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iPLA2( loss leads to age-related cognitive 2
decline and neuroinflammation by disrupting
neuronal mitophagy
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Abstract

Background During brain aging, disturbances in neuronal phospholipid metabolism result in impaired cognitive
function and dysregulation of neurological processes. Mutations in iPLA2( are associated with neurodegenerative
conditions that significantly impact brain phospholipids. iPLA23 deficiency exacerbates mitochondrial dysfunction
and abnormal mitochondrial accumulation. We hypothesized that iPLA2[3 contributes to age-related cognitive
decline by disrupting neuronal mitophagy.

Methodology We used aged wild-type (WT) mice and iPLA2B™~~ mice as natural aging models to assess cognitive
performance, iPLA2(3 expression in the cortex, levels of chemokines and inflammatory cytokines, and mitochondrial
dysfunction, with a specific focus on mitophagy and the mitochondrial phospholipid profile. To further elucidate
the role of iPLA2[3, we employed adeno-associated virus (AAV)-mediated iPLA2{3 overexpression in aged mice and
re-evaluated these parameters.

Results Our findings revealed a significant reduction in iPLA2f3 levels in the prefrontal cortex of aged brains. Notably,
iPLA2(3-deficient mice exhibited impaired learning and memory. Loss of iPLA2(3 in the PFC of aged mice led to
increased levels of chemokines and inflammatory cytokines. This damage was associated with altered mitochondrial
morphology, reduced ATP levels due to dysregulation of the parkin-independent mitophagy pathway, and changes

in the mitochondrial phospholipid profile. AAV-mediated overexpression of iPLA2(3 alleviated age-related parkin-
independent mitophagy pathway dysregulation in primary neurons and the PFC of aged mice, reduced inflammation,
and improved cognitive function.

Conclusions Our study suggests that age-related iPLA2f3 loss in the PFC leads to cognitive decline through the
disruption of mitophagy. These findings highlight the potential of targeting iPLA2[3 to ameliorate age-related
neurocognitive disorders.
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Introduction

Aging is a complex physiological process characterized
by a progressive decline in organismal and cellular struc-
tures and functions [1]. The brain is one of the major
organs affected by aging, accompanied by the develop-
ment of neurodegenerative diseases, such as Alzheimer’s
disease [2] and Parkinson’s disease [3]. Many factors can
trigger brain aging, including infection, injury, stress,
inflammation, malnutrition, and metabolic disorders [4].
During brain aging, the number and function of neu-
rons gradually decrease [5], leading to impaired cogni-
tive function and dysregulation of neurological processes
[6]. The prefrontal cortex (PFC) is a critical region in the
anterior part of the frontal lobe, responsible for support-
ing higher cognitive functions, such as working memory.
As aging progresses, the PFC is one of the first areas to
be affected by brain shrinkage [7] and is also where cog-
nitive abilities tend to decline the earliest. This region is
particularly sensitive to stress, normal aging, and age-
related diseases such as Alzheimer’s disease (AD) [8].
Consequently, the PFC is prone to functional decline
during normal aging, particularly during cognitive pro-
cesses. However, the molecular mechanisms underlying
the decline in neurons and impairment of cognitive func-
tion remain poorly understood.

Phospholipids participate in maintaining the integrity
of cell membranes [9], regulating energy metabolism
[10], and signal transduction [11] in neurons. iPLA2f(
(also known as PLA2G6) is a member of the phos-
pholipase A2 superfamily, responsible for hydrolyzing
glycerophospholipids at the sn-2 position to release lyso-
phospholipids and fatty acids [12]. iPLA2p participates in
phospholipid remodeling by regulating the concentration
of polyunsaturated fatty acids in phospholipid stores [9].
For instance, inhibition of iPLA2p led to an elevation in
arachidonic acid (AA)-containing phosphatidylcholine
(PC) when cells were treated in culture [13]. Mutations
in iPLA2f are associated with atypical neuroaxonal dys-
trophy (aNAD) [14], infantile neuroaxonal dystrophy
(INAD) [15], and dystonia-Parkinsonism [16]. Whole-
body iPLA2B-null mice exhibit weight loss with age-
related neuroaxonal dystrophy [17], which is associated
with disturbed brain phospholipids [18]. iPLA2 expres-
sion reduction by inserting an AP element impairs the
function of the vesicle transport complex retromer in the
Drosophila brain, resulting in an elevation of ceramides
and neuronal impairment [19]. iPLA2p deficiency leads
to shorter phospholipid acyl chains, which accelerate the
aggregation of a-syn in neurons [19]. These findings indi-
cate that iPLA2[ may play a role in neuronal impairment
during brain aging.

Mitochondria generate ATP via the tricarboxylic acid
cycle and oxidative phosphorylation to meet the high-
energy demands of the brain [20]. Loss of iPLA2 or its
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mutants results in decreased membrane potential, irreg-
ular mitochondrial structure, and reduced ATP synthe-
sis in both the Drosophila brain and dopaminergic cell
line SH-SY5Y [21]. PLA2G6 deficiency leads to gradual
deterioration of the mitochondrial inner membrane and
abnormal mitochondrial accumulation [22]. Mitophagy
removes damaged mitochondria from neurons to main-
tain mitochondrial quality in healthy brains [23]. Dur-
ing the aging process, impaired mitophagy results in
the overaccumulation of abnormal mitochondria, which
is linked to neurodegenerative disorders [24]. Mito-
chondrial phospholipids are essential for maintaining
the membrane integrity and functionality of respiratory
chain enzymes, mtDNA biogenesis, and mitophagy [25].
Cardiolipin externalization to the outer mitochondrial
membrane triggers mitophagy, facilitating the clearance
of damaged mitochondria from neurons [26]. However,
it remains unclear whether iPLA2( is associated with
impaired mitophagy during brain aging.

We previously reported that iPLA2B~/~ mice are prone
to liver and intestinal injury, with increased inflamma-
tion and disruption of phospholipid metabolism during
aging [27]. We hypothesized that iPLA2p is involved in
age-related neuronal damage and cognitive decline. Here,
we compared the extent of age-related cognitive decline
in 24-month-old female wild-type and iPLA2B~/~ mice.
In addition to the changes in PFC phospholipids and
impaired cognitive function observed in aged KO mice,
our findings indicate that the brain is particularly vul-
nerable to aging sensitization in the absence of iPLA2p,
primarily due to disrupted mitophagy. This disruption
leads to increased neuronal apoptosis and inflammation.
Our findings imply that genetic deficiency of iPLA2p can
worsen age-related cognitive decline by disrupting neu-
ronal mitophagy in the prefrontal cortex.

Materials and methods

Animals and treatment

iPLA2B knockout (iPLA2$~'~) mice were generated
by Shanghai Model Organisms Center, Inc. All animal
experiments followed protocols approved by the Insti-
tutional Ethics Committee of the Chinese Academy of
Medical Sciences and Peking Union Medical College. The
mice were kept at the animal facility of the Chinese Acad-
emy of Medical Sciences with al2-h light—dark cycle and
had free access to water and food. In our experiments,
we used female iPLA2B~~ and C57BL/6] mice, aged
2-24 months. The mice were divided into four groups
(n=20 per group): 2-month-old C57BL/6], 24-month-old
C57BL/6], 2-month-old iPLA237/~, and 24-month-old
iPLA2B™~. For AAV injections, 22-month-old female
C57BL/6] mice received stereotaxic injections into the
prefrontal cortex with either iPLA2B AAV (1ul, 1x10"3
V.G./mL) or control AAV (1ul, 1x10'® V.G./mL). The
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mice were further divided into two groups (n=20 per
group) based on the type of AAV injected: control AAV
and iPLA2B-AAV. The injections were administered
using the following stereotaxic coordinates: AP 2.7,
ML+1.8, DV 2.0; AP 2.7, ML -1.8, DV 2.0. AAV injec-
tions were administered 21 days prior to formal behav-
joral testing [28]. Behavioral test training sessions were
conducted two days before the formal testing began.
Samples were collected on the 7th day following the ini-
tiation of the formal behavioral experiment. Figure 8a
depicts the experimental design timeline, including the
key time points for the assays and manipulations. The
same set of animals was used for both Western Blot and
PCR analyses to ensure consistency and comparability of
results. Animals used for histology, including immuno-
histochemistry and immunofluorescence staining, were
randomly selected from the same cohort as those used
for Western blot and PCR.

Primary neurons culture

Primary neurons were isolated from the cortex of
C57BL/6] mice on day 17 following the method outlined
by Liu et al. [29]. For the D-gal (Sigma-Aldrich)-induced
senescence model, primary neurons were cultured with
20 mg/mL D-gal in the culture medium for 48 h; For len-
tivirus mediated iPLA2f overexpression, purified lentivi-
rus virus (2 pl, 4x10® TU/ml) was added to the culture
medium for transduction.

Behavioral procedures

Morris water maze

The Morris water maze test was performed according to
an established method [30]. Specifically, the test used a
black circular pool divided into four quadrants (NE, NW,
SE, and SW) and filled with water to a depth of 30 cm.
A 10 cm platform was submerged 2 cm below the water
surface and placed in the NE quadrant. Talcum powder
was added to change the color of the water to white, facil-
itating the capture of images of the black mice using a
camera. The water temperature was maintained constant
from 23 °C to 25 °C throughout the experiment. The mice
were subjected to five consecutive training trials. On the
sixth day, a probe trial was conducted wherein the plat-
form was removed and the mice were allowed to swim
for 60s. Behavioral observations were captured using
a camera positioned above the circular pool, and data
analysis was performed using ANY maze software (SANS
Biotechnology Co., Ltd).

Novel object recognition test

Novel object recognition test was conducted following
the methods outlined in a published paper [28]. Each
mouse underwent a 5-minute period of free explora-
tion in an open-field box measuring 48x48 cm before
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formal testing. During the initial phase of the test, a
cube-shaped object was placed within the box, and the
mouse was given a 5-minute period for free exploration.
Subsequently, a novel spherical object was introduced,
and the mouse was given another 5 min to freely explore
both objects. The time spent by the mice to investigate
each object was recorded.

Elevated plus maze

The elevated plus maze test was conducted following
the protocol outlined in a published paper [31]. Each
mouse was positioned towards one of the open arms in
the central connecting area and allowed to explore freely
for 5 min. The time spent and number of entries into the
open arms were recorded.

Rotarod test

Each mouse underwent adaptation training (SANS Bio-
technology Co., Ltd.) before the formal experiment.
During the formal test, the rotational speed of the rod
was initially set to 5 rpm for 15 s, followed by a gradual
increase to 50 rpm over a period of 5 min. Each mouse
performed three repeat trials per session, with a 5-min-
ute interval between trials for rest, and the average
latency time of the three trials was recorded.

Adeno-associated virus production

The Pla2g6 sequence was inserted into the pAAV2-CMV_
bGI-MCS-EGFP-WPRE-pA vector (Taitool Bioscience,
Shanghai, China) to construct pAAV2-CMV_bGI-Pla2g6-
2xFlag-HA-WPRE-SV40pA. The AAV9-Pla2g6 virus was
generated by transfecting the overexpression construct
and helper plasmids into AAV-293 cells. The AAV9-
Pla2g6 virus was produced and purified using a modified
standard protocol [32]. AAV9-CMV_bGI-EGFP-WPRE-
pA (Taitool Bioscience, Shanghai, China) was used as
control.

ATP level measurement

ATP levels were assessed using an ATP assay kit (Beyo-
time, S0026B) according to the manufacturer’s instruc-
tions. Briefly, the tissue or cell lysates were centrifuged at
12,000 x g for 5 min, and the resulting supernatant was
used for analysis. Protein concentration was determined

using a BCA kit (CWBIO, CW0014S).

Histology, immunohistochemistry (IHC) and
immunofluorescence staining

For brain paraffin sectioning, the mice were perfused
with PBS. Brain specimens were fixed in 4% parafor-
maldehyde (PFA) for 48 h, embedded in paraffin blocks,
and sectioned into 6 pum slices. The sections were subse-
quently stained with hematoxylin and eosin (H&E) for
histological examination. For immunohistochemistry
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(IHC), sections were deparaffinized and hydrated, fol-
lowed by treatment with 10 mM citrate buffer (pH 6.0)
and heating to boiling for 30 min. Endogenous peroxi-
dase activity was blocked by treating the sections with 3%
H,O, for 10 min at room temperature. Then, brain sec-
tions were incubated overnight at 4 °C with the following
antibodies: mouse polyclonal iPLA2f (sc-376563, 1:100,
Santa Cruz), mouse monoclonal Ibal (#17198, 1:400, Cell
Signaling), or rabbit polyclonal GFAP (ab7260, 1:500,
Abcam). Afterward, brain sections were incubated with
anti-mouse and anti-rabbit secondary antibodies for 1 h
at room temperature. Visualization of the protein/anti-
body complexes was achieved using DAB. The mPFC
regions in the IHC sections were evaluated in a blinded
manner. Histological changes were graded according
to a previously described method [33]. The Histology
score were graded in a blinded manner using a scoring
system with the following criteria: Grade 0: Normal Lim-
its-Tissue appears normal under the study conditions,
accounting for factors such as age, sex, and strain. Any
changes observed are within the expected range and are
not considered pathological; Grade 1: Very Mild-Minimal
changes are observed, just exceeding normal variation
but with negligible pathological significance; Grade 2:
Mild-Clear pathological lesions are present but are lim-
ited in extent and do not impair tissue function; Grade 3:
Moderate-Pathological lesions are prominent and wide-
spread, affecting tissue integrity and function; Grade 4:
Severe-Extensive and severe pathological lesions, com-
promising the entire brain structure and function.

For brain cryosections used for immunofluorescence
staining, mice were perfused with PBS, followed by 4%
PFA. The brains were dissected and fixed in 4% PFA for
48 h. Subsequently, the brains were sequentially dehy-
drated in 15%, 20%, and 30% sucrose solutions, followed
by embedding in OCT compound and sectioning into
10 pm slices [34]. For cell samples used in immuno-
fluorescence staining, fixation was performed using 4%
PFA for 15 min. Both brain sections and cells were per-
meabilized with 0.1% Triton X-100 in PBS, followed by
incubation with primary antibodies at 4 °C overnight.
Subsequently, sections and cells were incubated with
Alexa-conjugated secondary antibodies for 1 h at room
temperature before visualization. DAPI was applied
for nuclear counterstaining. The primary antibodies
employed in this study included iPLA2B (sc-376563,
1:100, Santa Cruz), NeuN (ab177487, 1:200, abcam), Ibal
(#17198, 1:400, Cell Signaling), GFAP (ab7260, 1:500,
Abcam) and TOM20 (A19403, 1:200, ABclonal). The
mPFC regions and cells on IF slides were evaluated in a
blinded manner.
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TUNEL staining

An In Situ Cell Death Detection Kit (Cat. #11684809910;
Roche Applied Science) was used in this study. The sec-
tions were permeabilized with 1% Triton X-100 and 0.1%
sodium citrate, followed by rinsing and staining accord-
ing to the manufacturer’s guidelines.

SA-B-gal staining

For animal experiments, the mice were perfused with
PBS. The brains were dissected and embedded in OCT
compound and sectioning into 20 pm slices. For fresh
cell coverlids and brain slices, SA-B-gal staining was per-
formed using a Senescence B-Galactosidase Staining Kit
(#9860; CST). Briefly, brain sections or cells were fixed in
a 1 x fixative solution for 15 min, followed by two rinses
in 1X PBS. Brain sections or cells were immersed in
Staining Solution and incubated at 37 °C. Subsequently,
the cells were washed thrice with PBS, and the positive
cells were observed under a microscope.

q-RT-PCR

Total RNAs was extracted using the Eastep® Super Total
RNA Extraction Kit (cat#LS1040, Promega). Reverse
transcription was performed using the GoScriptTM
Reverse Transcription Mix kit (cat#A2800, Promega).
q-RT-PCR was performed utilizing the GoTaq® qPCR
Master Mix (cat#A6001, Promega) on a Bio-Rad CFX96
TOUCH instrument. q-RT-PCR was performed using
the SYBR green method as we previously described
[27]. The expression levels of the target genes were
evaluated by the A-Ct method and normalized to
Gapdh. The specific primers were used: mouse Gapdh
(NM_001289726.2)-forward: 5- TGTGTCCGTCGTG
GATCTGA-3', -reverse: 5'- TTGCTGTTGAAGTCGC
AGGAG-3’; mouse iPLA2f/ Pla2g6 (NM_016915)-for-
ward: 5-AGATGTCTTTCGTCCCAGCA-3', -reverse:
5- ATGATGTCGGACCCTAGCTG-3’; mouse sPLA2/
Pla2g2a (NM_001082531)-forward: 5'-GGCTGTGTCA
GTGCGATAAA-3, -reverse: 5'- TTTGGGCTTCTTCC
CTTTGC-3'; mouse iPLA2y/ Pnpla8 (NM_026164)-for-
ward: 5-TCGGTGGTTACATTGGTGGA-3', -reverse:
5- GCTGAAGTAGCACACGCTTT-3; mouse TGF-f
(NM_011577)-forward: 5- GGCTACCATGCCAACT
TCTG-3/, -reverse: 5'- CGTAGTAGACGATGGGCAG
T-3’; mouse TNF-a (NM_013693.3)-forward: 5'-CCAAC
GGCATGGATCTCAAA-3’, -reverse: 5'-CCCTTGAAG
AGAACCTGGGA-3'; mouse IL-1p (NM_008361.4)-for-
ward: 5'- ACTCATTGTGGCTGTGGAGA-3’, -reverse:
5- AGCCTGTAGTGCAGTTGTCT-3'; mouse CCL2
(NM_011333.3)-forward: 5'- GCTGGAGAGCTACAAG
AGGA-3', -reverse: 5'- ACCTTAGGGCAGATGCAGT
T-3.
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Western blot analyses

Cells were homogenized in RIPA buffer (CW2333,
CWBIO) and gently pipetted or vortexed to ensure com-
plete cell lysis. Mice were anesthetized, and their brains
were extracted and placed in ice-cold PBS. Brains were
dissected to isolate the prefrontal cortices. The prefron-
tal cortices were specifically dissected and homogenized
in RIPA buffer (CW2333, CWBIO) with a tissue homog-
enizer (KZ-1II-F, Sercevio). Homogenized samples were
then incubated on ice for 30 min. Following centrifuga-
tion at 13,000 x g for 10 min, the supernatant was col-
lected. Protein concentrations were determined using the
BCA Protein Assay Kit (CW0014S, CWBIO) and protein
concentrations were between 3 and 5 ug/ul. Approxi-
mately 20 pg of sample proteins underwent 8-12%
SDS-PAGE gel electrophoresis and were subsequently
transferred onto PVDF membranes (Bio-Rad, USA).
After blocking with 5% non-fat milk solution, the blots
were incubated overnight at 4 °C with primary antibodies
and subsequently incubated with HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. The pri-
mary antibodies employed in this study included iPLA2(
(#sc-376563, 1:200, Santa Cruz), P62(#5114, 1:1000, Cell
Signaling), P16(#29271, 1:1000, Cell Signaling), Optineu-
rin (#70928, 1:1000, Cell Signaling), PINK(23274-1-AP,
1:500, Proteintech), Parkin (#2132, 1:1000, Cell Signal-
ing), Tom40 (sc-365467,1:500, Santa Cruz), MFF (#84580,
1:1000, Cell Signaling), LC3B (#83506, 1:1000,Cell Signal-
ing), BNINP3(#3769, 1:1000,Cell Signaling), Nix (#12396,
1:1000, Cell Signaling), and B-actin (#4967, 1:1000, Cell
Signaling). The protein bands were visualized using an
ultrasensitive ECL chemiluminescence detection kit
(PK10003, Promega) and captured using a ChemiDocTM
Touch Imaging System (Bio-Rad, USA). Image] software
was used to analyze the density of the protein bands (WB
raw blots are provided in Additional file 10).

Transmission electron microscopy

Fresh mouse frontal cortex tissue samples (1 mm X
1 mm X 1 mm) were placed in fixation solution (0.1 M
Phosphate Buffer containing 2.5% glutaraldehyde and
2.0% paraformaldehyde) and fixed at 4 °C for 4 h. After
being washed three times with 0.1 M phosphate buft-
ered saline, the frontal cortex tissues were post-fixed
with 1% osmium tetroxide for 2 h. The tissue was rinsed
three times with 0.1 M Phosphate Buffer for 15 min each.
Dehydration was carried out by sequential immersion in
50%, 70%, 80%, 90%, 95%, and 100% ethanol, followed by
100% acetone for 15 min each. The tissue was then infil-
trated with a series of mixtures of acetone and Epon 812
resin and finally embedded in pure Epon 812 resin. Ultra-
thin sections of the embedded samples were obtained
using an ultramicrotome. The sections were double-
stained with uranyl acetate and lead citrate and air-dried
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overnight. Observations and image acquisition were per-
formed using a transmission electron microscope (HITA-
CHI HT7800, Japan).

GFP-LC3 and Mito-DsRed analyses

48 h after transfection with AAV9-Pla2g6 or AAV9-
CMV_bGI-EGFP-WPRE-pA, the primary cultured
neurons were incubated in neurobasal FBS containing
20 mg/ml D-gal for 48 h. Next, neurons were transfected
with AAVs containing GFP-LC3B and Mito-DsRed and
allowed to recover for 48 h in growth media.

LC-MS/MS analysis

Lipidomic analysis was performed using an established
protocol [35] (Biotree, Shanghai, China). For lipid extrac-
tion, 10 mg of the brain sample was homogenized in 400
puL H20. Subsequently, the extract solutions were added
to the brain homogenates and mixed thoroughly. The
mixtures were centrifuged, and the supernatants were
collected. An equivalent amount of MTBE was added to
the supernatant, which was sonicated and centrifuged to
isolate the supernatant. The supernatant was evaporated
under vacuum and reconstituted. LC-MS/MS analysis
was performed using a UHPLC system (1290, Agilent
Technologies) with an ACQUITY UPLC HSS T3 column
(1.8 um, 2.1 X100 mm). Biobud-v2.0.7 Software was used
for quantification.

Statistics

Statistical analyses were performed using GraphPad
Prism version 8. Results are presented as the mean+SEM.
Normality of data distribution was assessed using the
Shapiro—Wilk normality test. For normally distributed
data, comparisons between two groups were performed
using a two-tailed Student’s t-test with Welch’s correc-
tion (*p<0.05, **p<0.01, ***p<0.001). For non-normally
distributed data, comparisons between the two groups
were made using the Mann-Whitney U test. For com-
parisons involving more than two groups with normally
distributed data, one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used. For non-nor-
mally distributed data involving more than two groups,
the Kruskal-Wallis test followed by Dunn’s multiple com-
parison test was applied (*p<0.05, **p<0.01, ***p<0.001).

Results

Aging increased iPLA2 loss in PFC of mice

The PFC (prefrontal cortex) is particularly susceptible
to aging stress [8]. The process of phospholipid remod-
eling is critically important for maintaining phospho-
lipid homeostasis in aging PFC. The phospholipase
A2 superfamily is responsible for hydrolyzing glycero-
phospholipids at the sn-2 position and releasing lyso-
phospholipids and fatty acids during this phospholipid
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remodeling process [12]. To identify the members of
the iPLA2 family that exhibited significantly altered
expression levels in the aged PFC, we compared iPLA2
expression in the PFC of young and old mice. There was
a notable decrease in iPLA2 mRNA levels in the aged
PEC, whereas sPLA2, cPLA2, and iPLA2y showed no sig-
nificant changes compared to their younger counterparts
(Fig. 1A). Next, we analyzed changes in iPLA2f protein
levels during brain aging using Western blotting. We
observed a significant decrease in iPLA2f expression in
the PFC of aged mice (18-month-old and 24-month-old
groups) compared to younger mice (2-month-old and
10-month-old groups) (Fig. 1B). However, no significant
changes in iPLA2p protein expression were observed in
the hippocampus of aged mice (Additional File.1 A-B).
Consistently, immunohistochemical staining for iPLA2(
revealed a decrease that correlated with age in the PFC of
aged mice (Fig. 1C). iPLA2p exhibited significant colocal-
ization with the neuronal marker NeuN, and its expres-
sion was significantly decreased in the neurons of aged
mice (Fig. 1D). iPLA2p also showed some colocalization
with the microglial marker Ibal, with a significant down-
regulation observed in microglial cells of aged mice. In
contrast, iPLA2f exhibited limited colocalization with
the astrocytic marker GFAP (Additional File 2 A, B).
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Deficiency of iPLA2f in aged mice brain increases aging-
related cognitive impairment and neuroinflammation

To investigate the role of iPLA2B in the PFC, we used
iPLA2p knockout (iPLA23~'7) mice. Our results showed
a significant reduction in iPLA2 mRNA levels (Fig. 2A),
whereas sPLA2, cPLA2, and iPLA2y levels remained
unchanged (Additional File 3 A-C). Western blotting
confirmed the absence of iPLA2J protein in the PFC of
iPLA2B~'~ mice (Fig. 2B). In the PEC of iPLA2B ™/~ mice,
we observed a further decrease in cell density, increased
nuclear wrinkling and condensation, neuronal death, and
neuronal vacuole formation compared to 24-month-old
wild-type (WT) mice (Additional File 4 A). To assess
the effect of iPLA2pB deficiency on age-related cognitive
decline, we performed a Morris water maze test. Com-
pared with younger controls, 24-month-old mice took
significantly longer to find the hidden platform, made
fewer platform crossings, and spent less time in the target
quadrant. Aged iPLA2p-deficient mice showed greater
impairments than aged wild-type mice, with longer laten-
cies to find the hidden platform, fewer platform cross-
ings, and reduced time in the target quadrant (Fig. 2C-E;
Additional File 5 A). To ensure that the observed cogni-
tive deficits were not influenced by motor or anxiety-
related factors, we conducted additional behavioral
tests. The rotarod test, which assesses motor coordina-
tion [36], indicated that aged iPLA2p-deficient mice had
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Fig. 2 Deficiency of iPLA2(3 increases aging-related cellular senescence, cognitive impairment and neuroinflammation. A The mRNA expression levels
of iPLA23 in the PFC of 24 M mice were assessed by qPCR. Normalization was performed relative to GAPDH expression levels. n=6. B Protein levels of

iPLA2{ in the PFC of 24 M mice, assessed using Western blotting and densito

metry, n=3. CTime taken by 2 M-WT, 24 M-WT, 24 M-CON, and 24 M-KO

mice to reach the platform during the spatial test. n=20. D Frequency of platform crossings in 24 M mice during the probe trial. n=20. E Duration of
2 M-WT, 24 M-WT, 24 M-CON, and 24 M-KO mice spent time in hidden platform quadrants during the probe trial. n=20. F Recognition index of 2 M-WT,
24 M-WT, 24 M-CON and 24 M-KO mice during the Novel object recognition test. Recognition index=time spent exploring novel object/time spent
exploring both objects. n=20. G The discrimination index of 2 M-WT, 24 M-WT, 24 M-CON, and 24 M-KO mice during the Novel object recognition test.
The discrimination index = (time spent on the novel object —time spent on the familiar object)/ time spent on both objects. n=20. H Representative SA-
B-gal staining images in 24 M PFC. The bar graph shows the density of B-Gal staining (+) cells/0.1 mm? Scale bar: 100 um. n=10.1 mRNA levels of TGF-B,
CCL2, TNF-q, and IL-1( in the PFC of 2 M-WT, 24 M-WT, 24 M-CON, and 24 M-KO mice were assessed via gPCR. Normalization was conducted relative to

GAPDH expression levels.n=11

KO represents“iPLA2{ knockout,'CON represents “control’, Data are presented as mean + SEM; p values were obtained using two-sided unpaired Student’s

t-tests (A, B, H), the Kruskal-Wallis test followed by Dunn’s multiple comparison

similar motor performance to their wild-type counter-
parts (Additional File 5 C). Furthermore, the elevated
plus maze, used to evaluate anxiety levels [37], showed
no significant differences between the two groups (Addi-
tional File 5D-E). Additionally, the swimming speed
of iPLA2fB-deficient mice was comparable to that of
wild-type mice (Additional File 5 B). In the novel object
recognition test, iPLA2[3-deficient aged mice showed fur-
ther reduced exploration of novel objects compared to
younger controls, as indicated by their lower discrimina-
tion and recognition indices (Fig. 2F-G). These findings

stest (C,D,E F, Gandl), * p<0.05.** p<0.01; *** p<0.001
indicate that iPLA2p is associated with age-related brain
pathology and cognitive decline.

iPLA2p deficiency was associated with increased SA-f3-
gal activity in the aged PFC (Fig. 2H), indicating elevated
cellular senescence [38]. TUNEL-positive cells were
also notably higher in the iPLA2B~/~ PFC compared to
wild-type controls (Additional File.4 B). qPCR analysis
revealed significant upregulation of inflammatory cyto-
kines and chemokines, including TGF-p, TNF-a, IL-1(,
and CCL2, in the iPLA2B~/~ PFC compared to wild-type
controls (Fig. 2I). This indicates a notable inflammatory



Jiao et al. Journal of Neuroinflammation (2024) 21:228

response associated with iPLA2p deficiency. Addition-
ally, our data show that iPLA2p deficiency exacerbates
astrogliosis and microgliosis during PFC aging, as evi-
denced by the increased numbers of Ibal(+) and GFAP
(4) cells (Additional File 6). While astrogliosis [39] and
microgliosis [40] naturally increase with age, the exacer-
bation observed in iPLA2p-deficient mice underscores
the role of iPLA2f in modulating neuroinflammation.

iPLA2 reduces senescence in primary neurons

Neuronal senescence is closely associated with brain
aging and is characterized by dysfunctional mitochon-
dria, increased SA-P-gal levels, and upregulation of cell
cycle inhibitors [41]. To explore the role of iPLA2f in
neuronal senescence, we first assessed iPLA2p expres-
sion in long-term cultured mouse primary cortical neu-
rons, which served as a neuronal senescence model as
previously described [28]. In long-term cultured neu-
rons (20 days in vitro [DIV20]), we observed a significant
reduction in iPLA23 mRNA levels (Fig. 3A), and protein
(Fig. 3B) levels compared to young controls (DIV7). Con-
sistently, iPLA2p overexpression significantly reduced
the number of -gal-expressing neurons in the long-term
culture (Fig. 3C). D-galactose (D-gal) was used to estab-
lish an aging cell model because of its ability to induce
oxidative stress and mimic age-related changes [42]. A
D-gal-induced neuronal aging model was used to confirm
the role of iPLA2p in neuronal senescence. Immunofluo-
rescence results indicated a decrease in iPLA2p expres-
sion in D-gal-treated groups (Fig. 3D). D-gal treatment
significantly increased the number of SA-P-gal-stained
neurons (Fig. 3E). Overexpression of iPLA2p significantly
reduced the number of SA-B-gal-stained neurons fol-
lowing D-gal treatment (Fig. 3E). Following D-gal treat-
ment, iPLA2[ overexpression significantly decreased P16
expression and increased P62 expression compared to
the control (Fig. 3F).

iPLA2f protects mitochondrial morphology and regulate
mitochondrial function during brain aging

Mitochondrial homeostasis is critical for maintaining neu-
ronal function during the aging process [43]. Transmission
electron microscopy (TEM) was performed to explore the
effect of iPLA2B on mitochondrial function. As shown
in Fig. 4A, the 24 M iPLA2B~'~ cortex displayed more
severe mitochondrial swelling, matrix dissolution, cris-
tae rupture, and vacuolization than the 24 M WT control
(Fig. 4A). Conversely, iPLA2f overexpression in the cortex
of 24-month-old mice partially mitigated mitochondrial
damage observed in the aged cortex (Fig. 4B). Quantita-
tive analysis revealed that iPLA2p knockout resulted in an
increase in mitochondrial diameter (Fig. 4C, D), whereas
iPLA2p overexpression reduced age-related mitochondrial
diameter and length in the cortex of aged mice (Fig. 4E,
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F). Additionally, ATP synthesis decreased in the cortex of
iPLA2B~'~ mice (Fig. 4G), whereas iPLA2pB overexpression
increased ATP levels in the aged cortex (Fig. 4H). To further
explore the association between iPLA2{ and mitochondrial
damage, we examined the colocalization of iPLA2f3 and the
mitochondrial membrane protein TOM20 in the cortex.
The results demonstrated that iPLA2B and TOM20 colo-
calized in the cortex of mice (Fig. 41), with aging leading to
significant downregulation of both iPLA23 and TOM20.
In aged mice, iPLA2( overexpression resulted in a further
decrease in TOM20 levels. This suggests that iPLA2( over-
expression may modulate TOM20 expression, potentially
impacting mitochondrial quality control processes, such as
mitophagy (Fig. 4J-K). These findings imply a protective role
for iPLA2p in maintaining mitochondrial function during
cortical aging.

iPLA2 regulates mitophagy during neuronal aging in vivo
and in vitro

Mitochondrial dysfunction during brain aging is often
accompanied by disrupted mitophagy [44]. We investi-
gated whether iPLA2p deficiency PFCs exhibit a decrease
in mitophagy by assessing the ratio of mitochondrial to
nuclear DNA (mtDNA: nDNA). Indeed, mtDNA: nDNA
was increased in iPLA2B-KO PFCs compared to that in the
24 M controls (Fig. 5A). Markers associated with PINK1/
Parkin-dependent and -independent pathways are sig-
nificantly altered in the aged nervous system of mice [45].
To elucidate the mechanism by which iPLA2( triggers
mitophagy, we examined the involvement of these pathways
in the mitochondrial fractions isolated from aged PFCs.
iPLA2p deficiency resulted in the accumulation of Parkin,
PINK1, and Optineurin, along with decreased levels of the
mitochondrial fission factor MFF and downregulation of
the autophagy marker LC3B (Fig. 5B). Conversely, iPLA23
overexpression PFCs showed decreased mtDNA: nDNA
(Fig. 5D), protein levels of mitochondrial Parkin and PINK1,
mitochondrial fission factor MFF, and autophagy marker
LC3B, indicating a role for Parkin-dependent mitophagy
(Fig. 5E). Moreover, iPLA23 overexpression/knockout did
not lead to significant alterations in BNIP3 and NIX levels
(Fig. 5C, F), indicating the absence of parkin-independent
mitophagy pathways [46].

A D-gal-induced neuronal aging model was used to
confirm the role of iPLA2f in mitophagy during neuronal
senescence. Primary cultured neurons were transfected
with plasmids expressing GFP-LC3B and Mito-DsRed, and
mitophagy was quantified using the ratio of LC3B puncta
with mitochondria. Following D-gal treatment, the ratio of
LC3B puncta with mitochondria was significantly reduced
in neurons compared to that in PBS-treated controls. How-
ever, iPLA2B overexpression significantly increased this
ratio compared to that in the control group following D-gal
treatment (Fig. 6A, B). Such colocalization was further
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Fig. 3 iPLA2(3 reduces senescence in primary neurons. AThe mRNA levels of iPLA2{3 in DIV7 and DIV20 cultured neurons were assessed using gPCR. Nor-
malization was conducted relative to GAPDH expression levels. n=13. B Protein levels of iPLA23 in DIV7 and DIV20 cultured primary neurons, assessed via
Western blot and densitometry. n=4. C Representative SA-B-gal staining images of iPLA2[3-overexpression (OE) and control DIV20 primary neurons. Scale
bar: 100 um. n=12. D Representative immunofluorescence images of iPLA2(3 (red) in D-gal-induced iPLA2[3 overexpression (OE) and control primary neu-
rons. Scale bar: 5 um. n=8. E Representative SA-B-gal staining images of D-gal-induced iPLA23-overexpression (OE) and control primary neurons. Scale
bar: 100 pm. n=12. F Protein levels of P62 and P16 in D-gal-induced iPLA23-overexpression (OE) and control primary neurons, as assessed by Western

blot and densitometry

OFE represents “iPLA23 overexpression’, CON represents “control’, Data are mean + SEM; p values were obtained using two-sided unpaired Student’s t-tests
(A, B), Mann-Whitney U test (C), one-way analysis of variance (ANOVA) followed by Tukey's post hoc test (E), the Kruskal-Wallis test followed by Dunn’s

multiple comparisons test (F), * p<0.05. **, p<0.01; ***, p <0.001

enhanced when D-gal was co-treated with the autophagy
inhibitor chloroquine (CQ) (Fig. 6A, B), which may have
prevented the degradation of colocalized LC3B-mitochon-
dria [47]. Conversely, iPLA2p knockout neurons showed a
decreased ratio of colocalized LC3B-mitochondria com-
pared to the controls (Additional File.7 A-B). Additionally,
after D-gal induction, iPLA2B overexpression increased
the levels of mitochondrial Parkin, Optineurin, and PINK1
(Fig. 6C), and elevated levels of MFF and LC3B (Fig. 6D).

These results indicate that iPLA2p plays a protective role in
mitophagy during neuronal aging.

iPLA2[3 deficiency leads to alterations in mitochondrial
phospholipid metabolism in aged PFC

Phospholipids are crucial for maintaining the brain
microenvironment and ensuring normal mitochondrial
structure and function, with lipid influx being essen-
tial for cognitive function [48]. Evidence suggests that
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Fig. 4 iPLA23 protects mitochondrial morphology and regulate mitochondrial function during cortex aging. A Representative TEM image of WT and
iPLA2B™~ PFC of 24 M mice. Scale bar: 1 um. B Representative TEM images of the AAV-CON-injected and AAV-iPLA2B-OE-injected PFC of mice. Scale bar:
1 um. € Quantification of mitochondrial diameter in TEM images of WT and iPLA23~~ PFC from 24 M mice. n=10. D Quantification of mitochondrial
diameter in TEM images of the AAV-CON-injected and AAV- iPLA2[3-OE-injected PFC of mice. n = 10.E Quantification of mitochondrial length in TEM
images of WT and iPLA2B™~ PFC from 24 M mice. n=10. F Quantification of mitochondrial length in TEM images of the AAV-CON-injected and AAV-
iPLA2B-OE-injected PFC of mice. n=10. G ATP levels in the WT and iPLA23™~ PFC of 24 M mice. n=8. H ATP levels of the AAV-CON-injected and AAV-
iPLA2(3-OE-injected PFC of mice. n=8. | Representative immunofluorescence images of iPLA23 (green) and TOM20 (red) in the PFC of 2 M-WT, 24 M-WT,
AAV-CON-injected, and AAV- iPLA2B-OE-injected mice. Scale bar: 50 um. J TOM20 fluorescence intensity of immunofluorescence images in (). n=12. K
iPLA2[ fluorescence intensity of immunofluorescence images in (I). n=12

KO represents“iPLA2[3 knockout,"WT represents “wildtype’, OE represents“iPLA2(3 overexpression’, CON represents ‘control’, Data are mean + SEM; p values
were obtained using two-sided unpaired Student’s t-tests (C, D, E, F, G, and H), the Kruskal-Wallis test followed by Dunn’s multiple comparisons test (J and
K), * p<0.05.**, p<0.01; ***, p<0.001

mitochondria undergo age-related functional and mor-  examine the profiles of mitochondrial phospholipids and
phological changes. We conducted lipidomic analysis to  lysophospholipids to evaluate the role of iPLA2p in brain
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Fig.5 iPLA23 regulates mitophagy during neuronal aging in vivo. A Quantification of the mtDNA/nDNA ratio in the 24 M PFC in the wild-type (WT) and
iPLA23 knockout (IPLA2B’/’) groups, using 16 S rRNA and Hexokinase 2 (Hk2), respectively. n=6. B Optineurin, PINK1, Parkin, MFF, and LC3B levels in the
24 M PFC in wild-type (WT) and iPLA2B knockout (iPLA2B3™") groups, assessed by Western blot and densitometry. n=3. C BNIP3 and NIX levels in the
24 M PFC in wild-type (WT) and iPLA2B knockout (iPLA2B ") groups, assessed by Western blot and densitometry. n=3. D Quantification of the mtDNA/
nDNA ratio in the 22 M PFC with iPLA2[3 overexpression (OE) and control (CON) groups, using 16 S rRNA and Hexokinase 2 (Hk2), respectively. n=6. E
Optineurin, PINKT, Parkin, MFF, and LC3B levels in the 22 M PFC with iPLA23 overexpression (iPLA2(3-OE) and control (CON) groups, assessed by Western
blot and densitometry. n=3. F BNIP3 and NIX levels in the 22 M PFC with iPLA2{3 overexpression (iPLA2(3-OE) and control (CON) groups, as assessed by

Western blotting and densitometry. n=3

KO represents “iPLA2(3 knockout’, WT represents “wildtype’, OE represents “iPLA2( overexpression’, CON represents “control’, Data are presented as the
mean + SEM; pvalues were obtained using two-sided unpaired Student’s t-tests (A, B, C, and D). * p < 0.05. **, p <0.01; ***, p <0.001

aging. By comparing aged KO and WT PFCs, we found
that the total level of lysophospholipids was reduced
in aged KO PFCs (Fig. 7A, B). Previously, we demon-
strated that male KO mice aged 20-22 months exhib-
ited decreased intestinal iPLA2 activity and reduced
levels of its product, LPC [27]. Consistently, the PFCs
of aged female KO mice exhibited decreased MUFA-
LPC and total LPC levels (Fig. 7A). For the individual
species depicted in Fig. 7A, a moderate but significant
decrease in LPC14:0 and LPC22:4 was detected in the
PECs of aged KO mice. In the comparison between aged
KO and WT PECs, there was a tendency towards lower
levels of total and MUFA-LPE, with a notable decrease
observed in saturated and PUFA-LPE (Fig. 7B). Among
the PUFA-LPEs, LPE 22:5 was associated with a decrease
in PE18:1/22:5. Additionally, a significant decrease of
LPE18:0, LPE20:3, and LPE20:5 was observed in aged
KO PFCs (Fig. 7B). PFCs of aged KO mice showed no
significant alterations in PLs. Specifically, no significant

changes were observed in PC/PE-containing saturated,
MUFA, PUFA, or total PC/PE (Fig. 7C, D). However,
specific changes were observed: a significant decrease
in PC18:1/20:5, a tendency towards decreased levels of
PE18:1/22:5 and PE18:1/18:3, and a notable increase in
PC16:0/16:0 in aged KO PFCs (Fig. 7C, D). Therefore,
iPLA2p deficiency results in changes in phospholipid
metabolism in the aged PFCs.

Overexpression of iPLA2p in the PFC improves cognitive
function in aged mice

iPLA2pB was introduced into the PFC of 22-month-old
female mice (Fig. 8A), which was chosen to ensure an
effective AAV injection and minimize mortality. Over-
expression of the iPLA2B protein was confirmed by
Western blot (Fig. 8B). As shown in Fig. 8C, iPLA2p
exhibited significant colocalization with the neuronal
marker NeuN, and its expression was markedly upregu-
lated in neurons (Fig. 8C). iPLA2B overexpression led
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Fig. 6 iPLA2(3 regulates mitophagy during neuronal aging in vitro. A Primary cultured cortical neurons were transfected with GFP-LC3B and Mito-DsRed.
Fluorescent images were captured 3 h after reperfusion. Scale bar: 5 um. B Relative colocalization ratio between GFP-LC3B and Mito-DsRed in immuno-
fluorescence images in (A). The ratio was calculated by dividing the number of LC3B-Mito puncta by the total number of Mito puncta. n=6. C Mitochon-
drial levels of iPLA2(3, Parkin, optineurin, and PINK1 were assessed by Western blot and densitometry in D-gal-induced iPLA2(3 overexpression (OE) and
control primary neurons. D Protein levels of MFF and LC3B were evaluated using Western blot and densitometry in D-gal-induced iPLA2[3 overexpression

(OE) and control primary neurons

CQ represents ‘chloroquine’, D-gal represents “D-galactose’, OE represents “iPLA2[3 overexpression’, NC represents “Negative Control’, Data are presented
as the mean £ SEM; pvalues were obtained using, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (B), the Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons test (C and D). * p<0.05. **, p<0.01; ***, p<0.001

to a significant reduction in the number of SA-p-gal-
positive cells in the aged PFC (Fig. 8D). Meanwhile, the
mRNA expression levels of TGF-, TNF-a, IL-1p, and
CCL2 were significantly decreased in aged PFC with
iPLA2B overexpression (Fig. 8E). Overexpression of
iPLA2p alleviates astrogliosis and microgliosis during
prefrontal cortex aging, as evidenced by a decrease in
the number of Ibal(+) (Fig. 8F) and GFAP(+) cells (Addi-
tional File.8). Notably, behavioral assessments revealed
that aged PFC with iPLA2B overexpression displayed
significantly improved cognitive function (Fig. 8G-I).
Aged mice overexpressing iPLA2[B spent significantly
less time finding the platform (Fig. 8G) and crossed the
platform more frequently (Fig. 8H) and spent more time
in the target quadrant (Fig. 8I) (Additional File 9 A).

iPLA2B-Overexpression mice had similar swimming
speed (Additional File 9 B), locomotor activity (Addi-
tional File 9 C), and anxiety levels (Additional File 9D-E)
as their counterparts, excluding these factors from influ-
encing the Morris water maze results. In the novel object
recognition test, iPLA2B-Overexpression aged mice
showed increased exploration of novel objects compared
to younger controls, as indicated by their higher discrim-
ination and recognition indices (Fig. 8J-K).

Discussion

The phospholipase A2 superfamily regulates cellular
energy metabolism and signal transduction by hydrolyz-
ing glycerophospholipids at the sn-2 position to release
lysophospholipids and fatty acids, which are essential
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Fig. 7 iPLA2p deficiency leads to alterations in mitochondrial phospholipid metabolism in aged PFC. A Heat map representing individual LPC species
and lipidomic analysis of LPC species were significantly altered in the KO group in 24 M PFCs. B Heat map representing individual LPE species and lipido-
mic analysis of LPE species significantly altered in the KO group in 24 M PFCs. C Heat map representing individual PC species and lipidomic analysis of PC
species significantly altered in the KO group in 24 M PFCs. D Heat map representing individual PE species and lipidomic analysis of PE species significantly
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MUFA represents “monounsaturated fatty acid”; PUFA represents “polyunsaturated fatty acid”. Data are presented as the mean + SEM; pvalues were ob-
tained using two-sided unpaired Student’s t-tests (A, B, C, and D). * p<0.05. **, p < 0.01; ***, p <0.001

for maintaining neuronal homeostasis [49]. The PFC is
essential for complex cognitive tasks, especially those
involving core functions, such as working memory. Nev-
ertheless, the link between different PLA2 levels and
brain aging remains uncertain, particularly within the
prefrontal cortex, which is most vulnerable to age-related
changes. In this study, we observed that reduced iPLA2f
levels in aged PFCs may act as an intrinsic factor contrib-
uting to age-related cognitive impairment by influenc-
ing neuronal mitophagy. We provide the first evidence
confirming the selective downregulation of iPLA2p,
rather than other PLA2 family proteins (sPLA2, cPLA2,
or iPLA2y), in the PFC of aged mouse brains and cellular
aging models. Loss of iPLA2p in the brains of aged mice
increases age-related phenotypes, apoptosis, neuroin-
flammatory responses, and cognitive dysfunction, along

with defective mitochondrial function induced by dis-
rupted mitophagy and altered mitochondrial phospho-
lipid profiling. Notably, iPLA2[ overexpression mitigated
age-related cognitive dysfunction by improving mitoph-
agy in the aged PFCs. Collectively, our findings indicate
that iPLA2p serves as a critical regulator of mitophagy
and plays a protective role against age-related cognitive
dysfunction.

The mechanism by which iPLA2f deficiency increases
susceptibility to age-related injuries is an ongoing
focus of our laboratory. This study was based on the
link between the disruption of phospholipid metabolic
homeostasis and the development of inflammation. We
found that aged livers and intestines of iPLA2B~/~ mice
exhibited altered phospholipid metabolism, increased
apoptosis, and inflammation [25]. Consistent with these
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Fig. 8 Overexpression of iPLA23 in PFC improves cognitive function of old mice. A Scheme of the experimental design. AAV injections were adminis-
tered 21 days prior to formal behavioral testing. Behavioral test training sessions were conducted two days before the formal testing began. Samples
were collected on the seventh day following the initiation of the formal behavioral experiment. B Protein levels of iPLA2 in the 22 M PFC with iPLA23
overexpression (iPLA2(3-OE) and control (CON) groups, as assessed by Western blotting and densitometry. C Representative immunofluorescence images
of iPLA2(3 (red) and NeuN (green) in the 22 M PFC with iPLA2[3 overexpression (iPLA23-OE) and control (CON) groups. Scale bar: 20 um. D Representative
SA-B-gal staining images in the 22 M PFC with iPLA2 overexpression (iPLA23-OE) and control (CON) groups. Scale bar: 100 um. E mRNA expression levels
of TGFB, IL-13, TNF-a, and CCL2 in the 22 M PFC with iPLA2[3 overexpression (iPLA23-OE) and control (CON) groups assessed via gPCR. Normalization was
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Data are presented as the mean +SEM; pvalues were obtained using the Mann-Whitney U test (B, C, D, and F) and the Kruskal-Wallis test followed by
Dunn's multiple comparisons test (E, G, H, |, J, and K). * p<0.05. **, p<0.01; ***, p<0.001

findings, the prefrontal cortex (PFC) of aged iPLA2B™/~  elevated apoptosis, and increased levels of pro-inflamma-
mice also showed disrupted phospholipid metabolism, tory factors. These changes ultimately lead to cognitive
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impairment, underscoring the critical role of iPLA2p in
maintaining neuronal health during aging.
Age-associated cognitive impairment has been attrib-
uted to various molecular processes, including chronic
inflammation, metabolic homeostasis imbalance, and
mitochondrial  dysfunction. Increased production
or decreased clearance of inflammation exacerbates
Alzheimer’s disease (AD) [50]. Phospholipids in cell
membranes act as storage sites for lipid mediator pre-
cursors during aging. The levels of inflammatory lipid
mediators remain stable until later stages of aging in both
AD and wild-type mice, indicating that the expression of
certain phospholipid-regulating proteins is age-depen-
dent [51]. Reduced PLA2 activity has been reported in
the postmortem brains of patients with AD, and the
reduction was correlated with the severity of dementia
[52]. However, cPLA2 [53] and sPLA2 [54] have been
shown to be upregulated in AD brains, indicating their
involvement in inflammatory signaling and the neurode-
generative process. Biallelic loss-of-function variants in
iPLA2y have been associated with mitochondria-related
neurodegeneration in patients [55]. In our study, we did
not observe significant changes in the mRNA levels of
sPLA2, cPLA2, and iPLA2y in the mouse brain, suggest-
ing that the downregulation of iPLA23 might be one of
the reasons for the overall reduction of PLA2 activity in
Alzheimer’s disease. However, since mRNA and protein
expression levels do not correlate in some cases, further
research is needed to confirm this. Moreover, by incorpo-
rating SA-B-gal staining, we assessed whether the loss of
iPLA2p contributes to increased cellular senescence [38].
During brain aging, senescent cells accumulate, and
their SASP contributes to age-related inflammation [56].
Reducing senescent neurons has been shown to allevi-
ate the disruptions associated with neurodegenerative
diseases in mouse models [57]; however, the impact of
iPLA2pB deficiency-related senescence on age-related
cognitive injury has not been thoroughly investigated.
To explore the connection between the accumulation of
senescent cells and iPLA2f deficiency, we assessed cel-
lular senescence in the PFCs of iPLA2f knockout and
overexpression aged mice. Additionally, we examined
the effects of iPLA2p overexpression on neuronal senes-
cence using a D-gal-induced primary neuronal aging
model. We demonstrated that iPLA2f reduced neuronal
senescence both in vitro and in vivo, which may be due
to its role in promoting the clearance of apoptotic cells.
iPLA2p has been shown to produce LPC, which serves
as a chemotactic “find-me” signal that attracts phago-
cytes to clear apoptotic cells [58]. Given our observations
of reduced LPC levels in aged PFCs with iPLA2f defi-
ciency, it is highly plausible that the regulation of neuro-
nal apoptosis by LPC is a key mechanism contributing to
increased susceptibility to aging. Our observation aligns
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with our previous report demonstrating decreased LPC
levels in the gut and liver of aged iPLA2[-deficient mice,
resulting in the accumulation of apoptotic cells [27]. In
aged PFCs, ineffective clearance of apoptotic cells leads
to abnormal neuroinflammation and cellular senescence.
These observations suggest a potential link between inef-
fective apoptotic cell clearance, neuroinflammation, cel-
lular senescence, and cognitive decline in aged brains.
Aging is associated with a decreased capacity to gen-
erate ATP in the mitochondria [59]. Here, we found
that iPLA2[ colocalizes with the mitochondrial mem-
brane protein TOM20 in mPFCs. Given TOM20’s role
in mitochondrial function and its degradation dur-
ing mitophagy, the observed decrease in TOM20 levels
with iPLA2B overexpression could indicate enhanced
mitophagy activity or an adaptive response to mitigate
mitochondrial dysfunction. In addition, iPLA2f protects
the morphology and ATP production capacity of neuro-
nal mitochondria during aging. This is consistent with
the mitochondrial dysfunction observed in GECs lack-
ing iPLA2y [60]. Mitophagy, which removes damaged
mitochondria, is essential for maintaining the quantity
and quality of mitochondria. Impairments in mitophagy
are associated with abnormal cell differentiation, meta-
bolic dysfunction, and neurodegeneration [61]. Our find-
ings indicate that phospholipid remodeling mediated by
iPLA2p is related to mitophagy in neurons. Compared
to aged WT PFCs, the mtDNA-to-nuclear DNA ratio in
aged iPLA2B knockout PFCs increased significantly by
two-fold, indicating an increase in damaged mitochon-
dria. Studies have reported other pathways that increase
mtDNA, including TFAM deficiency [62] and the acti-
vation of pro-apoptotic proteins [63]. This study found
that iPLA2p reduced mitochondrial DNA in aged PFCs
by inducing mitophagy. We propose that the deficiency
of iPLA2p in aged brains leads to defective mitophagy,
resulting in increased release of mtDNA into the cytosol,
which in turn increases neuroinflammation and cellular
senescence. This links iPLA2p to age-related mitophagy.
Our study elucidated the role of iPLA2p in regulat-
ing mitophagy through its influence on phospholipid
metabolism. Specifically, iPLA23 appears to enhance
mitophagy by modulating the levels of critical phospho-
lipids involved in mitochondrial function. In our experi-
ments, iPLA2p deficiency in the aged prefrontal cortex
resulted in notable changes in phospholipid profiles,
including decreased levels of lysophosphatidylcholine
(LPC) and lysophosphatidylethanolamine (LPE). iPLA2
hydrolyzes polyunsaturated fatty acid-containing phos-
phatidylcholine (PUFA-PC) and phosphatidylethanol-
amine (PUFA-PE) to produce LPC 14:0 and LPE 18:0,
which are essential for maintaining mitochondrial mem-
brane integrity and function [64, 65]. The mechanistic
link between iPLA2pB deficiency and neurodegenerative
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conditions is evident from the observed impairment of
mitophagy. iPLA2p deficiency is associated with down-
regulation of the mitochondrial fission protein MFF
and Parkin-dependent mitophagy proteins, leading to a
compromised ability to selectively remove dysfunctional
mitochondria [44]. This is consistent with the findings in
Parkin-null mice, which showed decreased mitochondrial
phosphatidylethanolamine levels and disrupted mitoph-
agy [66]. The reduced LPC and LPE levels observed in
our study are similar to the phospholipid disturbances
reported in Alzheimer’s [67]. Furthermore, disruption of
phospholipid metabolism is known to impair mitophagy.
For example, yeast cells deficient in autophagy-related
protein 32 (Atg32) exhibit defective mitophagy due to
altered membrane phospholipid profiles [68]. Our find-
ings suggest that iPLA2p deficiency impairs PINK1- and
Parkin-mediated mitophagy pathways by altering phos-
pholipid levels, which are crucial for mitochondrial func-
tion. This disruption contributes to the accumulation of
dysfunctional mitochondria, which is a hallmark of neu-
rodegenerative diseases. Future research should elucidate
the specific pathways and intermediary steps through
which iPLA2B modulates mitophagy to better under-
stand its role in neurodegenerative processes.

In this study, we used female mice to investigate
iPLA2f’s role in aging-related cognitive decline, as female
mice often show different neurological responses com-
pared to males, particularly in aging [69]. Factors such
as sex hormones and metabolism can lead to sex-spe-
cific outcomes [70, 71]. This focus on female mice aims
to reduce variability due to sex differences, but this may
limit the generalizability of our findings. Future research

Page 16 of 18

are consistent across sexes. Additionally, potential con-
founding factors, such as genetic background and envi-
ronmental conditions, must be considered. Variations
in APOE genotypes [72] and age-related changes, such
as inflammation and oxidative stress [73], might affect
cognitive outcomes independently of iPLA2f. In addi-
tion, the potential side effects or long-term consequences
of iPLA2p overexpression should be evaluated. iPLA2f3
overexpression may disrupt lipid metabolism or cellu-
lar processes, leading to unforeseen complications [74].
Thorough preclinical and clinical evaluations are essen-
tial to address these issues and ensure the safety and effi-
cacy of iPLA2B-based treatments.

Conclusions

In summary, our findings indicate that a reduction in
iPLA2p leads to impaired neuronal mitophagy in the pre-
frontal cortex, thereby exacerbating age-related cognitive
decline. iPLA2p is downregulated in aged PFC, correlat-
ing with cognitive function impairment and phospholipid
metabolism dysregulation, particularly in the develop-
ment of LPC and LPE. Enhanced iPLA2p expression
alleviated cognitive dysfunction and inflammation in
PFCs and increased neuronal mitochondrial function
and mitophagy during aging (Fig. 9). This finding pro-
vides further support for the development of therapeutic
interventions aimed at iPLA2p to enhance phospholipid
remodeling, neuronal mitophagy, and cognitive function.
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