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Abstract: The brain plays a central role in controlling and
regulating bodily activities. Given its significance, the brain
needs to remain in optimal condition to function properly.
Neurodegenerative diseases arise when the mechanisms
maintaining brain homeostasis fail, resulting in prolonged
and uncontrolled activation of cell death pathways. Increas-
ingly, researchers are focusing on specific types of cell death,
such as ferroptosis and pyroptosis, due to their potential as
targets for preventing and treating neurodegenerative dis-
eases. Brain-derived neurotrophic factor (BDNF) is a crucial
growth factor for neurogenesis, neuronal survival, and
maintenance, and is thus implicated in cell death mecha-
nisms. This review aims to elucidate the role of BDNF in the
ferroptosis and pyroptosis mechanisms that impact brain
health. To achieve this, three databases — PubMed, Scopus,
and Web of Science — were searched for relevant studies,
yielding 95 articles, of which only 14 were aligned with the
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study’s aim. Ferroptosis (iron-dependent cell death) and
pyroptosis (inflammatory cell death) are distinct modes of
cell death; however, this review found both mechanisms
are associated with oxidative stress. Consequently, the
findings suggest that ferroptosis and pyroptosis collectively
impact brain health conditions such as depression, cogni-
tive deficiencies, and anxiety, which are notably linked to
reduced BDNF levels.

Keywords: ferroptosis; pyroptosis; cell death; brain-derived
neurotrophic factor; brain health

Introduction

Cell death, survival, proliferation, and differentiation are all
common processes in our bodies, and each one is critical to
our overall health. These processes are also affected by
increasing age [1-3]. Cell death is crucial for maintaining
homeostasis in the body by removing damaged cells [4]. The
first three categories used to categorize cell death were Type
I (apoptosis), Type II (autophagy), and Type III (necrosis) [5].
In recent years, numerous novel cell death modalities, such
as ferroptosis and pyroptosis, have been discovered and
described in terms of corresponding stimuli, molecular
mechanisms, and morphologies. Some of these modalities
share signal paths that are overlapping yet not identical.
Ferroptosis was first proposed in 2012 as a non-apoptotic,
iron-dependent method of cell death characterized by the
accumulation of lipid reactive oxygen species (ROS) [6].
Recent studies have demonstrated that ferroptosis plays a
crucial regulatory role in the onset and progression of many
diseases, and it has since become the focus and a hotspot of
research on the treatment and prognosis improvement of
related disorders [7]. In addition to ferroptosis, pyroptosis
has recently gained an increasing amount of interest due to
its link to innate immunity and illness. In 2001, coined the
term pyroptosis, combining two Greek words, pyro (fire/fe-
ver) and ptosis (to-sis, falling), to describe pro-inflammatory
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cell death [8]. This process distinguished pyroptosis from
other types of cell death, such as apoptosis (non-inflamma-
tory program cell death). Pyroptosis research grew in
popularity after the Gasdermins family was discovered.
Previous research has linked the mechanisms of pyroptosis
and ferroptosis to lower levels of brain-derived neuro-
trophic factor (BDNF) [9, 10]. This reduction in BDNF
adversely affects brain health, contributing to cognitive
impairment, depression, and anxiety, as BDNF is a crucial
growth factor essential for neurogenesis, neuronal survival,
and maintenance [11]. However, previous studies did not
explain how BDNF is involved in the two mechanisms.
Additionally, crosstalk between ferroptosis and pyroptosis
hasbeen reported in cases of COVID-19 [12] and autoimmune
diseases [13], but no studies have examined this interaction
in the context of brain health. Therefore, the purpose of this
review is to elucidate the role of BDNF in the mechanisms of
ferroptosis and pyroptosis and to explore the relationship
between these mechanisms and brain health.

Materials and methods

This systematic review was conducted according to
Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA) guidelines [14]. This review summarizes
pre-clinical studies that evaluated ferroptosis and pyroptosis
mechanisms in various conditions that affect brain health,
especially changes in the level of brain-derived neurotrophic
factor (BDNF) level.

Eligibility criteria

Animal (rodent species) and cell culture studies that inves-
tigated ferroptosis and pyroptosis mechanisms with various
exposure and/or inducers to develop a model that affects
brain health, especially memory and cognitive ability, as
well as the changes in BDNF level were eligible for inclusion.
Only experimental studies, original research, and English
articles were included in this review. Studies on humans,
books, editorials, reviews, and articles with no author, title,
or abstract were excluded from this review.

Data sources and search strategy

Three electronic databases (PubMed, Scopus, and Web of
Science) were searched for relevant articles published from
inception up to the third week of February 2023. The search
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string used is as follows: “(BDNF OR brain-derived neuro-
trophic factor) AND (pyroptosis OR ferroptosis)”. The
appropriate BOOLEAN operators and MeSH terms were
used in developing the keywords for the search strategy. All
the results from these three databases were extracted to a
citation manager software namely EndNote 20 to remove
duplications and to screen the relevant articles.

Study selection and data extraction

Studies identified through a literature search underwent
a two-phase selection procedure. In the initial phase, two
reviewers (AH and FW) screened the titles and abstracts of
identified articles. In the subsequent phase, articles were
selected based on pre-specified eligibility criteria. Any dis-
agreements were resolved through consensus between the
two reviewers or by consulting a third reviewer (NF]).
During this phase, the following variables were extracted:
author names, year of publication, study design, model used
(animal and cell), investigated mechanisms (ferroptosis
and/or pyroptosis) related to brain health deterioration, and
outcome measured (BDNF expression and level). Data
extraction was carried out by two reviewers (AH and FW)
using a standardized form developed by AH using Google
Forms. This form consisted of eight short-answer questions: 1)
article title, 2) author names, 3) year of publication, 4) type of
investigated mechanism (ferroptosis or pyroptosis), 5) study
design, 6) experimental methods, 7) findings, and 8) emerging
issues/notes. Subsequently, the extracted information was
simplified and summarized in Table 1. Any discrepancies
between reviewers were resolved through discussion.

Risk of bias and calculations

The Systematic Review Centre for Laboratory Animal
Experimentation’s (SYRCLE) 10-item bias risk assessment
checklist was used to examine each of the articles that were
included. With the use of SYRCLE’s Risk of Bias Tool-a
screening tool created for risk of bias evaluation in animal
research [27], potential biases impacting the chosen publi-
cations were assessed. A “yes” (green) score means a low
potential for bias, a “no” (red) score means a high chance of
bias, and an “unclear” (yellow) score means an unknown risk
of bias. Two reviewers (AH and FW) independently assessed
the quality of the included studies. Any discrepancies were
resolved by discussion or by consulting a third reviewer (NFJ).
A risk-of-bias summary table, generated automatically in
Review Manager version 5.3, is included as (Figure 1). This
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Table 1: Role of BDNF in modulating ferroptosis and pyroptosis mechanisms in brain health.
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Author Study type

Study design & subject characteristics

Important findings

Role of BDNF in ferroptosis mechanisms in brain health

An et al. [15] Experimental

Caoetal. [16] Experimental

Yang et al. [10] Experimental

Wangetal.[17] Experimental

Animal study

10 male non-diabetic littermate mice (4 weeks of age) and 20
male diabetic mice (4 weeks of age) were used; and divided
into three groups (n=10):

i. Non-diabetic group

ii. Diabetic group

iii. Diabetic group treated with liraglutide (LIRA)

Animal study

This study used 3-4 months old 12951/SvIm mice; divided
into two group (n=8-11):

i. Control group

ii. Chronic unpredictable mild stress (CUMS) group

Animal study

30 female C57BL/6 mice (12-month-old); divided into three
groups (n=10):

i. Control group

ii. Sleep deprivation (SD) group

iii. Ketogenic diet (KD) group

Animal study

Adult male ICR mice 2 months old (25-30 g); divided into four
groups (n=10):

i. Control group

ii. Chronic sleep-deprived (SD) group

iii. SD + Medium- chain triglyceride- enriched ketogenic diet
(MKD) group

iv. SD + long-chain triglyceride- enriched ketogenic diet
(LKD) group

1) Diabetic condition-induced cognitive impairment in
mice: increased escape latency and distance (Morris water
maze test), decreased spatial memory (Y-Maze) via fer-
roptosis: significantly decreased ferritin heavy chain (FTH)
and ferroportin-1 (FPN1), significantly increased trans-
ferrin receptor-1 (TFR1) (increased intracellular free iron),
increased iron deposition in the hippocampus (Perls’
staining), increased malondialdehyde (MDA) level in mice
hippocampus (lipid peroxidation), decreased superoxide
dismutase (SOD) and glutathione (GSH) in mice hippo-
campus (oxidative stress).

2) BDNF protein level reduced; caused decreased syn-
aptophysin (SYN) and postsynaptic density protein (PSD95)
(synaptic plasticity impairments) and decreased neuron
survival (Nissl staining).

1) Mice treated with CUMS- induced depression-like
symptoms (Sucrose preference test and forced swimming
test) and anxiety-like symptoms (open field test) but no
significant symptoms of cognitive impairment (Morris
water maze test).

2) CUMS promotes depression and anxiety-like symptoms
via 1) ferroptosis; increased ferritin heavy chain-1 (FTH1),
ferritin light chain-1 (FTL1), and Fth1/Ftl1 ratio (excess
iron), increased malondialdehyde level (lipid peroxidation),
decreased glutathione level (oxidative stress), and 2) nec-
roptosis; increased RIPK3 and phosphorylated- MLKL.

3) BDNF protein level was reduced after CUMS exposure.
1) SD-induced cognitive impairment; increased escape la-
tency and reduced time spent in the target quadrant
(Morris water maze test) via ferroptosis; increased
expression iron regulatory protein-1, leading to increased
transferrin receptor-1 and DMT1, decreased ferritin heavy
chain-1 and ferroportin-1 (intracellular iron increase),
increased iron deposition (Perls’ staining), increased
malondialdehyde level (lipid peroxidation) and decreased
glutathione level, sirtuin-1 and p-Nrf2/Nrf2 (oxidative
stress).

2) Low-level BDNF protein accompanied by low expression
and protein level of doublecortin (DCX) (reduced
neurogenesis).

1) SD-induced cognitive impairment; increased escape
latency and reduced time spent in the target quadrant
(Morris water maze test) via ferroptosis; increased trans-
ferrin receptor-1, decreased ferritin heavy chain-1 and
ferroportin-1 (increased iron content), increased malon-
dialdehyde level (lipid peroxidation), decreased super
oxidative dismutase, glutathione level, sirtuin-1 and Nrf2
(oxidative stress).

2) Low-level BDNF protein; caused decreased protein
levels of synaptophysin (SYN) and postsynaptic density
protein 95 (PSD95) (synapse impairment).

Role of BDNF in pyroptosis mechanisms in brain health

Chaietal. [18] Experimental

Animal and cell study
1) Male C57BL/6 mice (8 weeks old, 20-22 g); randomly
divided into five groups (n=10):

1) CORT/LPS-induced depression (Sucrose preference test
and forced swim test) through pyroptosis; via activation of
P2X7/NF-kB signaling pathway, then lead to activate
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Table 1: (continued)
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Author Study type  Study design & subject characteristics Important findings
i. Control group NLRP3 inflammasomes, cleaved caspase-1, cleaved
ii. Corticosterone (CORT)/lipopolysaccharide (LPS)- injection gasdermin-D and release of inflammatory cytokines such
group as Interleukin-1pB and Interleukin-18.
iii. CORT/LPS + fluoxetine treatment group 2) The protein level of BDNF was also reduced in the group
iv. CORT/LPS + 20 mg/kg salidroside (Sal) group that was treated with CORT.
v. CORT/LPS + 40 mg/kg Sal group
2) PC12 cells that were cultured in DMEM with 10 % FBS;
randomly divided into six groups:
i. Control group
ii. 200 uM CORT group
iii. 10 pM Nigericin (Nig) group
iv. 200 uM CORT + 50 pM Sal group
v. 10 p Nig + 50 pM Sal group
vi. 200 pM CORT + 50 pM Sal + 10 uM Nig group
Muhammad Experimental Animal study 1) Chronic unpredictable stress (CUS) procedure-induced
etal. [19] The study used 56 male Wistar rats (30-33 days old; depression-like symptoms (Sucrose preference test and

Taha et al. [20]

Tan et al. 2020
[21]

Tan et al. [22]

Experimental

Experimental

Experimental

105 g-120 g); randomly divided into five groups:

i. Control group, n=10 (1 mL/day; p.o saline)

ii. Chronic unpredictable stress (CUS) + saline group, n=13
iii. CUS + Escitalopram (Escita) group, n=10

iv. CUS + dapagliflozin (Dapa) group, n=10

v. CUS + BQ788 + Dapa group, n=13

Animal study

48 male Albino rats (180-230 g) divided into four groups
(n=12):

i. Control group

ii. Cerium oxide nanoparticles (CeNPs) group (35 mg/kg
CeNPs solution via gastric tube- daily)

iii. Doxorubicin (DOX) group (DOX at dose 2 mg/kg/week at
0,7, 14 and 21 days of the experiment via intraperitoneal)
iv. DOX + CeNPs (2 mg/kg/week DOX via i.p. + 35 mg/kg
CeNPs orally)

Animal and cell study

1) 96 Male Sprague-Dawley rats (280-300 g) were divided
into 6 groups, n=12 (cerebral ischemia-reperfusion (CIR)
injury established by middle cerebral artery occlusion
(MCAO) model):

i. Control group (treat with normal saline)

ii. Lexiscan (Lex) group

iii. Hydroxysafflor (HSYA) (10 mg/kg) group

iv. HYSA (20 mg/kg) group

v. Lex-HYSA (10 mg/kg) group

iv. Lex-HYSA (20 mg/kg) group

2) Cells used in this study were PC12 cells (the grouping was
the same as the animal groups)

Animal study

Male Sprague-Dawley (387-463 g); randomly divided into
three groups (n=15):

i. Sham group

ii. Control/Cardiac arrest CA) group

iii. CA + Beta-hydroxybutyrate (HB) group

forced swim test) via pyroptosis; increased NF-kB, mRNA
expression of NLRP3, caspase-1 activity, Interleukin-1B
and Interleukin-18.

2) CUS reduced BDNF protein level; causing decreased
synapsin-1 content (synapse impairment).

1) DOX-induced cognitive impairment; increased escape
latency and decreased time spent at the target quadrant
(Morris water maze) via 1) apoptosis; increased the
expression of cytochrome c protein and caspase-3, 2)
pyroptosis; increased NLRP3 gene expression and cas-
pase-1.

2) DOX also increased malondialdehyde (lipid peroxida-
tion), decreased glutathione, superoxide dismutase, and
catalase (oxidative stress).

3) The protein expression of BDNF and its receptor,
tropomyosin receptor kinase B (TrkB) significantly
decreased. The protein expression of neurotransmitters,
such as serotonin and dopamine decreased.

1) MCAO model-induced pyroptosis; increased the
expression of NLRP3, caspase-1, gasdermin-D, interleukin-
1B and interleukin-18. Decreased BDNF protein level.

2) HYSA ameliorates pyroptosis by elevated BDNF protein
level.

1) Cardiac arrest (CA)-induced neurological injury and
cognitive dysfunction; reduced spatial memory (Y-maze)
via 0) Oxidative stress; increased average optical density
(AOD) of 8-OHdG and increased ROS level (ROS assay kit) I)
Lipid peroxidation; increased AOD of 4- HNE, a) Apoptosis;
increased caspase-3, 4) pyroptosis; increased caspase-1
and gasdermin-D.

2) Cardiac arrest downregulates BDNF protein levels. Beta-
HB ameliorates neurological injury after CA by upregulat-
ing BDNF protein levels.
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Author Study type

Study design & subject characteristics

Important findings

Tang et al. [23] Experimental

Wang et al. [9]

Experimental

Xiong et al. [24] Experimental

Zhao et al. [25] Experimental

Dong et al. [26] Experimental

Animal study

20 months old adult male C57/BL were divided into five
groups, n=10:

i. Sham group

ii. Abdominal exploratory laparotomy (AEL)

iii. AEL + low dose VRT-043198 (1 mg/kg, 0.5 mL)

iv. AEL + medium dose VRT-043198 (10 mg/kg, 0 5 mL)
v. AEL + high dose VRT-043198 (100 mg/kg, 0 5 mL)

Animal study

Male C57BL/6 mice (5-6 weeks old, 20-25 g); (n=8 per
group):

i. Sham group

ii. Amyloid-beta (1-42) oligomers (ABO) group

iii. ABO + Astragaloside (AS)-IV 10 mg/kg/day, i.g.

iv. ABO + AS-IV 20 mg/kg/day i.g.

v. ABO + AS-1V 40 mg/kg/day i.g.

vi. ABO + donepezil (5 mg/kg/day i.g.)

vii. ABO + AS-IV 20 mg/kg/day i.g. + GW9662 (1 mg/kg/day
i.p.)

Animal study

Adult male C57BL/6 mice (10 weeks old, weighing 20-25 g);
randomly divided into four groups, (n=9-15):

i. Control group

ii. Control + modafinil (MD) group

iii. Sleep deprivation (SD) group

iv. SD + MD group

Cells and animal study

1) Cell culture Primary hippocampal neurons and astrocytes
were isolated from the Sprague- Dawley rat hippocampus;
cells were divided into four groups:

i. Control Group-culture in normal condition

ii. Oxygen-glucose deprivation/reoxygenation (OGD/R)

iii. OGD/R + negative control (NC) group

iv. OGD/R + zinc finger E-Box binding homeobox 2 (ZEB2)
group

2) Animal Sprague- Dawley rats (weighing 240-270 g);
divided into three groups, (n=6):

i. Sham group

ii. Middle cerebral artery occlusion (MCAO) group

iii. MCAO + ZEB2 group

Animal study

Sprague-Dawley rats aged 12 months (350-500 g) induced
focal cortical infarction by distal middle cerebral artery
occlusion (MCAO). Rats were divided into three groups,
n=12:

i. Sham group

ii. MCAO + vehicle group

iii. MCAO + VX-765 therapy group

1) Abdominal exploratory laparotomy was performed to
stimulate perioperative neurocognitive disorders

(PND) - induced cognitive impairment; increased escape
latency and decreased time spent at the target quadrant
(Morris water maze) via pyroptosis; increased caspase-1,
interleukin-1B and interleukin-18.

2) PND- reduced BDNF protein level.

3) VRT-043198 alleviated abdominal exploratory
laparotomy-induced cognitive dysfunction by suppressing
pyroptosis via inhibition of caspase-1 activity and upre-
gulated BDNF protein levels.

1) Amyloid-beta infusion (ABO) produced Alzheimer’s dis-
ease (AD) - like phenotype- induced pyroptosis; upregu-
lating NLRP3, caspase-1, and interleukin-1p.

2) ABO reduced BDNF protein level; caused reduced
postsynaptic density protein (PSD95) and synaptophysin
(SYN) (synapse impairment).

3) AS-IV inhibited pyroptosis induced by ABO via promot-
ing BDNF promoting expression.

1) SD-induced cognitive impairment; decreased time spent
in the target quadrant (Morris water maze) via pyroptosis;
increased level of NLRP3, gasdermin-D, and caspase-1
protein expressions and reduced BDNF protein level.

2) MD inhibited pyroptosis and increased BDNF protein
level.

1) MCAO model-induced cognitive impairment; decreased
time spent in target quadrant (Morris water maze) via
pyroptosis; increased NLRP 3, caspase-1, gasdermin-D,
interleukin-1p and interleukin-18. BDNF protein level was
also reduced in this model.

2) ZEB2 decreased inflammation and pyroptosis by astro-
gliosis and increased BDNF protein level.

1) MCAO model-induced cognitive impairment; increased
escape latency and decreased time spent in the target
quadrant (Morris water maze) via pyroptosis; increased
NLRP 3, caspase-1, gasdermin-D, interleukin-18, and
interleukin-18.

2) MCAO model-reduced BDNF protein level; caused
decreased postsynaptic density protein (PSD95) and
synaptophysin (SYN) (synapse impairment).

3) VX-765 ameliorates cognitive impairment by inhibiting
pyroptosis and increasing BDNF protein by improving
synaptic plasticity.

BDNF, brain-derived neurotrophic factor; RIPK3, receptor-interacting protein kinase 3; MLKL, mixed lineage kinase domain-like pseudokinase; DMT1,
divalent metal transporter 1; Nrf2, nuclear factor erythroid-2, related factor 2; P2X7, purine receptor P2X7, NF-kB, nuclear factor kappa-light-chain-
enhancer of activated B cells; NLRP3, nucleotide-binding domain, leucine-rich- containing family, pyrin-domain- containing 3; DMEM, dulbecco’s modified

eagle medium.
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Study ID Experimental Outcome D1 D2 D3 D4 D5  Overall
Cao et al. Ferroptosis BDNF
. " 00000 ®
Yang etal.  Ferroptosis BDNF
= - @000 O
An et al. Ferroptosis BDNF
& " 90000 @
Wangetal. Ferroptosis BDNF
= - QOO0 O
Chaietal.  Pyroptosis BDNF
- " 90000 O
Muhammad Pyroptosis BDNF
et al. 2021 level ‘ . ‘ ‘ ‘ ‘
Tahaetal.  Pyroptosis BDNF
= " 90000 @
Tan et al. Pyroptosis BDNF
= - Q@ O0O00O O
Tan et al. Pyroptosis BDNF
o - QO0O000 O
Tang etal.  Pyroptosis BDNF
& - QOO0 O
Wang etal. Pyroptosis BDNF
& - QOO0 O
Xiong et al.  Pyroptosis BDNF
o < QOO0 O
Zhaoetal.  Pyroptosis BDNF
& < @QOOO00O0O
Dongetal.  Pyroptosis BDNF
= ~ 900000
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Figure 1: Risk of bias in individual studies. The (+) indicates “low risk” of bias and the (!) indicates “some concerns” of bias. This risk of bias summary table
was created automatically by review manager, version 5.3. This risk of bias summary table consists of 5 domains; 1) randomization process (D1),

2) deviations from intended interventions (D2), 3) missing outcome data (D3), 4) measurement of the outcome data (D4), and 5) selection of the reported
result (D5).
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Review Manager tool encompasses five domains: 1) random-
ization process, 2) deviations from intended interventions, 3)
missing outcome data, 4) measurement of the outcome data,
and 5) selection of the reported result. These domains are
utilized to evaluate the risk of bias in the articles included in
this review.

Results
Study selection and data extraction

The electronic search performed yielded 95 articles in total
with 18 articles from PubMed, 60 articles from Scopus, and
17 from Web of Science. After removing 33 duplicates, 62
articles were screened based on title and abstract. Of the 62
articles, 29 were screened further because 32 were unre-
lated articles and 1 was not an English article. The full text
of 29 articles was screened and 15 articles were excluded for
the following reasons: Twelve review articles, one chapter
in a book, and two editorial articles. Finally, only 14 articles
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were included in this systematic review. The study selec-
tion process is summarized using a flowchart as shown in
(Figure 2). Included study characteristics are summarized
in (Table 1).

Study characteristics

All animal studies that used rodent species regardless of age
and gender, also cell cultured studies that related to brain
health were included. Animal and cells model related to
brain health problems developed with various types of
procedures and induction types including chronic unpre-
dictable mild stress (CUMS) procedure, middle cerebral
artery occlusion (MCAO) procedure, abdominal exploratory
laparotomy, oxygen-glucose deprivation, sleep deprivation,
diabetic models, and induced neurotoxic substances [lipo-
polysaccharide (LPS), doxorubicin (DOX) and amyloid beta
oligomers (ABO)]. Only pyroptosis and ferroptosis studies
with notable changes in BDNF level were included regard-
less of induction and procedures period.

Identified duplicates through

¢ Duplicate records removed

Records excluded at Title and

o Unrelated articles (n = 32)

¢ Review articles (n =12)
e Chapter in Book (n = 1)

[ Identification of studies via databases and registers J
M)
c
= Records identified from*:
S e PubMed (n = 18) | EndNote software:
= e Scopus (n = 60) ”
§ o Web of Science (n=17) (n = 33)
—/
(— )\
Records after duplicates are Abstract Stage:
removed: >
(n =62) e Not English (n=1)
2
=
)
o
(3
¢ |
Reports assessed for eligibility >
(n=29) Reports excluded:
—_——
l o Editorial Articles (n = 2)
Studies included in the review
(n=14)

Figure 2: The study selection process is
summarized using the PRISMA flowchart.
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Results of individual studies
Ferroptosis

Four studies on ferroptosis were included in this systematic
review. The findings indicate that ferroptosis is associated
with several changes in iron metabolism in the hippo-
campus, including decreased ferritin heavy chain-1 [10, 15,
17], increased ferritin heavy chain-1 [16], increased ferritin
light chain-1 [16], reduced ferroportin-1 [10, 15, 17], and
increased transferrin receptor-1 [10, 15, 17]. These alter-
ations contribute to iron accumulation in the hippocampus.
All four studies demonstrated that ferroptosis mechanisms
lead to cognitive deficiencies (n=3) [10, 15, 17], anxiety, and
depression (n=1) [16] in mouse models. Additionally, a sig-
nificant decrease in hippocampal BDNF levels was detected
via western blot analysis. These pathological changes are not
only due to ferroptosis but also involve redox imbalances.
Specifically, the studies noted lower levels of superoxide
dismutase (SOD) [15, 17] and glutathione (GSH) [10, 15-17], as
well as higher levels of malondialdehyde (MDA), an indica-
tor of lipid peroxidation [10, 15-17].

Pyroptosis

This systematic review includes 10 studies on pyroptosis. The
findings from these studies indicate that pyroptosis in the
hippocampus is characterized by increased levels of NLRP3
[9, 18-21, 24-26], caspase-1 [9, 18-26], gasdermin-D [18, 21,
22, 24-26], interleukin-1p [9, 18, 19, 21, 23, 25, 26], and
interleukin-18 [18, 19, 21, 23, 25, 26]. According to Chai et al. and
Muhammad et al., pyroptosis contributes to depression [18,
19]. Chai et al. also found a decrease in BDNF expression and
protein levels in the hippocampus using immunohistochem-
istry and western blot analysis [18]. Similarly, Muhammad
et al. [18] reported reduced BDNF protein levels in the
hippocampus using enzyme-linked immunoassay (ELISA)
[18]. In addition to depression, Tan et al. reported that
pyroptosis leads to nerve injury and a significant reduction in
hippocampal BDNF expression, as observed through immu-
nofluorescence analysis [21]. Zhao et al. found that pyroptosis
also results in neuronal loss and decreased BDNF protein
expression in the hippocampus, detected by immunofluores-
cence analysis [25]. Most studies conclude that pyroptosis leads
to cognitive deficits [9, 20, 22-24, 26], with decreased hippo-
campal BDNF protein levels confirmed by western blot anal-
ysis [22-24, 26]. Additionally, Taha et al. and Wang et al.
reported reduced BDNF protein levels in the hippocampus
through ELISA and immunohistochemistry analysis,
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respectively [9, 20]. Overall, the pyroptosis mechanism
leads to brain health deterioration, resulting in depression
(n=2), neuronal loss (n=2), and cognitive deficiency (n=6).
These impairments are all associated with decreased levels
of BDNF protein and expression in the hippocampus, as
detected by various analyses.

Risk and bias assessments

All studies in this review were assessed for the risk of bias by
using the SYRCLE tool (Figure 1). Thirteen studies that clearly
stated randomization in grouping subjects were attributed
to “Low risk” of bias while one study that unclearly stated
randomization in grouping subjects was attributed to “Some
concerns” of bias for the Domain 1 or D1 (randomization
process). All studies in this systematic review do not show
any deviations from the intended interventions, and because
of that, all studies included in this review were attributed
“Low risk” of bias for D2. All studies in this review present
sufficient data whether in tables, graphs, or illustrations, and
explained the outcome based on the data presented, there-
fore all studies in this review were attributed “Low risk” of
bias in D3 (missing outcome data). Other than that, all studies
in this review used appropriate analysis to measure the
outcome as explained in the methodology, because of that all
studies are attributed a “Low risk” of bias for D4. For the last
domain which is D5, all studies in this review are attributed
as “Low risk” in the selection of the reported result. Overall,
the risk of bias for all included studies was considered as
low.

Discussion

Stress [16], sleep deprivation [10, 17], and diabetes [15] all had
different effects on ferroptosis mechanisms. All of these
effects can lead to neurodegeneration caused by ferroptosis
and have an impact on brain health. Hepcidin levels in type
2 diabetes mellitus (T2DM) decreased, causing changes in
ferroportin regulation, which resulted in iron accumula-
tion in the brain [15]. Iron accumulation can also be caused
by the activation of iron regulatory proteins (IRPs) [10, 15,
17]. The binding of iron regulatory proteins (IRPs) with
iron-responsive elements (IREs) results in the activation of
transferrin receptor 1 (TfR1) and reduced iron storage
which is ferritin, this process will lead to iron accumulation
[28].

In some cases, ferritin levels are high to indicate excess
iron in the intracellular [16]. Both conditions; 1) decreased
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clearance of iron due to reduced ferritin and 2) increased
ferritin levels, indicate excess iron levels in the intracellular
and lead to neuron damage [29]. Iron accumulation is more
than just a process that contributes to ferroptosis mecha-
nisms. In ferroptosis, an increase in reactive oxygen species
(ROS) also contributes to the neurodegenerative process.

In ferroptosis mechanisms, reactive oxygen species
(ROS) increase. This is because iron accumulation in fer-
roptosis mechanisms initiates the Fenton reaction, which
increases ROS [10, 15-17]. The Fenton reaction is a reaction
that occurs between iron and hydrogen peroxide. This
reaction generates hydroxide and hydroxyl radicals lead-
ing to an increase in ROS [30]. Increased ROS levels will
cause lipid degradation via the lipid peroxidation process
[31]. This process contributes to neuronal loss in ferroptosis
mechanisms by increasing malondialdehyde (MDA) levels
[10, 15-17], a known marker of lipid peroxidation. This
process is referred to as non-enzymatic lipid peroxidation
[32].

Additionally, there is an enzymatic lipid peroxidation
mechanism involving high expression of acyl-coenzyme A
(CoA) synthetase long-chain family member 4 (ASCL4) [15,
17, 32]. Polyunsaturated fatty acids (PUFAS) are more prone
to oxidation, so increased PUFA synthesis resulted in
increased susceptibility to lipid peroxidation [33]. ASCL4
was involved in the PUFA synthesis mechanism by adding
coenzyme A (CoA) to PUFAs. Then, lysophosphatidylcholine
acyltransferase 3 (LPCAT3) transfers PUFAs-CoA into
phospholipids, which are then oxidized by arachidonate
lipoxygenase (ALOX) enzyme resulting in increased MDA
lipid peroxidation in ferroptosis [34, 35]. MDA lipid perox-
idation is a hallmark of ferroptosis mechanisms, and it
can alter the structure and function of cell membranes,
resulting in cell dysfunction and extensive tissue damage
[36].

Lipid peroxidation worsens when the system X
cysteine/glutamate antiporter and Sirtl/Nrf2 signaling
pathway do not function properly in the ferroptosis mech-
anism [10, 15-17] XCT/SLC7A11 is a light-chain subunit and
CD98hc/SLC3A2 is a heavy-chain subunit, both composed of
system X, cysteine/glutamate antiporter [37]. This anti-
porter is responsible for the uptake of extracellular cysteine
and the transport of intracellular glutamate as an exchange.
Cysteine is required for the synthesis of glutathione (GSH)
and glutathione peroxidase 4 (GPX4), both of which function
to reduce ROS and lipid peroxidation [38]. Sirtl/Nrf2
signaling can also reduce ROS. Sirtuin 1 (Sirtl) can regulate
the transcription of nuclear erythroid factor 2-related factor
2 (Nrf2), which leads to the activation of antioxidant genes
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such as superoxide dismutase (SOD) and the reduction of
ROS [39].

A decrease in brain-derived neurotrophic factors
(BDNF) levels, in addition to iron accumulation, increased
ROS levels, and lipid peroxidation, may also contribute to
neurodegenerations caused by ferroptosis mechanisms.
Reduced BDNF levels resulted in synapse impairment [15-17]
since these studies report on the reduced protein levels of
synaptophysin (SYN) and postsynaptic density protein 95
(PSD95). SYN is a glycoprotein that is present in the mem-
brane of neuron synaptic vesicles [40] and PSD95 is a protein
complex that is attached to the postsynaptic membrane [41],
so the decreased level of both proteins indicated that syn-
apse signaling is affected. Other than that, reduced BDNF
protein levels also caused reduced in neurogenesis [10], as
this study reports the doublecortin (DCX) expression and
protein level decreased. DCX is a marker for young neurons
[42].

Other than ferroptosis, pyroptosis is also a mode of cell
death that can cause neurodegenerations. There are various
implications of pyroptosis mechanism activation such as
depression [18], stress [19], brain ischemia [21, 25, 26], sleep
deprivation [24], perioperative neurocognitive disorders
[23], Alzheimer’s disease [9], chemo fog [20], and cardiac
arrest [22]. Based on the findings from all these studies, there
was a significantly increased level of NLRP3 inflammasomes
which affect brain health. Several mechanisms contribute to
NLRP3 inflammasome overactivation-induced pyroptosis.
The P2X7 receptor, a subgroup of the P2X family found on cell
membranes, is abundant in many neurons and immune cells
[43], while nuclear factor kappa B (NF/kB) is a key tran-
scriptional activator of the NLRP3 inflammasomes [19, 20].
ATP activation of the P2X7 receptor results in the activation
of nuclear factor kappa B (NF-B), which results in the acti-
vation of NLRP3 inflammasome-induced pyroptosis mecha-
nisms [18].

Aside from that, oxidative stress can activate NLRP3
inflammasomes [21, 22]. The activation of the NLRP3
inflammasome may be upstream of the pyroptosis mecha-
nism, but gasdermin-D (GSDMD) may be the true executor of
pyroptosis-induced neuronal loss. The gasdermins, a class of
pore-forming proteins, have recently been linked to the
immune response [44]. Gasdermin-D (GSDMD) particularly,
is one of the six identified paralogous genes of the gasdermin
family [18, 44]. The activation of NLRP3 inflammasomes will
result in the activation of caspase-1, which will then activate
GSDMD-induced pore formation in neuron cells, resulting in
neurodegeneration [18, 21, 22, 25]. Because of this function,
GSDMD is known as the pyroptosis executor.
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Besides activation of NLRP3 inflammasomes and
GSDMD, BDNF regulation may also be linked to pyroptosis
mechanisms. This is because all the studies included in this
review reported that BDNF levels were found to be
decreased as NLRP3 inflammasome expression increased.
Other than that, Tropomyosin receptor kinase B (TrkB)
protein level also decreased as reported by [20]. TrkB is a
receptor for BDNF and its signaling maintains neuronal
survival, synapse plasticity, and neuronal growth [45].
Reduced BDNF caused reduced synaptophysin (SYN) and
postsynaptic density protein 95 (PSD 95) protein levels,
indicating synapse impairment [9, 26]. Reduced synapto-
physin (SYN) also leads to a reduction in the secretion of
neurotransmitters protein levels such as serotonin and
dopamine [20].

Furthermore, the synapsin-1 protein level also
decreased as reported by [19], synapsin-1 also important
for synapse maintenance since this protein is associated
with the cytoplasmic surface of synaptic vesicles [46].
Based on these findings, the signaling of BDNF and TrkB
receptors may be involved in the pyroptosis mechanism
pathway by causing synapse impairment and leading to
neurodegenerations.

Ferroptosis and pyroptosis are two distinct modes of
cell death. Based on the articles included in this review,
ferroptosis is an iron-dependent form of cell death initiated
by iron accumulation in the brain. This process leads to
oxidative stress and increased lipid peroxidation at the cell
membrane, ultimately resulting in cell death. In contrast,
pyroptosis is a pro-inflammatory form of cell death that
begins with activating the inflammasome, subsequently
activating caspase-1. Activated caspase-1 then activates pro-
inflammatory cytokines (interleukin-1p and interleukin-18),
and the cleavage of gasdermin-D (GSDMD). The activation of
GSDMD causes pore formation in the cell membrane,
allowing the release of activated pro-inflammatory cyto-
kines through these pores, ultimately leading to cell death.

Although ferroptosis and pyroptosis are different types
of cell death, studies included in this review suggest the
possibility that ferroptosis and pyroptosis may occur
simultaneously or sequentially, contributing to brain disor-
ders, such as in cases of COVID-19 [12] and autoimmune
diseases [13]. There is a possibility that both mechanisms are
involved together in some of the studies included in this
review, particularly in conditions such as stress and sleep
deprivation. Stress has been shown to cause depression-like
symptoms, as reported by two studies [16, 19]. These studies
indicate the involvement of different mechanisms: one study
reports the involvement of ferroptosis [16], while the other
implicates pyroptosis [19]. Sleep deprivation has been linked to
cognitive impairment through both ferroptosis mechanisms
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[10, 17] and pyroptosis mechanisms [24]. However, none of
the studies included in this review have investigated the
concurrent occurrence of both ferroptosis and pyroptosis
and their combined impact on brain health.

Additionally, both ferroptosis and pyroptosis lead to a
decrease in BDNF levels, resulting in neurodegeneration,
particularly in the hippocampus. This observation strengthens
the suggestion that ferroptosis and pyroptosis may occur
simultaneously or sequentially, contributing to brain disor-
ders. Ferroptosis, an iron-dependent cell death mechanism,
increases ROS in the intracellular environment (oxidative
stress), which leads to increased MDA lipid peroxidation.
Increased ROS can also stimulate the activation of pyrop-
tosis mechanisms [20, 22], suggesting a potential interaction
between these pathways. The hippocampus, which is
crucial for learning and memory, is particularly vulnerable
to such oxidative stress and inflammation. The reduction
in BDNF, a key neurotrophic factor in the hippocampus,
exacerbates synaptic dysfunction and neuronal loss. How-
ever, more research is needed to elucidate the specific path-
ways through which ferroptosis and pyroptosis lower BDNF
levels and contribute to hippocampal neurodegeneration. All
the possible pathways are summarized and visualized in
Figure 3.

Strength and limitations

The strength of this systematic review comprises the uni-
formity of outcomes reported by the included studies indi-
cating that BDNF level and expression may play a role in
ferroptosis and pyroptosis. However, the precise mechanism
and pathways involved remain unknown.

Conclusions

In conclusion, BDNF may play a role in ferroptosis and
pyroptosis mechanisms, but more research is needed to
determine its precise role. It should be noted that BDNF
itself has different forms; proBDNF and mature BDNF, and
each one activates distinct cell signaling pathways, result-
ing in two different fates for neurons; death or survival. The
findings of the selected articles in this review only reported
that BDNF levels were decreased in these two modes of cell
death mechanisms; however, it is still unclear how BDNF is
involved in mediating these mechanisms. Both mecha-
nisms are thought to be linked and could regulate neuro-
degeneration, whether simultaneously or sequentially.
Further investigation into the relationship between fer-
roptosis and pyroptosis is highly anticipated.
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Figure 3: A diagram that summarizes the level of BDNF in ferroptosis and pyroptosis mechanisms. Image created with BioRender.com. This Figure
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leading to neurodegeneration.


http://BioRender.com

482 —— Ahmad Abdullah et al.: BDNF-altering cell death mechanisms of brain disorders

Acknowledgments: This work was supported by the
Fundamental Research Grant Scheme (FRGS) from the
Ministry of Higher Education of Malaysia (Grant No. FRGS/1/
2022/STGO3/UKM/03/1).

Research ethics: Not applicable.

Informed consent: Not applicable.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Competing interests: Authors state no conflict of interest.
Research funding: None declared.

Data availability: Not applicable.

References

1.

12.

13.

14.

15.

. WongS, Rajikan R, Das S, Lee LK, Aziz S, Mohamed SN, et al. Antioxidant

intake and mild cognitive impairment among elderly people in Klang
Valley: a pilot study. Sains Malays 2010;39:689-96.

. Razali R, Baharudin A, Nik JNR, Sidi H, Rosli A, Hooi K, et al. Factors

associated with mild cognitive impairment among elderly patients
attending medical clinics in Universiti Kebangsaan Malaysia medical
centre. Sains Malays 2012;41:641-7.

. Nordin A, Saim A, Idrus R. Honey ameliorate negative effects in

neurodegenerative diseases: an evidence-based review. Sains Malays
2021;50:791-801.

. Yan G, Elbadawi M, Efferth T. Multiple cell death modalities and their

key features (review). World Acad Sci | 2020;2:39-48.

. Green DR, Llambi F. Cell death signaling. Cold Spring Harbor Perspect

Biol 2015;7:a006080.

. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,

Gleason CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic
cell death. Cell 2012;149:1060-72.

. LiJ, Cao F, Yin H-L, Huang Z-, Lin Z-T, Mao N, et al. Ferroptosis: past,

present and future. Cell Death Dis 2020;11:88.

. D’Souza CA, Heitman J. Dismantling the cryptococcus coat. Trends

Microbiol 2001;9:112-3.

. Wang X, Gao F, Xu W, Cao Y, Wang J, Zhu G. Depichering the effects of

Astragaloside IV on AD-like phenotypes: a systematic and experimental
investigation. Oxid Med Cell Longev 2021;2021:1020614.

. Yang Y, Wang X, Xiao A, Han J, Wang Z, Wen M. Ketogenic diet prevents

chronic sleep deprivation-induced Alzheimer’s disease by inhibiting
iron dyshomeostasis and promoting repair via sirt1/nrf2 pathway.
Front Aging Neurosci 2022;14:998292.

Bathina S, Das UN. Brain-derived neurotrophic factor and its clinical
implications. Arch Med Sci 2015;11:1164-78.

Peleman C, Van CS, Ligthart S, Choi SM, De W), Depuydt P, et al.
Ferroptosis and pyroptosis signatures in critical COVID-19 patients. Cell
Death Differ 2023;30:2066-77.

Zhang D, Li Y, Du C, Sang L, Liu L, Li Y, et al. Evidence of pyroptosis and
ferroptosis extensively involved in autoimmune diseases at the single-
cell transcriptome level. ) Transl Med 2022;20:363.

Page M), McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BM) 2021;372:n71.

An JR, Su JN, Sun GY, Wang QF, Fan YD, Jiang N, et al. Liraglutide
alleviates cognitive deficit in db/db mice: involvement in oxidative

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

DE GRUYTER

stress, iron overload, and ferroptosis. Neurochem Res 2022;47:
279-94.

. Cao H, Zuo C, Huang Y, Zhu L, Zhao J, Yang Y, et al. Hippocampal

proteomic analysis reveals activation of necroptosis and ferroptosis in
a mouse model of chronic unpredictable mild stress-induced
depression. Behav Brain Res 2021;407:113261.

Wang X, Yang Y, Xiao A, Zhang N, Miao M, Wang Z, et al. A comparative
study of the effect of a gentle ketogenic diet containing medium-chain
or long-chain triglycerides on chronic sleep deprivation-induced
cognitive deficiency. Food Funct 2022;13:2283-94.

ChaiY, Cai Y, FuY, Wang Y, Zhang Y, Zhang X, et al. Salidroside
ameliorates depression by suppressing NLRP3-mediated pyroptosis via
P2X7/NF-kB/NLRP3 signaling pathway. Front Pharmacol 2022;13:812362.

. Muhammad RN, Ahmed LA, Abdul Salam RM, Ahmed KA, Attia AS.

Crosstalk among NLRP3 inflammasome, ET(B)R signaling, and miRNAs
in stress-induced depression-like behavior: a modulatory role for
SGLT2 inhibitors. Neurotherapeutics 2021;18:2664-81.

Taha M, Elazab ST, Badawy AM, Saati AA, Qusty NF, Al-Kushi AG, et al.
Activation of sirt-1 pathway by nanoceria sheds light on its ameliorative
effect on doxorubicin-induced cognitive impairment (chemobrain):
restraining its neuroinflammation, synaptic dysplasticity and
apoptosis. Pharmaceuticals 2022;15. https://doi.org/10.3390/
ph15080918.

Tan L, Wang Y, Jiang Y, Wang R, Zu J, Tan R. Hydroxysafflor yellow a
together with blood-brain barrier regulator lexiscan for cerebral
ischemia reperfusion injury treatment. ACS Omega 2020;5:19151-64.
TanY, Zhang, Ge Q, Fang X, Song F, Yu T, et al. Ketone body improves
neurological outcomes after cardiac arrest by inhibiting mitochondrial
fission in rats. Oxid Med Cell Longev 2022;2022:7736416.

Tang Q, Guo Q, Li K, Fei F. VRT-043198 ameliorates surgery-induced
neurocognitive disorders by restoring the NGF and BNDF expression in
aged mice. Neuropsychiatric Dis Treat 2022;18:1027-37.

Xiong X, Zuo Y, Cheng L, Yin Z, Hu T, Guo M, et al. Modafinil reduces
neuronal pyroptosis and cognitive decline after sleep deprivation.
Front Neurosci 2022;16:816752.

Zhao Z, Hu X, Wang J, Wang J, Hou Y, Chen S. Zinc finger E-Box binding
homeobox 2 (ZEB2)-induced astrogliosis protected neuron from
pyroptosis in cerebral ischemia and reperfusion injury. Bioengineered
2021;12:12917-30.

Dong D, Ren A, Yang Y, Su J, Liu L, Zhuo W, et al. VX-765 alleviates
B-amyloid deposition and secondary degeneration in the ipsilateral
hippocampus and ameliorates cognitive decline after focal cortical
infarction in rats. | Mol Neurosci 2022;72:2389-97.

Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-
Hoitinga M, Langendam MW. SYRCLE’s risk of bias tool for animal
studies. BMC Med Res Methodol 2014;14:43.

Cairo G, Recalcati S. Iron-regulatory proteins: molecular biology and
pathophysiological implications. Expet Rev Mol Med 2007;9:1-13.
Panther EJ, Zelmanovich R, Hernandez ], Dioso ER, Foster D, Lucke-
Wold B. Ferritin and neurotoxicity: a contributor to deleterious
outcomes for subarachnoid hemorrhage. Eur Neurol 2022;85:415-23.
Mahaseth T, Kuzminov A. Potentiation of hydrogen peroxide toxicity:
from catalase inhibition to stable DNA-iron complexes. Mutat Res Rev
Mutat Res 2017,773:274-81.

Ayala A, Mufioz MF, Arguelles S. Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and
4-hydroxy-2-nonenal. Oxid Med Cell Longev 2014;2014:360438.
Repetto M, Semprine J, Boveris A. Lipid peroxidation: chemical
mechanism, biological implications and analytical determination. In:
Catala A, editor. Lipid peroxidation [Internet]. Rijeka: IntechOpen; 2012.


https://doi.org/10.3390/ph15080918
https://doi.org/10.3390/ph15080918

DE GRUYTER

33.

34.

35.

36.

37.

38.

39.

Li G, Yin X, Liu Z, Wang J. Emerging potential mechanism and
therapeutic target of ferroptosis in PDAC: a promising future. Int ] Mol
Sci 2022;23:15031.

Jalil A, Bourgeois T, Ménégaut L, Lagrost L, Thomas C, Masson D.
Revisiting the role of LXRs in PUFA metabolism and phospholipid
homeostasis. Int ] Mol Sci 2019;20. https://doi.org/10.3390/ijms20153787.
Chen X, Comish PB, Tang D, Kang R. Characteristics and biomarkers of
ferroptosis. Front Cell Dev Biol 2021;9:637162.

Ramana KV, Srivastava S, Singhal SS. Lipid peroxidation products in
human health and disease 2016. Oxid Med Cell Longev 2017;2017:2163285.
Liu J, Xia X, Huang P. xCT: a critical molecule that links cancer
metabolism to redox signaling. Mol Ther 2020;28:2358-66.

Jyotsana N, Ta KT, DelGiorno KE. The role of cystine/glutamate
antiporter SLC7A11/xCT in the pathophysiology of cancer. Front Oncol
2022;12. https://doi.org/10.3389/fonc.2022.858462.

Liu P, LiJ, Liu M, Zhang M, Xue Y, Zhang Y, et al. Hesperetin modulates
the sirt1/nrf2 signaling pathway in counteracting myocardial ischemia
through suppression of oxidative stress, inflammation, and apoptosis.
Biomed Pharmacother 2021;139:111552.

Ahmad Abdullah et al.:

40.

41.

42.

43.

44,

45.

46.

BDNF-altering cell death mechanisms of brain disorders =— 483

Wiedenmann B, Franke WW, Kuhn C, Moll R, Gould VE. Synaptophysin:
a marker protein for neuroendocrine cells and neoplasms. Proc Natl
Acad Sci USA 1986;83:3500-4.

Kaizuka T, Takumi T. Postsynaptic density proteins and their
involvement in neurodevelopmental disorders. ] Biochem 2018;163:
447-55.

Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M,
Weidner N, et al. Doublecortin expression levels in adult brain reflect
neurogenesis. Eur ] Neurosci 2005;21:1-14.

Kanellopoulos JM, Delarasse C. Pleiotropic roles of P2X7 in the central
nervous system. Front Cell Neurosci 2019;13:401.

Orning P, Lien E, Fitzgerald KA. Gasdermins and their role in immunity
and inflammation. J Exp Med 2019;216:2453-65.

Jin W. Regulation of BDNF-TrkB signaling and potential therapeutic
strategies for Parkinson’s disease. ] Clin Med 2020;9. https://doi.org/
10.3390/jcm9010257.

Ferreira A, Chin L-S, Li L, Lanier LM, Kosik KS, Greengard P. Distinct roles
of synapsin I and synapsin II during neuronal development. Mol Med
1998;4:22-8.


https://doi.org/10.3390/ijms20153787
https://doi.org/10.3389/fonc.2022.858462
https://doi.org/10.3390/jcm9010257
https://doi.org/10.3390/jcm9010257

	BDNF-altering cell death mechanisms of brain disorders: pyroptosis and/or ferroptosis? A systematic review
	Introduction
	Materials and methods
	Eligibility criteria
	Data sources and search strategy
	Study selection and data extraction
	Risk of bias and calculations

	Results
	Study selection and data extraction
	Study characteristics
	Results of individual studies
	Ferroptosis
	Pyroptosis
	Risk and bias assessments


	Discussion
	Strength and limitations

	Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


