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Abstract 

Background  Oxytosis/ferroptosis is a form of non-apoptotic regulated cell death characterized by specific changes 
in the redox balance that lead to lethal lipid peroxidation. It has been hypothesized recently that aging predisposes 
the brain to the activation of oxytosis/ferroptosis in Alzheimer’s disease (AD), and consequently that inhibition of oxy-
tosis/ferroptosis offers a path to develop a new class of therapeutics for the disease. The goal of the present study 
was to investigate the occurrence of oxytosis/ferroptosis in the AD brain by examining transcriptomic signatures 
of oxytosis/ferroptosis in cellular and animal models of AD as well as in human AD brain samples.

Results  Since oxytosis/ferroptosis has been poorly defined at the RNA level, the publicly available datasets are lim-
ited. To address this limitation, we developed TrioSig, a gene signature generated from transcriptomic data of human 
microglia, astrocytes, and neurons treated with inducers of oxytosis/ferroptosis. It is shown that the different signa-
tures of oxytosis/ferroptosis are enriched to varying extents in the brains of AD mice and human AD patients. The 
TrioSig signature was the most frequently found enriched, and bioinformatic analysis of its composition identified 
genes involved in the integrated stress response (ISR). It was confirmed in nerve cell culture that oxytosis/ferroptosis 
induces the ISR via phosphorylation of eukaryotic translation initiation factor 2 alpha (eIF2α) and activating transcrip-
tion factor 4 (ATF4) signaling.

Conclusions  Our data support the involvement of oxytosis/ferroptosis in AD. The implications of the ISR for the pro-
gression and prevention of AD are discussed.

Keywords  Oxytosis/ferroptosis, Alzheimer’s disease, Transcriptomics, Integrated stress response (ISR), Activating 
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Background
Oxytosis is a form of non-apoptotic regulated cell death 
characterized by glutathione (GSH) depletion and dys-
regulated production of free radicals from mitochondria 
that results in lethal lipid peroxidation [1–4]. This path-
way was later named ferroptosis when it was redescribed 
as an iron-dependent, non-apoptotic form of cell death 
[5], but because the key mechanistic steps are similar, the 
name oxytosis/ferroptosis has been proposed [3, 4]. Oxy-
tosis/ferroptosis can be triggered by inhibiting cystine 
uptake via system xc-, which subsequently depletes intra-
cellular GSH, leading to inhibition of the GSH-depend-
ent enzyme GSH peroxidase 4 (GPX4), activation of 
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lipoxygenases (LOXs). and impaired mitochondrial bio-
energetics [1–4, 6]. Reactive oxygen species (ROS) and 
lipid peroxides are generated, which potentiate intracel-
lular calcium (Ca2+) influx through store-operated Ca2+ 
channels, leading to cell death [4, 7].

Importantly, most of these events are observed in the 
central nervous system (CNS) with aging and are exac-
erbated in Alzheimer’s disease (AD) [4, 8–12]. The levels 
of GSH in the human brain and blood decrease with age 
and are further reduced in AD [13–23]. The loss of GSH 
is associated with impairments in cognitive function, 
microglial activation, and endothelial dysfunction [2, 16].

In addition, postmortem brain samples from subjects 
with mild cognitive impairment (MCI) already show 
increased levels of lipid peroxidation, and by-products 
of lipid peroxidation in plasma, urine, and cerebrospinal 
fluid (CSF) are elevated throughout the progression of 
the disease [8, 24–27], with several LOXs implicated in 
AD [28–31].

A decline in cerebral energy metabolism, similar to 
what happens during oxytosis/ferroptosis [4, 32], is 
observed with aging and is one of the earliest events in 
AD [33–36]. Moreover, aging is associated with imbal-
ances in iron metabolism and disruption in metal home-
ostasis is an important feature in AD [8, 37–39]. Selective 
accumulation of iron has been detected in neurofibrillary 
tangles [40] as well as specific brain regions [41] and is 
associated with hippocampal damage [42] and the rate of 
cognitive decline in AD patients [43].

Finally, it has been shown that intracellular accumula-
tion of amyloid beta (Aβ) can induce oxytosis/ferropto-
sis associated with the expression of pro-inflammatory 
mediators and metabolic alterations characterized by 
deficits in glucose metabolism and mitochondrial bio-
energetics [44], and that genetic ablation of GPX4 spe-
cifically in neurons causes neurodegeneration in mice 
associated with neuroinflammation [45, 46].

Given all of this evidence, we have hypothesized 
recently that activation of oxytosis/ferroptosis in the 
brain with aging contributes to AD [4], and consequently 
that inhibition of oxytosis/ferroptosis offers a path to 
develop a new class of therapeutics for the disease [47, 
48]. The goal of the present study was to investigate the 
occurrence of oxytosis/ferroptosis in the AD brain by 
examining transcriptomic signatures of oxytosis/fer-
roptosis in multiple cellular and animal models of AD as 
well as in human AD brain samples. Collectively, our data 
show that three different signatures of oxytosis/ferrop-
tosis are enriched to varying extents in the brains of AD 
mice and human AD patients, with this enrichment being 
observed in multiple cell types. Moreover, we found 
that the signature with the best enrichment—TrioSig—
is enriched in genes involved in the integrated stress 

response (ISR). We confirmed that exposure of nerve 
cells in culture to inducers of oxytosis/ferroptosis triggers 
the ISR via phosphorylation of eukaryotic translation ini-
tiation factor 2 alpha (eIF2α) and activating transcription 
factor 4 (ATF4) signaling. The implications of ISR activa-
tion for oxytosis/ferroptosis and AD are discussed.

Results
Briefly, the following experimental approach was carried 
out. Since oxytosis/ferroptosis has been poorly defined 
at the RNA level, the publicly available datasets are lim-
ited. Therefore, we started our study by developing a 
gene signature generated from transcriptomic data of 
human brain cells treated with inducers of oxytosis/fer-
roptosis. We first validated this signature and the others 
publicly available in cell culture systems where oxytosis/
ferroptosis is activated. We then tested the signatures in 
multiple animal models of AD and in human AD brain 
samples, examining transcriptomic data from different 
brain regions as well as specific brain cell types. Finally, 
we analyzed bioinformatically the various signatures and 
mechanistically studied key underlying molecular path-
ways in cell culture.

Selection of gene signatures of oxytosis/ferroptosis
To determine whether genes associated with oxytosis/
ferroptosis are enriched in biological samples, specific 
gene sets are required. In this study, we tested three dif-
ferent gene sets relevant to oxytosis/ferroptosis: the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) Fer-
roptosis pathway, the Ferroptosis Database (FerrDb) [49, 
50], and a set that we defined based on transcriptomic 
data from human iPSC-derived brain cells grown in a tri-
culture system (neurons, astrocytes, and microglia) and 
exposed to inducers of oxytosis/ferroptosis [51].

The KEGG gene set includes 41 and 40 genes associ-
ated with ferroptosis in humans and mice, respectively 
(Supplementary Table 1). These are the genes commonly 
tested by most of the enrichment analysis software that 
use publicly available databases. The FerrDb was recently 
introduced [49], with an updated version [50], as a manu-
ally curated database that includes 539 regulators and 
markers of ferroptosis (Supplementary Table  1). Since 
neither the KEGG nor FerrDb signatures were assem-
bled from direct transcriptomics of cells undergoing 
oxytosis/ferroptosis, we developed a new gene signature 
of oxytosis/ferroptosis by using RNAseq data obtained 
by the Hammond lab from human iPSC-derived micro-
glia, astrocytes, and neurons grown in tri-culture and 
exposed to RSL3 (an inhibitor of GPX4) as well as iron 
to induce oxytosis/ferroptosis [51]. The differentially 
expressed (DE) genes in each of these cell types were 
overlapped to identify changes that were shared. We 
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undertook this approach because our ultimate goal was 
to analyze published RNAseq data from brain regions 
of AD patients, which contain heterogeneous cell type 
populations. Having a signature of genes associated with 
oxytosis/ferroptosis in different cell types would thus 
increase the chances of detecting a signal when analyz-
ing whole brain tissues. The initial overlap identified 545 
DE genes between untreated tri-cultures and tri-cultures 
treated with RSL3/iron (Supplementary Table 2). To nar-
row down this number and potentially increase the sen-
sitivity of the signature, we overlapped the DE genes by 
direction of expression. This approach identified 109 
shared DE genes that were upregulated and 200 that were 
downregulated with oxytosis/ferroptosis induction in tri-
culture of microglia, astrocytes, and neurons. A total of 
309 DE genes (290 homologue mouse genes) were used 
as the new signature—TrioSig (Supplementary Table  1). 
Overlap of the FerrDb, TrioSig, and Ferroptosis signa-
tures showed that they are quite distinct in composition 
(Fig. 1A).

We also investigated the enrichment of other forms of 
cell death that are listed in the KEGG database, specifi-
cally apoptosis and necroptosis (Supplementary Table 1). 
In addition, we included autophagy because it can be a 
mechanism of cell death and because there are reports 
indicating an interaction between autophagy and oxyto-
sis/ferroptosis [52]. These gene sets shared a low number 
of genes with the FerrDb, TrioSig, and Ferroptosis gene 
sets, with the Ferroptosis gene set having the highest rel-
ative overlap and the TrioSig gene set having the lowest 
relative overlap (Supplementary Fig. 1).

We next aimed to understand how these signatures 
were related to the transcriptomic identity of key brain 
cell types (astrocytes, endothelial cells, microglia, neu-
rons, and oligodendrocytes). We used three measures 
of human and mouse brain cell type-relative expres-
sion (top 1000 genes), including specificity, enrichment, 
and absolute expression [53]. For absolute expression, 
the cell type-specific genes are selected based on their 
relative expression in a particular cell type irrespective 
of that in other cell types. In cell type enrichment, the 

genes are selected by measuring the expression of each 
gene relative to the expression of that gene in all other 
cell types. With this measure, a gene could have rela-
tively high expression in two cell types and be relatively 
enriched in each of them compared to all other cell types. 
For specificity, the genes are defined by the expression of 
each gene relative to the highest expression of that gene 
in all other cell types. This requires that the expression 
of the gene is only high in one cell type [53]. Analysis 
of the FerrDb, TrioSig, and Ferroptosis signatures using 
absolute expression showed that the signatures were sig-
nificantly enriched across cell types in both the human 
and mouse datasets (Fig.  1B). Enrichment of apoptosis 
and necroptosis was consistently observed almost exclu-
sively in microglia. When analyzing the signatures using 
the enrichment measure, only the TrioSig was consistent 
between human and mouse and observed in microglia. 
This was confirmed with the specificity measure. These 
data indicate that the FerrDb, TrioSig, and Ferroptosis 
signatures are enriched in genes with high expression 
across all cell types under physiological conditions, and 
that this expression is highest in microglia.

Validation of gene signatures in cell culture models 
of oxytosis/ferroptosis
To determine whether the Ferroptosis, FerrDb, and 
TrioSig signatures could be used to identify the induc-
tion of oxytosis/ferroptosis, we first tested their enrich-
ment with transcriptomic data from cell culture models 
where oxytosis/ferroptosis was experimentally activated. 
These models included not only the original human 
iPSC-derived microglia, astrocytes, and neurons used 
to generate the TrioSig signature but also HT22 mouse 
hippocampal nerve cells exposed to glutamate [2] and 
MC65 human neuroblastoma cells induced to aggre-
gate Aβ intracellularly, which causes oxytosis/ferrop-
tosis [44] (Supplementary Tables 2 and 3). We analyzed 
all DE genes together as well as separated by direction of 
expression for each of the cell models.

As expected, the iPSC-derived microglia, astrocytes, 
and neurons were enriched for the TrioSig gene set 

(See figure on next page.)
Fig. 1  Selection of gene signatures of oxytosis/ferroptosis and validation in cell culture models of oxytosis/ferroptosis. A Overlap of the FerrDb, 
TrioSig, and Ferroptosis signatures. B Enrichment of the FerrDb, TrioSig, Ferroptosis, Apoptosis, Necroptosis, and Autophagy signatures in three 
transcriptomic measures of human and mouse brain cell type-relative expression, including absolute expression (the cell type-specific genes are 
selected based on their relative expression in a particular cell type irrespective of that in other cell types), enrichment (the genes are selected 
by measuring the expression of each gene relative to the expression of that gene in all other cell types), and specificity (the genes are defined 
by the expression of each gene relative to the highest expression of that gene in all other cell types). C Enrichment of the FerrDb, TrioSig, 
and Ferroptosis signatures in transcriptomic data (DE genes between control and toxicity) from cell culture models where oxytosis/ferroptosis 
was activated: the original human microglia, astrocytes, and neurons used to generate the TrioSig signature, HT22 mouse hippocampal nerve 
cells exposed to glutamate, and MC65 human neuroblastoma cells induced to aggregate Aβ intracellularly. Enrichment of Apoptosis, Necroptosis, 
and Autophagy was also assessed. All DE genes together as well as separated by direction of expression (Down and Up) were analyzed
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Fig. 1  (See legend on previous page.)
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(Fig.  1C). Interestingly, microglia, which were the cell 
type most responsive to the induction of oxytosis/fer-
roptosis in the original study [51], were also enriched 
for the FerrDb and Ferroptosis gene sets. Moreover, all 
three cell types were enriched for the FerrDb, TrioSig, 
and Ferroptosis gene sets only in the upregulated DE 
gene subset, while only in microglia the TrioSig signa-
ture was enriched in the downregulated genes. Similar to 
microglia, the transcriptomes of HT22 cells and MC65 
cells undergoing oxytosis/ferroptosis were significantly 
enriched for the FerrDb, TrioSig, and Ferroptosis gene 
sets, which were also predominantly detected in the 
upregulated gene subset. Regarding the other cell death 
processes, only apoptosis was consistently identified, and 
this cell death pathway was specifically associated with 
the upregulated genes (Fig. 1C).

Taken together, these data indicate that all three RNA 
signatures can be used to detect changes associated with 
oxytosis/ferroptosis in diverse cell culture models, and 
that these transcriptomic changes appear to be associ-
ated predominantly with upregulated gene expression.

Transcriptomic enrichment of oxytosis/ferroptosis 
in mouse models and human AD
We next evaluated the oxytosis/ferroptosis gene signa-
tures in brain tissues from multiple mouse models of AD 
at different ages using the DE genes between diseased 
mice and age-matched wildtype mice. These included the 
hAβ-KI (MODEL-AD consortium [54]), APP/PS1 [55], 
3xTg-AD (MODEL-AD consortium [54] and [56]), and 
5xFAD mouse models (MODEL-AD consortium [54]). 
Except for the hippocampi of 22-month-old hAβ-KI 
females and brains of 8-month-old APP/PS1 males, 
which were primarily enriched for the TrioSig gene set, 
no significant enrichment was detected in the rest of 
the hAβ-KI, APP/PS1, and 3xTg-AD data sets that were 
analyzed (Fig.  2A). On the other hand, the transcrip-
tomic changes in the cortices and hippocampi of both 
male and female 5xFAD mice were highly enriched for 
the FerrDb, TrioSig, and Ferroptosis signatures. This was 
verified in data from two different studies (UCI and JAX), 
appeared to be age dependent, and, similar to the cell 
culture results, was particularly noticeable in the upreg-
ulated DE gene subset. An enrichment in the Apoptosis 
and Necroptosis pathways was also observed in the same 
samples.

Importantly, when analyzing RNAseq data from three 
major studies with human AD patients (Mayo, ROSMAP, 
and MSBB) that were harmonized to allow the com-
parison of DE genes between AD patients and healthy 
age-matched controls in seven different brain regions 
(Synapse: syn2580853), the FerrDb and TrioSig signatures 
were significantly enriched in the temporal cortex (TCX), 

inferior frontal gyrus (IFG), parahippocampal gyrus 
(PHG), and superior temporal gyrus (STG) (Fig. 2B). Just 
as with the AD mice data, this enrichment was predomi-
nant in the upregulated genes and was observed together 
with enrichment in the Apoptosis pathway. Similar 
observations were made with the male and female data 
separately. Interestingly, with the exception of the TCX, 
no enrichment was detected for the Ferroptosis KEGG 
pathway in any of the human samples. Analysis of the 
hippocampal AD transcriptome from another study [57] 
produced similar results, with the FerrDb, TrioSig, and 
Apoptosis gene sets enriched in AD patients relative to 
normal controls and predominantly associated with the 
upregulated gene subset. No consistent enrichment in 
all genes was found in the cerebellum (CBE), a region 
thought to be less affected in AD, or in the dorsolateral 
prefrontal cortex (DLPFC), anterior cingulate cortex 
(ACC), posterior cingulate cortex (PCC), and frontal pole 
(FP). However, the TrioSig gene set was enriched in the 
upregulated genes in the DLPFC and PCC. These find-
ings could reflect pathological alterations taking place in 
some of these regions that are less related to oxytosis/fer-
roptosis as well as the time course of disease progression 
through the brain.

A nominated list of genes that may be good targets 
for new AD treatments or prevention has been identi-
fied using computational analyses of high-dimensional 
genomic, proteomic, and/or metabolomic data derived 
from human samples [58]. Interestingly, analysis of these 
genes also identified a significant enrichment in the 
FerrDb, TrioSig, and Apoptosis gene sets (Fig. 2C).

Overall, these data show that there is an enrichment in 
oxytosis/ferroptosis gene signatures in some AD mouse 
models as well as human AD patients, and that this 
enrichment is mainly associated with DE genes showing 
increased expression, similar to what was found with the 
cell culture data analysis (Fig. 1C).

Single‑cell enrichment analysis
The next question was whether the association of tran-
scriptomic signatures of oxytosis/ferroptosis observed 
in brains of AD mice and AD human patients could 
be explained by transcriptomic changes in specific 
cell types. Recently, single-nucleus RNA sequencing 
(snRNA-seq) has enabled large-scale characterization 
of transcriptomic profiles of individual cells from brain 
tissues. We first addressed this question with snRNA-
seq data from the cortex of 7-month-old 5xFAD and 
Wt control mice [59]. We found that the TrioSig gene 
set was significantly enriched in all cell types where 
DE genes were detected, including oligodendrocytes, 
microglia, and neurons, and was mostly associated with 



Page 6 of 16Currais et al. BMC Biology          (2025) 23:132 

the upregulated genes (Fig.  3A). The FerrDb gene set 
was also enriched in neurons.

We next analyzed snRNA-seq data from the prefron-
tal cortex (PFC) of human patients with pathologic and 
cognitive diagnosis of AD versus age-matched healthy 
controls from the ROSMAP study, published by Mathys 
et  al. [60]. Figure  3B shows an enrichment of the Tri-
oSig gene set across most of the different cell types ana-
lyzed from the PFC that generated DE genes, including 
astrocytes, excitatory and inhibitory neurons, micro-
glia, and OPCs. This enrichment was predominantly 
seen in the upregulated gene pool. AD in this study was 
defined based on the modified NIA-Reagan diagnosis 
of AD which reflects a combination of Braak score and 

CERAD AD (amyloid plaques and neurofibrillary tan-
gles of microtubule associated protein tau).

In another study, single-cell transcriptomic pro-
files were obtained from the superior frontal gyrus 
(SFG) and caudal entorhinal cortex (EC), two brain 
regions where neurofibrillary inclusions and neuronal 
loss occur late and early in AD, respectively [61]. This 
analysis was done on postmortem brains from indi-
viduals spanning the progression of AD based on tau 
neurofibrillary pathology (Braak stages). Analysis of DE 
genes between healthy controls and AD patients with 
early stages of tau pathology (Braak 0 vs 2) showed an 
enrichment of the TrioSig gene set across the differ-
ent cell types in the SFG and EC in both the down- and 

Fig. 2  Transcriptomic enrichment of oxytosis/ferroptosis in mouse models and human AD. A Enrichment of the FerrDb, TrioSig, Ferroptosis, 
Apoptosis, Necroptosis, and Autophagy signatures in transcriptomic data (DE genes between control and disease) of several brain regions 
from hAβ-KI, APP/PS1, 3xTg-AD, and 5xFAD mouse models of AD. HP, hippocampus; RS CX, retrosplenial cortex; ICX, insular cortex; HB, hemibrain. B 
Enrichment of the FerrDb, TrioSig, Ferroptosis, Apoptosis, Necroptosis, and Autophagy signatures in transcriptomic data (DE genes between control 
and AD) of several brain regions from human AD patients. CBE, cerebellum; TCX, temporal cortex; DLPFC, dorsolateral prefrontal cortex; ACC, 
anterior cingulate cortex; PCC, posterior cingulate cortex; FP, frontal pole; IFG, inferior frontal gyrus; PHG, parahippocampal gyrus; STG, superior 
temporal gyrus; HP, hippocampus; DG, dentate gyrus; CA, cornu ammonis. All DE genes together as well as separated by direction of expression 
(Down and Up) were analyzed. C Enrichment of the FerrDb, TrioSig, Ferroptosis, Apoptosis, Necroptosis, and Autophagy signatures in a nominated 
list of genes that may be good targets for new AD treatments or prevention (Agora)
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upregulated gene pools (Fig.  3B). Interestingly, there 
was little enrichment for the FerrDb and Ferroptosis 
gene sets in the SFG but more so in the EC when com-
paring Braak 0 vs 2. Furthermore, at advanced stages of 
tau pathology (Braak 0 vs 6), both the SFG and EC were 
considerably more enriched in the TrioSig, FerrDb, and 
Ferroptosis signatures across cell types (Fig.  3B). The 
FerrDb gene set was associated more often with the 
upregulated gene pool. Enrichment for Autophagy fol-
lowed a similar trend as the TrioSig gene set, but no 
pattern was found with the Apoptosis gene set.

Given the observation that the TrioSig gene set was 
more often observed in the upregulated DE gene pool in 
cell culture (Fig.  1C), AD mouse models (Fig.  2A), and 
AD brain regions (Fig. 2B) but not in the individual cell 
types in the AD brain (Fig. 3B), we re-analyzed all of the 
data with the TrioSig signature separated into gene sets 
according to their downregulation and upregulation in 
the original tri-culture study [51] yielding TrioSig Down 
and TrioSig Up, respectively. We found that the Tri-
oSig Down gene set was consistently enriched in the DE 
downregulated gene pool across data sets from the cell 

Fig. 3  Single-cell enrichment analysis. A Enrichment of the FerrDb, TrioSig, Ferroptosis, Apoptosis, Necroptosis, and Autophagy signatures 
in single-cell transcriptomic data (DE genes between control and disease) of 5xFAD male mice. CX, cortex. All DE genes together as well 
as separated by direction of expression (Down and Up) were analyzed. B Enrichment of the FerrDb, TrioSig, Ferroptosis, Apoptosis, Necroptosis, 
and Autophagy signatures in single-cell transcriptomic data (DE genes between control and AD) of several brain regions from human AD patients. 
PFC, prefrontal cortex; SFG, superior frontal gyrus; EC, caudal entorhinal cortex. All DE genes together as well as separated by direction of expression 
(Down and Up) were analyzed
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culture studies, mouse models, AD brain regions, and 
even single-cell types from AD PFC, SFG, and EC (Sup-
plementary Fig. 2). However, the data associated with the 
upregulated DE genes showed a mixed enrichment in 
both the TrioSig Down and TrioSig Up signatures.

Altogether, these data suggest that the enrichment of 
genes associated with the oxytosis/ferroptosis pathway 
in the brains of AD patients is taking place across dif-
ferent cell types in the brain, and that these changes can 
vary with the evolution of the disease. Genes associated 
with the TrioSig signature appear to be activated at ear-
lier stages of the disease, while the expression of genes 
associated with the FerrDb and Ferroptosis signatures is 
altered with more advanced pathology. This is consistent 
with what we found with the cell culture data (Fig.  1C) 
and the data from the 5xFAD mouse model (Fig.  2A), 
which is a more aggressive strain then the other AD 
mouse strains analyzed. In addition, there seems to be 
an association between the direction of gene expression 
with pathology and the TrioSig Down and TrioSig Up DE 
genes which we explored next.

Functional analysis of TrioSig
To understand the pathways underlying the TrioSig sig-
nature and the implications of those functions to oxyto-
sis/ferroptosis as well as the AD mouse and human AD 
brain data, we analyzed the TrioSig bioinformatically. For 
simplicity, the TrioSig associated with the human genes 
was used, which includes practically all of the respective 
mouse homologues. The gene ontology (GO) analysis on 

biological processes, cellular component, and molecu-
lar function consistently identified enriched GO terms 
related to responses to oxidative stress (red arrows) and 
ribosomal translation (green arrows) (Fig. 4A).

Pathway analysis with ingenuity pathway analysis (IPA) 
using the TrioSig gene set including both directions of 
expression (TrioSig Down + TrioSig Up) determined 
that the enrichment associated with responses to oxi-
dative stress (nuclear factor erythroid 2-related factor 2 
(NFE2L2 or NRF2) is a key transcription factor for mul-
tiple antioxidant proteins) was observed in the upregu-
lated gene pool of the TrioSig, while the changes related 
to ribosomal translation were observed in the down-
regulated TrioSig genes (Fig. 4B). Parallel analysis of the 
three signatures TrioSig, FerrDb, and Ferroptosis showed 
that while all of them were enriched for the antioxidant 
stress response, only the TrioSig showed enrichment for 
protein translation (Fig.  4C). Importantly, these obser-
vations with TrioSig are indicative of activation of the 
integrated stress response (ISR). The ISR is an adaptive 
pathway triggered to restore cellular homeostasis dur-
ing diverse stress stimuli. It involves the phosphorylation 
eIF2α, which leads to a decrease in 5′ Cap-dependent 
protein synthesis and concomitant translation of selected 
mRNAs that contain a short upstream open reading 
frame (uORF) in their 5′ untranslated region, namely 
activating transcription factor 4 (ATF4) [62], which is 
part of the TrioSig Up. ATF4 cannot only cooperate 
with but also increase the transcription of NRF2 [63] 
to control the expression of genes involved in cellular 

Fig. 4  Bioinformatic analysis of the TrioSig gene set. A Gene ontology (GO) analysis of biological processes, cellular component, and molecular 
function. Red arrows indicate GO terms related to responses to oxidative stress. Green arrows indicate GO terms related to ribosomal translation. B 
Pathway analysis with ingenuity pathway analysis (IPA) using the TrioSig gene set including both directions of expression (TrioSig Down + TrioSig 
Up). Bar scale is z-score. Circle scale is − log(P value). C IPA analysis of the TrioSig, FerrDb, and Ferroptosis signatures, ordered by the most significant 
pathways in TrioSig
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adaptation (Fig. 5A). IPA with upstream or downstream 
regulators of the translation/eIF2 signaling pathway iden-
tified repression of translation and activation of ATF4 
(Supplementary Fig.  3). IPA of the NRF2 pathway con-
firmed an upregulation in multiple targets of NRF2 in 
the TrioSig signature, including the essential genes for 
GSH metabolism glutamate-cysteine ligase catalytic 
subunit (GCLC), glutamate-cysteine ligase modifier 
subunit (GCLM), glutathione-disulfide reductase (GSR) 
and solute carrier family 7 member 11 (SLC7A11), and 
the antioxidant enzymes heme oxygenase 1 (HMOX1), 
peroxiredoxin-1 (PRDX1), sulfiredoxin 1 (SRX1), and 

thioredoxin reductase 1 (TXRND1) (Supplementary 
Fig.  4). Interestingly, both the eIF2 and NRF2 pathways 
predicted upregulation of nuclear protein 1 (NUPR1) as 
an upstream regulator. NUPR1 is a transcriptional regu-
lator of cellular stress, including oxidative stress that has 
been shown to repress oxytosis/ferroptosis [64].

To further explore these findings, we examined 
changes in the molecular signaling of these pathways in 
HT22 nerve cells exposed to three inducers of oxytosis/
ferroptosis: glutamate and erastin (inhibitors of cystine 
uptake via system Xc

−) and RSL3 (inhibitor of GPX4). 
Figure 5B shows that glutamate, erastin, and RSL3 induce 

Fig. 5  Mechanistic validation of the TrioSig gene set in cell culture. A Diagram of the ISR and NRF2 pathways. B Levels of peIF2α, total eIF2α, 
NRF2, ATF4, and actin after treatment of HT22 cells with 5 mM glutamate, 500 nM erastin, and 250 nM RSL3 at various timepoints were assessed 
by western blotting and quantified (n = 3–4/condition). C Levels of NRF2, ATF4, and actin after knockdown with control (Ct), Nrf2, or Atf4 siRNAs 
(n = 7/condition). D Survival of HT22 cells exposed to varying concentrations of glutamate, erastin, or RSL3 after knockdown with Ct, Nrf2, or Atf4 
siRNAs (n = 4/condition). E Levels of NRF2, ATF4, and actin in MC65 cells without (− Aβ) and with (+ Aβ) intracellular Aβ aggregation after 1 day (d1) 
and 2 days (d2), assessed by western blotting and quantified (n = 3/condition). F Levels of NRF2, ATF4, and actin after knockdown with control (Ct), 
Nrf2, or Atf4 siRNAs (n = 3/condition). G Survival of MC65 cells exposed to Aβ toxicity after knockdown with Ct, Nrf2, or Atf4 siRNAs 3 days later 
(n = 4–5/condition). Two-way repeated measures ANOVA and Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All 
data are mean ± SD
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robust eIF2α phosphorylation as well as the translocation 
of ATF4 into the nucleus, indicative of its activation as 
a transcriptional regulator. Although not as clear due to 
high variability, the levels of nuclear NRF2 also appear to 
increase with erastin and RSL3, but not glutamate. Sur-
prisingly, while knockdown of Atf4 enhanced the toxic-
ity by glutamate, erastin, and RSL3, knockdown of Nrf2 
slightly protected against these inducers of oxytosis/fer-
roptosis (Fig.  5C and D). Figure  5C shows the success-
ful knockdowns in combination with fisetin, a flavonoid 
compound that we previously showed to inhibit oxy-
tosis/ferroptosis while activating both NRF2 and ATF4 
[65]. Interestingly, we found that ATF4, but not NRF2, 
was important for fisetin’s ability to protect HT22 cells 
against glutamate toxicity [65]. Knockdown of either 
Nrf2 or Atf4 did not alter the expression of the other 
(Fig. 5C). Because NRF2 regulates protective antioxidant 
responses that have been reported to inhibit oxytosis/
ferroptosis in several cancer cell lines [66, 67], our find-
ings were unexpected. Heme oxygenase-1 (HO1) is a 
downstream effector of NRF2 that has been shown to 
potentiate oxytosis/ferroptosis [68, 69]. We confirmed 
that HO1 expression was elevated in HT22 cells treated 
with glutamate, erastin, or RSL3, and that knockdown of 
NRF2 prevented that increase (Supplementary Fig.  5A). 
Accordingly, inhibiting HO1 with its selective chemical 
inhibitor zinc protoporphyrin IX (ZnPPIX) or using spe-
cific siRNA protected cells against the three inducers of 
oxytosis/ferroptosis (Supplementary Fig. 5A–C).

We also studied MC65 cells, where intracellular aggre-
gation of Aβ causes oxytosis/ferroptosis [44] associated 
with transcriptomic enrichment of the TrioSig gene set 
(Fig. 1C). Similar to HT22 cells, we observed an increase 
in the expression of both NRF2 and ATF4 2 days after 
induction of Aβ (Fig. 5E). No changes were identified in 
eIF2α phosphorylation (not shown), perhaps due to the 
timing of the signaling. However, unlike in HT22 cells, 
while knockdown of Atf4 slightly protected against Aβ 
toxicity, knockdown of Nrf2 enhanced the cell death 
(Fig.  5G). Knockdown of Nrf2 or Atf4 reduced the 
expression of the other (Fig. 5F).

These data indicate that the TrioSig is characterized by 
ISR activation, which is observed during oxytosis/ferrop-
tosis in cell culture.

Discussion
Although some of the key molecular steps of oxytosis/
ferroptosis were identified a long time ago [2], only in 
the past decade has the relevance of this toxicity mecha-
nism to human diseases been brought to light. We have 
hypothesized recently that oxytosis/ferroptosis is a main 
contributor to the pathology in AD [4]. The present 
study supports this hypothesis by showing that different 

transcriptomic signatures of oxytosis/ferroptosis are 
enriched to varying extents in the brains of human AD 
patients (Figs. 2B and 3B).

Several studies have looked at transcriptomic changes 
in AD brain regions. A meta-analysis performed with 
data from the Mayo, ROSMAP, and MSBB studies found 
a significant overlap between gene expression in brains 
from AD transgenic mice and some AD-associated co-
expression modules from human brains [70]. Interest-
ingly, the most robust overlaps were detected among 
modules enriched for microglial and neuronal genes, 
which were also enriched in brains from aged mice as 
well as brains from other disease mouse models. This 
was associated with the expression of genes implicated in 
immune biology and inflammation. In fact, results from 
RNA sequencing of human postmortem brain tissues 
have pointed out consistently the relevance of microglial 
and neuroinflammatory processes for the pathology [71–
74] and are supported by other molecular findings dem-
onstrating the activation of inflammatory mechanisms 
in the AD brain [75, 76]. None of the transcriptomic 
studies identified enrichment of the oxytosis/ferroptosis 
pathway. This is likely because the gene signature for this 
pathway that is publicly available is the Ferroptosis path-
way in the KEGG database. The majority of our analyses 
with the AD human brain tissue data did not find this 
pathway enriched either. The fact that, unlike Ferroptosis, 
the FerrDb and TrioSig signatures were found enriched 
in specific tissues indicates that most studies could be 
missing a potential involvement of oxytosis/ferroptosis in 
AD, and potentially other diseases, because there simply 
have not been good gene sets available. In fact, this was 
one of the major reasons that led us to conduct our study. 
Oxytosis/ferroptosis has been poorly defined at the RNA 
level; therefore, the datasets are limited. Overlap of the 
FerrDb, TrioSig, and Ferroptosis signatures showed that 
they are quite distinct in composition. Importantly, while 
the FerrDb data set has been assembled through manual 
curation of the literature, the TrioSig genes were selected 
from a tri-culture brain cell model where oxytosis/ferrop-
tosis was induced. Therefore, the expression of the genes 
in TrioSig is directly mechanistically related to this cell 
death pathway, which may help explain some of our key 
observations.

The TrioSig and FerrDb signatures were found enriched 
in specific AD brain regions, namely in the TCX, IFG, 
PHG, STG, and HP, but not in the other regions. This 
could reflect pathological alterations taking place in these 
regions that are related to oxytosis/ferroptosis as well as 
the time course of disease progression through the brain. 
It is interesting to note that the IFG is physically associ-
ated with the STG, and that the PHG surrounds the HP, 
one of the first regions in the brain to be affected in AD.
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We saw that the TrioSig genes are highly expressed in 
several cell types (astrocytes, endothelial cells, micro-
glia, neurons, and oligodendrocytes) under physiologi-
cal conditions, but more so in microglia. Interestingly, 
the Hammond lab reported that microglia are particu-
larly susceptible to oxytosis/ferroptosis [51]. However, 
our enrichment analysis with transcriptomic data from 
single-cell types in AD brain regions detected both the 
FerrDb and TrioSig signatures enriched in all of the dif-
ferent cell types investigated. This observation does not 
invalidate the idea that cell types contribute unevenly to 
AD pathology. Furthermore, the occurrence of oxytosis/
ferroptosis-related stress in specific cell types could trig-
ger unique responses. One of the two snRNA studies 
reported changes in the DNA damage response in excita-
tory neurons and oligodendrocytes as well as alterations 
in specific neuronal subpopulations in the AD prefrontal 
cortex [60]. The other study identified selectively vulner-
able neurons in the AD entorhinal cortex associated with 
neurofibrillary inclusions during disease progression and 
discovered a subpopulation of reactive astrocytes [61]. 
Additional studies focused on single-cell transcriptom-
ics in the prefrontal cortex of AD patients found changes 
related to angiogenesis, immune activation, myelination, 
and proteostasis across cell types [77–79]. Clearly, there 
is heterogeneity between these findings. This could be 
explained by variations in technical procedures, bioinfor-
matic approaches, and number of nuclei sequenced.

Two recent studies have evaluated the enrichment of 
oxytotic/ferroptotic FerrDb genes in a small set of human 
AD whole brain transcriptomic data [80, 81]. Zhao et al. 
found the Ferroptosis and Apoptosis KEGG pathways 
enriched associated with genes upregulated in AD and 
identified several FerrDb genes as being DE [80]. Sun 
et al. overlapped DE genes in AD with the FerrDb gene 
set to identify hub genes that were also upregulated in 
AD and are involved in glutathione metabolism, cell 
cycle, cell differentiation, and immune activation [81]. 
These studies were not as thorough as ours and they did 
not include the TrioSig. Nonetheless, the relationship 
between oxytosis/ferroptosis and inflammation, which 
we did not explore because it was out of the scope of the 
current study, is of great interest and has been recently 
reviewed [82]. Activation of inflammatory signaling path-
ways, such as JAK-STAT, NF-κB, inflammasome, cGAS-
STING, and MAPK signaling pathways, can lead to 
oxytosis/ferroptosis.

While cultured cells die rapidly following the induc-
tion of oxytosis/ferroptosis, it is possible that with aging 
and in AD patients oxytosis/ferroptosis takes place over 
an extended time period thereby leading to a slow degen-
eration of basic neuronal functions prior to cell death 
[4]. Although still poorly understood, the occurrence of 

oxytosis/ferroptosis-related stress at a chronic level with 
aging may be key to its contribution to disease. As such, 
future studies should use a similar approach to the one 
described here to address the enrichment of the Ferrop-
tosis, FerrDb, and TrioSig signatures in various aging 
models.

Functional analysis of the TrioSig identified activation 
of the ISR in AD, which was confirmed in cell culture 
experiments. The ISR can be activated in response to a 
range of physiological changes and pathological condi-
tions [62]. Phosphorylation of eIF2α is central to the 
ISR and can take place by one of the four eIF2α kinases: 
general control nonderepressible protein 2 (GCN2), 
double-stranded RNA-dependent protein kinase (PKR), 
PKR-like ER kinase (PERK), and heme-regulated eIF2α 
kinase (HRI). Although we did not investigate which of 
these kinases was behind the effects of glutamate, eras-
tin, and RSL3 in HT22 cells, all of them can become acti-
vated due to oxidative stress in addition to responding to 
distinct environmental and physiological stresses [62]. 
ATF4 is the best characterized effector of the ISR and has 
a role in regulating metabolic and redox processes dur-
ing the ISR [62]. Clearly, the fact that activation of the 
ISR involves increased expression of transcription fac-
tors such as ATF4 explains why it was picked up by our 
analyses, which was focused on transcriptomics. The out-
come of ISR activation depends not only on the nature 
of the stress, its duration, and severity, but also on the 
extent of eIF2a phosphorylation, the translation of ATF4 
mRNA or other transcription factors, and the transla-
tion and expression of their downstream targets. While 
a short activation of ISR is adaptive, a prolonged one can 
trigger cell death [62]. This could explain our observa-
tions that the apoptosis KEGG pathway was significantly 
enriched along with FerrDb and TrioSig in some of the 
models, including HT22 cells, MC65 cells, 5xFAD mice, 
and human AD brain tissues. Interestingly, when ana-
lyzing the snRNA data from mice and human AD brain 
tissues, apoptosis was no longer observed. Although the 
interaction between the ISR and cell death/pro-survival 
pathways has been somewhat studied [62], the cross-
talk of these with oxytosis/ferroptosis requires further 
investigation.

Our observation that ISR activation may be part of a 
protective response in HT22 cells exposed to oxytosis/
ferroptosis is in accordance with published data show-
ing that fibroblasts expressing a nonphosphorylatable 
eIF2α have enhanced sensitivity to toxic insults such as 
glutamate and Aβ [83]. This correlated with impaired 
GSH synthesis and was demonstrated to require ATF4 
[83, 84]. Increased activity of peIF2α/ATF4 was also 
shown to contribute to resistance of PC12 cells against 
Aβ. In MC65 cells, where intracellular aggregation of Aβ 
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induces oxytosis/ferroptosis, we also saw enrichment of 
the TrioSig and increased expression of ATF4. Impor-
tantly, pIF2α and ATF4 levels were found to be corre-
lated and upregulated in human AD brains [83]. Evidence 
has demonstrated a significant role for ISR signaling as 
a hub involved in brain and behavioral impairments in 
AD [85], and it has been shown that the most prevalent 
genetic risk factor for AD, the ApoE4 allele, correlated 
with increased phosphorylation of eIF2α and increased 
mRNA expression of ATF4 [86]. In addition, the ISR also 
has a role in innate immunity to harness immune cells to 
produce inflammatory cytokines in response to microbial 
cues [87]. Interestingly, some inhibitors of oxytosis/fer-
roptosis seem to be protective by activating the ISR via 
peIF2α/ATF4 [83, 88]. Therefore, whether the ISR is an 
adaptive response against disease-related cellular stress 
or a cause of neurodegeneration still remains unclear. It 
likely depends on the context as well as the other players 
involved. It should be added that, as there are multiple 
ways of inducing the ISR, activation of the ISR in AD is 
not strictly indicative of activation of oxytosis/ferropto-
sis-related processes. The potential for these processes 
to operate in specific AD brain regions, as suggested by 
analysis of the TrioSig signature, requires further studies 
as more data from single-cell transcriptomics becomes 
available.

NRF2 is a key regulator of protective responses against 
oxidative stress that has been shown to inhibit oxytosis/
ferroptosis in various cancer cell lines [66, 67]. There-
fore, our observation that absence of NRF2 in HT22 cells 
increased the survival of HT22 cells exposed to oxytosis/
ferroptosis was unexpected. We showed that in HT22 
cells this was due to activation of HO1, a downstream 
effector of NRF2 that has also been shown to potentiate 
oxytosis/ferroptosis [68, 69]. On the other hand, remov-
ing NRF2 in MC65 cells enhanced Aβ toxicity, suggest-
ing a protective role for NRF2 in these cells. Also unlike 
in HT22 cells, removing ATF4 in MC65 cells prevented 
some of the cell death. These differences in modulating 
the ISR in HT22 cells and MC65 cells could be explained 
by the duration of the ongoing ISR (a few hours in HT22 
cells versus a few days in MC65 cells), which can have dif-
ferent outcomes as discussed above [62]. Clearly, further 
studies are required to understand the interplay between 
NRF2 and ATF4 during activation of the ISR in these 
models.

One potential caveat of the TrioSig is the fact that it 
was generated specifically from neurons, astrocytes, and 
microglia. Although the ISR has been observed ubiq-
uitously, the use of the TrioSig signature to study tran-
scriptomic data from other brain cell types or tissues 
other than the nervous system in future studies may be 
limited. As such, it would be important to compare the 

transcriptomic changes of varied cell types exposed to 
oxytosis/ferroptosis.

Conclusions
In conclusion, our data show an enrichment of transcrip-
tomic signatures of oxytosis/ferroptosis in the brains of 
human AD patients, supporting the involvement of oxy-
tosis/ferroptosis in the disease. These findings should be 
complemented with future studies with additional data 
from human brains as they become available as well as 
other types of omics data that also address the interaction 
of oxytosis/ferroptosis with aging. This is particularly rel-
evant as there are strong concerns over the translational 
application of cell culture and animal systems to human 
AD. Importantly, we identified activation of the ISR as a 
mechanism triggered by oxytosis/ferroptosis that has also 
been observed in human AD studies. Therefore, the ther-
apeutic potential of targeting the ISR to treat AD war-
rants further investigation.

Methods
Cell culture
HT22 mouse hippocampal nerve cells were cultured 
in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% fetal calf serum (FCS) (Hyclone, Logan, UT, 
USA) and incubated at 37°C in an atmosphere with 10% 
CO2.

Oxytosis/ferroptosis
5 × 103 HT22 cells were plated per well in 96 well plates. 
After 24 h of culture, the medium was exchanged with 
fresh medium, and 5 mM glutamate, 500 nM erastin, 
or 250 nM RSL3 were added, as previously described 
[89]. Twenty-four hours later, the cellular viability was 
measured by the 3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide (MTT) assay and confirmed 
microscopically.

Expression knock‑down
HT22 cells were seeded in 60-mm dishes at a density of 
5 × 105 cells/ml. Twenty-four hours after seeding, cells 
were transfected with siRNA against Atf4 (Santa Cruz, 
sc-351113, 17 pmol) or Nrf2 (Santa Cruz, sc-37049, 17 
pmol), using lipofectamine (RNAiMAX, ThermoFisher) 
as the transfection reagent and Opti-MEM (GibcoTM) 
as the transfection medium. Control siRNA (Qiagen, 
1027280) was used as a negative control. Cells were har-
vested 24 h after transfection and seeded into appropri-
ate dishes for further study.
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SDS‑PAGE and immunoblotting
For western blotting, 3 × 105 HT22 cells per 60-mm 
dish were grown for 24  h prior to the indicated treat-
ments. For nuclear extracts, cells were rinsed twice in 
ice-cold Tris-buffered saline (TBS), scraped into ice-
cold nuclear fractionation buffer (10  mM HEPES, pH 
7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM 
DTT, 1 mM Na3VO4, 1 × protease inhibitor cocktail, and 
1 × phosphatase inhibitor cocktail), and incubated on ice 
for 15 min. Then, NP40 at a final concentration of 0.6% 
was added, cells were vortexed, and the nuclei pelleted 
by centrifugation. Nuclear proteins were extracted by 
sonication of the nuclear pellet in nuclear fractionation 
buffer and the extracts were cleared by additional centrif-
ugation. Total protein extracts were prepared by rinsing 
the cells twice with ice-cold phosphate-buffered saline. 
The cells were scraped into lysis buffer (50 mM HEPES, 
pH 7.5, 50  mM NaCl, 50  mM NaF, 10  mM Na pyroph-
osphate, 5 mM EDTA, 1% Triton X-100, 1 mM Na3VO4, 
1 × protease inhibitor cocktail, 1 × phosphatase inhibitor 
cocktail) and incubated on ice for 30 min. Extracts were 
sonicated and cleared by centrifugation. The superna-
tants were stored at − 70°C until analysis. Protein con-
centrations were quantified by the bicinchoninic acid 
method (Pierce) and adjusted to equal concentrations. 
5 × western blot sample buffer (74  mM Tris–HCl, pH 
8.0, 6.25% SDS, 10% β-mercaptoethanol, 20% glycerol) 
was added to a final concentration of 2.5 × and samples 
were boiled for 5 min. Western blots were performed as 
previously described [90]. The primary antibodies used 
were β-actin HRP conjugate (1/20,000, Cell Signaling 
#5125), eIF2a (1/1000, Cell Signaling #2103), phospho-
eIF2a (1/1000, Cell Signaling #9721), ATF4 (1/500, Santa 
Cruz #sc-200), and NRF2 (1/1000, Santa Cruz #13,032). 
Horseradish peroxidase-conjugated secondary goat anti-
rabbit and goat anti-mouse (1:5000, Bio-Rad, 1,706,516, 
1,721,019) antibodies were used.

Whole transcriptome analysis
Data with HT22 cells were generated as following. The 
original sources for all other data used are cited in the 
text. RNA was isolated from HT22 nerve cells using 
the RNeasy Plus Universal mini kit (Qiagen). RNA-
Seq libraries were prepared using the Illumina TruSeq 
Stranded mRNA Sample Prep Kit according to the manu-
facturer’s instructions. Briefly, poly-A RNA was selected 
using poly dT-beads. mRNA was then fragmented and 
reverse transcribed. cDNA was end-repaired, adenylated, 
and ligated with Illumina adapters with indexes. Adapter-
ligated cDNA was then amplified. Libraries were pooled 
and sequenced single-end 50 base-pair (bp) on the Illu-
mina HiSeq 2500 platform.

RNA-Seq reads were mapped by STAR [v2.5.3a, ref: https://​
doi.​org/​10.​1093/​bioin​forma​tics/​bts635. pmid:23104886] to 
the mm10 reference genome with default parameters and 
flag “–outFilterIntronMotifs RemoveNoncanonical.” Homer 
[v4.9.1, ref: PMID: 20,513,432; http://​homer.​ucsd.​edu/​homer/] 
commands “makeTagDirectory” and “analyzeRepeats” 
were used to quantify gene expression by counting uniquely 
mapped reads across all exons of RefSeq genes. Differential 
expression analysis was performed using DESeq2 [v1.21.22, 
https://​genom​ebiol​ogy.​biome​dcent​ral.​com/​artic​les/​10.​1186/​
s13059-​014-​0550-8.]. Genes with log fold change (logFC) > 0.5 
and false discovery rate (FDR) < 0.05 were identified as signifi-
cantly changed.

Bioinformatics and statistics
Over-representation analysis (ORA) was performed 
using WebGestalt (https://​www.​webge​stalt.​org). To 
determine the enrichment of the TrioSig and FerrDb sig-
natures, a functional database including these two sig-
natures and all the KEGG pathways was used. Pathways 
with FDR < 0.05 were identified as significantly changed. 
In the text figures, only the significance for FerrDb, 
TrioSig, Ferroptosis, Apoptosis, Necroptosis, and 
Autophagy is shown. Gene ontology analysis was per-
formed using WebGestalt. For ingenuity pathway analysis 
(IPA), the TrioSig dataset genes with respective direction 
of expression were imported into IPA (Qiagen, Redwood 
City, CA, USA) and analyzed for a comprehensive look 
at enriched pathways. Where appropriate, experiments 
were performed at least three independent times. Graph-
Pad Prism 10 was used for statistical analysis and exact P 
values are indicated (for P < 0.050).
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Additional file 5: Fig. S5 The role of HO1 in oxytosis/ferroptosis in HT22 
cells. (A) Levels of HO1 and actin after treatment of HT22 cells with 5 mM 
and 7.5 mM glutamate, 250 nM erastin, and 500 nM and 750 nM RSL3 
assessed by western blotting and quantified after knockdown with control 
(Ct) or Nrf2 siRNAs (n = 3/condition). (B) Survival of HT22 cells exposed to 
7.5 mM glutamate, 500 nM erastin, or 250 nM RSL3 in the absence and 
presence of 10 µM ZnPPIX (n = 3/condition). (C) Survival of HT22 cells 
exposed to varying concentrations of glutamate, erastin, or RSL3 after 
knockdown with Ct or HO1 siRNAs (n = 3/condition). Two-way repeated 
measures ANOVA and Tukey’s multiple comparisons test, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. All data are mean ± SD

Additional file 6: Table S1 List of the mouse and human gene sets for 
the TrioSig, TrioSig Down, TrioSig Up, FerrDb, Ferroptosis, Apoptosis, 
Autophagy, and Necroptosis signatures

Additional file 7: Table S2 List of all genes DE between HT22 mouse hip-
pocampal nerve cells non-induced and induced to undergo oxytosis/
ferroptosis (with glutamate 5 mM). log2FC, logarithm to base 2 of fold 
change; p_val_adj, adjusted P value

Additional file 8: Table S3 List of all genes DE between MC65 human neu-
roblastoma cells non-induced and induced to aggregate Aβ intracellularly. 
log2FC, logarithm to base 2 of fold change; p_val_adj, adjusted P value
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