E-ISSN: 2149-7222 (Online)

Journal
Cellular Neuroscience

and Oxidative Stress

LLl &
he] E :/?.f‘ : '_v'i =
Sz
®
& S http://dergipark.org.tr/jcnos MR Ly
<< M
=)
E S Former name; Cell Membranes and Free Radical Research (=):
oz

Editor in Chief
Prof.Dr. Mustafa NAZIROGLU

Volume 15, Number 2, 2023



Journal of Cellular
Neuroscience and
Oxidative Stress

http://dergipark.gov.tr/jcnos

BSN Health Analyses, Innovation, Consultancy, Organization, Industry
and Trade Limited Company
http://www.bsnsaglik.com.tr/

info@bsnsaglik.com.tr

Formerly known as:
Cell Membranes and Free Radical Research (2008 - 2014)

Volume 15, Number 2, 2023

[CONTENTS]

1137 The protective effect of N-acetylcysteine on hippocampal ferroptosis in an
experimental obesity model
Kiymet Kubra Tufekci and Musa Tatar

1147 Regulatory role of phospholipase A2 inhibitor in oxidative stress and
inflammation induced by an experimental mouse migraine model

Betiil Yazgan and Yener Yazgan

J Cell Neurosci Oxid Stress 2023; 15 (2) i


http://dergipark.gov.tr/jcnos

Volume 15, Number 2, 2023
E-ISSN Number: 2149-7222 (Online)

Indexing: Scopus (Elsevier), CAS (Chemical Abstracts Service), Citation Index Database,
EBSCOhost Research Database, Google Scholar, Index Copernicus,

AIM AND SCOPES

Journal of Cellular Neuroscience and Oxidative Stress is an
online journal that publishes original research articles,
Medical Faculty, Suleyman Demirel University, re_views _and short reyiews_ on the molecular basis_ of
Isparta, Turkey. biophysical,  physiological and_ pharmacological
Phone: +90 246 211 36 41 Fax'+90 246 237 11 65 processes that regulate cellular function, and the control
’ or alteration of these processes by the action of receptors,
neurotransmitters, second messengers, cation, anions,
drugs or disease.

EDITOR IN CHIEF
Prof. Dr. Mustafa Naziroglu,
Department of Biophysics and Neurosciences,

E-mail: mustafanaziroglu@sdu.edu.tr

Managing Editors

Assist. Prof. Dr. Yener Yazgan

Department of Biophysics, Medical Faculty,
Kastamonu University, Kastamonu, Turkey.

Areas of particular interest are four topics. They are;

E-mail: yyazgan@kastamonu_edultr A- lon Channels (Na+- Kt Channels, CI~ channels, Ca?*
channels, ADP-Ribose and metabolism of NAD+, Patch-
Editorial Board Clamp applications)
Neuronal Membranes, Calcium Signaling and TRP
Channels B- Oxidative Stress (Antioxidant vitamins, antioxidant
Alexei Tepikin, University of Liverpool, UK. enzymes, metabolism of nitric oxide, oxidative stress,
Jose A. Pariente, University of Extremadura, biophysics, biochemistry and physiology of free oxygen
Badajoz, Spain. radicals)
James W. Putney, Jr. NIEHS, NC, USA.
Laszlo Pecze, University of Fribourg, Switzerland. C- Interaction Between Oxidative Stressand lon Channels
Stephan M. Huber, Eberhard-Karls University, in Neuroscience
Tubingen, Germany. (Effects of the oxidative stress on the activation of the
voltage sensitive cation channels, effect of ADP-Ribose
Neuroscience and Cell Signaling and NAD* on activation of the cation channels which
Denis Rousseau, Joseph Fourier, University, are sensitive to voltage, effect of the oxidative stress
Grenoble, France. on activation of the TRP channels in neurodegenerative
Makoto Tominaga, National Institute for Physiological diseases such Parkinson’s and Alzheimer’s diseases)
Sciences (NIPS) Okazaki, Japan.
Omer Celik, Siileyman Demirel University, Turkey. D- Gene and Oxidative Stress
Ramazan Bal, Gaziantep University, Turkey. (Gene abnormalities. Interaction between gene and free
Saeed Semnanian, Tarbiat Modares University, radicals. Gene anomalies and iron. Role of radiation and
Tehran, Iran. cancer on gene polymorphism)
Yasuo Mori, Kyoto University, Kyoto, Japan.
READERSHIP
Antioxidant and Neuronal Diseases Biophysics Biochemistry
Suresh Yenugu, Osmania University, Hyderabad, India. Biology Biomedical Engineering
Siileyman Kaplan, Ondokuz Mayis Univesity, Pharmacology PhysiologyGenetics
Samsun, Turkey. Cardiology Neurology
Ozcan Erel, Yildirim Beyazit University, Oncology Psychiatry
Ankara, Turkey. Neuroscience Neuropharmacology
Xingen G. Lei, Cornell University, Ithaca, NY, USA.
Valerian E. Kagan, University of Pittsburg, USA. Keywords
lon channels, cell biochemistry, biophysics, calcium
Antioxidant Nutrition, Melatonin and Neuroscience signaling, cellular  function, cellular  physiology,
Ana B. Rodriguez Moratinos, University of metabolism, apoptosis, lipid peroxidation, nitric oxide,
Extremadura, Badajoz, Spain. ageing, antioxidants, neuropathy, traumatic brain injury,
Cem Ekmekcioglu, University of Vienna, Austria. pain, spinal cord injury, Alzheimer’s Disease, Parkinson’s
Peter J. Butterworth, King’s College London, UK. Disease.

Sergio Paredes Department of Physiology, Madrid
Complutense University, Spain.

J Cell Neurosci Oxid Stress 2023; 15 (2) i


mailto:mustafanaziroglu@sdu.edu.tr

RESEARCH ARTICLE

J Cell Neurosci Oxid Stress 2023;15(2): 1137-1146

The protective effect of N-acetylcysteine on hippocampal ferroptosis in an

experimental obesity model

Kiymet Kubra TUFEKCIY and Musa TATAR?

!Department of Histology and Embryology, Faculty of Medicine, Kastamonu University, Kastamonu, Turkiye
2Department of Histology and Embryology, Faculty of Veterinary Medicine, Kastamonu University, Kastamonu, Turkiye

Received: 10 September 2023; Accepted: 28 September 2023

*Address for correspondence:

Dr. Kiymet Kiibra TUFEKCI

Department of Histology and Embryology,

Faculty of Medicine, Kastamonu University,

Kastamonu, Turkiye

Email: kkyurt@kastamonu.edu.tr; kubrayurt55@gmail.com
ORCID: 0000-0002-4722-3813

List of Abbreviations;

CA, cornu ammonis; DG, dentate gyrus; GPX4, Glutathione
peroxidase 4; GSH, glutathione; H-score, histoscore; NAC, N-
acetylcysteine; Ob, Obesity; ObNAC, Obesity and N-acetylcysteine;
PBS, phosphate-buffered saline; RCD, regulated cell death; ROS,
reactive oxygen species; SLC7A11, cystine transporter solute carrier
family 7- member 11 or Xc'system; TBI, traumatic brain injury; WAT,
white adipose tissue

Abstract

Ferroptosis is a non-apoptotic form of cell death
closely associated with a metabolic pathway involving
components including iron overload, imbalanced
glutathione metabolism, oxidative stress, and lipid
peroxidation damage. A close association exists between
obesity and these imbalances. This study was intended to
investigate the effect of hippocampal ferroptosis in an
obesity model and the potential role of N-acetylcysteine

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146.

(NAC) against this. A high-fat (60%) dietary pattern was
used over 15 weeks to establish an obesity model. NAC
was administered to the NAC and Obese+NAC (ObNAC)
groups by oral gavage at 150 mg/kg for three weeks.
Glutathione peroxidase 4 (GPX4) and the cystine
transporter solute carrier family 7- member 11 (SLC7A11)
expression levels were investigated
immunohistochemically to detect ferroptosis in
hippocampal tissues. GPX4 and SLC7A11 H-scores in the
hippocampus sections from the obese group were
significantly lower than those in the control, NAC, and
ObNAC groups (p<0.01). However, NAC treatment
significantly attenuated hippocampal ferroptosis by
maintaining both GPX4 and SLC7A11 expression levels in
the ObNAC group (p<0.01). These findings imply that
ferroptosis may play an essential role in the hippocampus,
an area of the brain of crucial importance to memory,
learning, and emotional reactions, in obese individuals. In
addition, NAC, a promoter of GSH biosynthesis, may
attenuate hippocampal ferroptosis in obesity by inhibiting
the downregulation of GPX4 and SLC7ALl expression
signaling.
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Introduction

Obesity is a severe metabolic disorder impacting on
adipose tissue mass, distribution, or function, thus
increasing  morbidity and  mortality.  Genetic,
environmental, physiological, behavioral, and societal
variables can lead to the condition. Numerous factors
influence energy intake and use, essential factors in
obesity. Eating patterns are controlled by the central
nervous system's hunger-satiety circuit (He et al., 2023).

Ferroptosis refers to a form of regulated cell death
(RCD) resulting from oxidative stress in the cellular
microenvironment, which can be regulated by glutathione
peroxidase 4 (GPX4). The event is triggered by significant
lipid peroxidation caused by an overload of iron and
reactive oxygen species (ROS) (Dixon et al., 2012).
Ferroptosis morphological changes,
including shrinkage of mitochondria, decreases in or the
disappearance of cristae, and increased membrane density
(Lietal., 2021). Numerous disorders, particularly nervous
system diseases, are affected by ferroptosis at their onset
and during their development (He et al., 2023). When
investigating the pathogenesis of various diseases, it is
therefore important to accurately define the mechanisms
involved and to target and evaluate the ferroptotic death
pathway in novel therapeutic applications and disease
prevention strategies (Thilaganathan, 2017).

The antioxidant defense enzyme GPX4 is also the
principal regulatory factor involved in ferroptosis. It is
therefore also essential for cell survival, and GPX4
deficiency can result in cell death via ferroptosis. As an
important central regulatory factor, it therefore performs a
critical function in mitochondrial oxidative stress and
ferroptosis (Li et al., 2022a). Iron chelators, iron intake
inhibitors, and lipophilic antioxidants can also prevent
ferroptosis (Chen et al., 2021; Yu et al., 2021).

Ferroptosis is strongly correlated with various
disease  mechanisms, including
inflammatory response, and autophagy. It has also been
found to play an important role in the development of
obesity (Wu et al., 2018; Sun et al., 2020; Zhou et al., 2020;
Zhang et al., 2022). Obesity is a consequence of the
excessive intake of nutrients and the subsequent
accumulation of fat in white adipose tissue. A correlation
has been shown between inadequate iron consumption and

causes several

oxidative  stress,
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overweight or obesity among children and adolescents.
Understanding the regulatory mechanisms involved in
ferroptosis is therefore important to the prevention and
treatment of obesity. Excess iron-dependent ROS
production, a decrease in glutathione (GSH) levels, and
GPX4 inactivation occur during ferroptosis (Geng et al.,
2021).

The inactivation of the cellular antioxidant system,
including suppression of the cystine/glutamate antiporter
system (SLC7AL1 or system Xc-) and GPX4, diminished
iron homeostasis, and lipid peroxidation are currently
thought to represent the primary cause of cell death in
ferroptosis.  Decreased antioxidant capacity and
intracellular lipid ROS accumulation thus lead to oxidative
cell death as a result (Li et al., 2020; Xu et al., 2021).

N-acetylcysteine (NAC) is a mucolytic agent that
contains a thiol group and is the subject of increasing
research due to its potential anti-inflammatory and
antioxidant effects. In addition, NAC is on the list of
essential medicines maintained by the World Health
Organization, and its well-established safe history makes it
an appealing candidate for treating a diverse range of
conditions. Interestingly, a growing body of experimental
data confirms the advantages of NAC therapy in managing
obesity-related problems (Dludla et al., 2019). NAC
exhibits both direct and indirect antioxidant properties by
serving as a precursor of reduced GSH. The thiol group in
NAC can activate the body's endogenous defenses against
oxidative damage by replenishing the thiol group in the
GSH system and restoring the intracellular GSH pool (Li
et al.,, 2022b). NAC can prevent the development of
ferroptosis by enhancing the accumulation of cysteine,
providing biologically available cysteine. Reducing ROS
production is crucially important in preventing the
incidence of ferroptosis (Wang et al., 2021).

In the light of the foregoing discussion, this study
investigated the immunohistochemical expression of the
ferroptosis indicators GPX4 and SLC7Al1l in the
hippocampus of rats exposed to obesity. The potential
protective effects of NAC in the relationship between
obesity and ferroptosis in brain tissue were also examined.

Materials and Methods
Animals and Experimental Study Design

Sixteen female Wistar albino rats (weight 250+300 g,
age 12 weeks-old) were randomly divided into four groups:
Control, NAC, Obesity (Ob), and Obesity+NAC
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(ObNAC). The control group received a standard diet (10%
kcal) for 15 weeks. The NAC group received a standard
diet (10% kcal) for 15 weeks and 150 mg/kg NAC (Sigma-
Aldrich, Merck, Germany) via the intragastric route for
three weeks (Hart et al., 2004). The obese group was fed a
high-fat diet (60% kcal) (Arden Research and Experiment
Company, Ankara, Turkiye) for obesity induction, while
the ObNAC group received a high-fat diet (60% kcal) for
three weeks along with 150 mg/kg NAC. The animals were
housed under conventional conditions in a 12-hour
light:dark cycle at an ambient temperature of 24+1°C. At
the end of the experiment, cervical dislocation was
performed under xylazine-ketamine (intraperitoneal, 10
mg/kg-50 mg/kg) anesthesia. The dissected brain tissues
were fixed for 48 hours in 10% neutral buffered
formaldehyde and subsequently embedded in paraffin
blocks following procedures. The
experimental procedures were approved by the Kastamonu
University Animal Experiments Local Ethics Committee
with approval number 2023/33.

routine  tissue

Immunohistochemical analysis

Sections 4 um in thickness sections were placed onto
poly-lysine slides and stained as described in the Mouse
and Rabbit Specific HRP/AEC IHC Detection (Ab93705)
kit procedure for immunochistochemical examination.
Accordingly, the sections were dehydrated, incubated in
3% hydrogen peroxide (Cat N0.108597, Merck) solution
for 10 minutes in the dark to block endogenous peroxidase
activity, and washed with phosphate-buffered saline (PBS)
solution for a further 10 minutes. The sections were then
placed into citrate buffer for antigen retrieval and boiled in
an microwave oven for 10 minutes. Protein block solution
was subsequently dripped onto the cooled sections. These
were then left at room temperature for 10 minutes and
finally washed with PBS. The sections were incubated
overnight at +4°C with primary antibody (Table 1).
Following primary antibody incubation, sections were
again washed with PBS, and Biotinylated Goat Anti-
Polyvalent was applied. Streptavidin peroxidase enzyme
was applied to the sections washed with PBS for 10
minutes. Sections treated with AEC chromogen were
washed with distilled water, counterstained with Gill's
hematoxylin, covered, and examined under light
microscopy. PBS was employed instead of primary
antibody after protein blocking in the negative control
group. The prepared sections were photographed under a

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146.
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light microscope (Zeiss, Axiolab) with a camera
attachment. Staining intensities were evaluated as (-); no
staining, (-/+); partial staining, (+); weak staining, (++);
moderate staining, (+++); strong staining (Tatar et al.,
2023; Tufekci et al., 2023).

Table 1: Antibodies used as the primary antibodies in
immunohistochemical staining

Primary antibodies IHC Code Company
Dilution

GPX4 Monoclonal 1/1000 67763-1-Ig Proteintech Group

antibody

SLC7A11 Polyclonal 1/200 26864-1-AP Proteintech Group

antibody

Semi-quantitative analysis

The immunoreactivities of GPX4 and SLC7A1l
primary antibodies in the hippocampus were scored using
the modified Histoscore (H-score), a semi-quantitative
staining intensity and percentage assessment.  Ten
randomly selected regions in brain tissue sections from
each rat were graded semi-quantitatively using an objective
magnification of 40X. The median H-score value was used
to classify each region's expression level as either low or
high (Numata et al., 2013; Tatar et al., 2023).

Statistical analysis

SPSS version 21.0 (IBM SPSS Statistics, I1BM
Corporation, Chicago, IL, USA) software for MAC was
used for the statistical analyses. The Shapiro-Wilks test
was used to determine whether the data were normally
distributed. Group comparisons were conducted using
Kruskal Wallis testing. Interquartile range [Me (Q25-
Q75)] and p values <0.05 were adopted as statistically
significant values for the study data, which were expressed
as median values.

RESULTS
GPX4 Immunohistochemistry staining results
Evaluation of anti-GPX4 positive staining in the
dentate gyrus (DG) and cornu ammonis (CA) regions of
the hippocampus sections from the control group that some
of the cells in the granular and subgranular layer of the DG
were strongly anti-GP X4 positive. Strongly positively anti-
GPX4 stained cells and their cellular extensions were also
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Figure 1. Anti-GPX4 (+) stained cells (arrowhead) in the dentate gyrus (DG) and cornu ammonis (CA) regions
of the hippocampus from all groups. In the control group, strong positive staining was detected in the DG
subgranular layer and in some pyramidal neurons in the CA region. While moderate immunoreactivity was
observed in the NAC group, no activity was observed in the granular cells of the DG in the Ob group, and weak
immunoreactivity was detected in the CA region (black arrow). In the ObNAC group, strong positive staining was
observed in both the DG and pyramidal neurons in the CA region. Counterstaining was performed with Gill's
hematoxylin. Scale bar: 40 um for all panels.

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146. 1140



frequently observed in pyramidal neurons in the CA.

NAC group sections exhibited moderate positivity in
DG granular cells and some cells of the polymorphic layer.
Pyramidal neurons in the CA region were similarly
moderately anti-GPX4 positive.

Examination of the DG sections from the Ob group
revealed no positive staining in granular, subgranular, or
polymorphic layer cells, while a few pyramidal cells in the
CA region were weakly positive.

Examination of the sections from the ObNAC group
revealed strong anti-GPX4 positive staining in the granular
layer and intense staining in the polymorphic layer of the
DG. Strong staining was also detected in pyramidal cells in
the CA region (Figure 1, Table 2).

Analysis of the GPX4 immunoreactivity H-scores in
the hippocampus sections from the four groups revealed a
decrease in the Ob group compared to the Control, NAC,
and ObNAC groups (p<0.01). However, the ObNAC group
H-score was not statistically different from that in the
Control group (p>0.05). The NAC group H-score was
lower than in the Control and ObNAC groups, but higher
in the Ob group (p <0.01, Table 2).

Table 2: Semi-quantitative analysis of GPX4 immunostaining in
hippocampal sub-regions from all the study groups (data
presented as median and the interquartile range)

Groups DG CAl CA2 CA3 GPX4 positivity score
Control ~ ++ +++ +— 225 (210-240) b
NAC ++ ++ + + 140 (120-150) =4
Ob = -+ = -+ 50 (0-70) = .4
ObNAC ++ +++ =+ ++ 240 (225-255) b-e

(-, no staining; -/+, partial; +, weak; ++, moderate; +++, strong
positive staining). 2 <0.01; versus the control group, °p <0.01;
versus the NAC group, ®p = <0.0I; versus the Ob group,
4 <0.01; versus the ObNAC group, Kruskal-Wallis/Tamhane T2
test, (n=4).

SLC7A11 Immunohistochemistry staining results

Immunohistochemical SLC7A11 antibody staining
in hippocampus sections from the control group revealed
strong SLC7A11 immunoreactivity in cells in the DG
granular layer and in pyramidal neurons in the CA regions.

In the NAC group sections, positive cells were
observed in the DG subgranular layer, and moderate
positively stained cells were frequently observed in the CA
region.

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146.
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Weak anti-SLC7A11  immunoreactivity — was
observed in a small number of cells in the DG in
hippocampus sections from the Ob group, while no anti-
SLC7A11 staining was observed in cells in the CA region.

Hippocampus sections from the ObNAC group
exhibited strong anti-SLC7A11 positive staining in the
cells in the polymorphic layer, especially in the
subgranular zone of the DG. A strong reaction was also
observed in pyramidal neurons in the CA region (Figure 2,
Table 3).

Statistical analysis of SLC7AL11 immunoreactivity in
the hippocampus sections from all the study groups
revealed that the Ob group H-score was significantly lower
compared to those of the Control, NAC, and ObNAC
groups (p<0.01). However, the ObNAC group H-score was
not statistically different to those in the Control and NAC
groups (p>0.05, Table 3).

Table 3: Semi-quantitative analysis of SLC7A11 immunostaining
in hippocampal sub-regions from all the study groups (data
presented as median and the interquartile range)

Groups DG CA1l CA2 CA3 SLCTAI11 positivity score
Control  +++++ | +++ ++ ++ 180 (160-210)
NAC +H+ ++ + + 160 (140-160) b4

Ob -+ 10 (0-30) 204
ObNAC + +H+ ++ ++ 210 (200-240) b=

(-, no staining; -/+, partial; +, weak; ++, moderate; +++, strong
positive staining). 2 <0.01; versus the control group, % <0.01;
versus the NAC group, °p = <0.01; versus the Ob group,
dp <0.01; versus the ObNAC group, Kruskal-Wallis/Tamhane T2
test, (n=4).

1141



Effect of NAC on hippocampal ferroptosis in obesity

Figure 2. Anti-SLC7A11 positive stained cells (arrowhead) in the dentate gyrus (DG) and cornu ammonis (CA)
regions of the hippocampus from all groups. Strongly positive stained cells can be seen in the granular layer of
the DG and CA regions from the Control group. In the cross-sectional images from the NAC group SLC7A11 was
moderately stained in the DG and the pyramidal neurons in the CA region. No anti-SLC7A11 activity was found
in the DG and CA regions of the hippocampus sections from the Ob group. In the ObNAC group, intense positive
staining was found in the subgranular layers of the DG and pyramidal layers of the CA. Counterstaining of the

sections was performed with Gill's hematoxylin. Scale bar: 40 um for all panels.

J Cell Neurosci Oxid Stress 2023; 15: 1137 —1146. 1142



Discussion

Studies conducted in recent years are increasingly
clarifying the connection between obesity and ferroptosis
from various different perspectives. The present study
found a significant depletion of GPX4 and SLC7All
immunoreactivity in Ob group hippocampus sections. In
addition, NAC treatment against obesity prevented a
decrease in both significant indicators of ferroptosis.
Obesity is a metabolic disease characterized by iron
metabolism disorders, GSH deficiency, and oxidative
stress (Gonzalez-Dominguez et al., 2020). The brain
possesses relatively limited antioxidant factors but is rich
in iron, which can react with endogenous H,O, and
promote lipid peroxidation, making the organ vulnerable to
ferroptosis (Zhang et al., 2022).

According to some research, ferroptosis may play a
role in the degenerative processes of a variety of
neurological diseases, such as stroke, Alzheimer's disease,
Parkinson's disease, and traumatic brain injury (TBI)
(Hambright etal., 2017; Alimetal., 2019; Rui et al., 2021).
Studies have also reported that obesity reduces the
proliferation of neural progenitor cells and hippocampal
neurogenesis by elevating lipid peroxidation and lowering
brain-derived growth factor levels (Tozuka et al., 2009;
Park et al., 2010). Neuronal membranes with high levels of
PUFA-PL are especially vulnerable to peroxidation
(Cobley et al., 2018). Due to its antioxidant capacity,
GPX4 is capable of using GSH as a cofactor to detoxify
intracellular lipid and cholesterol hydroperoxide product
accumulation (Zhang et al., 2022). Loss of GPX4 activity
has been identified as a specific feature of ferroptosis
(Wang et al., 2021).

Obesity-related excessive ROS generation can lower
GPX4 expression levels and exacerbate lipid oxidative
damage. GPX4-deficient animals have been found to
exhibit noticeable cognitive impairment and hippocampal
neuronal degeneration on the basis of in vivo tests (Chen et
al., 2015). GPX4 deficiency has been detected in the
ipsilateral hippocampus following TBI (Fang et al., 2023).
Similarly, ferroptosis has been linked to a number of brain
injury disorders, including intracerebral hemorrhage (ICH)
and subarachnoid hemorrhage (Alim et al., 2019; Chen et
al.,, 2020). Hambright et al. (2017) detected severe
behavioral alterations and neurodegeneration in the
hippocampus of mice with GPX4 ablation in forebrain
neurons (Hambright et al., 2017). Guan et al. (2019) found
that Carvacrol protected hippocampal neurons against

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146.
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ischemia and reperfusion injury in gerbils by increasing
GPX4 expression and inhibiting ferroptosis (Guan et al.,
2019). Ferroptosis agonists have also been reported to
drastically reduce GPX4 expression in cardiomyocytes,
causing an imbalance in iron metabolism and lipid
peroxidation in these cells (Liu et al., 2019).

Studies have reported that a high-fat, high-sucrose
diet resulted in reduced GPX4 expression and activity in
mice, which was connected to greater GPX4 levels in white
adipose tissue (Schriever et al., 2017). However, a study
involving a mouse model of ICH reported, as a frustrated
adaptive response, significantly greater GPX4 mRNA in
the striatum six hours following collagenase injection
(Alim et al., 2019). On the other hand, research keeps
demonstrating that GPX4 deletion may exacerbate
neuroinflammation and lead to oxidative damage to
membranes. Another study reported that adult mice with
conditional knockdown of neuronal GPX4 caused by
Tamoxifen treatment exhibited paralytic phenotypes linked
to motor neuron degeneration with ferroptosis-like
characteristics (Chen et al., 2015). Reducing the oxidative
stress caused by ferroptosis occurring in the hypothalamus
and nervous system is therefore a crucial factor in treating
obesity (Zhang et al., 2022). Fang et al. (2023)
demonstrated the neuroprotective role of GPX4 against
ferroptosis in hippocampal neurons in a TBI model in vitro
and in vivo using the adeno-associated virus-mediated
GPX4 overexpression method.

We also found a significant decrease in SLC7A11
expression levels as a ferroptosis marker in hippocampal
sections from the Ob group. Down-regulation of
SLC7A11 is also known to reduce intracellular cysteine
levels, thus suppressing GSH biosynthesis. GPX4 activity
is thus inhibited, ROS generation increases, and the
integrity of the mitochondrial structure is compromised as
a result (Gout et al., 2001). Changes in GSH status are
common in many neurodegenerative diseases, and this
finding from the present study emphasizes the importance
of cysteine homeostasis in obesity. Consistent with our
findings, altered concentrations of ferroptosis indicators
such as GPX4, SLC7A11, and GSH have been observed in
tissues from rats exposed to spinal cord injury (Yao et al.,
2019). However, the structural features of mitochondria
could not be examined in the present study. Electron
microscopic studies examining the morphological features
of ferroptosis are therefore now needed.
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A cysteine donor, NAC has been shown to inhibit
ferroptosis in vitro and to serve as a precursor to GSH
(YYang et al., 2014). The antioxidant NAC is also known to
modify the function of the Xc- system and has recently
attracted attention as a potential treatment for obesity-
related neuronal damage and behavioral disorders (Tufekci
et al., 2023). NAC may also enhance central nervous
system  function by increasing  glutamatergic
neurotransmission by activating the Xc-transporter (Baker
et al., 2002). The present study also tested NAC as a
potential neuroprotective agent against the adverse effects
of obesity. It was observed to maintain GPX4/SLC7A11
levels in the ObNAC group hippocampus, similarly to the
control group.

A previous study concluded that NAC mitigated
ferroptosis by activating the SIRT3-SOD2/GPX4 pathway
in diabetic nephropathy and preserving mitochondrial
redox homeostasis (Li et al., 2022b). NAC has been found
to directly maintain mitochondrial redox steady state via
the SITR3-SOD2 pathway (Li et al., 2022b). In the present
study, it was found to activate GPX4/SLC7A11 expression
in the ObNAC group through a similar mechanism.
Additionally, NAC has been reported to reduce neuronal
ferroptosis and to enhance behavior in mice after ICH by
neutralizing nuclear arachidonate 5-lipoxygenase-derived
harmful lipid species, which are essential for ferroptosis
and involved in cellular lipid production (Karuppagounder
etal., 2018). Since GPX4 is a ferroptosis-preventing factor,
NAC can reverse ferroptosis by reducing lipid peroxidation
damage in the hippocampus, due to its ability to protect
GPX4 levels. Additionally, SLC7A11, the Xc-system's
catalytic component, can be upregulated to increase
intracellular cysteine levels, which produces GSH and
increases GPX4 activity while reducing ferroptosis (Gong
etal., 2019).

In conclusion, this study found that obesity reduces
GPX4/SLC7AL11 expression in the hippocampus, and that
NAC exhibits a protective role against hippocampal
ferroptosis. NAC may exert these effects by attenuating
mitochondrial dysfunction and lowering ROS levels,
although further research is needed to confirm the
molecular mechanisms involved.

According to recent studies, oxidative stress, lipid
peroxidation, iron metabolism, and other as yet
unidentified pathways represent potential causes of
ferroptosis. This is regulated in a variety of ways and
contributes to a range of illnesses. The

J Cell Neurosci Oxid Stress 2023; 15: 1137 — 1146.

Effect of NAC on hippocampal ferroptosis in obesity

immunohistochemical results of the present study showed
a decrease in ferroptosis markers in the hippocampus in the
obesity model. In addition, this study identified the
potential nature of NAC as an important protective agent
against obesity-induced ferroptosis. The principal
limitation of this research is that changes associated with
oxidative stress, lipid peroxidation, and iron metabolism
were not investigated. Further studies investigating
possible underlying mechanisms are now needed.
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