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Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases, and the most prevalent form of dementia. The main hallmarks for the diagnosis of AD are extracellular amyloid-beta (Aβ) plaque deposition and intracellular accumulation of highly hyperphosphorylated Tau protein as neurofibrillary tangles. The brain consumes more oxygen than any other organs, so it is more easily to be affected by hypoxia. Hypoxia has long been recognized as one of the possible causes of AD and other neurodegenerative diseases, but the exact mechanism has not been clarified. In this review, we will elucidate the connection between hypoxia-inducible factors-1α and AD, including its contribution to AD and its possible protective effects. Additionally, we will discuss the relationship between oxidative stress and AD as evidence show that oxidative stress acts on AD-related pathogenic factors such as mitochondrial dysfunction, Aβ deposition, inflammation, etc. Currently, there is no cure for AD. Given the close association between hypoxia, oxidative stress, and AD, along with current research on the protective effects of antioxidants against AD, we speculate that antioxidants could be a potential therapeutic approach for AD and worth further study.
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1 Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases, and the most prevalent form of dementia. It usually manifests as a gradual decline in episodic memory and cognitive abilities, leading to impairments in language, visuospatial skills, and often behavioral disturbances like apathy, aggression, and depression (Høgh, 2017; Porsteinsson et al., 2021). The main neuropathological criteria for the diagnosis of AD are extracellular amyloid-beta (Aβ) plaque deposition and intracellular accumulation of highly hyperphosphorylated Tau protein as neurofibrillary tangles (Long and Holtzman, 2019). As the population ages, the incidence of AD continues to rise (Weller and Budson, 2018). According to Alzheimer’s Disease International the prevalence of dementia is about 50 million people worldwide, and is predicted to more than triple by 2050 as the population ages (Lane et al., 2018; Scheltens et al., 2021). Over the next few years, there’s an anticipated spike in dementia prevalence, particularly in low and middle income countries, aligning with the rising incidence of cardiovascular disease, hypertension, and diabetes, while on the contrary, emerging evidence indicates a decline in dementia incidence in high-income countries, although the evidence supporting a decrease in prevalence is less convincing (Lane et al., 2018; Scheltens et al., 2021). In the United States, unpaid dementia caregiving was valued at US$346.6 billion in 2023 and may exceed US$600 billion in 2050 which results in great societal burden (Lane et al., 2018; Alzheimer’s Association, 2024). AD is a heterogeneous disease with a complicated pathophysiology. Mounting evidence show that AD is 60%∼80% dependent on heritable factors and there are several hypothesizes such as the amyloid and neuro-inflammation hypothesis (Liu et al., 2019). Hypoxia is also believed to have a tight connection with AD. Our brain consumes 20% of the oxygen and maintains a continually active state relying on the oxygen (Bailey, 2019). As a result of the high energy-consumption of the brain, it is more likely to be influenced by hypoxia than any other organ. Neurons, as the basic functional unit of the brain, are also likely to be influenced by hypoxia as they contain low levels of glutathione which plays crucial roles in the antioxidant defense system and the maintenance of redox homeostasis in neurons (Aoyama, 2021). Since the 19th century, people realized that hypoxia can lead to neurological consequences (Burtscher et al., 2021). There are evidences showing that hypoxia has a tight connection with AD. Studies show that the risk of AD increases a lot after persistent systemic hypoxia or stroke (Vijayan and Reddy, 2016; Sriram et al., 2022) and reduced oxygen supply has also been observed in both AD pathology and the aging process (Adeyemi et al., 2021). As the underlying molecular mechanisms connecting hypoxia with AD is still unclear, the involvement of kynurenine pathway has gained interest. Tryptophan (Trp) is an essential amino acid as it cannot be produced in human body and it is a precursor to a number of metabolites like serotonin, melatonin, and niacin as well as neurotransmitters (Mohapatra et al., 2021). The kynurenine pathway is one of the three major pathways of Trp metabolism which metabolizes 90% of Trp into kynurenic acid, xanthurenic acid, picolinic acid, quinolinic acid, and nicotinamide adenine dinucleotide (Cervenka et al., 2017; Doifode et al., 2021). Studies have found that the several metabolites of kynurenine pathway including quinolinic acid, kynurenine and 3-hydroxykynurenine are associated with AD, due to their involvement in excitotoxic neurotransmission, oxidative stress, uptake of neurotransmitter, amyloid aggregation, and inflammation (Wang et al., 2015; Venkatesan et al., 2020; Sharma et al., 2022). Studies also found that hypoxia can induce the increase of Trp production thus leading to more metabolites of kynurenine pathway, thus suggesting a connection between hypoxia and AD (Mohapatra et al., 2021). However, there are researches showing that the increase of Trp in hypoxia is due to the decrease of kynurenine pathway function suggesting that Trp catabolites are not key of factors in the pathophysiology of AD (Mohapatra et al., 2021; Almulla et al., 2022). There is also evidence showing that hypoxia is related with AD. Chronic intermittent hypoxia (CIH) is a feature of obstructive sleep apnea (OSA). Recent studies on OSA compared the serum levels of Aβ proteins and tau proteins in 46 cognitively normal OSA patients and 30 healthy controls: the results showed that patients with OSA had significantly higher median serum levels of Aβ40, Aβ42 and total tau than controls. One study also found that Aβ level are associated with the changes in sleep architecture, specifically, rapid eye movement sleep was negatively correlated with Aβ proteins. Another study on APP/PS1 mice (an animal model of AD) examined the effects of CIH on cognition and hippocampal function and found that CIH induced long-term potentiation dysfunction of the hippocampus in APP/PS1 mice as they found the decrease of N-methyl-D-aspartic acid receptor (NMDAR) NR1 subunit and postsynaptic density 95 (PSD95) in the hippocampus of APP/PS1 mice after CIH treatment (Li and Ye, 2024). NMDAR is a type of ionotropic glutamate receptor found in nerve cells while PSD95 is a scaffolding protein found in the post-synaptic density of neurons. They are both crucial for synaptic plasticity, learning, and memory processes in the brain. These results suggest that CIH is related to the AD (Bhuniya et al., 2022).

As the accurate pathogenesis of AD is still unknown, a good understanding of the relationship between hypoxia and AD can help us know more about this disease and help discover potential therapeutic approaches for it. In this review, we focus on the relationship between hypoxia-inducible factors-1α (HIF-1α) with AD as well as the link between oxidative stress and AD.



2 HIF-1α is an essential factor in AD onset


2.1 Structure and function of HIF-1α

Hypoxia-inducible factors (HIFs) are transcription factors consisting of α and β subunits that regulate cellular reactions to low oxygen levels. The latter is a constructive subunit which forms a heterodimeric complex with the former, while the former is an oxygen-sensitive subunit, thus, the transcriptional activity of HIF-1 is primarily regulated by the levels of HIF-1α protein (Forsythe et al., 1996; Zagórska and Dulak, 2004; Figure 1).
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FIGURE 1
The HIF-1α undergoes distinct cleavage processes in normoxia and hypoxia. In normoxia, hydroxylation of two proline residues and acetylation of a lysine residue within the oxygen-dependent degradation domain prompt its binding to the VHL E3 ligase complex, initiating degradation through the ubiquitin-proteasome pathway. Conversely, in hypoxia, the HIF-1α subunit attains stability and engages with coactivators like CBP/P300, orchestrating the regulation of gene expression.


Three isoforms of HIF-α (HIF-1α, HI F-2α, HI F-3α) have been identified. Among the three types of HIF-α isoforms, HIF-1α is involved in the acute hypoxic response associated with erythropoietin, whereas HIF-2α is associated with the response to chronic hypoxia (Xie et al., 2019). Under normal oxygen conditions, HIF-1α undergoes degradation through a process involving the von Hippel-Lindau (VHL) protein. Prolyl hydroxylase enzymes (PHDs) are a group of enzymes which can be found in various tissues and cells throughout the body, including the liver, kidneys, and heart. They are involved in the modification of proteins, specifically in the hydroxylation of proline residues. In normoxia, PHDs are active and hydroxylate specific proline residues on HIF-1α at P402 and P564. This hydroxylation marks HIF-1α for recognition by the VHL protein, which is part of an E3 ubiquitin ligase complex. Upon binding to hydroxylated HIF-1α, the VHL complex ubiquitinates HIF-1α. This ubiquitination signals for the proteasomal degradation of HIF-1α, preventing its accumulation and subsequent activation of HIF-1. This process is a key regulatory mechanism that ensures HIF-1α is degraded under normoxic conditions, maintaining cellular homeostasis in the presence of sufficient oxygen (Yu et al., 2001; Semenza, 2007; Figure 1). Conversely, under hypoxic conditions, HIF-1 levels can quickly increase in order to adapt from anoxic condition (Wang et al., 1995). In low oxygen condition, PHDs are less active: as a result, HIF-1α is not hydroxylated as extensively. With reduced hydroxylation and degradation, HIF-1α accumulates in the cytoplasm, where it stabilizes and can translocate into the cell nucleus. In the nucleus, HIF-1α forms a complex with HIF-1β. This heterodimeric complex is the active form of HIF-1. The HIF-1 complex binds to specific DNA sequences called Hypoxia-Response Elements (HREs) in the promoter regions of target genes (Yang C. et al., 2021). CREB-binding protein (CBP) and p300 are related transcriptional coactivators that play important roles in regulating gene expression by interacting with a variety of transcription factors. They possess histone acetyltransferase activity, which allows them to modify chromatin structure and promote transcription (Wu et al., 2013). When HIF-1α is stabilized under hypoxic conditions, the C-terminal transactivation domain forms a complex with CBP/p300. The latter then acetylates specific lysine residues on HIF-1α, enhancing its transcriptional activity. This acetylation event facilitates the recruitment of additional transcriptional machinery, leading to the transcription of genes involved in cellular adaptation to low oxygen levels (Figure 1; Dames et al., 2002; Wu et al., 2013). Finally, under hypoxic conditions, HIF-1α together with other molecular mediators like peroxisome proliferator-activated receptor γ coactivator α (PGC-1α), c-MYC (a protein plays a crucial role in regulating cell growth, proliferation and apoptosis), SIRT1 (a protein involved in regulating various cellular processes such as aging, DNA repair, metabolism, and stress response), and AMPK (an enzyme that plays a crucial role in cellular energy homeostasis which is activated in response to low cellular energy levels) become activated and function as transcription factors, regulating the expression of genes involved in various adaptive responses (Ham and Raju, 2017). HIF-1 promotes the cellular adaptation to hypoxia by activating genes that enhance oxygen delivery. For example, VEGF, acting as the downstream target gene of HIF-1α, is crucial in controlling angiogenesis (formation of new blood vessels). Research indicates that the HIF-1α/VEGF pathway participates in various pathophysiological processes, including inflammation, ischemia-reperfusion injury, oxidative stress, and other conditions associated with angiogenesis or vascular remodeling as well as tumor immunity (Palazon et al., 2017; Liu et al., 2018; Lin et al., 2019; Chen et al., 2022). HIF-1α is also involved in the acute hypoxic response associated with erythropoiesis (Sala et al., 2018; Xie et al., 2019; Hirota, 2021). Additionally, it stimulates glycolysis, a process that does not rely on oxygen, providing an alternative energy source when oxygen availability is limited (Cheng et al., 2014; Wang et al., 2021).



2.2 HIF-1α in Alzheimer’s disease: friend or foe?

Amyloid-beta is formed by the sequential cleavage of amyloid precursor protein (APP) by β-secretases (BACE1) as well as γ-secretases (Sun et al., 2017) and its accumulation in brain tissue is now acknowledged as the major pathogenic event in AD (Zou et al., 2020). BACE1 serves as a pivotal enzyme in APP processing, linked to the generation of the membrane-bound C-terminal fragment C99 (APP-C99) and its production. Numerous studies have highlighted the involvement of BACE1 regulation in AD pathogenesis, including Aβ accumulation and memory impairment associated with Aβ (Ohno et al., 2004; Laird et al., 2005). γ-Secretase is a macromolecular complex that contains four essential subunits: anterior pharynx-defective 1 (Aph1), nicastrin (NCT), presenilin enhancer 2 (Pen-2), and its catalytic core presenilin (PS) (Yang G. et al., 2021). Aβ exists in a variety of species, including monomers, soluble oligomers, protofibrils, and insoluble fibrils, which are eventually deposited as senile plaques (Huynh et al., 2017; Chai et al., 2021). Specifically, Aβ peptides can transform structurally from monomers into β-stranded fibrils via multiple oligomeric states. Structured oligomers among different Aβ species are suggested to be more toxic than fibrils and the identification of Aβ oligomers has proven challenging due to their diversity and instability (Lee et al., 2017). Research on the relationship between hypoxia and Aβ generation has been conducted for a long time, however, the specific mechanisms remain unclear. We suggest that HIF-1α may connect them. A number of studies highlight that hypoxia, through the mediation of HIF-1α, leads to an increase in BACE1 expression and contributes to elevated Aβ production which is considered the driving force of AD according to the amyloid hypothesis, the most accepted theory for AD pathogenesis (Zhang et al., 2007; Guglielmotto et al., 2009). In vitro and in vivo studies indicate that hypoxia up-regulates BACE1 expression through a biphasic mechanism both in vitro and in vivo. The early post-hypoxic upregulation of BACE1 depends on the production of reactive oxygen species (ROS) caused by the sudden interruption of the mitochondrial electron transport chain, which will be discussed in the next part, while the late expression of BACE1 is attributed to the activation of HIF-1α (Guglielmotto et al., 2009). A study by Zhang et al. (2007) further elucidated that overexpression of HIF-1α leads to elevated levels of both BACE1 mRNA and protein, while when HIF-1α is downregulated, BACE1 levels decrease. Meanwhile, this study also shows that hypoxia treatment after HIF-1α activation does not further increase the expression of BACE1, suggesting that hypoxia-induced BACE1 expression is predominantly mediated by HIF-1α (Zhang et al., 2007). In addition, HIF-1α is able to bind and activate γ-secretase, thus promoting the production of Aβ under hypoxic conditions and reduced blood flow in the brain (Alexander et al., 2022). Another study also showed that HIF-1α activated BACE1 and γ-secretase through different ways: HIF-1α transcriptionally upregulates BACE1 and non-transcriptionally activates γ-secretase for Aβ production (Alexander et al., 2022). Moreover, HIF-1α also plays a crucial role in regulating Aβ generation under the influence of other environmental factors like high-glucose. Specifically, studies have indicated that BACE1 localizes within the lipid raft, and alterations in cholesterol levels within these rafts could impact BACE1 function, consequently affecting Aβ generation. This implies that modifications to lipid rafts induced by hyperglycemia might serve as a potential initiator of AD pathogenesis. Under high glucose conditions, increased levels of ROS trigger the activation of HIF-1α and liver X receptor α (LXRα) which is a key factor regulating intracellular cholesterol. This stimulation leads to the reorganization of lipid rafts, thereby enhancing the production of Aβ mediated by BACE1 (Lee et al., 2016).

Tau protein, encoded by MAPT on chromosome 17Q21, is a microtubule-associated protein (Lou et al., 2023). Hyperphosphorylation of Tau leads to its pathological aggregation, thus eventually promoting the formation of intracellular neurofibrillary tangles (NFTs). These NFTs, along with Aβ plaques, are characteristic features of AD (Scheltens et al., 2021; Figure 2). There is evidence showing that under intermittent hypoxia conditions, the levels of Tau protein in the serum increase, indicating a close relationship between hypoxia and Tau protein (Bhuniya et al., 2022). However, the specific mechanism of how hypoxia affects tau metabolism remains unclear. A recent study suggested HIF-1α may play a vital role in tau pathology. Under conditions of chronic hypoxia, HIF-1α leads to a deficiency in leucine carboxyl methyltransferase 1 (LCMT1) and protein phosphatase 2A (PP2A), thereby mediating the abnormal hyperphosphorylation of Tau protein (Lei et al., 2022). LCMT1 is an enzyme that plays a role in the methylation of the carboxyl group on leucine residues in proteins. The specific function of LCMT1 includes regulating the activity of PP2A, a critical enzyme involved in the regulation of various cellular processes such as cell division, signal transduction, and metabolism. LCMT1-mediated methylation of PP2A catalytic subunits enhances the activity of PP2A, thereby affecting its ability to dephosphorylate target proteins and modulating cellular signaling pathways (Lei et al., 2022). The methylation activity of LCMT1 can influence the phosphorylation levels of Tau protein, thereby regulating the biological functions of Tau. Specifically, the methylation activity of LCMT1 may contribute to maintaining the normal physiological state of Tau protein, preventing its excessive phosphorylation. However, if LCMT1 function is impaired or disrupted, it may lead to the abnormal phosphorylation of Tau protein, thus contributing to the pathogenesis of neurological disorders, such as AD (Sontag et al., 2013, 2014). Another study conducted on Sprague-Dawley rats shows that there is a significant increase in the phosphorylated PP2A and a significant decrease in the methylated PP2A levels in the rats’ hippocampus after hypoxia treatment. Combined with the elevated tau protein levels in rats, it can be concluded that hypoxia can lead to inactivation of PP2A, resulting in hyperphosphorylation of tau protein and memory deficits (Zhang et al., 2014). However, there are also studies showing that HIF-1α plays a protective role in tau pathology in AD. Glucose transporters (GLUTs) are proteins that facilitate the transport of glucose across cell membranes. They play a crucial role in glucose uptake, particularly in cells that rely heavily on glucose for energy, such as neurons. According to Liu et al. (2008), decreased brain levels of HIF-1α in AD patients were linked to the downregulation of GLUT-1 and GLUT-3 compared to age-matched controls. This impedes glucose uptake and metabolism, ultimately resulting in reduced O-GlcNAcylation and subsequent hyperphosphorylation of tau (Liu et al., 2008). T-2 toxin is a type A trichothecene mycotoxin produced by certain Fusarium species. It has been regarded as a neurotoxin as it can enter the brain through the blood-brain barrier. After entering the brain, T-2 toxin can cause further damage by triggering oxidative stress, neuroinflammation, and even apoptosis and it can also induce the rise of phosphorylated tau protein. A study has found that T-2 toxin can induce the expression of hyperphosphorylated tau (Zhao et al., 2024). In Zhao et al.’s (2024) study, they found the level of hyperphosphorylated tau induced by T-2 toxin increased when HIF-α signaling was inhibited. This suggested that HIF-1α played a protective role in the T-2 toxin-induced expression of hyperphosphorylated tau (Zhao et al., 2024). Taken together, we have sufficient reasons to believe that HIF-1α is associated with tau pathology in AD, however, the specific mechanism remains unclear and requires further research.
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FIGURE 2
In AD, Tau proteins undergo pathological aggregation, leading to the formation of NFTs. These NFT plaques are one of the characteristic features of AD.


Inflammation is a pathological process characterized by injury or destruction of tissues. There is a substantial amount of evidence indicating that both neuro-inflammation and the inflammation in periphery are also a significant factor in the development of AD (Heneka et al., 2015; Ozben and Ozben, 2019; Xie et al., 2021; Lou et al., 2023). Zhao et al. (2021) found that HIF-1α is implicated in the inflammatory response and oxidative stress in the condition of elevated glucose levels and hypoxia. This study observed that high glucose and hypoxia upregulated HIF-1α expression, while downregulated HIF-1α decreased the level of inflammation (Zhao et al., 2021). Astrocytes have been shown to participate in both innate and subsequent adaptive immune responses (Han et al., 2021). HIF-1α was identified as a mediator in the transcriptional regulation of chemokines, specifically monocyte chemoattractant proteins 1 (MCP-1/CCL2) and 5 (Ccl12), in hypoxic astrocytes (Mojsilovic-Petrovic et al., 2007). Interleukin-1 (IL-1β) beta is a mediator that triggers inflammation. Another comparative study shows that HIF-1α mediates transcriptional activation of IL-1β in astrocyte cultures which also demonstrates the association between HIF-1α and inflammation in astrocyte (Zhang et al., 2006). On the other hand, HIF-1α also plays an important role in the pathology of neuroinflammation in microglia. A study shows Aβ exposure initiates immediate microglial inflammation and this process is proved to rely on the mTOR-HIF-1α pathway (Baik et al., 2019). These pieces of evidence suggest that HIF-1α is related to inflammation. Interestingly, the interaction between HIF-1α and inflammation seems influenced by the degree of inflammation. A study by de Lemos et al. (2013) revealed that HIF-1α assumes a significant role in an acute inflammation model induced by pro-inflammatory TNF-α, IL-1β, and IFN-γ while in a chronic model of inflammation using an APP/PS1 transgenic mouse model of AD HIF-1α seems to have no effect. This phenomenon could possibly be explained by the deactivation of relevant cells following acute inflammatory responses. In fact, studies indicate that once activated by acute inflammation, microglial cells enter a state of chronic tolerance due to extensive defects in energy metabolism and subsequent attenuation of immune responses, including cytokine secretion and phagocytosis (Baik et al., 2019).

Despite numerous evidence confirming HIF-1α as a risk factor in AD, intricately linked to key mechanisms such as Aβ aggregation, tau phosphorylation, neuroinflammation, some studies suggest that HIF-1α may exhibit a protective role in the onset of AD. Desferoxamine (DFO) is a medication used to treat iron overload in conditions such as thalassemia and hemochromatosis. Research indicates that DFO has a protective effect against neurological damage caused by ischemia and hypoxia (Li et al., 2008). A comparative study suggests that inhibiting HIF-1α diminishes the protective effect of DFO, indicating that DFO’s neuroprotection involves the induction of HIF-1α (Hamrick et al., 2005). Methylene blue (MB) is another drug with neuroprotective effects. Investigations have shown that, the nuclear translocation of HIF-1α increased nearly threefold after MB treatment compared to the control group. This suggests that its protective effect may be linked to HIF-1α (Ryou et al., 2015). Due to hypoxia and ischemia being significant risk factors for various neurological diseases, the protective role of HIF-1α in hypoxia and ischemia indirectly suggests its protective effects in AD and other neurodegenerative disorders. Other studies also indicate that HIF-1α is a crucial component in several other neuroprotective pathways. Cardamonin is a chalcone with neuroprotective activity. Compelling evidence showed that in middle cerebral artery occlusion-treated mice, cardamonin reduced brain injury and stimulated the activation of the HIF-1α/VEGFA signaling and blocking the HIF-1α/VEGFA signaling with an inhibitor can reverse such protective effects. This indicates that HIF-1α is involved in neuroprotective activity (Ni et al., 2022). Due to the fact that ischemia-reperfusion injury concurrently triggers neuropathology and gene expression associated with AD, including the development of amyloid plaques, neurofibrillary tangles, and hippocampal atrophy, which are crucial for the progression of AD (Pluta and Ulamek-Koziol, 2021), the protective role of HIF-1α against ischemia-reperfusion injury indirectly suggests its protective effects against AD.




3 Oxidative stress and AD

Oxidative stress refers to an imbalance between the production of ROS and the body’s ability to detoxify them or repair the resulting damage. ROS are highly reactive molecules containing oxygen that can damage cells and tissues in the body. Oxidative stress can result from various factors such as environmental pollutants, toxins, poor diet, radiation, smoking, and even normal metabolic processes in the body (Lim and Thurston, 2019). Hypoxia can also lead to different pathological processes that can eventually develop into oxidative stress. Hypoxia undoubtedly has a close relationship with mitochondrial dysfunction as hypoxic condition can promote the production of ROS, cause damage to mitochondrial membrane potential (MMP) and mitochondrial DNA (mtDNA) and further lead to the insufficient energy production. Recent studies on cold inducible RNA binding protein (Cirbp) suggested that it can rescue cognitive retardation and dendritic spine injury as Cirbp can reduce the abnormal expression of PSD95, a vital synaptic scaffolding molecule, and attenuate hypoxia induced deficiency of energy and oxidative stress (Zhou et al., 2021; Liu et al., 2022). Cirbp can also control mitochondrial homeostasis and ATP biogenesis at hypoxic condition by sustaining the protein levels of respiratory chain complexes II (SDHB) and IV (MT-CO1) and directly binding 3′UTR of Atp5g3 (Liu et al., 2022). In conclusion, hypoxia is one of the most important factors leading to oxidative stress as it can induce unfavorable factors like mitochondrial dysfunction, Aβ accumulation as well as inflammation. At the same time, hypoxia can also directly lead to oxidative stress. It is reported that hypoxic conditions could upregulate HIF-1α expression and HIF-1α can regulate oxidative stress through HIF-1α/JMHD1A pathway (Zhao et al., 2021). However, there are also researches showing that HIF-1α plays a protective role against oxidative stress. Research showed the expression of mito-HIF-1α, a mitochondrial-targeted form of HIF-1α, can decrease apoptosis induced by hypoxia or H2O2 treatment (Li H. et al., 2019). Mito-HIF-1α can also reduce the production of ROS and the collapse of mitochondrial membrane potential (Li H. et al., 2019) which means it can protect mitochondria from oxidative stress and hypoxia.

When oxidative stress overwhelms the body’s antioxidant defenses, it can lead to damage to proteins, lipids, and DNA, contributing to various diseases such as cancer, neurodegenerative disorders, cardiovascular diseases, and aging. As the accurate pathogenesis of AD is still unknown, oxidative stress is supposed to play an important role in the pathogenesis of AD and is supposed to be a potential treatment target for AD. Oxidative stress is one of the major events involved in AD (Tönnies and Trushina, 2017; Dumitrescu et al., 2018; Ionescu-Tucker and Cotman, 2021). Currently, many studies on AD focus on the degeneration of neuronal cells, which can be caused by several risk factors, including oxidative stress. The damaged DNA bases, protein oxidation and lipid peroxidation products in brain after oxidative stress are sings of AD (Nunomura and Perry, 2020). Recent studies have found significant differences in 8-OHdG and 8-OHdG/2-dG between patients with mild cognitive impairment due to AD and normal elderly subjects. Both of 8-OHdG and 8-OHdG/2-dG are markers of DNA oxidative damage and can be used to assess the oxidative damage to the DNA (Peña-Bautista et al., 2019). In addition, oxidative stress also leads to the differences in protein between AD patients and normal people. Hydroxyl free radicals are known to convert phenylalanine to the non-physiological isomers of tyrosine o-tyrosine and m-tyrosine (o-Tyr and m-Tyr) (Mohás-Cseh et al., 2022). Previous research found protein oxidation (m-Tyr and o-Tyr) in AD plasma and CSF samples (Ryberg et al., 2004; Ahmed et al., 2005). Meanwhile, since 3-nitrotyrosine (3-NT) is a marker of protein oxidation, there are also studies suggesting using 3-NT as a marker for early diagnosis of AD (Ryberg et al., 2004). Herpes simplex virus type-1 (HSV-1), a DNA neurotropic virus, has been considered a potential etiological agent of AD through inducing incomplete autophagic response according to previous research (Santana et al., 2012; De Chiara et al., 2019). Oxidative stress induced by HSV-1 infection may promote the development of AD. Oxidative stress could significantly enhance HSV-1 infection-mediated intracellular Aβ accumulation and further inhibit its secretion into extracellular media (Santana et al., 2013). Additionally, studies found that at the prodromal stage of AD, there are oxidized RNAs including mRNA, rRNA, and tRNA have been identified in patients’ brains. Oxidative stress interferes with both translational machineries and regulatory mechanisms of noncoding RNAs, especially microRNAs and leads to retarded or aberrant protein synthesis (Nunomura and Perry, 2020). As one of the AD central pathological lesions in brain, NFTs are composed mainly of hyperphosphorylated tau (Naseri et al., 2019) and oxidative stress has a close relationship with tau pathology. Early studies found that specific fatty acid oxidative products could provide a direct link between oxidative stress mechanisms and the formation of NFTs in AD (Gamblin et al., 2000). All these evidence show that oxidative stress indeed takes part in the pathology of AD and oxidative damage of DNA can be an early marker of AD. Besides the direct connections, oxidative stress is also linked with AD due to some key events like Aβ accumulation, inflammation, mitochondrial dysfunction, metal dysregulation, and protein misfolding. In the next section, we will explore how the oxidative stress due to factors like mitochondrial dysfunction, DNA damage, Aβ pathology, and inflammation can be prodromal to AD.


3.1 Mitochondrial dysfunction and oxidative stress

Mitochondria play an important role in cells, including ATP production, intracellular Ca2+ regulation, ROS production, and cell damage and death (Bhatti et al., 2017; Marín et al., 2020). Research has shown that mitochondrial dysfunction is associated with AD. For example, due to the special open circular structure of mtDNA, it is highly vulnerable to oxidative damage. ROS leads to the oxidation of guanosine to form 8-OHdG and results in mtDNA mutations including base mispairing, random point mutation as well as deletions (Soltys et al., 2019; Antonyová et al., 2020) and the mutations in mtDNA are linked with misfolding and aggregation of Aβ, α-syn and tau, and neuronal apoptosis (Sengupta et al., 2015; Antonyová et al., 2020). Moreover, the connection between the impact of mtDNA haplogroups B5a on the onset of AD and mitochondrial abnormalities under oxidative stress has also been demonstrated (Bi et al., 2015). Mitochondrial dysfunction has connection with ROS accumulation. Early-onset Alzheimer’s disease (EOAD) refers to AD that develops in individuals under the age of 65. Clinical studies have implied that changes in mtDNA methylation and transitions (position 5633: T → C; position 7476T: C → T; and position 15812A: G → A) can play a significant role in the development of EOAD (Chagnon et al., 1999). Thus, considering the relationship between AD and mitochondrial dysfucntion, if there is evidence showing that mitochondrial dysfunction is related to oxidative stress, we can infer that AD is also related to oxidative stress.

Mitochondria are the primary site of ROS which are closely associated with oxidative stress. Therefore, it can be inferred that mitochondrial dysfunction is related to oxidative stress. ROS species are the product of one-electron reduction of oxygen and include singlet oxygen (1O2), superoxides (O2⋅–), peroxides (H2O2), hydroxyl radical (⋅OH), and hypochlorous acid (HClO) (Taysi et al., 2019; Sahoo et al., 2022; Figure 3). Complexes I and III of the mitochondrial respiratory chain are the major sited of superoxide production (Mailloux and Harper, 2011). As a by-product of cellular metabolism, ROS has both beneficial and deleterious effects on our health. On one hand ROS contribute to the healthy cell function as they play an essential role in the regulation of growth, apoptosis, autophagy, memory, blood pressure, cognitive function as well as immune function (Scherz-Shouval et al., 2007; Oswald et al., 2018; Luo et al., 2019; Lloberas et al., 2020). Also, recent research showed that ROS has antimicrobial activity against Gram-positive and Gram-negative viruses as well as fungi (Dryden, 2018) and play a role in modulating endoplasmic reticulum and Golgi homeostasis (Mennerich et al., 2019). However, at high concentrations, ROS are harmful for living organisms as ROS are included in processes of many diseases like metabolic disorders, genetic diseases, diabetes, cancer as well as neurodegenerative diseases. The accumulation of ROS is related to lipid peroxidation, protein oxidation and DNA damage which are all features of oxidative stress (Su et al., 2019; Juan et al., 2021).
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FIGURE 3
The mitochondrial respiratory chain involves a series of protein complexes (I–IV) that transfer electrons from NADH and FADH2 to oxygen, thus creating an electrochemical gradient that pumps protons across the inner mitochondrial membrane. This gradient drives ATP synthesis through ATP synthase. During this process, molecular oxygen can be partially reduced to form reactive oxygen species (ROS) such as superoxide (O2⋅–), hydrogen peroxide (H2O2), and hydroxyl radicals (HO⋅), which are eventually converted to water (H2O).


Furthermore, oxidative stress can induce damage to mitochondria through ROS which is characterized by the cytochrome c (cyt C) release and the increase in mtDNA fragmentation (Rizwan et al., 2020).

Cytochrome c is a small heme protein associated with the inner membrane of the mitochondria. It plays a crucial role in the electron transport chain, transferring electrons between Complex III and Complex IV. cyt C is closely linked to the production of ROS in the mitochondria. During the electron transport chain, electrons are transferred through various complexes, including cyt C. If the electron transfer process is inefficient, electrons can prematurely reduce oxygen, leading to the formation of O2⋅–, a type of ROS. Additionally, when cyt C is released into the cytosol during apoptosis, it can enhance ROS production, which further contributes to cellular damage and the progression of cell death (Radi et al., 2014; Cadenas, 2018). Thus, considering cyt C is one of the important part of mitochondria, we can infer that mitochondria dysfunction has a connection with oxidative stress. On the other hand, mtDNA is highly susceptible to ROS influence due to its attachment with inner membrane and the lack of protective histones or nonhistone proteins. Evidence shows that when exposed directly to ROS, the levels of oxidative mtDNA damage are higher and more extensive compared to nuclear DNA (Richter et al., 1988). There is also a vicious cycle theory of mitochondrial ROS production which proposes a self-perpetuating cycle where mitochondrial dysfunction leads to increased ROS production. This elevated ROS generation, in turn, causes further damage to mitochondrial components, exacerbating dysfunction and ROS production (Bandy and Davison, 1990).



3.2 Aβ and oxidative stress

Alzheimer’s disease is a progressive neurodegenerative condition characterized by the accumulation of extracellular Aβ plaques and intracellular neurofibrillary tangles composed of hyperphosphorylated tau-protein in specific regions of the human brain, notably cortical and limbic areas. Clinical signs include memory impairment and deteriorating neurocognitive function. Dysregulated processing of APP by β-secretases and γ-secretases results in the generation of Aβ40 and Aβ42 monomers, which subsequently aggregate to form senile plaques (Soria Lopez et al., 2019; Tiwari et al., 2019). Given the relationship between Aβ and AD, and considering the compelling evidence indicating the involvement of Aβ in oxidative stress, it can be inferred that oxidative stress is associated with AD.

Amyloid-beta has indeed been proven to be associated with oxidative stress in AD pathogenesis and progression (Tamagno et al., 2012; Hilt et al., 2018; Mcdonald et al., 2021), both in vivo and in vitro investigation.

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is a technique which is particularly useful in studying paramagnetic species, like free radicals (Dikalov et al., 2018; Sahu and Lorigan, 2020). Aβ1–40 and Aβ25–35 fragments refer to specific shorter protein of the full Aβ peptide sequence. Studies have found that they participated in the pathology of AD and related with other neurodegenerative disorders (Kaminsky et al., 2010; Yang et al., 2020). Spin trapping experiments conducted by Butterfield et al. (1994) employing highly purified N-tert-butyl-phenylnitrone (PBN) revealed that both Aβ1–40 and Aβ25–35 autonomously prompted the transformation of PBN from its non-paramagnetic nitrone form to the stable, paramagnetic nitroxide form in phosphate buffered saline (PBS), and the reaction only achievable through interaction with a free radical (Butterfield et al., 1994; Hensley et al., 1995). Comparable to Aβ1–40, Aβ1–42 was likewise demonstrated to produce an EPR signal within this framework. Protein carbonyl and 3-NT are indicators of protein oxidation (Campolo et al., 2020; Akagawa, 2021). Studies in vitro also find Aβ25–35, Aβ1–40, and Aβ1–42 were demonstrated to cause notable rises in protein carbonyls as well as 3-NT in cortical synaptosomes, cultured hippocampal neurons, primary neuronal cultures, and cultured astrocytes (Harris et al., 1995a,b; Yatin et al., 1998). When it comes to in vivo researches, studies suggest that Aβ increases the generation of ROS in neurons through activation of the NADPH oxidase. Moreover, Aβ induces mitochondrial depolarization through calcium overload and free radical production, which can ultimately lead to oxidative damage and trigger cell death via the opening of the mitochondrial permeability (Angelova and Abramov, 2017; Chauhan and Chauhan, 2020). AD patients show an abnormal level of brain metals including copper, zinc, iron, calcium, and aluminum (Tong et al., 2018; Huat et al., 2019; Mcdonald et al., 2021; Peng et al., 2021; Plascencia-Villa and Perry, 2021), the incorrect accumulation of the metal in different brain regions induces oxidative stress (Wang et al., 2020). Evidence indicate that Aβ plays a significant role in metal-induced oxidative stress in AD patients. The binding of iron to Aβ can induce misfolded Aβ aggregating, leading to the formation of neurotic plaques and can also increase neurotoxicity of Aβ (Rogers et al., 2019). At the same time Aβ can be a pro-oxidant, and when it is complexed with copper or iron, it can produce ROS (H2O2) by redox activity and causes oxidative damage to protein and lipid (Greenough et al., 2013; Wang et al., 2020). Different mentals may have distinct roles in AD pathology. The role of copper as a risk factor for AD has been confirmed to promote the aggregation of Aβ in vitro. Additionally, copper enhances APP translation via the 5′ untranslated region (5′ UTR) of mRNA in SH-SY5Y cells, and increases amyloidogenic processing and the expression of related pro-inflammatory cytokines (such as MCP-5) in Alzheimer’s APP/PS1 double transgenic mice (Yang et al., 2019). Zinc, on the other hand, performs a protective effect as zinc can exchange with copper in the Aβ-copper complex and protect cells from oxidation (Vašák and Meloni, 2017). Studies have found that antioxidants can improve AD symptoms by alleviating oxidative stress, and Aβ is involved in this process. Nobiletin is a bioflavonoid isolated from citrus fruits peels with anti-oxidative function. In a study, rats were treated with nobiletin after bilateral intrahippocampal (CA1 subfield) injection of Aβ1–40. Research found that mice treated with nobiletin performed better in behavioral observations and memory performance compared to the control group. Nobiletin treatment was also associated with lower hippocampal levels of ROS and partial reversal of superoxide dismutase (SOD) activity (Ghasemi-Tarie et al., 2022). These findings indicated that nobiletin prevents Aβ1–40-induced AD via the inhibition of oxidative stress. N-adamantyl-4-methylthiazol-2-amine (KHG26693) is a new thiazole derivative and was reported that it effectively inhibits Aβ-induced oxidative damage in primary cortical neuron cultures (Cho et al., 2016). In a recent study, malondialdehyde (sign of lipid oxidation) and protein carbonyl (sign of protein oxidation) levels increased in the Aβ-treated group and were significantly downregulated by KHG26693 treatment. Meanwhile KHG26693 significantly decreased Aβ-induced ROS generation by 47% compared to the control group (Kim et al., 2017). These results illustrate that KHG26693’s protection against Aβ-induced oxidative stress stems from its ability to restrain the excessive generation of ROS triggered by Aβ. Other antioxidants like benzothiazole, azelnidipine, engeletin, adenosine, and epigallocatechin gallate have the similar effect of ameliorating Aβ-related oxidative stress by different pathways including Keap1/Nrf2 pathway, NFκB pathway, and ERα pathway, etc and have a potential therapeutic efficacy in AD (Cifelli et al., 2016; Zhang et al., 2017; Teng et al., 2019; Huang et al., 2020; Zeng et al., 2022).

The studies here discussed demonstrated that Aβ is associated with oxidative stress. Therefore, we can infer that oxidative stress is related to AD due to its role on Aβ production and deposition.



3.3 Inflammation and oxidative stress

Inflammation is a physiological response to harmful stimuli, such as pathogens, damaged cells, or irritants. It is a protective mechanism that aims to remove the harmful stimuli and initiate the healing process. There are two stages of inflammation, acute and chronic inflammation. While acute inflammation is typically a short-term and beneficial response, chronic inflammation can contribute to various diseases, including arthritis, cardiovascular diseases, and cancer (Hussain and Harris, 2007; Lin and Karin, 2007). Numerous research and studies highlight that both systemic inflammation and neuroinflammation are tightly connect with the pathology of AD (Doifode et al., 2021; Twarowski and Herbet, 2023). Specifically, neuroinflammation denotes an inflammatory reaction occurring within the central nervous system (CNS), triggered by diverse pathological insults such as infection, trauma, ischemia, and toxins. This cascade entails the release of pro-inflammatory cytokines like IL-1β, IL-6, IL-18, and tumor necrosis factor (TNF), chemokines including C-C motif chemokine ligand 1 (CCL1), CCL5, and C-X-C motif chemokine ligand 1 (CXCL1), as well as small-molecule mediators like prostaglandins and nitric oxide (NO) by innate immune cells in the CNS. Microglia and astrocytes orchestrate this response principally (DiSabato et al., 2016; Leng and Edison, 2021). Research on neuroinflammation suggests that microglia, astrocytes, and neurons collaborate to drive neurodegeneration in a coordinated manner. Studies have demonstrated that Aβ activates the NF-κB pathway in astrocytes, leading to heightened complement C3 release. Subsequently, C3 acts on C3a receptors present on neurons and microglia, culminating in neuronal dysfunction and microglial activation (Lian et al., 2015). Conversely, activated microglia have been found to induce neurotoxic astrocytes by secreting IL-1α, C1q, and TNF. This interplay between microglia and astrocytes may establish a positive feedback loop in AD, perpetuating an uncontrolled and self-amplifying inflammatory response (Leng and Edison, 2021). Additionally, aberrant neuronal-glial communication has been observed in AD. Under normal circumstances, neuronal-microglial communication via CD200-CD200R and CX3CL1-CX3CR1 (microglial receptor) signaling pathways help maintaining microglial homeostasis. However, reduced expression of CD200, CD200R, and CX3CR1 in the brains of individuals with AD suggests a loss of regulatory control over microglial behavior (Bolós et al., 2017). When it comes to systemic inflammation, cross-sectional investigations reveal that individuals with cognitive impairment showed heightened systemic inflammation and elevated microglial activation compered to cognitively healthy subjects (Surendranathan et al., 2018). There are also evidences showing that gut inflammation can affect AD pathology through gut-brain axis (Abdel-Haq et al., 2019; Doifode et al., 2021). As discussed earlier, both neuroinflammation and systemic inflammation are linked to AD. Therefore, demonstrating the association between inflammation and oxidative stress indirectly implies a connection between oxidative stress and the occurrence of AD. Inflammation and oxidative stress seem like two indivisible parts in a large number of diseases including cardiovascular diseases, cancer, and AD (Chamorro et al., 2016; Marchev et al., 2017; Papaconstantinou, 2019; Li et al., 2020; Figure 4). Hypoxia is a common feature in inflammation and can lead to chronic inflammation through the activation of NF-κB and multiple isoforms of HIFs and PHDs (Watts and Walmsley, 2019; Korbecki et al., 2021). A treatment that may regulate both inflammation and oxidative stress at the same time is the inhibition of TREM1 (Li Z. et al., 2019). Moreover, mounting evidence suggest that continued oxidative stress can lead to chronic inflammation by activating a variety of transcription factors like NF-κB, AP-1, p53, HIF-1α, PPAR-γ, β-catenin/Wnt, and Nrf2 (Reuter et al., 2010; Fan et al., 2013; Korbecki et al., 2021). These transcription factors link inflammation to diseases through different signaling pathways. For example, NF-κB and STAT3 are rapidly activated in response to diverse stimuli, including oxidative stress. Upon activation, they govern the expression of genes involved in anti-apoptotic functions, proliferation, and immune responses. Some of these genes overlap, requiring transcriptional cooperation between the two factors. The activation and interplay of STAT3 and NF-κB are pivotal in regulating the interaction between malignant cells and their microenvironment, particularly with inflammatory and immune cells infiltrating tumors (Grivennikov and Karin, 2010; Fan et al., 2013). Metals also play an important role in inflammation. Zinc, as an essential micronutrient, is involved in both inflammation and oxidative stress. The lack of Zinc can elevate inflammatory response as it is involved in the NF-κB pathway (Gammoh and Rink, 2017). Chronic inflammation manifests through heightened production of inflammatory cytokines. In Certain conditions like obesity which correlates with chronic inflammation, individuals with inadequate zinc intake exhibit reduced plasma and intracellular zinc levels, coupled with elevated gene expression of IL-1α, IL-1β, and IL-6, in contrast to those with sufficient zinc intake (Gammoh and Rink, 2017). As critical participants in inflammation, microglia and astrocytes can be regulated by ROS as well as by pro-inflammatory molecules such as MAPK and NF-κB pathway and other pathways (Park et al., 2015). On the other hand, microglia and astrocytes can release pro-inflammatory molecules like cytokines and ROS (Chen and Zhong, 2014). In addition, microglia and astrocytes interact with Aβ. The accumulation of neurotoxic Aβ itself can be regulated by microglia and their receptors as microglia can phagocyte Aβ (Ennerfelt et al., 2022), while Aβ can activate both microglia and astrocytes and be deposited in brain thus leading to ROS production: this in turn may result in oxidative stress and potentially lead to AD and other neurodegenerative disease (Chen and Zhong, 2014). A recent study revealed a critical function of SYK signaling in microglia as it can impede the development of disease-associated microglia, alter AKT/GSK3β-signaling and restrict Aβ phagocytosis by microglia (Ennerfelt et al., 2022). The strong correlation between inflammation and oxidative stress is further evidenced by studies demonstrating aggravated inflammatory phenotype in the absence of antioxidant defense proteins, such as superoxide dismutases, heme oxygenase-1, and glutathione peroxidases or overexpression of ROS producing enzymes, for example, NADPH oxidases (Steven et al., 2019).
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FIGURE 4
Oxidative stress may lead to AD through different pathogenesis including inflammation, metal deposition, mitochondrial dysfunction, and Aβ accumulation. In turn AD itself may exacerbate oxidative stress. Antioxidant might be an effective treatment for oxidative stress. As oxidative stress plays an important role in AD, the use of antioxidant molecules is also a potential treatment for AD. Oxidative stress products like 8-OHG could be diagnostic biomarkers of AD.





4 Antioxidants are potential treatments for AD

As AD has caused great social burden, there is an urgent need for new therapeutic targets and approaches. Efforts concentrating on lowering amyloid beta or hyperphosphorylated Tau protein have mostly proven unsuccessful in clinical trials. As emerging evidence shows oxidative stress may be one of the key mechanisms of AD, the antioxidants have become a potential treatment for AD (Ionescu-Tucker and Cotman, 2021; Figure 4). Walnuts, one of the most common antioxidative foods in our daily life, can reduce oxidative stress by decreasing the generation of free radicals and has a beneficial effect on memory, learning, anxiety (Chauhan and Chauhan, 2020). Researches on the APP-transgenic AD mouse model have shown that mice with a walnut-based diet had an improvement in antioxidant defense and significant reductions in free radicals’ levels, lipid peroxidation and protein oxidation compared with a control diet (Chauhan and Chauhan, 2020). Recent studies on PTEN-induced putative kinase 1 (PINK1) show that PINK1 overexpression can reverse the abnormal changes in mitochondria dynamics, defective mitophagy and decreased ATP levels in the hippocampus (Du et al., 2017). PINK1 overexpression activates Nrf2 signaling increases the expression of antioxidant proteins and reduces oxidative damage. PINK1 can also alleviate tau hyperphosphorylation through PI3K/Akt/GSK3β signaling (Wang et al., 2022). As an electron and proton carrier, Coenzyme Q10 (CoQ10) or ubiquinone plays an important part in mitochondrial bioenergetics and has long been used as antioxidant and mitochondrial energizer (Garrido-Maraver et al., 2014; Li X. et al., 2019; Alimohammadi et al., 2021). Recent studies showed CoQ10 can protect cells from lipid peroxidation-mediated cell death thus potentially reducing oxidative stress and conferring neuroprotective properties (Arslanbaeva et al., 2022). UBIA prenyltransferase domain-containing protein 1 (UBIAD1) which is responsible for the biosynthesis of non-mitochondrial CoQ10 has a similar effect like CoQ10 (Arslanbaeva et al., 2022).



5 Conclusion

This review primarily summarizes the impact of hypoxia on AD focusing on two aspects: HIF-1α and oxidative stress. Hypoxia is the direct and the most important consequence of both HIF-1α release and oxidative stress. These two phenomena are linked to pathological hallmarks of AD like the aggregation of Aβ, mitochondrial dysfunction and tau accumulation, thus suggesting that hypoxia is linked to AD. Current research indicates that HIF-1α has a relationship with Aβ pathology of AD. HIF-1α can increase Aβ production by regulating the expression of BACE-1. Moreover, recent studies have found an interaction between HIF-1α and γ-secretase. HIF-1α not only binds to γ-secretase but also activates it, promoting the production of Aβ under hypoxic conditions and reducing cerebral blood flow. Additionally, HIF-1α plays a crucial role as a key regulator of Aβ generation under the influence of high glucose and other environmental factors. Specifically, under high glucose conditions, increased ROS levels trigger the activation of HIF-1α and LXRα/ABCA1. This stimulation leads to lipid raft rearrangement, enhancing the production of Aβ mediated by BACE1. HIF-1α is also associated with tau phosphorylation and neuroinflammation as it can lead to a deficiency in LCMT1 as well as PP2A. Also, HIF-1α mediates neuroinflammatory responses in microglial cells through mTOR-HIF-1α pathways also involving Aβ. Moreover, compelling studies have provided evidence of a protective role for HIF-1α in neurodegenerative diseases like AD. For example, inhibiting HIF-1α diminishes the protective effect of DFO, which plays a crucial role in managing iron metabolism disorders and has a protective effect against neurological damage caused by ischemia and hypoxia (Li et al., 2008). This indicates that HIF-1α might not only serve as a potential target for AD drugs but also potentially plays a direct protective role to AD and other neurodegenerative disease. However, further investigations are needed to confirm our hypothesis. Oxidative stress interacts with various AD risk factors, including mitochondrial dysfunction, Aβ aggregation, and neuroinflammation. Studies found that protein oxidation (m-Tyr/Phe and o-Tyr/Phe) in AD plasma and CSD samples which confirms oxidative stress is associated with the development of AD. Also, we explored the possibility of using antioxidants as potential therapeutic agents for AD. Efforts aimed at lowering amyloid beta or hyperphosphorylated Tau protein have mostly proven unsuccessful in clinical trials. Emerging evidence suggests that oxidative stress may be one of the key mechanisms of AD, therefore, the antioxidants emerge as potential treatments for AD, thus prompting further investigations.



Author contributions

MC: Writing – review & editing. BT: Writing – original draft. WG: Writing – original draft. CX: Writing – original draft. ZM: Writing – original draft. JM: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from the National Natural Science Foundation of China (No. 82371541), the project for the improvement of research skill in Anhui Medical University (No. 2021xkjT003), Talent Training Program from the School of Basic Medical Sciences of Anhui Medical University (No. 2022YPJH201), Research Fund of Anhui Institute of Translational Medicine (No. 2022zhyx-C11), and Provincial Training Project of Innovation and Entrepreneurship for Undergraduates (S202310366031).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abdel-Haq, R., Schlachetzki, J., Glass, C., and Mazmanian, S. (2019). Microbiome-microglia connections via the gut-brain axis. J. Exp. Med. 216, 41–59. doi: 10.1084/jem.20180794

Adeyemi, O., Awakan, O., Afolabi, L., Rotimi, D., Oluwayemi, E., Otuechere, C., et al. (2021). Hypoxia and the kynurenine pathway: Implications and therapeutic prospects in Alzheimer’s disease. Oxid. Med. Cell Longev. 2021:5522981. doi: 10.1155/2021/5522981

Ahmed, N., Ahmed, U., Thornalley, P., Hager, K., Fleischer, G., and Münch, G. (2005). Protein glycation, oxidation and nitration adduct residues and free adducts of cerebrospinal fluid in Alzheimer’s disease and link to cognitive impairment. J. Neurochem. 92, 255–263. doi: 10.1111/j.1471-4159.2004.02864.x

Akagawa, M. (2021). Protein carbonylation: Molecular mechanisms, biological implications, and analytical approaches. Free Radic. Res. 55, 307–320. doi: 10.1080/10715762.2020.1851027

Alexander, C., Li, T., Hattori, Y., Chiu, D., Frost, G., Jonas, L., et al. (2022). Hypoxia Inducible Factor-1α binds and activates γ-secretase for Aβ production under hypoxia and cerebral hypoperfusion. Mol. Psychiatry 27, 4264–4273. doi: 10.1038/s41380-022-01676-7

Alimohammadi, M., Rahimi, A., Faramarzi, F., Golpour, M., Jafari-Shakib, R., Alizadeh-Navaei, R., et al. (2021). Effects of coenzyme Q10 supplementation on inflammation, angiogenesis, and oxidative stress in breast cancer patients: A systematic review and meta-analysis of randomized controlled- trials. Inflammopharmacology 29, 579–593. doi: 10.1007/s10787-021-00817-8

Almulla, A., Supasitthumrong, T., Amrapala, A., Tunvirachaisakul, C., Jaleel, A., Oxenkrug, G., et al. (2022). The tryptophan catabolite or kynurenine pathway in Alzheimer’s disease: A systematic review and meta-analysis. J. Alzheimers Dis. 88, 1325–1339. doi: 10.3233/JAD-220295

Alzheimer’s Association. (2024). Alzheimer’s disease facts and figures. Alzheimers Dement. 20, 3708–3821.

Angelova, P., and Abramov, A. (2017). Alpha-synuclein and beta-amyloid - different targets, same players: Calcium, free radicals and mitochondria in the mechanism of neurodegeneration. Biochem. Biophys. Res. Commun. 483, 1110–1115. doi: 10.1016/j.bbrc.2016.07.103

Antonyová, V., Kejík, Z., Brogyányi, T., Kaplánek, R., Pajková, M., Talianová, V., et al. (2020). Role of mtDNA disturbances in the pathogenesis of Alzheimer’s and Parkinson’s disease. DNA Repair 91-92:102871. doi: 10.1016/j.dnarep.2020.102871

Aoyama, K. (2021). Glutathione in the Brain. Int. J. Mol. Sci. 22:5010. doi: 10.3390/ijms22095010

Arslanbaeva, L., Tosi, G., Ravazzolo, M., Simonato, M., Tucci, F. A., Pece, S., et al. (2022). UBIAD1 and CoQ10 protect melanoma cells from lipid peroxidation-mediated cell death. Redox. Biol. 51:102272. doi: 10.1016/j.redox.2022.102272

Baik, S., Kang, S., Lee, W., Choi, H., Chung, S., Kim, J., et al. (2019). A breakdown in metabolic reprogramming causes microglia dysfunction in Alzheimer’s disease. Cell Metab. 30:493–507.e6. doi: 10.1016/j.cmet.2019.06.005

Bailey, D. (2019). Oxygen, evolution and redox signalling in the human brain; quantum in the quotidian. J. Physiol. 597, 15–28. doi: 10.1113/JP276814

Bandy, B., and Davison, A. (1990). Mitochondrial mutations may increase oxidative stress: Implications for carcinogenesis and aging? Free Radic. Biol. Med. 8, 523–539. doi: 10.1016/0891-5849(90)90152-9

Bhatti, J., Bhatti, G., and Reddy, P. (2017). Mitochondrial dysfunction and oxidative stress in metabolic disorders – A step towards mitochondria based therapeutic strategies. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 1066–1077. doi: 10.1016/j.bbadis.2016.11.010

Bhuniya, S., Goyal, M., Chowdhury, N., and Mishra, P. (2022). Intermittent hypoxia and sleep disruption in obstructive sleep apnea increase serum tau and amyloid-beta levels. J. Sleep Res. 31:e13566. doi: 10.1111/jsr.13566

Bi, R., Zhang, W., Yu, D., Li, X., Wang, H., Hu, Q., et al. (2015). Mitochondrial DNA haplogroup B5 confers genetic susceptibility to Alzheimer’s disease in Han Chinese. Neurobiol Aging 36:1604.e7–16. doi: 10.1016/j.neurobiolaging.2014.10.009

Bolós, M., Llorens-Martín, M., Perea, J., Jurado-Arjona, J., Rábano, A., Hernández, F., et al. (2017). Absence of CX3CR1 impairs the internalization of Tau by microglia. Mol. Neurodegener. 12:59. doi: 10.1186/s13024-017-0200-1

Burtscher, J., Mallet, R., Burtscher, M., and Millet, G. (2021). Hypoxia and brain aging: Neurodegeneration or neuroprotection? Ageing Res. Rev. 68:101343. doi: 10.1016/j.arr.2021.101343

Butterfield, D., Hensley, K., Harris, M., Mattson, M., and Carney, J. (1994). beta-Amyloid peptide free radical fragments initiate synaptosomal lipoperoxidation in a sequence-specific fashion: Implications to Alzheimer’s disease. Biochem. Biophys. Res. Commun. 200, 710–715. doi: 10.1006/bbrc.1994.1508

Cadenas, S. (2018). Mitochondrial uncoupling, ROS generation and cardioprotection. Biochim. Biophys. Acta Bioenerg. 1859, 940–950. doi: 10.1016/j.bbabio.2018.05.019

Campolo, N., Issoglio, F., Estrin, D., Bartesaghi, S., and Radi, R. (2020). 3-Nitrotyrosine and related derivatives in proteins: Precursors, radical intermediates and impact in function. Essays Biochem. 64, 111–133. doi: 10.1042/EBC20190052

Cervenka, I., Agudelo, L., and Ruas, J. (2017). Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health. Science 357:eaaf9794. doi: 10.1126/science.aaf9794

Chagnon, P., Gee, M., Filion, M., Robitaille, Y., Belouchi, M., and Gauvreau, D. (1999). Phylogenetic analysis of the mitochondrial genome indicates significant differences between patients with Alzheimer disease and controls in a French-Canadian founder population. Am. J. Med. Genet. 85, 20–30.

Chai, A., Lam, H., Kockx, M., and Gelissen, I. (2021). Apolipoprotein E isoform-dependent effects on the processing of Alzheimer’s amyloid-β. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1866:158980. doi: 10.1016/j.bbalip.2021.158980

Chamorro, A., Dirnagl, U., Urra, X., and Planas, A. M. (2016). Neuroprotection in acute stroke: Targeting excitotoxicity, oxidative and nitrosative stress, and inflammation. Lancet Neurol. 15, 869–881. doi: 10.1016/S1474-4422(16)00114-9

Chauhan, A., and Chauhan, V. (2020). Beneficial Effects of walnuts on cognition and brain health. Nutrients 12:550. doi: 10.3390/nu12020550

Chen, W., Wu, P., Yu, F., Luo, G., Qing, L., and Tang, J. (2022). HIF-1α regulates bone homeostasis and angiogenesis, participating in the occurrence of bone metabolic diseases. Cells 11:3552. doi: 10.3390/cells11223552

Chen, Z., and Zhong, C. (2014). Oxidative stress in Alzheimer’s disease. Neurosci. Bull. 30, 271–281. doi: 10.1007/s12264-013-1423-y

Cheng, S., Quintin, J., Cramer, R., Shepardson, K., Saeed, S., Kumar, V., et al. (2014). mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained immunity. Science 345:1250684. doi: 10.1126/science.1250684

Cho, C., Kim, E., Kim, J., Choi, S., Yang, S., and Cho, S. W. (2016). N-Adamantyl-4-methylthiazol-2-amine suppresses amyloid β-induced neuronal oxidative damage in cortical neurons. Free Radic. Res. 50, 678–690. doi: 10.3109/10715762.2016.1167277

Cifelli, J., Chung, T., Liu, H., Prangkio, P., Mayer, M., and Yang, J. (2016). Benzothiazole amphiphiles ameliorate amyloid β-related cell toxicity and oxidative stress. ACS Chem. Neurosci. 7, 682–688. doi: 10.1021/acschemneuro.6b00085

Dames, S., Martinez-Yamout, M., De Guzman, R., Dyson, H., and Wright, P. (2002). Structural basis for Hif-1 alpha /CBP recognition in the cellular hypoxic response. Proc. Natl. Acad. Sci. U.S.A. 99, 5271–5276. doi: 10.1073/pnas.082121399

De Chiara, G., Piacentini, R., Fabiani, M., Mastrodonato, A., Marcocci, M., Limongi, D., et al. (2019). Recurrent herpes simplex virus-1 infection induces hallmarks of neurodegeneration and cognitive deficits in mice. PLoS Pathog. 15:e1007617. doi: 10.1371/journal.ppat.1007617

de Lemos, M., de la Torre, A. V., Petrov, D., Brox, S., Folch, J., Pallàs, M., et al. (2013). Evaluation of hypoxia inducible factor expression in inflammatory and neurodegenerative brain models. Int. J. Biochem. Cell Biol. 45, 1377–1388. doi: 10.1016/j.biocel.2013.04.011

Dikalov, S., Polienko, Y., and Kirilyuk, I. (2018). Electron paramagnetic resonance measurements of reactive oxygen species by cyclic hydroxylamine spin probes. Antioxid. Redox Signal. 28, 1433–1443. doi: 10.1089/ars.2017.7396

DiSabato, D., Quan, N., and Godbout, J. (2016). Neuroinflammation: The devil is in the details. J. Neurochem. 139, 136–153. doi: 10.1111/jnc.13607

Doifode, T., Giridharan, V., Generoso, J., Bhatti, G., Collodel, A., Schulz, P., et al. (2021). The impact of the microbiota-gut-brain axis on Alzheimer’s disease pathophysiology. Pharmacol. Res. 164:105314. doi: 10.1016/j.phrs.2020.105314

Dryden, M. (2018). Reactive oxygen species: A novel antimicrobial. Int. J. Antimicrob. Agents 51, 299–303. doi: 10.1016/j.ijantimicag.2017.08.029

Du, F., Yu, Q., Yan, S., Hu, G., Lue, L., Walker, D., et al. (2017). PINK1 signalling rescues amyloid pathology and mitochondrial dysfunction in Alzheimer’s disease. Brain 140, 3233–3251. doi: 10.1093/brain/awx258

Dumitrescu, L., Popescu-Olaru, I., Cozma, L., Tulbă, D., Hinescu, M., Ceafalan, L., et al. (2018). Oxidative Stress and the Microbiota-Gut-Brain Axis. Oxid Med Cell Longev. 2018:2406594. doi: 10.1155/2018/2406594

Ennerfelt, H., Frost, E., Shapiro, D., Holliday, C., Zengeler, K., Voithofer, G., et al. (2022). SYK coordinates neuroprotective microglial responses in neurodegenerative disease. Cell 185:4135–4152.e22. doi: 10.1016/j.cell.2022.09.030

Fan, Y., Mao, R., and Yang, J. (2013). NF-κB and STAT3 signaling pathways collaboratively link inflammation to cancer. Protein Cell 4, 176–185. doi: 10.1007/s13238-013-2084-3

Forsythe, J., Jiang, B., Iyer, N., Agani, F., Leung, S., Koos, R., et al. (1996). Activation of vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1. Mol. Cell Biol. 16, 4604–4613. doi: 10.1128/MCB.16.9.4604

Gamblin, T., King, M., Kuret, J., Berry, R., and Binder, L. (2000). Oxidative regulation of fatty acid-induced tau polymerization. Biochemistry 39, 14203–14210. doi: 10.1021/bi001876l

Gammoh, N., and Rink, L. (2017). Zinc in infection and inflammation. Nutrients 9:624. doi: 10.3390/nu9060624

Garrido-Maraver, J., Cordero, M., Oropesa-Avila, M., Vega, A., de la Mata, M., Pavon, A. D., et al. (2014). Clinical applications of coenzyme Q10. Front. Biosci. 19:619–633. doi: 10.2741/4231

Ghasemi-Tarie, R., Kiasalari, Z., Fakour, M., Khorasani, M., Keshtkar, S., Baluchnejadmojarad, T., et al. (2022). Nobiletin prevents amyloid β1-40-induced cognitive impairment via inhibition of neuroinflammation and oxidative/nitrosative stress. Metab. Brain Dis. 37, 1337–1349. doi: 10.1007/s11011-022-00949-y

Greenough, M., Camakaris, J., and Bush, A. (2013). Metal dyshomeostasis and oxidative stress in Alzheimer’s disease. Neurochem. Int. 62, 540–555. doi: 10.1016/j.neuint.2012.08.014

Grivennikov, S., and Karin, M. (2010). Dangerous liaisons: STAT3 and NF-kappaB collaboration and crosstalk in cancer. Cytokine Growth Factor Rev. 21, 11–19. doi: 10.1016/j.cytogfr.2009.11.005

Guglielmotto, M., Aragno, M., Autelli, R., Giliberto, L., Novo, E., Colombatto, S., et al. (2009). The up-regulation of BACE1 mediated by hypoxia and ischemic injury: Role of oxidative stress and HIF1alpha. J. Neurochem. 108, 1045–1056. doi: 10.1111/j.1471-4159.2008.05858.x

Ham, P., and Raju, R. (2017). Mitochondrial function in hypoxic ischemic injury and influence of aging. Prog. Neurobiol. 157, 92–16. doi: 10.1016/j.pneurobio.2016.06.006

Hamrick, S., McQuillen, P., Jiang, X., Mu, D., Madan, A., and Ferriero, D. M. (2005). A role for hypoxia-inducible factor-1alpha in desferoxamine neuroprotection. Neurosci. Lett. 379, 96–100. doi: 10.1016/j.neulet.2004.12.080

Han, R., Kim, R., Molofsky, A., and Liddelow, S. (2021). Astrocyte-immune cell interactions in physiology and pathology. Immunity 54, 211–224. doi: 10.1016/j.immuni.2021.01.013

Harris, M., Carney, J., Cole, P., Hensley, K., Howard, B., Martin, L., et al. (1995a). beta-Amyloid peptide-derived, oxygen-dependent free radicals inhibit glutamate uptake in cultured astrocytes: Implications for Alzheimer’s disease. Neuroreport 6, 1875–1879. doi: 10.1097/00001756-199510020-00013

Harris, M., Hensley, K., Butterfield, D., Leedle, R., and Carney, J. (1995b). Direct evidence of oxidative injury produced by the Alzheimer’s beta-amyloid peptide (1-40) in cultured hippocampal neurons. Exp. Neurol. 131, 193–202. doi: 10.1016/0014-4886(95)90041-1

Heneka, M., Carson, M., El Khoury, J., Landreth, G., Brosseron, F., Feinstein, D., et al. (2015). neuroinflammation in Alzheimer’s disease. Lancet Neurol. 14, 388–405. doi: 10.1016/S1474-4422(15)70016-5

Hensley, K., Butterfield, D., Mattson, M., Aksenova, M., Harris, M., Wu, J., et al. (1995). A model for beta-amyloid aggregation and neurotoxicity based on the free radical generating capacity of the peptide: Implications of “molecular shrapnel” for Alzheimer’s disease. Proc. West Pharmacol. Soc. 38, 113–120.

Hilt, S., Altman, R., Kálai, T., Maezawa, I., Gong, Q., Wachsmann-Hogiu, S., et al. (2018). A bifunctional anti-amyloid blocks oxidative stress and the accumulation of intraneuronal amyloid-beta. Molecules 23:2010. doi: 10.3390/molecules23082010

Hirota, K. (2021). HIF-α prolyl hydroxylase inhibitors and their implications for biomedicine: A comprehensive review. Biomedicines 9:468. doi: 10.3390/biomedicines9050468

Høgh, P. (2017). [Alzheimer’s disease]. Ugeskr. Laeger 179:296.

Huang, Z., Ji, H., Shi, J., Zhu, X., and Zhi, Z. (2020). Engeletin attenuates Aβ1-42-induced oxidative stress and neuroinflammation by Keap1/Nrf2 pathway. Inflammation 43, 1759–1771. doi: 10.1007/s10753-020-01250-9

Huat, T., Camats-Perna, J., Newcombe, E., Valmas, N., Kitazawa, M., and Medeiros, R. (2019). Metal toxicity links to Alzheimer’s disease and neuroinflammation. J. Mol. Biol. 431, 1843–1868. doi: 10.1016/j.jmb.2019.01.018

Hussain, S., and Harris, C. (2007). Inflammation and cancer: An ancient link with novel potentials. Int. J. Cancer 121, 2373–2380. doi: 10.1002/ijc.23173

Huynh, T., Davis, A., Ulrich, J., and Holtzman, D. (2017). Apolipoprotein E and Alzheimer’s disease: The influence of apolipoprotein E on amyloid-β and other amyloidogenic proteins. J. Lipid Res. 58, 824–836. doi: 10.1194/jlr.R075481

Ionescu-Tucker, A., and Cotman, C. (2021). Emerging roles of oxidative stress in brain aging and Alzheimer’s disease. Neurobiol. Aging 107, 86–95. doi: 10.1016/j.neurobiolaging.2021.07.014

Juan, C., Pérez de la Lastra, J. M., Plou, F. J., and Pérez-Lebeña, E. (2021). The chemistry of reactive oxygen species (ROS) revisited: Outlining their role in biological macromolecules (DNA, lipids and proteins) and induced pathologies. Int. J. Mol. Sci. 22:4642. doi: 10.3390/ijms22094642

Kaminsky, Y., Marlatt, M., Smith, M., and Kosenko, E. (2010). Subcellular and metabolic examination of amyloid-beta peptides in Alzheimer disease pathogenesis: Evidence for Abeta(25-35). Exp. Neurol. 221, 26–37. doi: 10.1016/j.expneurol.2009.09.005

Kim, J., Cho, C., Hahn, H., Choi, S., and Cho, S. (2017). Neuroprotective effects of N-adamantyl-4-methylthiazol-2-amine against amyloid β-induced oxidative stress in mouse hippocampus. Brain Res. Bull. 128, 22–28. doi: 10.1016/j.brainresbull.2016.10.010

Korbecki, J., Simińska, D., Gąssowska-Dobrowolska, M., Listos, J., Gutowska, I., Chlubek, D., et al. (2021). Chronic and cycling hypoxia: Drivers of cancer chronic inflammation through HIF-1 and NF-κB activation: A review of the molecular mechanisms. Int. J. Mol. Sci. 22:10701. doi: 10.3390/ijms221910701

Laird, F., Cai, H., Savonenko, A., Farah, M., He, K., Melnikova, T., et al. (2005). BACE1, a major determinant of selective vulnerability of the brain to amyloid-beta amyloidogenesis, is essential for cognitive, emotional, and synaptic functions. J. Neurosci. 25, 11693–11709. doi: 10.1523/JNEUROSCI.2766-05.2005

Lane, C., Hardy, J., and Schott, J. (2018). Alzheimer’s disease. Eur. J. Neurol. 25, 59–70. doi: 10.1111/ene.13439

Lee, H., Ryu, J., Jung, Y., Lee, S., Kim, J., Lee, S., et al. (2016). High glucose upregulates BACE1-mediated Aβ production through ROS-dependent HIF-1α and LXRα/ABCA1-regulated lipid raft reorganization in SK-N-MC cells. Sci. Rep. 6:36746. doi: 10.1038/srep36746

Lee, S., Nam, E., Lee, H., Savelieff, M., and Lim, M. (2017). Towards an understanding of amyloid-β oligomers: Characterization, toxicity mechanisms, and inhibitors. Chem. Soc. Rev. 46, 310–323. doi: 10.1039/c6cs00731g

Lei, L., Feng, J., Wu, G., Wei, Z., Wang, J., Zhang, B., et al. (2022). HIF-1α causes LCMT1/PP2A deficiency and mediates tau hyperphosphorylation and cognitive dysfunction during chronic hypoxia. Int. J. Mol. Sci. 23:16140. doi: 10.3390/ijms232416140

Leng, F., and Edison, P. (2021). Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev. Neurol. 17, 157–172. doi: 10.1038/s41582-020-00435-y

Li, G., Ding, K., Qiao, Y., Zhang, L., Zheng, L., Pan, T., et al. (2020). Flavonoids regulate inflammation and oxidative stress in cancer. Molecules 25:5628. doi: 10.3390/molecules25235628

Li, H., Zhou, Y., Li, L., Li, S., Long, D., Chen, X., et al. (2019). HIF-1α protects against oxidative stress by directly targeting mitochondria. Redox Biol. 25:101109. doi: 10.1016/j.redox.2019.101109

Li, Z., Wu, F., Xu, D., Zhi, Z., and Xu, G. (2019). Inhibition of TREM1 reduces inflammation and oxidative stress after spinal cord injury (SCI) associated with HO-1 expressions. Biomed. Pharmacother. 109, 2014–2021. doi: 10.1016/j.biopha.2018.08.159

Li, X., Zhan, J., Hou, Y., Hou, Y., Chen, S., Luo, D., et al. (2019). Coenzyme Q10 regulation of apoptosis and oxidative stress in H2O2 induced BMSC death by modulating the Nrf-2/NQO-1 signaling pathway and its application in a model of spinal cord injury. Oxid. Med. Cell Longev. 2019:6493081. doi: 10.1155/2019/6493081

Li, J., and Ye, J. (2024). Chronic intermittent hypoxia induces cognitive impairment in Alzheimer’s disease mouse model via postsynaptic mechanisms. Sleep Breath. 28, 1197–1205. doi: 10.1007/s11325-023-02970-6

Li, Y., Ding, S., Xiao, L., Guo, W., and Zhan, Q. (2008). Desferoxamine preconditioning protects against cerebral ischemia in rats by inducing expressions of hypoxia inducible factor 1 alpha and erythropoietin. Neurosci. Bull. 24, 89–95. doi: 10.1007/s12264-008-0089-3

Lian, H., Yang, L., Cole, A., Sun, L., Chiang, A., Fowler, S., et al. (2015). NFκB-activated astroglial release of complement C3 compromises neuronal morphology and function associated with Alzheimer’s disease. Neuron 85, 101–115. doi: 10.1016/j.neuron.2014.11.018

Lim, C., and Thurston, G. (2019). Air pollution, oxidative stress, and diabetes: A life course epidemiologic perspective. Curr. Diab. Rep. 19:58. doi: 10.1007/s11892-019-1181-y

Lin, C., Lan, Y., Ou, M., Ji, L., and Lin, S. (2019). Expression of miR-217 and HIF-1α/VEGF pathway in patients with diabetic foot ulcer and its effect on angiogenesis of diabetic foot ulcer rats. J. Endocrinol. Invest. 42, 1307–1317. doi: 10.1007/s40618-019-01053-2

Lin, W., and Karin, M. (2007). A cytokine-mediated link between innate immunity, inflammation, and cancer. J. Clin. Invest. 117, 1175–1183. doi: 10.1172/JCI31537

Liu, J., Wang, W., Wang, L., Chen, S., Tian, B., Huang, K., et al. (2018). IL-33 initiates vascular remodelling in hypoxic pulmonary hypertension by up-regulating HIF-1α and VEGF expression in vascular endothelial cells. EBioMedicine 33, 196–210. doi: 10.1016/j.ebiom.2018.06.003

Liu, P., Xie, Y., Meng, X., and Kang, J. (2019). History and progress of hypotheses and clinical trials for Alzheimer’s disease. Signal. Transduct. Target Ther. 4:29. doi: 10.1038/s41392-019-0063-8

Liu, Y., Liu, F., Iqbal, K., Grundke-Iqbal, I., and Gong, C. (2008). Decreased glucose transporters correlate to abnormal hyperphosphorylation of tau in Alzheimer disease. FEBS Lett. 582, 359–364. doi: 10.1016/j.febslet.2007.12.035

Liu, Y., Xue, C., Lu, H., Zhou, Y., Guan, R., Wang, J., et al. (2022). Hypoxia causes mitochondrial dysfunction and brain memory disorder in a manner mediated by the reduction of Cirbp. Sci. Total Environ. 806:151228. doi: 10.1016/j.scitotenv.2021.151228

Lloberas, J., Muñoz, J., Hernández-Álvarez, M., Cardona, P., Zorzano, A., and Celada, A. (2020). Macrophage mitochondrial MFN2 (mitofusin 2) links immune stress and immune response through reactive oxygen species (ROS) production. Autophagy 16, 2307–2309. doi: 10.1080/15548627.2020.1839191

Long, J., and Holtzman, D. (2019). Alzheimer disease: An update on pathobiology and treatment strategies. Cell 179, 312–339. doi: 10.1016/j.cell.2019.09.001

Lou, T., Tao, B., and Chen, M. (2023). Relationship of apolipoprotein E with Alzheimer’s disease and other neurological disorders: An updated review. Neuroscience 514, 123–140. doi: 10.1016/j.neuroscience.2023.01.032

Luo, Z., Xu, X., Sho, T., Zhang, J., Xu, W., Yao, J., et al. (2019). ROS-induced autophagy regulates porcine trophectoderm cell apoptosis, proliferation, and differentiation. Am. J. Physiol. Cell Physiol. 316, C198–C209. doi: 10.1152/ajpcell.00256.2018

Mailloux, R., and Harper, M. (2011). Uncoupling proteins and the control of mitochondrial reactive oxygen species production. Free Radic. Biol. Med. 51, 1106–1115. doi: 10.1016/j.freeradbiomed.2011.06.022

Marchev, A., Dimitrova, P., Burns, A., Kostov, R., Dinkova-Kostova, A., and Georgiev, M. (2017). Oxidative stress and chronic inflammation in osteoarthritis: Can NRF2 counteract these partners in crime? Ann. N. Y. Acad. Sci. 1401, 114–135. doi: 10.1111/nyas.13407

Marín, R., Chiarello, D., Abad, C., Rojas, D., Toledo, F., and Sobrevia, L. (2020). Oxidative stress and mitochondrial dysfunction in early-onset and late-onset preeclampsia. Biochim. Biophys. Acta Mol. Basis Dis. 1866:165961. doi: 10.1016/j.bbadis.2020.165961

Mcdonald, J., Dhakal, S., and Macreadie, I. (2021). A toxic synergy between aluminium and amyloid beta in yeast. Int. J. Mol. Sci. 22:1835. doi: 10.3390/ijms22041835

Mennerich, D., Kellokumpu, S., and Kietzmann, T. (2019). Hypoxia and reactive oxygen species as modulators of endoplasmic reticulum and Golgi homeostasis. Antioxid. Redox Signal. 30, 113–137. doi: 10.1089/ars.2018.7523

Mohapatra, S., Sadik, A., Sharma, S., Poschet, G., Gegner, H., Lanz, T., et al. (2021). Hypoxia routes tryptophan homeostasis towards increased tryptamine production. Front. Immunol. 12:590532. doi: 10.3389/fimmu.2021.590532

Mohás-Cseh, J., Molnár, G., Pap, M., Laczy, B., Vas, T., Kertész, M., et al. (2022). Incorporation of oxidized phenylalanine derivatives into insulin signaling relevant proteins may link oxidative stress to signaling conditions underlying chronic insulin resistance. Biomedicines 10:975. doi: 10.3390/biomedicines10050975

Mojsilovic-Petrovic, J., Callaghan, D., Cui, H., Dean, C., Stanimirovic, D., and Zhang, W. (2007). Hypoxia-inducible factor-1 (HIF-1) is involved in the regulation of hypoxia-stimulated expression of monocyte chemoattractant protein-1 (MCP-1/CCL2) and MCP-5 (Ccl12) in astrocytes. J. Neuroinflamm. 4:12. doi: 10.1186/1742-2094-4-12

Naseri, N., Wang, H., Guo, J., Sharma, M., and Luo, W. (2019). The complexity of tau in Alzheimer’s disease. Neurosci Lett. 705, 183–194. doi: 10.1016/j.neulet.2019.04.022

Ni, H., Li, J., Zheng, J., and Zhou, B. (2022). Cardamonin attenuates cerebral ischemia/reperfusion injury by activating the HIF-1α/VEGFA pathway. Phytother. Res. 36, 1736–1747. doi: 10.1002/ptr.7409

Nunomura, A., and Perry, G. (2020). RNA and oxidative stress in Alzheimer’s disease: Focus on microRNAs. Oxid. Med. Cell Longev. 2020:2638130. doi: 10.1155/2020/2638130

Ohno, M., Sametsky, E., Younkin, L., Oakley, H., Younkin, S., Citron, M., et al. (2004). BACE1 deficiency rescues memory deficits and cholinergic dysfunction in a mouse model of Alzheimer’s disease. Neuron 41, 27–33. doi: 10.1016/s0896-6273(03)00810-9

Oswald, M., Garnham, N., Sweeney, S., and Landgraf, M. (2018). Regulation of neuronal development and function by ROS. FEBS Lett. 592, 679–691. doi: 10.1002/1873-3468.12972

Ozben, T., and Ozben, S. (2019). Neuro-inflammation and anti-inflammatory treatment options for Alzheimer’s disease. Clin. Biochem. 72, 87–89. doi: 10.1016/j.clinbiochem.2019.04.001

Palazon, A., Tyrakis, P., Macias, D., Veliça, P., Rundqvist, H., Fitzpatrick, S., et al. (2017). An HIF-1α/VEGF-A axis in cytotoxic T cells regulates tumor progression. Cancer Cell 32:669–683.e5. doi: 10.1016/j.ccell.2017.10.003

Papaconstantinou, J. (2019). The role of signaling pathways of inflammation and oxidative stress in development of senescence and aging phenotypes in cardiovascular disease. Cells 8:1383. doi: 10.3390/cells8111383

Park, J., Min, J., Kim, B., Chae, U., Yun, J., Choi, M., et al. (2015). Mitochondrial ROS govern the LPS-induced pro-inflammatory response in microglia cells by regulating MAPK and NF-κB pathways. Neurosci. Lett. 584, 191–196. doi: 10.1016/j.neulet.2014.10.016

Peña-Bautista, C., Tirle, T., López-Nogueroles, M., Vento, M., Baquero, M., and Cháfer-Pericás, C. (2019). Oxidative damage of DNA as early marker of Alzheimer’s disease. Int. J. Mol. Sci. 20:6136. doi: 10.3390/ijms20246136

Peng, Y., Chang, X., and Lang, M. (2021). Iron homeostasis disorder and Alzheimer’s disease. Int. J. Mol. Sci. 22:2442. doi: 10.3390/ijms222212442

Plascencia-Villa, G., and Perry, G. (2021). Preventive and therapeutic strategies in Alzheimer’s disease: Focus on oxidative stress, redox metals, and ferroptosis. Antioxid. Redox Signal. 34, 591–610. doi: 10.1089/ars.2020.8134

Pluta, R., and Ulamek-Koziol, M. (2021). Genes associated with Alzheimer’s disease affecting ischemic neurodegeneration of the hippocampal CA3 region. Neural Regen. Res. 16, 1392–1393. doi: 10.4103/1673-5374.300982

Porsteinsson, A., Isaacson, R., Knox, S., Sabbagh, M., and Rubino, I. (2021). Diagnosis of early Alzheimer’s disease: Clinical practice in 2021. J. Prev. Alzheimers. Dis. 8, 371–386. doi: 10.14283/jpad.2021.23

Radi, E., Formichi, P., Battisti, C., and Federico, A. (2014). Apoptosis and oxidative stress in neurodegenerative diseases. J. Alzheimers Dis. 42, S125–S152. doi: 10.3233/JAD-132738

Reuter, S., Gupta, S., Chaturvedi, M., and Aggarwal, B. (2010). Oxidative stress, inflammation, and cancer: How are they linked? Free Radic. Biol. Med. 49, 1603–1616. doi: 10.1016/j.freeradbiomed.2010.09.006

Richter, C., Park, J., and Ames, B. (1988). Normal oxidative damage to mitochondrial and nuclear DNA is extensive. Proc. Natl. Acad. Sci. U.S.A. 85, 6465–6467. doi: 10.1073/pnas.85.17.6465

Rizwan, H., Pal, S., Sabnam, S., and Pal, A. (2020). High glucose augments ROS generation regulates mitochondrial dysfunction and apoptosis via stress signalling cascades in keratinocytes. Life Sci. 241:117148. doi: 10.1016/j.lfs.2019.117148

Rogers, J., Xia, N., Wong, A., Bakshi, R., and Cahill, C. (2019). Targeting the iron-response elements of the mRNAs for the Alzheimer’s amyloid precursor protein and ferritin to treat acute lead and manganese neurotoxicity. Int. J. Mol. Sci. 20:994. doi: 10.3390/ijms20040994

Ryberg, H., Söderling, A., Davidsson, P., Blennow, K., Caidahl, K., and Persson, L. (2004). Cerebrospinal fluid levels of free 3-nitrotyrosine are not elevated in the majority of patients with amyotrophic lateral sclerosis or Alzheimer’s disease. Neurochem. Int. 45, 57–62. doi: 10.1016/j.neuint.2003.12.012

Ryou, M., Choudhury, G., Li, W., Winters, A., Yuan, F., Liu, R., et al. (2015). Methylene blue-induced neuronal protective mechanism against hypoxia-reoxygenation stress. Neuroscience 301, 193–203. doi: 10.1016/j.neuroscience.2015.05.064

Sahoo, B., Banik, B., Borah, P., and Jain, A. (2022). Reactive oxygen species (ROS): Key components in cancer therapies. Anticancer Agents Med. Chem. 22, 215–222. doi: 10.2174/1871520621666210608095512

Sahu, I., and Lorigan, G. (2020). Electron paramagnetic resonance as a tool for studying membrane proteins. Biomolecules 10:763. doi: 10.3390/biom10050763

Sala, M., Chen, C., Zhang, Q., Do-Umehara, H., Wu, W., Misharin, A., et al. (2018). JNK2 up-regulates hypoxia-inducible factors and contributes to hypoxia-induced erythropoiesis and pulmonary hypertension. J. Biol. Chem. 293, 271–284. doi: 10.1074/jbc.RA117.000440

Santana, S., Bullido, M., Recuero, M., Valdivieso, F., and Aldudo, J. (2012). Herpes simplex virus type I induces an incomplete autophagic response in human neuroblastoma cells. J. Alzheimers Dis. 30, 815–831. doi: 10.3233/JAD-2012-112000

Santana, S., Sastre, I., Recuero, M., Bullido, M., and Aldudo, J. (2013). Oxidative stress enhances neurodegeneration markers induced by herpes simplex virus type 1 infection in human neuroblastoma cells. PLoS One 8:e75842. doi: 10.1371/journal.pone.0075842

Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G., Teunissen, C., et al. (2021). Alzheimer’s disease. Lancet 397, 1577–1590. doi: 10.1016/S0140-6736(20)32205-4

Scherz-Shouval, R., Shvets, E., Fass, E., Shorer, H., Gil, L., and Elazar, Z. (2007). Reactive oxygen species are essential for autophagy and specifically regulate the activity of Atg4. EMBO J. 26, 1749–1760. doi: 10.1038/sj.emboj.7601623

Semenza, G. (2007). Hypoxia-inducible factor 1 (HIF-1) pathway. Sci. STKE 2007:cm8. doi: 10.1126/stke.4072007cm8

Sengupta, U., Guerrero-Muñoz, M., Castillo-Carranza, D., Lasagna-Reeves, C., Gerson, J., Paulucci-Holthauzen, A., et al. (2015). Pathological interface between oligomeric alpha-synuclein and tau in synucleinopathies. Biol. Psychiatry 78, 672–683. doi: 10.1016/j.biopsych.2014.12.019

Sharma, V., Singh, T., Prabhakar, N., and Mannan, A. (2022). Kynurenine Metabolism and Alzheimer’s disease: the potential targets and approaches. Neurochem. Res. 47, 1459–1476. doi: 10.1007/s11064-022-03546-8

Soltys, D., Pereira, C., Rowies, F., Farfel, J., Grinberg, L., Suemoto, C., et al. (2019). Lower mitochondrial DNA content but not increased mutagenesis associates with decreased base excision repair activity in brains of AD subjects. Neurobiol. Aging 73, 161–170. doi: 10.1016/j.neurobiolaging.2018.09.015

Sontag, J., Nunbhakdi-Craig, V., and Sontag, E. (2013). Leucine carboxyl methyltransferase 1 (LCMT1)-dependent methylation regulates the association of protein phosphatase 2A and Tau protein with plasma membrane microdomains in neuroblastoma cells. J. Biol. Chem. 288, 27396–27405. doi: 10.1074/jbc.M113.490102

Sontag, J., Wasek, B., Taleski, G., Smith, J., Arning, E., Sontag, E., et al. (2014). Altered protein phosphatase 2A methylation and Tau phosphorylation in the young and aged brain of methylenetetrahydrofolate reductase (MTHFR) deficient mice. Front. Aging Neurosci. 6:214. doi: 10.3389/fnagi.2014.00214

Soria Lopez, J., González, H., and Léger, G. (2019). Alzheimer’s disease. Handb. Clin. Neurol. 167, 231–255. doi: 10.1016/B978-0-12-804766-8.00013-3

Sriram, S., Mehkri, Y., Quintin, S., and Lucke-Wold, B. (2022). Shared pathophysiology: Understanding stroke and Alzheimer’s disease. Clin. Neurol. Neurosurg. 218:107306. doi: 10.1016/j.clineuro.2022.107306

Steven, S., Frenis, K., Oelze, M., Kalinovic, S., Kuntic, M., Bayo Jimenez, M., et al. (2019). Vascular inflammation and oxidative stress: Major triggers for cardiovascular disease. Oxid. Med. Cell Longev. 2019:7092151. doi: 10.1155/2019/7092151

Su, L., Zhang, J., Gomez, H., Murugan, R., Hong, X., Xu, D., et al. (2019). Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid. Med. Cell Longev. 2019:5080843. doi: 10.1155/2019/5080843

Sun, L., Zhou, R., Yang, G., and Shi, Y. (2017). Analysis of 138 pathogenic mutations in presenilin-1 on the in vitro production of Aβ42 and Aβ40 peptides by γ-secretase. Proc. Natl. Acad. Sci. U.S.A. 114, E476–E485. doi: 10.1073/pnas.1618657114

Surendranathan, A., Su, L., Mak, E., Passamonti, L., Hong, Y., Arnold, R., et al. (2018). Early microglial activation and peripheral inflammation in dementia with Lewy bodies. Brain 141, 3415–3427. doi: 10.1093/brain/awy265

Tamagno, E., Guglielmotto, M., Monteleone, D., and Tabaton, M. (2012). Amyloid-β production: Major link between oxidative stress and BACE1. Neurotox. Res. 22, 208–219. doi: 10.1007/s12640-011-9283-6

Taysi, S., Tascan, A., Ugur, M., and Demir, M. (2019). Radicals, oxidative/nitrosative stress and preeclampsia. Mini Rev. Med. Chem. 19, 178–193. doi: 10.2174/1389557518666181015151350

Teng, T., Ridgley, D., Tsoy, A., Sun, G., Askarova, S., and Lee, J. (2019). Azelnidipine attenuates the oxidative and NFκB pathways in amyloid-β-stimulated cerebral endothelial cells. ACS Chem. Neurosci. 10, 209–215. doi: 10.1021/acschemneuro.8b00368

Tiwari, S., Atluri, V., Kaushik, A., Yndart, A., and Nair, M. (2019). Alzheimer’s disease: Pathogenesis, diagnostics, and therapeutics. Int. J. Nanomed. 14, 5541–5554. doi: 10.2147/IJN.S200490

Tong, B. C., Wu, A., Li, M., and Cheung, K. (2018). Calcium signaling in Alzheimer’s disease & therapies. Biochim. Biophys. Acta Mol. Cell Res. 1865, 1745–1760.

Tönnies, E., and Trushina, E. (2017). Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. J. Alzheimers Dis. 57, 1105–1121. doi: 10.3233/JAD-161088

Twarowski, B., and Herbet, M. (2023). Inflammatory processes in Alzheimer’s disease-pathomechanism, diagnosis and treatment: A review. Int. J. Mol. Sci. 24:6518. doi: 10.3390/ijms24076518

Vašák, M., and Meloni, G. (2017). Mammalian metallothionein-3: New functional and structural insights. Int. J. Mol. Sci. 18:1117. doi: 10.3390/ijms18061117

Venkatesan, D., Iyer, M., Narayanasamy, A., Siva, K., and Vellingiri, B. (2020). Kynurenine pathway in Parkinson’s disease-An update. eNeurologicalSci 21:100270. doi: 10.1016/j.ensci.2020.100270

Vijayan, M., and Reddy, P. (2016). Stroke, vascular dementia, and Alzheimer’s disease: Molecular links. J. Alzheimers Dis. 54, 427–443. doi: 10.3233/JAD-160527

Wang, G., Jiang, B., Rue, E., and Semenza, G. (1995). Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc. Natl. Acad. Sci. U.S.A. 92, 5510–5514. doi: 10.1073/pnas.92.12.5510

Wang, J., Zhu, W., Han, J., Yang, X., Zhou, R., Lu, H., et al. (2021). The role of the HIF-1α/ALYREF/PKM2 axis in glycolysis and tumorigenesis of bladder cancer. Cancer Commun. 41, 560–575. doi: 10.1002/cac2.12158

Wang, L., Yin, Y., Liu, X., Shen, P., Zheng, Y., Lan, X., et al. (2020). Current understanding of metal ions in the pathogenesis of Alzheimer’s disease. Transl. Neurodegener. 9:10. doi: 10.1186/s40035-020-00189-z

Wang, Q., Liu, D., Song, P., and Zou, M. (2015). Tryptophan-kynurenine pathway is dysregulated in inflammation, and immune activation. Front. Biosci. 20:1116–1143. doi: 10.2741/4363

Wang, X., Qi, L., Cheng, Y., Ji, X., Chi, T., Liu, P., et al. (2022). PINK1 overexpression prevents forskolin-induced tau hyperphosphorylation and oxidative stress in a rat model of Alzheimer’s disease. Acta Pharmacol. Sin. 43, 1916–1927. doi: 10.1038/s41401-021-00810-5

Watts, E., and Walmsley, S. (2019). Inflammation and hypoxia: HIF and PHD isoform selectivity. Trends Mol. Med. 25, 33–46. doi: 10.1016/j.molmed.2018.10.006

Weller, J., and Budson, A. (2018). Current understanding of Alzheimer’s disease diagnosis and treatment. F1000Res 7, 1000–1161. doi: 10.12688/f1000research.14506.1

Wu, D., Zhang, R., Zhao, R., Chen, G., Cai, Y., and Jin, J. (2013). A novel function of novobiocin: Disrupting the interaction of HIF 1α and p300/CBP through direct binding to the HIF1α C-terminal activation domain. PLoS One 8:e62014. doi: 10.1371/journal.pone.0062014

Xie, J., Van Hoecke, L., and Vandenbroucke, R. (2021). The impact of systemic inflammation on Alzheimer’s disease pathology. Front. Immunol. 12:796867. doi: 10.3389/fimmu.2021.796867

Xie, Y., Shi, X., Sheng, K., Han, G., Li, W., Zhao, Q., et al. (2019). PI3K/Akt signaling transduction pathway, erythropoiesis and glycolysis in hypoxia (Review). Mol. Med. Rep. 19, 783–791. doi: 10.3892/mmr.2018.9713

Yang, C., Zhong, Z., Wang, S., Vong, C., Yu, B., and Wang, Y. T. (2021). HIF-1: Structure, biology and natural modulators. Chin. J. Nat. Med. 19, 521–527. doi: 10.1016/S1875-5364(21)60051-1

Yang, G., Zhou, R., Guo, X., Yan, C., Lei, J., and Shi, Y. (2021). Structural basis of γ-secretase inhibition and modulation by small molecule drugs. Cell 184:521–533.e14. doi: 10.1016/j.cell.2020.11.049

Yang, F., Pei, R., Zhang, Z., Liao, J., Yu, W., Qiao, N., et al. (2019). Copper induces oxidative stress and apoptosis through mitochondria-mediated pathway in chicken hepatocytes. Toxicol. Vitro 54, 310–316. doi: 10.1016/j.tiv.2018.10.017

Yang, Y., Huang, L., Hsieh, S., and Huang, L. (2020). Dynamic blood concentrations of Aβ1-40 and Aβ1-42 in Alzheimer’s disease. Front. Cell Dev. Biol. 8:768. doi: 10.3389/fcell.2020.00768

Yatin, S., Aksenova, M., Aksenov, M., Markesbery, W., Aulick, T., and Butterfield, D. (1998). Temporal relations among amyloid beta-peptide-induced free-radical oxidative stress, neuronal toxicity, and neuronal defensive responses. J. Mol. Neurosci. 11, 183–197. doi: 10.1385/JMN:11:3:183

Yu, F., White, S., Zhao, Q., and Lee, F. S. (2001). HIF-1alpha binding to VHL is regulated by stimulus-sensitive proline hydroxylation. Proc. Natl. Acad. Sci. U.S.A. 98, 9630–9635. doi: 10.1073/pnas.181341498

Zagórska, A., and Dulak, J. (2004). HIF-1: The knowns and unknowns of hypoxia sensing. Acta Biochim. Pol. 51, 563–585.

Zeng, M., Feng, A., Zhao, C., Zhang, B., Guo, P., Liu, M., et al. (2022). Adenosine ameliorated Aβ25-35-induced brain injury through the inhibition of apoptosis and oxidative stress via an ERα pathway. Brain Res. 1788:147944. doi: 10.1016/j.brainres.2022.147944

Zhang, C., Yang, X., Li, L., Sui, X., Tian, Q., Wei, W., et al. (2014). Hypoxia-induced tau phosphorylation and memory deficit in rats. Neurodegener. Dis. 14, 107–116. doi: 10.1159/000362239

Zhang, W., Petrovic, J., Callaghan, D., Jones, A., Cui, H., Howlett, C., et al. (2006). Evidence that hypoxia-inducible factor-1 (HIF-1) mediates transcriptional activation of interleukin-1beta (IL-1beta) in astrocyte cultures. J. Neuroimmunol. 174, 63–73. doi: 10.1016/j.jneuroim.2006.01.014

Zhang, X., Zhou, K., Wang, R., Cui, J., Lipton, S., Liao, F., et al. (2007). Hypoxia-inducible factor 1alpha (HIF-1alpha)-mediated hypoxia increases BACE1 expression and beta-amyloid generation. J. Biol. Chem. 282, 10873–10880. doi: 10.1074/jbc.M608856200

Zhang, Z., Li, Y., and Zhao, R. (2017). Epigallocatechin gallate attenuates β-amyloid generation and oxidative stress involvement of PPARγ in N2a/APP695 cells. Neurochem. Res. 42, 468–480. doi: 10.1007/s11064-016-2093-8

Zhao, M., Wang, S., Zuo, A., Zhang, J., Wen, W., Jiang, W., et al. (2021). HIF-1α/JMJD1A signaling regulates inflammation and oxidative stress following hyperglycemia and hypoxia-induced vascular cell injury. Cell Mol. Biol. Lett. 26:40. doi: 10.1186/s11658-021-00283-8

Zhao, Y., Valis, M., Wang, X., Nepovimova, E., Wu, Q., and Kuca, K. (2024). HIF-1α is a “brake”; in JNK-mediated activation of amyloid protein precursor and hyperphosphorylation of tau induced by T-2 toxin in BV2 cells. Mycotoxin. Res. 40, 223–234. doi: 10.1007/s12550-024-00525-6

Zhou, Y., Lu, H., Liu, Y., Zhao, Z., Zhang, Q., Xue, C., et al. (2021). Cirbp-PSD95 axis protects against hypobaric hypoxia-induced aberrant morphology of hippocampal dendritic spines and cognitive deficits. Mol. Brain 14:129. doi: 10.1186/s13041-021-00827-1

Zou, K., Abdullah, M., and Michikawa, M. (2020). Current Biomarkers for Alzheimer’s disease: From CSF to blood. J. Pers. Med. 10:85. doi: 10.3390/jpm10030085


Copyright
 © 2024 Tao, Gong, Xu, Ma, Mei and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The relationship between hypoxia and Alzheimer’s disease: an updated review



		1 Introduction



		2 HIF-1α is an essential factor in AD onset



		2.1 Structure and function of HIF-1α



		2.2 HIF-1α in Alzheimer’s disease: friend or foe?







		3 Oxidative stress and AD



		3.1 Mitochondrial dysfunction and oxidative stress



		3.2 Aβ and oxidative stress



		3.3 Inflammation and oxidative stress







		4 Antioxidants are potential treatments for AD



		5 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnagi-16-1402774-g002.jpg
-
p-tau tau

aggregation }

Shrinkage of
Cerebral Cortex

Enlarged
Ventricles

-

Shrinkage of
Hippocampus

Normal Brain Atrophied brain





OPS/images/fnagi-16-1402774-g001.jpg
]

CBP/P300
N&O3 I






OPS/images/fnagi-16-1402774-g004.jpg
Treatment

Oxidative stress

Mitochondrial

Metal depositior Inflammation
etal deposition i dysfunction
Antioxidants

AP accumulation ol

Treatment? ~ Potential diagnostic biomarker






OPS/images/cover.jpg
’ frontiers | Frontiers in Aging Neuroscience






OPS/images/fnagi-16-1402774-g003.jpg
le 20 +le I1H+1lee H,O IRV e

- 105 \ » O, \ » H,0, ‘—T *HO \ — H,0

Superoxides Peroxides Hydroxyl radical
l |
Reactive oxygen species (ROS)

ar a 21
Complex I Complex II Complex III Complex IV

( \ r e CytcOX ¢&—————_ : ™\

/: Q \“i> CN—\A Cytc red 6

g mitochondrial inner
membrane

I - g 2 0,+ 2H )

/N ‘

NADH + H* NAD* H,0












OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







