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Background: Wilson disease (WD), caused by ATP7B mutations, leads to pathological copper accumulation.
Although thrombocytopenia is often reported in patients with WD, the underlying mechanisms are complex and
remain unelucidated. This study used the human megakaryoblast cell line MEG-01 to investigate how excess
copper affects cellular oxidative stress and apoptosis.

Methods: After exposing MEG-01 cells to CuCl, for 24 h, viability was determined using a Cell Counting Kit-8
(CCK-8) assay, and intracellular ultrastructural changes were observed using transmission electron microscopy
(TEM). Apoptosis was quantified using annexin V/propidium iodide (PI) staining combined with flow cytometry
analysis. Reactive oxygen species (ROS) levels were analyzed by 2,7-dichlorodihydrofluorescein diacetate
staining and flow cytometry. Malondialdehyde (MDA) and superoxide dismutase (SOD) were detected using
thiobarbituric acid (TBA) and water-soluble tetrazolium 8 (WST-8) assays, respectively. The expression levels of
p62 and caspase-3 proteins were evaluated using western blotting.

Results: Compared with the control group, CuCl; treatment of MEG-01 cells significantly inhibited the viability of
cells. TEM revealed mitochondrial swelling, cristae fragmentation, and endoplasmic reticulum dilatation, indi-
cating organelle damage. The apoptotic rate exhibited a dose-dependent increase in response to CuCly, which
was paralleled by a significant upregulation in the protein levels of caspase-3 and p62. Finally, treatment of MEG-
01 cells with CuClz significantly elevated the levels of ROS and MDA. While SOD activity remained unchanged in
the 10 and 20 pM CuCly groups compared to the control, it was markedly reduced following exposure to 40 pM
CuClz‘

Conclusion: Copper exposure damages MEG-01 cells. This is likely mainly due to oxidative stress and apoptosis.

1. Introduction

Copper is an essential trace element in human and animal physio-
logical systems, serving as a critical cofactor for numerous metal-
loenzymes, including cytochrome oxidase, superoxide dismutase (SOD),
and dopamine p-hydroxylase [1]. The maintenance of appropriate
intracellular copper levels using homeostatic mechanisms is crucial
because both copper deficiency and excess lead to developmental de-
fects and various diseases. Copper deficiency is associated with
myelopathy, pancytopenia, cardiovascular disease, and Menkes disease
[2-4]. However, the required copper level for healthy metabolism is

extremely low. Thus, copper accumulation exceeding metabolic re-
quirements or copper homeostasis disorder results in toxic effects,
including immunotoxicity, hematotoxicity, pulmonary toxicity, hepa-
totoxicity, nephrotoxicity, and neurotoxicity [5-8].

Wilson disease (WD) is an autosomal recessive disorder character-
ized by a variety of mutations in the ATP7B gene. When ATP7B mutation
leads to dysfunctional copper transport by ATP7B, copper becomes
overaccumulated in the liver. Once this amount exceeds the hepatic
storage capacity, it enters the blood in the form of free copper, affecting
multiple tissues and organs. Thrombocytopenia is frequently observed
in Wilson's disease (WD), although its underlying mechanisms remain
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complex and not fully elucidated [9-16]. Some studies attribute it to
hypersplenism or adverse effects of penicillamine treatment [14,15].
Additionally, copper deficiency itself which can occur during WD
treatment may lead to pancytopenia [3,16]. Supporting this clinical
relevance, Hoagland et al. reported that 52% of WD patients presented
with thrombocytopenia and 30% with leukopenia. Notably, among
thrombocytopenic patients, 24 individuals did not have splenomegaly,
underscoring that mechanisms beyond hypersplenism are involved [17].
To date, the precise mechanism is still incompletely understood. Given
previous findings indicating that copper can induce oxidative stress and
apoptosis in various tissues [18,19], we hypothesized that copper
overload exerts cytotoxic effects on megakaryocytes through reactive
oxygen  species  (ROS)-mediated  organelle  damage and
caspase-dependent apoptosis. To test this hypothesis, we employed
human MEG-01 cells as an experimental model.

2. Methods
2.1. Preparation of CuCl; solution

Copper chloride (CuCly-2 Ho0, 203149; Sigma, St Louis, MO, USA)
was selected as the copper source. The preparation process of copper
solution as follows: CuCly-2 HoO was dissolved in phosphate buffered
saline (PBS) to prepare 100 mM CuCl, solution, and then stored in
refrigerator at 4 °C before using.

2.2. Cell culture

Human MEG-01 cells (CL-0498; Procell, Wuhan, China) were
maintained in RPMI-1640 medium (11965-092; Gibco, Grand Island,
NE, USA) supplemented with 10% fetal bovine serum (16000-044;
Gibco) and 1% penicillin-streptomycin (P4333; Sigma) under standard
culture conditions (37°C, 5% CO-).

2.3. Cell viability assay

MEG-01 cells were seeded in 96-well plates at a density of 1 x 10*
cells/well and treated with CuCl- (0, 5, 10, 20, 40 and 80 pM) for 24 h,
the concentration ranges of CuCly were established to cover the range of
copper concentrations found in human blood (10-40 pM). Following
this treatment, 10 pL of Cell Counting Kit-8 (CCK-8; C0037; Beyotime,
Shanghai, China) reagent was added to each well. The cells were then
incubated for an additional 2 h at 37 oC, and the absorbance values were
subsequently measured at 450 nm using a microplate reader (Eon,
BioTek Instruments, Winooski, VT, USA).

2.4. Transmission electron microscopy (TEM)

The cells underwent ultrastructural analysis using TEM. Briefly,
MEG-01 cells were seeded in 6-well plates at a density of 1 x 10* cells/
well and treated with CuCl: at concentrations of 0, 10, 20, and 40 pM for
24 h. After treatment, the cells were harvested and fixed in McDo-
well-Trump fixative (4°C, 24 h), followed by staining with 1% osmium
tetroxide (1 h, room temperature). After washing thoroughly, the cells
were dehydrated through a series of graded ethanol solutions (30%,
50%, 70%, 80%, and 95%) for 15 min each, followed by 30 min in 100%
ethanol. The cells were further dehydrated in 100% acetone for 10 min,
followed by overnight infiltration with acetone using Spurr resin
mixture (1:1). The resin was refreshed and allowed to penetrate the cells
for 3 days. Finally, they were embedded overnight in pure Spurr resin at
60°C in an oven The specimen blocks were underwent ultrathin
sectioning (70 nm) on an RMC PowerTomeXL ultramicrotome (Boeck-
eler Instruments, Inc., Tucson, AZ, USA) using a knife boat and an Ultra
45 diamond knife (Diatome, Biel, Switzerland). The sections were
collected on copper grids, stained with uranyl acetate and lead citrate,
and visualized using an HT7800 TEM (Hitachi, Tokyo, Japan).
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2.5. Apoptosis analysis using flow cytometry

Flow cytometry was used to assess cellular apoptosis. An Annexin V-
FITC apoptosis detection kit (C1062S; Beyotime) was used to detect
apoptotic rate according to the supplier's instructions. Briefly, MEG-01
cells were treated as described above. After treatment, cells and super-
natant were collected in 5 mL tubes and centrifuged at 1000 x g for
5 min, after which the supernatant was discarded. The cells were then
washed twice with ice-cold phosphate-buffered saline (PBS; pH 7.4), and
resuspended in 195 pL Annexin V Binding Buffer. Then, 5 pL. Annexin V-
FITC and 10 pL propidium iodide (PI) were added, followed by gentle
vortexing and incubation in the dark (20°C-25°C, 15 min). The samples
were immediately analyzed using a CytoFLEX flow cytometer (Beckman
Coulter Life Sciences, California, USA) at an excitation wavelength of
488 nm. At least 10,000 cells were collected from each group, and the
data were analyzed using CytExpert v2.0 software (Beckman Coulter
Life Sciences), with early apoptosis defined as annexin V*/PI" cells and
late apoptosis defined as annexin V*/PI* cells.

2.5.1. Western blotting

Cells were lysed in RIPA buffer (P0013B; Beyotime) containing 1 mM
phenylmethylsulfonyl fluoride and protease/phosphatase inhibitors
(P1051; Beyotime). The lysates were centrifuged (12,000 x g, 10 min,
4°C), and the supernatants were collected for determination of the
protein concentration using a BCA assay (P0011; Beyotime), with bovine
serum albumin as the standard. Equal protein amounts (20-30 pg/lane)
of each supernatant sample were resolved using electrophoresis on 10%
sodium dodecyl sulfate-polyacrylamide gels (P0523S; Beyotime) at
350 mA for 60 min and transferred to polyvinylidene membranes
(ISEQ00010; Millipore, Burlington, MA, USA). The membranes were
blocked with 5% skim milk for 2 h at room temperature and then
incubated overnight at 4°C with specific primary antibodies diluted in
the corresponding blocking solution. The primary antibodies used in this
study were as follows: anti-B-actin (1:3000, mouse monoclonal, AF0003;
Beyotime), anti-caspase-3 (1:2000, rabbit monoclonal, AF1213; Beyo-
time), anti-p62 (1:2000, mouse monoclonal, AF0279; Beyotime).
Following three washes (10 min each) with Western wash solution
(P0023C; Beyotime), the membranes were incubated with appropriate
horseradish peroxidase (HRP)-conjugated secondary antibodies (goat
anti-rabbit IgG, 1:2000, A0216, Beyotime; or goat anti-mouse IgG,
1:2000, A0192, Beyotime) for 1 h at room temperature. The membranes
were developed using a chemiluminescent imaging system and analyzed
in grayscale with ImageJ v2 software (National Institutes of Health,
Bethesda, MD, USA).

2.6. Detection of oxidative stress markers

The ROS levels in MEG-01 cells were detected using 2',7"-dichlor-
odihydrofluorescein diacetate (DCFH-DA, S0033S; Beyotime). Briefly,
DCFH-DA was diluted to a concentration of 10 ug/mL in 1 x PBS. After
washing the MEG-01 cells once with 1 x PBS, they were incubated with
2 mL of the diluted DCFH-DA solution (1:1000) at 37°C for 20 min.
Subsequently, the cells were washed three times with 1 x PBS to remove
any unbound dye and analyzed using flow cytometry (excitation/emis-
sion: 488/525 nm). At least 10,000 cells were collected from each group,
and the data were analyzed using CytExpert v2.0 software, with the
relative ROS levels expressed as the average fluorescence intensity.

Lipid peroxidation was quantified using a malondialdehyde (MDA)
assay kit (SO131S; Beyotime). Cell lysates were mixed with thio-
barbituric acid (TBA) and heated (95°C, 60 min). After cooling to room
temperature and centrifuging to remove any precipitate, the absorbance
of the supernatant was measured at 532 nm using a microplate reader
(Eon, BioTek Instruments). A standard curve was generated using known
concentrations of the MDA standard provided with the kit, and the MDA
concentration in each sample was interpolated from this curve.

The total SOD activity was determined using a water-soluble
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tetrazolium 8 (WST-8)-based SOD assay kit (S0101S; Beyotime). MEG-
01 cells (1 x 10°) were pelleted (600 x g, 5 min, 4°C), washed twice
with ice-cold PBS, and lysed in 100 pL of SOD sample preparation so-
lution by gentle pipetting. After centrifugation (12,000 x g, 10 min,
4°C), the supernatant was collected for immediate assay. The WST-8/
enzyme working solution was prepared fresh by mixing 151 pL of SOD
detection buffer, 8 uL of WST-8, and 1 pL of enzyme solution per reac-
tion. The 40 x reaction initiation solution was diluted 1:39 with SOD
detection buffer to obtain the reaction initiation working solution. Each
well contained 20 pL of sample (or buffer for blanks), 160 pL of WST-8/
enzyme working solution, and 20 pL of reaction initiation working so-
lution. Two control wells were included: Blank 1 (buffer instead of
sample) and Blank 2 (without reaction initiation solution). The plate was
incubated at 37°C for 30 min in the dark, and absorbance was measured
at 450 nm using a microplate reader (Eon, BioTek Instruments). The
inhibition rate was first calculated using the formula: Inhibition Rate(%)
= (Ablank1 *Asample)/ (Aplank1-Ablank2) X 100(%), where Apjaqk; represents
the maximum absorbance in the absence of sample, Apjank2 represents
the background absorbance without the reaction initiation solution and
test sample, and Agample is the absorbance of the test sample. SOD ac-
tivity was then calculated from the inhibition rate using the formula
provided by the manufacturer: SOD Activity (units) = Inhibition Rate
(%) / [1 — Inhibition Rate (%)]. One unit of SOD was defined as the
amount of enzyme that inhibits the superoxide-driven reaction by 50%
under the assay conditions.

2.7. Statistical analysis

Data were analyzed using SPSS v26.0 statistical software (SPSS Inc.,
Chicago, IL, USA). All results were expressed as the mean + standard
deviation (SD). Statistical differences between groups were compared
using t-test or one-way analysis of variance. P-values < 0.05 were
considered statistically significant. All experiments were conducted in
triplicate for accuracy and reproducibility.

3. Results
3.1. Effect of copper exposure on cell viability

The data presented in Fig. 1 show a dose-dependent effect of CuCl2 on
the viability of MEG-01 cells across the tested concentration range (0, 5,
10, 20, 40, and 80 pM). As there was no significant difference in cell
viability between the 5 yM group and the control group, while viability
in the 80 pM group dropped markedly to 36%, concentrations of 0, 10,
20, and 40 pM were selected for subsequent experiments.
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Fig. 1. Evaluation of MEG-01 cell viability using the CCK-8 assay. Values
are expressed as the mean+SD. The treatment groups were compared with the
control group (0 pM CuCl,) to calculate relative ratios (***P < 0.001 vs. Con-
trol, n = 3).
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3.2. Copper-induced ultrastructural alterations in MEG-01 cells

TEM was used to observe ultrastructural changes in MEG-01 cells
exposed to varying concentrations of CuCly. The structure of the mito-
chondria and endoplasmic reticulum (ER) was intact in the control
group. After exposure to 10 pM CuCly for 24 h, mild mitochondrial
swelling and partial cristae fragmentation were observed, along with
partial ER fragmentation. Increasing concentrations of CuCl; led to more
severe mitochondrial swelling, cristae fragmentation, vacuolation, and
ER dissolution, particularly in the 40 pM CuCl, group, where autopha-
gosomes were observed (Fig. 2). These findings indicated progressive
copper-induced organelle damage.

3.3. Copper exposure induced apoptosis of MEG-01 cells

MEG-01 cells were treated with 0, 10, 20, and 40 pM CuCl; for 24 h.
Following annexin V-FITC/PI staining, the apoptosis rate was detected
by flow cytometry. Exposure to 10, 20, and 40 pM CuCl; resulted in
apoptosis rates of 9.41%, 11.38% and 13.5%, respectively, which were
significantly higher than the control group (6.69%, p < 0.01), indicating
a dose-dependent effect (Fig. 3a-b). These findings demonstrated that
apoptosis induction was gradually enhanced with increased CuCl; levels
in the cell culture system. Furthermore, Western blotting revealed
upregulated p62 and caspase-3 levels, which are key markers of auto-
phagic flux and apoptosis (Fig. 3c—d).

3.4. Copper exposure induced oxidative stress in MEG-01 cells

To assess the intracellular concentration of oxygen radicals, we
quantified the ROS levels in MEG-01 cells following CuCl, exposure.
ROS levels were significantly increased in the 10 and 20 pM CuCly
groups compared with the control group (P < 0.001). However, in the
40 pM CuCl; group, although the ROS level was higher than that of the
control group (P < 0.001), it was significantly decreased compared with
the 10 and 20 pM CuCly groups (P < 0.001; Fig. 4a). Changes in MDA
levels were consistent with those of ROS (Fig. 4b). The activity of SOD, a
key antioxidant enzyme, was only slightly increased in the 10 and 20 pM
CuCl, groups, and the difference was not significant compared with the
control group. However, the SOD concentration in the 40 pM CuCl,
group was significantly lower than that in the control group (P < 0. 001;
Fig. 4c).

4. Discussion

Copper homeostasis is crucial for maintaining normal cellular func-
tions and physiological processes. Excessive copper accumulation leads
to overproduction of reactive oxygen species, causing cellular damage
and even death. Although numerous studies have investigated the
cytotoxicity of copper, only a limited number have specifically
addressed its toxic effects on hematopoietic cells. For instance, Tao et al.
found that CuSO. induces structural and functional alterations in
erythrocytes via oxidative stress, including disruption of membrane
integrity, changes in fluidity and osmotic fragility, and reduced ATPase-
mediated energy supply, ultimately leading to hemolysis in goat red
blood cells [20]. Sadiq et al. reported that copper nanoparticles
(15 mg/kg) significantly affected reticulocyte frequency and caused
DNA damage in the bone marrow cells of male BALB/c mice [21]. Two
additional studies demonstrated that copper nanoparticles can alter
hematological parameters and induce morphological changes in rat
bone marrow [22,23], further supporting the cytotoxic impact of copper
exposure on bone marrow cells. Nevertheless, the specific effects of
copper on megakaryocytes remain unexplored.

MEG-01 cells, a human megakaryoblast leukemia cell line, is a
popular cell line used for studying megakaryocyte maturation and
platelet-like particle formation. Similar to natural megakaryocytes
development and maturation, MEG-01 cells display phenotypic
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40pM

Fig. 2. Ultrastructural changes in CuCl,-treated MEG-01 cells (20,000 x magnification; scale bar = 1 pm). Control group (0 pM CuCl,): intact mitochondria (red
arrows) and ER (blue arrows); 10 pM CuCl, group: mild mitochondrial swelling (red arrows) and partial ER dilatation (blue arrows); 20 pM CuCl, group: mito-
chondrial swelling, cristae fragmentation and vacuolization (red arrows), and fragmented ER (blue arrow); 40 pM CuCl, group: severe mitochondrial swelling and
vacuolation (red arrows), fragmented ER (blue arrow), and autophagosomes (red square circle).

properties that closely resemble their natural counterparts as they
mature including increasing in size, producing membranous extensions,
increasing DNA content, and the production of functional platelet-like
particles [24]. Thus, we established an in vitro model of
copper-exposed MEG-01 cells to investigate the effect of copper on
megakaryocytes. Cell viability is a crucial indicator of the cytotoxic ef-
fects of copper. When MEG-01 cells were exposed to different concen-
trations of copper for 24 h, the viability decreased and the apoptosis rate
increased in a dose-dependent manner. Besides, observation of the ul-
trastructure of MEG-01 cells using TEM revealed that the mitochondria
and ER suffered varying degrees of damage, including mitochondrial
vacuolation, cristae swelling and rupture, and ER dilatation and disso-
lution. These presentations showed that exposure to excessive levels of
copper was toxic to MEG-01 cells.

Several pathways have been implicated in the molecular mecha-
nisms of copper toxicity, including oxidative stress, apoptosis, auto-
phagy, ferroptosis and the recently proposed cuproptosis [18,19,25,26].
A well-established pathway is the induction of profound oxidative stress.
In recent years, many studies have examined the induction of oxidative
stress by excessive copper in various cells and tissues [27-30]. In
addition, it has been reported that certain antioxidant agents can miti-
gate the damage caused by copper deposition in target cells or tissues
through the inhibition of oxidative stress [31-33]. For example, Pandey
et al. reported that melatonin protects ATP7B—/— HepG2 cells from
copper-induced apoptosis by alleviating mitochondrial oxidative stress.
In vivo studies also demonstrated that melatonin treatment reduced
copper-induced oxidative stress in zebrafish embryos. These findings
clarify the crucial role of oxidative stress in copper toxicity and provide a
basis for developing antioxidant-based therapies [31].

Oxidative stress arises from an imbalance between cellular oxidative
and antioxidant systems, primarily due to excessive production of free
radicals and related ROS. Desaulniers et al. demonstrated that exposure
of HC-04 human liver cells to CuCl> (100-200 pM) for as little as 3 h
significantly increased ROS levels [34]. In our study, we likewise
observed a marked rise in ROS in MEG-01 cells after 24 h of exposure to
relatively low concentrations of CuCl> (10-40 pM). However, certain
studies suggest that under physiologically relevant conditions, copper

may preferentially bind to and deplete thiol compounds such as gluta-
thione, rather than directly generating substantial hydroxyl radicals via
the Fenton reaction. This implies that in some contexts, oxidative stress
manifested as glutathione (GSH) depletion could be the primary driver
of copper toxicity, with ROS generation possibly being a downstream or
concomitant event [35]. Furthermore, the recently elucidated mecha-
nism of cuproptosis reveals that excess copper can directly bind to lip-
oylated tricarboxylic acid (TCA) cycle proteins, leading to their
aggregation, proteotoxic stress, and subsequent cell death [26]. In this
pathway, ROS production may occur as a concomitant outcome of
mitochondrial dysfunction, rather than serving as the sole or principal
initial cause of cell death. This contested aspect warrants further
investigation for clarification.

ROS are involved in various cellular metabolic reactions. It may react
with large biomolecules, such as DNA, RNA, and proteins, and small
biomolecules, such as glutathione and unsaturated fatty acids [36].
Since MDA is the final cytotoxic product of lipid peroxidation, its levels
are considered the best measure of lipid peroxidation status and cell
membrane damage induced by ROS production. Our investigation
revealed that after copper exposure, ROS and MDA showed similar
trends in MEG-01 cells, with both gradually increasing in the 10 and
20 pM CuCl; groups, but decreasing in the 40 pM CuCly group. These
results suggest that copper stimulates MDA production through exces-
sive ROS generation, resulting in increased lipid peroxidation products
and oxidative stress in MEG-01 cells.

To assess the antioxidative capacity of the megakaryocytes in
response to copper treatment, the SOD activity was investigated as
marker for oxidative stress. SOD, which clears superoxide anion free
radicals and is considered crucial for defending cells against ROS and
protecting them from oxidative damage. The main function of SOD is the
conversion of superoxide anion free radicals into oxygen or HOs,
thereby protecting cellular structural and functional integrity [37,38].
In our study, although SOD activity was slightly increased in the 10 and
20 pM CuCl;, groups, no significant differences were observed compared
with the control group. In contrast, SOD activity decreased in the 40 yM
CuCl; group and was significantly lower than that in the control group.
We hypothesized that exposure to low copper concentrations would
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activate the antioxidant system, however, as copper levels increase, the
consumption of antioxidant molecules also rises, eventually leading to
their substantial depletion.

We analyzed the expression of key proteins regulating apoptosis and
autophagy. While apoptosis can be initiated by diverse stimuli, it pro-
ceeds primarily through two central pathways: the mitochondria-
mediated intrinsic pathway and the death receptor-triggered extrinsic
pathway. Both pathways converge on the activation of caspases [39].
Among these, caspase-3 serves as the principal effector caspase,
executing apoptosis through mediation of a downstream lethal cascade.
Some studies have confirmed the occurrence of apoptosis via this
caspase-dependent mechanism [40-42]. In our study, exposure to CuCl2
resulted in a marked increase in caspase-3 protein expression compared
with the control, indicating that caspase activation contributes to
copper-induced megakaryocyte apoptosis.

The molecular mechanism of autophagy involves a series of
autophagy-related (Atg) proteins. A central event in this process is the
conversion of microtubule-associated protein 1 light chain 3 (LC3-I) to
its lipidated form, LC3-II, which is subsequently incorporated into the
autophagosomal membrane [43,44]. Concurrently, p62 functions as a
key scaffold and selective autophagy receptor, linking cellular stress
signaling to lysosomal degradation. It simultaneously binds to ubiq-
uitinated cargo via its C-terminal UBA (Ub-associated) domain and to
LC3 on autophagosomal membranes through its LIR (LC3-interacting
region) motif, thereby facilitating the autophagic clearance of protein
aggregates, damaged organelles, or pathogens [45,46]. Recent studies
have demonstrated that copper-induced autophagy occurs in a variety of
cell types, including hepatocytes, male germ cells, mesangial cells and

neuronal cells [47-51]. For instance, Tang et al. reported that CuSO4
triggered the enhanced expression of autophagy and necroptosis
signaling molecules in wild-type (WT) HepG2 cells and R778L cells.
Remarkably, higher levels of autophagy and necroptosis were observed
in R778L cells compared with those in WT cells [48]. Similarly, Lu et al.
observed that CuSO4 induced a dose-dependent increase in the protein
levels of Atg7, p62, and the LC3BII/LC3BI ratio in human neuroblastoma
SH-SY5Y cells, with a particularly pronounced effect in the high-dose
group [51]. In line with these findings, our study also revealed an
upregulation of p62 along with the presence of autophagosomes in
MEG-01 cells, further supporting the activation of autophagy under
copper overload conditions.

5. Conclusion

This study aimed to investigate the effects and underlying mecha-
nisms of copper exposure on the human megakaryoblastic cell line MEG-
01, given its potential relevance to the pathogenesis of thrombocyto-
penia in Wilson’s disease (WD) patients. Our results indicate that
excessive copper exerts cytotoxic effects on MEG-01 cells, characterized
by elevated levels of ROS and MDA, reduced SOD activity, upregulation
of p62 and caspase-3 protein expression, and dose-dependent induction
of apoptosis. Nevertheless, several limitations should be acknowledged.
First, by focusing exclusively on cytotoxic concentrations, we were un-
able to capture early cellular responses or time-dependent adaptations
to copper exposure. Second, although autophagy activation was
confirmed through ultrastructural evidence and elevated p62 expres-
sion, the upstream signaling events that connect copper overload to
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(***p < 0.001 vs. control, n = 3).

autophagy initiation remain to be elucidated. Third, although elevated
ROS levels coincided with apoptosis and autophagic activation, a causal
link between copper-induced oxidative stress and these cellular pro-
cesses was not functionally validated through rescue experiments.
Finally, this study focused on apoptosis and autophagy, however, copper
toxicity may also trigger alternative cell death modalities such as
cuproptosis. Potential crosstalk or hierarchy among these pathways
under copper stress warrants further investigation. Future studies will
address these aspects to deepen our understanding of copper-mediated
megakaryocyte injury.
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SOD: superoxide dismutase

WD: Wilson disease

ROS: reactive oxygen species

TEM: transmission electron microscopy
PI: propidium iodide
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MDA: malondialdehyde

TBA: hiobarbituric acid

ER: endoplasmic reticulum
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