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Ceftriaxone affects ferroptosis and alleviates glial
cell activation in Parkinson's disease
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Abstract. Parkinson's disease (PD) is the second most
common neurodegenerative disorder, which is characterized
by the death of dopaminergic neurons. It has been reported
that ceftriaxone (CEF) exerts promising effects on allevi-
ating dopaminergic neuron death in PD models. However,
the neuroprotective mechanisms of CEF in PD have not
been well understood. In the present study, to investigate
the neuroprotective effects of CEF through western blot
and immunofluorescence assays, two in vivo models were
established, namely the 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)- and lipopolysaccharide (LPS)-induced
models. Additionally, three in vitro models were used to
explore the neuroprotective mechanisms of CEF, namely the
1-methyl-4-phenylpyridinium ion (MPP*)-induced dopami-
nergic neuron injury, LPS-induced microglia activation and
TNFoa-induced astrocyte activation models, with key insights
derived from western blot and qPCR experiments. The in vivo
studies demonstrated that CEF exerted neuroprotective effects
and reduced glial cell activation. Additionally, CEF reversed
the reduction of tyrosine hydroxylase and suppressed the acti-
vation of microglia and astrocytes. Furthermore, the in vitro
experiments revealed that CEF could display both direct and
indirect neuroprotective effects and could directly alleviate
MPP*-induced neuronal toxicity and suppress the activation of
microglia and astrocytes. In addition, CEF indirectly reduced
neuronal injury caused by conditioned medium from activated
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microglia and astrocytes. Mechanistic studies revealed that
CEF inhibited the ferroptosis pathway via regulating the
expression of solute carrier family 7 member 11 and glutathione
peroxidase 4 in a non-cell-specific manner. Via inhibiting
ferroptosis, CEF could directly protect dopaminergic neurons
and prevent glial cell activation, and indirectly impair neurons.
In conclusion, the results of the current study highlighted the
potential research and therapeutic value of CEF in regulating
ferroptosis in PD.

Introduction

Parkinson's disease (PD) is a prevalent degenerative disease of
the central nervous system (CNS), significantly affecting the
quality of life through both motor and non-motor symptoms (1).
The primary pathological features of PD include the progres-
sive loss of dopaminergic neurons in the substantia nigra (SN)
pars compacta and the formation of Lewy bodies, composed
of a-synuclein (a-syn) (2). It has been reported that factors,
such as a-syn aggregation, oxidative stress, ferroptosis, mito-
chondrial dysfunction, neuroinflammation and gut dysbiosis
are involved in the degeneration and death of dopaminergic
neurons in PD (3). Although levodopa is commonly used as a
first-line therapy to alleviate motor symptoms, it cannot halt
the progression of PD (4). Therefore, developing interventions
to slow or stop the progression of PD remains a top priority for
both patients and researchers (5).

Ceftriaxone (CEF), a third-generation cephalosporin
antibiotic, has shown neuroprotective effects in recent studies
on PD. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD animal model, CEF was found to reverse
behavioral deficit and promote neurogenesis (6,7). It could
also mitigate nigral oxidative damage and enhance neurogen-
esis (8), reduce glutamate-mediated neuro-inflammation and
restore brain-derived neurotrophic factor (BDNF) levels (9).
At the molecular level, CEF could bind to a-syn to inhibit
its polymerization in vitro (10). These findings suggested
that CEF could be applied in the treatment of PD. However,
the particular neuroprotective mechanisms of CEF remain
unclear. Emerging evidence has indicated that ferroptosis is a
key molecular mechanism in PD (11). Since cystine/glutamate
transport is closely associated with ferroptosis and CEF can
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regulate glutamate transport, it was hypothesized that CEF
could affect PD via modulating ferroptosis.

The current study aimed to investigate the ferrop-
tosis-related neuroprotective mechanism of CEF and
neuroinflammation in PD. Therefore, both in vivo and in vitro
PD injury models were established to verify whether CEF
could alleviate glial cell activation and neuronal damage in
PD via inhibiting ferroptosis.

Materials and methods

Cell culture and drugs. BV2 (cat. no. SCSP-5208; Cell
Bank of Type Culture Collection of the Chinese Academy
of Sciences) and C8-DIA [cat. no. CRL-2541; American
Type Culture Collection (ATCC)] cells were cultured in
DMEM (Gibco; Thermo Fisher Scientific, Inc.), while
SH-SYS5Y cells (cat. no. CRL-2266; ATCC) in DMEM/F12,
both supplemented with 10% heat-inactivated fetal bovine
serum (both from Gibco; Thermo Fisher Scientific, Inc.) and
penicillin/streptomycin solution (100 ug/ml) at 37°C in a
humidified incubator with 5% CO,. CEF (Roche Diagnostics)
and MPP* (MedChemExpress) were dissolved in saline and
DMSO, respectively. Liposaccharide (LPS; MilliporeSigma),
MPTP (MedChemExpress) and TNFa (Beyotime Institute of
Biotechnology) were dissolved in saline. Cells were seeded
into 12-well plates starting at a concentration of 2x10° cells/ml
and incubated overnight. Cells in the experimental group were
pre-treated with 300 uM CEF for 4 h with a confluency of
~75% at the time of treatment. For inflammatory activation,
BV2 and C8-DIA cells were challenged with 100 ng/ml LPS
and 10 ng/ml TNFa, respectively, for 24 h. To establish the
MPP*-induced SH-SYS5Y cell model, cells were treated with
1 uM MPP" for 24 h.

Antibodies. Immunoblot analysis was performed using the
following primary antibodies: Anti-tyrosine hydroxylase (TH;
1:2,000; cat. no. 25859-1-AP), anti-solute carrier family 7
member 11 (SLC7A11; 1:1,000; cat. no. 26864-1-AP), anti-glial
fibrillary acidic protein (GFAP; 1:10,000; cat. no. 60190-1-Ig;
all from Proteintech Group, Inc.), anti-cyclooxygenase-2
(COX-2, 1:1,000; cat. no. ab179800), anti-inducible nitric oxide
synthase (iNOS; 1:1,000; cat. no. ab178945), anti-glutathione
peroxidase 4 (GPX4; 1:2,000; cat. no. ab125066,), anti-allograft
inflammatory factor 1 (IBA1; 1:1,000; cat. no. abl178846; all
from Abcam), anti-GAPDH (1:1,000; cat. no. 5174S), anti-p65
(1:1,000; cat. no. 8242S) and anti-phosphorylated (p)-p65
(1:1,000; cat. no. 3033S; all from Cell Signaling Technology,
Inc.). Horseradish peroxidase (HRP)-conjugated goat
anti-mouse (1:10,000; cat. no. 31430) or anti-rabbit antibodies
(1:10,000; cat. no. 31460; Thermo Fisher Scientific, Inc.) served
as secondary antibodies. The proteins were visualized using
an ECL detection kit (Thermo Fisher Scientific, Inc.).

Animal study. C57BL/6 mice (male, n=72, weight, 25-30 g)
were purchased from Shanghai Slack Laboratory Animal Co.,
Ltd. Each group was comprised six mice. All mice were main-
tained under controlled temperature (22+1°C) and humidity
(50+5%) conditions in a 12/12-h light/dark cycle with free
access to food and water. The PD mouse model was established
by intraperitoneal injection of 5 mg/ml MPTP (dissolved in

saline) for 7 days (25 mg/kg per day for the first three days
followed by 30 mg/kg per day for the last 4 days). No mice
succumbed after MPTP injection in the present experiment.
After the 7-days period of continuous injections of MPTP, a
behavioral test was conducted to confirm the establishment of
a stable pathological state in the mice. To assess the successful
establishment of the PD model, mice were subjected to a series
of behavioral tests, including the rotarod and climbing rod tests.
Only mice with significant motor deficits were selected for the
subsequent experiments. A total of 12 mice were selected for
the study, and the remaining mice were euthanized according
to the protocol approved by the Institutional Animal Care
and Use Committee. The neuroinflammatory in vivo model
was established following stereotaxic injection of 1 mg/ml
lipopolysaccharide (LPS; volume, 2 pl) into the ventricles.
Pentobarbital sodium was administered at a dose of 50 mg/kg
to anesthetize the mice prior to the injection. Mice in the CEF
and blank control groups were intraperitoneally injected for
7 days with 200 mg/kg CEF (once a day) and equal volume of
saline, respectively. After the experiment, mice were anesthe-
tized by pentobarbital sodium and then euthanized by cervical
dislocation. Mouse brain slices were collected for western blot
and immunohistochemistry assays. All experimental opera-
tions in animals were performed simultaneously according
to the Institutional Guidelines for Animal Use and Care and
all procedures were approved by the Animal Committee of
Suzhou Institute of Biomedical Engineering and Technology,
Chinese Academy of Sciences (approval no. 2024-A50;
Suzhou, China). For the MPTP-treated C57BL/6 mouse model
of PD, humane endpoints were defined as follows: Severe
weight loss (a reduction of 20% or more from baseline weight),
severe neurological impairment (including inability to move,
tremors, or non-response to being placed on their back), severe
pain or distress (indicated by labored breathing, extreme
dehydration, or abnormal posture), lack of appetite and water
consumption (evidenced by signs of dehydration or malnu-
trition), severe tremors or convulsions that impede overall
well-being, and unhealed injuries or wounds resulting in infec-
tion or extreme pain. If any mice exhibited these symptoms,
humane euthanasia would be conducted to prevent prolonged
suffering. In the present study, all mice were euthanized before
the conclusion of the experiment; however, none of the mice
reached these humane endpoints.

Behavioral tests. Rotarod and climbing rod tests are
commonly used to assess motor coordination and bradyki-
nesia in animal models of neurological disorders (12,13). The
behavioral instruments were purchased from SANS Biological
Technology (https://www.sansbio.com). Rotarod test: Mice
were trained on the rotarod until they could remain on it for
over 2 min at a speed of 4 revolutions per min (r/min) during
the training. On the day of testing, the speed of the rotarod
was gradually increased from 4 to 40 r/min over 5 min. Each
mouse was monitored freely walking on the rotarod, and the
elapsed time until falling was recorded. This experiment was
conducted three times per mouse. Pole test: A wooden pole
with a rough surface, measuring 50 cm in height and 1 cm in
diameter, was inserted into the home cage. During the training
session, every mouse was positioned on top of the pole and
allowed to descend to the home cage from the peak three
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times. On the day of testing, each mouse was placed head-first
on top of the pole, and the duration taken for it to descend
back into the cage was timed. The experimentation process
was conducted thrice for every mouse.

Western blot analysis. Total proteins were extracted from
tissues or cells using a RIPA lysis solution supplemented
with protease inhibitors (both from Beyotime Institute of
Biotechnology). Protein quantification was performed using
a BCA protein quantification kit (Beyotime Institute of
Biotechnology). Subsequently, ~30 ug protein extracts were
separated by 8-12% SDS-PAGE and were then transferred
onto a PVDF membrane (MilliporeSigma). Following
transfer, the membranes were subjected to blocking with
5% (w/v) skim milk powder diluted in Tris-buffered saline
containing 0.1% Tween-20 (TBST) under ambient condi-
tions (25+2°C) for 1 h. The membranes were first incubated
with primary antibodies at 4°C overnight in a refrigerator
and then with the corresponding secondary antibody at
room temperature for 2 h. The blots were then incubated
with an ECL reagent and the expression levels of the target
proteins were detected using a chemiluminescence imaging
analysis system (Clinx Science Instruments Co., Ltd.).
GAPDH was used as a reference gene. Quantification was
performed with Imagel software (version 1.54k; National
Institutes of Health).

Immunofluorescence staining. The brains of mice were injected
with 4% paraformaldehyde (PFA), fixed in 4% PFA at 4°C for
three days and were then incubated with 30% sucrose at 4°C
for three days. Subsequently, the 20-pm thick brain sections
were collected and incubated with 5% fetal bovine serum (cat.
no. Gibco-10270-106; Thermo Fisher Scientific, Inc.) to block
non-specific protein binding. The tissue sections were then
incubated at 4°C overnight with the primary antibodies. After
washing the tissue sections with PBS on a decolourisation
shaker, they were incubated with the corresponding secondary
antibodies Alexa Fluor 488 (1;500; cat. no. A-21202) and
Alexa Fluor 594 (1:500; cat. no. A-21207) from Invitrogen
(Thermo Fisher Scientific, Inc.) at room temperature for 1 h.
Subsequently, the sections were examined using an inverted
fluorescence microscope (IX71; Olympus Corporation). For
cell counts and quantitative statistics for fluorescence intensity,
Image] software was used.

Cell viability assay. The Cell Counting Kit-8 (CCK-8) assays
were performed according to the manufacturer's instructions.
Briefly, cells were seeded in a 96-well plate at a concentration
of 1x10° cells/well and allowed to adhere overnight. Following
treatment with increasing concentrations of the indicated
drugs for 24 h, each well was supplemented with 10 I CCK-8
solution (cat. no. C0039; Beyotime Institute of Biotechnology).
The plate was incubated at 37°C for 2 h and the absorbance
in each well was measured at a wavelength of 450 nm using a
microplate reader (CMaxPlus from Molecular Devices, LLC).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). cDNA was reversely tran-
scribed from total RNA using PrimeScript RT Master Mix
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(Takara Bio, Inc.) following the manufacturer's instructions.
gPCR was performed using a LightCycler 480 system (Roche
Diagnostics) with TB Green® Premix Ex Taq™ II (Takara
Bio, Inc.). The thermal cycling protocol comprised an initial
denaturation step at 95°C for 30 sec, followed by 40 cycles of
denaturation at 95°C for 5 sec and combined annealing/exten-
sion at 60°C for 10 sec. RT-qPCR analysis was performed
using the 222% method (14). RT-qPCR primers were designed
as follows: mouse iNOS forward, 5'-TCCCAGCCTGCC
CCTTCAAT-3' and reverse, 5'-CGGATCTCTCTCCTCCTG
GG-3'; COX-2 forward, 5'-CAGGCTGAACTTCGAAAC
AG-3' and reverse, 5'-CTCACGAGGCCACTGATACCTA-3";
and B-actin forward, 5'-GACCTGACTGACTACCTC-3' and
reverse, 5'-GACAGCGAGGCCAGGATG-3".

Conditioned media (CM). BV2 cells were pretreated with
or without CEF (300 #M) for 4 h and then exposed to LPS
(100 ng/ml) for 24 h. C8-D1A cells were pretreated with or
without CEF (300 xM) for 4 h and then exposed to TNFa
(10 ng/ml) for 24 h. CM was used to culture SH-SY5Y cells.

Data analysis. Prism version 7.0 (GraphPad Software;
Dotmatics) was used for data analysis. Statistical analysis
was conducted by one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test for multiple comparisons,
as indicated in the figure legends. The data are presented as
the mean =+ standard deviation (SD). P<0.05 was considered to
indicate a statistically significant difference.

Results

CEF displays a direct protective effect on neurons via
reversing the expression of TH in a MPTP-induced mouse
model. TH is a rate-limiting enzyme, which is involved in
the synthesis of dopamine, while it is widely acknowledged
as a marker of dopaminergic neurons, which transport
dopamine from the SN to the caudal putamen (CPu) via
the nigro-striatum pathway (15). Dopamine is synthesized
in dopaminergic neurons in the SN and then transmitted
through synapses to different brain regions such as CPu,
which receives a large amount of dopamine input from
SN (16). Therefore, it can be observed that both the SN and
CPu are capable of detecting the presence of TH. To evaluate
the effect of CEF on PD neuropathology, western blot and
immunofluorescence analyses were carried out to detect the
expression levels of TH in both the SN and CPu in a MPTP
mice model. C57BL/6 mice were administered CEF with
intraperitoneal injections after intraperitoneally adminis-
tering MPTP (Fig. 1A). Behavioral tests demonstrated that
the MPTP-treated mice had a significant decrease in latency
time on the rotarod and increase in pole test time, indicating a
decline in their motor coordination abilities (Fig. 1B and C).
Western blot analysis revealed that CEF could significantly
reverse the MPTP-induced TH downregulation in the SN
and CPu (Fig. 1D-G). Additionally, immunofluorescence
analysis revealed that CEF could substantially alleviate
the loss of MPTP-induced TH immunoreactive neurons in
the SN and CPu (Fig. 1H-K). These findings suggested that
treatment with CEF could promote neuronal protection in a
PD mouse model.
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Figure 1. CEF reverses the expression of TH in a MPTP-induced mouse model. (A) Experimental design of CEF treatment in attenuating Parkinson's disease in
a mouse model. Mice were intraperitoneally injected with MPTP once a day for 7 days (25 mg/kg for the first 3 days, 30 mg/kg for the last 4 days), followed by
intraperitoneal injection of 200 mg/kg CEF once a day for 7 days. (B) Latencies to fall from the accelerated rotating beams in the rotarod tests. (C) Climbing
time on climbing rod tests. (D) The protein expresion levels of TH were detected in the SN of brain tissue sections using western blot analysis. (E) The protein
expression levels of TH in (D) were quantified following normalization to those of GAPDH. (F) The protein expression levels of TH were also detected in the CPu
region of the brain by western blot analysis. (G) The protein expression levels of TH in (F) were quantified after normalization to the expression levels of GAPDH.
(H-K) The brain tissue sections were cut into slices and stained with an antibody against TH. The corresponding fluorescence images and statistical analysis of TH
expression in (H and 1) the SN and (J and K) CPu are presented. Data are expressed as the mean + SD. “P<0.01 and "“P<0.001 (n=3). Scale bar, 100 ym. Coronal
slices. CEF, ceftriaxone; TH, tyrosine hydroxylase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; CPu, caudal putamen.
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Figure 2. CEF reverses TH expression and inhibits ferroptosis in MPP*-induced SH-SY5Y cells. (A) A Cell Counting Kit-8 assay was performed to assess
the effect of CEF on cell viability. SH-SYSY cells were treated with different CEF concentrations (0-900 M) for 24 h. (B) SH-SYSY cells were pre-treated
with CEF (300 uM) for 4 h. Subsequently, cells were treated with 1 xM MPP* for an additional 24 h and the protein expression levels of TH were detected by
western blot analysis. (C) The relative protein expression levels of TH were normalized to those of GAPDH. (D) The protein expression levels of SLC7A11 and
GPX4 were determined using western blot analysis. Due to the proximity in molecular weight between SLC7A11/GPX4 and GAPDH, simultaneous detection
on the same membrane was not feasible, but all experiments utilized the same biological samples and were conducted from the same batch on the same day.
(E and F) The relative protein expression levels are shown. Data are presented as the mean + SD. “P<0.01 (n=3). CEF, ceftriaxone; TH, tyrosine hydroxylase;
MPP*, 1-methyl-4-phenylpyridinium ion; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4.

CEF alleviates MPP*-induced SH-SYS5Y cell injury via
resisting ferroptosis. The cystine/glutamate antiporter
SLC7A11 (xCT)/GPX4 system is considered as the main-
stay to inhibit ferroptosis, since glutathione (GSH) is the
principal antioxidant in mammalian cells (17). To explore
the neuroprotective mechanism in neurons, the effect of the
SLC7A11/GPX4 axis in the ferroptosis pathway was investi-
gated. Therefore, the effect of different concentrations of CEF
on SH-SYSY cell viability was assessed by CCK-8 assay. The

results identified that CEF at a concentration of 900 yM had
no toxic effect on the viability of SH-SY5Y cells (Fig. 2A).
In addition, western blot analysis demonstrated that CEF
significantly reversed the reduced expression levels of TH in
MPP*-induced SH-SYSY cells (Fig. 2B and C). Additionally,
CEF substantially alleviated the MPP*-induced SLC7A11 and
GPX4 downregulation in SH-SYSY cells (Fig. 2D-F). These
findings suggested that CEF could suppress ferroptosis via
regulating the SLC7A11/GPX4 axis in neurons.
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CEF attenuates the activation of microglia and astrocytes in
LPS- and MPTP-induced mouse models. Activation of glial
cells is accompanied by morphological changes; proinflam-
matory microglia and astrocytes generally exhibit larger
volumes and coarser morphologies, while anti-inflammatory
microglia and astrocytes typically feature smaller volumes
and more prominent morphologies (18,19). To investigate
whether neuroinflammation could be involved in the neuro-
protective effects of CEF, tissue-section immunofluorescence
staining was utilized to determine cellular morphological
characteristics. By utilizing a coupling of markers (namely, the
microglial activation-associated marker IBA1 and the astro-
cyte activation-associated marker GFAP) and morphological
traits, it was observed that microglia and astrocytes exhibit
larger volumes and coarser morphologies in the SN in both
models. However, treatment with CEF considerably abrogated
this effect (Fig. 3A-C). The same effects were also observed in
the CPu of the brain (Fig. 3D-F). The aforementioned results
indicated that CEF could attenuate neuroinflammation via
inhibiting the activation of microglia and astrocytes in vivo.

CEF displays an indirect protective effect on neurons via
inhibiting the activation of microglia and astrocytes in the
LPS-induced mouse model. Given that CEF inhibited the
activation of microglia and astrocytes in both the LPS- and
MPTP-induced mouse models, the current study also aimed to
explore whether CEF could protect neurons in the LPS-induced
mouse model. A pro-inflammatory state can cause changes in
an increase in the expression of GFAP in astrocytes and IBA-1
in microglia (20). Western blotting was utilized to deter-
mine the expression of GFAP and IBA-1. The western blot
analysis results revealed a significant induction in IBA1 and
GFAP expression accompanied by a considerable reduction
in TH expression in LPS-induced mice. However, treatment
with CEF reversed the aforementioned changes (Fig. 4A-D).
Furthermore, immunofluorescence analysis showed that
CEF considerably attenuated the loss of TH immunoreactive
neurons in mice treated with LPS (Fig. 4E-H). Overall, these
data suggested that CEF could supress neuroinflammation and
inhibit neuroinflammation-mediated neurotoxicity in vivo.

CEF inhibits neurotoxicity via attenuating microglial
activation. The aforementioned in vivo studies demonstrated
that CEF could inhibit glial cell activation and alleviate
neuronal injury. Therefore, subsequently, in vitro studies
were preformed to investigate this mechanism. CCK-8 assays
showed that CEF at a concentration of 900 #M had no toxic
effect on BV2 cell viability (Fig. 5A). In addition, the mRNA
and protein expression levels of iNOS and COX-2 were
significantly increased in LPS-treated BV2 cells. However,
cell pre-treatment with CEF considerably reversed this
effect (Fig. 5B-D), thus suggesting that CEF could alleviate
microglial activation. Nuclear factor-«B (NF-kB) is a key
transcription factor involved in regulating the expression of
inflammatory genes, while the increased phosphorylation
of NF-kB/p65 is a primary trigger for inflammatory activa-
tion (21). In the present study, the results demonstrated that
p-NF-«B/p65 was upregulated, while its expression levels
were decreased following cell pre-treatment with CEF
(Fig. 5E and F). The aforementioned finding indicated that CEF

could alleviate microglial activation via regulating the NF-xB
pathway. Emerging evidence has suggested that the activa-
tion of inflammation promotes ferroptosis (22,23). Therefore,
whether the ferroptosis mechanism could be associated with
the CEF-mediated inhibition of microglial activation was
also explored. The western blot analysis results demonstrated
that CEF could significantly reverse the loss of SLC7A11 and
GPX4 protein expression levels in LPS-treated BV2 cells
(Fig. 5G and H). These findings suggested that CEF could
suppress ferroptosis via regulating the SLC7A11/GPX4 axis in
activated microglia. Subsequently, whether microglial activa-
tion could affect neuronal survival was determined. Therefore,
the conditioned medium (CM) from LPS-treated BV2 cells
induced cellular injury in SH-SY5Y cells, a neuroblastoma
cell line. Additionally, the CM from LPS-treated BV2 cells
pre-treated with CEF reduced cellular toxicity in SH-SY5Y
cells (Fig. 51 and J). Collectively, these findings suggested that
CEF could inhibit microglial activation in vitro and protect
neurons from microglial activation-induced neuronal damage.

CEF inhibits neurotoxicity via alleviating astrocyte activation.
To further investigate the role of CEF in astrocyte activation,
further in vitro studies were carried out in TNFa-treated
C8-D1A cells. The CCK-8 assay results revealed that C8-D1A
cell treatment with 900 M CEF had no toxic effect on these
cells (Fig. 6A). In TNFa-treated C8-D1A cells, CEF signifi-
cantly reduced the mRNA and protein expression levels of
iNOS and COX-2, thus suggesting that CEF could inhibit
astrocyte activation (Fig. 6B-D). Additionally, CEF could
alleviate the enhanced expression levels of p-NF-kB/p65 in
TNFa-treated C8-D1A cells, thus indicating that CEF could
inhibit astrocyte activation via regulating the NF-xB pathway
(Fig. 6E and F). Furthermore, the western blot results revealed
that CEF could significantly restore the reduced protein expres-
sion levels of SLC7A11 and GPX4 in TNFa-treated C8-D1A
cells, thus suggesting that CEF could suppress ferroptosis
via regulating the SLC7A11/GPX4 axis in activated astro-
cytes (Fig. 6G and H). In addition, CM from TNFa-treated
C8-D1A cells pre-treated with CEF reduced cellular toxicity
in SH-SY5Y cells (Fig. 61 and J). Overall, the aforemetioned
findings suggested that CEF could inhibit astrocyte activa-
tion and protect neurons against astrocyte activation-induced
neuronal death in vitro (Fig. 7).

Discussion

Neuroinflammation is an early and persistent phenomenon
in PD, which is commonly driven by microglia and astro-
cytes in the CNS (24). This immune response is crucial for
maintaining tissue homeostasis, removing pathogens and
recovering from damage (25). The primary feature of PD,
a-syn, directly activates microglia, thus leading to increased
production of pro-inflammatory cytokines and reactive oxygen
species (ROS) (26). It has been reported that cytokines, such
as TNFa, released from microglia, can activate neighboring
astrocytes (20). A previous study demonstrated that persistent
inflammation was involved in a-syn aggregation, while the
resulting ROS could lead to lipid peroxidation, thus driving
ferroptosis and non-apoptotic cell death (27). It was previously
shown that glial activation-induced ferroptosis in neurons is a
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Figure 3. CEF inhibits the activation of glial cells in LPS- and MPTP-treated mice. (A-C) To establish a LPS-induced mouse model, mice were stereotaxically
injected with 2 u1 LPS (1 mg/ml) into the ventricles, followed by intraperitoneal injection of CEF (200 mg/kg) once a day for 7 days. For the establishment of the
MPTP-induced mouse model, mice were intraperitoneally injected with 25 mg/kg MPTP per day for the first 3 days and 30 mg/kg per day for the last 4 days.
Subsequently, mice were intraperitoneally injected with 200 mg/kg CEF once a day for 7 days. The brain tissues were cut into slices and stained with antibodies
against IBA1 and GFAP. Fluorescence images and statistical analysis of the IBA1 and GFAP protein expression levels in the substantia nigra are shown.
(D-F) Fluorescence images and statistical analysis of IBA1 and GFAP expression in the caudal putamen are presented. Data are expressed as the mean + SD.
“P<0.01 and ““P<0.001 (n=3). Scale bar, 100 ym. Coronal slices. CEF, ceftriaxone; LPS, lipopolysacharide; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine; IBAI, allograft inflammatory factor 1; GFAP, glial fibrillary acidic protein.
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Figure 4. CEF reverses TH expression in LPS-induced mice. (A-D) Mice were stereotaxically injected with 2 x1 LPS (1 mg/ml) into the ventricles, followed by
intraperitoneal injection of 200 mg/kg CEF once a day for 7 days. The protein expression levels of TH, IBA1 and GFAP were detected in the SN and CPu of
the brain by western blot analysis. (E-H) The brain tissues were cut into slices and stained with an antibody against TH. Fluorescence images and statistical
analysis of TH expression in the SN and CPu are shown. Data are expressed as the mean + SD. "P<0.05, “P<0.01 and ““P<0.001 (n=3). Scale bar, 100 gm.
Coronal slices. CEF, ceftriaxone; TH, tyrosine hydroxylase; LPS, lipopolysacharide; IBA1, allograft inflammatory factor 1; GFAP, glial fibrillary acidic
protein; SN, substantia nigra; CPu, caudal putamen.

key molecular mechanism in PD (11). Ferroptosis, a regulated = The end-product of ferroptosis, 4-hydroxy-2,3-trans-nonenal,
cell death, which is characterized by overwhelming lipid  promotes the inflammatory response by a-syn aggregation,
peroxidation, is closely associated with PD pathogenesis (28).  indicating that ferroptosis and neuroinflammation potentiate
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Figure 5. CEF reduces neuronal injury via inhibiting the activation and ferroptosis of microglia. (A) A Cell Counting Kit-8 assay was carried out to examine
the effect of CEF on cell viability. BV2 cells were treated with different concentrations of CEF (0-900 uM) for 24 h. (B) BV2 cells were pre-treated with
300 M CEF for 4 h and then with 100 ng/ml LPS for an additional 6 h. The mRNA expression levels of iNOS and COX-2 were measured by reverse
transcription-quantitative PCR. (C) BV2 cells were pre-treated with CEF for 4 h and then with 100 ng/ml LPS for an additional 24 h. Subsequently, the protein
expression levels of iNOS and COX-2 were detected by western blot analysis. (D) The relative expression levels of proteins in (C) are shown. (E) BV2 cells
were pre-treated with CEF for 4 h and 100 ng/ml LPS for 15 min. Then the protein expression levels of p65 and p-p65 were detected by western blot analysis.
(F) The relative expression levels in (E) are shown. (G) BV2 cells were pre-treated with CEF for 4 h. After treatment with 100 ng/ml LPS for 24 h, the protein
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cells for 24 h and the protein expression levels of TH were detected via western blot analysis. (J) The relative expression levels of proteins in (I) are shown.
Data are expressed as the mean = SD. "P<0.05, “P<0.01 and “"P<0.001 (n=3). CEF, ceftriaxone; LPS, lipopolysacharide; iNOS, inducible nitric oxide synthase;
COX-2, cyclooxygenase-2; p-, phosphorylated; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; tyrosine hydroxylase.


https://www.spandidos-publications.com/10.3892/ijmm.2025.5526
https://www.spandidos-publications.com/10.3892/ijmm.2025.5526

10 ZHI et al: CEFTRIAXONE INHIBITS FERROPTOSIS, GLIAL CELL ACTIVATION AND NEURONAL DAMAGE

15
A =z B
8 S 60
> 1.0 ¢—o—o——0—5—0o——= Q *k ok ﬁk == Control
3 e == CEF
® & 40 = TNF-0,
N <
T 05 =z TNF-0+CEF
£ o
S € 20
= 2
0.0 T T T T T T T T 7T =
uM 0 10 30 60 90100300600 900 < 0
iNOS COX-2
TNFa  — -+ +
CEF - + - +
c ¥ %k
S 20 *kk * k3
iNOS I - | 130 kDa 2 —_— == Control
[
S 15 == CEF
_ S 1.
- T 1.0 TNF-0+CEF
S
- o
GAPDH (|NOS)| -— -..l 38 kDa 20s{ |l -
5
[
GAPDH (oox-2)| = e e |3e kDa x 00
- iINOS COX-2
F
TNFo - - + +
CEF - + - +
p-pes|¢_ --‘ImkDa - *x
‘% 20 - ns == Control
65|-- -|65kDa £ == CEF
p A g1s — TR
£ 10 TNF-0+CEF
GAPDH (p-p65)| ....| 38 kDa g
Q
Q 0.5
GAPDH (555)| s M | 2 (02 £
o0
p-p65 p65
G TNFo - - + + H
CEF _ + _ + s == Control
2 == CEF
55kba s == TNF-.
E TNF-0+CEF
SLC7A11 g
o
(0]
=
e e e o5 0 2
[)
o
SLC7A11 GPX4
GPx4 | M D S 18 kDa
GAPDH | S — - 5: <02
== Control
I J
== CEF
1.5 %
== CM (C8)
cM(c8) - - + + CM (C8)+CEF
CEF - + - +

L

GAPDHl- = I -|38kDa

Relative TH protein expression

CEF

£
c
Q
[&]

CM (C8)
CM (C8)+CEF

Figure 6. CEF attenuates neuronal injury via inhibiting the activation and ferroptosis of astrocytes. (A) A Cell Counting Kit-8 assay was performed to evaluate
the effect of CEF on cell viability. C8-D1A cells were treated with different concentrations of CEF (0-900 xM) for 24 h. (B) C8-D1A cells were pre-treated
with 300 M CEF for 4 h and then with 10 ng/ml TNF-a for an additional 6 h. The mRNA expression levels of iNOS and COX-2 were measured by reverse
transcription-quantitative PCR. (C) C8-DI1A cells were pre-treated with CEF for 4 h. Following cell treatment with TNF-a (10 ng/ml) for 24 h, the protein
expression levels of iNOS and COX-2 were detected by western blot analysis. (D) The relative expression levels of the indicated proteins in (C) are shown.
(E) C8-D1A cells were pre-treated with CEF for 4 h. After treatment of cells with 10 ng/ml TNF-a for 15 min, the protein expression levels of p65 and p-p65
were measured by western blot assays. (F) The relative expression levels of the indicated proteins in (E) are presented. (G) C8-DIA cells were pre-treated
with CEF for 4 h. Following treatment with TNF-a (10 ng/ml) for 24 h, the protein expression levels of SLC7A11 and GPX4 were measured by western blot
analysis. (H) The relative expression levels of the indicated proteins in (G) are shown. (I) SH-SYS5Y were cultured in culture medium from C8-D1A cells for
24 h and the protein expression levels of TH were detected using western blot analysis. (J) The relative protein expression levels of TH are presented. Data are
expressed as the mean the + SD. "P<0.05, “P<0.01 and “"P<0.001 (n=3). CEF, ceftriaxone; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2;
p-, phosphorylated; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; TH, tyrosine hydroxylase; ns, not significant.
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each other in PD progression (22). Therefore, regulating
inflammation and ferroptosis could offer a potential strategy
for treating PD (28,29).

CEF, a third-generation broad-spectrum antibiotic, has
been widely used for over 30 years and is generally considered
safe (30). In 2005, Rothstein et al (31) found that CEF could
upregulate astrocytic glutamate transporter-1 (GLT-1) through
transcriptional activation. GLT-1 regulates the majority of

extracellular glutamate, a significant excitatory neurotrans-
mitter in the CNS (32). Dysregulation of glutamate homeostasis
is considered as a core feature of neuropsychiatric disor-
ders (33). Via upregulating GLT-1, CEF could attenuate the
behavioral manifestations of various hyper-glutamatergic brain
disorders in over 100 preclinical studies (34). In MPTP-induced
PD animal models, CEF could reverse behavioral deficits,
possibly due to GLT-1 upregulation and its antioxidant and
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anti-inflammatory properties, as well as the attenuation
of neuronal toxicity mediated by BDNF restoration (6-9).
Furthermore, CEF has been recognized to upregulate the gluta-
mate/cystine antiporter (SLC7A11/xCT), which imports cystine
in exchange for intracellular glutamate (35-37). This exchange
can promote glutamate homeostasis and increase antioxidant
activity in astrocytes via promoting the synthesis of GSH, the
principal antioxidant in mammalian cells (38). Using GSH as
the preferred substrate, GPX4 can convert phospholipid hydro-
peroxides into non-toxic lipid alcohols, while oxidizing GSH
to oxidized glutathione (39). GPX4 is considered as the hub
of lipid oxidation, ferroptosis, disease and treatment (40). The
SLC7A11/GSH/GPX4 axis, dependent on the cystine-glutamate
antiporter system, is considered the mainstay restricting ferrop-
tosis (17). However, whether ferroptosis is associated with the
SLC7A11/GPX4 axis in the neuroprotective mechanism of
CEF remains poorly understood.

The current study revealed that CEF exerted neuroprotec-
tive properties via inhibiting ferroptosis in PD. The results
showed that CEF inhibited ferroptosis in both neuronal injury
models (Fig. 2D) and glial cell activation in vitro models
(Figs. 5G and 6G). Since the term was coined in 2012, the
research field of ferroptosis has increased exponentially (41).
The underlying pathogenesis of PD based on ferroptosis could
offer potential therapeutics for this disease (42,43). Previous
studies on CEF focused on the role of GLT-1 in PD (43-45).
GLT-1 and SLC7A11 could promote glutamate homeostasis
via regulating its flow into and out of cells (32,38). Although
previous studies demonstrated that CEF upregulated SLC7A11
in APP/PS1 Alzheimer's disease mice and in rats exposed
to ethanol (35,36), whether SLC7A11-related ferroptosis is
involved in the neuroprotective mechanism of CEF in PD
remains poorly understood. A previous in vitro study indi-
cated that pre-treatment of PC12 cells with 100 M CEF could
protect them against 6-hydroxydopamine-induced injury (10).
Additionally, 100 uM CEF could alleviate MPP*-induced
neurotoxicity in astrocytes (46) and increase SLC7A11 activity,
which was associated with GSH levels in HT22 cells treated
with 300 uM CEF for 7 days (37). In the present study, the
neuroprotective mechanism of CEF (300 M) and its associa-
tion with ferroptosis was investigated. The results revealed that
CEF inhibited the ferroptosis pathway via regulating SLC7A11
expression in a non-cell-specific manner. Additionally, CEF
could block ferroptosis via regulating GPX4, the hub of ferrop-
tosis. The aforementioned findings highlighted the potential
research and therapeutic value of CEF in regulating ferroptosis
in PD through the SLC7A11/GPX4 axis.

Previous studies also showed that CEF downregulated
GFAP and IBAL, thus supporting its potential effect on modu-
lating neuroinflammation in PD rats (47). The MPTP-induced
PD model is a recognized and reproducible L-dopa-responsive
lesion in the nigrostriatal system, since it can accurately reca-
pitulate several of the key features of the pathophysiology of
PD, including the loss of dopaminergic neurons, mitochondrial
dysfunction and motor deficits (48,49). The present experiment
was designed based on previous literature and laboratory
experience, administering MPTP at a dose of 20-30 mg/kg by
intraperitoneal injection over 1 week (50,51). Following the
MPTP injections, behavioral tests were conducted, such as the
rotating rod test and climbing rod test, to screen for successful

PD models (12,13). To ensure the precision and reliability of
our experimental data, mice of the same birthdate, sex and
strain were selected to minimize the influence of individual
differences. The present study verified that treatment with
CEF could promote neuronal protection in a PD mouse model
(Fig. 1). Furthermore, MPTP administration could promote the
production of ROS and pro-inflammatory cytokines, which in
turn could exacerbate the loss of dopaminergic neurons and
motor impairments in mice via promoting oxidative stress
and neuroinflammation (52). LPS is a component of the outer
membrane of gram-negative bacteria and is used to induce
neuroinflammation in PD models. LPS-induced inflammation
has been extensively used to study the mechanisms of neuroin-
flammation in PD, since the activation of microglia can lead to
the production of inflammatory cytokines and oxidative stress,
which in turn cause dopaminergic neuron death and motor defi-
cits in mice (53). Both the MPTP and LPS-induced PD models
are widely used due to their ability to closely mimic several of
the key features of PD. The results of present study verified the
anti-inflammatory effects of CEF in LPS-induced inflamma-
tion models (Figs. 3 and 4A-D). Furthermore, CEF alleviated
glial cell activation through the NF-xB pathway (Figs. 5C-F
and 6C-F) and reduced glial activation-mediated neuronal
toxicity (Figs. 51 and 6I). Activated glial cells can release
pro-inflammatory cytokines and other neurotoxic agents that
can damage surrounding neuronal cells (18,25). Therefore,
understanding the crosstalk between glial cells and neurons is
essential in developing effective therapeutic interventions for
these diseases (54). In future studies, the authors will consider
conducting animal behavior tests to evaluate the efficacy of
CEF in improving behavioral anomalies in the PD animal
model. Given that the role of GLT-1 in PD has been confirmed,
the present study mainly focused on the roles of SLC7A11 and
related ferroptosis in PD. The association between GLT-1 and
SLC7AL11 has not been previously investigated. Other studies
also suggested that inflammation could lead to ferroptosis
via the activation of multiple inflammation-related signaling
pathways. The investigation of ferroptosis in inflammation,
particularly in microglia-mediated neuroinflammation,
remains in its early stages (55). In the present study, the results
suggested that CEF could alleviate glial cell activation and
inhibit ferroptosis in PD (Figs. 5G and 6G), thus supporting
that the association between inflammation and ferroptosis
could be a potential research focus.

In summary, the present study suggested that CEF could
alleviate glial cell activation and neuronal damage in PD
via inhibiting ferroptosis (Fig. 7). CEF could exert a signifi-
cant potential in mitigating PD pathology and ferroptosis,
positioning inflammatory signaling pathways and driving
anti-ferroptosis, thus providing a potential strategy for the
treatment of PD.
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