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ARTICLE INFO ABSTRACT
Keywords: We have previously shown that a fatty acid-binding protein7 (FABP7) inhibitor ameliorates cerebral ischemia-
Ischemic stroke reperfusion injury in mice, suggesting an association between FABPs and ischemic neuronal injury. However,
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the precise role of FABPs in ischemic neuronal injury remains unclear. In this study, we investigated the role of
FABPs in ischemia-reperfusion neuronal injury. FABP3, FABP5, and FABP7 were upregulated in the ischemic
penumbra regions in mice. However, only FABP3 and FABP5 were expressed in injured neurons. Furthermore,
FABP3 and FABP5 accumulated in the mitochondria of ischemic neurons. Overexpressing either FABP3 or FABP5
aggravated the reduced mitochondrial membrane potential and induced cell death in human neuroblastoma SH-
SY5Y cells during oxidative stress. This damage was mediated by the formation of BAX-containing pores in the
mitochondrial membrane. Moreover, FABP5 mediates lipid peroxidation and generates toxic by-products (i.e., 4-
HNE) in SH-SY5Y cells. HY11-08 (HY08), a novel FABP3 and 5 inhibitor that does not act on FABP7, significantly
reduced cerebral infarct volume and blocked FABP3/5-induced mitochondrial damage, including lipid peroxi-
dation and BAX-related apoptotic signaling. Thus, FABP3 and FABP5 are key players in triggering mitochondrial
damage in ischemic neurons. In addition, the novel FABP inhibitor, HY08, may be a potential neuroprotective
treatment for ischemic stroke.

Mitochondria are the most important organelles for cellular energy
metabolism and are critical for neuronal survival [4,5]. Although there
are various pathways regulating neuronal death following cerebral
ischemia, mitochondrial dysfunction is a major cause of cell death.
Maintaining mitochondrial function homeostasis is crucial for neuronal
survival and function. During ischemia-reperfusion, mitochondria are
the main source of oxidative stress [6,7]. In mitochondria, large
amounts of free radicals and reactive oxygen species are produced,
which cause oxidative damage to lipids, proteins, and DNA. Lipid per-
oxidation is a key manifestation of the oxidative stress response from
ischemia-reperfusion and is closely related to ischemic neuronal death
[8,9]. Mitochondria contain abundant polyunsaturated fatty acids that
are prone to lipid peroxidation. Importantly, mitochondrial membrane
proteins are the main targets of lipid peroxidation-mediated damage.
The major product of lipid peroxidation, 4-hydroxynonenal (4-HNE)
rapidly accumulates after cerebral ischemic injury [10,11].

1. Introduction

Stroke is the leading cause of disability and cognitive deficits, and is
the second leading cause of mortality worldwide. Approximately 80% of
cases are ischemic stroke [1]. Neuronal death is a major cause of
disability and death in stroke patients that occurs shortly after an
ischemic episode. Owing to their inherently high energy demands,
neurons are particularly susceptible to low glucose and ATP and are
extremely vulnerable to ischemic events [2]. Neurons in the ischemic
core area die within the first few hours, whereas cells in the surrounding
ischemic penumbra suffer reversible damage that lasts for hours to days,
finally leading to cell death [3]. Currently, the development of neuro-
protective agents is slow and remains difficult. Thus, it is necessary to
investigate specific pathways or critical molecules involved in ischemic
neuronal death to develop novel ischemic stroke treatment strategies.
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Abbreviations
AA arachidonic acid
ANOVA analysis of variance
ANS 1-anilinonapthalene 8-sulfonic acid
BBB blood-brain barrier

BAX Bcl-2-associated X protein
Bcl-2 B-cell lymphoma-2

CMC carboxymethyl cellulose
FABP fatty acid-binding protein
GST glutathione S-transferase

4-HNE  4-hydroxynonenal; I/R, ischemia/reperfusion
MOMP  mitochondrial outer membrane permeabilization
NAC N-Acetyl cysteine

PBS phosphate-buffered saline

PFA paraformaldehyde

ROS reactive oxygen species

SEM standard error of the mean

tMCAO/R transient middle cerebral artery occlusion/reperfusion
T-TBS Tris-buffered saline with 0.1% Tween 20

TTC 2,3,5-triphenyltetrazolium chloride

VDAC-1 Voltage-dependent anion-selective channel 1

Furthermore, the endogenous pathway mediating apoptosis is the
mitochondrial pathway that is characterized by mitochondrial outer
membrane permeabilization (MOMP) and subsequent cytochrome c
release [12]. The pro-apoptotic protein BAX is the direct executor of
MOMP. BAX is mostly found in the cytoplasm of healthy cells. However,
once activated, BAX oligomerizes on the mitochondrial outer mem-
brane, which facilitates MOMP. Then, cytochrome c is released into the
cytoplasm, thereby initiating caspase-linked reactions that lead to cell
death [13,14]. Thus, BAX oligomerization is an important element in
determining the initiation of apoptosis. However, the specific mecha-
nism of BAX oligomerization remains unclear.

FABPs are a family of lipid chaperone proteins that enhance cellular
fatty acid solubilization, transport, and metabolism. These proteins are
essential for lipid metabolism, gene regulation, cell signaling, and cell
proliferation and differentiation. FABPs are divided into at least 12
subtypes, each with different tissue specificities. FABP3, FABP5, and
FABP?7 are expressed in the brain. Many studies have linked these three
FABP subtypes to neuronal damage and inflammatory pathways in
various neurodegenerative disorders [15-19]. Abnormal FABP expres-
sion occurs in patients with neurodegenerative diseases, such as Alz-
heimer’s and Parkinson’s disease. FABP3 levels in the cerebrospinal
fluid [20] and FABP7 in the blood [21] are significantly elevated in these
neurodegenerative diseases. FABP3 and FABP7 are important molecules
in Parkinson’s disease pathogenesis because they induce a-synuclein
aggregation [22]. Furthermore, FABP5 upregulation hastens the onset of
experimental autoimmune encephalomyelitis (EAE) in mice, a model of
multiple sclerosis [23,24]. In amyotrophic lateral sclerosis (ALS) mouse
astrocytes, FABP7 overexpression directly enhances nuclear factor-xB
(NF-kB)-driven inflammatory responses and ultimately reduces motor
neuron survival [25]. Although these findings suggest that FABPs may
play a role in the onset and progression of neurodegenerative diseases,
there have been few studies on FABP during ischemic stroke.

In a previous study, we revealed that a FABP7 inhibitor, MF6, which
has high binding affinity for FABP7 but weakly binds FABP3 and FABP5,
significantly rescued cerebral ischemia-reperfusion injury in mice with
transient middle cerebral artery occlusion by inhibiting inflammatory-
related responses [26]. This result implies that FABP7 may be
involved in the development of ischemic stroke. Moreover, it remains
unknown whether FABP3 and FABP5 are also linked to the development
of ischemic brain injury, and whether FABPs play a direct role in
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ischemic neuronal death. Thus, we investigated the role of FABP3 and
FABP5 in ischemic brain injury. We synthesized and screened HY11-08
(HYO08), a novel ligand with a strong affinity for FABP3/5. Then, we
explored the relationship between FABPs and ischemic neuronal
apoptosis in cerebral ischemia-reperfusion mice to determine whether
FABPs are involved in apoptosis. Our study will facilitate understanding
the association between FABPs and ischemic neuronal death.

2. Materials and methods
2.1. Animals

Male ICR mice (5 weeks old, 25-30 g) were purchased from Japan
SLC Inc. (Shizuoka, Japan). The animals were housed under conditions
of constant temperature and humidity, with a 12-h light-dark cycle
(lights on: 09:00-21:00), and ad libitum access to food and water. All
procedures for handling animals complied with the Guide for Care and
Use of Laboratory Animals and were approved by the Animal Experi-
mentation Committee of the Tohoku University Graduate School of
Pharmaceutical Sciences.

2.2. Surgical procedures used for establishing tMCAO/R

A mouse model of transient middle cerebral artery occlusion/
reperfusion (tMCAO/R) was created as previously described [27].
Briefly, all mice were anesthetized with a combination of 0.3 mg/kg
medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol. The
tMCAO surgical procedure was performed as follows: a silicone-coated
6-0 suture (Doccol Corporation, USA) was inserted from the right
external carotid artery to the internal carotid artery, extending to the
origin of the middle cerebral artery. The suture was left in place for 2 h.
Then, the suture was removed, and reperfusion was performed. Mice in
the sham operation group underwent the same procedure, except the
suture was not inserted. Following reperfusion, mice were sacrificed at
the indicated time points. During ischemia/reperfusin (I/R), the core
body temperature of each mouse was maintained at 37°C using a
homoeothermic heating blanket. Regional cerebral blood flow (rCBF)
was monitored using laser Doppler flowmetry (FLOC1, OMEGAWAVE,
Tokyo, Japan) to confirm whether the right brain hemisphere was in an
ischemic state. Surgery was considered successful when rCBF was
reduced by approximately 70-90%, as previously described [28].

2.3. Infarct volume evaluation

After 24 h or 7 days of reperfusion, the mice were decapitated, the
brains were rapidly removed, and were chilled at —30 °C for 10 min. The
brains were cut into five 2-mm thick slices, incubated in 1% 2,3,5-triphe-
nyltetrazolium chloride (TTC, Wako, Japan) for 20 min at 37 °C, and
soaked overnight in 4% paraformaldehyde (PFA; Sigma, USA). This
procedure stained the non-infarcted parts red, whereas the infarcted
areas appeared white. Infarct volumes were measured using ImageJ
software (NIH, Bethesda, MA, USA) and are represented as the per-
centage of the total hemisphere.

2.4. Neurological score

Neurological function was evaluated prior to collecting mouse brain
tissue using a neurological deficit grading system with a scale ranging
from O to 4, as described previously [28]. The following scale was
employed as a rating system: 0, normal motor function; 1, forelimb
flexion when lifted by the tail; 2, circling to the contralateral side when
held by the tail on a flat surface, but in a normal posture at rest; 3,
spontaneous leaning towards the contralateral side when moving freely;
and 4, no spontaneous motor activity with an apparent reduction in
consciousness. Mice in the sham operation group exhibited no neuro-
logical deficits.



Q. Guo et al.
2.5. Drug administration

HY08 was provided by Shiratori Pharmaceutical Co., Ltd. The
chemical structure of HYO08 is shown in Fig. 2A. HY08 was dissolved in
0.5% carboxymethyl cellulose (CMC) and administered p.o. at different
doses (0.05, 0.1, 0.3 or 1.0 mg/kg) immediately before the experiments
were initiated, according to the experimental schedule described in
Supplemental Figs. 1A and B. An equivalent volume of 0.5% CMC was
orally administered to the corresponding control group.

2.6. ANS replacement assay

The affinity of HY08 for FABPs was assessed using the 1-anilinonap-
thalene 8-sulfonic acid (ANS) displacement assay [29]. Briefly, N-ter-
minal glutathione S-transferase (GST)-tagged FABPs were prepared in E.
Coli BL21(DE3) competent cells (Novagen, Madison, WI, USA) and pu-
rified using GST purification kit (Clontech) as per manufacturer’s pro-
tocol. 4 M ANS, HY08 (0, 0.1, 1.0, 2.0, 4.0 uM), and 0.4 pM GST-FABP3
(or GST-FABP5 or GST-FABP7) were mixed in reaction buffer (10 mM
KH3POy4, pH 7.5 and 40 mM KCl). After incubation for 2 min at 25 °C, the
fluorescence intensity was measured at 355/460 nm using a Flex Station
3 spectrophotometer (Molecular Devices, San Jose, CA, USA). Fluores-
cence intensity was calculated as a percentage of it in the absence of
HY08 (0 pM). The apparent dissociation constant (Kq) was analyzed by
nonlinear regression using the GraphPad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA). K4 values were estimated in three
separate experiments. The data are presented as the mean + SEM.

2.7. Cell culture and transfection

Human neuroblastoma cells (SH-SY5Y) were obtained from the
RIKEN BRC Cell Bank (Tsukuba, Japan). Cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Wako) supplemented with
15% fetal bovine serum (FBS, Gibco, CA, USA) and 1% penicillin-
streptomycin at 37 °C in a humidified incubator with 5% CO2/95%
air. Human FABP3 or FABP5 expression plasmids were produced and
inserted into the multiple cloning site of plasmid pcDNA3.1 (Invitrogen,
Carlsbad, CA, USA). A noncoding plasmid (pcDNA3.1) was used as the
control group. The human FABP5 shRNA plasmid was obtained from
Sigma-Aldrich. The sequence was CCGGTGAGCAAATCTCCA-
TACTGTTCTCGAGAACAGTATGGAGATTTGCTCATTTTTTG. Cell trans-
fection was carried out using Lipofectamine LTX and Plus Reagent
(Invitrogen) by incubation for 6 h at 37 °C. At 48 h post-transfection,
cells were treated with rotenone, HY08, N-acetylcysteine (NAC), Bax
inhibitor peptide V5 (BIP-V5), or BSA-fatty acid. After treatment, the
cells were maintained in DMEM (1% penicillin-streptomycin) without
FBS for 24 h and were then used for the following experiments. Rote-
none (1 uM), HY08 (0.3 pM), NAC (1 pM), and BIP-V5 (50 pM) were
prepared in dimethyl sulfoxide (DMSO). Arachidonic acid (AA), doco-
sahexaenoic acid (DHA), linoleic acid (LA), and oleic acid (OA) were
incubated with BSA (Sigma, A7030, fatty acid free) at a 1:5 ratio in
binding buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl) at 37 °C for
30 min to prepare BSA-fatty acid complexes.

2.8. Mitochondria isolation

Mitochondria and cytoplasm were isolated as previously described
[30]. Briefly, brain tissues or cells were suspended in mitochondrial
isolation buffer (250 mM sucrose, 1 mM dithiothreitol, 10 mM KClI,
1 mM EDTA, 1.5 mM MgCl,, protease inhibitors, and 20 mM Tris-HCl,
pH 7.4) and were then homogenized with approximately 50 strokes of
a glass-pestle homogenizer on ice. The homogenate was centrifuged
three times at 800xg for 10 min. The supernatant was then centrifuged
at 15,000xg for 10 min. The supernatants were collected as cytosolic
fractions (without mitochondria). The mitochondrial pellets were
immediately washed three times with mitochondrial isolation buffer and
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were subsequently homogenized with Triton X-100 buffer, as described
above. The supernatants were collected as mitochondrial fractions. All
steps were performed at 4 °C. Protein concentrations were determined
using Bradford assays. The quantity of cytosolic fractions and mito-
chondria were estimated by quantifying B-actin and voltage-dependent
anion channel (VDAC)-1, respectively, via Western blot assay.

2.9. Cell counting kit assay

Cell viability was measured using CCK-8 Cell Counting Kit-8
(Dojindo, Kumamoto, Japan). Cells were cultured in 96-well micro-
plates and 10 pL of CCK-8 solution were added to each well. Plates were
incubated for 2h at 37°C. The optical absorbance at 450 nm was
measured using a microplate reader (Flex Station 3, Molecular Devices,
San Jose, CA, USA).

2.10. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was measured using a JC-1
MitoMP Detection Kit (Dojindo, MT09, Kumamoto, Japan). JC-1 is a
cationic fluorescent dye that forms aggregates and emits red fluores-
cence at high membrane potentials. However, when the membrane
potential decreases, JC-1 becomes a monomer and emits green fluores-
cence. Cells were cultured in 35 mm glass-bottom dishes (Matsunami
Glass Ind., Osaka, Japan) and treated with rotenone and HY08 (or FABP
plasmid/NAC). Treated cells were incubated with 2 pM JC-1 working
solution at 37 °C for 30 min, and then washed twice with PBS. After
washing, JC-1 imaging buffer was added and fluorescence images were
collected by using a confocal laser-scanning microscope (Nikon, Tokyo,
Japan) at 488nm (excitation)/500-550 nm (emission) and 561 nm
(excitation)/560-610 nm (emission). At least 300 cells from three in-
dependent experiments were counted for each group, and the fluores-
cence intensity of each cell was measured using ImageJ software. The
ratio of red/green fluorescence was used as an indicator of mitochon-
drial membrane potential.

2.11. Immunoprecipitation analysis

For immunoprecipitation analysis, protein A-sepharose was pre-
pared by suspending protein A-sepharose CL-4B (50%, v/v) in
phosphate-buffered saline (PBS) at 4 °C. Brain tissue or cell extracts
containing 500 pg of protein were incubated with 5-10 pg antibody
(FABP3, FABP5, BAX, or VDAC-1) for 4h at 4°C. The mixture was
further incubated with protein A-sepharose overnight at 4 °C with gentle
shaking. The samples were then washed three times with PBS and
separated by SDS-PAGE using commercially available gels (Cosmo Bio
Co., Ltd).

2.12. Western blot analysis

Mouse coronal sections or cells were harvested and homogenized in
lysis buffer (50 mM Tris-HCl pH 7.4, 0.5% Triton X-100, 4 mM EGTA,
10mM EDTA, 1 mM NazgVO4, 40 mM NayP207-10 H2O, 50 mM NaF,
100 nM calyculin A, 50 pg/mL leupeptin, 25 pg/mL pepstatin A, 50 pg/
mL trypsin inhibitor, and 1 mM dithiothreitol). The samples were then
centrifuged at 15,000 rpm for 10 min at 4 °C to collect the supernatants.
Protein concentrations were determined using Bradford assays. Then,
the samples were boiled for 3 min at 100 °C in 6 x Laemmli’s sample
buffer [31].

For electrophoresis, equal amounts of protein were loaded onto 15%
SDS-PAGE gels. After separation, the bands were transferred to a poly-
vinylidene difluoride membrane. After blocking with T-TBS solution
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) con-
taining 5% fat-free milk powder for 1h at room temperature, the
membranes were incubated with primary antibodies (Supplemental
Table 1) overnight at 4°C with gentle shaking. After washing, the
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Fig. 1. Changes in FABP3, FABP5, and FABP7 expression following ischemic stroke. (A) Differentially expressed FABP genes in the blood of acute ischemic stroke
patients (n=23) were graphed in a volcano plot, with the logs fold change on the X-axis and the -log;o P-value on the Y-axis. Red dots represent significantly
upregulated mRNA and grey points represent non-significant mRNA. (B) Changes of FABP3, FABP5, and FABP7 mRNA in whole blood within 24 h after reperfusion in
tMCAO/R rats (n = 8). (C) Schematic representation of tissues used for FABP quantification. The non-ischemic contralateral (green) and ischemic ipsilateral (pink)
hemispheres were analyzed. (D) Mice were subjected to tMCAO/R. Brain tissues were collected 6, 12, 24, and 48 h after reperfusion for Western blot analysis of FABP
levels. (E) Schematic diagram of the area where the immunofluorescence staining results were collected, which is marked with an asterisk (*). (F) Representative
immunofluorescence staining of FABP3, FABP5, or FABP7 (green), NeuN (a neuronal marker, red), GFAP (an astrocyte marker, red), and DAPI (nuclei, blue) in sham
and I/R mice. Scale bar = 100 pm. (G) The proportion of FABP3- or FABP5-expressing NeuN-positive neurons and FABP7-expressing GFAP-positive astrocytes. The
proportion of FABP3-, FABP5- and FABP7-positive cells that were neurons or astrocytes is also shown. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

membranes were incubated with the appropriate secondary antibodies
diluted in T-TBS for 2h at room temperature. The membranes were
developed using an enhanced chemiluminescence immunoblotting
detection system (Amersham Biosciences, NJ, USA) and visualized using

a luminescent image analyzer (LAS-4000 mini, Fuji Film, Tokyo, Japan).
The band densities were analyzed using ImageJ software.
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Fig. 2. Effect of HY08 on FABP expression in I/R mice. (A) Chemical structure of HY08. (B) ANS displacement assay of HY08 derivatives and GST-FABPs. The
fluorescent probe ANS (4 uM) was mixed with GST-FABP in the presence 0, 100, 1000, 2000, or4000 nM HYO08. The fluorescence intensity was measured at 460 nm.
(C) The K4 values of HY08 to FABPs were measured via ANS assay. (D) Representative Western blots. I/R mice were treated with 0.3 mg/kg MF6 at 30 min after
reperfusion. 12 h after reperfusion, brain tissues were used for Western blot analysis of FABP levels. Quantitative analyses of FABP3 (E), FABP5 (F), and FABP7 (G)
protein expression levels in contralateral and ipsilateral brain tissues. The data shown in each column represent the mean + SEM. *p < 0.05, **p < 0.01 vs. the
vehicle-treated sham group (contralateral/ipsilateral); #p < 0.05, ##p < 0.01 vs. the vehicle-treated I/R group (contralateral/ipsilateral) (n = 6 per group).

2.13. Immunofluorescence staining

Immunofluorescence staining was performed as previously described
[26]. Mice were anesthetized and transcardially perfused with ice-cold
PBS, followed immediately with 4% PFA. The brains were removed
and fixed in 4% PFA overnight at 4 °C. Then, the tissues were cut into
50-pm coronal sections using a vibratome (Dosaka EM Co. Ltd., Kyoto,
Japan). The sections were washed in PBS for 30 min, permeabilized in

PBS containing 0.1% Triton X-100 for 2 h and blocked in PBS containing
1% BSA and 0.3% Triton X-100 for 1h at room temperature. The sec-
tions were then incubated with primary antibodies in blocking solution
for 3 days at 4 °C. After washing with PBS, brain sections were incubated
with Alexa Fluor-conjugated secondary antibodies overnight at 4 °C.
After extensive washing with PBS, the brain sections were mounted on
slides using Vectashield (Vector Laboratories, Inc., Burlingame, CA,
USA). Immunofluorescence images were obtained using a confocal



Q. Guo et al. Redox Biology 59 (2023) 102547
A HY08 (p.o.) B c
0.5 h after Reper‘fuswn 2 100- 4n
Vehicle i 0.1 1.0 (mg/kg) 8 50 ®
0 2 3 34
SE @
S @ 60 ©
S< 2 5]
- (=]
O 5 40 9
S5 °
£= 3 11
§- 20+ 2
Y
Vehicle 0.05 0.1 0.3 1.0 _(mglkg) Vehicle 0.05 0.1 0.3 1.0 _(mglkg)
HYO08 HY08
D E F
HYO08 (O 3 mg/kg p.o.)
Vehicle 2 (h) @ 1007 41
E 80 [ ** *
o 2 ) 0 3]
° g 60 E
> = 2 21
25 40 2
Eg g
s = S 14
~ 9 201 2
8 0
Vehicle 0.5 1 2 (h Vehicle 0.5 1 2 (h)
HY 08 (0.3 mg/kg) HY 08 (0.3 mg/kg)
G HYO08 (p.0.) H |
0.5 h after Reperfusmn
Vehicle 0.05 0.3 (mglkg) @ 1007 4n
[
S 804 < *%k
2w )
£ = o 3
28 6o =
> = L,
B g o] g
Es [
=% 20- 3 "
2 z
S N
< T T T T 0 T T T T
Vehicle __0.05 0.1 0.3 (mglkg) Vehicle _ 0.05 0.1 0.3 (mglkg)
J HY 08 HY08
100 -8~ Vehicle
‘ | 1 - HY08 0.05 mg/kg
< 80 |
S - =+ HY08 0.1 mg/kg
£ oo ::1; & - HY08 03mohg
= g
© o
2> 40
2
=
»n 20
0 T T T T T T 1

Fig. 3. Effect of HY08 on I/R injury in mice. Mice were subjected to tMCAO for 2 h. (A-C) HY08 was administrated at different concentrations (0.5, 0.1, 0.3 or 1.0
mg/kg) 30 min after reperfusion. Representative images of TTC staining (A), quantitative analysis of the infarct volumes (B), and neurological deficits (C) at 24 h
after reperfusion (n = 7-9). (D-F) HY08 (0.3 mg/kg) was administrated 0.5, 1, or 2 h after reperfusion. Representative TTC staining (D), quantitative analysis of
infarct volumes (E), and neurological deficits (F) at 24 h after reperfusion (n = 7-8). (G-J) HY08 was administrated with different concentrations (0.5, 0.1, 0.3 mg/
kg) 30 min after reperfusion. Representative TTC staining (G), quantitative analysis of infarct volume (H), and neurological deficits (I) at day 7 after reperfusion. The
number of live mice per day in each group was recorded and the survival rate (J) was calculated (n = 9-12). The data shown in each column represent the mean +

SEM. *p < 0.05, **p < 0.01 vs. the vehicle-treated I/R group.

laser-scanning microscope (Nikon, Tokyo, Japan).

SH-SY5Y cells were cultured on glass coverslips in 12-well plates
(Corning, Glendale, AZ, USA) and fixed in 4% PFA for 10 min at room
temperature. For mitochondrial staining, cells were treated with 0.1 mM
MitoTracker Red CMXRos dye (M7512; Invitrogen) in DMEM without
FBS for 30 min at 37 °C before fixation. The cells were rinsed in PBS,
permeabilized with 0.1% Triton X-100 in PBS for 10 min, and blocked in
1% BSA in PBS for 30 min at room temperature. Cells were incubated
with primary antibodies at 4 °C overnight. After three washes with 1%
BSA/PBS, cells were incubated with secondary antibodies for 2 h at 4 °C.

2.14. Statistical analysis

All data were analyzed using SigmaPlot version 14 (SYSTAT

Software Inc., San Jose, CA, USA) and are expressed as mean =+ standard
error of the mean (SEM). Data from all experiments were analyzed by
one-way analysis of variance (ANOVA) followed by Dunnett’s test for
multiple comparisons or two-way ANOVA followed by Stu-
dent-Newman-Keuls test for multiple comparisons. p <0.05 was
considered significantly different.

3. Results

3.1. FABP3, FABP5, and FABP7 expression levels were increased in I/R
mouse brains

We first examined changes in FABP levels following ischemic stroke.
Whole-genome Affymetrix microarray analysis revealed that FABP3,
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Fig. 4. HYO08 reduces pro-inflammatory cytokine expression, oxidative stress, and apoptosis in I/R mice. (A-D) Representative Western blots (A). Quantitative
analyses of cleaved caspase-3 (B), IL-1p (C), and TNF-a (D) protein expression in contralateral and ipsilateral brain regions (n=4). (E) Schematic diagram of
mitochondrial isolation from brain tissue. (F-J) Representative Western blots (F). Quantitative analyses of 4-HNE (G and H) and cytochrome ¢ (I and J) protein
expression in the mitochondrial fraction (with VDAC-1 as the internal reference) and the cytosolic fraction (with B-actin as the internal reference) in contralateral and
ipsilateral brain tissues (n = 4). The data shown in each column represent the mean + SEM. *p < 0.05, **p < 0.01 vs. the vehicle-treated sham group (contralateral/
ipsilateral); *p < 0.05, *#p < 0.01 vs. the vehicle-treated I/R group (contralateral/ipsilateral). (K) Representative immunofluorescence staining of 4-HNE (green),
TOM20 (a mitochondrial marker) or NeuN (red), and DAPI (blue); FABP (green), 4-HNE (red), and DAPI or NeuN (blue) in I/R mice. Scale bar = 30 pm. (L) Schematic
diagram of HY08 inhibition of mitochondria-related apoptosis pathways during ischemic injury. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)



Q. Guo et al.

Mitochondrial

Redox Biology 59 (2023) 102547

A Sham Reperfusion 12h B C
Vehicle HY08 Vehicle HYO08
con ips con ips con ips con ips (kDa) 3.57 *% 3.57 *%
FABP3 | —_——— |—15 £ 3.0 E 3.0-
. ] w2
c&) S 2.54 ok st 2 S 2.5
FABP5 | -“‘|— 12 [} o)
[a ] ] [= 4] A
; , S3 2.0 ST 2.0 *
3 3 s % 1.5 5 é 1.54 e
2 E 1.0 Q£ 10
w5 w5
£ 0.5 £ 0.5
0.0~ 0.0-
Vehicle HY08 Vehicle HY08 Vehicle HY08 Vehicle HY08
Cytosolic Sham Reperfusion 12h Sham Reperfusion 12h
D Sham Reperfusion 12h E
Vehicle HY08 Vehicle HY08
con ips con ips con ips con ips (kDa) 2.57 2.51 *%
FABP3 l—.-.”-.‘_w c § 2.0 £ 5 2.07 *
— 5% *x ¥¥ 5%
FABP5 ’ L e e o — . —— 1_12 © 9 45 ® S 4154
a5 Qg ##
- — o g # 5 Q@
FABP7i —— . - l—12 o = 1.04 o N 10
me [ ]
SE 3
VDAC-1}"—-"“ - "“‘|—30 g 0.5 S
p-actin | T e eEE——— ‘_42 -
Vehicle HY08 Vehicle HY08 Vehicle HY08 Vehicle HY08
Sham Reperfusion 12h Sham Reperfusion 12h
G FABP3 TOM20 DAPI Zoom FABP5 TOM20 NeuN Zoom

Merge

IR 12h SHAM
(peri)

I/IR12h
+ HY08 (peri)

Merge

Fig. 5. FABP3 and FABP5, but not FABP7, accumulate in the mitochondria of ischemic neurons. (A-C) Representative Western blots (A). Quantitative analyses of
FABP3 (B) and FABP5 (C) protein expression in the mitochondrial fraction. (D-F) Representative Western blots (D). Quantitative analyses of FABP3 (E) and FABP5
(F) protein expression in the cytosolic fraction. The data shown in each column represent the mean + SEM. *p < 0.05, **p < 0.01 vs. vehicle-treated sham group
(contralateral/ipsilateral); #p < 0.05, *#p < 0.01 vs. vehicle-treated I/R group (contralateral/ipsilateral) (n = 4). (G) Representative immunofluorescence staining of
FABP3 (green), TOM20 (red) and DAPI (blue); FABP5 (green), TOM20 (red) and NeuN (blue) in cortical penumbra of I/R mice. Scale bar =100 pm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

FABP5, and FABP7 mRNA levels were elevated in blood samples from
patients with cardioembolic stroke compared to controls without
symptomatic vascular diseases (original data are from Gene Expression
Omnibus [GSE58294]) (Fig. 1A). A similar trend was observed in blood
samples from rats with middle cerebral artery occlusion [GSE119121]
(Fig. 1B). Next, we examined whether changes in FABP expression were
the same in the brain tissue of mice with cerebral ischemia-reperfusion.
FABP3, FABP5, and FABP7 protein expression in the ischemic hemi-
sphere (ipsilateral) significantly increased with prolonged reperfusion
time, especially FABP5 and FABP7. The expression of these proteins
were also elevated in the non-ischemic hemisphere (contralateral)
(Fig. 1D).

When we analyzed the cell types that express FABPs, we discovered
that FABP3 and FABP5 were expressed and elevated in neurons in the
ischemic penumbra of the cortex, whereas FABP7 was not (Fig. 1F).
Almost all FABP3 was expressed in neurons, with 43.4% of neurons in

the ischemic penumbra region expressing FABP3. FABP5 changes were
more pronounced, with the proportion of FABP5-expressing neurons
increasing from 3.78% before ischemia to 30.2% after ischemia. 69.0%
of FABP5-positive cells were neurons compared to 17.7% before
ischemia. FABP7 was mostly present in astrocytes in the ischemic area.
Approximately 86.4% of FABP7-positive cells were GFAP-positive as-
trocytes. Furthermore, 57.1% of GFAP-positive astrocytes expressed
FABP7, compared to 61.5% and 40.1% before ischemia, respectively
(Fig. 1G). Together, these findings indicate that FABP3 and FABP5 are
active in ischemic neurons, whereas FABP7 is overexpressed in astro-
cytes following I/R.

3.2. FABP3 and FABPS5 inhibitor, HY08 suppressed the upregulation of
FABPs protein in I/R mice

FABP3 and FABP5 are abnormally active in neurons, indicating that
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Fig. 6. FABP5 is involved in mitochondrial damage and lipid peroxidation in SH-SY5Y cells. (A) Representative Western blots of FABPs and p-actin in mouse brains
and SH-SY5Y cells. (B) Quantitative analyses of FABP5 protein expression in cells transfected with FABP5 shRNA (n = 4). (C) SH-SY5Y cell viability was assessed
using CCK-8 assays. Tested cells were pcDNA 3.1-transfected cells (mock, HY08, and NAC) and FABP5 shRNA-transfected cells (shFABP5) (n = 8) (D and E)
Representative images of JC-1 green and red fluorescence in SH-SY5Y cells (D). Scale bar = 20 pm. Quantification of the ratio of the red to green JC-1 fluorescence
intensity (E, n = 300 cells). Data are presented as mean + SEM of 300 cells counted per group. (F) SH-SY5Y cell viability after transfection with pcDNA 3.1 (mock) or
FABPS5 overexpression plasmid (FABP5) (n = 8) (G and H) Representative images of green and red JC-1 fluorescence (G) and quantification of the ratio of JC-1
fluorescence intensities in FABP5-overexpressing SH-SY5Y cells (H, n = 300 cells). Data are presented as mean + SEM of 300 cells counted per group. (I-K)
Representative immunofluorescence staining of 4-HNE (green), Mito-tracker (red), and FABP5 (blue) in rotenone-treated SH-SY5Y cells (I). Scale bar = 30 pm. 4-HNE
and Mito-tracker co-localization (J) and 4-HNE fluorescence intensity (K) were quantified using Image J software (n = 4). *p < 0.05, **p < 0.01 vs. vehicle-treated
mock group; ##p < 0.01 vs. rotenone-treated mock group. (L) Quantification of intracellular 4-HNE levels in fatty acid (AA, DHA, LA or AO)-treated SH-SY5Y cells (n
= 3). *p < 0.05, **p < 0.01 vs. control cells. AA: arachidonic acid, DHA: docosahexaenoic acid, LA: linoleic acid, OA: oleic acid. (M) Quantification of mitochondrial
4-HNE levels in AA (50 pM)-treated SH-SY5Y cells in the presence or absence of HY08 (or FABP5 shRNA) (n = 3). **p < 0.01 vs. vehicle-treated mock group;
#p < 0.05, ##p < 0.01 vs. AA-treated mock group. The data shown in each column represent the mean + SEM. (N) Schematic diagram of the involvement of FABP5 in
reducing membrane potential and lipid peroxidation during oxidative stress. (For interpretation of the references to colour in this figure legend, the reader is referred
EO the Web version of this article.)

<

they may be directly related to ischemic neuronal death. Therefore, we to determine whether HY08 reduces inflammation and apoptosis in I/R
synthesized and screened a novel FABP3/FABP5 inhibitor, HY08, and mice. In both ischemic and non-ischemic tissues, active caspase-3, IL-1p,
analyzed its effects. The binding affinity of HY08 for FABPs was and TNF-a levels were considerably lower in HY08-treated I/R mice
measured using ANS assays (Fig. 2B). HY08 exhibited strong affinity for than in I/R mice without HYO8 treatment (Fig. 4A-D). To further
FABP3 (K3=24+4+7nM), FABP4 (K3=238+46nM) and FABP5 analyze the influence of HYO8 on mitochondria-related signaling, we
(Kq =410+ 70nM), similar to the FABP endogenous ligand AA but had isolated mitochondrial and cytoplasmic fractions and examined the
no affinity for FABP7 (Fig. 2C). Next, we tested whether HY08 could levels of 4-HNE, a lipid peroxidation marker, and cytochrome c, a
block FABP3, FABP5, and FABP7 activation 12 h after reperfusion. HY08 pro-apoptotic factor (Fig. 4E and F). I/R triggered lipid peroxidation and
slightly attenuated the increased FABP3 and FABP5 protein expression produced large amounts of the toxic product 4-HNE, particularly in the

in the ipsilateral ischemic area (ipsilateral) (Fig. 2D-F). Interestingly, mitochondrial fraction. In contrast, lipid peroxidation was significantly
FABP7 expression was significantly suppressed by HY08 (Fig. 2G), suppressed in the brains of HY08-treated mice (Fig. 4G and H). HY08
suggesting that FABP3 and/or FABP5 may play a role in regulating treatment also prevented cytochrome c release from the mitochondrial
FABP7 gene expression. These findings indicate that the FABP inhibitor intermembrane space to the cytoplasm, thereby reducing the activation
HYO08 has a potent inhibitory effect on I/R-induced FABP expression. of caspase-3(Fig. 41 and J), which is consistent with the results for

cleaved caspase-3 (Fig. 4B). Moreover, we observed that 4-HNE
co-localized with the mitochondrial outer membrane protein TOM20
or the neuronal biomarker NeuN in neurons of I/R mice. FABP3 and
FABPS5 were co-localized with 4-HNE in ischemic neurons (Fig. 4K).
These observations reveal that FABP3 and FABP5 are involved in

3.3. HYO08 reduced infarct volumes and ameliorated neurological deficits
in I/R mice

We next examined the effect of HY08 on cerebral ischemic injury in . . o T - .
mice. Mice were treated with HY08 (0.05, 0.1, 0.3 or 1.0 mg/kg) 30 min fnltochf)ndrla-relatet'i lipid peroxidation and apoptosis pathways in
after reperfusion. I/R mice had substantial infarct volumes ischemic neurons (Fig. 4L).

(69.7 + 4.7%), which were significantly dose-dependently reduced by

HYO08 (0.3 mg/kg group: 37.6 £+ 3.7%; 1.0 mg/kg group: 38.5 + 4.1%; 3.5. FABP3 and FABPS5, but not FABP7, accumulated in the
Fig. 3A and B). Moreover, neurological deficits in HY08-treated I/R mice mitochondria of I/R mice

were significantly decreased compared with those in the I/R group

without HYO08 (Fig. 3C). Next, we tested the optimal timing for HYO8 The fluorescence co-localization results in Fig. 4L show that FABP3
treatment after reperfusion. HYO8 treatment 30 min after reperfusion and FABPS5 co-localize with 4-HNE in the mitochondria, indicating that
was more efficacious than HYO08 treatment 1 or 2h after reperfusion FABP3 and FABPS5 are located in the same mitochondrial compartment.
(Fig. 3D-F). We subsequently assessed FABP levels in the mitochondria using the

Then, we evaluated the degree of brain injury one week after same method (Fig. 4E). We found that FABP3, FABP5, and FABP7 co-
reperfusion to examine the duration of the ameliorative effects of HY08 localize in the cytoplasm, but are not localized to the mitochondria.
on I/R mice. Despite some mortality, only one dose showed good effi- Upon ischemic stimulation, some FABP3 and FABP5 accumulated in the
cacy, persistence, and reduced ischemic brain injury. 0.3 mg/kg HY08 mitochondria, whereas FABP7 did not (Fig. 5A-C). Cytoplasmic FABP3,
relieved cerebral infarction and neurological deficits 7 days after 5, and 7 protein also increased (Fig. 5D-F), confirming the results shown
reperfusion (Fig. 3H and I) while also preventing ischemic event-related in Fig. 1D. Increased FABP3, 5, and 7 expression in the mitochondria and
death in mice (Fig. 3J). These results suggest that HY08 protects against cytoplasm was suppressed by HY08. Furthermore, immunofluorescence
I/R-induced brain injury. Considering that the effects of 0.3 mg/kg staining for FABP3 and 5 in ischemic neurons revealed mitochondrial
HY08 were stronger and long-lasting, we chose 0.3 mg/kg as the opti- localization (Fig. 5G). Nearly all FABP3 was expressed in neurons and
mum concentration for subsequent experiments. co-localized with TOM20 in the cortical penumbra of I/R mice, while

FABP5 co-localized with TOM20 in neurons (NeuN™ cells). However,
this phenomenon was decreased in sham mice and HY08-treated I/R
mice. Together, these results indicate that mitochondria are essential
aggregation sites for FABP3 and FABP5 following ischemic stroke.

3.4. HYO08 treatment reduced IR-induced inflammation, lipid
peroxidation, and apoptosis

Thus far, our findings indicate that FABP-associated signaling is an

important factor in ischemic injury. Considering that neuro- 3.6. FABPS5 was involved in mitochondrial damage and lipid peroxidation
inflammation and oxidative stress trigger neuronal apoptosis and death in SH-HY5Y cells during oxidative stress

during ischemic stroke [32], we next used HY08 to investigate whether

FABP3 or FABP5 is involved in these two injury mechanisms. We To further clarify the correlation between FABP and mitochondria,
analyzed the protein levels of interleukin (IL)-18 and TNF-a, which are we used SH-SY5Y cells to examine whether FABP3 and FABP5 impair
inflammation markers, and cleaved caspase-3, a cell apoptosis marker, mitochondrial function. We found that SH-SY5Y cells generally

10
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Fig. 7. HYO08 treatment inhibits BAX protein expression and upregulates Bcl-2 expression in I/R mice. (A-D) Representative Western blots (A). Quantitative analyses
of BAX (B) and Bcl-2 (C) protein expression and the BAX/Bcl-2 ratio (D) in contralateral and ipsilateral brain regions. The data shown in each column represent the
mean + SEM. *p < 0.05, **p < 0.01 vs. vehicle-treated sham group (contralateral/ipsilateral); *p < 0.05, **p < 0.01 vs. vehicle-treated I/R group (contralateral/
ipsilateral) (n = 4). (E-G) Representative immunofluorescence staining of TOM20, FABP3, or FABP5 (green) with BAX (red) in the cortical penumbra of HY08-treated
or untreated I/R mice. Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

expressed endogenous FABP5 protein, with a small amount of FABP3.
FABP7 was not expressed in SH-SY5Y cells (Fig. 6A). We next examined
the effect of FABP5 on SH-SY5Y cell viability in the presence or absence
of oxidative stress. shRNA-mediated FABP5 knockdown (KD) or FABP5
overexpression did not affect cell survival under normal conditions.
During rotenone-induced oxidative stress, FABP5-KD cells showed
increased cell viability (Fig. 6B and C), while FABP5 overexpression
further exacerbated cell death (Fig. 6F). Next, we used JC-1 staining to

11

determine the mitochondrial membrane potential. Mitochondria in
rotenone-treated FABP5-KD cells displayed more JC-1 aggregates (red)
and fewer JC-1 monomers (green), implying a higher membrane po-
tential compared with rotenone-treated control cells (Fig. 6D and E).
This result also shows that excessive FABP5 exacerbates mitochondrial
membrane potential loss (Fig. 6G and H). Inhibiting FABP5 function
(HYO08) or treatment with a free radical scavenger, NAC, exerted
inhibitory effects. In addition, FABP3 was also involved in
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mitochondrial damage, since increased FABP3 expression further exac-
erbated the reduced mitochondrial membrane potential and cell death
caused by rotenone (Supplemental Figs. 1A-F).

Furthermore, we examined whether FABPS5 is involved in lipid per-
oxidation. 4-HNE, FABP5, and MitoTracker (a mitochondrial probe)
were co-localized in SH-SY5Y cells. Rotenone stimulation resulted in
massive intracellular 4-HNE production, particularly in FABP5-
containing mitochondria (Fig. 6I). In rotenone-treated FABP5-KD cells,
4-HNE accumulation in the mitochondria was greatly reduced (Fig. 6J).
The overall intracellular 4-HNE levels were similarly reduced (Fig. 6K).
Furthermore, considering that free fatty acid peroxidation is an impor-
tant pathway for 4-HNE generation, we examined the effects of arach-
idonic acid (AA, 20:4w6), docosahexaenoic acid (DHA, 22:6w3), linoleic
acid (LA, 18:2m0-6), and oleic acid (OA, 18:1®9) on intracellular 4-HNE
levels. Although SH-SY5Y cells were treated with three different con-
centrations of each fatty acid, only AA (50 pM) significantly enhanced
intracellular 4-HNE production (Fig. 6L). AA-induced 4-HNE accumu-
lation in the mitochondrial fractions was significantly reduced in
FABP5-KD cells (Fig. 6M), suggesting that FABP5 is involved in AA
peroxidation.

Together, these findings reveal that FABP3 and FABP5 participate in
neuronal apoptosis during oxidative stress by mediating mitochondrial
damage. Further, our results show that FABPS5 is a key player in lipid
peroxidation (Fig. 6N).

3.7. FABP3 and FABP5 activated the BAX-related apoptosis pathway in
I/R mice

Previous studies revealed that apoptosis-related proteins such as BAX
and Bcl-2 have a major impact on ischemic neuronal death [33,34].
Ischemic tissues showed an increase in pro-apoptotic BAX protein and a
concomitant decrease in anti-apoptotic Bcl-2, resulting in a significant
increase in the BAX/Bcl-2 ratio, which favors cell death. HY0S8 treatment
reversed the apoptotic trend and maintained cell survival (Fig. 7A-D).
Since BAX moved from the cytoplasm to the outer mitochondrial
membrane during apoptosis (Fig. 7E), we examined whether FABP3 or
FABP5, which also accumulate in the mitochondria, co-localized with
BAX. In the ischemic penumbra, both FABP3 and FABP5 co-localized
with BAX in neurons (Fig. 7F and G). To confirm the binding of
FABP3 and FABP5 proteins to BAX protein, we investigated their in-
teractions using co-immunoprecipitation. Consistently, BAX protein
bound to FABP3 and FABPS5. Isolated FABP3 or FABP5 protein was also
linked to BAX (Supplemental Fig. 2A). However, in the presence of
HY08, the FABP3/5 and BAX interactions were significantly disrupted
(Supplemental Figs. 2B-E). These findings suggest that FABP3 and
FABP5 migrate to the mitochondria, bind to BAX, and participate in
BAX-related signaling. Further, our results suggest that HYO8 inhibits
apoptotic signaling by blocking interactions between FABP3/5 and BAX.

3.8. FABP5 mediated BAX and VDAC-1 oligomerization to form
mitochondrial outer membrane pores and release cytochrome c in vitro

To further determine whether FABP5 is an essential factor that
triggers BAX oligomer formation, we examined the impact of inhibiting
or knocking down FABP5 on BAX conformational changes and associ-
ated signaling under oxidative stress. Following rotenone stimulation,
BAX was overexpressed and moved to FABP5-containing mitochondria
in SH-SY5Y cells. However, these alterations were significantly attenu-
ated when FABP5 was blocked by HYO08 (Fig. 8A). Rotenone-treated cells
showed higher levels of BAX oligomers in the mitochondrial fractions.
When the same membranes were blotted with FABP5 antibody after
stripping, we found greater FABP5 levels in BAX oligomers (Fig. 8B),
indicating that FABPS5 is indeed involved in BAX oligomer formation.
Following treatment with FABP5 shRNA, HY08, or the BAX inhibitor
BIP-V5, BAX oligomerization was reduced (Fig. 8C), mitochondrial
outer membrane pores failed to develop, and cytochrome ¢ was not
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released (Fig. 8D and E). Caspase-3 activation was also suppressed
(Fig. 8F). These results suggest that FABP5 plays a role in the BAX-
related apoptotic pathway. Considering that SH-SY5Y cells do not ex-
press endogenous FABP3, we tested whether FABP3 plays a similar role
to FABP5 by transfecting cells with exogenous expression plasmids.
Although FABP3 expression was increased in cells without injury, it did
not accumulate in the mitochondria. During rotenone-induced oxidative
stress, FABP3 accumulated in the mitochondria. BAX was mostly
concentrated in FABP3-located mitochondria (Supplemental Fig. 1G).
Because mitochondrial pores can also form from VDAC-1 oligomers,
we also investigated the effects of FABP5 on VDAC-1 oligomer levels in
rotenone-treated SH-SY5Y cells. FABP5 shRNA treatment resulted in
fewer VDAC-1 oligomers than in control cells (Fig. 8G and H). We also
observed a structural connection between FABP5 and VDAC-1 (Sup-
plemental Fig. 3A), indicating that FABP5 is directly involved in the
VDAC-1 pore formation. HY08 treatment blocked oxidative stress-
induced interactions between VDAC-1 and FABP5, thereby inhibiting
VDAC-1 oligomerization (Fig. 8H and Supplementary Figs. 3B and C).
Collectively, FABPS5 is involved in mitochondrial pore formation in
neuronal cell models of oxidative stress by promoting BAX and VADC-1
oligomerization (Fig. 8I). FABP3 may also be involved, at least through
the BAX pathway. Inhibiting FABP3 and FABP5 with HY08 reduces
mitochondrial apoptotic signaling, thereby rescuing neuronal cells.

4. Discussion

Our main objective was to determine the role of FABPs in ischemic
neuronal death. FABP3 and FABP5 were significantly elevated in
ischemic neurons in the penumbra region after I/R. These proteins are
implicated in damage from mitochondria-related oxidative stress and
apoptosis in neurons. The FABP3/5 inhibitor HY08 exerts neuro-
protective effects against ischemic neuronal death, suggesting that
FABP3 and FABPS5 play a role in inducing apoptosis in ischemic stroke.

We observed a significant association between FABPs and ischemic
neurons in vivo. Although FABP3, 5, and 7 expression was elevated in
ischemic areas, FABP7 was not expressed in ischemic neurons. In
addition, FABP3 and FABP5, particularly FABPS5, were elevated in
ischemic neurons, implying that FABP3 and FABP5 may be directly
involved in mitochondrial injury and neuronal apoptosis. This conclu-
sion is based on previous studies that showed that increased FABP3
expression enhances cardiomyocyte apoptosis during myocardial
infarction [35] and that FABP5 expression is elevated in apoptotic CA1
neurons following ischemia [36]. Interestingly, although FABP3 is
almost exclusively expressed in neurons [37], brain ischemia only
slightly enhanced neuronal FABP3 expression. In contrast, the number
of FABP5-positive neurons was dramatically increased (Neu-
N*4+FABP5'/FABP5", 17.7%-69.0%, Fig. 1G), suggesting pivotal roles
of FABP5 in mitochondrial injury. FABP7 overexpression in glial cells
from amyotrophic lateral sclerosis mice triggers NF-kB-driven
pro-inflammatory responses in astrocytes [25]. Additionally, FABP7 is
involved in hippocampal astrocyte proliferation following ischemia
[36]. Consistent with previous studies, FABP7 was highly expressed in
astrocytes after ischemia, suggesting that FABP7 indirectly mediates
neuronal death via astrocyte-mediated inflammatory responses.

To better understand the relationship between FABPs and ischemic
injury, we previously investigated the effects of highly specific FABP7
inhibitor, which alleviates ischemic brain injury by blocking
inflammation-associated microsomal prostaglandin E synthase-1
(mPGES-1)-prostaglandin E2 (PGE;) signaling [26]. Our previous re-
sults show a critical role of FABP7 in neuroinflammation. In this study,
we focused on FABP3 and FABP5 functions in ischemic neurons using
HYO08, a novel FABP3/5 inhibitor. HY08 has a Ky value of 24 +7 nM.
Although HY08 showed no affinity for FABP7, it moderately inhibited
FABP4 (K4 = 238 + 46 nM) and FABP5 (Kq = 410 + 70 nM). This implies
that HYO8 could also inhibit FABP4 and FABP5 functions. HY08
significantly inhibited FABP5-induced mitochondrial injury and neuron
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loss (Fig. 6). Moreover, HYO08 treatment effectively prevented neuronal
mortality in I/R mice. Notably, FABP3 and FABP5 accumulate in the
mitochondria of ischemic neurons. Furthermore, previous studies
demonstrate that FABP3 overexpression reduces mitochondrial activity
and causes abnormal mitochondrial morphology in embryonic cancer
cells [38]. FABP3 is also involved in the loss of mitochondrial activity
during dopamine neuron degeneration [39]. FABP5 inhibitors reduce
mitochondrial injury in KG-1C glia cells treated with the cytotoxic
sphingolipid psychosine [40] and oxidatively damage a-synuclein--
transfected Neuro2A cells [30]. These findings suggest that FABP3 and
FABP5 are intimately associated with impaired mitochondrial function.
However, how FABP4 functions in microglia after ischemia remains
unclear. Microglial FABP4 regulates neuroinflammation in obese mice
[41] and in human immunodeficiency virus-1-associated neurocognitive
disorder [42]. Further extensive studies are required to investigate the
function of FABP4 in microglia after ischemia.

Previous studies have revealed that the siRNA silencing of FABP3
reduces 4-HNE generation in palmitic acid-treated podocytes, whereas
FABP3 overexpression enhances 4-HNE generation [43]. We previously
investigated the effect of FABP3 on lipid peroxidation using an in vitro
Parkinson’s disease model. 1-methyl-4-phenylpyridine (MPP") treat-
ment increased oxidative damage via elevated 4-HNE synthesis in pri-
mary dopaminergic neurons of wild-type mice [39]. However, MPP™"
failed to elevate 4-HNE in FABP3-deficient dopaminergic neurons. HY08
relieved oxidative stress injury in I/R mice by inhibiting FABP3 function
and reducing 4-HNE levels in ischemic neurons. Rotenone, a mito-
chondrial complex I inhibitor, has been widely used to prepare models of
Parkinson’s disease [44-46]. In contrast to the limitations of in vivo
applications caused by the large variability in the percentage and extent
of nigrostriatal dopaminergic damage in animals [46,47], rotenone can
directly enter cells to inhibit mitochondrial respiration [48], inducing a
large amount of mitochondrial reactive oxygen species (ROS) and
intracellular ROS in SH-SY5Y cells [49,50]. Following exposure to
rotenone, a large number of SH-SY5Y cells undergo cell death, most
likely due to severe impairment of mitochondrial function, because
quantitative data of JC-1 staining showed a significantly decrease in
mitochondrial membrane potential (MMP), which appeared as fewer
JC-1 red aggregates and increased JC-1 green monomers. FABP5 shRNA
and HYO8 protected against this damage, whereas overexpression of
FABP3 or FABPS5 exacerbated it. However, it is important to note that the
results of JC-1 measurements are only for reference purposes because
JC-1 may not be suitable for MMP detection. Recent studies have shown
that the calculate of the ratio of red aggregated JC-1 and green JC-1
monomers is inaccurate, and that the change of this ratio cannot be
entirely attributed to changes in MMP; secondly, JC-1 aggregates may
change independently of MMP, and aggregates may fail to dissolve back
to the green monomer when MMP is decreased [51,52]. Furthermore,
JC-1 penetrates the plasma membrane very slowly, which means that it
is highly artifact-prone and likely to be misled [52,53]. Therefore,
additional validation using other more effective MMP detection ap-
proaches, such as an alternative strategy to Tetramethylrhodamine
methyl ester (TMRM) [52], is required.

According to the immunofluorescence results, 4-HNE was abun-
dantly produced in rotenone-treated cells and mostly localized in
neuronal mitochondria where FABP3 and FABP5 were aggregated.
Furthermore, we observed that knocking down FABP5 expression
decreased rotenone-induced 4-HNE production in SH-SY5Y cells. The
massive accumulation of FABP3 and FABP5 in the mitochondria of
ischemic neurons, as well as the significant inhibitory effects of HY08
and FABP5 knockdown on 4-HNE levels in mitochondria, suggest that
FABP3/5 are involved in mitochondrial lipid peroxidation. Moreover,
lipid peroxidation is the main mechanism of oxidative damage [54,55],
further implying that FABP3/5 play an essential role in the promotion of
oxidative damage. Furthermore, 4-HNE levels showed a significant in-
crease in the mitochondrial fractions of ischemic tissue, but it is un-
certain whether mitochondrial lipid peroxidation predominates.
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FABP3/5 was actively implicated in this process, however this does not
mean that FABP3/5-mediated lipid peroxidation predominates in
mitochondrial damage. AA is the main source of 4-HNE [56]. We hy-
pothesized that free AA in ischemic cells is a major source of fatty acids
for FABP3/5-mediated lipid peroxidation, including 4-HNE. However, it
is unclear whether fatty acid transport to mitochondria by FABP3/5 is
critical for lipid peroxidation.

Bcl-2 family proteins control downstream caspase activation and the
mitochondrial apoptosis pathway [57,58]. In I/R mice, HY08 treatment
reversed the upregulation of the pro-apoptotic BAX protein and the
downregulation of the anti-apoptotic Bcl-2 protein, indicating a regu-
latory role for FABP3 and FABP5 in BAX-induced apoptosis. We
observed FABP3/5 and BAX co-localization in ischemic neurons. This
result implies that FABP3/5 affects BAX protein expression and may
structurally mediate BAX-induced apoptosis. BAX/FAPB3 complexes
were detected in ischemic tissue by co-immunoprecipitation (Fig. 7F).
These complexes were disrupted by HY08 treatment. In addition, BAX
oligomer formation in mitochondrial compartments after oxidative
damage was significantly reduced by knocking down FABP5 expression
or inhibiting its function (Fig. 8B and C). We could not determine
whether there is a preference for FABP3 or FABP5 to induce
BAX-induced pore formation. Previous studies showed that BAX olig-
omer channels are required for apoptosis [59] and that FABP5 is
involved in BAX-induced pore formation [40]. In addition to
BAX-induced pore formation, there are channels in the mitochondrial
outer membrane that are constituted by VDAC-1. We recently demon-
strated that FABP5 forms complexes with VDAC-1 protein and causes
VDAC-1 oligomer-dependent mitochondrial macropore formation in
EAE mouse neurons [60]. VDAC-1 oligomerization decreased in the
presence of HY08. We found that accelerating mitochondrial outer
membrane pore formation and increasing membrane permeabilization
appear to be important means for FABP3/5 to affect mitochondrial
function. This conclusion explains why excessive FABP can aggravate
the reduction of mitochondrial membrane potential. However, although
these results strongly support the contribution of FABP3 and FABP5 to
oligomer formation, more direct evidence is required. In our next study,
we will isolate the FABP complexes in ischemic tissue and use X-ray
crystallography to further confirm FABP binding to BAX or VDAC-1.

In this study, we focused on the involvement of FABPs in ischemic
neuronal apoptosis. Taken together, FABP3 and FABP5 accumulate in
mitochondria of ischemic neurons, contribute to lipid peroxidation and
BAX-associated apoptosis, and are key initiators of mitochondrial
damage. Furthermore, we show that the FABP3/5 inhibitor HY08 pro-
tects mitochondria against ischemic injury by rescuing ischemic neurons
via FABP3 and FABP5 inhibition. Importantly, HY08 showed efficient,
long-lasting therapeutic effects on brain injury and neurological reha-
bilitation in mice with cerebral I/R. Therefore, HY08 represents a novel
and potentially effective treatment for ischemic stroke.
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