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Abstract. Hypoxic ischemia is the primary cause of brain 
damage in newborns. Notably, copper supplementation has 
potential benefits in ischemic brain damage; however, the 
precise mechanisms underlying this protective effect remain 
unclear. In the present study, a hypoxic HT22 cell model 
was developed to examine the mechanism by which copper 
mitigates hypoxia‑induced oxidative stress. Cell viability was 
assessed using the Cell Counting Kit‑8 assay, mitochondrial 
structure was examined with a transmission electron micro‑
scope, intracellular ferrous ions and lipid reactive oxygen 
species levels in HT22 cells were measured using FerroOrange 
and BODIPY 581/591 C11 staining, copper content was deter‑
mined using graphite furnace atomic absorption spectroscopy, 
and gene and protein expression were analyzed by reverse 
transcription‑quantitative PCR and western blotting. The 
present findings indicated that hypoxic exposure may lead to 
reduced cell viability, along with the upregulation of various 
markers associated with ferroptosis. Furthermore, hypoxia 
elevated the levels of reactive oxygen species, hydrogen 
peroxide and malondialdehyde, and decreased the activity of 
superoxide dismutase 1 (SOD1) in HT22 cells. In addition, 
the intracellular copper concentration exhibited a notable 
decrease, while supplementation with an appropriate dose of 
copper effectively shielded neurons from hypoxia‑induced 

oxidative stress and ferroptosis, and elevated cell viability in 
hypoxia‑exposed HT22 cells through the copper chaperone 
for superoxide dismutase/SOD1/glutathione peroxidase 4 
axis. In conclusion, the present study identified a novel func‑
tion of copper in protecting neurons from oxidative stress 
and ferroptosis under hypoxic conditions, providing fresh 
insights into the therapeutic potential of copper in mitigating 
hypoxia‑induced neuronal injury.

Introduction

Neonatal hypoxic‑ischemic brain damage is caused by peri‑
natal asphyxia. The incidence of hypoxic‑ischemic brain 
damage in developed countries is estimated to be 1‑8% for 
new births every year (1,2). Currently, mild therapeutic hypo‑
thermia is used to cure perinatal asphyxia and to reduce the 
damage caused by hypoxic brain damage (3). Children with 
severe perinatal asphyxia may experience notable complica‑
tions, such as severe hypoxic ischemic organ damage, which 
can have long‑lasting effects on their future health and 
wellbeing (4).

Neuronal cell death is the main pathophysiological altera‑
tion that occurs after hypoxic brain damage and contributes to 
long‑term neurological disorders. Previous studies have shown 
that hypoxic brain damage induces a serious form of cell 
death that occurs concurrently or sequentially (5,6). Cerebral 
hypoxia has been reported to rapidly elevate the levels of reac‑
tive oxygen species (ROS), leading to the direct modification 
of cellular macromolecules, such as cell membranes, lipids 
and DNA. Consequently, oxidative stress and inflammatory 
responses are induced (7). Ferroptosis, a form of cell death 
driven by peroxidation, is associated with hypoxic brain 
damage. Lin  et al  (8) observed elevated iron levels in the 
brain tissues of neonatal patients with hypoxic brain damage. 
Additionally, the modulation of iron metabolism through the 
use of desferrioxamine and erythropoietin may potentially 
improve the prognosis of hypoxic brain damage (9).

Numerous critical brain processes rely on copper, an essen‑
tial trace element, as evidenced by various studies (10‑12). 
Studies on patients with ischemic stroke have shown an 
increase in plasma copper concentrations (13,14), indicating 
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copper dyshomeostasis following hypoxic‑ischemic brain 
damage. Previous studies have demonstrated the protec‑
tive effects of supplemental copper against ischemic brain 
injury  (15,16); however, the precise mechanism by which 
copper supplementation affects hypoxia‑induced brain damage 
remains unclear. Copper serves as the catalytic center for 
antioxidant enzymes. Previous studies have shown that copper 
secretion can protect cells from ferroptosis (17,18), suggesting 
that supplementation with copper could have beneficial effects 
on ferroptosis‑induced cell death. The aim of the present 
study was to evaluate the effects of copper supplementation 
on hypoxia‑induced neuronal damage and ferroptosis. The 
current study may offer valuable insights into a therapeutic 
approach for hypoxia‑induced cellular damage by utilizing 
copper supplementation.

Materials and methods

Materials. Copper dichloride (CuCl2) was purchased from 
MilliporeSigma. Anti‑copper transporting α polypeptide 
(ATP7A) (cat. no. PA5‑103110), anti‑copper transporting β 
polypeptide (ATP7B) (cat. no. PA1‑16583), anti‑copper trans‑
porter 1 (CTR1) (cat. no. PA1‑16586) and BODIPY™ 581/591 
C11 (cat. no. D3861) were purchased from Invitrogen (Thermo 
Fisher Scientific, Inc.). Anti‑copper chaperone for superoxide 
dismutase (CCS) (cat. no. ab167170), anti‑superoxide dismutase 
(SOD)1 (cat. no.  ab51254), anti‑β actin (cat. no.  ab6276), 
Goat Anti‑Rabbit IgG H&L (HRP) (cat. no. ab205718) and 
Goat Anti‑Mouse IgG H&L (HRP) (cat. no. ab205719) were 
purchased from Abcam. Anti‑XIAP (cat. no.  2042S) and 
anti‑glutathione peroxidase 4 (GPX4) (cat. no. 52455S) were 
purchased from Cell Signaling Technology, Inc. The Cell 
Counting Kit (CCK)‑8 assay kit was purchased from APeXBIO 
Technology LLC. Ferrostatin‑1 (Fer‑1; cat. no. HY‑100579) 
was purchased from MedChemExpress and FerroOrange (cat. 
no. F374) was purchased from Dojindo Laboratories, Inc. ROS 
(cat. no. S0033S), malondialdehyde (MDA; cat. no. S0131S), 
hydrogen peroxide (H2O2; cat. no. S0038) and Cu/Zn‑SOD 
and Mn‑SOD Assay Kit with WST‑8 (cat. no. S0103) kits were 
purchased from Beyotime Institute of Biotechnology.

Cell culture and exposure to hypoxia. HT22 mouse hippo‑
campal neuronal cells were procured from the American 
Type Culture Collection. Following resuscitation, the cells 
were cultured in high‑glucose DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 1% streptomycin and 
1% penicillin at 37˚C with 5% CO2.

A microaerophilic incubation system (DWS‑H85; Don 
Whitley Scientific Limited) filled with 1% O2 and 5% CO2 was 
used to generate an in vitro model of hypoxic exposure for 48 h, 
as described previously (19). The culture medium was pre‑treated 
in the microaerophilic incubation system for 9 h before use.

For Fer‑1 and copper treatment, HT22 cells were cultured 
with media containing 1 µM Fer‑1 and 5 µM CuCl2 for 48 h 
at 37˚C.

CCK‑8 analysis. The CCK‑8 assay kit was used to determine 
the effects of a hypoxic challenge on cell viability. This kit 
uses a water‑soluble tetrazolium salt to quantify the number 

of live cells by producing an orange formazan dye upon 
bioreduction in the presence of an electron carrier. HT22 
cells (8x103 cells/well) were incubated for 24 h in a 96‑well 
plate. Following exposure to hypoxic conditions (12, 24, 36, 
48 and 72 h), 10 µl CCK‑8 reagent was added and the cells 
were then incubated for 2 h at 37˚C. Finally, the optical density 
(OD) was measured at 450 nm. Cell viability was calculated 
as follows: (OD value of experimental groups‑OD value 
of blank groups)/(OD value of control groups‑OD value of 
blank groups).

Transmission electron microscopy (TEM). After 48  h of 
exposure to hypoxia, HT22 cells were collected, prefixed in 
2.5% glutaraldehyde phosphate (0.1 M, pH 7.4) overnight at 
4˚C, and postfixed in 2% buffered osmium tetroxide at 4˚C for 
15 min. The fixed cells were dehydrated with 70, 80, 90 and 
100% ethanol (each for 15 min). Subsequently, the cells were 
embedded in Epon812 (Merck KGaA) at room temperature for 
30 min, and ultrathin sections (60 nm) were cut and stained 
with uranyl acetate and lead citrate at room temperature for 
30 min. Images were captured using TEM (FEI; Thermo 
Fisher Scientific, Inc.).

Western blot analysis. A lysis buffer (RIPA Lysis Buffer; 
cat. no.  P0013C; Beyotime Institute of Biotechnology) 
containing protease inhibitors was used to extract proteins 
from HT22 cells and western blotting was performed 
to detect protein expression. After protein extraction, 
the BCA detection kit (cat. no.  23225; Thermo Fisher 
Scientific, Inc.) was used to quantify the protein concen‑
tration. Protein samples (30  µg) were then subjected to 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
on 10% gels and were transferred onto polyvinylidene 
difluoride membranes, which were incubated in 5% bovine 
serum albumin (cat. no.  ST023; Beyotime Institute of 
Biotechnology) at room temperature for 1 h. Subsequently, 
the membranes were incubated with primary antibodies at 
4˚C overnight (anti‑ATP7A, 1:1,000; anti‑ATP7B, 1:1,000; 
anti‑CTR1,1:500; anti‑CCS, 1:1,000; anti‑SOD1, 1:1,000; 
anti‑XIAP, 1:1,000; anti‑GPX4, 1:1,000; anti‑β‑actin, 
1:1,000). The membranes were then washed three times with 
Tris‑buffered saline‑0.1% Tween 20, and were incubated 
with the corresponding horseradish peroxidase‑conjugated 
antibodies (Anti‑Rabbit IgG antibody, 1:500; Anti‑Mouse 
IgG antibody, 1:500) for 2 h at room temperature. A chemi‑
luminescence system (Bio‑Rad Laboratories, Inc.) was 
used to visualize the protein bands. After being normal‑
ized to β‑actin, ImageJ (version 1.51; National Institutes 
of Health) was adopted to evaluate the protein expression; 
protein expression levels were normalized to those in 
control cells.

ROS levels. Intracellular ROS levels were measured using a 
ROS assay kit. HT22 cells (2x107) were collected after 48 h 
of exposure to hypoxia, were resuspended in 2 ml DMEM 
and were incubated with 10 µΜ DCFH‑DA for 20 min at 
37˚C. Finally, the cells were measured at 488 nm excitation 
and 525 nm emission using a fluorescence spectrophotometer 
(BioTek; Agilent Technologies, Inc.). The relative ROS content 
was normalized to the number of cells.
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H2O2 levels. HT22 cells were collected after being exposed to 
hypoxia (1% O2) for 48 h. H2O2 levels were detected using an 
assay kit. Briefly, a standard curve was constructed using stan‑
dard H2O2 solutions and the corresponding OD values. HT22 
cells were prepared using RIPA lysis buffer (cat. no. P0013C; 
Beyotime Institute of Biotechnology) and the corresponding 
OD values were detected at 520 nm. Accurate H2O2 levels 
were calculated using the standard curve.

MDA, SOD and SOD1 assays. A MDA assay kit was used 
to quantify the generation of MDA, whereas a Cu/Zn‑SOD 
and Mn‑SOD assay kit (cat. no. S0103; Beyotime Institute of 
Biotechnology) was used to measure the levels of SOD and 
SOD1 enzyme activity. Briefly, HT22 cells were trypsinized 
according to the manufacturer's instructions. After sonication 
(20 kHz) was carried out in five 1‑min cycles on ice (30‑sec 
sonication and 30‑sec rest), the lysed cells were centrifuged 
at 16,114 x g for 15 min at 4˚C to remove the debris. The total 
protein, and MDA, SOD and SOD1 levels in the supernatant 
were measured and normalized to mg protein, according to the 
manufacturer's protocols.

Copper concentration. The intracellular copper concentration 
in HT22 cells was measured using graphite furnace atomic 
absorption spectroscopy (GF‑ASS). Briefly, HT22 cells were 
exposed to hypoxia for 24 and 48 h, after which, the medium 
was refreshed with complete medium containing 5 µM CuCl2 
for 5 h at 37˚C in an incubator. Subsequently, the cells were 
cultured and centrifuged at 6,500 x g for 10 min to obtain cell 
clumps, which were then dried and weighed, followed by incu‑
bation with 100 µl nitric acid at 100˚C for 1 h for nitrolysis, and 
then the cell digestion solution (40 µl) was mixed with 360 µl 
diluent (1% nitric acid + 0.1% Triton + 98.9% ddH2O), and 
subsequently, 20 µl of the resulting mixture was introduced 
into the GF‑ASS (PinAAcle900T; PerkinElmer, Inc.) for the 
detection of copper. Finally, the copper concentration in HT22 
cells was normalized to the sample weight.

Intracellular ferrous ions and lipid reactive oxygen species 
(LOS). The fluorescence levels of total intracellular ferrous 
ions and LOS in HT22 cells were detected using FerroOrange 
and BODIPY 581/591 C11 respectively. After treatment with 
5 µM CuCl2 at 37˚C for 48 h, cells in confocal dishes were 
resuspended in 2 ml fresh Hank's balanced salt solution (cat. 
no. PB180323; Procell Life Science & Technology Co., Ltd.). 
The cells were then incubated with 1 µM C11‑BODIPY or 
FerroOrange for 20 min at 37˚C. After two washes, intracel‑
lular FerroOrange and C11‑BODIPY (581/591) fluorescence 
imaging was performed using a fluorescence microscope. The 
maximum absorbance of excitation and emission wavelengths 
of FerroOrange is 543/580  nm, and that of C11‑BODIPY 
(581/591) is 488/510 nm. The images were analyzed using 
ImageJ.

Small interfering RNA (siRNA) transfection. For siRNA-
induced knockdown, CCS siRNA and a normal control 
(NC) siRNA were designed and synthesized by Shanghai 
GenePharma Co., Ltd. The sequences were as follows: CCS 
siRNA, forward (F) 5'‑GGU​AUG​GGC​AGU​AGC​CAA​
UTT‑3', reverse (R) 5'‑AUU​GGC​UAC​UGC​CCA​UAC​CTT‑3'; 

NC siRNA, 5'‑F UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and 
R 5'‑AC​GUG​ACA​CGU​UCG​GAG​AAT​T‑3'. Cells (1x107) 
were transiently transfected with 400 nM siRNA using 1% 
Lipofectamine® 2000 (cat. no. 11668030; Invitrogen; Thermo 
Fisher Scientific, Inc.) in Opti‑MEM (cat. no.  31985070; 
Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. After 6 h of incubation at 37˚C, the 
medium was replaced and other experiments were conducted 
8 h later. Transfection efficiency was measured using western 
blot analysis.

RNA extraction and reverse transcription‑quantitative 
(q)PCR. According to the manufacturer's instructions, total 
RNA was isolated from cells using TRIzol® reagent (cat 
no. 15596018; Invitrogen; Thermo Fisher Scientific, Inc.) and 
was then reverse transcribed into cDNA using PrimeScript 
Master Mix (cat. no. RR036A; Takara Biotechnology Co., Ltd.) 
according to the manufacturer's protocol (37˚C for 15 min and 
85˚C for 5 sec). qPCR was performed using TB Green Premix 
Ex Taq II (cat. no. RR820A; Takara Biotechnology Co., Ltd.) 
on an Applied Biosystems QuantStudio 5 instrument (Applied 
Biosystems; Thermo Fisher Scientific, Inc.), and the qPCR 
thermocycling conditions were as follows: 95˚C for 30 sec, 
followed by 40 cycles at 95˚C for 30 sec and 60˚C for 34 sec. 
Quantification of qPCR data was performed using the 2‑ΔΔCq 
method  (20). All data were normalized to the expression 
levels of β‑actin. The specific primers used were as follows: 
GPX4, F 5'‑GAT​GGA​GCC​CAT​TCC​TGA​ACC‑3', R 5'‑CCC​
TGT​ACT​TAT​CCA​GGC​AGA‑3'; β‑actin, F 5'‑GGC​TGT​ATT​
CCC​CTC​CAT​CG‑3' and R 5'‑CCA​GTT​GGT​AAC​AAT​GCC​
ATGT‑3'.

Cell apoptosis assay. Apoptosis was detected by flow cytom‑
etry using an Annexin V‑FITC kit (cat. no. C1062S; Beyotime 
Institute of Biotechnology). According to the manufacturer's 
instructions, after 48 h of exposure to hypoxia, HT22 cells 
were harvested via centrifugation (1,000  x  g, 5  min) at 
room temperature and resuspended in Annexin V‑FITC 
binding solution, Subsequently, the samples were mixed with 
Annexin V‑FITC staining solution, followed by PI staining 
solution. The mixture was then incubated at room temperature 
for 20 min and analyzed using a CytoFLEX flow cytometer 
(Beckman Coulter, Inc.). CytExpert 2.4 software (Beckman 
Coulter, Inc.) was used for data analysis.

Statistical analysis. All experiments were conducted in trip‑
licate and all data were analyzed using GraphPad Prism 9 
(Dotmatics). Data are presented as the mean ± SEM. One‑way 
ANOVA was performed to compare more than two groups 
followed by Tukey's post hoc test, whereas unpaired Student's 
t‑test was used to compare the differences between two groups. 
P<0.05 was consider to indicate a statistically significant 
difference.

Results

Hypoxia induces ferroptosis in neurons. The CCK‑8 assay was 
performed on HT22 cells after exposure to hypoxia for 12, 24, 
36, 48 and 72 h to assess the impact of hypoxia on neurons. The 
results indicated that the viability of HT22 cells was notably 
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slower following hypoxic exposure compared with that of the 
control group, suggesting potential damage to the cells caused 
by hypoxia (Fig. 1A). Additionally, TEM analysis revealed 

distinctive morphological changes in HT22 cells exposed 
to hypoxia for 48  h, including smaller mitochondria and 
increased membrane density (Fig. 1B). FerroOrange staining 

Figure 1. Hypoxia induces ferroptosis in neurons. (A) HT22 cell viability at different time points was detected by Cell Counting Kit‑8 assay. (B) Images of the 
ultrastructure of mitochondria in HT22 cells exposed to normoxia and hypoxia (1% O2) for 48 h were captured under a transmission electron microscope. Red 
arrows indicate shrunken mitochondria. Scale bars, 1 µm. (C) Ferrous ion levels detected by FerroOrange staining and (D) corresponding semi‑quantification 
by ImageJ. Scale bars, 25 µm. (E) Lipid reactive oxygen species staining with the fluorescent probe C11‑BODIPY and (F) corresponding semi‑quantification. 
Scale bars, 25 µm. (G) Western blot analysis and (H) semi‑quantification of the protein expression levels of the ferroptosis biomarker GPX4 following exposure 
of cells to hypoxia for 48 h. (I) mRNA expression levels of GPX4 after exposure to hypoxia for 48 h. One‑way ANOVA was used for multiple‑group compari‑
sons, and unpaired Student's t‑test for two‑group comparisons. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, ***P<0.001. Fer‑1, ferrostatin‑1; 
GPX4, glutathione peroxidase 4; ns, not significant; OD, optical density.
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showed that cells subjected to hypoxia exhibited notable 
accumulation of ferrous ions. This effect was attenuated by 
administering Fer‑1, as evidenced by a reduction in ferrous 
ion staining (Fig. 1C and D). Increased levels of ferrous ions 
induce oxidative stress, particularly LOS, thereby indicating 
that ferroptosis may serve a potential role in the pathogenesis 
of hypoxia. As expected, increased LOS levels were detected 
in HT22 cells exposed to hypoxia using the fluorescent probe 
C11‑BODIPY, whereas a substantial decrease in LOS accumu‑
lation was observed when the cells were exposed to hypoxia 
with Fer‑1 treatment (Fig. 1E and F). The expression levels 
of GPX4 were detected as a marker of ferroptosis to provide 
additional evidence of hypoxia‑induced ferroptosis in HT22 
cells. The results revealed a significant decrease in the protein 
expression levels of GPX4 in HT22 cells subjected to hypoxia 
compared with those in the control group (Fig. 1G and H). 
In addition, the alteration in the mRNA expression levels of 
GPX4 was consistent with that in the protein levels (Fig. 1I). 
Additionally, the present study measured apoptotic cells using 
an Annexin V‑FITC/PI apoptosis detection kit; the results 
indicated a slight but insignificant increase in apoptosis 
following 48 h of exposure to hypoxia (Fig. S1). These findings 
suggested that hypoxia may induce ferroptosis and potentially 
intensify oxidative stress.

Neurons are subjected to oxidative stress under hypoxia. The 
intracellular ROS levels were measured after exposure to 

hypoxia for 48 h to investigate the effects of hypoxia on oxida‑
tive stress in HT22 cells. These results indicated a significant 
increase in intracellular ROS levels (Fig. 2A). H2O2 levels 
were also significantly increased in HT22 cells following 
exposure to hypoxia for 48 h (Fig. 2B). Furthermore, MDA, 
a final product of polyunsaturated fatty acid peroxidation and 
a marker of oxidative stress, was measured in HT22 cells and 
was significantly increased in response to hypoxia compared 
with that in the control group (Fig. 2C). SOD serves an essential 
role in the first line of antioxidant defense. The present study 
examined the activities of SOD and SOD1 enzymes in HT22 
cells, and revealed that their activities were markedly reduced 
in the hypoxia group compared with those in the control group 
(Fig. 2D and E). These results suggested that hypoxia may 
weaken the overall antioxidant capacity of neurons.

HT22 cells exposed to hypoxic conditions exhibit abnormal 
copper metabolism. The copper concentration in HT22 
cells exposed to hypoxia for 24 and 48 h was quantified to 
investigate the impact of hypoxia on the copper metabolism 
of HT22 cells. The results indicated a significant decrease in 
the copper concentration after both 24 and 48 h of exposure 
to hypoxia (Fig. 3A). The expression levels of four copper 
transport proteins, namely, CTR1, ATP7A, ATP7B and CCS, 
were assessed to further elucidate the mechanisms underlying 
this alteration in intracellular copper concentration. Western 
blot analysis indicated that the expression levels of ATP7B, 

Figure 2. Hypoxia leads to oxidative stress in neurons. Detection of (A) ROS levels, (B) H2O2, (C) MDA, and (D) SOD and (E) SOD1 enzyme activity in HT22 cells 
exposed to normoxia or hypoxia (1% O2) for 48 h. Unpaired Student's t‑test was used for analysis. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. H2O2, hydrogen peroxide; MDA, malondialdehyde; ns, not significant; ROS, reactive oxygen species; SOD, superoxide dismutase.
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CTR1 and CCS were elevated after 24 h of hypoxic exposure 
compared with those in the control group, whereas the expres‑
sion of ATP7A showed no significant difference (Fig. 3B‑F). 
However, as the duration of hypoxic exposure increased, the 
expression levels of ATP7B decreased, and the expression 

of CTR1 remained relatively stable after 48 h of hypoxia 
compared to that in the control group (Fig. 3B‑F). These results 
suggested distinct copper levels and copper transporter altera‑
tions following exposure to hypoxia, potentially implicating 
alterations in hypoxia‑induced cell damage.

Figure 3. Copper metabolism is involved in the survival of HT22 cells exposed to hypoxia. (A) Copper content of HT22 cells exposed to hypoxia for 24 and 
48 h, as determined by graphite furnace atomic absorption spectroscopy. (B) Western blot analysis and semi‑quantification of the protein expression levels 
of copper transport proteins, including (C) ATP7A, (D) ATP7B, (E) CCS and (F) CTR1 was determined following exposure to hypoxia (1% O2) for 24 and 
48 h. Unpaired Student's t‑test was used for analysis. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ATP7A, copper 
transporting α polypeptide; ATP7B, copper transporting β polypeptide; CCS, copper chaperone for superoxide dismutase; CTR1, copper transporter 1; ns, not 
significant.
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Copper could improve the viability of HT22 cells exposed 
to hypoxia by enhancing their anti‑oxidative ability. Based 
on the aforementioned experimental results, the present 
study assessed the effect of different concentrations of 
copper supplementation on the viability of HT22 cells 
after hypoxic exposure. Copper treatment after hypoxia 
resulted in a dose‑dependent increase in cell viability when 
a dose ≤5 µM was administered (Fig. 4A); this suggested 
that an appropriate concentration of copper may promote 
the survival of cells exposed to hypoxia. Subsequently, the 
copper concentration in HT22 cells subjected to hypoxia 
and treated with 5 µM CuCl2 was analyzed. The findings 
indicated a significant decrease in copper concentration in 
the hypoxia group compared with that in the control group, 
which is consistent with prior research (Fig. 3A). Conversely, 
HT22 cells exposed to hypoxia and treated with medium 
supplemented with 5 µM CuCl2 exhibited elevated copper 
levels in comparison to the hypoxia group (Fig. 4B). The 
present study also examined the activities of SOD and SOD1 
enzymes to investigate the potential of copper supplementa‑
tion in mitigating oxidative stress induced by hypoxia. The 
results revealed a significant increase in SOD and SOD1 

enzyme activity in HT22 cells in the hypoxia + copper 
treatment group compared with that in the hypoxia group 
(Fig. 4C and D). Moreover, H2O2 and MDA were examined, 
H2O2 and MDA levels were significantly decreased in the 
hypoxia + copper group compared with those in the hypoxia 
group (Fig. 4E and F). Overall, the present study indicated 
that an appropriate dose of copper may protect HT22 cells 
from hypoxia‑induced oxidative stress.

Copper supplementation reduces hypoxia‑induced ferroptosis. 
Given the decrease in copper concentration under hypoxic 
conditions, the present study investigated whether copper 
supplementation could alleviate hypoxia‑induced ferroptosis 
and oxidative stress. First, the levels of intracellular ferrous 
ions were evaluated using a FerroOrange fluorescence probe. 
Despite the increase in intracellular ferrous ions in response 
to hypoxia, copper supplementation reduced the accumulation 
of intracellular ferrous ions under hypoxia, suggesting that 
copper may protect cells against ferroptosis (Fig. 5A and B). 
Next, the levels of LOS in HT22 cells exposed to hypoxia and 
treated with 5 µM copper were assessed, and it was revealed 
that the levels of LOS in the hypoxia + copper group were 

Figure 4. Copper can improve the viability of HT22 cells exposed to hypoxia through enhancing their anti‑oxidative ability. (A) Viability of HT22 cells 
exposed to hypoxia (1% O2) and different copper concentrations for 48 h, as detected by Cell Counting Kit‑8 assay. (B) Copper content of HT22 cells after 48 
h was detected by graphite furnace atomic absorption spectroscopy. (C) SOD and (D) SOD1 enzyme activity analysis. Detection of (E) H2O2 and (F) MDA 
in HT22 cells exposed to normoxia or hypoxia (1% O2) for 48 h, with or without CuCl2 (5 µM) exposure. One‑way ANOVA was used for multiple‑group 
comparisons. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. H2O2, hydrogen peroxide; OD, optical density; MDA, 
malondialdehyde; ns, not significant; SOD, superoxide dismutase.
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significantly decreased compared with those in the hypoxia 
group (Fig. 5C and D).

Decreased GPX4 expression is notably associated with 
ferroptosis (21). Following the confirmation of hypoxia‑induced 
ferroptosis in HT22 cells based on the aforementioned 
findings, an investigation was conducted to determine the 
effects of copper supplementation on ferroptosis. The effects 
of supplementation of the medium with 5 µM CuCl2 in the 

hypoxia + copper group on GPX4 expression were examined. 
The expression levels of GPX4 in the hypoxia + copper group 
were significantly increased compared with those in the 
hypoxia group, indicating that copper supplementation may 
alleviate neuronal ferroptosis (Fig. 5E‑G).

Copper alleviates hypoxia‑induced neuronal injury through 
the CCS/SOD1/GPX4 axis. The present study analyzed the 

Figure 5. Copper protects neurons against ferroptosis induced by hypoxia. (A) Ferrous ion levels were detected by FerroOrange staining and (B) corresponding 
semi‑quantification was performed using ImageJ. Scale bars, 25 µm. (C) Lipid reactive oxygen species staining with the fluorescent probe C11‑BODIPY 
and (D) corresponding semi‑quantification. Scale bars, 100 µm. (E) Western blot analysis and (F) semi‑quantification of the protein expression levels of the 
ferroptosis biomarker GPX4 in HT22 cells exposed to normoxia or hypoxia (1% O2) for 48 h, with or without CuCl2 (5 µM) exposure. (G) mRNA expression 
levels of GPX4 in HT22 cells exposed to normoxia or hypoxia (1% O2) for 48 h, with or without CuCl2 (5 µM) exposure. One‑way ANOVA was used for 
multiple‑group comparisons. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, ***P<0.001. GPX4, glutathione peroxidase 4; ns, not significant.
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expression of various copper‑related proteins involved in 
cellular oxidative stress to examine the neuroprotective effects 
of copper in mitigating hypoxia‑induced neuronal damage. 
Using a hypoxic model of HT22 cells supplemented with 
copper, western blot analysis revealed upregulation of XIAP 
expression, downregulation of CCS expression, and no signifi‑
cant change in the expression levels of SOD1 compared with 
those in the hypoxia group (Fig. 6A‑D). Subsequently, siRNA 
targeting CCS was effectively transfected into cells (Fig. S2), 
followed by western blot analysis to assess the expression levels 
of CCS, SOD1 and GPX4 after exposure to hypoxia. Compared 
with in the hypoxia + Copper group, the protein expression 
levels of GPX4 were decreased in the hypoxia + Copper + 
siRNA group, whereas those of SOD1 remained significantly 
unchanged following siRNA knockdown of CCS (Fig. 6E‑H). 
In addition, SOD1 activity and MDA content were detected 
after the knockdown of CCS (Fig. 6I‑J). Consistent with the 
western blot analysis results, the rescue effects of copper 
supplementation after hypoxia were attenuated, as reflected by 
diminished increases in SOD1 enzyme activity and an increase 
in MDA content. In conclusion, the neuroprotective effects of 
copper may be mediated through the CCS/SOD1/GPX4 axis.

Discussion

The neuronal damage induced by hypoxia observed in the 
present study aligns with the findings reported in prior research 
that hypoxia could lead to neuronal oxidative stress and 
ferroptosis (22). The maintenance of central nervous system 
function requires appropriate levels of copper, as demonstrated 
by reports of impaired cognitive and motor functions in 
mammals with a copper deficiency (23). Studies have indicated 
a decrease in copper concentration in neurological disorders 
marked by hypoxia, suggesting the potential involvement of 
copper metabolism in the pathogenesis of hypoxia‑induced 
neurological impairments  (24,25). In the present study, a 
notable reduction in the copper concentration within neurons 
was observed following exposure to hypoxia. This decline in 
copper levels may contribute to the development of neuro‑
logical impairment under hypoxic conditions, suggesting that 
copper could serve as a biomarker for brain damage induced 
by hypoxia.

Copper homeostasis mainly depends on the regulation of 
copper‑related proteins, among which CTR1 is structurally 
and functionally conserved in humans, and is responsible 
for the majority of copper uptake into cells, whereas ATP7A 
and ATP7B act as major transporters for exporting copper 
from neurons (26,27). The expression levels of CTR1 were 
increased after exposure to hypoxia for 24 h but did not 
change after 48 h, which may be related to copper depletion 
in the cells. ATP7B expression was increased at 24 h but 
was significantly decreased at 48 h, which may be related to 
reduced cellular copper efflux after exposure to hypoxia for 
48 h. The CCS chaperone facilitates the delivery of copper 
to SOD1 to detoxify ROS and maintain Cu homeostasis (28). 
It has been demonstrated that organisms deficient in SOD1 
exhibit elevated oxidative stress levels (29). The present study 
observed a significant upregulation in CCS expression and 
a decrease in SOD1 enzyme activity following exposure to 
hypoxia. These changes were accompanied by increased 

levels of oxidative stress markers, including ROS, H2O2 and 
MDA.

Oxidative stress resulting from hypoxia‑induced injury 
is characterized by an excess of ROS, which can affect all 
neuronal cells (30). The present investigation detected elevated 
intracellular levels of ROS, H2O2 and MDA following exposure 
to hypoxia. SOD serves a crucial role in mitigating oxida‑
tive damage to tissues (31). The present findings indicated a 
significant decrease in SOD and SOD1 activity in HT22 cells 
subjected to hypoxic conditions, thus indicating that oxidative 
stress may have a critical role in neuronal injury following 
exposure to hypoxia.

Ferroptosis is a unique type of cell death resulting from 
iron accumulation and lipid peroxidation that can be blocked 
by Fer‑1 (32). In the present study, ferroptosis was observed 
in neurons following hypoxia. It has previously been demon‑
strated that GPX4 is a key regulator of ferroptosis (33), and that 
the expression of GPX4 in neurons is significantly decreased 
after hypoxia. Additionally, the present study indicated a reduc‑
tion in mitochondrial size, decreased mitochondrial ridges, 
increased bilayer membrane density, elevated levels of ferrous 
ions and lipid peroxidation in neuronal cells in response to 
hypoxia. The alterations in ferrous ions and lipid peroxidation 
were effectively reversed by Fer‑1, which is consistent with the 
findings of a previous study (34).

In a prior study, treatment with copper was shown to reduce 
neuronal ferroptosis and oxidative stress (35). Notably, in the 
present study, the levels of H2O2 and MDA in the hypoxia + 
copper group were significantly reduced compared with those in 
the hypoxia group, indicating that copper can alleviate oxidative 
stress after hypoxic exposure. XIAP enhances E3 ubiquitination 
of the CCS by enhancing the delivery of copper to SOD1 to redis‑
tribute cellular copper and regulate copper homeostasis (36,37). 
SOD1 is a major antioxidant in cells, and copper is required for 
its maturation and enzymatic activity (38). The results of the 
current study indicated upregulation of XIAP protein expres‑
sion and downregulation of CCS protein expression in response 
to copper supplementation in a hypoxic model, suggesting an 
increased requirement for copper in neurons under hypoxic 
conditions. Prior research has demonstrated the crucial role of 
the CCS in the antioxidant function of SOD1, as evidenced by a 
significant reduction in SOD1 activity in CCS‑knockout mouse 
models  (39,40). The present study also revealed that SOD1 
activity was significantly reduced following CCS knockdown 
by siRNA without affecting its expression levels. Furthermore, 
GPX4 expression and MDA levels were comparable to those 
in the hypoxia group after copper treatment, suggesting that 
CCS/SOD1 may be involved in GPX4‑mediated ferroptosis 
during neuronal hypoxic damage.

These findings indicated that copper could serve as a thera‑
peutic agent for the prevention and treatment of hypoxic brain 
damage (41). Collective evidence has suggested that neuronal 
ferroptosis under hypoxic conditions may be attributable to 
disrupted copper metabolism and depletion. Further research, 
including in vivo studies and the elucidation of the precise 
mechanisms involved, is warranted to better understand the 
role of copper in ferroptosis following exposure to hypoxia.

In conclusion, exposure to hypoxia may disrupt copper 
metabolism, reduce copper levels in neurons, worsen oxidative 
stress and promote ferroptosis. Copper administration can help 
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Figure 6. Copper alleviates hypoxia‑induced neuronal injury through the CCS/SOD1/GPX4 axis. (A) Western blot analysis, and semi‑quantification of the 
protein expression levels of copper transport proteins, including (B) XIAP, (C) CCS and (D) SOD1 following exposure to hypoxia (1% O2) and copper 
supplementation for 48 h. (E) Western blot analysis, and semi‑quantification of the protein expression levels of copper transport proteins, including (F) CCS, 
(G) SOD1 and (H) GPX4 was determined following exposure to hypoxia (1% O2) for 48 h, with or without copper supplementation and CCS siRNA transfec‑
tion. (I) SOD1 enzyme activity and (J) MDA content of HT22 cells following exposure to hypoxia (1% O2) for 48 h, with or without copper supplementation 
and CCS siRNA transfection. One‑way ANOVA was used for multiple‑group comparisons. Data are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, 
***P<0.001. CCS, copper chaperone for superoxide dismutase; GPX4, glutathione peroxidase 4; MDA, malondialdehyde; NC, normal control; ns, not significant; 
siRNA, small interfering RNA; SOD1, superoxide dismutase 1.
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alleviate oxidative stress and prevent neuronal ferroptosis, poten‑
tially serving as a therapeutic strategy for hypoxic brain damage.
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