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Abstract

Ischemic stroke is a devastating disease in which mitochondrial damage or dysfunction substantially contributes to brain
injury. Mitochondrial uncoupling protein-2 (UCP2) is a member of the UCP family, which regulates production of mito-
chondrial superoxide anion. UCP2 is reported to be neuroprotective for ischemic stroke—induced brain injury. However, the
molecular mechanisms of UCP2 in ischemic stroke remain incompletely understood. In this study, we investigated whether
and how UCP2 modulates neuroinflammation and regulates neuronal ferroptosis following ischemic stroke in vitro and
in vivo. Wild-type (WT) and UCP2 knockout (Ucp27'7) mice were subjected to middle cerebral artery occlusion (MCAO).
BV2 cells (mouse microglial cell line) and HT-22 cells (mouse hippocampal neuronal cell line) were transfected with small
interfering (si)-RNA or overexpression plasmids to knockdown or overexpress UCP2 levels. Cells were then exposed to oxy-
gen—glucose deprivation and reoxygenation (OGD/RX) to simulate hypoxic injury in vitro. We found that UCP2 expression
was markedly reduced in a time-dependent manner in both in vitro and in vivo ischemic stroke models. In addition, UCP2
was mainly expressed in neurons. UCP2 deficiency significantly enlarged infarct volumes, aggravated neurological deficit
scores, and exacerbated cerebral edema in mice after MCAO. In vitro knockdown of Ucp2 and in vivo genetic depletion of
Ucp2 (Ucp2_/ ~ mice) increased neuronal ferroptosis-related indicators, including Fe?™*, malondialdehyde, glutathione, and
lipid peroxidation. Overexpression of UCP2 in neuronal cells resulted in reduced ferroptosis. Moreover, knockdown of UCP2
exacerbated neuroinflammation in BV2 microglia and mouse ischemic stroke models, suggesting that endogenous UCP2
inhibits neuroinflammation following ischemic stroke. Upregulation of UCP2 expression in microglia appeared to decrease
the release of pro-inflammatory factors and increase the levels of anti-inflammatory factors. Further investigation showed that
UCP2 deletion inhibited expression of AMPKo/NRF1 pathway-related proteins, including p-AMPKa, t-AMPKa, NRF1, and
TFAM. Thus, UCP2 protects the brain from ischemia-induced ferroptosis by activating AMPKo/NRF1 signaling. Activation
of UCP2 represents an attractive strategy for the prevention and treatment of ischemic stroke.
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Introduction

Stroke is a health issue that has high mortality and dis-
ability rates worldwide and leads to irreversible neuro-
logical impairment [1]. Current therapies for ischemic
stroke are still limited due to complexity of the underly-
ing mechanisms and the narrow treatment window [2].
It is increasingly understood that oxygen consumption
leads to mitochondrial dysfunction or damage, increased
reactive oxygen species (ROS) production, and neuronal
death. Indeed, neuronal death immediately after ischemic
stroke and the secondary inflammatory cascade induced
by ischemic stroke are two crucial features currently being
intensively investigated [3]. It remains unclear how these
two events are coordinated and regulated after ischemia.

The inflammatory response and oxidative stress play
integral roles in ischemic stroke [4]. The rapid immu-
nological response following stroke causes immediate
brain injury, while early activation of microglia leads to
increased blood-brain barrier permeability and infiltration
of circulating neutrophils and lymphocytes [5]. Immune
cells release cytokines and chemokines (e.g., tumor necro-
sis factor [TNF]-a, interleukin [IL]-1p, IL-17, and IL-23)
that aggravate inflammation following ischemic stroke.
Recanalization with delayed recombinant tissue-type plas-
minogen activator treatment produces large amounts of
ROS, forms a stressful microenvironment, activates adhe-
sion molecules, and further aggravates the inflammatory
response and immunocyte infiltration [6—8]. Mitochondria
are the main source of intracellular ROS. Mitochondrial
uncoupling proteins (UCPs) are metabolite transporters
involved in the maintenance of intracellular ROS homeo-
stasis. They are mainly expressed in the inner membrane
of mitochondria and protect cells against oxidative stress
injury [9]. Uncoupling protein-2 (UCP2) is a UCP fam-
ily member that regulates the production of mitochondrial
superoxide anion. Activation of UCP2 can prevent neurons
from ischemia/reperfusion (I/R)-induced oxidative stress
and preserves mitochondrial function [10]. Lu et al. [11]
found that deletion of UCP2 aggravates neuroinflamma-
tion by activating nod-like receptor protein 3 in astrocytes
following Parkinson’s disease. However, it is not clear
whether UCP2 also regulates neuroinflammation in the
setting of ischemic stroke.

Ferroptosis is an iron-dependent form of non-apoptotic
cell death that was first discovered in 2012 by Brent R.
Stockwell. Distinguished from other forms of programmed
cell death, such as apoptosis and necrosis, ferroptosis has
its own unique morphological, genetic, immunological,
and biochemical features [12]. Ferroptosis is caused by
iron-dependent phospholipid peroxidation, and is regu-
lated by multiple cellular events, including iron handling,
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redox homeostasis, and mitochondrial balance [13-15]. In
the past decade, knowledge of the physiological roles of
ferroptosis have exponentially increased. Recent studies
have shown that ferroptosis plays a role in several neu-
rological diseases, including haemorrhagic stroke, neu-
rodegenerative diseases, and ischemic stroke [16—18].
Mitochondrial dysfunction is implicated as a critical step
towards ferroptosis. However, the exact mechanism of fer-
roptosis and mitochondrial dysfunction in ischemic stroke
is poorly understood. Previous studies have suggested that
UCP2 is a key regulator of mitochondrial redox status and
lipid signaling by decreasing superoxide production and
increasing hydrogen peroxide generation [19]. It is known
that hydrogen peroxide is responsible for the induction of
lipid peroxidation [20]. However, the role of UCP2 in fer-
roptosis has not been studied. The objective of this study
was to investigate the effect of UCP2 deletion on ferrop-
tosis and neuroinflammation following cerebral I/R injury
and explore the underlying mechanisms.

Materials and Methods
Animals

Male C57BL/6 J wild-type mice (WT) (8 weeks old,
n=190, 25-30 g) were purchased from the Hubei Experi-
mental Animal Research Center (Hubei, China; Nos.
42000600035350, 42000600032450). Ucp2 knockout
(Ucp27™'7) mice (n=752) were obtained from the Model
Animal Research Center of Nanjing University. All
Ucp2~'~ male mice were raised to 6-8 weeks of age at the
People’s Medical Animal Experimental Center of Wuhan
University. All animal experimentation protocols were
approved by the Animal Experimentation Ethics Commit-
tee of Wuhan University and were performed according to
the guidelines of the Animal Welfare and Use Committee
of Renmin Hospital of Wuhan University. All mice were
reared in a room with controlled humidity (65 +5%) and
temperature (25 + 1 °C) on a 12/12-h light/dark cycle for
1 week before the experiment.

Drug Administration and Experimental Groups

Ferrostatin-1 (Fer-1) (5 mg/kg; SML0583-25MG,
Sigma—Aldrich, St. Louis, MO, USA) or vehicle (2%
dimethylsulfoxide + 2% Tween 80+ ddH,0) was delivered
intraperitoneally (i.p.) to mice immediately after middle cer-
ebral artery occlusion (MCAQ) and 6 h post-reperfusion.
The optimal drug concentration was selected in accordance
with previous studies [21].
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Middle Cerebral Artery Occlusion Model

Mice were anaesthetized with 5% isoflurane in O, via a face
mask. Intraoperative oxygen flow was maintained at 4-6
L/min with 1-1.5% isoflurane. Transient MCAO was per-
formed. The MCAO model was slightly adjusted in accord-
ance with a previously described method [22]. Briefly, the
left internal carotid artery was exposed, and a 60 monofila-
ment (Doccol Corp., Redlands, CA, USA) was inserted to
ligate the left common carotid artery and external carotid
artery, thereby opening the cephalic artery. The suture was
inserted along the internal carotid artery and then removed
after 1 h of occlusion to allow reperfusion. A thermostatic
heating pad was used to monitor and stabilize the body tem-
perature of the mice at 37 +0.5 °C. The same procedure was
performed on sham mice but without monofilament ligation.

2,3,5-Triphenyltetrazolium Chloride Staining
and Infarct Volume Measurement

Mice were heavily sedated before being administered an
overdose of isoflurane and then decapitated. Brain tissue
was cut into 2-mm coronal pieces and stained with 2,3,5-tri-
phenyltetrazolium chloride (TTC) (17,779, Sigma—Aldrich).
The collected brain slices were incubated in 4% paraform-
aldehyde (G1101-500ML, Servicebio, Wuhan, China) for
48 h. A blinded observer used ImageJ v1.37 (NIH, Bethesda,
MA, USA) to quantify and assess the infarct volume [23],
which was subsequently normalized and expressed as a
percentage of the nonischemic hemisphere to account for
oedema.

Neurological Function Assessment

Before evaluation of neurological function, any dead animals
or unsuccessful models (including those without infarction
or infarction with hemorrhage) were excluded. Neurological
assessment was scored by the same examiner as a single-
blind observer. Mice in the MCAO group at 0 h, 12 h, and
72 h after reperfusion were examined. The Longa scor-
ing system [24] was used for evaluation: 0, no symptoms
of nerve injury; 1, the right forepaw could only be slightly
straightened when the mouse tail was lifted; 2, turned right
when walking (moderate); 3, barely walking, right paralysis
(severe); and 4, unable to walk spontaneously.

Brain Water Content

After 3 days of MCAO, the mice were deeply anaesthetized
and euthanized with an overdose of isoflurane. Brain tissue
was then removed and coronal brain sections (approximately
3-mm thick) were cut 4 mm from the frontal pole. Sections
were divided into ipsilateral and contralateral hemispheres.

Brain samples were immediately weighed on an electronic
balance to determine the wet weight, and then dried in an
oven at 120 °C for 8 h to determine the dry weight. The
water content of the brain was calculated as (wet weight—
dry weight)/wet weight X 100%.

Cell Culture, Oxygen—Glucose Deprivation/
Reperfusion, and Transfection

HT-22 and BV2 cells were obtained from the Chinese Acad-
emy of Sciences Cell Bank (Shanghai, China) and grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco
Thermo Fisher Scientific, Waltham, MA, USA) containing
10% fetal bovine serum (#13,011-8611, Zhejiang Tianxing
Biotechnology Co., Ltd., Zhejiang, China). Prior to induc-
tion of oxygen—glucose deprivation/reperfusion (OGD/RX)
injury, cultured cells were in the logarithmic growth phase.
They were washed twice with phosphate-buffered saline
(PBS) and maintained in glucose-free DMEM. Cells were
then placed in a hypoxic incubator (CB-210 Hypoxia Work-
station, Binder, Tuttlingen, Germany) containing 1% O,, 5%
CO,, and 94% N, at 37 °C for the appropriate time to repli-
cate OGD damage [6]. After that, cultures were recovered
with glucose in DMEM and placed under normoxia (37 °C,
5% CO,) for 12 h (reoxygenation). To induce UCP2 over-
expression and knockdown in vitro, cells were transfected
with plasmid (10 nmol/1) or si-Ucp2 (50 nmol/L) for 24 h
using Lipo6000™ transfection reagent (C0526, Beyotime,
Shanghai, China) according to the manufacturer’s protocol.
At 12 h post-transfection, the medium was changed and cells
were incubated for a further 2 days. After confirmation of
successful UCP2 overexpression and knockdown, cells were
harvested for the subsequent experiments. Cell Counting Kit
— 8 (C0039, Beyotime) was used to assess cell viability.

Measurement of Fe?*, Malondialdehyde,
and Glutathione Levels

After 3 days of MCAO, the mice were deeply anaesthetized
and euthanized with an overdose of isoflurane. Fresh brain
tissue was obtained and kept on ice. Then, Fe?*, glutathione
(GSH), and malondialdehyde (MDA) levels were determined
using relevant kits (A006-2—1 for GSH, A003-1-2 for MDA,
and A039-2—1 for Fe?*, Nanjing Jiancheng, Nanjing, China).

TdT-Mediated dUTP Nick End-Labeling Staining

A commercially available TdT-mediated dUTP nick end-
labeling (TUNEL) staining kit (C1088, Beyotime) was used
to detect apoptosis, as described previously [25]. Images
were acquired using an automated fluorescence microscope
(BX63, Olympus, Tokyo, Japan).

@ Springer



Molecular Neurobiology

Enzyme-Linked Immunosorbent Assay

The infarct area of brain tissue homogenates containing
IL-6, IL-1p, TNF-a, IL-10, IL-13, and IL-4 was centri-
fuged at 1200 X g, 10 min, 4 °C. In addition, concentration of
12(S)-hydroxyeicosatetraenoic acid (HETE) in supernatants
was examined. All substances were measured with enzyme-
linked immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions (MLBOOC for IL-1§, MTAOOB
for TNF-o, M1000B for IL-10, and M4000B for IL-4, R&D
Systems, Minneapolis, MN, USA; abs520012 for IL-13,
ab132023 for IL-6, and ab133034 for 12[S]-HETE, Absin
Bioscience, Shanghai, China).

Lipid Peroxidation Assessment with BODIPY

First, cells in the logarithmic growth phase were seeded into
24-well plates and incubated with BODIPY (1 pM, D3861,
Thermo Fisher Scientific) for 1 h at 37 °C. After incuba-
tion, cells were collected, washed with PBS, and then resus-
pended in 500 pl fresh PBS. Cell fluorescence was detected
using a BD Accuri™ C6 flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and analyzed using FlowJo soft-
ware (BD Biosciences).

Immunofluorescence Staining

First, mice were deeply anesthetized with sodium pento-
barbital (20 mg/kg, i.p.), then infused with PBS (0.01 M,
pH 7.4, 4 °C), followed by 4% paraformaldehyde solution
(pH 7.4, 4 °C). The brain was fixed by immersion in the
same paraformaldehyde solution for 48 h at 4 °C. Next, the
brain was cut into 4-um coronal sections using a freezing
microtome (Cryotome FSE, Thermo Fisher Scientific). After
washing with fresh PBS, the sections were blocked with
0.1 M PBS containing 5% fetal bovine serum and 0.05%
Triton X-100 for 1 h at room temperature. After washing five
times with PBS, primary antibody was added and incubated
overnight for 12 h at 4 °C. The next day, the correspond-
ing secondary antibody was added and incubated for 2 h at
25 °C. Sections were cleaned and sealed with 4',6-diamid-
ino-2-phenylindole (DAPI) (GDP1024, G1101-500ML, Ser-
vicebio) before examination under an automatic fluorescence
microscope (BX63, Olympus). ImagelJ software was used to
count the number of immunoreactive cells (Media Cyber-
netics Inc., Rockville, MD, USA). Each mouse was counted
in four different fields, with three mice in each group. Sin-
gle-blind observers counted the data. Anti-UCP2 (1:200;
ab247184, Abcam, Cambridge, UK), anti-NeuN (1:200;
ab104224, Abcam), anti-myeloperoxidase (MPO) (1:100,
GB11224, Servicebio), anti-CD68 (1:200; MCA1957,
AbD Serotec, Oxford, UK), anti-glial fibrillary acidic pro-
tein (GFAP) (1:50; ab7260, Abcam), and anti-glutathione
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peroxidase 4 (GPX4) (1:200; ab125066, Abcam). The sec-
ondary antibodies used were Alexa 594-conjugated antibody
(1:200 for NeuN, CD68, GFAP, and MPO, ANT030, Mil-
lipore, Billerica, MA, USA) or Alexa 488-conjugated anti-
body (1:200 for UCP2, ANT024, Millipore). Images were
captured by a fluorescence microscope (DX51, Olympus).

Coimmunoprecipitation

Coimmunoprecipitation was performed using a commercial
kit (abs955, Absin). First, HT-22 cells were transfected to
overexpress Flag-tagged GPX4 plasmid or HA-tagged UCP2
plasmid. After removing the medium, cells were harvested
and washed three times with ice-cold fresh 1 X PBS. Then,
PBS was removed and 0.5 ml of ice-cold lysis buffer (1%
NP40 lysis buffer with protease-inhibitor cocktail) was
added to each cell plate (10 cm) and incubated for at least
5 min on ice. Cell lysates were collected in microcentri-
fuge tubes and centrifuged at 14,000 X g for 10 min at 4 °C.
The supernatant was retained. Cell lysates were incubated
with protein A/G agarose beads (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 4 °C for 30-60 min with rota-
tion. After centrifugation at 12,000 X g, for 1 min at 4 °C,
the supernatants were collected into a new microcentrifuge
tube. Cell lysates were incubated with anti-Flag or anti-HA
antibodies overnight at 4 °C with rotation. The next day,
5 pl protein A/G agarose beads were added and mixed gen-
tly for 1-3 h. Immunocomplexes were then centrifuged at
12,000 x g for 1 min at 4 °C and washed three times with
200 pl PBS. Immunocomplexes were subjected to immu-
noblotting using the indicated primary and corresponding
secondary antibodies.

Real-Time RT-PCR

PrimerBank 1 (https://pga.mgh.harvard.edu/primerbank/)
was used to obtain primer sequences, which are listed in
Table 1. On the third day post-MCAO or -OGD/RX, the
penumbral region of the ischemic hemisphere and treated
cells were extracted using RNAisoPlus (#9109, Takara,
Shiga, Japan) and chloroform. The concentration and purity
of total RNA were determined, and then 1 g of total RNA
was reverse-transcribed using the PrimerScript RT reagent
kit containing gDNA FEraser (RR820a, Takara) to remove
genomic DNA. For quantitative PCR (qPCR), cDNA was
mixed with synthetic primers from the Beijing Genomics
Institute and SYBR Premix Ex Taq2 (RR047a, Takara). The
following thermocycling parameters were used: 50 °C for
2 min, 95 °C for 10 min, followed by 45 cycles of 95 °C
for 10's, 60 °C for 10 s, and 72 °C for 15 s. Finally, ¢ values
were normalized to the internal reference glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
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Table 1 Primers for RT-PCR

Genes Primers (5'-3")
TNF-a Forward GACGTGGAACTGGCAGAAGAG
Reverse = TTGGTGGTTTGTGAGTGTGAG
IL-1B Forward ~GCAACTGTTCCTGAACTCAACT
Reverse ATCTTTTGGGGTCCGTCAACTA
1IL-6 Forward GGTCCAGTTGCCTTCTCCC
Reverse GCAACAAGGAACACCACGG
1L-13 Forward CCTTAAGGAGCTTATTGAGGAGCTGAG
Reverse = CAGTTGCTTTGTGTAGCTGAGCAG
1L-10 Forward GTGGAGCAGGTGAAGAGTGA
Reverse = TCGGAGAGAGGTACAAACGAG
1L-4 Forward CCAGCTAGTTGTCATCCTGCTCTTC
Reverse =~ GTGATGTGGACTTGGACTCATTCATGG
GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse TGTAGACCATGTAGTTGAGGTCA

Western Blot Analysis

Western blotting was performed as previously described
[26]. Ipsilateral brain and cell lysates were used to extract
total protein. A bicinchoninic acid kit (G2026, Servicebio)
was used to determine protein content. Protein samples
(20 pl/well) were separated by electrophoresis on 4-15%
sodium dodecyl sulfate—polyacrylamide gels and then trans-
ferred to polyvinylidene fluoride membranes (SF1J090I08,
Millipore). Membranes were blocked for 1 h in 5% skim
milk containing PBS/0.1% Tween, followed by overnight
incubation with mouse anti-GPX4 (1:200; ab125066,
Abcam), anti-Ig (1:1000, Proteintech, Wuhan, China), anti-
UCP2 (1:1,000; ab97931, Abcam), anti-phosphorylated
(p)-AMPK (1:1.000; ab133448, Abcam), and anti-total (t)-
AMPK. After washing with PBS/0.1% Tween, membranes
were incubated at room temperature for 1-2 h with IRDye-
labeled secondary antibody (1:10,000; c60405-05, Li-Cor
Bioscience, Lincoln, NE, USA). Images were captured using
the Odyssey Western blot analysis system (LI-COR). Quan-
tity One v4.6.2 software (Bio-Rad Laboratories, Hercules,
CA, USA) was used to calculate relative band intensities,
which were then normalized to the tubulin control. All these
experiments were performed three times.

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, Boston, MA, USA,
www.graphpad.com) and SPSS 26.0 statistical software
(IBM Corp., Armonk, NY, USA) were used for analyses. All
experimental data were analyzed using mean + SD. A com-
pletely randomized one-way analysis of variance (ANOVA)
design was used to compare groups. Homogeneity of

variance was tested using the least significant difference
(LSD) t-test. p < 0.05 indicated a significant difference.

Results

Time-Course Expression and Cellular Localization
of UCP2 After Ischemic Stroke

We first investigated expression of UCP2 levels and its cel-
lular location following ischemic stroke in mice. Protein and
gene expression levels of UCP2 were measured by Western
blotting and RT-PCR in ischemic cortical tissue from groups
at different time points (6 h, 12 h, 24 h, 48 h, and 72 h) after
MCAO and the Sham group. The results showed that mRNA
and protein expression of UCP2 were markedly reduced in
a time-dependent manner after MCAO (p <0.05 compared
with the Sham group; Fig. la—c). Next, we detected pro-
tein and gene expression of UCP2 in a mouse hippocampal
cell line (HT-22) following OGD/RX. Again, Western blot-
ting and RT-PCR were used to examine protein and gene
expression of UCP2 in HT-22 cells at different time points
(O h, 4 h, 8 h, and 10 h) after OGD/RX the results showed
that mRNA and protein expression of UCP2 were mark-
edly reduced in a time-dependent manner after OGD/RX
(» <0.05 compared with 0 h group; Fig. 1d—f). To confirm
which brain cell types showed high expression of UCP2,
double immunofluorescence staining was performed. Our
results showed that UCP2-positive cells mainly co-localized
with NeuN-positive cells (a neuronal marker) in both the
Sham and MCAO groups (Fig. 2a). Moreover, immunofluo-
rescence staining revealed the significantly reduced propor-
tion of UCP2* and NeuN* neuronal cells after ischemia
(p <0.05 compared with Sham group; Fig. 2b). These results
indicate that UCP2 expression is suppressed in ischemic
stroke and that UCP2 is highly expressed in neuronal cells.

UCP2 Deficiency Aggravates Ischemic Brain Injury

Next, we explored the effects of UCP2 deficiency on
ischemic stroke. Infarct volume and brain water content were
measured at 3 days after MCAO. Neurological deficits were
measured at O h, 12 h, and 72 h after MCAO. Our results
showed that compared with WT mice, Ucp2_/ ~ mice had
increased infarct volumes and aggravated brain oedema at
3 days after MCAO (p <0.05; Fig. 3a, b, and d). Moreover,
compared with WT mice, UCP2 deficiency also increased
neurological deficit scores after MCAO (p <0.05; Fig. 3c¢).
Ferrostatin-1, a highly potent and selective small molecu-
lar inhibitor of ferroptosis, was used to examine the neuro-
protective effect of ferroptosis inhibition. We also verified
the neuroprotective effect of Ferrostatin-1 after MCAO,
compared with Sham + Fer group and MCAO + WT group,
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Fig. 1 Reduction in UCP2 coincides with cerebral I/R injury. a Rep-
resentative image of UCP2 in tissue extracts of mouse brain after
60 min of middle cerebral artery occlusion (MCAO) followed by rep-
erfusion for various durations. Tubulin was used as a loading control.
b Quantitative analysis of UCP2 protein expression levels. ¢ mRNA
levels of UCP2 measured by qPCR. RNA was extracted from mouse
brains subjected to 60 min of MCAO followed by reperfusion for var-
ious durations. d Representative image of UCP2 in HT-22 cells after

respectively (p <0.05; Fig. 3). Additionally, by treating
UcpZ_/ ~ mice with Fer-1, we found that infarct volume, brain
oedema, and neurological deficit scores could be partially
reversed in treated Ucp2~~ mice compared with untreated
Ucp2~™'~ mice (p <0.05; Fig. 3a—d). TUNEL staining labels
DNA breakpoints with 3’-OH terminals and is well known
to detect DNA damage and cell apoptosis. The levels of
DNA fragmentation and cell apoptosis were increased in
MCAO mice and significantly increased by UCP2 deficiency
(Fig. 3e, f). Fer-1 treatment partially reversed this increase.

UCP2 Deficiency Accelerates Neuroinflammation
After MCAO

Given that neuroinflammation plays an important role in
ischemic stroke, we investigated the neuroinflammatory
effect of UCP2 deficiency on ischemic stroke. We detected
activation of local resident cells (microglia) and recruitment
of peripheral immune cells (neutrophils) by immunofluo-
rescence staining. The results showed that compared with
WT mice, UCP2 deficiency significantly increased microglia
(CD68-positive cells) activation (Fig. 3g, h) and neutrophil
(MPO-positive cells) infiltration (Fig. 4a, b) in the brain on
day 3 after MCAO. In addition, we also found that mRNA
expression of proinflammatory cytokines (TNF-a, IL-1p,
and IL-6) was increased in Ucp2™~ mice compared with
WT mice after MCAO at 3 days (Fig. 4c—e). In contrast,
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determined by qPCR of RNA extracted from OGD/RX-treated HT-22
cells. Data are mean + SD for all panels. *p <0.05, **p <0.01 by one-
way ANOVA. All data are representative of five independent experi-
ments unless otherwise indicated

mRNA levels of anti-inflammatory cytokines (IL-10, IL-13,
and IL-4) were reduced (Fig. 4f-h). Quality of the RNA is
shown in Supplemental Fig. 1a. Taken together, these results
suggest that UCP2 silencing enhanced the inflammatory
response and aggravated brain injury following ischemic
stroke in mice.

UCP2 Inhibits Neuronal Ferroptosis Post-Ischemia

UCP2 is reported to increase the rate of calcium uptake,
reduce ROS production, and suppress lipid peroxidation.
Lipid peroxidation, degradation of GSH, and accumula-
tion of redox-active iron are three key events in ferrop-
tosis. Thus, we further explored the effects of UCP2 on
neuronal ferroptosis. We measured the expression of fer-
roptosis-related proteins, including GPX4, ACSL4, and
SLC7AI11. Western blotting showed increased expres-
sion of ACSL4 and decreased expression of GPX4 and
SLC7A11 in Ucp2~'~ mice compared with WT mice after
MCAO (Fig. 5a—d). Fer-1 co-treatment partially reversed
these changes (Fig. 5a—d). We next measured MDA and
GSH content in fresh brain tissue from mice in each group.
Compared with WT mice, UCP2 deficiency increased
MDA levels and reduced GSH content in MCAO mice
(p<0.05; Fig. 5e, f). These expression levels were par-
tially reversed in Ucp2~/~ mice by co-treating with Fer-
1, compared with Fer-1 alone. As there is no specific
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a

Sham

MCAO

Fig.2 Cellular location of UCP2 in brain cell types. a Representative
imaging of double immunofluorescent labeling for Iba-1 with UCP2,
NeuN with UCP2, and GFAP with UCP2 in the cerebral cortex of the
Sham group and MCAO groups. Sections were counterstained with
DAPI. b Quantitative analysis of UCP2-positive and NeuN-positive

marker to label ferroptosis, we also measured other fer-
roptosis-related indicators, specifically, 12(S)-HETE by
ELISA to detect downstream metabolites of ferroptosis in
MCAO mice. Our results showed that 12(S)-HETE lev-
els were increased after MCAO and further increased in
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cells in the Sham and MCAO groups. Scale bar=25 um. Yellow
arrows to indicate co-labeled cells. Data are mean + SD for all panels:
*p<0.05, **p <0.01 by one-way ANOVA. All data are representative
of five independent experiments unless otherwise indicated

Ucp2~'~ mice compared with WT mice (p <0.05; Fig. 5g).
Moreover, 12(S)-HETE levels increased in UcpZ_/_ mice
with Fer-1 co-treatment compared with Fer-1 only. GPX4
expression was also detected by immunofluorescence
staining. Consistent with our Western blot results, UCP2
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Fig.3 UCP2 deficiency aggravates ischemic brain damage. a
2,3,5-Triphenyltetrazolium chloride staining of brain tissue from
mice at 3 days after MCAO. Quantification of infarct sizes are shown
(b). ¢ Neurological deficit scores in mice at O h, 24 h, and 72 h after
MCAQO. d Brain water content in mice at 3 days after MCAO. e, f
Representative image and quantification of TUNEL-positive cells in

deficiency decreased the number of GPX4-positive cells
in ischemic cortical tissue after MCAO.

UCP2 Attenuates Ferroptosis in HT-22 Cells
Following OGD/RX

To determine whether UCP2 also has a neuroprotective
effect via inhibition of neuronal ferroptosis in in vitro mod-
els of ischemic stroke, we first used siRNA and vehicle
vector to downregulate HT-22 cell expression of UCP2.
OGD/RX was used to simulate I/R injury in vitro. Western
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ischemic cortical tissue from mice at 3 days after MCAO. g, h Repre-
sentative image and quantification of CD68-positive cells in ischemic
cortical tissue from mice at 3 days after MCAO. Scale bar=50 pum.
Mean +SD. *p<0.05, **p<0.01 by one-way ANOVA. n=5/group.
WT, wild-type; UCP2™/~, Ucp2.™~ mice; Fer, ferrostatin-1

blotting confirmed that si-Upc2 significantly decreased lev-
els of UCP2 protein (Supplemental Fig. 1b, ¢). OGD/RX
treatment significantly suppressed HT-22 cell viability and
increased lactate dehydrogenase (LDH) release compared
with controls, which was further reduced by Ucp?2 silenc-
ing compared with the vector control group (Fig. 6a, b).
Subsequently, Fez+, MDA, and GSH concentrations were
measured in each group. Consistent with our in vivo results,
treatment of HT-22 cells by OGD/RX also led to a visible
decrease in GSH concentration and increase in Fe** and
MDA levels in vitro. Furthermore, Ucp?2 silencing in HT-22
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Fig.4 UCP2 inhibits post-ischemic neuroinflammation. a, b Rep-
resentative image and quantification of myeloperoxidase (MPO)-
positive cells in cerebral tissue from mice at 3 days after MCAO.
c—e mRNA levels of proinflammatory cytokines (TNF-a, IL-6, and
IL-1p) in ischemic cortical tissue from mice at 3 days after MCAO.

cells exacerbated OGD/RX-induced ferroptosis by further
reducing GSH concentration and increasing Fe>* and MDA
levels (Fig. 6¢c—e). Consequently, we detected expression
of ferroptosis-related proteins, including GPX4, ACSL4,
and SLC7A11, by Western blot analysis in HT-22 cells fol-
lowing OGD/RX. Consistent with our in vivo results, the
treatment of HT-22 cells by OGD/RX reduced GPX4 and
SLC7AT11 expression levels and increased ACSL4 levels.
Ucp?2 silencing further decreased GPX4 and SLC7A11

f-h mRNA levels of proinflammatory cytokines (IL-13, IL-10, and
IL-4) in ischemic cortical tissue from mice at 3 days after MCAO.
Scale bar=50 um. Mean+SD. *p<0.05, **p<0.01 by one-way
ANOVA. n=3/group. WT, wild-type; ucp2—'-, Ucp2.'/ ~ mice; Fer,
ferrostatin-1

levels and increased ACSL4 levels (Fig. 6f—i). Lipid per-
oxidation measured using the C11-BODIPY 581/591 probe
is the gold standard for detection of ferroptosis [27], but
is not suitable for in vivo experiments. Thus, we used the
lipid peroxidation-sensitive dye, BODIPY 581/591 Cl1, for
in vitro HT-22 cells. We found that OGD/RX increased lipid
peroxidation levels in HT-22 cells, and that UCP2 down-
regulation aggravated OGD/RX-induced lipid peroxidation
(Fig. 6j, k). To further determine the critical role of UCP2
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Fig.5 UCP2 inhibits post-ischemic neuronal ferroptosis. a Rep-
resentative image and quantification of glutathione peroxidase 4
(GPX4) expression in mouse brain after 3 days of MCAO. Tubulin
was used as a loading control. Ferroptosis-related indicators, includ-
ing malondialdehyde (MDA) (b), glutathione (GSH) (c¢), and 12(S)-
hydroxyeicosatetraenoic acid (12[S]-HETE) (d) were measured

in lipid peroxidation following ischemic stroke in vitro, we
used Fer-1 to rescue neurons exposed to OGD/RX. Simi-
lar to our in vivo results, Fer-1 treatment in Ucp2-silenced
HT-22 cells led to decreased lipid peroxidation levels com-
pared with the untreated Ucp2-silenced group (Fig. 61, m).
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using commercial kits. e, f Representative image and quantification
of GPX4-positive cells in cerebral tissue from mice at 3 days after
MCAQO. Scale bar=50 pm. Mean+SD. **»<0.01, ***»<0.001 by
one-way ANOVA. n=>5/group. WT, wild-type; UCP27/~, Ucp2.7/~
mice; Fer, ferrostatin-1

Next, to further confirm the neuroprotective effect of
UCP2 in ischemic stroke, we transfected HT-22 cells with
an overexpression plasmid for UCP2. Western blotting was
used to determine the transfection efficiency (Supplemental
Fig. 1b, c). Expectedly, UCP2 overexpression prominently
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Fig.6 UCP2 knockdown aggravates neuronal ferroptosis after OGD/
RX. a Cell viability and b lactate dehydrogenase (LDH) release were
measured and quantified in transfected HT-22 cells subjected to oxy-
gen—glucose deprivation and reoxygenation (OGD/RX) or untreated
(Ctrl). Levels of Fe?* (c), glutathione (GSH) (d), and malondialde-
hyde (MDA) (e) were measured in transfected HT-22 cells sub-
jected to OGD/RX. f, i Representative and quantitative images of
GPX4, ACSL4, and SLC7A11 in HT-22 cells transfected with NC or
si-Ucp2 and subjected to OGD/RX or normal conditions. j, k Rep-

enhanced HT-22 cell viability and decreased LDH release
under OGD/RX conditions (Fig. 7a, b). Next, we deter-
mined the concentrations of Fez+, MDA, and GSH in each
group. The levels of Fe>* and MDA in the OGD/RX group
were significantly higher compared with the control group,
while UCP2 overexpression decreased Fe?* and MDA con-
centrations in HT-22 cells (Fig. 7c, d). The levels of GSH

&

resentative histograms and mean fluorescence intensity (MFI) of
BODIPY oxidation in HT-22 cells transfected with NC or si-Ucp2
and subjected to OGD/RX or normal conditions. 1, m Representative
histograms and MFI of BODIPY oxidation in HT-22 cells transfected
with NC or si-Ucp2 and subjected to OGD/RX with or without Fer-
1. Mean+SD. *»<0.05, **»<0.01 by two-way ANOVA. All data
are representative of three independent experiments unless otherwise
indicated. Ctrl, control group without Ucp2 knockdown; NC, negative
control group without OGD/RX treatment

were considerably reduced in the OGD/RX group, and sig-
nificantly reversed by UCP2 overexpression. Moreover, we
also investigated the effects of UCP2 overexpression on
ferroptosis-related proteins, including GPX4, ACSL4, and
SLC7A11. Western blot results showed reduced expres-
sion of GPX4 and SLC7A11 levels, and increased ACSL4
expression in HT-22 cells following OGD/RX. UCP2
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Fig.7 UCP2 overexpression inhibits neuronal ferroptosis after OGD/
RX. a Cell viability and b lactate dehydrogenase (LDH) release were
measured and quantified in transfected HT-22 cells subjected to oxy-
gen—glucose deprivation and reoxygenation (OGD/RX) or untreated
(Ctrl). Levels of Fe?* (c), glutathione (GSH) (d), and malondialde-
hyde (MDA) (e) were measured in transfected HT-22 cells subjected
to OGD/RX. f, i Representative and quantitative images of GPX4,

overexpression reversed the levels of GPX4 and SLC7A11
and reduced ACSL4 expression. Taken together, these
results suggest that endogenous UCP2 attenuates ferropto-
sis and therefore plays a protective role following ischemic
stroke.

UCP2 Reduces Microglia-Mediated Inflammation

Microglia are major contributors to the neuroinflammation
of ischemic stroke. To simulate I/R injury, we performed
OGD/RX in BV2 cells and then knocked-down Ucp2 with
siRNA and vehicle vectors individually transfected into BV2
cells. We measured the levels of proinflammatory cytokines
(including TNFa, IL-6, and IL-1f), and anti-inflammatory
cytokines (including IL-13, IL-10, and IL-4) by ELISA
analysis. Our results show that Ucp2 silencing increased
TNFa, IL-6, and IL-1p levels, and reduced IL-13, IL-10,
and IL-4 levels in BV2 cells after OGD/RX (Fig. 8a—i). We
also detected lipid peroxidation levels in BV2 cells using
BODIPY 581/591 C1. We found no significant difference
in lipid peroxidation between control groups and Ucp?2
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ACSL4, and SLC7A11 in HT-22 cells transfected with NC or UCP2-
OE and subjected to OGD/RX or normal conditions. Mean+ SD.
*p<0.05, **p <0.01 by one-way ANOVA. All data are representative
of three independent experiments unless otherwise indicated. Ctrl,
control group without UCP2 overexpression; NC, negative control
group without OGD/RX treatment

knockdown groups (Fig. 8h). To further confirm that UCP2
attenuates neuroinflammation following ischemic stroke,
we transfected BV2 cells with an overexpression plasmid
for UCP2. We again detected the levels of proinflamma-
tory cytokines and anti-inflammatory cytokines by ELISA
analysis after OGD/RX. Our results showed that UCP2 over-
expression reduced the levels of TNFa, IL-6, and IL-1p, but
increased the levels of IL-13, IL-10, and IL-4 in BV2 cells
after OGD/RX (Fig. 9a—i).

Ucp2 Knockdown Suppresses the AMPKa/NRF1
Pathway After I/R Injury

5" AMP-activated protein kinase (AMPK)-a activation is
responsible for maintaining mitochondrial homeostasis under
various stress perturbations. We used Western blot analysis to
measure the expression of AMPKo/nuclear respiratory fac-
tor 1 (NRF1) pathway-related proteins, including p-AMPKa,
t-AMPKa, NRF1, and mitochondrial transcription factor A
(TFAM). Our results showed reduced expression of UCP2,
p-AMPKa, NRF1, and TFAM in Ucp2~'~ mice at 3 days after
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Fig.8 Silencing of UCP2 enhances microglia-mediated inflamma-
tion. a—c¢ The levels of anti-inflammatory cytokines (IL-13, IL-10,
and IL-4) in microglial BV2 cells transfected with NC or si-Ucp2 and
subjected to OGD/RX or normal conditions; determined by ELISA.
d—f The levels of pro-inflammatory cytokines (TNF-a, IL-6, and
IL-1p) in microglial BV2 cells transfected with NC or si-Ucp2 and
subjected to OGD/RX or normal conditions; determined by ELISA.

g, h Flow cytometry analysis of representative histograms and mean
fluorescence intensity (MFI) of BODIPY oxidation in microglial
BV2 cells transfected with NC or si-Ucp2 and subjected to OGD/RX.
Mean +SD. *p<0.05, **p<0.01 by one-way ANOVA. n=5/group.
Ctrl, control group without Ucp2 knockdown; NC, negative control
group without OGD/RX treatment
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Fig.9 Overexpression of UCP2 reduces microglia-mediated inflam-
mation. a—c¢ The levels of anti-inflammatory cytokines (IL-13, IL-10,
and IL-4) in microglial BV2 cells transfected with NC or UCP2-
OE and subjected to OGD/RX or normal conditions; determined by
ELISA. d—f The levels of pro-inflammatory cytokines (TNF-a, IL-6,

MCAQO. Genetic depletion of Ucp2 reduced the expression
of p-AMPKa, NRF1, and TFAM (Fig. 10d-h). These results
indicate that UCP2 may exert its physiological effect by regu-
lating the AMPK/NFRI1 signaling pathway. Moreover, GPX4
is a unique lipid hydroperoxidase enzyme that prevents fer-
roptosis by disrupting the lipid peroxidation chain reaction.
Interestingly, in our study, we found that UCP2 suppressed
the process of neuronal ferroptosis by directly interacting with
GPX4. First, we detected UCP2 and GPX4 expression in the
cytoplasm of HT-22 cells by immunofluorescence analysis
after OGD/RX (Supplemental Fig. 2a). Then, HA-tagged
UCP2 or Flag-tagged GPX4 were overexpressed in HT-22
cells after OGD/RX. Immunoprecipitation results showed that
UCP2 co-immunoprecipitated GPX4 and vice versa (Supple-
mental Fig. 2b, c).

Discussion
Based upon the results of our present study, we hypothesize

a dual neuroprotective role for UCP2 in ischemic stroke,
including the alleviation of ferroptosis and inhibition of
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and IL-1p) in microglial BV2 cells transfected with NC or UCP2-
OE and subjected to OGD/RX or normal conditions; determined by
ELISA. Mean + SD. *p <0.05, *#p<0.01 by one-way ANOVA. n=5/
group. Ctrl, control group without UCP2 overexpression; NC, nega-
tive control group without OGD/RX treatment

the neuroinflammatory response. We first found that UCP2
deficiency aggravated I/R injury by promoting lipid per-
oxidation, accelerating neuronal ferroptosis, and stimulat-
ing microglial activation and neutrophil infiltration after
ischemic stroke in vivo and in vitro. Importantly, we also
intimate that UCP2 may exert its physiological effect by
regulating the AMPK/NFRI1 signaling pathway following
ischemic stroke. Additionally, we found a protective role of
UCP2 in the progression of lipid peroxidation and ferropto-
sis may by direct interaction with GPX4.

Previous research has suggested that UCP2 regulates the
cellular redox state by promoting mitochondrial hydrogen
peroxide release and transporting intramitochondrial protons
to an extramitochondrial site [28, 29]. In the central nerv-
ous system, UCP2 is widely expressed in neurons, residing
and invading microglia, neutrophils, and endothelial cells
[30]. Recent investigations have implicated UCP2 in diverse
diseases, including obesity and diabetes [31, 32], atheroscle-
rosis [33], neurodegenerative diseases [34-36], and cancer
[37]. Our findings show that UCP2 appears to protect the
brain against cerebral I/R injury. After MCAO in mice and
OGD/RX in neuronal cell lines, expression of UCP2 was
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decreased with increasing reperfusion time. Immunofluo-
rescence results showed that UCP2 labeling co-localized
predominantly with NeuN (a neuronal marker), compared
with CD68 (a microglia/macrophage marker) and GFAP (an
astrocyte marker), suggesting that UCP2 is mainly expressed
in neurons. As ischemic stroke induced a reduction in UCP2,
we used Ucp2~'~ mice to test its effects on brain ischemia.
We found that Ucp2~/~ mice had increased infarct volumes,
neurological deficit scores, and cerebral oedema compared
with WT mice. Consistent with these in vivo results, Ucp2
knockdown also reduced the viability of HT-22 cells fol-
lowing OGD/RX.

Ferroptosis was first identified by Stockwell et al., in 2012
[12] as a new form of regulated cell death, and has since
been closely correlated with many diseases [38, 39]. There
are four key factors in the process of ferroptosis induction:
iron, polyunsaturated fatty acids, oxygen, and a reduction
in antioxidants [40]. Owing to its high lipid abundance and
possibly fewer antioxidant properties, the brain is extremely
susceptible to lipid peroxidation-induced injury during cer-
ebral ischemia and reperfusion. Moreover, previous stud-
ies have shown that ferroptosis is implicated in ischemic
stroke, while ferroptosis inhibitors (such as liproxstatin-1
and Fer-1) prevent brain injury in MCAO mice MCAM
[21]. Recently, as a crucial regulator of mitochondrial ROS,
UCP2 was shown to play a critical role in the antioxidant
defense mechanism. However, whether UCP2 protects from
I/R injury by inhibiting ferroptosis is unclear. In this study,
we found that Ucp2 knockdown aggravated levels of lipid

peroxidation, increased accumulation of Fe** and MDA, and
reduced GPX4 expression in MCAO and OGD/RX ischemia
stroke models. Moreover, genetic depletion of Ucp2 wors-
ened ferroptosis in vivo and in vitro, which was efficiently
rescued by the ferroptosis inhibitor, Fer-1.

Ferroptosis is influenced by a variety of critical fac-
tors, including SLC7A11, a vital cysteine transporter
that transports extracellular cystine into cells. Cysteine
is converted into GSH, which can be used by GPX4 to
reduce lipid hydroperoxides for suppressing ferroptosis.
Once system x.~ is inhibited, cell ferroptosis is induced.
SLC7A11 has been shown to modulate ferroptosis in
multiple studies. Liu et al. found that pumilio RNA bind-
ing family member 2 suppressed SLC7A11 by inhibiting
sirtuin 1 to aggravate brain injury in MCAO mice [41].
Moreover, Zhu et al. also reported that miR-27a upregu-
lated ferroptosis via SLC7A11, which aggravated cerebral
I/R injury [42]. Consistent with previous studies, we also
found that SLC7A11 expression was downregulated in our
ischemic stroke model. UCP2 deficiency further reduced
SLC7AT11 expression and aggravated ferroptosis. Impor-
tantly, we found that UCP2 suppressed the process of neu-
ronal ferroptosis by directly interacting with GPX4. It is
well known that UCP2 is mainly expressed in mitochon-
dria, while GPX4 is mostly expressed in the cytoplasm and
to a lesser extent in mitochondria. We hypothesized that
following ischemic stroke, ischemia and hypoxia lead to
mitochondrial dysfunction or even rupture, which releases
UCP2 into the cytoplasm where it binds to GPX4. Recent
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research has found that FUN14 domain containing 1, a
mitophagy receptor located in mitochondria, directly binds
to GPX4 to govern hepatic ferroptosis [43]. However, due
to experimental conditions, we did not explore whether
UCP2 can modify GPX4, how UCP2 is released into the
cytoplasm, and whether UCP2 can bind to GPX4 in mito-
chondria in our present study.

The over-activated inflammatory response in the brain
after ischemic stroke is considered a radical factor in brain
injury, and blamed for the poor outcomes. Anti-inflam-
matory medications or nervous system treatments can be
effective in alleviating brain injury and improving neuro-
logical outcomes [44]. After ischemia, primary immune
cells, such as microglia and astrocytes, become dramati-
cally activated, resulting in the release of inflammatory
mediators and the invasion of peripheral inflammatory
cells [45, 46]. These cells, in turn, may further aggravate
neuronal damage in the cerebral ischemic penumbra and
exacerbate damage in surrounding regions [46]. Several
studies have suggested an important role of UCP2 in
inflammatory responses [47]. UCP2 deletion in microglia
can prevent changes in mitochondrial dynamics and func-
tion, microglial activation, and hypothalamic inflamma-
tion [48]. Thus, we assumed that Ucp2 silencing would
enhance neuroinflammation during ischemic stroke. Our
immunofluorescence and RT-PCR results confirmed this
hypothesis. The levels of microglial activation and neutro-
phil infiltration were increased in UcpZ_/ ~ mice. Moreover,
Ucp?2 deletion enhanced the levels of proinflammatory fac-
tors, including TNFa, IL-6, and IL-1p, and reduced the
levels of anti-inflammatory cytokines, including IL-13,
IL-10, and IL-4 in our in vitro and in vivo I/R models.

In conclusion, we demonstrate the importance of UCP2-
regulated ferroptosis and neuroinflammation in ischemic
stroke. Given the importance of ferroptosis and inflamma-
tory responses in ischemia, UCP2 may be a new target for
treating brain damage caused by ischemia stroke.

Our research has limitations. First, as previously stated,
cerebral I/R injury encompasses multiple pathological pro-
cesses; we only studied the relationship between mitochon-
drial dysfunction (using a related protein, UCP2), inflam-
mation, and ferroptosis after ischemic stroke. Thus, we
have not determined whether UCP2 can alleviate cerebral
I/R injury via other pathways. Second, according to cer-
ebral I/R injury, several signaling pathways are involved
in mitochondrial dysfunction. We acknowledge the impor-
tance of the AMPK/NFR1 pathway but cannot exclude
other possibilities. Finally, although we demonstrate that
UCP2 is interacts directly with GPX4, the details of how
UCP2 and GPX4 are altered remain unknown.
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