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Oxidative stress and deficient bioenergetics are key players in the pathological process of cerebral ischemia
reperfusion injury (I/R). As a mitochondrial iron storage protein, mitochondrial ferritin (FtMt) plays a pivotal
role in protecting neuronal cells from oxidative damage under stress conditions. However, the effects of FtMt in
mitochondrial function and activation of apoptosis under cerebral I/R are barely understood. In the present
study, we found that FtMt deficiency exacerbates neuronal apoptosis via classical mitochondria-depedent
pathway and the endoplasmic reticulum (ER) stress pathway in brains exposed to I/R. Conversely, FtMt over-
expression significantly inhibited oxygen and glucose deprivation and reperfusion (OGD/R)-induced apoptosis
and the activation of ER stress response. Meanwhile, FtMt overexpression rescued OGD/R-induced mitochondrial
iron overload, mitochondrial dysfunction, the generation of reactive oxygen species (ROS) and increased
neuronal GSH content. Using the Seahorse and O2K cellular respiration analyser, we demonstrated that FtMt
remarkably improved the ATP content and the spare respiratory capacity under I/R conditions. Importantly, we
found that glucose consumption was augmented in FtMt overexpressing cells after OGD/R insult; overexpression
of FtMt facilitated the activation of glucose 6-phosphate dehydrogenase and the production of NADPH in cells
after OGD/R, indicating that the pentose-phosphate pathway is enhanced in FtMt overexpressing cells, thus
strengthening the antioxidant capacity of neuronal cells. In summary, our results reveal that FtMt protects
against I/R-induced apoptosis through enhancing mitochondrial bioenergetics and regulating glucose meta-
bolism via the pentose-phosphate pathway, thus preventing ROS overproduction, and preserving energy
metabolism.

1. Introduction

Stroke affects 13.7 million people globally per year and is the second
leading cause of death worldwide [1]. Most strokes are ischemic due to
vascular occlusion, resulting from multiple events, such as large artery
atherosclerosis, cardiac diseases and small vessel disease [2]. Despite a
large number of clinical studies, most novel treatment strategies have
failed to translate to clinic; thrombolysis, with tissue-type plasminogen
activator or endovascular devices, remains the only available treatment
[3]. While thrombolysis treatment restores the blood flow to the

ischemic brain, the rapid reperfusion itself can cause secondary injury,
referred to as ischemia/reperfusion injury (I/R), by promoting free
radical accumulation, inflammatory response and the degradation of the
blood-brain barrier [4]. Therefore, I/R injury is an inevitable problem
under the current treatment options for ischemic stroke; it is critical to
identify additional neuroprotective approaches that can be used to
mitigate I/R injury.

Increased generation of reactive oxygen species (ROS) has been
identified as a major reason to the pathological mechanisms underlying
cerebral I/R injury [5], and the mitochondrial respiratory chain has
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been shown to be the main source of ROS after I/R [6,7]. Impaired
mitochondrial oxidative metabolism and a depletion of energy of
neuronal cells during ischemia contribute to the initiation of apoptosis
[8]. Following ischemia, severe oxygen and glucose deprivation induces
mitochondrial dysfunction, leading to a disruption in energy metabolism
and an overproduction of ROS [9]. After reperfusion, mitochondria use
oxygen as a substrate to generate ROS [10]. The excessive ROS may
induce the opening of the mitochondrial transition pore and depolariz-
ing the mitochondrial membrane, subsequently leading to the release of
pro-apoptotic factors and activation of the mitochondria-dependent
apoptosis pathway in the brain [11,12]. In addition, recent studies
have implicated that the increased ROS can also initiate endoplasmic
reticulum (ER) stress-mediated apoptosis in the pathological processes
of I/R injury [13]. The ER is an integral cellular component that medi-
ates both the maturation of newly synthesized proteins and intracellular
calcium homeostasis [14]. Cerebral I/R-induced inflammation, calcium
dysregulation and accumulation of ROS can perturb ER function,
resulting in an accumulation of unfolded and misfolded proteins in the
ER lumen, which subsequently triggers the unfolded protein response
(UPR), leading to ER stress [15]. At early stages, the UPR is a protective
response aimed at restoring ER function, however, if the stress is severe
or prolonged, the UPR can result in apoptosis. Therefore, oxidative
damage and mitochondrial dysfunction are consequences of cerebral
I/R; this damage, in turn, further facilitates ROS production and leads to
activation of the mitochondria-dependent and ER stress-mediated
apoptosis.

Mitochondrial ferritin (FtMt) is a mitochondrial iron storage protein
that possesses ferroxidase activity, which permits the storage of ferric
iron, as opposed to the reactive, ferrous form of the metal [16]. FtMt is
highly expressed in tissues characterized by high metabolic activity and
oxygen consumption, such as the brain, testes and heart, but not in liver
and spleen, which exsert main iron storage function for the body and
express high levels of cytosolic ferritins [17]. Since the mitochondria,
which generate both heme and iron-sulfur clusters, are exposed to heavy
iron traffic and excessive free iron facilitates the generation of toxic ROS
via the Fenton reaction, the function of FtMt inside mitochondria is
likely to protect mitochondria from oxidative damage, rather than to act
an iron storage protein for cellular and/or systemic needs [18].
Increasing evidence has indicated that FtMt is an important antioxidant
component under stress conditions. FtMt has been shown to reverse
neuronal apoptosis and oxidative stress in mouse models of Alzheimer’s
and Parkinson’s disease and to protect SH-SY5Y cells from HyOs-in-
duced oxidative stress by inhibiting free iron accumulation [19-22]. In
addition, a previous study has shown that FtMt rescues frataxin
deficiency-induced impairment of respiratory function, indicating that
FtMt may be involved in maintaining mitochondrial bioenergetics and
cell metabolism [23]. Our recent study indicated that FtMt was upre-
gulated in the brain of I/R and FtMt deficiency aggravated I/R-induced
iron overload and the activation of ferroptosis [24]. In addition, we have
also observed increased numbers of ruptured mitochondria in brains of
FtMt deficient mice compared with wild-type mice after I/R. However,
the effects of FtMt on cerebral I/R-induced mitochondrial dysfunction
and apoptosis have not been investigated.

In the present study, we used Ftmt-knockout mice and a FtMt-
overexpressing cell line as well as mouse models of middle cerebral
artery occlusion (MCAO) stroke and oxygen-glucose deprivation fol-
lowed by reoxygenation (OGD/R). We found that FtMt alleviates
mitochondria-dependent apoptosis and ER stress pathway (ATF4/ATF6-
CHOP)-mediated apoptosis under I/R by inhibiting mitochondrial
dysfunction and mitochondrial ROS accumulation. Mechanically, our
results provide novel insight into the neuroprotective and antioxidative
properties of FtMt, which enhances mitochondrial bioenergetics and
stimulates glucose metabolism via the pentose-phosphate pathway, thus
inhibiting ROS generation and preserving energy homeostasis in neu-
rons during I/R injury.
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2. Materials and methods
2.1. Mice

Three-month-old C57BL/6 J wild-type male mice and Ftmt-knockout
male mice were used in this study. The wild-type mice and Ftmt-
knockout mice were originally generated by Dr. M. Fleming’s group
[25]; we obtained the mice from The Jackson Laboratory. The mice were
genotyped by PCR amplification of genomic DNA (Supplementary
Fig. 1A), and FtMt expression in brain of mice were verified by qPCR
from total RNA (Supplementary Fig. 1B; primer sequences provided in
Supplementary Table 1), Western blot analysis of FtMt protein expres-
sion in the brain (Supplementary Fig. 1C) and the distribution of FtMt in
wild-type and FtMt-knockout mouse neurons by double immunofluo-
rescence (Supplementary Fig. 1E). All animals were housed in an envi-
ronment with controlled temperature (22-24 °C), standard lighting
conditions (12 h light/dark cycle) and humidity (45-55%) and with free
access to food and water. The investigators were blinded to the
randomly assigned genotypes and samples for all experiments until after
the analysis was completed. All procedures were carried out in accor-
dance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal Care and Use
Committee of the Hebei Science and Technical Bureau in China.

2.2. Middle cerebral artery occlusion (MCAO)

Focal ischemia was induced via MCAO in mice, as described previ-
ously [26,27]. Briefly, the mice were anaesthetized with an intraperi-
toneal injection of chloral hydrate (3.5 mg/kg), and the body
temperature was maintained at 37 °C with a warming blanket. After
making a midline incision in the neck, the common carotid artery (CCA),
external carotid artery (ECA) and internal carotid artery (ICA) were
exposed. Next, a nylon monofilament (602234 PK, Doccol Corp, CA,
USA) was delivered to the ICA through the ECA stump. Cerebral blood
flow was monitored by laser Doppler flowmetry (Perimed, Sweden). A
blood flow drop of >75% below the baseline was considered successfully
occluded. After an occlusion period of 90 min, the suture was gently
removed to initiate reperfusion. The mice were allowed free access to
water and food after the surgery.

2.3. Cell culture and OGD/R model

The stable FtMt-overexpressing SH-SY5Y cell line (FtMt-SY5Y), a
pcDNA3.1 (—) empty vector-transfected cell line (Vector-SY5Y) and
wild-type SH-SY5Y (WT-SY5Y) cell line were generated as described
previously [28]. We confirmed the overexpression of FtMt in the
FtMt-SY5Y cell line by Western blot analysis (Supplementary Fig. 1D).
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, CA, USA) supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin-streptomycin (#10378016, Sigma-Aldrich, USA) in a
37 °C humidified incubator with 5% CO». Briefly, the three types of cells
were cultured under normal conditions for 24 h, then the cells were
washed twice in glucose-free DMEM (Gibco) and transferred to this
medium. Cells were placed in a hypoxic chamber with 1% O, 5% CO;
and 94% N5 at 37 °C for 5 h. Finally, the medium was discarded and the
cells were cultured for an additional 18 h for reperfusion in normoxic,
glucose-containing medium under normal conditions.

2.4. Assessment of apoptosis by flow cytometry and TUNEL staining

After 24 h reperfusion, the mice were anaesthetized and then fixed
by transcardial perfusion with saline followed by 4% paraformaldehyde.
The brains were immediately removed and postfixed in 4% para-
formaldehyde for 4 h and then cut into 15 pm sections. Terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) In Situ Cell Death Detection Kit (#12156792910, Roche,
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Mannheim, Germany) was performed to evaluate apoptosis in the brain
and the procedures were carried out following the manufacturer’s in-
structions. Briefly, the brain sections were washed twice with phosphate
buffer solution (PBS) and incubated with 50 pL TUNEL reaction mixture
for 60 min at 37 °C in the dark. Next, the sections were washed three
times with PBS and incubated with 4/,6-iamidino-2-phenylindole (DAPI)
for 4 min. The images were captured with an Olympus FV3000 confocal
laser scanning microscope. The data are presented as the percentage of
the number of TUNEL-positive cells in five randomly-selected fields.

Apoptosis after OGD/R treatment was detected with a FITC-Annexin
V apoptosis detection kit (#C1062L, Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. After OGD/R treatment, the
cells were harvested and stained with annexin-V for 10 min at 37 °C. The
cells were then centrifuged at 1000xg for 5 min at room temperature.
After washing twice with PBS, the cells were stained with propidium
iodide (PI). The percentage of apoptotic cells was analyzed by flow
cytometry (CytoFLEX, Beckman Coulter).

2.5. ROS assessment

In vivo ROS production in brain sections of mice after I/R injury was
analyzed using dihydroethidium (DHE, #37291, Sigma-Aldrich, USA)
staining, as previously reported [29]. The sections were washed twice
with PBS and then incubated with 5 pM DHE for 30 min at 37 °C. After
washing three times with PBS, the nuclei were stained with DAPI. The
fluorescence intensity of the DHE-positive cells was quantified by
ImageJ software.

2.6. Mitochondrial membrane potential (MMP) assessment

The MMP in cells treated by OGD/R was determined using JC-1, a
cationic dye of 5,5,6,6'-tetrachlorol, 1’,3,3'-tetraethyl benzimidazole
(#T3168, Invitrogen, USA), according to the manufacturer’s in-
structions. After OGD/R treatment, the cells were washed twice with
PBS and incubated with 10 pg/mL JC-1 at 37 °C for 30 min. Images were
captured using a fluorescence microscope (Leica, Germany).

2.7. Mitochondrial ROS detection

The production of mitochondrial ROS in cells after OGD/R insult was
assessed with the MitoSOX red mitochondrial superoxide indicator
(#M36008, Invitrogen, USA). The cells were harvested and washed
twice with Hanks balanced salt solution (HBSS). The cells were then
incubated in 500 pL of HBSS containing 5 pM MitoSOX for 10 min at
37 °C in the incubator (5% CO3). After washing three times in HBSS, the
cells were analyzed by flow cytometry or confocal microscopy.

2.8. Detection of intracellular ATP content

The ATP content of cells after OGD/R treatment was evaluated using
an ATP assay kit (#5S0026, Beyotime, Shanghai, China) according to the
manufacturer’s instructions. In brief, the cells were lysed and centri-
fuged at 12000x g for 5 min. Next, 100 pL supernatant was removed into
a 96-well plate and mixed with 100 pL ATP working solution for 5 min at
room temperature. The ATP levels in each group was measured using a
microplate reader. For detailed instructions, see supplementary docu-
ment 1.

2.9. Measurement of glutathione (GSH) and malondialdehyde (MDA)

The GSH and MDA content was measured in WT-SY5Y, Vector-SY5Y,
and FtMt-SY5Y cell lines after OGD/R treatment using commercial kits
(#S0053, #S0131M, Beyotime, Shanghai, China). The evaluation was
carried out according to the protocol provided by the manufacturer. For
GSH assessment, cells were washed with PBS and then centrifuged to
collect the cells. First, the protein removal reagent solution was added to
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the cells and two rapid freeze-thaw cycles were performed on the sam-
ples. Afterwards, the samples were centrifuged at 10000xg for 10 min.
The supernatant was mixed with the GSH assay regent and incubated at
25 °C for 5 min. Finally, the absorbance at 412 nm was measured using a
microplate reader. The GSH content of each group was calculated based
on a the standard curve. The MDA content was assessed using the thi-
obarbituric acid (TBA) method, which is based on spectrophotometric
measurement of the product of the reaction of TBA with MDA. The MDA
concentrations were calculated by the absorbance of the product at 532
nm. For detailed instructions, see supplementary document 1.

2.10. Measurement of NADPH content

The NADPH content of cells after OGD/R treatment was evaluated
using an NADPH assay kit (#50179, Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. Briefly, the cells were treated
with extraction solution and centrifuged at 10000xg for 10 min. Then
the supernatant was incubated at 60 °C for 30 min to decompose the
NADP®. After cooling on ice, the supernatant was reacted with a
working solution for 20 min at 37 °C and the absorbance was measured
at 450 nm. For detailed instructions, see supplementary document 1.

2.11. Determination of glucose-6-phosphate dehydrogenase (G6PDH)
activity

G6PDH activity was measured using a commercial kit (#S0189,
Beyotime, Shanghai, China). The procedures were carried out according
to the manufacturer’s instructions. Briefly, the cells were treated with
extraction solution and centrifuged at 12000xg for 10 min. Next, 50 pL
supernatant was removed into a 96-well plate and incubated with 50 pL
G6PDH working solution for 10 min at room temperature in the dark.
The absorbance was measured at 450 nm. For detailed instructions, see
supplementary document 1.

2.12. Mitochondrial ferrous iron staining

To evaluate mitochondrial iron content, cells were incubated with
Mito-Ferro Green (#M489, Dojindo) according to the manufacturer’s
instructions. In brief, the cells were washed twice with HBSS and then
incubated with 5 pM Mito-Ferro Green in HBSS for 30 min at 37 °C. The
nuclei were counterstained with Hoechst. After washing three times
with PBS, the fluorescence was observed using a fluorescence micro-
scope. The fluorescence intensity was quantified by ImageJ software.

2.13. Western blot analysis

Protein expression was detected by Western blot analysis as previ-
ously described [30]. The following antibodies were used: anti-B-actin
(1:10000) was obtained from Sigma-Aldrich (#A5441, St. Louis, MO,
USA); anti-GRP78 (1:5000), anti-phosphorylated EIF2a (1: 2000),
anti-EIF2a (1:2000), anti-XBP1 (1:5000), anti-caspasel2 (1:5000) and
anti-ATF4 (1:2000) were obtained from Abcam Trading [Shanghai]
Company Ltd. (#ab21685, #ab32157, #ab169528, #ab37152,
#ab62463, #ab1371, respectively); anti-ATF6 (1:3000) was obtained
from ABclonal Biotechnology, Boston, USA (#A2570); anti-P-Erk1/2
(1:2000), anti-Erk1/2 (1:2000), anti-caspase3 (1:5000), anti-Bcl-2
(1:2000) and anti-Bax (1:2000) were obtained from Cell Signaling
Technology, Danvers, MA, USA (#4370, #4695, #14220, #3498,
#2772, respectively); anti-CHOP (1:1000) was obtained from GeneTex,
Irvine, USA (#GTX32616); anti-Mfrnl (1:2000) was obtained from
Proteintech, Wuhan, China (#26469-1-AP). The immunoreactive pro-
teins were detected using the enhanced chemiluminescence (ECL)
method and quantified by transmittance densitometry using ImageJ
software.
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2.14. Measurement of mitochondrial bioenergetics and glucose
metabolism

Mitochondrial oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of cells after OGD/R treatment were measured
using a Seahorse XFp Analyzer. The Seahorse XF cell mito stress test kit
(#103010-100) and Seahorse XF glycolysis stress test kit (#103017-
100) were used as per the manufacturer’s instructions. Briefly, the cells
were plated on Seahorse XFp microplates at a concentration of 1 x 10*
cells/well. After OGD/R treatment, the cells were washed twice with
assay medium (#103575-100, Seahorse Bioscience) and incubated in a
non-CO; incubator at 37 °C for 45 min. The microplates were then
loaded into the analyzer and three compounds, oligomycin (2 pM),
carbonylcyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 8 pM)
and a mixture of antimycin and rotenone (1 pM) were sequentially
injected into the samples during the OCR measurement. ECAR was
recorded after the sequential injections of glucose (10 mM), oligomycin
(2 pM) and 2-deoxyglucose (2-DG, 50 mM). The OCR and ECAR values
in each well were normalized to the well’s protein concentration.

Mitochondrial function of cells in the brain of mice after cerebral I/R
was analyzed using an Oxygraph-2k (O2k) system (Oroboros, Innsbruck,
Austria), as reported previously [31]. Briefly, 10 mg brain tissue was
immersed in 2 mL pre-chilled MIROS5 buffer and the tissue was homog-
enized using a homogenizer. The supernatant was used to detect mito-
chondrial respiration following a substrate-uncoupler-inhibitor titration
(SUIT, #D034) protocol. OCR values were recorded with sequential
injections of 5 mM pyruvate, 2 mM malate, 2.5 mM ADP, 1 pM oligo-
mycin, 4 pM FCCP and a mixture of antimycin and rotenone (1 pM).
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2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism-6 and SPSS
16.0. All data are presented as the mean + SEM. Comparisons between
two groups were made using Student’s t-test (two-tailed). One-way
ANOVA with Tukey’s post hoc test was used for multi-group compari-
sons. A value of p < 0.05 was considered statistically significant.

3. Results
3.1. FtMt ablation aggravates cerebral I/R-induced apoptosis

To explore whether FtMt affords protective effects against neuronal
apoptosis under ischemic stroke, we performed MCAO surgery on wild-
type (WT) and Ftmt-knockout (KO) mice, to establish a cerebral I/R
mouse model, and quantified apoptotic cells in the uninjured hemi-
sphere (Con group) and I/R-injured hemisphere (I/R group) by TUNEL
staining. The number of TUNEL-positive cells in the ischemic cortex of
KO mice was markedly greater than that in WT mice after I/R injury
(Fig. 1A). We further detected the expression of markers of
mitochondria-mediated apoptosis in WT and KO mice after I/R. As
shown in Fig. 1B, the Bcl-2/Bax ratio was decreased, whereas the acti-
vation of cleaved caspase-3 (Fig. 1C) was significantly increased, in the
Ftmt KO I/R group, compared with the WT I/R group. In addition, pre-
vious studies have demonstrated that increased reactive oxygen species
and excessive excitation of glutamate receptors in the brain after
ischemia reperfusion can result in significant increases in the phos-
phorylation of ERK1/2 [32-36]. We observed significantly increased
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Fig. 1. FtMt ablation aggravates cerebral I/R-induced apoptosis. Apoptotic cell death was assessed by DAPI and TUNEL staining. (A) Representative photographs
of uninjured and injured cortices of the mouse brains (left panels). The DAPI-stained, TUNEL-positive cells were counted (right panel). (B-I) Western blot and
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p-Erk1/2 in the KO I/R group than in the WT I/R group (Fig. 1D).
Although Erk1/2 activation has also been reported to be pro-survival
effect in ischemic stroke [37], we propose that phenomenon may be
related to differences in timing of the ischemia and reperfusion, as well
as the region of I/R brain we detected. Thus, the deletion of FtMt
exacerbated mitochondria-dependent apoptosis under I/R.

Previous studies have shown that overproduction of ROS can initiate
the ER stress response, ultimately resulting in neuronal apoptosis in I/R
injury [38]. In order to assess whether the increased apoptosis in
Ftmt-knockout mice is also related to the activation of ER stress path-
ways, we examined the expression of ER stress markers in mice after I/R
injury. There are three main pathways involved in ER stress: the XBP1
(X-box-binding protein 1) pathway, the EIF2a (eukaryotic initiation
factor 2 alpha)-ATF4 (activating transcription factor-4) pathway and the
ATF6 pathway. As shown in Fig. 1E, the expression of GRP78 (gluco-
se-regulated protein 78), a major marker of ER stress, was increased in
the Ftmt KO I/R group, indicating that the deletion of FtMt exacerbated
the I/R-induced ER stress response. Next, we observed a greater acti-
vation of EIF2a and upregulation of ATF4, CHOP and ATF6 in
Ftmt-knockout mice than in WT mice after I/R injury, which implies that
the ablation of Ftmt promoted the activation of the EIF2a and ATF6
pathways (Fig. 1F-I). In addition, the levels of XBP1 and caspase 12 did
not change in our model (Supplementary Figs. 2A-B). Together, these
results  suggest that FtMt deficiency aggravates both
mitochondria-dependent and ER stress-mediated apoptosis in cerebral
I/R.

3.2. Overexpression of FtMt alleviates OGD/R injury-induced apoptosis

Oxygen-glucose deprivation-reoxygenation (OGD/R) is a widely
accepted model for studying ischemic reperfusion in vitro [39,40]. To
further verify the anti-apoptosis role of FtMt in I/R, we measured
apoptosis in SH-SY5Y cells (WT group), stable FtMt-overexpressing
SH-SY5Y cells (FtMt group) and pcDNA3.1 (—) empty
vector-transfected cells (Vector group) after OGD/R insult. FtMt over-
expression markedly decreased OGD/R-induced apoptosis. As shown in
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Fig. 2A, the percentage of apoptotic cells rose to nearly 25% after
OGD/R insult in WT and Vector cells, while it was significantly
decreased in the FtMt OGD/R group. Consistent with the in vivo data, we
found that the increased expression of GRP78 and activation of the
EIF20-ATF4/ATF6 pathway induced by OGD/R were notably dimin-
ished by FtMt overexpression (Fig. 2B-E). Therefore, these results
confirm that FtMt overexpression inhibits OGD/R-induced apoptosis.

3.3. FtMt deletion promotes ROS generation and decreases mitochondrial
bioenergetics during cerebral I/R

Previous studies have shown that increased levels of ROS are
responsible for the increased apoptosis in cerebral I/R. Our recent re-
sults indicate that FtMt deficiency promotes lipid peroxidation in I/R
brains [24]. In the present study, we further evaluated ROS generation
in the uninjured and I/R-injured hemispheres of WT and KO mice by
DHE staining. The fluorescence was significantly increased in the I/R
injured hemisphere, with the ROS generation increase more pronounced
in KO mice compared to WT mice (Fig. 3A-B), indicating that FtMt
deficiency aggravates I/R-induced oxidative stress. Cerebral I/R causes
mitochondrial damage, with the impaired mitochondria promoting the
generation of ROS in neuronal cells [41]. To examine the effects of FtMt
on mitochondrial bioenergetics during cerebral I/R, we measured
mitochondrial oxygen consumption rate (OCR) in wild-type and
Ftmt-knockout mice using an O2k Analyzer. As shown in Fig. 3C, the
basal respiration of neuronal cells from I/R-injured cortex was signifi-
cantly decreased compared with the control; the deletion of FtMt
exacerbated this decline. The first compound added in the analysis
workflow, oligomycin, a complex V inhibitor, was injected to evaluate
ATP-linked respiration. Next, FCCP, a mitochondrial uncoupler, was
injected to determine the maximal respiration and the spare respiratory
capacity. Finally, a mixture of rotenone (inhibitor of complex I) and
antimycin A (inhibitor of complex III) were added to assess
non-mitochondrial respiration. After I/R injury, the ATP
production-linked oxygen consumption rate (Fig. 3D), the maximal
respiration (Fig. 3E) and the spare respiratory capacity (Fig. 3F) were
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Fig. 3. FtMt deletion promotes ROS generation
and decreases mitochondrial bioenergetics during
cerebral I/R. (A) ROS generation in brain slices from
wild-type mice and Ftmt-knockout mice after I/R
treatment (MCAO, 90 min followed by 24 h reperfu-
sion), as determined by dihydroethidium (DHE)
staining. (B) Quantitative evaluation of DHE fluores-
cence intensity (n = 3). Wild-type and Ftmt-knockout
mice were subjected to I/R. Next, the oxygen con-

sumption rate (OCR) of the Con and I/R groups was
determined using an O2K analyzer. OCR was recor-
ded at baseline and after the sequential injection of
oligomycin (1 pM), FCCP (4 pM) and a mixture of
rotenone and antimycin A (1 pM). (C) Basal respira-
tion, (D) ATP -linked OCR, (E) maximal respiration
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remarkably diminished in the WT I/R and KO I/R groups, compared
with the control. These decreases were significantly enhanced in
Ftmt-knockout neuronal cells. Thus, FtMt plays an important role in
maintaining mitochondrial bioenergetics and preventing ROS genera-
tion during cerebral I/R.

3.4. FtMt overexpression restricts ROS generation and enhances
mitochondrial bioenergetics during OGD/R injury

To further verify the role of FtMt we observed in vivo, we explored
the effects of FtMt on ROS regulation and mitochondrial bioenergetics
using a FtMt-overexpressing cell line in the OGD/R model. Since mito-
chondria, particularly damaged mitochondria, are the main source of
ROS, we measured mitochondrial ROS generation in SH-SY5Y cells (WT
group), pcDNA3.1 (—) empty vector-transfected cells (Vector group) and
stable FtMt-overexpressing SH-SY5Y cells (FtMt group) after OGD/R
insult. Overlay images of cells labelled with both MitoSOX Red and Mito

WT Con WTUR KOCon KOIR

Tracker Green indicate that OGD/R treatment led to significant in-
creases in mitochondrial ROS levels relative to the control group (Con)
in the WT and Vector cells, while FtMt overexpression reversed the
OGD/R-induced mitochondrial ROS accumulation (Fig. 4A-B). Mean-
while, FtMt overexpression also alleviated OGD/R-mediated MDA gen-
eration in the cells (Fig. 4C). However, the GSH content, a key
intracellular antioxidant, in FtMt overexpressing cells was much higher
than that in wild type cells after OGD/R treatment, indicating FtMt
increased the antioxidative capacity of neuronal cells (Fig. 4D).
Considering the effects of FtMt on cellular iron distribution and regu-
lation, we conjecture that the mitochondrial free iron can, at least in
part, affect the generation of mitochondrial ROS. We next detected the
expression of mitoferrinl (Mfrn1l), a mitochondrial iron importer, and
the mitochondrial ferrous iron content in cells after OGD/R insult. OGD/
R injury increased the expression of Mfrnl as well as the free iron levels
in mitochondria. FtMt overexpression reversed this increase (Supple-
mentary Figs. 3A-D). These results confirm that FtMt exhibits robust
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Fig. 4. FtMt overexpression restricts ROS generation and enhances mitochondrial bioenergetics during OGD/R injury. (A) Representative images showing
co-localization of MitoSOX Red fluorescence and Mito Tracker Green fluorescence in SH-SY5Y cells (WT), stable FtMt-overexpressing SH-SY5Y cells (FtMt) and
pcDNA3.1 (—) empty vector-transfected cells (Vector) after OGD/R treatment. (B) Quantitative evaluation of MitoSOX fluorescence intensity (n = 3). (C) MDA and
(D) GSH contents, as quantified using commercially available assays (n = 3). The oxygen consumption rate (OCR) of the Con and OGD/R groups, as determined using
a Seahorse XF analyzer. (E) OCR was recorded at baseline and after the sequential injection of oligomycin (2 pM), FCCP (8 uM) and a mixture of rotenone and
antimycin A (1 pM) (n = 4). (F) Basal respiration, (G) ATP -linked OCR, (H) quantitative results of the levels of ATP (I) maximal respiration, and (J) spare respiratory
capacity. The results are presented as the mean + SEM. **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.)

antioxidative capacity against I/R-induced oxidative stress.

Next, we explored the effect of FtMt overexpression on OGD/R-
induced mitochondrial dysfunction. WT, Vector, and FtMt cells were
subjected to OGD/R insult and OCR values were assessed using a Sea-
horse XFp Analyzer (Fig. 4E). We did not observe any distinguishable
differences in basal respiration or ATP-linked respiration in either group
after OGD (5 h) followed by 18 h of reperfusion. This is likely due to
differences between culture plate and the whole animal (Fig. 4F-G).
However, the ATP contents in the WT OGD/R and Vector OGD/R groups
were decreased to nearly 50% of the control group; FtMt overexpression
attenuated this OGD/R-induced ATP depletion (Fig. 4H). The maximal
respiration and spare respiratory capacity were significantly diminished
in WT and Vector cells after OGD/R insult compared with the control.
These decreases were markedly reversed by FtMt overexpression
(Fig. 41-J). Significant increases in maximal respiration and spare res-
piratory capacity were also observed in cells under normal conditions,

which confirms the capability of FtMt to enhance mitochondrial bio-
energetics. We additionally measured the effects of FtMt on OGD/R-
induced MMP dissipation by JC-1. As shown in Supplementary
Figs. 4A-B, the control group cells exhibited mainly red fluorescence,
while OGD/R-injured cells showed significantly enhanced green fluo-
rescence, indicating that OGD/R caused MMP dissipation. However, the
red/green ratio in the FtMt-overexpressing cells was higher than that in
the WT and Vector groups after OGD/R insult, indicating that FtMt
alleviated the OGD/R-induced MMP decrease. Taken together, these
results confirm the key role of FtMt in maintaining mitochondrial bio-
energetics and function.

3.5. Overexpression of FtMt enhances glucose metabolism in neuronal
cells after OGD/R injury

Glucose is the major oxidative substrate for energy generation in the
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brain. Mitochondrial impairment can serve as a signal of energy changes
and thus modulate glucose metabolism [42]. To examine the role of
FtMt in glucose metabolism, we recorded ECAR under OGD/R condi-
tions (Fig. 5A). Our data indicated that the basal ECAR was increased in
all experimental groups under OGD/R relative to the control, with the
increase more apparent in the FtMt overexpressing OGD/R group
(Fig. 5B). The maximal ECAR and glycolysis reserve capacity in the WT
OGD/R and Vector OGD/R groups were similar with their respective
control groups. Intriguingly, greater glucose consumption and increased
glycolysis reserve capacity were observed in FtMt overexpressing cells
after OGD/R insult (Fig. 5C-D). Notably, marked increases in the basal
ECAR, maximal ECAR and glycolysis reserve capacity were observed in
the FtMt overexpressing SH-SY5Y cells also under normal conditions,
indicating the important role of FtMt in promoting glucose metabolism.
These results reveal that FtMt overexpression significantly promotes
glucose metabolism in neuronal cells, and the cell metabolism was
comprehensively ameliorated in FtMt overexpressing cells under
OGD/R conditions.

3.6. Overexpression of FtMt enhances the pentose-phosphate pathway in
neuronal cells after OGD/R injury

The pentose-phosphate pathway (PPP) is a major branch of glucose
metabolism, which is known to be essential for antioxidant protection
[43]. To explore whether FtMt affects the activation of the PPP during
OGD/R injury, we measured NADPH content and G6PDH activity, key
biomarkers of PPP, in neuronal cells after OGD/R insult. The NADPH
content was significantly decreased in the three experimental groups
under OGR/R conditions compared with the control group, indicating
reduced energy metabolism and increased oxidative damage in cells
after OGD/R treatment. Again, FtMt overexpression alleviated the
decline (Fig. 6A). The NADPH content in the FtMt OGD/R group was
higher than that in the WT OGD/R and Vector OGD/R groups, which
also consistent with the high level of GSH in FtMt OGD/R group.

Redox Biology 57 (2022) 102475

Meanwhile, OGD/R injury increased the activity of GGPDH compared
with the control, revealing an enhancement in the activation of the PPP
under OGD/R conditions. The overexpression of FtMt facilitated the
increase in G6PDH activity, compared with the control groups, under
OGD/R injury (Fig. 6B). These results suggest that FtMt enhances the
activation of the PPP of glucose metabolism in OGD/R-injured neuronal
cells. This function helps to strengthen the antioxidant defences and
maintain the redox balance during OGD/R damage.

4. Discussion

The antioxidant role of FtMt in neurodegenerative diseases by
chelating free iron has been reported in our previous studies [28,44]. In
the current study, we demonstrated that FtMt exerts antioxidant effects
in I/R injury by enhancing mitochondrial bioenergetics and regulating
glucose metabolism via the pentose-phosphate pathway, thus prevent-
ing mitochondrial ROS generation and strengthening the antioxidant
defenses of neuronal «cells. As a result, FtMt alleviates
mitochondria-dependent apoptosis and ER stress (ATF4/ATF6-CHOP
pathway)-associated apoptosis in I/R, thus attenuating I/R-induced
brain damage and neurological deficits (Fig. 7).

Mitochondria, as the powerhouse of the cell, play a central role in
energy metabolism through oxidative phosphorylation, therefore
maintaining mitochondrial function is important for neuronal function
and survival, especially under I/R conditions [45]. However, due to the
presence of the electron transport chain, mitochondria have been
recognized as the major source of ROS. Up to 2% of the oxygen in the
mitochondria undergoes one-electron reduction to generate superoxide
anion radicals and hydrogen peroxide when passing through the elec-
tron transport chain [46]. The hydrogen peroxide can then be converted
to hydroxyl radicals with the participation of ferrous iron in the Fenton
reaction [47]. Following ischemia reperfusion injury, the reduction of
blood supply and calcium overload result in mitochondrial dysfunction
[48]. Imbalanced mitochondrial electron transport during reperfusion
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Fig. 5. Overexpression of FtMt enhances glucose metabolism in neuronal cells under OGD/R insult. SH-SY5Y (WT) cells, empty vector transfectants (Vector)
and FtMt-overexpressing transfectants (FtMt) were subjected to OGD/R insult. Next, the ECAR of the Con and OGD/R groups was assessed with a Seahorse XF
analyzer. (A) ECAR was recorded after the sequential injection of glucose (10 mM), oligomycin (2 pM), and 2-deoxy-glucose (50 mM). (B) Basal ECAR, (C) maximal
ECAR and (D) the reserve capacity were calculated. The results are presented as the mean + SEM, n = 4, *P < 0.05, **/%%p < 0.01.
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Fig. 6. Overexpression of FtMt enhances the pentose-phosphate pathway in neuronal cells under OGD/R insult. SH-SY5Y cells (WT), empty vector trans-
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Fig. 7. Schematic representation of the proposed antioxidative mecha-
nism of FtMt in cerebral I/R. Ischemic stroke causes mitochondrial dysfunc-
tion and ROS overproduction, resulting in mitochondria dependent apoptosis
and ER stress-associated apoptosis in the brain. FtMt reduces cerebral I/R-
induced oxidative stress by maintaining mitochondrial bioenergetics and
regulating glucose metabolism via the pentose-phosphate pathway, thus
inhibiting ROS overproduction, and preventing neuronal deficits in I/R.

leads to increased ROS production, ultimately leading to neuronal
apoptosis [49]. In addition, overproduction of ROS causes damage to
lipids and proteins, which further impairs mitochondrial function and
leads to a decrease in the MMP [50]. Therefore, mitochondria are both
the source and target of ROS in I/R injury. I/R-induced mitochondrial
dysfunction facilitates the generation of ROS, while the intracellular
ROS leads to more severe mitochondrial damage. In the current study,
we found that I/R led to marked oxidative stress and mitochondrial
dysfunction, including impaired mitochondrial respiration and
decreased MMP. These effects were significantly suppressed by the
presence of FtMt, which enhanced mitochondrial bioenergetics and
inhibited ROS overproduction (Fig. 3; Fig. 4).

Glucose is the major metabolic substrate for energy production. As a
high energy consuming organ, the brain, unlike most other tissues, relies
almost completely on glucose for energy generation [43]. Aberrant
glucose metabolism has been identified as a pivotal pathological
mechanism of ischemic stroke [51]. Once delivered into the cell, glucose
will be phosphorylated to glucose-6-phophate (G6P) by hexokinase. The
G6P can be further metabolized by glycolysis or the pentose-phosphate
pathway to produce pyruvate, which is fully oxidized in the tricarbox-
ylic acid cycle to synthesize ATP under normoxic conditions, or con-
verted to lactate under hypoxic conditions [52]. In this study, we found
that OGD/R injury facilitated glucose metabolism in SH-SY5Y cells, with
basal ECAR upregulated in the OGD/R group (Fig. 5B). FtMt over-
expression induced greater glucose consumption, indicating that FtMt

protects neurons from energy stress under OGD/R condition by
enhancing glucose metabolism (Fig. 5). Previous studies have indicated
that glycolysis is less active in neurons, due to the low levels of the
glycolysis regulating enzyme, 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase isoform 3 (PFKFB3), and the glycolysis activator,
fructose 2,6-bisphosphate [53]. Neurons preferentially utilize G6D
through PPP under oxidative stress [54]. PPP can produce nicotinamide
adenine dinucleotide phosphate (NADPH), which is required for the
reduction of glutathione disulfide (GSSG) to glutathione (GSH) to
remove excess ROS [54]. At the same time, we indeed observed that the
GSH content in FtMt overexpressing cell was higher than in wild type
cell under OGD/R conditions (Fig. 4D). Therefore, we further explored
whether FtMt affects glucose metabolism via PPP. Our results revealed
that the activity of G6PDH, the rate-limiting enzyme of PPP, was
increased after OGD/R stimulation, indicating the activation of PPP was
enhanced in OGD/R-injured neurons. FtMt overexpression enhanced the
G6PDH activity and, as a result, facilitated the production of NADPH
(Fig. 6). Our results provide the first evidence that FtMt promotes
glucose metabolism via PPP to strengthen the antioxidant capacity in the
I/R injury.

Taken together, our data reveal that FtMt plays an important anti-
oxidative role in cerebral I/R injury. On the one hand, FtMt alleviated I/
R-induced mitochondrial dysfunction, thus preserving the energy de-
mand in neurons and preventing mitochondria dependent ROS pro-
duction. On the other hand, FtMt facilitated the generation of NADPH by
PPP, thus accelerating the scavenging of ROS in cells after I/R injury. In
addition, we also observed that FtMt attenuated OGD/R-induced ferrous
iron accumulation in mitochondria (Supplementary Figs. 3C-D), which
may suppress ROS production through the Fenton reaction, as previ-
ously reported. Studies have shown that iron is crucial for mitochondria
to maintain respiratory activity and membrane potential [55]. We pro-
pose that FtMt may participate in mitochondrial respiration by regu-
lating iron traffic in mitochondria, but more in-depth studies are needed
to explore the precise mechanism by which FtMt enhances mitochon-
drial bioenergetics. Interestingly, previous study indicated that the
activation of PPP is increased in brain of a conditional mouse with
decreased mitochondrial ROS [56]. Iron overload reduces the expression
and activity of G6PDH in liver and spleen of mice with high iron diet
[57,58]. These evidences suggest that the iron content and mitochon-
drial redox state are regulators or key factors that affecting the activa-
tion of PPP in cell. Therefore, we suppose that FtMt overexpression
reduces mitochondrial ROS generation and suppresses mitochondrial
and cytosolic iron accumulation in cerebral I/R, thus stimulating glucose
metabolism via PPP. Further studies are needed to verify the role of FtMt
in glucose metabolism in neuronal cells after I/R.

Rigorous research has shown that I/R-induced ROS overproduction
can act directly on the mitochondria and initiate classical mitochondria-
dependent apoptosis, which includes a decreased Bcl2/Bax ratio and
caspase 3 activation. In recent years, ER stress-associated apoptosis has
also been implicated in the pathogenesis of ischemic stroke. Inhibiting
ER stress with compounds can significantly protect neurons against
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ischemic injury [59]. Accumulation of ROS, calcium dysregulation and
inflammation in the I/R brain can initiate the unfolded protein response,
leading to ER stress [15]. Our previous studies revealed a protective role
of FtMt in restricting mitochondria-dependent apoptosis in neurode-
generative diseases [60]. However, the relevance of FtMt to the ER stress
pathway under stress conditions has not been reported. Our results
demonstrate that the ATF4-CHOP pathway and ATF6 pathway were
significantly activated after I/R injury (Fig. 1E-I). An increase in CHOP
levels is critical in ER stress to initiate apoptosis through
down-regulation of Bcl2 and up-regulation of ROS [13]. The ablation of
FtMt significantly aggravated the activation of ER stress response
(Fig. 1E-I), as well as the activation of the mitochondrial apoptosis
pathway (Fig. 1B-D), which led to an increased proportion of apoptotic
cells in the brain after I/R (Fig. 1A). Consistently, FtMt overexpression
attenuated OGD/R-induced apoptosis and neuronal damage (Fig. 2A).
Therefore, our data indicate that FtMt can restrict ER stress-induced
apoptosis in cerebral I/R by inhibiting ROS accumulation.

5. Conclusion

In the present study, we demonstrated that FtMt reduces cerebral I/
R-induced oxidative stress by maintaining mitochondrial bioenergetics
and regulating glucose metabolism via the pentose-phosphate pathway,
thus inhibiting ER stress-associated apoptosis, and preventing neuronal
deficits in I/R.
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