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H I G H L I G H T S

• Apoptotic cell death is more prominent in the immature brain after insult.• Apoptosis inducing factor (AIF) plays a crucial role in the process of apoptosis in the immature brain after injury.• AIF induces apoptosis require interaction with cyclophilin A.• Blocking interaction of AIF and cyclophilin A reduces caspase-independent cell death and brain injury only in males.
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A B S T R A C T

The interaction between apoptosis-inducing factor (AIF) and cyclophilin A (CypA) has been shown to contribute
to caspase-independent apoptosis. Blocking the AIF/CypA interaction protects against glutamate-induced neu-
ronal cell death in vitro, and the purpose of this study was to determine the in vivo effect of an AIF/CypA
interaction blocking peptide (AIF(370-394)-TAT) on neonatal mouse brain injury after hypoxia-ischemia (HI).
The pups were treated with AIF (370-394)-TAT peptide intranasally prior to HI. Brain injury was significantly
reduced at 72 h after HI in the AIF(370-394)-TAT peptide treatment group compared to vehicle-only treatment
for both the gray matter and the subcortical white matter, and the neuroprotection was more pronounced in
males than in females. Neuronal cell death was evaluated in males at 8 h and 24 h post-HI, and it was decreased
significantly in the CA1 region of the hippocampus and the nucleus habenularis region after AIF(370-394)-TAT
treatment. Caspase-independent apoptosis was decreased in the cortex, striatum, and nucleus habenularis after
AIF(370-394)-TAT treatment, but no significant change was found on caspase-dependent apoptosis as indicated
by the number of active caspase-3-labeled cells. Further analysis showed that both AIF and CypA nuclear ac-
cumulation were decreased after treatment with the AIF(370-394)-TAT peptide. These results suggest that AIF
(370-394)-TAT inhibited AIF/CypA translocation to the nucleus and reduced HI-induced caspase-independent
apoptosis and brain injury in young male mice, suggesting that blocking AIF/CypA might be a potential ther-
apeutic target for neonatal brain injury.
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1. Introduction

Perinatal brain injury is an important cause of developmental im-
pairment and of permanent neurological deficits such as cerebral palsy
(CP) in children (Novak et al., 2018). The progression of brain injury
depends on the balance between persistent injury and the repair re-
sponse, which can be modulated by external therapies (Fleiss and
Gressens, 2012; Hagberg et al., 2016). Recent studies have shown that
perinatal asphyxia and preterm birth are the two most common peri-
natal complications associated with perinatal brain injury (Liu et al.,
2016; Strunk et al., 2014). Two significant breakthroughs have been the
discoveries that hypothermia and erythropoietin both reduce brain
damage and the occurrence of CP after perinatal hypoxia-ischemia (HI)
brain injury in term infants and that erythropoietin is protective in very
preterm infants (Song et al., 2016; Azzopardi et al., 2014; Zhu et al.,
2009). However, these treatments are not successful in all cases
(Natalucci et al., 2016), and there is a pressing need for comparative
and translational studies to find ways to prevent neuronal cell death
and to promote brain repair after perinatal brain injury.

Neuronal cell death after perinatal insults occurs through apoptosis,
necrosis, autophagy, ferroptosis, or necroptosis, each of which has
distinct morphological characteristics (Thornton et al., 2017; Wu et al.,
2019; Xie et al., 2016), and mitochondria are key regulators of neuronal
cell death by regulating energy metabolism and the release of cell
death-related proteins (Hagberg et al., 2014). It has been shown that
apoptosis-inducing factor (AIF), which normally resides in the mi-
tochondria, plays a fundamental role in mitochondrial regulation after
HI not only through the loss of the mitochondria's energy-producing
function, but also through AIF's release into the cytosol and subsequent
translocation into the nucleus where it induces apoptosis through
chromatin condensation and large-scale DNA fragmentation in a cas-
pase-independent manner (Zhu et al., 2007a; Klein et al., 2002). This
process is more prominent in the immature brain than in the mature
brain (Zhu et al., 2005). As an indicator of the importance of this
protein, neuron death in the brain after an episode of HI was reduced by
70% in a mouse model with AIF haploinsufficiency (Zhu et al., 2007a;
Sun et al., 2012), while in a mouse model with AIF overexpression the
infarction volume increased by 75% (Li et al., 2020).

Our previous study showed that AIF-induced neuron death requires
AIF binding to cyclophilin A (CypA) in the cytosol and subsequent
translocation to the nucleus to induce chromatin degradation (Zhu
et al., 2007b), and thus the AIF/CypA complex might be a good can-
didate for generating a pharmacological inhibitor to block the cell
death process (Doti et al., 2014). A specific peptide, based on the AIF
and CypA sequences that correspond to the surfaces involved in binding
of AIF and CypA, has recently been designed (Farina et al., 2017). The

in vitro experiments demonstrated the efficacy and protective effect of
the synthetic peptide, which was able to inhibit AIF/CypA complex
formation by competitive binding to CypA and thus caused failure of
the translocation of AIF from the cytosol to the nucleus (Doti et al.,
2014). The purpose of this study was to investigate whether adminis-
tration of the AIF blocking peptide in vivo has neuroprotective effects in
neonatal mice after cerebral HI.

2. Material and methods

2.1. Cerebral hypoxia-ischemia

Postnatal day 9 (P9) C57BL/6J mice (Janvier Labs, France) of both
sexes were anesthetized with isoflurane (5% for induction, 1.5%–2.0%
for maintenance) in a 1:1 mixture of air and oxygen, and the duration of
anesthesia was less than 5 min. The right common carotid artery was
cut between double ligatures of Prolene sutures (6.0). After the surgical
operation, the wounds were infiltrated with lidocaine for local an-
algesia. The pups were returned to their cages with their dams for 1 h
and then placed in a chamber perfused with a humidified gas mixture
(10% oxygen in nitrogen) for 40 min at 36 °C, with 10 min of air before
and after as acclimation in the chamber. Following hypoxic exposure,
the pups were returned to their cages until being sacrificed (Rodriguez
et al., 2018). Mice were maintained in the Laboratory for Experimental
Biomedicine of Gothenburg University, and all of the experiments were
performed in accordance with national guidelines and approved by the
Gothenburg Animal Ethics Committee (112/2014).

2.2. Intranasal AIF(370-394)-TAT peptide administration

AIF/CyPA interaction blocking peptide (AIF(370-394)) conjugated at N-
terminus with the TAT sequence (hereafter AIF(370-394)-TAT) was syn-
thesized as described previously (Doti et al., 2014). P9 mouse pups were
first pretreated with 1 drop of 1.5 μl hyaluronidase Type IV-S (10 mg/
ml = 10,000 U/ml) (Sigma, H4272) in both nostrils. At the time the pups
were pretreated and immediately before the operation for the ligation of the
carotid artery, 1.5 μl of the AIF(370-394)-TAT peptide at a concentration of
5 μg/μl was administered to both nostrils in the treated mice, and the same
amount of vehicle was administered to both nostrils in the vehicle-treated
mice (Albertsson et al., 2014). Pups were firmly held in the hand in a supine
position until the drug was completely inhaled and the nostrils were dry.
The pups were put back with their dam for 1 h after the operation, and the
peptide was administered again just before exposure to hypoxia. For the
mice that were used for microtubule-associated protein 2 (MAP2) and
myelin basic protein (MBP) staining 72 h after the insult, hyaluronidase and
AIF(370-394)-TAT were also administrated at 12 h post HI (Fig. 1).

Fig. 1. The study design.The AIF(370-394)-
TAT peptide was administered intranasally
immediately prior to the induction of
ischemia and hypoxia on P9. At 8 h after HI,
10 male pups (5 AIF-TAT and 5 Veh mice)
were perfused for immunostaining and 12
male pups (6 AIF-TAT and 6 Veh mice) were
perfused for ELISA and Western blot. At
24 h after HI, a further 10 male pups (5 AIF-
TAT and 5 Veh mice) were perfused for
immunohistochemistry staining and 12
male pups (6 AIF-TAT and 6 Veh mice) were
perfused for ELISA and Western blot. At
72 h after HI, 62 pups were perfused for
MAP2 and MBP staining to evaluate brain
injury – 31 mice (16 females and 15 males)
were treated with the AIF(370-394)-TAT
peptide, and 31 mice (16 females and 15
males) were treated with vehicle and used
as controls.
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2.3. Immunohistochemistry staining

At 8 h, 24 h, or 72 h after HI, the pups were deeply anesthetized
with 50 mg/ml phenobarbital and perfused intracardially with PBS and
5% buffered formaldehyde (Histofix; Histolab, Gothenburg, Sweden).
Brains were carefully separated from the skulls, and the cerebellums
were cut off in a coronal plane. The brains were fixed in 5% buffered
formaldehyde at 4 °C for 18–24 h. After dehydration with graded
ethanol and xylene, the brains were paraffin-embedded and cut into
5 μm coronal sections. For samples taken at 72 h after HI, every 100th
section throughout the whole brain was stained for MAP2 and MBP. For
samples taken at 8 h and 24 h after HI, every 50th section in the hip-
pocampus level was stained for active caspase-3, AIF, and Fluoro-Jade.
Briefly, the immunohistochemical staining was performed as follows.
Sections were deparaffinized in xylene and rehydrated in graded
ethanol concentrations. Antigen retrieval was performed by heating the
sections in 10 mM boiling sodium citrate buffer (pH 6.0) for 10 min.
Nonspecific binding was blocked for 30 min with 4% donkey or goat
serum in PBS for 30 min. The primary antibodies were monoclonal
mouse anti-MAP2 (1:1,000 dilution, clone HM-2, Sigma, M4403),
polyclonal rabbit cleaved caspase-3 (1:300 dilution, Asp175, Cell
Signaling, 9661), monoclonal rabbit anti-AIF (1:500 dilution, E20,
Abcam, ab32516), monoclonal mouse anti-MBP (1:400 dilution, clone
SMI94, BioLegend, 836504), and rat anti-galectin 3 (1:300, Clone:
eBioM3/38, Cat: 14-5301, eBioscience), After incubating the sections
with the primary antibodies overnight at 4 °C, the appropriate bioti-
nylated secondary antibodies (1:200 dilutions; all from Vector
Laboratories, Burlingame, CA, USA) were added for 60 min at 21 °C.
After blocking endogenous peroxidase activity with 3% H2O2 for
10 min, the sections were visualized with Vectastain ABC Elite (Vector
Laboratories) and 0.5 mg/ml 3,3′-diaminobenzidine enhanced with
ammonium nickel sulfate, β-D glucose, ammonium chloride, and β-
glucose oxidase. After dehydrating with graded ethanol and xylene, the
sections were mounted using Vector mounting medium.

2.4. Fluoro-Jade staining

The Fluoro-Jade staining was as previously described, except that
after rehydration the samples were incubated in 0.06% potassium
permanganate (KMnO4) for 15 min at room temperature in a shaker and
then stained with 0.0004% Fluoro-Jade B (2210364, Temecula, CA,
USA) in 0.09% acetic acid for 30 min in the dark. Sections were washed
in distilled water twice for 1 min and coverslipped and kept in the dark
(Sun et al., 2017).

2.5. Brain injury evaluation

Brain injury was evaluated from eight serial sections per animal
based on the infarction volume and the neuropathological scoring,
which were based on MAP2 immunostaining and which were per-
formed by a person who did not have prior knowledge of the groups.
The MAP2-positive and negative areas in each section were measured in
both hemispheres using Micro Image (Olympus, Japan). The infarction
volume was calculated from the MAP2-negative areas according to the
Cavalieri principle using the following formula: V = ΣA × P × T,
where V = the total volume, ΣA = the sum of area measurements,
P = the inverse of the sampling fraction, and T = the section thickness.
The neuropathological score of gray matter from different brain regions
was assessed. Briefly, the cortical injury was graded from 0 to 4 with 0
being no observable injury and 4 indicating confluent infarction. The
injury in the hippocampus, striatum, and thalamus was assessed both
with respect to hypotrophy (scored from 0 to 3) and injury/infarction
(scored from 0 to 3), resulting in a total possible score of 22. Regarding
MBP staining, the subcortical white matter of both hemispheres was
measured using Image J 1.52a software (NIH, Bethesda, MD; http://rsb.

info.nih.gov/ij), and the final result was calculated by dividing the
MBP-positive area in the ipsilateral hemisphere by the MBP-positive
area in the contralateral hemisphere. For each animal, three con-
secutive sections on the same level were calculated and averaged as the
final ratio (Li et al., 2019).

2.6. Cell counting

Area contours were drawn and measured in every 50th section. The
active caspase-3 positive cells, AIF-positive nuclei, and Fluoro-
Jade–labeled cells were counted at 200 × magnification in the
striatum, hippocampal cornu ammonis area 1 (CA1), and nucleus ha-
benularis (NH). The border zone of the injured cortex was counted at
100 × magnification. Galectin-3-positive cells in the cortex and
striatum were counted at 100 × magnification. The regions were
counted at the same location through all of the brains. All of the regions
were counted using Image J 1.52a software (NIH, Bethesda, MD; http://
rsb.info.nih.gov/ij), and four sections were counted from each brain
with an interval of 250 μm.

2.7. Western blot analysis

The pups were sacrificed by decapitation at 8 h or 24 h after HI.
Tissue from the cortex (including the hippocampus) in each hemisphere
was rapidly dissected out on a bed of ice and homogenized immediately
using a 2 ml Dounce tissue grinder set (Sigma, D8938), and isolation
buffer was added (15 mM Tris-HCl, pH 7.6, 320 mM sucrose, 1 mM
dithiothreitol, 1 mMMgCl2, 3 mM EDTA-K, and 0.5% protease inhibitor
cocktail (Sigma P8340), which was made fresh immediately prior to
use). Half of the homogenates were aliquoted and stored at −80 °C, and
the other half were centrifuged at 800×g at 4 °C for 10 min. The pellet
was washed, re-centrifuged, and saved as the nuclear fraction. The
supernatants were further centrifuged at 9,200×g for 15 min at 4 °C,
producing mitochondrial and synaptosomal fractions in the pellet and
crude cytosolic fractions in the supernatants. The enriched mitochon-
drial fraction was washed and centrifuged. All fractions were stored at
−80 °C.

The protein concentration was determined using the bicinchoninic
acid method. A total of 65 μl of each nuclear fraction and mitochondrial
fraction sample was mixed with 25 μl NuPAGE LDS 4 × sample buffer
(ThermoFisher Scientific, NP0007) and 10 μl reducing agent and then
heated at 70 °C for 10 min. Individual samples were run on 4–12%
NuPAGE Bis-Tris gels (Invitrogen, NP0336BOX) and transferred to re-
inforced nitrocellulose membranes (Bio-Rad, 162-0112). The mem-
branes were first blocked with 30 mM Tris-HCl (pH 7.5), 100 mM NaCl,
and 0.1% Tween 20 (TBST) containing 5% fat-free milk powder for
1 h at 21 °C, and afterwards the membranes were incubated with rabbit
anti-AIF (1:1,000 dilution, E20, Abcam, ab32516), anti-CypA (1:1,000
dilution, rabbit polyclonal antibody, BIOMOL Research Laboratories,
Inc.), mouse anti-cytochrome c (1:500, 6H2, Santa Cruz, sc-13561),
mouse anti-CHCHD4 (1:200, C-12, Santa Cruz, sc-365137), total oxi-
dative phosphorylation system rodent Western blot mouse antibody
cocktail (MS604, 1:250, MitoSciences, Eugene), mouse anti-VDAC1
(1:500 dilution, B-6, Santa Cruz, sc-390996), anti-actin (1:200, rabbit
polyclonal antibody, Sigma) or anti-Lamin-B (1:200 dilution, M-20,
Santa Cruz, sc-6217, used as the loading control) primary antibodies
overnight at 4 °C. After washing (three times for 5 min each in TBST),
the membranes were incubated for 60 min at 21 °C with peroxidase-
labeled goat anti-rabbit IgG antibody (1:2,000 dilution, Vector, PI-
1000) for AIF or with peroxidase-labeled horse anti-goat IgG antibody
(1:2,000 dilution, Vector, PI-9500) for Lamin-B. Immunoreactive spe-
cies were visualized using the SuperSignal West Pico PLUS
Chemiluminescent Substrate (ThermoFisher Scientific, 34580) and an
LAS 3000 cooled CCD camera (Fujifilm, Tokyo, Japan).
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2.8. CypA ELISA

The protein concentrations were determined with the BCA protein
assay and adapted for microplates. The levels of CypA in the nuclear
fraction were measured with commercially available kits according to
the manufacturer's instructions (abx585050, Abbexa, Cambridge, UK).
The absorbance was read on a microplate reader (Molecular Devices
Corp., Sunnyvale, CA, USA), and the concentration was expressed as
μg/mg protein.

2.9. Statistical analysis

The Statistical Package for the Social Sciences 22.0 (SPSS, IBM, NY,
USA) and GraphPad Prism 8 Software (GraphPad Software, San Diego,
CA, USA) were used for all of the analyses. Comparisons between
groups were performed by Student's t-test, and two-way ANOVA was
used for multiple comparisons (LSD and Bonferroni tests) when equal

variances between groups were assumed. Data with unequal variance
were compared with the Mann–Whitney U test. Results are presented as
means± standard errors of the mean, and p < 0.05 was considered
statistically significant.

3. Results

3.1. AIF(370-394)-TAT treatment reduces brain injury after HI

The short-term influence of the AIF(370-394)-TAT peptide treat-
ment on brain injury in neonatal mice was evaluated by measuring the
total infarction volume and neuropathological score at 72 h after HI
based on the MAP2 immunostaining of brain sections (Fig. 2A). A total
of 31 mice (16 females and 15 males) were treated with the AIF(370-
394)-TAT peptide, and 31 mice (16 females and 15 males) were treated
with vehicle and used as controls. The infarction volumes in AIF(370-
394)-TAT–treated mice were 48.1% lower compared to vehicle-treated

Fig. 2. AIF(370-394)-TAT treatment re-
duces brain injury in neonatal HI mice.
A. Representative MAP2 staining of coronal
brain
sections at the hippocampus level (upper
panels) and striatum level (lower panels)
from vehicle and AIF(370-
394)-TAT–treated mice at 72 h after HI. B.
The infarction volume was measured at
72 h after HI in vehicle and AIF(370-394)-
TAT–treated mice (14.9 mm3 ± 2.3 vs.
7.8 ± 1.3 mm3, respectively, n = 31/
group, **p < 0.01). C. The infarction vo-
lume measured at 72 h after HI only in
males (15.8 ± 3.8 mm3 for vehicle and
5.8 ± 1.5 mm3 for AIF-TAT, n = 15/
group, **p< 0.01). D. The infarction vo-
lume measured at 72 h after HI only in fe-
males (14.1 ± 2.8 mm3 for vehicle and
9.5 ± 2.1 mm3 for AIT-TAT, n = 16/
group). E. The pathological scores eval-
uated in different brain regions in vehicle
and AIF-TAT–treated mice, including the
cortex (Cx, 1.5 ± 0.3 vs. 1.3 ± 0.3, re-
spectively), hippocampus (Hip, 3.7 ± 0.1
vs. 3.3 ± 0.2, respectively), striatum (Str,
3.2 ± 0.2 vs. 2.4 ± 0.3, respectively,
*p< 0.05), and thalamus (Tha, 1.2 ± 0.1
vs. 0.9 ± 0.1, respectively). F. The patho-
logical scores evaluated in male mice in
different brain regions in vehicle and AIF-
TAT–treated mice, including the cortex (Cx,
1.6 ± 0.4 vs. 0.8 ± 0.1, respectively),
hippocampus (Hip, 3.5 ± 0.2 vs.
3.0 ± 0.3, respectively), striatum (Str,
3.2 ± 0.3 vs. 1.6 ± 0.4, respectively,
**p < 0.01), and thalamus (Tha,
1.1 ± 0.2 vs. 0.5 ± 0.2, respectively,
*p< 0.05). G. The pathological scores
evaluated in female mice in different brain
regions in vehicle and AIF-TAT–treated
mice, including the cortex (Cx, 1.4 ± 0.3
vs. 1.7 ± 0.4, respectively), hippocampus
(Hip, 3.9 ± 0.2 vs. 3.6 ± 0.3, respec-
tively), striatum (Str, 3.1 ± 0.3 vs.
3.1 ± 0.3, respectively), and thalamus
(Tha, 1.2 ± 0.2 vs. 1.2 ± 0.1, respec-
tively).
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littermates (p< 0.01) (Fig. 2B). When analyzing the infarction volume
segregated by sex, the average infarction volume was 63.3% lower in
AIF (370-394)-TAT–treated male mice compared to vehicle-treated
littermates (p< 0.01) (Fig. 2C). For females, the average values were
32.9% lower in AIF (370-394)-TAT–treated female mice compared to
vehicle-treated littermates (Fig. 2D).

We further analyzed the different brain regions (cortex, hippo-
campus, striatum, and thalamus) and found that the decrease in the
neuropathological score in AIF(370-394)-TAT–treated mice was only
significant in the striatum (reduced by a 24.6%, p< 0.05), while there
was only a non-significant tendency for a decrease in the cortex, hip-
pocampus, and thalamus (Fig. 2E). This difference was more pro-
nounced in male mice with reduced injury in both the striatum (50%
decrease in neuropathological score in AIF(370-394)-TAT–treated male
mice, p< 0.01) and the thalamus (reduced by 52.7%, p < 0.05),
while only a tendency was observed in the cortex and hippocampus
(Fig. 2F). No differences were observed in female mice in any of the
specific brain regions examined (p > 0.05) (Fig. 2G).

In order to evaluate the potential protective effect of the AIF(370-
394)-TAT peptide in the white matter, MBP staining was carried out as
described at 72 h after HI (Fig. 3A). The MBP-positive area in the
subcortical white matter zone of the ipsilateral hemisphere was sepa-
rated from the contralateral hemisphere for each brain, and the extent
of injury was measured and calculated as the ratio of the MBP-positive
subcortical white matter in the ipsilateral hemisphere to that of the
contralateral hemisphere. The ratio in AIF(370-394)-TAT–treated mice
was 21.7% higher than in vehicle-treated mice (p = 0.018), meaning
that the subcortical white matter was less injured in AIF(370-394)-

TAT–treated mice at 72 h post-HI (Fig. 3B). When taking into account
the effect of sex, the ratio in males was 25.0% higher in AIF (370-394)-
TAT–treated male mice compared to vehicle-treated male mice
(p < 0.05) (Fig. 3C), whereas in females the difference was milder
(17.4% increase in AIF (370-394)-TAT–treated female mice, p > 0.05)
(Fig. 3D).

3.2. Impact of AIF(370-394)-TAT treatment on neuronal cell death after HI

Another group of mice was selected for investigating the effect of
the peptide on neuronal cell death and microglia activation at 8 h and
at 24 h after HI. For this purpose, only male mice were selected based
on the above brain injury evaluation and the significant difference that
was seen in male mice. Neuronal cell death in different brain regions
(cortex, striatum, the CA1 sector of the hippocampus, and the NH) was
investigated using Fluoro-Jade labeling, a non-specific neuronal cell
death marker, at 8 h and 24 h after HI in neonatal male mouse brain
(Fig. 4A). Fluoro-Jade–positive labeling was observed only in the injury
area, and there was a general decrease in Fluoro-Jade–positive cells in
AIF(370-394)-TAT–treated mice in the ipsilateral hemisphere compared
to the ipsilateral hemisphere of vehicle-treated mice. The difference
was statistically significant in the CA1 region of the hippocampus at 8 h
post-HI (p< 0.01) and in the NH at 24 h post-HI (p< 0.05, n = 5/
group) (Fig. 4B). We then investigated caspase-dependent apoptotic cell
death as indicated by active caspase-3 immunohistochemical labeling in
brain sections (Fig. 5A). We found no significant differences between
the AIF(370-394)-TAT and vehicle-treated male groups for any of the
four brain regions studied at 8 h or 24 h after HI (Fig. 5B). We further

Fig. 3. AIF(370-394)-TAT treatment pro-
tects white matter in neonatal HI mice.
A. Representative MBP staining of coronal
brain sections revealed the myelin structure
in the subcortical white matter of the con-
tralateral and ipsilateral hemispheres at the
hippocampus level (upper panels) and
striatum level (lower panels) at 72 h after
HI. B. The ratio of MBP-positive areas in the
subcortical white matter (SWM) showed
more white matter loss in vehicle-treated
mice compared to AIF-TAT–treated mice at
72 h after HI (0.399 ± 0.025 vs.
0.51 ± 0.037, *p < 0.05, n = 31/group).
C. The ratio of the MBP-positive areas in the
SWM in vehicle-treated and AIF-
TAT–treated male mice at 72 h after HI
(0.42 ± 0.04 vs. 0.56 ± 0.06, *p < 0.05,
n = 15/group). D. The ratio of the MBP-
positive areas in the SWM in vehicle-treated
and AIF-TAT–treated female mice at 72 h
after HI (0.38 ± 0.034 vs. 0.46 ± 0.06,
respectively, n = 16/group).
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investigated caspase-independent apoptotic cell death using AIF im-
munohistochemical staining in which AIF-positive cells show positive
staining in the nucleus (Fig. 6A). The numbers of AIF-positive nuclei
counted in AIF(370-394)-TAT–treated male mice decreased sig-
nificantly in the cortex, striatum, and NH at 8 h after HI compared to
vehicle-treated male mice (p< 0.05). At 24 h post-HI, however, the
results showed a non-significant tendency for lower numbers of AIF-
positive nuclei in the AIF(370-394)-TAT–treated male mice compared
to vehicle-treated male mice (p> 0.05) (Fig. 6B).

3.3. AIF(370-394)-TAT treatment has no significant effects on microglia
activation

Microglia activation and inflammation have been shown to be re-
lated with perinatal HI brain injury (Xie et al., 2014). To determine if
the AIF(370-394)-TAT peptide has an effect on microglia activation, we
analyzed galectin-3-positive cells, which is a marker of pathologically
activated microglia (Li et al., 2011). Galectin-3–positive cells were
detected in the ipsilateral hemisphere at 8 h after HI (Fig. 7A), and this
number increased dramatically at 24 h after HI (Fig. 7B). The number of

Fig. 4. AIF(370-394)-TAT treatment reduces the
number of Fluoro-Jade–labeled cells.
A. Representative Fluoro-Jade staining in the cortex,
striatum, CA1 of the hippocampus, and NH at 8 h
and 24 h after HI. B. The bar graph shows the
quantification of Fluoro-Jade–labeled cells in vehicle
and AIF-TAT–treated male mice at 8 h and 24 h after
HI in the cortex (40.3 ± 7.4 cells / mm2 vs.
41.8 ± 7.6 cells / mm2 at 8 h and 42.3 ± 15.6 cells
/ mm2 vs. 26.3 ± 5.8 cells / mm2 at 24 h after HI),
striatum (23.1 ± 6.4 cells / mm2 vs.
18.5 ± 5.2 cells / mm2 at 8 h and 34.3 ± 9.0 cells
/ mm2 vs. 16.4 ± 4.9 cells / mm2 at 24 h after HI),
CA1 (967.7 ± 48.0 cells / mm2 vs.
728.6 ± 54.4 cells / mm2 at 8 h (p < 0.01) and
1,225.0 ± 114.2 cells / mm2 vs.
1,013.0 ± 124.7 cells / mm2 at 24 h after HI), and
NH (87.5 ± 15.0 cells / mm2 vs. 65.7 ± 9.5 cells /
mm2 at 8 h and 133.7 ± 13.7 cells / mm2 vs.
85.0 ± 12.9 cells / mm2 at 24 h after HI
(p < 0.05)). *p < 0.05; **p < 0.01; n = 5/group.

Fig. 5. AIF(370-394)-TAT treatment has no impact
on caspase-3 activation.
A. Representative active caspase-3 staining in the
cortex, striatum, CA1, and NH of the ipsilateral
hemisphere at 8 h and 24 h after HI. B. The bar graph
shows the quantification of active caspase-3–positive
cells in vehicle and AIF-TAT–treated mice at 8 h and
at 24 h after HI in the cortex (63.2 ± 19.2 cells /
mm2 vs. 67.4 ± 23.5 cells / mm2 at 8 h and
103.7 ± 30.7 cells / mm2 vs. 113.0 ± 39.4 cells /
mm2 at 24 h after HI), striatum (374.9 ± 60.5 cells
/ mm2 vs. 362.9 ± 65.8 cells / mm2 at 8 h and
443.0 ± 80.3 cells / mm2 vs. 360.7 ± 71.6 cells /
mm2 at 24 h after HI), CA1 (368.3 ± 60.6 cells /
mm2vs. 249.1 ± 94.2 cells / mm2 at 8 h and
299.3 ± 65.9 cells / mm2 vs. 244.8 ± 35.7 cells /
mm2 at 24 h after HI), and NH (35.6 ± 6.4 cells /
mm2 vs. 38.0 ± 9.8 cells / mm2 at 8 h and
133.0 ± 24.1 cells / mm2 vs. 113.8 ± 18.9 cells /
mm2 at 24 h after HI). n = 5/group.
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galectin-3–positive cells was decreased slightly in the AIF(370-394)-
TAT–treated group compared to the vehicle-treated group at both 8 h
and 24 h after HI in the cortex and striatum, but the difference was not
significant (Fig. 7).

3.4. AIF(370-394)-TAT treatment has no significant effect on
mitochondrial biogenesis

To investigate the impact of AIF(370-394)-TAT treatment on mi-
tochondrial cell death-related proteins after HI, the mitochondrial in-
termembrane space protein expression of AIF, cytochrome c, and
CHCHD4 were measured in the mitochondrial fraction at 8 h and 24 h
after HI (Fig. 8A). The protein expression was decreased in the ipsi-
lateral hemisphere after HI, and this was more pronounced at 24 h after
HI. However, the quantification did not show significant differences
between vehicle and AIF(370-394)-TAT treatment groups even though
there was a tendency for more proteins to be released from the mi-
tochondria in the ipsilateral hemisphere of the vehicle treatment group
(data not shown). To further determine if AIF(370-394)-TAT peptide
treatment has an impact on mitochondrial biogenesis, the five mem-
brane-bound protein complexes (I: NADH-ubiquinone oxidoreductase;
II: succinate-ubiquinone oxidoreductase; III: ubiquinone cytochrome c;
IV: cytochrome c oxidase; V: ATP synthase) that catalyze oxidative
phosphorylation (OxPhos) in the mitochondria were measured in the
mitochondrial fraction at 8 h and 24 h after HI (Fig. 8B). The quanti-
fication of the complexes did not show significant changes in the ipsi-
lateral hemisphere at either 8 h or 24 h after AIF(370-394)-TAT treat-
ment (data not shown).

3.5. AIF(370-394)-TAT treatment inhibits AIF nuclear translocation after
HI

In order to prove that the AIF(370-394)-TAT peptide was actually
blocking AIF translocation from the cytosol to the nucleus, we per-
formed two independent experiments. First, we analyzed the protein
expression of AIF in neonatal male mice by immunoblotting in the
nuclear fraction extracted from the total brain homogenate at 8 h and at

24 h after HI (Fig. 9A). AIF accumulation in the nuclear fraction was
increased with longer time after the HI insult, and it was 3.6 times
higher at 24 h compared to 8 h after HI in the vehicle-treated group.
There was a tendency for less AIF accumulation in the nucleus at 8 h
post-HI in the AIF(370-394)-TAT-treated group compared to the ve-
hicle-treated group. The difference was much more pronounced at 24 h
post-HI, meaning that AIF (370-394)-TAT treatment prevented AIF
accumulation in the nucleus compared to vehicle treatment (p < 0.05)
(Fig. 9B).

Second, we examined CypA expression in the nuclear fraction in
neonatal male mice by immunoblotting and ELISA. The immunoblot-
ting results showed similar patterns for CypA and AIF when quantifying
the immunoblotting bands. At 8 h post-HI, there was no significant
difference between the AIF(370-394)-TAT treatment and the vehicle
treatment. At 24 h post-HI, CypA expression increased in the nuclear
fraction compared to 8 h post-HI, and AIF (370-394)-TAT treatment
reduced the expression of CypA in the nucleus, meaning that AIF(370-
394)-TAT treatment prevented CypA accumulation in the nucleus
(p < 0.01) (Fig. 9C). ELISA analysis of CypA in the nuclear fraction
showed lower CypA (29.6% reduction; p < 0.05) at 8 h post-HI after
AIF (370-394)-TAT treatment, and the reduction in CypA became even
greater at 24 h after HI, with a 55% reduction in AIF(370-394)-TAT–-
treated mice compared to vehicle-treated mice (p < 0.05) (Fig. 9D).

4. Discussion

Apoptotic cell death plays a more prominent role in the immature
brain compared to the adult brain under pathological conditions such as
cerebral HI (Zhu et al., 2005), and we previously showed that AIF-
mediated caspase-independent apoptosis is positively correlated with
brain injury in the immature brain after HI (Zhu et al., 2003). This
indicates that AIF plays an important role in the process of neuronal cell
death and brain injury in the immature brain after injury. In this study,
we used the cell-penetrating AIF(370-394)-TAT peptide to block the
formation of the AIF/CypA complex in our neonatal mouse cerebral HI
model, thus reducing neuronal cell death and brain injury, and this
effect was more pronounced in males.

Fig. 6. AIF(370-394)-TAT treatment re-
duces AIF translocation to the nucleus after
HI.
A. Representative AIF immunostaining in
the cortex, striatum, CA1, and NH of the
ipsilateral hemisphere at 8 h and 24 h. B.
The bar graph shows the quantification of
AIF-positive nuclei / mm2 in vehicle and
AIF-TAT–treated mice at 8 h and at 24 h
after HI in the cortex (1,310.0 ± 226.7
nuclei vs. 586.4 ± 109.7 nuclei at 8 h,
and 1,588.0 ± 245.0 nuclei vs.
1,350.0 ± 320.8 nuclei at 24 h after HI),
striatum (131.6 ± 12.6 nuclei vs.
68.9 ± 17.4 nuclei at 8 h and
263.4 ± 43.6 nuclei vs. 168.8 ± 17.4
nuclei at 24 h after HI), CA1 (170.7 ± 18.7
nuclei vs. 127.8 ± 21.6 nuclei at 8 h and
170.7 ± 23.7 nuclei vs. 137.4 ± 26.6
nuclei at 24 h after HI), and NH
(218.1 ± 16.1 nuclei vs. 130.8 ± 17.5
nuclei at 8 h post-HI and 167.0 ± 30.4
nuclei vs. 101.7 ± 14.8 nuclei at 24 h after
HI). *p < 0.05, n = 5/group.
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Fig. 7. AIF(370-394)-TAT treatment has no significant influence on microglia activation.
A. Representative overview (top panel), cortex (middle panel), and striatum (lower panel) galectin-3 immunostaining in the ipsilateral hemisphere at 8 h after HI in
both vehicle and AIF(370-394)-TAT-treated mice. The bar graph shows quantification of the galectin-3–positive cells in the cortex and striatum. The number of
positive cells was not significantly different with AIF (370-394)-TAT treatment. B. Representative overview (top panel), cortex (middle panel), and striatum (lower
panel) galectin-3 immunostaining in the ipsilateral hemisphere at 24 h after HI. The number of positive cells increased dramatically compared with 8 h after HI. The
bar graph shows the quantification of the galectin-3–positive cells in the cortex and striatum, and no difference was observed between the vehicle and AIF(370-394)-
TAT treatment groups. n = 5/group.

Fig. 8. AIF(370-394)-TAT treatment has no significant effect on mitochondrial cell death-related proteins or biogenesis.
A. Representative immunoblotting of AIF, cytochrome c, and CHCHD4 in the mitochondrial fraction of cortical tissue from the contralateral hemisphere (Ctr) and
ipsilateral hemisphere (Ips) of vehicle (Veh) and AIF(370-394)-TAT treatment at 8 h (up panel) and 24 h (lower panel) after HI. B. Representative immunoblotting of
OxPhos including all five membrane-bound protein complexes in the mitochondrial fraction of the ipsilateral hemisphere at 8 h (up panel) and 24 h (lower panel)
after HI. There was no significant difference between the two treatment groups. n = 6/group.
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AIF is a flavin adenine dinucleotide-dependent NADH oxidor-
eductase that resides in the mitochondria under physiological condi-
tions, and two isoforms have been identified – the ubiquitously ex-
pressed AIF1 and the brain-specific AIF2 (Hangen et al., 2010). AIF also
regulates the assembly and maintenance of the respiratory complexes in
mitochondria, thus influencing metabolic pathways (Bano and Prehn,
2018), and AIF deficiency leads to mitochondria dysfunction and neu-
rodegeneration (Klein et al., 2002). However, studies have shown that
AIF also plays a central role in neuronal cell death under pathological
conditions (Zhu et al., 2007a; Culmsee et al., 2005), and in response to
apoptosis-inducing stimuli AIF is released from the mitochondria and
translocates to the nucleus where it induces chromatinolysis and DNA
fragmentation. The mechanism by which AIF translocates to the nu-
cleus has been the matter of some debate (Zhu et al., 2007b; Doti et al.,
2014; Artus et al., 2010). It has been suggested that AIF and CypA in-
dependently translocate into the nucleus, which is supported by the
results in a necrosis model in which CypA down-regulation did not
compromise the nuclear translocation of AIF but reduced DNA damage
(Artus et al., 2010). It has also been suggested that AIF and CypA form a
complex in the cytosol and that this interaction allows both proteins to
translocate into the nucleus and induce cell death (Cande et al., 2004).
This hypothesis was supported by the observation that nuclear trans-
location of AIF after HIwas significantly reduced in CypA−/− mice
compared to wild-type littermates and that AIF-blocking peptide in-
hibited AIF/CypA complex formation and protected against oxidative
stress-induced neuronal cell death (Zhu et al., 2007b; Doti et al., 2014).
Here we show that our AIF (370-394)-TAT peptide reduced both AIF
and CypA expression in the nuclear fraction after HI, but not AIF release
from mitochondria, which is consistent with reduced neuronal cell

death and reduced brain injury. These results suggest that the AIF/
CypA complex is essential for HI-induced cell death and brain injury in
the immature brain, at least in males.

Sex differences in perinatal brain injury have been previously re-
ported in different studies (Li et al., 2019; Bi et al., 2014; Zhu et al.,
2013; Narang et al., 2019). These results suggest that sex might play a
modulatory role in neuronal cell death and brain injury, which might be
related to intrinsic sex differences, but not related to circulating go-
nadal hormones (Charriaut-Marlangue et al., 2017; Du et al., 2004),
including differential gene expression (Dewing et al., 2003). Our pre-
vious study showed that different apoptotic mechanisms are activated
in male and female mouse brains after cerebral HI, and the AIF pathway
is more prominent in males and the caspase-dependent apoptotic cell
death pathway is more prominent in females (Zhu et al., 2006). Fur-
thermore, a previous study also showed that mitochondrial respiratory
impairment and oxidative stress after neonatal HI are more obvious in
males than in females (Demarest et al., 2016). Another study showed
that poly (ADP-ribose) polymerase-1 (PARP-1) is a mediator of caspase-
independent apoptotic cell death after ischemia-reperfusion injury, and
AIF release from mitochondria into the nucleus is required for PARP-1
activation (Yu et al., 2002). In addition, genetic deletion of PARP-1 is
preferentially protective against perinatal brain injury in males
(Hagberg et al., 2004). The degree of PAR accumulation during the first
hours (1–4 h) after HI was similar in female and male P7 mice, but there
was a drop in NAD+ in males, but not in females. There are other
studies reporting sex differences when using hypothermia after HI, re-
sulting in more effective long-term protection in female than in male 7-
day-old rats (Bona et al., 1998). All of these studies indicate that AIF-
induced cell death is sex related (Renolleau et al., 2008). In this paper

Fig. 9. AIF(370-394)-TAT treatment reduces AIF/CypA translocation to the nucleus after HI.
A. Representative AIF and CypA immunoblotting from the nuclear fraction of the cortical tissue in the ipsilateral hemisphere of vehicle and AIF-TAT–treated mice at
8 h and at 24 h after HI. B. Quantification of AIF immunoblotting in the nuclear fraction from the ipsilateral hemisphere of vehicle and AIF-TAT–treated male mice at
8 h and 24 h after HI. AIF-TAT treatment reduced AIF accumulation in the nucleus at 24 h after HI by 65% compared to vehicle treatment (*p < 0.05, n = 6/group).
C. Quantification of CypA protein in the nuclear fraction from the ipsilateral hemisphere of vehicle and AIF-TAT–treated male mice at 8 h and 24 h after HI. CypA
accumulation in the nucleus increased at 24 h compared to 8 h after HI, and AIF-TAT treatment reduced CypA accumulation in the nucleus by 21.6% (**p < 0.01,
n = 6/group). D. ELISA analysis of CypA in the nuclear fraction of cortical tissue from the ipsilateral hemisphere of vehicle and AIF-TAT–treated mice at 8 h
(207.5 ± 22.4 μg/mg vs. 146.0 ± 17.9 μg/mg) and at 24 h after HI (278.6 μg/mg ± 63.0 vs. 125.6 ± 12.9 μg/mg protein). *p < 0.05, n = 6/group.
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we have shown again that the AIF apoptotic pathway is more prevalent
in males than in females because the AIF-blocking peptide showed
greater protection in male mice.

In summary, the administration of the AIF (370-394)-TAT peptide
prevents AIF/CypA translocation into the nucleus, protects against
caspase-independent apoptotic neuron death, and protects the neonatal
brain after HI-induced injury in male mice. These results suggest that
the AIF/CypA complex might be a therapeutic target for neuroprotec-
tion in the immature brain.
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