
ratios. CoQ;¢ and CoQg are the dominant forms of CoQ in human
and rodents, respectively. Ratios of the reduced and oxidized forms
of CoQ1g (CoQ19H,/CoQ1p) in human-derived HEK293 cells were
measured using CoQgq (J&L Scientific) as the internal standard.
Ratios of CoQoH,/CoQy in mouse-derived BV2 cells were mea-
sured using CoQy as the internal standard. Briefly, BV2 microglia or
HEK293 cells were seeded on 10-cm dishes (10° cells per dish) and
cultured under normal conditions. Before assay, BV2 microglia were
treated with H,S donors at the indicated concentrations for 10 min.
To prevent oxidation of CoQHo, all solvents were prepurged with
nitrogen before use. Cells were then washed with phosphate-buffered
saline (PBS), harvested, and lysed on ice with n-propanol containing
the internal standard CoQy (0.2 pug/ml) or CoQy (0.2 pg/ml). After
vortex mixing for 2 min, the solution was centrifuged at 4500 rpm
for 3 min at 4°C. The liquid phase was extracted three times with
hexane. The organic phase containing hexane and n-propanol was
pooled and evaporated to dryness under nitrogen. Extracts were re-
constituted with a methanol-hexane mixture (95:5 v/v). HPLC-MS/
MS analysis was performed using a Thermo TSQ vantage 3000 HPLC
hyphenated with a TQD triple quadrupole mass spectrometer with
an electrospray ionization ion source. Chromatographic separation
was achieved using a Symmetry C18 analytical column (2.1 mm by
100 mm, 3.5-pum particle size; Waters, Japan). During the HPLC run,
the system was maintained at 99% eluent A [methanol and 1-propanol
(205 ml/45 ml) containing 5 mM ammonium acetate] and 1%
eluent B [methanol and 1-propanol (125 ml/125 ml) containing
5 mM ammonium acetate], ramped to 100% eluent B at 0.5 to 1 min,
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maintained at 100% B until 5 min, and then ramped back to 99% A
and 1% B at 5 to 7 min. MS was performed in a positive ion mode
with the ion source spray voltage at +3500 V and temperature at
350°C. The sheath gas was 40 arbitrary units. Selective reaction monitoring
was used for quantification of both reduced and oxidized CoQ. LCquan
software was used for data acquisition and analysis. The mass/charge
ratio (m/z) transitions were as follows: m/z 882.5 to 150.8 and 196.8
corresponding to the ammonium adduct of CoQoHy; m/z 863.5 to
148.8 and 196.8 corresponding to CoQ¢; m/z 814.400 to 153.8 and
196.9 corresponding to the ammonium adduct of CoQoHy; m/z
795.500 to 150.8 and 196.8 corresponding to CoQo; and m/z 455.314
to 95.1 and 181.0 corresponding to CoQy,

Measurement of mitochondrial NAD*/NADH ratios

in cultured cells

Mitochondrial NAD*/NADH was measured to indicate complex I
RET (24). Crude mitochondrial fractions were isolated from cultured
cells for assessment of NAD*/NADH ratios. Briefly, BV2 microglia
were cultured on 10-cm dishes at a density of 10° cells per dish.
Cells were treated with the H,S donors and/or rotenone before the
assay. Then, cells were homogenized in 500 pl of lysis buffer [50 mM
tris-HCI (pH 7.4), 225 mM mannitol, 75 mM saccharose, ] mM
phenylmethylsulfonyl fluoride, and 10 ul of protease inhibitor mixture],
followed by centrifugation at 600g for 10 min to remove cellular debris.
Supernatants were collected and centrifuged at 7000g for 10 min to
obtain mitochondrial pellets. For the assay of NAD"/NADH, mito-
chondrial pellets were lysed with a base buffer (0.2 M sodium
hydroxide supplemented with 1% dodecyltrimethylammonium
bromide). The ratio of NAD*/NADH was assayed per the manufac-
turer’s instructions (Promega).

Assessment of mitochondrial ROS generation in cultured cells
BV2 microglia were seeded on 24-well plates at a density of 10° cells
per well. Before the assay, BV2 microglia were treated with ADT-OH
(50 uM), rotenone (10 nM), FCCP (20 nM), MitoTEMPO (1.5 mM),
the UCP2 inhibitor genipin (20 nM), the mitochondrial complex II
inhibitor malonate (1 mM), or atpenin A5 (10 M), as indicated in each
experiment. Then, microglia were incubated with 5 uM MitoSOX
and 50 nM MitoTracker Green. For measurement of ROS in HEK293
cells, wild-type HEK293 cells were seeded on 24-well plates at a
density of 10° cells per well and then infected with lentivirus ex-
pressing NDUFS3-shRNA or Ctrl-shRNA. At 2 days after infection,
cells were treated with ADT-OH for the indicated periods of time
and then incubated with 5 uM MitoSOX and 50 nM MitoTracker
Green. To assess mitochondrial ROS in HEK293 cells stably over-
expressing CBS or control HEK293 cells stably expressing eGFP,
cells were seeded on 24-well plates at the density 10° cells per well.
Then, cells were treated with rotenone or vehicle for the indicated
periods of time, followed by incubation with 5 pM MitoSOX and
50 nM MitoTracker Green. After staining with MitoSOX and
MitoTracker Green, cells were washed, fixed in 4% formaldehyde,
and further incubated with Hoechst 33342 (10 uM). Fluorescence was
visualized under confocal microscopy (Zeiss LSM 700, Germany)
with constant parameters to acquire all images.

Assessment of ROS generation in isolated mitochondria

Production of the superoxide anion radical (O,"") was assessed by
measuring the release of H,O, from mitochondria with the Amplex
Red/horseradish peroxidase (HRP) system (13). In the system, the
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conversion of nonfluorescent Amplex Red into fluorescent resorufin
by H,O, is catalyzed by HRP. The reaction buffer contained 50 uM
Amplex Red, HRP (6 U/ml), 3 mM Hepes-free acid, 1 mM EGTA,
120 mM KCl, 0.3% bovine serum albumin, and superoxide dis-
mutase (30 U/ml) for conversion of O,"” into H,O,. A total of 100 pl
of reaction buffer was added to microplate wells and prewarmed at
37°C for 10 min. Mitochondria (35 pg) isolated from BV2 microglia
or primary neurons were resuspended in 100 pl of buffer containing
ADT-OH and/or rotenone. The reaction was started by adding
mitochondria into the reaction buffer. Resorufin fluorescence was
continually monitored at 560 nm for excitation and at 590 nm for
emission using a fluorescence microplate reader. Freshly prepared
H,0, was added to mitochondria and served as the positive control.

Determination of mitochondrial complex IV activity

The activity of mitochondrial complex IV was determined colori-
metrically following oxidation of reduced cytochrome C as a decrease
in the absorbance at 550 nm using a commercial kit (BioVision Inc.,
Milpitas, CA, USA). BV2 microglia or HEK293 cells were seeded on
10-cm dishes (10° cells per dish). BV2 microglial cells were treated
with the H,S donors or vehicle at 30 min before the assay. Cells were
washed with PBS and harvested. Complex IV activity was assessed
per the manufacturer’s manual. Cellular protein concentrations
were measured with a bicinchoninic acid kit for normalizing com-
plex IV activity. Results were presented as the percentages of the
complex IV activity of control cells treated with vehicle (for microglia)
or that of wild-type cells (for HEK293 cells).

Generation and identification of global SQR knockout mice and
mice with microglia/macrophage-specific deletion of SQR
CRISPR-Cas9-mediated genome engineering technique was used to
generate conditional Sgr-knockout mice on C57BL/6 background,
in which the exon 2 of Sqgr (ENSMUST00000005953.10) was flanked
by loxP sites. The presence of the 3" arm (5.2 kb) and 5" arm (5.3 kb)
and the mutant allele [300 base pairs (bp)] and wild-type allele (250 bp)
was confirmed by polymerase chain reaction (PCR) genotype analysis
and DNA sequencing of PCR amplicons. To generate global SQR
knockout mice, mice heterozygous to loxP-flanked (“floxed™; fl)
Sqr alleles (Sqr"*) were crossed with EIla"™ mice (Shanghai Model
Organisms, Shanghai, China). In F1 offspring that were heterozygously
Sqr and Cre positive (EIIa“":Sqr*"™), the adenovirus Ella promoter
drove expression of Cre recombinase in early mouse embryos and
thereby resulted in germ line deletion of the loxP-flanked Sgr gene.
EIla“":Sqr*"~ mice were crossed with wild-type mice to generate
mice heterozygous to Sqr and deficient in EIIa“" allele (Sqr*"™).
Last, Sqr*’~ mice were intercrossed to generate global knock-
out mice (Sgr~'"). To identify Sgr~'~ mice, the presence of the mutant
allele (800 bp) and absence of WT allele (1600 bp) in Sqrf/ ~ mice
were confirmed by PCR genotype analysis. Sgr'~ mice were much
smaller than age-matched wild-type mice and died before 2 months
old. Sqr~'~ mice were used before 2 months old.

For generation of mice with microglia/macrophage-specific de-
letion of SQR, Cx3cr“™ mice, in which expression of Cre is driven
by the Cx3cr1 promoter in microglia/macrophages, were purchased
from the Jackson laboratory (025524). Experimental animals were
generated by crossing Sqrﬂ/+mice with the heterozygous Cx3cr“™ mice.
Then, F1 offspring that were heterozygously floxed and Cre positive
(Cx3cr:Sqrii+) were crossed with the mice homozygous to loxP-
flanked Sgr alleles (Sqr"'™). The experimental genotypes were microglia/
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macrophage-specific SQR-knockout mice (Cx3cr1“:Sqr™™") and
floxed control (Sgr"”™"). The littermates were used for experiments.

Genotypes of mice were confirmed by PCR analysis.

In vitro neuroinflammation model associated with ICH

To mimic ICH-induced neuroinflammation, cultured microglia were
treated with RBC lysate, as previously reported (35). Briefly, blood
(0.5 ml) drawn from mice was centrifuged at 3000¢ for 5 min. Plasma
and buffy coat were discarded. To lyse RBCs, packed RBCs were
frozen in liquid nitrogen for 5 min followed by thawing at 37°C. Ten
microliters of the RBC lysate was used to treat microglia seeded on
24-well plates.

Mouse ICH models

All animal protocols were conducted according to the regulations of
the Animal Care and Use Committee of Soochow University. Adult
male wild-type ICR mice, male SQR knockout mice on C57BL/6
background, or control floxed littermates were subjected to ICH at
2 months old. ICH was induced by injecting collagenase or autolo-
gous blood into the left striatum under anesthesia, as reported (35).
For collagenase-induced ICH, a cranial burr hole was drilled. A
needle (26s gauge) was stereotaxically inserted into the left striatum
at the following coordination: 0.5 mm anterior to the bregma, 2 mm
lateral to the midline, and 3.5 mm below the skull. Collagenase
VII-S [saline (0.03 U/ul); Sigma-Aldrich, St. Louis, MO, USA] was
infused at 0.1 ul/min, or 1 ul of saline was infused for sham surgery.
To induce ICH with autologous blood, mice were positioned onto a
stereotaxic frame (model 500; Kopf Instruments, Tujunga, CA, USA).
A 30-gauge needle was inserted stereotaxically into the left striatum.
Autologous whole blood (15 pul) drawn from the tail vein without
anticoagulant treatment was infused at 2 pl/min. Then, the needle
was remained in the position for 10 min to prevent reflux. For sham
surgery, mice were infused with the same volume of saline. After
ICH induction, mice were randomized to receive daily injection of
vehicle (10% dimethyl sulfoxide in corn oil) or ADT-OH (50 mg/kg
per day) via the intraperitoneal route for 3 days, starting at 3 hours
after ICH. No animals died before assessment, and no animals were
excluded from the analysis.

Assessment of neurological deficits

Neurological deficits were blindly assessed with the neurological
score test, forelimb placement test, and corner turn test. For assessing
neurological scores, each mouse was given points on the basis of the
following tests: body symmetry, gait, climbing, circling behavior,
symmetry in front limbs, compulsory circling, and whisker response.
The points were summed to produce a total score for each mouse.
The higher scores indicated, the more severe the deficits. For the
forelimb placement test, the respective vibrissae of each mouse were
stimulated by gently brushing the vibrissae on a corner edge of a
countertop. Intact mice quickly placed the forelimb ipsilateral to the
stimulated vibrissae on the countertop. Depending on the severity
of injury following ICH, placement of the forelimb contralateral to
the injured brain was impaired in response to vibrissa stimulation.
Each mouse was tested 10 times. The number of the trials in which
a mouse appropriately placed its forelimb was expressed as a per-
centage of the total trial number. The corner turn test was performed
by forcing mice into a corner with a 30° angle. When mice turned,
the choice of direction was recorded. Intact mice turned with no
preference, while hemorrhagic mice preferentially turned toward

130f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

the non-impaired (right) side. Each mouse was tested 10 times. The
number of right turns was presented as a percentage of total trial number.

Statistical analysis

One-way analysis of variance (ANOVA) was applied for multiple
comparisons and two-tailed Student’s ¢ tests were used for pairwise
comparisons using SPSS Statistics 17.0. For ANOVA, the homogeneity
of variance was evaluated with the Levene’s test. If the results were
similar, then post hoc Tukey analysis was performed. Otherwise,
data were analyzed by the Games-Howell’s test. Data of behavioral
tests were analyzed by two-way ANOVA. Data were expressed as
means + SEM. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eaaz5752/DC1

View/request a protocol for this paper from Bio-protocol.
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