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Abstract: Ischemic stroke is a cerebrovascular disease caused by an interruption of blood flow to
the brain, thus determining a lack of oxygen and nutrient supply. The ischemic event leads to the
activation of several molecular signaling pathways involved in inflammation and the production
of reactive oxygen species, causing irreversible neuronal damage. Several studies have focused on
the acute phase of ischemic stroke. It is not clear if this traumatic event can influence some of the
molecular processes in the affected area even years after the clinical event. In our study, we performed
an in silico analysis using freely available raw data with the purpose of evaluating the transcriptomic
state of post-mortem brain tissue. The samples were taken from non-fatal ischemic stroke patients,
meaning that they suffered an ischemic stroke and lived for a period of about 2 years after the event.
These samples were compared with healthy controls. The aim was to evaluate possible recovery
processes useful to mitigating neuronal damage and the detrimental consequences of stroke. Our
results highlighted differentially expressed genes codifying for proteins along with long non-coding
genes with anti-inflammatory and anti-oxidant functions. This suggests that even after an amount of
time from the ischemic insult, different neuroprotective mechanisms are activated to ameliorate brain
conditions and repair post-stroke neuronal injury.

Keywords: ischemic stroke; post-stroke; in silico analysis; transcriptome; neuroprotection; neuroin-
flammation; oxidative stress; human brain

1. Introduction

Worldwide, stroke is one of the most dangerous cerebrovascular events, even causing
permanent disabilities and death [1,2].

Stroke is a multifactorial disease characterized by several risk factors such as age,
sex, ethnicity, and genetics [3]. Other major risks are hypertension, hypercholesterolemia,
carotid stenosis, and atrial fibrillation. In addition, cigarette smoking, alcohol, diabetes and
insulin resistance are factors predisposing to this condition [4].

Stroke is defined as ischemic when an interruption of blood flow to the brain tissue
occurs. Ischemic stroke determines deprivation of nutrients and oxygen supply to the
affected area. The event triggers a cascade of molecular responses that can cause metabolic
and molecular alteration, leading to irreversible neuronal impairment [2].

A common secondary mechanism as a consequence of ischemic stroke is neuroinflam-
mation [5].

The principle anti-inflammatory mechanism is exerted by microglial cells. Indeed,
after ischemic insult, microglia release cytokines, recruit immune cells and break protein
aggregates along with dead cells [6]. Nevertheless, at the same time, the release of pro-
inflammatory cytokines could determine cerebral tissue damage and neurodegeneration [7,8].

Following the interruption of blood flow, hypoxia leads to an increase in H+ concentra-
tion and mitochondrial dysfunction, promoting the production of reactive oxygen species
(ROS) and worsening the oxidative process. In the post-stroke brain, astrocytes and glial
cells are activated to protect the central nervous system from oxidative damage through
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antioxidant processes, such as Nrf2 activation (nuclear factor erythroid 2-related factor
2) [9]. The event promotes the transcription of anti-oxidant factors such as heme oxygenase
1 (HO-1), NADPH-quinone oxidoreductase (NOQ1), and glutathione biosynthesis [10].
Previous evidence demonstrates that oxidative stress contributes to neuronal damage af-
ter ischemia–reperfusion injury [11] and that inhibition of this process protects against
neurodegeneration [12].

Neuroprotection after ischemic stroke has been studied in the last few years and
some factors have been highlighted as neuroprotective: besides Nrf2 [13], other factors
such as brain-derived neurotrophic factor (BDNF), which is important for neurogenesis
and neuronal plasticity [14], and hypoxia-inducible factor-1α (HIF-1α), which mediates
neurogenesis and angiogenesis and activates autophagy by microglial cells [15].

One of the therapeutic strategies used to treat ischemic stroke is reperfusion which
consists of re-opening the obstructed vessels to promote the restoration of blood flow
and re-oxygenation of the brain. However, in some cases, reperfusion can paradoxically
exacerbate tissue injury and inflammation, worsening neuronal suffering and damage.
This event, defined as “ischemia–reperfusion injury”, could trigger different biological
responses such as both adaptative and immune responses or cell death [16,17]. Reperfusion
injury contributes to several pathological conditions, such as oxidative stress, inflammation,
metabolic disorders, and cytokines damage [18].

Unfortunately, most of the studies that have focused on ischemic stroke, until now,
took advantage of either in vitro or in vivo models. Animal experimental models employed
by the scientific community are useful to understand the basal mechanisms that underlie
cerebral ischemia and recovery. For instance, transcriptomic inspection was one of the
strategies used to investigate stroke conditions in the model. Several long non-coding
RNAs were observed to be deregulated, and their upregulation was linked to cell death, au-
tophagy, inflammation, angiogenesis, and infarction [19]. Additionally, recent studies have
implemented single-cell strategies to study the role of specific cell populations involved in
stroke through the study of the transcriptomic profile. The studies mainly highlighted the
role of microglia, astrocytes, and oligodendrocytes in inflammation and stress along with
neurons in cell differentiation and neurogenesis [20].

Nevertheless, not all aspects of human stroke can be explored in animals because of
the complex pathophysiology of the disease [21]. Moreover, animal models are useful to
study acute ischemic insult but not to evaluate the consequences of the stroke and recovery
mechanisms of the brain years after the event [22].

To our knowledge, due to the difficulty of studying stroke in human samples, very
few experiments are in the literature.

Specifically, we focused our attention on RNA-seq experiments that inspect the brain
tissue of human samples with a stroke event that occurred during their life. The Gene
Expression Omnibus (GEO) repository [23] of the National Center for Biotechnology Infor-
mation (NCBI) shows that only the work of Huttner H.B. et al. is associated with human
brain stroke for RNA-seq for this purpose. The authors of the work focused their attention
on the transcriptome of the cortical tissues of stroke patients in comparison to non-stroke
individuals to search for gene fusion events [24]. Nevertheless, they did not observe any
genomic alteration able to clarify the stroke condition.

Taking advantage of the same cohort made of stroke and healthy individuals, the aim
of our analysis was, instead, the change in the level of expression of the transcriptomic
profiles due to non-fatal stroke conditions in order to focus on the recovery of the brain
tissue. Specifically, the non-fatal ischemic event itself is not the declared cause of death of
these patients who lived for an average of 2.6 years after the event.

Thus, our in silico analysis was performed using raw data from the transcriptomic
analysis of post-mortem tissue samples of patients who suffered from a non-fatal ischemic
stroke during their life.
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2. Materials and Methods
2.1. Data Collection

Raw data were obtained from the GEO repository with the Sequence Read Archive
(SRA) project code PRJNA242801. The dataset is composed of 13 runs among which 6 are
associated with a healthy condition and 7 are associated with a cortical ischemic stroke
condition. The original paper of Huttner H.B. et al. specifies that the patients with a stroke
died because of other conditions a while after the stroke occurred. All tissues were retrieved
from the Departments of Neuropathology at the Universities of Debrecen and Lund in
accordance with the local ethics committee.

2.2. Cohort Description

After the principal component analysis (PCA), we reduced the cohort to 10 patients,
5 stroke patients and 5 non-stroke subjects matched for age and gender, as declared by
the authors. All of them suffered from a stroke located in the middle cerebral artery and
samples were retrieved surrounding that area. The mean age of the cohort is 76.40 with a
standard deviation of 6.35. As reported in Table 1, the mean age of death after stroke was
2.6 years with a standard deviation of 1.52. The causes of death were different from patient
to patient.

Table 1. Cohort description.

Patient
Age Gender Death after

Stroke Cause of Stroke Cause of Death of
Stroke PatientsStroke Non-Stroke Stroke Non-Stroke

#1 76 Matched F Matched 5 years Atrial fibrillation Ischemic heart
disease

#2 84 Matched M Matched 3 years Not available Congestive heart
failure

#3 80 Matched F Matched 2 years Cryptogenic Myocardial
infarction

#4 67 Matched F Matched 1 year Not available Sepsis
#5 75 Matched M Matched 2 years Atrial fibrillation Respiratory failure

The age was computed as the “year of death”–“year of birth”. In the gender column, F stands for female while M
refers to male.

2.3. Bioinformatics Inspection

The raw data were checked for quality using the fastqc tool version 0.11.9 from the
Babraham Institute in Cambridge, UK. Trimmomatic 0.40-rc1 version (Usadel Lab, Aachen,
Germany) was used to eliminate adapters and low-quality bases [25]. The cleaned reads
were then aligned to the human reference genome (GRCh38) using the STAR RNA-seq
aligner 2.7.10a_alpha_220207 (New York, NY, USA) [26]. The htseq-count python package
version 0.13.5 (European Molecular Biology Laboratory (EMBL), Heidelberg, Germany)
was used to compute the expression levels of the transcripts [27]. Low-expressed transcripts
(<10 counts) were removed a priori to increase the power of the analysis. Differentially
expressed genes (DEGs) were identified using the DESeq2 library (version 1.36.0) [28] in R
version 4.2.0 (R Core Team), and false positive DEGs were removed using the Benjamini–
Hochberg procedure with a q-value of 0.05. The enrichment of the Biological Process terms
of the Gene Ontology was performed in R using the biomaRt package version 2.52.0.

3. Results
3.1. Cohort Selection

The focus of the first step of the analysis was the inspection and evaluation of the
distribution of the 13 samples. In detail, we checked the homogeneity of the raw data in
the groups of healthy and stroke. Thus, we realized the PCA that is plotted in Figure 1.
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Figure 1. PCA of samples retrieved in PRJNA242801 differentiated by the healthy (red) and stroke
(blue) groups. PC1 strongly splits the SRR1206045, SRR1206046, and SRR1206047 samples from the
remaining samples, highlighting a variance of 78%. Instead, the PC2 cluster split all of the samples
quite well even if SRR1206040 is a bit of a distance away but with a small variance of just 7%.

Among the healthy and stroke samples, the first component of PCA (PC1) highlights a
variance of 78% due to the high distance of the SRR1206045, SRR1206046, and SRR1206047
samples (Figure 1). The second component (PC2) has only 7% variance.

For this reason, we removed the aforementioned samples from the analysis to clear the
dataset. In Figure 2, we reported the new PCA obtained with the remaining runs, which
shows that the difference between the stroke and non-stroke samples is very low. Indeed,
PC1 has only 42% variance, so the two groups are comparable.

Thus, the final cohort of our study is composed of five elements for the healthy
group (SRR1206035, SRR1206036, SRR1206037, SRR1206038, and SRR1206039) and five
elements for the stroke group (SRR1206040, SRR1206041, SRR1206042, SRR1206043, and
SRR1206044).

3.2. Comparative Transcriptomic Analysis

In the final cohort, composed of five stroke patients and five non-stroke individuals,
we performed a comparative analysis between the stroke group against the non-stroke
group which highlighted the 23 DEGs. The heatmap in Figure 3, along with the expression
level identified for each sample, shows that 21 out of the 23 DEGs are upregulated, while
BHLHE22 and PCDHA6 are downregulated in stroke conditions. What is noteworthy is that
all of the DEGs, except for ENSG00000273507 and PCDHA6, have a very strong alteration
in fold change by at least two orders of magnitude.

Among all DEGs, ADM, ANXA1, BHLHE22, DNAH2, EFHB, F2RL2, GPRC5A, LRAT,
MAFF, MYO1G, NTRK1, OSGIN1, PCDHA6, PKD1L2, PSORS1C1, SAG, and SRPX2 are
protein-coding genes, ENSG00000259363 and ENSG00000273507 contain an open reading
frame, and LINC00870, LINC01206, LINC01287 and LINC02073 are long intergenic non-
coding transcripts. The mean normalized expression level for each group is reported in
Table 2 along with its significance level.
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Figure 3. The expression level of each of the 23 DEGs identified in the comparative analysis between
the healthy and stroke groups for each sample in the blue palette. The expression level of the counts
was scaled from 0 to 1 and then normalized in a log scale of the normalized expression level count.
Transcripts not expressed in a sample are painted in gray. From left to right the blue palettes represent
samples SRR1206035, SRR1206036, SRR1206037, SRR1206038, SRR1206039, SRR1206040, SRR1206041,
SRR1206042, SRR1206043, and SRR1206044. The comparative analysis shows upregulated DEGs in
the red palette and downregulated DEGs in the green palette.
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Table 2. DEGs identified in the comparative analysis between the healthy and stroke groups.

Gene Healthy Stroke Fold Change q-Value

ADM 20.77 349.11 4.11 4.19 × 10−2

ANXA1 45.43 221.86 2.2 4.46 × 10−2

BHLHE22 230.81 22.16 −3.41 2.10 × 10−7

DNAH2 40.6 172.2 2.14 4.46 × 10−2

EFHB 4.15 29.85 2.54 4.46 × 10−2

ENSG00000259363 3.69 32.32 2.8 4.19 × 10−2

ENSG00000273507 37.03 113.41 1.7 4.87 × 10−2

F2RL2 0.71 19.72 4.28 4.46 × 10−2

GPRC5A 1.04 29.22 4.36 4.87 × 10−2

LINC00870 2.24 24.69 3.12 4.87 × 10−2

LINC01206 1.02 35.84 4.69 4.87 × 10−2

LINC01287 0.25 22.85 5.54 4.87 × 10−2

LINC02073 6.43 38.1 2.28 4.87 × 10−2

LRAT 10.04 49.6 2.84 4.46 × 10−2

MAFF 20.89 168.54 3.06 4.87 × 10−2

MYO1G 4.34 53.96 3.32 4.46 × 10−2

NTRK1 0.85 27.31 4.45 4.46 × 10−2

OSGIN1 14.34 50.03 2.05 4.19 × 10−2

PCDHA6 95.99 32.11 −1.66 4.46 × 10−2

PKD1L2 24.64 114.37 2.21 4.46 × 10−2

PSORS1C1 2.79 27.34 2.97 4.46 × 10−2

SAG 1.13 25.75 4.03 4.87 × 10−2

SRPX2 5.2 53.61 3.07 4.87 × 10−2

All the values are rounded to the second decimal digit.

The enrichment analysis computed against the Gene Ontology dictionary identi-
fied eight identified ontologies among which “G protein-coupled receptor internaliza-
tion” (GO:0002031), “desensitization of G protein-coupled receptor signaling pathway”
(GO:0002029), “negative adaptation of signaling pathway” (GO:0022401), “adaptation of sig-
naling pathway” (GO:0023058), “positive regulation of cell migration involved in sprouting
angiogenesis” (GO:0090050), “detection of external stimulus” (GO:0009581), and “detection
of abiotic stimulus” (GO:0009582) are biological process terms while “phagocytic cup”
(GO:0001891) is a cellular component term. In detail, ADM and SAG enrich GO:0002031,
GO:0002029, GO:0022401 and GO:0023058, ANXA1 and SRPX2 enrich GO:0090050, and
NTRK1, PKD1L2 and SAG enrich GO:0009581 and GO:0009582, while ANXA1 and MYO1G
enrich GO:0001891. Interestingly, no one KEGG pathway was enriched.

4. Discussion

Ischemic stroke is a pathological condition caused by the transitory interruption
of blood supply to the brain leading to irreversible neuronal damage. Nowadays, the
scientific literature shows interest in understanding the cause of brain injuries along with
the length of recovery after the traumatic event [29]. In this line, the aim of this work was
to understand the possible role of the proteins and factors involved in processes that can be
considered beneficial for post-ischemic brain recovery and that endure for a long-time after
the event.

For this purpose, we chose from the online database SRA the project code PRJNA242801.
This project collects the transcriptomic profile of brain tissue of patients with an ischemic
stroke event during their lives or non-stroke individuals obtained by the RNA-seq strategy.
To our knowledge, no other raw data of brain samples have been deposited in this databank
both from stroke and non-stroke individuals.

As shown in Table 1, the cohort of stroke samples has a mean age of 76.40. No patient
died because of an acute stroke but all of them survived at least one year after the ischemic
event. Also, all of them died from other causes that differ from patient to patient. The
non-stroke cohort matches the stroke cohort both for gender and age. Nevertheless, the



Brain Sci. 2023, 13, 986 7 of 15

PCA in Figure 1 shows that not all the samples could be used in the analysis. Indeed, the
SRR1206045, SRR1206046, and SRR1206047 samples were quite distant from the others
probably due to biological variance. After removing them, the PCA in Figure 2 highlights
the high level of comparability among the two cohorts and among the samples of each
cohort itself.

What is noteworthy is that Huttner H.B. et al. [24], the authors of the original manuscript,
used RNA-seq to focus their attention on the analysis of different fusion genes. Herein,
we took advantage of the transcriptomic data to perform a comparative analysis between
stroke and non-stroke individuals.

The final result of our comparative analysis was very interesting, whereby it high-
lighted that, in the whole transcriptome, only 23 DEG results differed significantly between
the non-stroke and stroke brain samples (Figure 3). Specifically, the Table 2 shows that
ADM, ANXA1, DNAH2, EFHB, ENSG00000259363, ENSG00000273507, F2RL2, GPRC5A,
LINC00870, LINC01206, LINC01287, LINC02073, LRAT, MAFF, MYO1G, NTRK1, OSGIN1,
PKD1L2, PSORS1C1, SAG, and SRPX2 are upregulated and only BHLHE22 and PCDHA6
are downregulated.

The examined data showed strong up-regulation of ADM, encoding for adrenomedullin.
Adrenomedullin is a neuroprotective peptide, secreted widely in the central nervous system
after cerebral ischemia as a response to hypoxia [30,31]. Adrenomedullin has a vasodila-
tory effect; it is able to regulate blood–brain barrier (BBB) functionality [32] and protect
the brain against ischemia–reperfusion injury by stimulating glial cell survival and mi-
gration [33]. Moreover, adrenomedullin is able to promote angiogenesis in the ischemic
brain increasing nitric oxide (NO) synthesis and stimulating vascular regeneration in the
infarct area [33,34]. The high expression of ADM in the samples analyzed led us to hy-
pothesize that adrenomedullin was secreted in the brain of the affected subjects and is still
secreted years after the ischemic stroke. The upregulation of ADM in the results suggests
its neuroprotective role and its capacity to promote vascular recovery even years after the
ischemic event.

Another gene that resulted in being upregulated is the NTRK1 gene that codifies for
the tropomyosin receptor kinase A (TrkA) receptor. This latter gene is the high-affinity
receptor for the nerve growth factor (NGF), involved in neural development. TrkA, in-
teracting with its ligand NGF, dimerizes and auto-phosphorylates its tyrosine residues,
activating the downstream pathway that can lead to proliferation and differentiation [35].
Evidence shows that TrkA engagement promotes the viability and migration of cells in
an experimental model of ischemic stroke [36]. Furthermore, another ligand of the TrkA
receptor is neurotrophin-3, which has been studied to attenuate immune inflammatory
response after stroke and limit cell death [37]. Previous evidence has shown TrkA activation
is important in promoting neuronal survival and growth, in particular in the context of
oxidative stress processes. In fact, downstream signaling of TrkA attenuates oxidative
damage [38]. The antioxidant effect of TrkA is also exerted through direct involvement in
the synthesis pathway of glutathione (GSH), an essential cellular antioxidant molecule [39].
Considering that the production of ROS is one of the processes present in ischemic stroke,
the strong upregulation of NTRK1 in our data suggests that TrkA could have a neuropro-
tective role against oxidative-species-induced damage even after an average of 2.5 years
from the ischemic event.

Herein, we observed the upregulation of the MAFF and OSGIN1 genes, both codifying
for proteins related to the Nrf2 transcription factor. The small musculoaponeurotic fibrosar-
coma oncogene homolog F (MafF), codified by the MAFF gene, belongs to a family of basic
leucine zipper transcription factors implicated in different neurological disorders [40,41].
MAFF is induced by hypoxia, and it is strongly responsive to oxidative stress. Its role is
exerted by forming a heterodimer with the Nrf2 transcription factor, which is one of the
most important regulators of antioxidant response, and then binding to the antioxidant
response elements (AREs) on the DNA [42].
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OSGIN1 (also called OKL38) codifies oxidative-stress-induced growth inhibitor 1
(OSGIN1). Despite little being known about OSGIN1’s mechanism of action, it has been
demonstrated that OSGIN1 is regulated by Nrf2 in response to oxidative stress stimuli in
human astrocytes [43], and it has been proven that OSGIN1 mediates astrocytes’ protection
against hydrogen peroxide (H2O2)-induced injury [44].

The proteins codified by the genes described above are involved in the response to
oxidative stress which is one of factors the responsible for the detrimental consequences of
ischemic stroke. In fact, reperfusion treatment often leads to free radical production, protein
oxidation, and DNA damage [11]. In addition, oxidative processes induce the release of
damage-associated molecular patterns (DAMPs), triggering the inflammatory response and
worsening the severity of damage [45]. Furthermore, oxidative stress’ negative effects are
also associated with vascular dysfunction and blood–brain barrier alteration, promoting
disease progression [11]. For this reason, we hypothesize that our data could reflect anti-
oxidative mechanisms in the post-stroke brain for a long period after the ischemic event.

Our transcriptomic analysis showed upregulation of genes related to the retinoic
acid pathway. GPRC5A, encoding for G Protein-coupled receptor (GPCR) class C group 5
member A (GPRC5A), also called RAIG1 (retinoic-acid-induced gene 1 protein) or RAI3
(Retinoic acid-induced protein). It is a member of the GPCR superfamily localized to the
plasmatic membrane. GPRC5A is induced by all-trans-retinoic acid (atRA) [46]. There is
evidence that GPRC5A is also induced in vivo during hypoxia, probably regulating the
signaling that leads to the activation of hypoxia-adaptive genes [47]. In fact, its increase
seems to be correlated with the expression of hypoxia-inducible factor (HIF) and the
expression of GPRC5A protects cells from apoptosis in hypoxic conditions [48]. The s-
arrestin gene, SAG, was found to be upregulated in our data. S-arrestin is mainly expressed
and important in retinal photoreceptors and it is documented to play a crucial role in the
regulation of GPCR signaling [49]. Even if there is no evidence of its specific interaction
with GPRC5A, its strong upregulation could be related to this GPCR receptor.

LRAT codifies lecithin retinol acyltransferase (LRAT), an enzyme catalyzing the for-
mation of retinyl esters by transferring an acyl group from the phosphatidylcholine (PC)
into retinol (vitamin A) [50]. The neuroprotective effect of atRA has already been docu-
mented [51]. In fact, atRA is able to reduce neuroinflammation inhibiting the translocation
of NF-κB and its consequent induction of inflammatory cytokine release [52]. Moreover,
inflammation is reduced by retinoic acid through the induction of M2 anti-inflammatory
macrophages and through reducing the production of tumor necrosis Factor-alpha (TNFα),
interleukin 1β (IL-1β), and nitric oxide (NO) by microglia [53].

In addition, atRA is protective against ischemic stroke because it is able to recruit N2
anti-inflammatory neutrophils to the injured site after ischemic stroke [54]. Its neuropro-
tective role is also exerted through the modulation of the Bcl-2 protein and reduction of
neuronal apoptosis [55]. For these reasons, the upregulation of the intermediate involved
in the pathway of retinoic acids in samples of the non-acute stroke phase suggests that the
neuroprotection exerted by atRA signaling and its related factors could still be present even
years after the ischemic event.

Our results also showed upregulation of ANXA1, the gene encoding for annexin-A1.
Protein Annexin-A1 binds phospholipids in a calcium-dependent manner. It interacts
with the formyl peptide receptors (FPR), a G-coupled receptor, and through this, it exerts
different functions related to proliferation, apoptosis, and differentiation [56]. Moreover,
Annexin-A1 has immunomodulatory activity, recruiting neutrophils and monocytes [57].
It has already been demonstrated that Annexin-A1 has anti-inflammatory and protective
action after ischemic stroke and it is also able to inhibit both acute and chronic inflammation,
promoting M2 microglial polarization [58]. M2 microglial cells are the anti-inflammatory
and neuroprotective phenotype [59], thus providing a neuroprotective effect after the
ischemic injury [60].

Furthermore, the ischemic stroke immune response results in neutrophil and platelet
recruitment, thus determining the production of pro-inflammatory and pro-thrombotic
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mediators and contributing to cerebrovascular injury [61]. It has already been documented
that annexin-A1 is able to reduce platelet aggregation and their pro-thrombotic effect. More-
over, annexin-A1 promotes neutrophil recruitment and the phagocytosis of platelets [62],
mitigating subsequent thromboinflammatory conditions [63].

Ansari et al. studied the protective role of annexin-A1 after ischemia–reperfusion
injury. Annexin-A1 is able to reduce reperfusion-associated complications diminishing leu-
cocyte adhesion and neutrophil recruitment and inhibiting the release of pro-inflammatory
cytokines [64]. The upregulated expression of ANXA1 emerging from our data suggests
that this protein could have a protective role after ischemic stroke, reducing neuroinflam-
mation and related brain damage even after an average of 2.6 years from the ischemic
event. Furthermore, it seems that annexin-A1 could also mediate the anti-inflammatory
action of retinoic acid; in fact, retinoic acid is able to enhance the expression of annexin-A1
and its receptor FPR2/ALX (N-formyl peptide receptor 2) [65], as mentioned before, in an
important neuroprotective molecule.

The upregulation of ANXA1 suggests that the anti-inflammatory, immunomodulatory,
and anti-thrombotic activity of annexin-A1 could still be present, probably with the function
to promote neuroprotection and mitigate brain damage, even when the patient is not in the
acute phase anymore.

BHLHE22, downregulated in the stroke cohort, codifies for a protein belonging to
the family of basic helix-loop-helix (bHLH) containing transcription factors. Bhlhe22
expression has been documented as almost limited to post-mitotic neurons and not in
proliferating progenitors [66]. Its downregulation could probably be due to its role in a
more mature stage and not in the initial phase of neural development or a mechanism
related to neurological regeneration.

Non-coding genes LINC00870, LINC01206, LINC01287, and LINC02073 are mainly
more highly expressed in stroke patients, so they are upregulated. These are related to four
long intergenic non-coding RNA (linc-RNA). LincRNAs are a class of long non-coding RNA
(lncRNA), autonomously transcribed non-coding RNAs longer than 200 nucleotides and
they are defined as “intergenic” because they lay between two protein-coding genes [67].
They have different functions such as: chromatin remodeling, RNA stabilization, being
a scaffold for proteins, being molecular decoys, and transcriptome regulation [68]. It has
already been documented that lincRNA are involved in ischemic stroke, in particular in the
regulation of cell survival, inflammation, and angiogenesis. In fact, lncRNA are associated
with the inhibition of inflammation and th esuppression of cell death [19]. Moreover,
lncRNA are able to promote the autophagy of damaged and misfolded proteins in neurons,
providing a neuroprotective effect [69].

In addition, their expression promotes angiogenesis which is fundamental to restoring
circulation to the damaged area of the brain, improving the recovery of nervous func-
tion [70]. The upregulation of this lncRNA-related gene leads us to hypothesize that years
after the ischemic events, lncRNA are still involved as neuroprotective factors, promoting
neuronal regenerative processes in the brain. In addition, our results also showed upregu-
lation of the genes ENSG00000259363 and ENSG00000273507. These genes are related to
long non-coding novel transcripts. Even if these are not yet well identified, their role could
be comparable to the aforementioned linc-RNA.

Another gene that resulted in being upregulated is SRPX2. This codifies the Sushi
repeat-containing protein X-linked 2 (SRPX2). The SRPX2 protein is expressed in the
human brain, promoting synaptogenesis in the cerebral cortex [71]; it binds to urokinase
the plasminogen activator receptor (uPAR) [72], regulating endothelial cells’ migration and
angiogenesis [71,73].

Its high expression in our analyzed samples could be attributed to angiogenetic and
pro-synaptogenesis processes in long-term neuronal recovery.

The observed strong upregulation of F2RL2, codifying for the protease-activated
receptors 3 (PAR-3). PAR-3 is a high-affinity thrombin receptor, expressed in the cerebral
cortex. Its role has been documented in post-ischemic injury, where it stimulate microglial
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cells to exert a neuroprotective role [74]. Its high expression suggest that this role is also
present in the post-acute phase.

What is noteworthy is that for some DEGs, in our results, there are a few references
about them but not their role in long-term recovery after ischemic stroke. We found
upregulation of DNAH2, coding for dynein axonemal heavy chain 2. The dynein protein is
the main component of the axoneme and its motility driving force [75]. Previous evidence
has documented the probable expression of DNAH2 in the human brain [76], in which its
functions are related to the active transport of signaling molecules along the axon [77]. We
suggest that its long-term upregulation in an ischemic stroke affected brain is useful to
contributing to the recovery of neuronal signaling.

The MYO1G gene codifies for the unconventional myosin-Ig, mainly described as
a functional component of the phagocytic cup, and other cellular functions such as cell
motility [78]. During an ischemic stroke, some of the microglia cells are activated and
express the anti-inflammatory M2 phenotype of the phagocytes’ damaged and apoptotic
cells [79]. MYO1G resulted in being upregulated in our analyzed samples and even if there
is no evidence about its function in the neuronal environment, we suppose that Myo1G
could be involved in phagocytosis occurring thanks to microglia recruitment after the
ischemic event [80].

EFHB encodes for EF-hand domain-containing family member B and acts as a reg-
ulator of the store-operated Ca2+ entry (SOCE) [81]. This latter part is a fundamental
mechanism for the control of cytoplasmic Ca2+ calcium signaling in the cell, also described
as a regulator of neuronal activity [82]. Herein, EFHB resulted in being upregulated, so
we can hypothesize that it could have a role in regulating correct neuronal activity during
post-stroke recovery.

Our results also showed PCDHA6 downregulation. This gene codifies for the protoca-
dherin-α6 that seems to be involved in the creation of connections among brain cells with a
pivot role. This protein has never been associated with stroke, but the cadherin family is
located near to the membrane of synapsis and regulates the neural circuits [83]. We found
PCDHA6 downregulated, and we address this result to a diminution of creation of new
synaptic interactions, a process that is probably present immediately after the event but not
about two years later.

In addition, our in silico analysis showed up-regulation of PKD1L2, codifying for
the polycystic kidney disease protein 1-like 2, and PSORS1C1, codifying for psoriasis
susceptibility 1 candidate 1. These genes showed no correlation with nervous tissue and
ischemic stroke.

A final consideration takes into account the cause of the ischemic stroke event of
the patients. Indeed, the cause differs among the patients and their impact on our results.
Specifically, the available information of our cohort points toward the attention of cardioem-
bolic stroke. Indeed, for two of them, the stroke was caused by atrial fibrillation while
for one of them, it was cryptogenic. Specifically, atrial fibrillation and cryptogenic strokes
represent subtypes of cardioembolic stroke that are the consequence of emboli that occur in
the heart and go through the brain from blood vessels [84]. As summarized in Figure 4, an
ischemic stroke can modulate not only the genes involved in neuroinflammation and stress
but also those involved in neuroprotection and brain reorganization. Nevertheless, strokes
originating after other subtypes of cardioembolic or atherothrombotic strokes could have
also activated other biological mechanisms.

In conclusion, our in silico analysis has highlighted that, after a period of about two
years from the acute ischemic event, the genes involved in the neuroprotective role remain
expressed.
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Figure 4. Classification of the DEGs involved in stroke. In the figure, we highlighted how the DEGs
found in stroke can be included in the main categories “Neuroprotection”, “Brain reorganization”,
“Inflammation and stress”, and “Long non coding”. Red DEGs are more expressed after stroke while
green DEGs are less expressed after stroke.

5. Limitations

Along with the innovative findings of our study, we believe it noteworthy to point out
some considerations. Indeed, as already mentioned, stroke is a multifactorial disease. For
this reason, several pathological mechanisms can occur simultaneously, making the inter-
pretation of the final outcomes more difficult. Although the comparative transcriptomic
analysis was conducted, optimizing each step in order to make the analysis as reliable
as possible based on the size of our cohort, having more samples may lead to interesting
conclusions. This is also due to the variability of the causes of the stroke in our cohort.
This consideration may lead us to consider the previous risk factors as peculiar to the
individual along with their original ethnicity. We indeed cannot assume that the ethnicity
is the same for all individuals of the cohort even if the brain samples are related to the same
Swedish ethics committee. Additionally, the absence of neurological tests does not show as
to whether the health status of the patients after the event is exactly the same. Finally, the
lack of information for potential treatments taking place in the months or years after the
stroke event and before the time of death may influence the level of the expression of the
genes in the RNA-seq analysis.

6. Conclusions

The results obtained in this work highlight the presence of 23 DEGs in the brains
of post-ischemic-stroke patients (who lived an average of 2.6 years) compared to healthy
subjects. These coding and non-coding genes are involved in the modulation of anti-
inflammatory and anti-oxidant processes.

We found this result interesting since neuroprotective genes appear to be expressed
even years after the acute phase of ischemic stroke. Based on these findings, further studies
should be conducted.
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