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Abstract: With high mortality and disability rates, intracerebral hemorrhage (ICH) impact patients' daily functional abilities. 
Secondary brain injury following ICH is a critical factor in the loss of daily functionality, involving multiple mechanisms such 
as blood-brain barrier disruption, brain edema, oxidative stress, mitochondrial dysfunction, and neuroinflammation, and 
activating various forms of cell death. Cuproptosis, a novel form of copper-dependent cell death, was introduced, which involves 
copper-dependent mitochondrial metabolic mechanisms. Recent studies have shown that cuproptosis is closely related to the 
progression and prognosis of ICH. However, the specific role of cuproptosis in ICH remains unclear, highlighting the importance 
of investigating the mechanisms of cuproptosis in secondary brain injury. This review summarizes the physiological functions 
of copper, the foundations of copper homeostasis, the mechanisms of cuproptosis, and its pathophysiological role in ICH, with 
a focus on the roles of neuroinflammation and mitochondrial damage. Finally, we explore future research directions in regulating 
copper homeostasis and inhibiting cuproptosis, particularly in relation to challenges in drug development, treatment windows, 
and target selection. Understanding the relationship between copper homeostasis, cuproptosis, and ICH offers new insights for 
the treatment of ICH and other neurodegenerative diseases. 
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1. Introduction 
Intracerebral hemorrhage (ICH) accounts for 

approximately 10%-15% of all stroke cases and is one of the 
subtypes with a high mortality and disability rate. ICH is 
characterized by its rapid onset, rapid disease progression, 
and a significant negative impact on patients' daily 
functioning [1]. Brain injury following ICH is typically 
divided into primary and secondary brain injuries. Primary 
brain injury occurs shortly after the hemorrhage, mainly 
caused by mechanical compression, elevated intracranial 
pressure, and local perfusion deficits resulting from 
hematoma formation. In contrast, secondary brain injury 
develops gradually over hours to days after the hemorrhage. 
Its mechanisms involve blood-brain barrier disruption, brain 
edema, oxidative stress, mitochondrial dysfunction, immune 
cell infiltration, neuroinflammatory responses, and activation 
of various forms of cell death [2]. 

2. Physiological Functions of Copper, 
Copper Homeostasis, and the Basis 
of Cuproptosis 

2.1. Physiological Functions of Copper 
Copper (Cu) is an essential trace element in the body, 

playing a crucial role in several key biological processes due 
to its strong coordination and binding abilities. Firstly, copper 
is closely linked to mitochondrial energy metabolism, it is an 
essential cofactor for the synthesis of respiratory chain 
complexes such as cytochrome c oxidase, and thus, copper is 
required to maintain the normal functioning of the cellular 
respiration chain [3]. In addition, copper also participates in 
maintaining redox homeostasis. On one hand, copper, as a 

critical component of various enzymes, plays a role in the 
removal of reactive oxygen species and antioxidant defense. 
On the other hand, when copper homeostasis is disrupted and 
intracellular copper levels increase, it can trigger or amplify 
oxidative stress and molecular damage [4]. In the nervous 
system, copper is involved in regulating synaptic function and 
the physiological processes of neuronal death [5]. Therefore, 
it is crucial to control copper homeostasis within the normal 
physiological range. 

2.2. Copper Homeostasis in the Nervous 
System 

In the nervous system, the fine regulation of copper 
homeostasis is essential. Scientific research has shown that 
copper is involved in the regulation of synaptic function and 
can be released, bound, and regulated within the synaptic 
microenvironment [6]. Furthermore, copper may also 
influence neuronal protein homeostasis, affecting processes 
in the protein degradation system, thereby linking copper 
homeostasis to the pathology of neurodegenerative diseases 
[7]. On the other hand, copper can influence immune cell 
function and inflammatory signaling pathways. Copper 
exposure or disruption of copper homeostasis can induce or 
amplify inflammatory responses [8,9]. Thus, during the 
development of related neurological diseases, alterations in 
copper homeostasis may promote disease progression 
through multiple pathways, such as mitochondrial 
dysfunction, imbalance in oxidative stress, and amplification 
of inflammation [10]. From the perspective of homeostatic 
regulation, the intracellular copper levels are typically 
maintained by a network involving uptake, chaperone 
delivery, and export. After copper enters the cell, it is 
delivered to specific subcellular compartments and target 
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proteins with the assistance of copper chaperone proteins to 
exert its physiological functions. Meanwhile, the export 
system helps reduce copper accumulation and avoid non-
specific coordination and redox damage. Therefore, for the 
central nervous system, the copper concentration in the brain 
and the function of copper transport proteins are crucial in 
maintaining a stable environment. Imbalances in these 
regulatory mechanisms may have acute or chronic adverse 
effects on neuronal function [10]. 

2.3. Definition and Core Mechanism of 
Cuproptosis 

Cuproptosis is a newly proposed form of regulated cell 
death driven by copper overload. Under conditions of copper 
homeostasis imbalance, intracellular copper accumulates and 
perturbs mitochondrial metabolism, ultimately leading to cell 
death. A key feature of cuproptosis is its dependence on an 
active mitochondrial tricarboxylic acid (TCA) cycle and on 
lipoylated TCA cycle proteins. In cells with high oxidative 
phosphorylation activity, copper preferentially binds to 
lipoylated TCA proteins, promoting their abnormal 
aggregation. This process is accompanied by loss of iron-
sulfur (Fe-S) cluster proteins and proteotoxic stress, which 
together drive cell death. Subsequent studies further 
emphasized that the copper-lipoylated TCA protein axis 
distinguishes cuproptosis from apoptosis, ferroptosis, and 
necroptosis [11-13]. 

2.4. Specific Boundaries of Cuproptosis 
Copper-related cellular injury is not equivalent to 

cuproptosis. Disrupted copper homeostasis can damage cells 
through multiple pathways, including oxidative stress and 
inflammation. In contrast, cuproptosis refers to a more 
specific cascade characterized by copper accumulation, 
binding to lipoylated TCA proteins, protein aggregation, 
proteotoxic stress, and Fe-S protein loss [11-13]. Therefore, 
increased copper or copper toxicity alone is insufficient to 
infer that cuproptosis has occurred. A more cautious 
assessment should integrate evidence of copper overload with 
markers of lipoylated protein aggregation, proteotoxic stress, 
Fe-S protein perturbation, and dependence on mitochondrial 
metabolism [11-13]. 

Based on the core mechanism framework of Cuproptosis 
mentioned above, if there is a change in copper homeostasis 
after ICH along with mitochondrial metabolic abnormalities 
and disruption of protein homeostasis, Cuproptosis may 
contribute to the secondary brain injury process. Additionally, 
the bidirectional regulation between copper homeostasis and 
inflammation, as well as immune responses, may influence 
the progression of secondary brain injury after ICH [8-10]. 

3. Copper Homeostasis Imbalance and 
Cuproptosis After Intracerebral 
Hemorrhage 

3.1. Changes in Copper Homeostasis After 
Intracerebral Hemorrhage 

The most direct clinical evidence currently comes from 
studies analyzing serum copper homeostasis in hypertensive 
ICH patients. These studies measured indicators such as total 
copper (TCu), small molecular copper (SMC), and 
ceruloplasmin in ICH patients, comparing them with normal 
control groups [14]. The results indicated that hypertensive 

ICH patients exhibit disturbances in serum copper 
homeostasis, with elevated SMC and later decreased 
Ceruloplasmin (Cp) levels being associated with poor 
outcomes [14]. This finding supports the view that copper 
metabolism may change after ICH and establishes a 
connection between changes in copper homeostasis and 
cellular damage mechanisms [14]. 

On the animal research side, most tissue evidence related 
to copper homeostasis has focused on the expression and 
function of copper-related proteins such as Cp. A previous 
study showed that after ICH, Cp levels were elevated in brain 
tissue, with expression observed in neurons and astrocytes. 
Moreover, exogenous Cp reduced brain injury and 
neurofunctional deficits in an iron-induced brain injury model 
[15]. 

At the same time, studies on secondary injury in ICH have 
pointed out that blood metabolic products after hemorrhage 
can activate microglia and astrocytes, leading to peripheral 
immune cell infiltration and the release of inflammatory 
mediators. There is a mutually promoting relationship 
between cellular inflammatory responses and metal 
metabolism disorders [16]. Therefore, from a 
pathophysiological perspective, changes in copper 
homeostasis after ICH are likely not a standalone biological 
event but part of a cascade reaction initiated by immune 
infiltration and the release of inflammatory mediators caused 
by the release of blood clot metabolic products, which 
subsequently leads to metabolic imbalance [16]. 

3.2. Potential Sources and Pathways of Copper 
Homeostasis Imbalance 

Based on the above research results and the pathological 
process of ICH, several possible pathways that lead to local 
copper homeostasis imbalance can be reasonably proposed. 
First, after ICH, blood enters the brain tissue and releases 
degradation products. The local metal ion environment and 
redox state are affected and change accordingly [16]. In this 
process, if copper ion concentrations increase or the copper 
transport state changes, conditions may be provided for 
copper-related toxicity reactions. Second, blood-brain barrier 
(BBB) disruption after ICH is an important component of 
secondary injury. Changes in BBB permeability may affect 
the delivery of metal ions between brain tissue cells, thereby 
altering the distribution of copper within the brain [15,16]. 
Third, after ICH, the activation and infiltration of immune 
cells can alter mitochondrial function and, through 
inflammatory signals, further affect metal ion transport [16]. 
This provides background support for the subsequent 
discussion of how copper homeostasis imbalance leads to 
mitochondrial metabolic-dependent damage, which then 
triggers the pathway of cell death. 

3.3. Preliminary Evidence of Cuproptosis in 
ICH 

The canonical model of cuproptosis proposes that an 
increased intracellular copper load leads to copper binding to 
lipoylated proteins in the mitochondrial TCA cycle. This 
interaction promotes abnormal protein aggregation and is 
accompanied by loss of iron-sulfur (Fe-S) cluster proteins, 
resulting in proteotoxic stress and mitochondrial dysfunction 
that culminate in cell death [11-13]. In ICH-related studies, 
elevated copper levels after hemorrhage have been associated 
with copper homeostasis disruption and activation of 
cuproptosis-related signatures. Notably, activation of 
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PPARgamma has been reported to mitigate copper toxicity 
and suppress cuproptosis by limiting copper influx and 
regulating the expression of cuproptosis-related factors [17]. 
In addition, transcriptomic analyses suggest that cuproptosis-
related genes may correlate with immune activity and 
prognosis in ICH, and thus may represent potential 
intervention targets. However, transcriptional changes do not 
by themselves establish the occurrence of cell death and 
should be complemented by protein-level and functional 
validation. Future studies should strengthen the evidence 
chain in ICH, including assessments of lipoylated protein 
aggregation, Fe-S protein changes, metabolic dependence, 
key susceptible cell types, and the relevant time window 
[17,18]. 

3.4. Mechanistic Inference of Cuproptosis in 
ICH 

From a pathophysiological perspective, cuproptosis has 
multiple potential intersections with secondary brain injury in 
ICH. First, mitochondrial dysfunction is widespread after 
ICH and is involved in several stages of secondary brain 
injury. Numerous studies emphasize the close relationship 
between mitochondrial structure and function changes, 
oxidative stress, cell death, mitochondrial dynamics 
imbalance, and abnormal clearance of damaged mitochondria 
[19-22]. Cuproptosis itself emphasizes its dependence on 
mitochondrial metabolic status, so in the ICH pathological 
environment, where mitochondrial damage dominates, 
cuproptosis may play a significant role [19,23,24]. Second, 
the neuroinflammatory response after ICH is believed to both 
exacerbate injury and potentially participate in repair [16,25]. 
Since metal metabolism and inflammation are mutually 
regulated, and metal homeostasis disruption can amplify 
oxidative stress and inflammatory signaling, changes in 
copper homeostasis provide the conditions for cuproptosis to 
occur [16,23,25]. Third, evidence of iron metabolism disorder 
and ferroptosis in ICH is relatively well-established, with 
enough studies suggesting that iron deposition in the 
hematoma zone, inflammation, and ferroptosis mutually 
promote each other [16,22,26]. For example, some studies 
indicate that microglial-related molecules can exacerbate 
neuronal ferroptosis by influencing iron deposition and 
inflammatory responses, further demonstrating how metal 
homeostasis imbalance triggers cell death [26,27]. Although 
the evidence chain for cuproptosis in ICH is still incomplete, 
the biological basis for the metal-related cell death network in 
ICH already supports multiple pathway interactions 
[16,22,28]. 

4. Cuproptosis, Mitochondrial 
Damage, and Neuroinflammation 

One of the key processes in secondary brain injury after 
ICH is mitochondrial dysfunction and neuroinflammatory 
responses. Current research indicates that mitochondrial 
damage not only directly leads to disruptions in cellular 
energy metabolism, but also exacerbates neuroinflammatory 
responses by regulating oxidative stress and certain cell death 
pathways, further impairing neuronal function [13,19,29]. On 
the other hand, neuroinflammation can further exacerbate 
mitochondrial damage through the release of inflammatory 
factors and activation of microglia, creating a vicious cycle of 
injury [14,30]. 

4.1. Mitochondrial Damage and Energy 
Metabolism Disorders 

Mitochondria are the cell’s energy factories, and their 
function is especially crucial in brain tissue to maintain 
cellular physiological activities. After ICH, due to the 
continued effects of hematoma and its breakdown products, 
local mitochondrial function undergoes significant changes, 
primarily manifested as the loss of mitochondrial membrane 
potential, decreased ATP synthesis, and dysfunction of 
mitochondrial respiratory chain complexes [15,31]. 
Furthermore, the excessive production of reactive oxygen 
species (ROS) and abnormal mitochondrial autophagy are 
also considered key mechanisms of secondary brain injury 
[17]. 

Cuproptosis is a copper-dependent form of regulated cell 
death tightly linked to mitochondrial metabolism. It is 
characterized by copper binding to lipoylated TCA cycle 
proteins, subsequent protein aggregation, Fe-S protein loss, 
and proteotoxic stress, rather than by nonspecific copper 
toxicity alone [11-13]. In experimental ICH models, some 
studies suggest that excessive copper accumulation is 
associated with aggregation of lipoylated mitochondrial TCA 
proteins, mitochondrial impairment, and cell death. These 
findings support the hypothesis that cuproptosis may 
contribute to mitochondrial-dependent cell loss after ICH, 
although direct mechanistic validation in relevant cell types 
and time windows remains limited [13,18]. 

4.2. Interaction Between Neuroinflammatory 
Response and Mitochondrial Damage 

After ICH, the inflammatory response is a critical 
component of secondary brain injury. Studies have found that 
hematoma breakdown products activate microglia, 
macrophages, and astrocytes, which release a large number of 
cytokines, such as IL-1β and TNF-α, further exacerbating the 
neuroinflammatory response in neural tissue [30,32]. This 
inflammatory response not only directly damages neurons but 
also promotes mitochondrial damage through pathways like 
inflammasome activation, creating a vicious cycle of 
inflammation leading to mitochondrial damage and 
ultimately cell death. 

The coupling of mitochondrial dysfunction and 
inflammation in ICH has been validated in several models. 
Research shows that ROS production induced by 
inflammation further damages mitochondria, while ROS 
generated by mitochondria can activate signaling pathways 
such as NF-κB, enhancing the inflammatory response [30]. 
Furthermore, the interplay between iron metabolism and 
copper metabolism is also considered a key factor in 
promoting this vicious cycle. Excessive iron ions exacerbate 
cell damage through ferroptosis, while copper homeostasis 
imbalance may also interact with iron metabolism through 
cuproptosis, amplifying the damaging effects [33]. 

4.3. Interaction Between Copper Homeostasis 
Imbalance and Iron Metabolism 

In the pathological process of ICH, copper and iron 
metabolism are closely related. Existing research indicates 
that the homeostasis of copper and iron within cells is tightly 
regulated. Abnormal copper accumulation can affect iron 
transport, thereby increasing oxidative stress and the risk of 
cell damage [32]. Changes in copper levels may also activate 
signaling pathways associated with oxidative stress, such as 
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the MAPK and Nrf2 pathways, which are crucial in 
neuroinflammation and cell death in the central nervous 
system [23,34]. Therefore, copper homeostasis imbalance not 
only causes cell death through the direct mechanism of 
cuproptosis but also exacerbates secondary brain injury after 
ICH through its interactions with iron metabolism and 
oxidative stress. 

5. Therapeutic Potential for Targeting 
Cuproptosis in Intracerebral 
Hemorrhage 

Effective therapeutic options for ICH remain limited, 
particularly with respect to interventions targeting secondary 
brain injury. In recent years, dysregulation of copper 
homeostasis and cuproptosis have been proposed to 
contribute to injury progression in stroke and other central 
nervous system disorders, thereby providing a new 
perspective for therapeutic intervention in ICH-related 
secondary brain injury [23,34]. However, translating 
strategies that target copper homeostasis and cuproptosis into 
clinical practice still requires addressing multiple mechanistic 
and technical challenges. 

5.1. Maintaining Cerebral Copper 
Homeostasis 

The central aim is to prevent excessive intracellular copper 
accumulation, particularly by blocking pathological copper 
influx to reduce the likelihood of cuproptosis [23]. One study 
reported that activation of PPARγ attenuated brain injury after 
ICH and suppressed cuproptosis-related processes by limiting 
copper influx and modulating the expression of relevant 
factors, suggesting copper transport pathways as potential 
therapeutic targets [17]. Restoring copper homeostasis may 
not only reduce copper overload–associated cellular injury 
but also mitigate copper burden–related oxidative stress and 
mitochondrial dysfunction [34]. Clinically, serum indicators 
associated with copper homeostasis—such as ceruloplasmin 
and small-molecule copper (SMC)—have been linked to ICH 
severity and prognosis, providing a rationale for risk 
assessment and early intervention in copper dyshomeostasis 
[14]. 

5.2. Targeting Copper-Related Toxicity and 
Key Nodes of Cuproptosis 

This approach focuses on directly reducing copper load to 
limit copper-associated toxicity. Evidence from other 
neurological disorders, such as Wilson’s disease, suggests that 
copper chelation can effectively control brain copper ion 
levels and improve neurological function [35]. In stroke-
related animal studies, copper chelators (e.g., ammonium 
tetrathiomolybdate, ATTM) have been reported to decrease 
copper-related toxicity and improve mitochondrial function, 
thereby alleviating brain tissue injury; however, their efficacy 
and safety specifically in ICH still require more direct 
validation in appropriate models and clinical studies [36]. 
Overall, copper chelation may exert protective effects by 
limiting copper entry into mitochondria-associated injury 
pathways and reducing the oxidative stress burden, yet key 
issues—including the therapeutic window, dosing regimen, 
and potential adverse effects—remain to be resolved. 

5.3. Synergy with Mitochondrial Protection 
and Anti-Inflammatory/Antioxidant 
Strategies 

Secondary brain injury after ICH is a multifactorial process, 
and single-target therapies often fail to cover the full spectrum 
of pathological mechanisms [2,37,38]. Mitochondrial 
protective strategies—by improving energy metabolism and 
reducing ROS generation—have shown potential benefits in 
studies of cerebral ischemia and brain injury, providing a 
direction for counteracting cuproptosis-associated 
mitochondrial metabolic disturbances [2]. Meanwhile, anti-
inflammatory approaches can alleviate secondary injury by 
suppressing excessive inflammation, reducing microglial 
activation, and limiting cytokine release [39,40]. Therefore, 
combining copper homeostasis modulation with anti-
inflammatory and antioxidant interventions may represent a 
promising therapeutic direction for ICH. 

6. Conclusion and Outlook 
Overall, copper homeostasis imbalance and cuproptosis  

may contribute tosecondary brain injury after ICH. Given the 
impact of copper homeostasis imbalance on secondary brain 
injury, precise regulation of copper homeostasis may become 
a new therapeutic target for ICH. The development of copper 
chelators, copper homeostasis restoration drugs, and 
cuproptosis inhibitors will help improve neurological 
recovery following ICH. However, further research is needed 
to fully understand how the process of cuproptosis promotes 
the progression of secondary brain injury after ICH. 

Currently, the detailed mechanisms linking copper 
homeostasis imbalance to cuproptosis in ICH remain unclear, 
including how copper triggers mitochondrial injury through 
interactions with lipoylated TCA cycle proteins and how this 
process contributes to neuronal and glial cell loss. Further 
research is needed to clarify these mechanisms and to 
evaluate their clinical relevance. In recent years, an increasing 
number of studies have highlighted a potential role of 
cuproptosis in ICH. Current ICH management mainly 
includes medical therapy, surgical intervention when 
indicated, and post-acute rehabilitation. However, due to the 
heterogeneity and complexity of ICH, outcomes remain 
suboptimal in many patients. Future neuroprotective and 
immunomodulatory strategies, together with approaches 
targeting copper homeostasis and cuproptosis, may offer new 
therapeutic directions. 
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