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Tumor suppressor gene p53 and its aggregate have been found to be involved in

many angiogenesis-related pathways. We explored the possible p53 aggregation

formation mechanisms commonly occur after ischemic stroke, such as hypoxia

and the presence of reactive oxygen species (ROS). The angiogenic pathways

involving p53 mainly occur in nucleus or cytoplasm, with one exception that

occurs in mitochondria. Considering the high mitochondrial density in brain and

endothelial cells, we proposed that the cyclophilin D (CypD)-dependent vascular

endothelial cell (VECs) necrosis pathway occurring in the mitochondria is one of

the major factors that affects angiogenesis. Hence, targeting p53 aggregation, a

key intermediate in the pathway, could be an alternative therapeutic target for

post-stroke management.
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1. Introduction

Stroke is one of the major health burdens across the world population, representing the
leading cause of death worldwide (Allen and Bayraktutan, 2008). Amongst the diversity of
strokes as clinically presented, the ischemic type accounts for 85% of all strokes (Orlowski
et al., 2011) and occupies around half of the total stroke mortality (Feigin et al., 2021).
Although the number of deaths from stroke is decreasing over recent years, permanent
impairment of physical abilities remains a main cause of disability [69% of all years lived
with disability (YLDs)] (Pacheco-Barrios et al., 2022), particularly affecting the professionally
active population (Guzik and Bushnell, 2017). Accordingly, post-stroke recovery aimed to
regain patient independence is a significant therapeutic concern, which is highly associated
with the cranial milieu during stroke development (subclinical atherosclerosis) and after the
ischemic/reperfusion (I/R) process (Qin et al., 2022).

Angiogenesis involving increased vascularization surrounding the infarct areas is
observed after stroke (Roll and Faissner, 2014). Such regeneration process, which only took
several days for the formation of fully functional new blood vessels (Reitmeir et al., 2012), can
stimulate other endogenous mechanisms, including neurogenesis and synaptogenesis, via
the restoration of oxygen and nutrients supply (Ergul et al., 2012). Therefore, therapeutically
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targeting the cerebral vasculature by the facilitation of angiogenesis
has been suggested as a promising strategy for stroke recovery
(Paro et al., 2022). Together with the fact that the effect of
thrombolysis (the only therapy for ischemic stroke) is limited by
a short therapeutic window after the infarct (Adams et al., 1996),
clinical procedures aimed to enhance the angiogenic responses
become especially important. Of note, the tumor suppressor
protein p53 is highly associated with the inhibition of angiogenesis
as illustrated in many different cancerous diseases (Teodoro et al.,
2007). Similar p53-induced inhibitory effects have also been found
in stroke mediated by the hypoxia-inducible factor 1α (HIF-1α) and
vascular endothelial growth factors (VEGFs) pathways (Pfaff et al.,
2018).

Accordingly, this review article particularly focused on the
aftermath of ischemic stroke resulting from thrombus formation
in the major cerebral blood vessels. The different angiogenesis
pathways which are crucial for reperfusion and recovery post
ischemic stroke were first reviewed. The potential role of p53
aggregate in the pathological progression of stroke was then
suggested and its possible therapeutic effects on improving post-
stroke outcomes were discussed (Table 1).

2. Pathogenesis of ischemic stroke

Ischemic stroke is defined as an abrupt interruption of
cerebral blood flow predominantly caused by atherosclerotic
thrombosis, leading to persistent blockage of oxygen and
essential nutrients delivery to the brain (Radak et al., 2017).
The initiation of cerebral oxygen deprivation can even begin
as early as the developmental stage of atherosclerosis when
the intimal becomes increasingly thickened as a result of
vascular plaques buildup (Nakagawa and Nakashima, 2018).
Therefore, the stroke-associated hypoxic environment is covering
the period since thrombus formation, then all the way to
plaque rupture, and eventually after the occurrence of ischemic
stroke (Ferdinand and Roffe, 2016). Direct consequence of
these pathological events is the depletion of energy stores in
cerebral cells, mainly neurons, leading to pan-necrosis of the
affected brain tissues within minutes when vital metabolites
supply becomes significantly low (Ferdinand and Roffe, 2016).
Two mechanisms are responsible for such cell death process: (1)
The intrinsic pathway which relies on elevated cytosolic level
of calcium ions and the downstream mitochondrial disruption;
(2) The extrinsic pathway which involves the binding of
death signaling ligands to corresponding receptors on the cell
surface (Broughton et al., 2009). The resulting stressed or
dying neuronal cells also creates an oxidative and inflammatory
milieu by the release of damage-associated molecular patterns
(DAMPs) (Iadecola et al., 2020). Of note, endothelial cells
constituting the vasculature draining the brain are one of the
active participants implicating the progress of stroke, many
detrimental molecular and cellular responses were associated
with the stroke-induced cerebral endothelial damage (Andjelkovic
et al., 2019), which suggests the importance of restoring proper
endothelial functioning in post-stroke recovery (Xiang et al.,
2018).

3. Targeting angiogenesis for
post-stroke therapy

Since hypoxia commonly occurs following stroke and
represents the major obstacle barricading post-stroke recovery,
targeting the enhancement of angiogenesis has become an
emerging therapeutic strategy (Paro et al., 2022). Although
angiogenesis is an adaptive mechanism developed in the brain after
stroke (Zhu et al., 2021), the formation of new blood vessels may
be insufficient to support long-term functional recovery involving
its capacity to regulate neurogenesis (Ma et al., 2021). As such,
to understand the molecular network underpinning angiogenesis
is of great importance for exploring the therapeutic potential of
angiogenesis enhancement for post-stroke therapy.

Owing to the critical role of VEGFs in angiogenesis (Shibuya,
2011), members of the VEGFs family have emerged as one of
the most widely examined therapeutic targets for post-stroke
recovery. For example, intracranial administration of VEGFs
improves motor coordination and increases vascular density of
an ischemic rat model created by cerebral artery occlusion (Sun
Y. et al., 2003). Also, knockout of the placental growth factor
(PlGF) gene is closely related to the delaying of hypoxia-induced
brain angiogenesis as demonstrated in a mouse model (Freitas-
Andrade et al., 2012). However, the tactics of stimulating blood
vessels regrowth by the elevation of VEGFs level could be harmful
without optimizing the applied dosage, since study showed that
the resumed blood supply to ischemic area is “stolen” from other
non-ischemic area, which could create further damages to the
originally unaffected area when VEGFs is overly dosed (Wang,
2004). Effort has been made to overcome such challenge for drug
delivery by using hydrogel for stroke treatment due to its site-
specificity and modifiable drug release rate (Wilson et al., 2020; Bai
et al., 2022; Lei et al., 2022). However, the efficacy of using hydrogel
as carrier may be limited by the level of other angiogenic factors,
such as angiopoietins and platelet-derived growth factor (PDGF),
which are also essential for VEGFs-mediated vascular remodeling,
resulting in unsatisfactory angiogenic effect even under optimized
amount of VEGF (Lindahl et al., 1999; Fagiani and Christofori,
2013). Although other strategies involving the subtle manipulations
of hypoxia-induced angiogenesis after stroke have been suggested
(Rascón-Ramírez et al., 2021), these approaches also run into the
problem of over-angiogenesis and the formation of dysfunctional
tissue architecture.

As inspired by the central idea of optimizing vascular growth
to prevent dysfunctional vasculature formation, it is tempted to
question if the promotion of post-stroke survival of VECs could
provide enough time to facilitate the angiogenesis spontaneously
induced after the occurrence of stroke and the later recovery
process thereof.

4. The regulatory role of p53 in
angiogenesis relating to stroke

Wild-type (WT) p53 is well known for its inhibitory effect on
the angiogenesis associated with tumorigenesis (Teodoro et al.,
2007), which can be mediated by several molecular mechanisms
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TABLE 1 Table summary of the mini-review.

Possible effects of WT p53 aggregates on angiogenesis

Pathways involving WT p53 Cellular model Subcellular
location

Responses upon p53
aggregate formation

Upregulation of BAI 1 HUVEC Cytoplasm Angiogenic

Inhibition of bFGF Tumor cells both in vitro and in mouse model Nucleus Angiogenic

Binds VEGF promotor Retinoblastoma cells Nucleus/cytoplasm Angiogenic

Binds HIF-1α HCT116/MEFs Nucleus/cytoplasm Angiogenic

Inhibition of VEGF (Rb-p21 dependent) HCT116/MEFs Nucleus Angiogenic

Direct inhibition of NF-κB NIH3T3 (mouse)/P19 (hamster) Nucleus Angiogenic

Upregulate Wnt-11 MCF10A (human) Extracellular Angiogenic

CypD catalyzed p53 aggregation* HEK293 Mitochondria Anti-angiogenic

*This is proposed to be the major pathway in stroke patients and outweighs other pathways listed above.

Determinants of WT p53 misfolding/Aggregation

Intrinsic factor Extrinsic factor

DBD instability Temperature

High p53 level pH

Mutations (rarely reported in stroke) Oxidative and inflammatory stress

Other protein aggregate observed in stroke brain

SUMO

RNABPs

PSF

NONO

(Figure 1A). For example, p53 downregulates endogenous VEGFs
expression by binding to its transcription factor Sp1 (Pal et al.,
2001) or inhibition of NF-κB (Ko et al., 2006). On the other hand,
the amount of the oxygen sensor HIF-1α, which is responsible
for the activation of VEGFs, can be reduced by p53-mediated
ubiquitination under hypoxic microenvironment (Ravi et al.,
2000). However, p53 and HIF-1α has also been demonstrated to
upregulate VEGF expression through synergistically binding to the
VEGF promoter in acute hypoxia (Farhang Ghahremani et al.,
2013). Under persistent deprivation of oxygen, opposing effect has
been observed: Downregulation of VEGF can be achieved indirectly
by p53 via the retinoblastoma (Rb) and p21-dependent pathway
(Farhang Ghahremani et al., 2013). Other pro-/anti-angiogenic
factors, including basic fibroblast growth factor (bFGF) and brain-
specific anti-angiogenic inhibitor 1 (BAI1) have also been reported
to supress angiogenesis in a p53-dependent manner (Ueba et al.,
1994; Nishimori et al., 1997; Sherif et al., 2001). Apart from
the above-mentioned pathways, those involving the oligomeric
aggregation of p53 protein are of great interest as the inhibition of
p53 aggregate may indirectly promote angiogenesis by preventing
VECs necrosis (Lebedev et al., 2016). Intriguingly, WT p53 protein
is significantly increased in the ischemic stroke brain (Luo et al.,
2009; Almeida et al., 2021), therefore, its anti-angiogenic capacity
as observed in neoplastic tissues may also happened in the brain
after ischemic stroke. Such notion is supported by the viability of
pifithrin-α, an inhibitor of p53, on promoting regenerative repair
and angiogenesis post ischemic stroke (Zhang et al., 2016).

5. The potent implication of p53
aggregate in angiogenic response

Earlier research works revealed that aggregation of proteins,
including ubiquitin and small ubiquitin-like modifier (SUMO), are
involved in neuronal injuries induced by ischemic stroke (Hayashi
et al., 1992; Hu et al., 2001; Zhang et al., 2006; Yang et al., 2008),
and since then the number of aggregating proteins identified to be
associated with ischemia/reperfusion kept increasing. According to
recent findings, the RNA-binding proteins (RNABPs) is thus far
the largest group of protein demonstrating aggregation tendency
found in the ischemic brain (Kahl et al., 2018). It is worth noting
that, many of these proteins such as ubiquitin, SUMO, and RNABPs
like PTB-associated splicing factor (PSF) and Non-POU Domain
Containing Octamer Binding (NONO) are genetically intact (Hu
et al., 2001; Yang et al., 2008; Kahl et al., 2018), suggesting
that brain microenvironment during the progression of stroke
favors the protein aggregation process. Indeed, protein aggregates
appeared to modulate the pathogenesis of cerebral ischemia,
therefore, their formation may represent a novel mechanism
driving cell dysfunction and death after stroke (Wu and Du,
2021).

The WT p53 protein has a high tendency to aggregate
naturally due to the constituting unstable DNA binding domain
(DBD) and an amyloidogenic sequence (Cino et al., 2016). In
fact, WT p53 aggregation can even occur under physiological
conditions (Julian et al., 2022). Together with the significantly
upregulated cerebral level of p53 after stroke, it is reasonable
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FIGURE 1

(A) Different p53-dependent angiogenesis pathways. Wild-type p53
(1) upregulates BAI1, (2) inhibits bFGF, (3) binds to VEGF promotor
synergistically with HIF-1α to upregulate VEGF, (4) binds to HIF-1α to
inhibit VEGF, (5) inhibit VEGF when both Rb and p21 are present, (6)
inhibits NF-κB, which promotes VEGF expression. It can also form
aggregation via mutation/physiological stresses in the nucleus, (7)
promoting wnt-11 which inhibit NF-κB, or (8) via CypD catalysis in
mitochondria; (B) CypD catalyzed mPTP opening pathway. (1)
Unfolded p53 enters the mitochondrial matrix. (2) p53 binds to and
activates CypD as an isomerase. (3) CypD isomerized p53 and
promote p53 amyloid formation. (4) p53 aggregate binds to
chaperones and frees up CypD for mPTP opening.

to postulate that p53 is also capable of forming aggregate in
the stroke brain. However, findings related to p53 have been
focusing on neurogenesis due to its important role in neuronal
cell death (Balaganapathy et al., 2018; Xu et al., 2023). Although
research studies relating p53 aggregates to angiogenesis or VECs
are yet limited, such phenomenon would most likely happen
when integrating associated findings in other cellular and animal
models. For example, the gain of function upon the formation
of amyloidal p53 upregulates Wnt-11, a protein that promotes
anti-inflammatory effect, in MCF10A human mammary epithelial

cell model (Sengupta et al., 2022). Increased expression of Wnt-
11 was also observed to inhibit the NF-κB pathway in cardiac
progenitor cells (Bisson et al., 2015), NIH3T3 cells, P19 embryonic
carcinoma cells (Maye et al., 2004) and Chinese hamster ovary
cells (Du and Geller, 2010), suggesting the possibility of controlling
VEGF expression hence angiogenesis by p53 aggregates (Figure 1A,
pathway 7).

A different model for p53-dependent angiogenesis regulation
was proposed by Lebedev et al. (2016) suggesting the role of
p53 and how the formation of its aggregation could lead to cell
necrosis. Partial unfolded p53 induced by various stresses is able
to translocate into the mitochondrial matrix, where it will activate
cyclophilin D (CypD) toward an isomerase by forming p53-CypD
complex. Activated CypD will then catalyze the cis/trans prolyl
isomerization of p53, leading to irreversible formation of p53
aggregation. The aggregated p53 can chelate to the molecular
chaperones in the mitochondria and frees up CypD. This allows the
isolated CypD to bind to the mitochondrial permeability transition
pore (mPTP), inducing the opening of the pore, eventually leading
to necrotic cell death. Research has shown the importance of CypD
and mPTP in regulating endothelial cells and hence angiogenesis
(Marcu et al., 2015). Given that many factors during and after
stroke would destabilize WT p53 and lead to the formation of
aggregation, we propose these pathways could play an important
role in managing post-stroke angiogenesis, thus the recovery from
acute stroke.

6. Determinants of p53 unfolding
after stroke for p53 aggregation

In general, protein aggregation begins with the unfolding or
misfolding of a particular protein from its native conformation,
which exposes the hydrophobic core for intramolecular
interactions with other unfolded monomers (Wang and Roberts,
2018). The correct folding of protein is usually disturbed by the
loss of genetic integrity, such as point mutation, which alters
the intramolecular forces that are responsible for maintaining
protein structures, leading to a number of human diseases. In the
case of p53, the R248Q mutation in the DBD is highly associated
with the increased rate of aggregate formation. The accumulation
of such aggregates was observed in different cancers such as
neuroblastoma, retinoblastoma, breast, and colorectal cancers
(Ano Bom et al., 2012).

In contrast, findings demonstrating the presence of stroke-
specific or aggregation-prone p53 mutations are still scarce, which
implies the involvement of WT p53 and their self-aggregation
during stroke progression. It is well-known that the DBD of
WT p53 is an unstable structure, which has a high tendency for
self-aggregation, especially when the backbone hydrogen bonds
are poorly stabilized and exposes the amyloidogenic sequence
(Cino et al., 2016). It is worth noting that the stroke-associated
cranial milieu is capable of accelerating the destabilization of p53.
These factors that could induce the accumulation, misfolding,
oligomerization or even toxic amyloidogenic aggregation of p53
in stroke, include the oxygen level, pH change, generation of free
radicals and immune status in the affected brain via a complex
network of molecular pathways (Figure 2).
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FIGURE 2

The p53 aggregation pathways under different stresses.

6.1. Hypoxia

Oxygen deprivation in the brain is commonly found
after stroke featuring the clinical presentation of irreversible
brain damages (Ferdinand and Roffe, 2016). Low oxygen
level also induces p53 accumulation (Koumenis et al.,
2001) and skews the cellular environment to favor the
unfolding of p53 via different pathways. For example, the
homeodomain-interacting protein kinase 2 (HIPK2) is the main
mediator for destabilizing the native p53 under hypoxia by
phosphorylating Ser46 in p53 (Puca et al., 2008). The HIPK2
level is in turn negatively controlled by the E3 ubiquitin
ligase F-Box Protein 3 (FBXO3) and Siah2 in an oxygen-
dependent manner. As demonstrated in cellular and animal
models subjected to hypoxic changes, expression of the two
ubiquitin ligases is upregulated and interacts with HIPK2
to promote the proteasomal degradation of the protein
(Calzado et al., 2009; Gao et al., 2022). Hence, HIPK2 level
is expected to be suppressed by increased rate of degradation
due to the large amount of FBXO3 and Siah2 post ischemic
stroke.

6.2. pH stress

The hypoxia environment of ischemic stroke also favors
anaerobic glycolysis, resulting in the build-up of lactic acid, which
can lower the pH to as low as 6.0 in the ischemic core (Tóth
et al., 2020). Additionally, the increase in partial pressure of CO2

(pCO2) is also shown to contribute to pH drop after ischemic stroke
(Hanwehr et al., 1986). Conformation of WT p53 has also been
shown to be strongly correlated with pH changes and acquires a
partially unfolded molten-globule (MG) state, a more aggregation-
prone structure when compared with the native state (Pedrote et al.,
2018), at pH 5.0 (Ano Bom et al., 2010). As demonstrated in the 1H-
15N HSQC performed at pH 5.0 and 7.2, the alteration of the p53
structure caused by pH change is not limited to one domain but the
entire protein (Tóth et al., 2020). It is worth noting that the drop
from physiologically normal pH to pH 5.0 is a dramatic change that
is unlikely to occur in stroke and p53 might not fully adopt the MG
state as such. However, finding from another experiment suggested
that p53 structure can be opened to expose the hydrophobic core
at pH 6.0, which may eventually lead to p53 aggregation in stroke
(Pedrote et al., 2018).
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6.3. Oxidative and inflammatory stress

Owing to the low neuronal antioxidant activity, the stroke
brain has a higher tendency than other organs to build-up ROS
and reactive nitrogen species (RNS). Free radicals could lead to
mutation or oxidation of p53, exposing the cysteine residues, which
can attack other cysteine residues on other p53 to form disulfide
bonds (Sun X. Z. et al., 2003), eventually forming dimers, oligomers,
or even larger aggregates of p53 (Hainaut and Milner, 1993). On
the other hand, unfolded p53 has been found to translocate into
the mitochondria and binds to CypD from its N-terminal domain,
forming an enzyme-substrate like CypD-p53 complex (Zhao et al.,
2022). Furthermore, the binding of p53 will activate CypD toward
an isomerase which will then cause prolyl isomerization of p53
and lead to aggregation (Vaseva et al., 2012; Lebedev et al.,
2016). Different aldehydes will also be formed when subject to
oxidative stresses and research had shown that the α, β-unsaturated
aldehydes such as malondialdehyde (MDA), 4-hydroxynonenal
(4HNE) and 4-hydroxyhexenal, all resulted from free radical attack
on fatty acids in the neuronal membrane, are only able to cause p53
aggregation when thioredoxin reductase (TrxR) is present (Cassidy
et al., 2006). However, TrxR function had been shown to reduce in
the ischemic brain of mouse model (Zhao et al., 2020), thus this
might not be the major pathway for aggregation when subject to
oxidative stress. In contrast, inflammation-induced oxidation can
oxidize cholesterol to form stronger, harder electrophile atheronals
which can cause p53 aggregation by interacting with lysine residues
on p53 (Nieva et al., 2011). Additionally, neuroinflammatory
cytokines such as the tumor necrosis factor α (TNF-α), interleukin
1β and 6 (IL-1β and IL-6) would cause DNA damages in stroke
patients, triggering the upregulation of WT p53 as a protective
mechanism (Fu et al., 2019; Ibrahim et al., 2020; Abuetabh et al.,
2022). The accumulated p53 will also subject to the oxidative
stresses, making them more aggregation-prone, hence increasing
the chance of forming amyloidal fibril.

6.4. Other possible mechanisms

Another factor to note is that ischemic stroke also disrupts
the protein quality control system (Thuringer and Garrido, 2019;
Wu and Du, 2021) by reducing the stabilization received from
the molecular chaperones, thereby increasing the risk of protein
aggregation in general (Douglas et al., 2009). Further, the abnormal
expression of non-coding RNAs has been hypothesized to be
associated with promotion of RNA-binding protein aggregation
after stroke (Wu and Du, 2021). Non-coding RNAs such as MEG3,
PSTAR and PANDA has been linked to the stability of WT p53
in other cellular models, suggesting their possible role in p53
aggregate formation after stroke (Kotake et al., 2016; Jain, 2020).

7. Inhibition of p53 aggregation as
potential therapeutic strategy

Since p53 has a high potential in forming aggregation in
the stroked brain, together with the fact that WT p53 is highly
involved in angiogenic process, it is reasonable to propose that p53

aggregates may be mechanistically involved in the regulation of
CypD-dependent necrotic pathway occurring in the mitochondria
of VECs. One thing worth noting is that the inhibition of
p53 aggregation would lead to further accumulation of WT
p53, which suppresses the expression of VEGF in the nucleus.
Therefore, inhibition of p53 aggregation would either be: (1)
Pro-angiogenic if the CypD/mitochondria pathway is dominant
since the suppression of p53 aggregation would prevent CypD
from moving freely in the mitochondrial matrix, leading to the
inhibition of mPTP opening and preventing the necrotic death
of VECs; or (2) anti-angiogenic when the VEGF/nucleus arm is
considered, as most p53-dependent angiogenesis pathways in the
nucleus that have discussed in this mini-review would result in
anti-angiogenic effect when subject to p53 aggregate inhibition.
Therefore, the determining factor for the overall effect of targeting
p53 aggregate is likely to be the subcellular location of p53
and its aggregates.

In the stroke brain, more unfolded p53 is likely to be
translocated into mitochondria rather than the nucleus as the
number of mitochondria observed in cerebral VECs is considerably
high (Lee et al., 2020). Hence, the protective effect on VECs upon
p53 aggregation inhibition via the CypD-dependent pathway is
expected to outweigh the other anti-angiogenic pathways in the
nucleus and ends up with a net pro-angiogenic effect. In addition,
large number of mitochondria in VECs constituting the blood brain
barrier (BBB) and neurons is also observed due to the high energy
demand of the brain, suggesting the potential neuroprotective and
regenerative effect on neurons (Han et al., 2016), as well as the
protective effect on BBB (Zhang et al., 2020) when adopting this
therapeutic strategy.

On top of the potential therapeutic effect, such strategy also
avoids the hurdle of other p53-based therapies by the direct
manipulation of p53 level. Hence, the inhibition of p53 aggregate
formation or to simulate the refolding of dissembled p53 may be
a better alternative to the current therapies. On the other hand,
researchers have identified CypD as an important therapeutic target
for managing mPTP opening (Waldmeier et al., 2003; Peterson
et al., 2022) and the inhibition of which has been shown to
rescue mitochondria in bone cells (Gan et al., 2018), damages
on the liver (Panel et al., 2019) or brain (Sun et al., 2017) after
ischemia/reperfusion injury. All these supports our hypothesis
that mitochondria-mediated VECs necrosis plays an important
role in I/R injury and inhibiting the pathway would improve
the outcome after stroke. However, the possible contribution
of CypD to other pathways (Porter and Beutner, 2018) may
cause unwanted side effects upon inhibition. Manipulation of
the CypD-dependent necrosis by targeting p53 aggregates could
avoid this problem, thus reducing the complexity during drug
development.

8. Outlook

In this review, we proposed a novel post-stroke recovery
strategy by suppressing VECs necrosis via the inhibition of p53
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aggregation. The advantage of such an approach is to avoid the
unwanted adverse effects induced by the direct promotion of
angiogenesis. Instead, the new strategy aims to protect VECs
from necrosis, extending their survival time to allow sufficient
angiogenesis for post-stroke recovery. The currently proposed
pathway may provide novel insight to support further investigation
on targeting p53 aggregation in post-stroke recovery by using
known p53 aggregation inhibitor such as small peptide ReACp53
(Soragni et al., 2016) or small natural compounds (resveratrol
and emodin) (Ferraz da Costa et al., 2018; Haque et al., 2018).
Also, the use of phage/iPhage (internalizing phage) display and
other structure-based drug discovery approaches can be effective
in identifying novel therapeutic peptides/drug compounds for
preventing p53 aggregation as the new treatment for stroke or
post-stroke management (Tosstorff et al., 2019; Zhang et al.,
2022).

Author contributions

INW and SWFM conceived the idea of the manuscript. INW,
SWFM, and HHT wrote the original draft for the manuscript. All
authors contributed to the manuscript revision and editing and
approved the submitted version.

Funding

This project was financially supported by the MUST Faculty
Research Grants (No. FRG-22-022-FMD) and the Macao Science
and Technology Development Fund (Nos. 0069/2021/AFJ
and 0037/2022/ITP).

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

Abuetabh, Y., Wu, H. H., Chai, C., Al Yousef, H., Persad, S., Sergi, C. M., et al. (2022).
DNA damage response revisited: The p53 family and its regulators provide endless
cancer therapy opportunities. Exp. Mol. Med. 54, 1658–1669. doi: 10.1038/s12276-
022-00863-4

Adams, H. P., Brott, T. G., Furlan, A. J., Gomez, C. R., Grotta, J., Helgason, C. M.,
et al. (1996). Guidelines for thrombolytic therapy for acute stroke: A supplement to
the guidelines for the management of patients with acute ischemic stroke. Circulation
94, 1167–1174. doi: 10.1161/01.CIR.94.5.1167

Allen, C. L., and Bayraktutan, U. (2008). Risk factors for ischaemic stroke. Int. J.
Stroke 3, 105–116. doi: 10.1111/j.1747-4949.2008.00187.x

Almeida, A., Sánchez-Morán, I., and Rodríguez, C. (2021). Mitochondrial–nuclear
p53 trafficking controls neuronal susceptibility in stroke. IUBMB Life 73, 582–591.
doi: 10.1002/iub.2453

Andjelkovic, A. V., Xiang, J., Stamatovic, S. M., Hua, Y., Xi, G., Wang, M. M., et al.
(2019). Endothelial targets in stroke. Arterioscler Thromb. Vasc. Biol. 39, 2240–2247.
doi: 10.1161/ATVBAHA.119.312816

Ano Bom, A. P. D., Freitas, M. S., Moreira, F. S., Ferraz, D., Sanches, D., Gomes,
A. M. O., et al. (2010). The p53 core domain is a molten globule at low pH. J. Biol.
Chem. 285, 2857–2866. doi: 10.1074/jbc.M109.075861

Ano Bom, A. P. D., Rangel, L. P., Costa, D. C. F., de Oliveira, G. A. P., Sanches, D.,
Braga, C. A., et al. (2012). Mutant p53 aggregates into prion-like amyloid oligomers
and fibrils. J. Biol. Chem. 287, 28152–28162. doi: 10.1074/jbc.M112.340638

Bai, Y., Han, B., Zhang, Y., Zhang, Y., Cai, Y., Shen, L., et al. (2022). Advancements
in hydrogel application for ischemic stroke therapy. Gels 8:777. doi: 10.3390/
gels8120777

Balaganapathy, P., Baik, S.-H., Mallilankaraman, K., Sobey, C. G., Jo, D.-G., and
Arumugam, T. V. (2018). Interplay between Notch and p53 promotes neuronal cell
death in ischemic stroke. J. Cereb. Blood Flow Metab. 38, 1781–1795. doi: 10.1177/
0271678X17715956

Bisson, J. A., Mills, B., Paul Helt, J.-C., Zwaka, T. P., and Cohen, E. D. (2015).
Wnt5a and Wnt11 inhibit the canonical Wnt pathway and promote cardiac progenitor
development via the Caspase-dependent degradation of AKT. Dev. Biol. 398, 80–96.
doi: 10.1016/j.ydbio.2014.11.015

Broughton, B. R. S., Reutens, D. C., and Sobey, C. G. (2009). Apoptotic mechanisms
after cerebral ischemia. Stroke 40, e331–e339. doi: 10.1161/STROKEAHA.108.53
1632

Calzado, M. A., De La Vega, L., Munoz, E., and Schmitz, M. L. (2009). From top to
bottom: The two faces of HIPK2 for regulation of the hypoxic response. Cell Cycle 8,
1659–1664. doi: 10.4161/cc.8.11.8597

Cassidy, P. B., Edes, K., Nelson, C. C., Parsawar, K., Fitzpatrick, F. A., and Moos, P. J.
(2006). Thioredoxin reductase is required for the inactivation of tumor suppressor p53
and for apoptosis induced by endogenous electrophiles. Carcinogenesis 27, 2538–2549.
doi: 10.1093/carcin/bgl111

Cino, E. A., Soares, I. N., Pedrote, M. M., de Oliveira, G. A. P., and Silva, J. L. (2016).
Aggregation tendencies in the p53 family are modulated by backbone hydrogen bonds.
Sci. Rep. 6:32535. doi: 10.1038/srep32535

Douglas, P. M., Summers, D. W., and Cyr, D. M. (2009). Molecular chaperones
antagonize proteotoxicity by differentially modulating protein aggregation pathways.
Prion 3, 51–58. doi: 10.4161/pri.3.2.8587

Du, Q., and Geller, D. A. (2010). Cross-regulation between Wnt and NF-κB
signaling pathways. For. Immunopathol. Dis. Therap. 1, 155–181. doi: 10.1615/
ForumImmunDisTher.v1.i3

Ergul, A., Alhusban, A., and Fagan, S. C. (2012). Angiogenesis. Stroke 43, 2270–2274.
doi: 10.1161/STROKEAHA.111.642710

Fagiani, E., and Christofori, G. (2013). Angiopoietins in angiogenesis. Cancer Lett.
328, 18–26. doi: 10.1016/j.canlet.2012.08.018

Farhang Ghahremani, M., Goossens, S., Nittner, D., Bisteau, X., Bartunkova, S.,
Zwolinska, A., et al. (2013). p53 promotes VEGF expression and angiogenesis in the
absence of an intact p21-Rb pathway. Cell Death Differ. 20, 888–897. doi: 10.1038/cdd.
2013.12

Feigin, V. L., Stark, B. A., Johnson, C. O., Roth, G. A., Bisignano, C.,
Abady, G. G., et al. (2021). Global, regional, and national burden of stroke
and its risk factors, 1990–2019: A systematic analysis for the Global Burden of
Disease Study 2019. Lancet Neurol. 20, 795–820. doi: 10.1016/S1474-4422(21)00
252-0

Ferdinand, P., and Roffe, C. (2016). Hypoxia after stroke: A review of experimental
and clinical evidence. Exp. Transl. Stroke Med. 8:9. doi: 10.1186/s13231-016-0
023-0

Ferraz da Costa, D. C., Campos, N. P. C., Santos, R. A., Guedes-da-Silva, F. H.,
Martins-Dinis, M. M. D. C., Zanphorlin, L., et al. (2018). Resveratrol prevents p53
aggregation in vitro and in breast cancer cells. Oncotarget 9, 29112–29122. doi: 10.
18632/oncotarget.25631

Frontiers in Cellular Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fncel.2023.1193362
https://doi.org/10.1038/s12276-022-00863-4
https://doi.org/10.1038/s12276-022-00863-4
https://doi.org/10.1161/01.CIR.94.5.1167
https://doi.org/10.1111/j.1747-4949.2008.00187.x
https://doi.org/10.1002/iub.2453
https://doi.org/10.1161/ATVBAHA.119.312816
https://doi.org/10.1074/jbc.M109.075861
https://doi.org/10.1074/jbc.M112.340638
https://doi.org/10.3390/gels8120777
https://doi.org/10.3390/gels8120777
https://doi.org/10.1177/0271678X17715956
https://doi.org/10.1177/0271678X17715956
https://doi.org/10.1016/j.ydbio.2014.11.015
https://doi.org/10.1161/STROKEAHA.108.531632
https://doi.org/10.1161/STROKEAHA.108.531632
https://doi.org/10.4161/cc.8.11.8597
https://doi.org/10.1093/carcin/bgl111
https://doi.org/10.1038/srep32535
https://doi.org/10.4161/pri.3.2.8587
https://doi.org/10.1615/ForumImmunDisTher.v1.i3
https://doi.org/10.1615/ForumImmunDisTher.v1.i3
https://doi.org/10.1161/STROKEAHA.111.642710
https://doi.org/10.1016/j.canlet.2012.08.018
https://doi.org/10.1038/cdd.2013.12
https://doi.org/10.1038/cdd.2013.12
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1186/s13231-016-0023-0
https://doi.org/10.1186/s13231-016-0023-0
https://doi.org/10.18632/oncotarget.25631
https://doi.org/10.18632/oncotarget.25631
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1193362 July 12, 2023 Time: 14:26 # 8

Tam et al. 10.3389/fncel.2023.1193362

Freitas-Andrade, M., Carmeliet, P., Charlebois, C., Stanimirovic, D. B., and Moreno,
M. J. (2012). PIGF knockout delays brain vessel growth and maturation upon systemic
hypoxic challenge. J. Cereb. Blood Flow Metab. 32, 663–675. doi: 10.1038/jcbfm.2011.
167

Fu, M.-H., Chen, I.-C., Lee, C.-H., Wu, C.-W., Lee, Y.-C., Kung, Y. C., et al. (2019).
Anti-neuroinflammation ameliorates systemic inflammation-induced mitochondrial
DNA impairment in the nucleus of the solitary tract and cardiovascular reflex
dysfunction. J. Neuroinflammation 16:224. doi: 10.1186/s12974-019-1623-0

Gan, X., Zhang, L., Liu, B., Zhu, Z., He, Y., Chen, J., et al. (2018). CypD-mPTP axis
regulates mitochondrial functions contributing to osteogenic dysfunction of MC3T3-
E1 cells in inflammation. J. Physiol. Biochem. 74, 395–402. doi: 10.1007/s13105-018-
0627-z

Gao, Y., Xiao, X., Luo, J., Wang, J., Peng, Q., Zhao, J., et al. (2022). E3 ubiquitin ligase
FBXO3 drives neuroinflammation to aggravate cerebral ischemia/reperfusion injury.
Int. J. Mol. Sci. 23:13648. doi: 10.3390/ijms232113648

Guzik, A., and Bushnell, C. (2017). Stroke epidemiology and risk factor
management. Continuum Lifelong Learn. Neurol. 23, 15–39. doi: 10.1212/CON.
0000000000000416

Hainaut, P., and Milner, J. (1993). Redox modulation of p53 conformation and
sequence-specific DNA binding in vitro. Cancer Res. 53, 4469–4473.

Han, S. M., Baig, H. S., and Hammarlund, M. (2016). Mitochondria localize to
injured axons to support regeneration. Neuron 92, 1308–1323. doi: 10.1016/j.neuron.
2016.11.025

Hanwehr, R., Smith, M.-L., and Siesjö, B. K. (1986). Extra- and intracellular pH
during near-complete forebrain ischemia in the rat. J. Neurochem. 46, 331–339. doi:
10.1111/j.1471-4159.1986.tb12973.x

Haque, E., Kamil, M., Irfan, S., Sheikh, S., Hasan, A., Nazir, A., et al. (2018). Blocking
mutation independent p53 aggregation by emodin modulates autophagic cell death
pathway in lung cancer. Int. J. Biochem. Cell Biol. 96, 90–95. doi: 10.1016/j.biocel.2018.
01.014

Hayashi, T., Takada, K., and Matsuda, M. (1992). Post-transient ischemia increase
in ubiquitin conjugates in the early reperfusion. Neuroreport 3, 519–520. doi: 10.1097/
00001756-199206000-00016

Hu, B.-R., Janelidze, S., Ginsberg, M. D., Busto, R., Perez-Pinzon, M., Sick, T. J., et al.
(2001). Protein aggregation after focal brain ischemia and reperfusion. J. Cereb. Blood
Flow Metab. 21, 865–875. doi: 10.1097/00004647-200107000-00012

Iadecola, C., Buckwalter, M. S., and Anrather, J. (2020). Immune responses to stroke:
Mechanisms, modulation, and therapeutic potential. J. Clin. Invest. 130, 2777–2788.
doi: 10.1172/JCI135530

Ibrahim, R. R., Amer, R. A., Abozeid, A. A., Elsharaby, R. M., and Shafik, N. M.
(2020). Micro RNA 146a gene variant / TNF-α / IL-6 / IL-1 β; A cross-link
axis inbetween oxidative stress, endothelial dysfunction and neuro-inflammation in
acute ischemic stroke and chronic schizophrenic patients. Arch. Biochem. Biophys.
679:108193. doi: 10.1016/j.abb.2019.108193

Jain, A. K. (2020). Emerging roles of long non-coding RNAs in the p53 network.
RNA Biol. 17, 1648–1656. doi: 10.1080/15476286.2020.1770981

Julian, L., Sang, J. C., Wu, Y., Meisl, G., Brelstaff, J. H., Miller, A., et al. (2022).
Characterization of full-length p53 aggregates and their kinetics of formation. Biophys.
J. 121, 4280–4298. doi: 10.1016/j.bpj.2022.10.013

Kahl, A., Blanco, I., Jackman, K., Baskar, J., Milaganur Mohan, H., Rodney-
Sandy, R., et al. (2018). Cerebral ischemia induces the aggregation of proteins
linked to neurodegenerative diseases. Sci. Rep. 8:2701. doi: 10.1038/s41598-018-21
063-z

Ko, H.-M., Jung, H. H., Seo, K. H., Kang, Y.-R., Kim, H.-A., Park, S. J.,
et al. (2006). Platelet-activating factor-induced NF-κB activation enhances VEGF
expression through a decrease in p53 activity. FEBS Lett. 580, 3006–3012. doi: 10.1016/
j.febslet.2006.04.042

Kotake, Y., Kitagawa, K., Ohhata, T., Sakai, S., Uchida, C., Niida, H., et al.
(2016). Long non-coding RNA, PANDA, contributes to the stabilization of p53 tumor
suppressor protein. Anticancer Res. 36, 1605–1611.

Koumenis, C., Alarcon, R., Hammond, E., Sutphin, P., Hoffman, W., Murphy, M.,
et al. (2001). Regulation of p53 by hypoxia: Dissociation of transcriptional repression
and apoptosis from p53-dependent transactivation. Mol. Cell Biol. 21, 1297–1310.
doi: 10.1128/MCB.21.4.1297-1310.2001

Lebedev, I., Nemajerova, A., Foda, Z. H., Kornaj, M., Tong, M., Moll, U. M., et al.
(2016). A novel in vitro CypD-mediated p53 aggregation assay suggests a model
for mitochondrial permeability transition by chaperone systems. J. Mol. Biol. 428,
4154–4167. doi: 10.1016/j.jmb.2016.08.001

Lee, M. J., Jang, Y., Han, J., Kim, S. J., Ju, X., Lee, Y. L., et al. (2020). Endothelial-
specific Crif1 deletion induces BBB maturation and disruption via the alteration of
actin dynamics by impaired mitochondrial respiration. J. Cereb. Blood Flow Metab. 40,
1546–1561. doi: 10.1177/0271678X19900030

Lei, L., Bai, Y., Qin, X., Liu, J., Huang, W., and Lv, Q. (2022). Current understanding
of hydrogel for drug release and tissue engineering. Gels 8:301. doi: 10.3390/
gels8050301

Lindahl, P., Boström, H., Karlsson, L., Hellström, M., Kalén, M., and Betsholtz, C.
(1999). Role of platelet-derived growth factors in angiogenesis and alveogenesis. Curr.
Top. Pathol. 93, 27–33. doi: 10.1007/978-3-642-58456-5_4

Luo, Y., Kuo, C.-C., Shen, H., Chou, J., Greig, N. H., Hoffer, B. J., et al. (2009).
Delayed treatment with a p53 inhibitor enhances recovery in stroke brain. Ann.
Neurol. 65, 520–530. doi: 10.1002/ana.21592

Tóth, O. M., Menyhárt, Á, Frank, R., Hantosi, D., Farkas, E., and Bari, F. (2020).
Tissue acidosis associated with ischemic stroke to guide neuroprotective drug delivery.
Biology (Basel) 9:460. doi: 10.3390/biology9120460

Ma, Y., Yang, S., He, Q., Zhang, D., and Chang, J. (2021). The role of immune cells
in post-stroke angiogenesis and neuronal remodeling: The known and the unknown.
Front. Immunol. 12:784098. doi: 10.3389/fimmu.2021.784098

Marcu, R., Kotha, S., Zhi, Z., Qin, W., Neeley, C. K., Wang, R. K., et al. (2015).
The mitochondrial permeability transition pore regulates endothelial bioenergetics
and angiogenesis. Circ. Res. 116, 1336–1345. doi: 10.1161/CIRCRESAHA.116.304881

Maye, P., Zheng, J., Li, L., and Wu, D. (2004). Multiple mechanisms for Wnt11-
mediated repression of the canonical Wnt signaling pathway. J. Biol. Chem. 279,
24659–24665. doi: 10.1074/jbc.M311724200

Nakagawa, K., and Nakashima, Y. (2018). Pathologic intimal thickening in human
atherosclerosis is formed by extracellular accumulation of plasma-derived lipids and
dispersion of intimal smooth muscle cells. Atherosclerosis 274, 235–242. doi: 10.1016/
j.atherosclerosis.2018.03.039

Nieva, J., Song, B.-D., Rogel, J. K., Kujawara, D., Altobel, L., Izharrudin, A., et al.
(2011). Cholesterol secosterol aldehydes induce amyloidogenesis and dysfunction of
wild-type tumor protein p53. Chem. Biol. 18, 920–927. doi: 10.1016/j.chembiol.2011.
02.018

Nishimori, H., Shiratsuchi, T., Urano, T., Kimura, Y., Kiyono, K., Tatsumi, K., et al.
(1997). A novel brain-specific p53-target gene, BAI1, containing thrombospondin type
1 repeats inhibits experimental angiogenesis. Oncogene 15, 2145–2150. doi: 10.1038/sj.
onc.1201542

Orlowski, P., Chappell, M., Park, C. S., Grau, V., and Payne, S. (2011). Modelling of
pH dynamics in brain cells after stroke. Interface Focus 1, 408–416. doi: 10.1098/rsfs.
2010.0025

Pacheco-Barrios, K., Giannoni-Luza, S., Navarro-Flores, A., Rebello-Sanchez, I.,
Parente, J., Balbuena, A., et al. (2022). Burden of stroke and population-attributable
fractions of risk factors in Latin America and the Caribbean. J. Am. Heart Assoc.
11:e027044. doi: 10.1161/JAHA.122.027044

Pal, S., Datta, K., and Mukhopadhyay, D. (2001). Central role of p53 on regulation
of vascular permeability factor/vascular endothelial growth factor (VPF/VEGF)
expression in mammary carcinoma. Cancer Res. 61, 6952–6957.

Panel, M., Ruiz, I., Brillet, R., Lafdil, F., Teixeira-Clerc, F., Nguyen, C. T., et al.
(2019). Small-molecule inhibitors of cyclophilins block opening of the mitochondrial
permeability transition pore and protect mice from hepatic ischemia/reperfusion
injury. Gastroenterology 157, 1368–1382. doi: 10.1053/j.gastro.2019.07.026

Paro, M. R., Chakraborty, A. R., Angelo, S., Nambiar, S., Bulsara, K. R., and Verma,
R. (2022). Molecular mediators of angiogenesis and neurogenesis after ischemic stroke.
Rev. Neurosci. 34, 425–442. doi: 10.1515/revneuro-2022-0049

Pedrote, M. M., de Oliveira, G. A. P., Felix, A. L., Mota, M. F., Marques, M., de, A.,
et al. (2018). Aggregation-primed molten globule conformers of the p53 core domain
provide potential tools for studying p53C aggregation in cancer. J. Biol. Chem. 293,
11374–11387. doi: 10.1074/jbc.RA118.003285

Peterson, A. A., Rangwala, A. M., Thakur, M. K., Ward, P. S., Hung, C., Outhwaite,
I. R., et al. (2022). Discovery and molecular basis of subtype-selective cyclophilin
inhibitors. Nat. Chem. Biol. 18, 1184–1195. doi: 10.1038/s41589-022-01116-1

Pfaff, M. J., Mukhopadhyay, S., Hoofnagle, M., Chabasse, C., and Sarkar, R. (2018).
Tumor suppressor protein p53 negatively regulates ischemia-induced angiogenesis
and arteriogenesis. J. Vasc. Surg. 68, 222S–233S.e1. doi: 10.1016/j.jvs.2018.02.055

Porter, G. A., and Beutner, G. (2018). Cyclophilin D, somehow a master regulator of
mitochondrial function. Biomolecules 8:176. doi: 10.3390/biom8040176

Puca, R., Nardinocchi, L., Gal, H., Rechavi, G., Amariglio, N., Domany, E., et al.
(2008). Reversible dysfunction of wild-type p53 following homeodomain-interacting
protein kinase-2 knockdown. Cancer Res. 68, 3707–3714. doi: 10.1158/0008-5472.
CAN-07-6776

Qin, C., Yang, S., Chu, Y.-H., Zhang, H., Pang, X.-W., Chen, L., et al.
(2022). Signaling pathways involved in ischemic stroke: Molecular mechanisms and
therapeutic interventions. Signal. Transduct. Target Ther. 7:215. doi: 10.1038/s41392-
022-01064-1

Radak, D., Katsiki, N., Resanovic, I., Jovanovic, A., Sudar-Milovanovic, E., Zafirovic,
S., et al. (2017). Apoptosis and acute brain ischemia in ischemic stroke. Curr. Vasc.
Pharmacol. 15, 115–122. doi: 10.2174/1570161115666161104095522

Rascón-Ramírez, F. J., Esteban-García, N., Barcia, J. A., Trondin, A., Nombela, C.,
and Sánchez-Sánchez-Rojas, L. (2021). Are we ready for cell therapy to treat stroke?
Front. Cell Dev. Biol. 9:621645. doi: 10.3389/fcell.2021.621645

Ravi, R., Mookerjee, B., Bhujwalla, Z. M., Sutter, C. H., Artemov,
D., Zeng, Q., et al. (2000). Regulation of tumor angiogenesis by

Frontiers in Cellular Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fncel.2023.1193362
https://doi.org/10.1038/jcbfm.2011.167
https://doi.org/10.1038/jcbfm.2011.167
https://doi.org/10.1186/s12974-019-1623-0
https://doi.org/10.1007/s13105-018-0627-z
https://doi.org/10.1007/s13105-018-0627-z
https://doi.org/10.3390/ijms232113648
https://doi.org/10.1212/CON.0000000000000416
https://doi.org/10.1212/CON.0000000000000416
https://doi.org/10.1016/j.neuron.2016.11.025
https://doi.org/10.1016/j.neuron.2016.11.025
https://doi.org/10.1111/j.1471-4159.1986.tb12973.x
https://doi.org/10.1111/j.1471-4159.1986.tb12973.x
https://doi.org/10.1016/j.biocel.2018.01.014
https://doi.org/10.1016/j.biocel.2018.01.014
https://doi.org/10.1097/00001756-199206000-00016
https://doi.org/10.1097/00001756-199206000-00016
https://doi.org/10.1097/00004647-200107000-00012
https://doi.org/10.1172/JCI135530
https://doi.org/10.1016/j.abb.2019.108193
https://doi.org/10.1080/15476286.2020.1770981
https://doi.org/10.1016/j.bpj.2022.10.013
https://doi.org/10.1038/s41598-018-21063-z
https://doi.org/10.1038/s41598-018-21063-z
https://doi.org/10.1016/j.febslet.2006.04.042
https://doi.org/10.1016/j.febslet.2006.04.042
https://doi.org/10.1128/MCB.21.4.1297-1310.2001
https://doi.org/10.1016/j.jmb.2016.08.001
https://doi.org/10.1177/0271678X19900030
https://doi.org/10.3390/gels8050301
https://doi.org/10.3390/gels8050301
https://doi.org/10.1007/978-3-642-58456-5_4
https://doi.org/10.1002/ana.21592
https://doi.org/10.3390/biology9120460
https://doi.org/10.3389/fimmu.2021.784098
https://doi.org/10.1161/CIRCRESAHA.116.304881
https://doi.org/10.1074/jbc.M311724200
https://doi.org/10.1016/j.atherosclerosis.2018.03.039
https://doi.org/10.1016/j.atherosclerosis.2018.03.039
https://doi.org/10.1016/j.chembiol.2011.02.018
https://doi.org/10.1016/j.chembiol.2011.02.018
https://doi.org/10.1038/sj.onc.1201542
https://doi.org/10.1038/sj.onc.1201542
https://doi.org/10.1098/rsfs.2010.0025
https://doi.org/10.1098/rsfs.2010.0025
https://doi.org/10.1161/JAHA.122.027044
https://doi.org/10.1053/j.gastro.2019.07.026
https://doi.org/10.1515/revneuro-2022-0049
https://doi.org/10.1074/jbc.RA118.003285
https://doi.org/10.1038/s41589-022-01116-1
https://doi.org/10.1016/j.jvs.2018.02.055
https://doi.org/10.3390/biom8040176
https://doi.org/10.1158/0008-5472.CAN-07-6776
https://doi.org/10.1158/0008-5472.CAN-07-6776
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.2174/1570161115666161104095522
https://doi.org/10.3389/fcell.2021.621645
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1193362 July 12, 2023 Time: 14:26 # 9

Tam et al. 10.3389/fncel.2023.1193362

p53-induced degradation of hypoxia-inducible factor 1alpha. Genes Dev. 14,
34–44.

Reitmeir, R., Kilic, E., Reinboth, B. S., Guo, Z., ElAli, A., Zechariah, A., et al. (2012).
Vascular endothelial growth factor induces contralesional corticobulbar plasticity
and functional neurological recovery in the ischemic brain. Acta Neuropathol. 123,
273–284. doi: 10.1007/s00401-011-0914-z

Roll, L., and Faissner, A. (2014). Influence of the extracellular matrix on endogenous
and transplanted stem cells after brain damage. Front. Cell Neurosci. 8:219. doi: 10.
3389/fncel.2014.00219

Sengupta, S., Ghufran, S. M., Khan, A., Biswas, S., and Roychoudhury, S. (2022).
Transition of amyloid/mutant p53 from tumor suppressor to an oncogene and
therapeutic approaches to ameliorate metastasis and cancer stemness. Cancer Cell Int.
22:416. doi: 10.1186/s12935-022-02831-4

Sherif, Z. A., Nakai, S., Pirollo, K. F., Rait, A., and Chang, E. H. (2001).
Downmodulation of bFGF-binding protein expression following restoration of p53
function. Cancer Gene Ther. 8, 771–782. doi: 10.1038/sj.cgt.7700361

Shibuya, M. (2011). Vascular endothelial growth factor (VEGF) and its receptor
(VEGFR) signaling in angiogenesis: A crucial target for anti- and pro-angiogenic
therapies. Genes Cancer 2, 1097–1105. doi: 10.1177/1947601911423031

Soragni, A., Janzen, D. M., Johnson, L. M., Lindgren, A. G., Thai-Quynh Nguyen, A.,
Tiourin, E., et al. (2016). A designed inhibitor of p53 aggregation rescues p53 tumor
suppression in ovarian carcinomas. Cancer Cell 29, 90–103. doi: 10.1016/j.ccell.2015.
12.002

Sun, J., Ren, D.-D., Wan, J.-Y., Chen, C., Chen, D., Yang, H., et al.
(2017). Desensitizing mitochondrial permeability transition by ERK-cyclophilin
D axis contributes to the neuroprotective effect of gallic acid against cerebral
ischemia/reperfusion injury. Front. Pharmacol. 8:184. doi: 10.3389/fphar.2017.00184

Sun, X. Z., Vinci, C., Makmura, L., Han, S., Tran, D., Nguyen, J., et al.
(2003). Formation of disulfide bond in p53 correlates with inhibition of DNA
binding and tetramerization. Antioxid. Redox Signal. 5, 655–665. doi: 10.1089/
152308603770310338

Sun, Y., Jin, K., Xie, L., Childs, J., Mao, X. O., Logvinova, A., et al. (2003). VEGF-
induced neuroprotection, neurogenesis, and angiogenesis after focal cerebral ischemia.
J. Clin. Invest. 111, 1843–1851. doi: 10.1172/JCI17977

Teodoro, J. G., Evans, S. K., and Green, M. R. (2007). Inhibition of tumor
angiogenesis by p53: A new role for the guardian of the genome. J. Mol. Med. 85,
1175–1186. doi: 10.1007/s00109-007-0221-2

Thuringer, D., and Garrido, C. (2019). Molecular chaperones in the brain
endothelial barrier: Neurotoxicity or neuroprotection? FASEB J. 33, 11629–11639.
doi: 10.1096/fj.201900895R

Tosstorff, A., Svilenov, H., Peters, G. H. J., Harris, P., and Winter, G. (2019).
Structure-based discovery of a new protein-aggregation breaking excipient. Eur. J.
Pharm. Biopharm. 144, 207–216. doi: 10.1016/j.ejpb.2019.09.010

Ueba, T., Nosaka, T., Takahashi, J. A., Shibata, F., Florkiewicz, R. Z., Vogelstein, B.,
et al. (1994). Transcriptional regulation of basic fibroblast growth factor gene by p53 in
human glioblastoma and hepatocellular carcinoma cells. Proc. Natl. Acad. Sci. U.S.A.
91, 9009–9013. doi: 10.1073/pnas.91.19.9009

Vaseva, A. V., Marchenko, N. D., Ji, K., Tsirka, S. E., Holzmann, S., and Moll, U. M.
(2012). p53 opens the mitochondrial permeability transition pore to trigger necrosis.
Cell 149, 1536–1548. doi: 10.1016/j.cell.2012.05.014

Waldmeier, P., Zimmermann, K., Qian, T., Tintelnot-Blomley, M., and Lemasters,
J. (2003). Cyclophilin D as a drug target. Curr. Med. Chem. 10, 1485–1506. doi:
10.2174/0929867033457160

Wang, W., and Roberts, C. J. (2018). Protein aggregation – mechanisms, detection,
and control. Int. J. Pharm. 550, 251–268. doi: 10.1016/j.ijpharm.2018.08.043

Wang, Y. (2004). VEGF overexpression induces post-ischaemic neuroprotection,
but facilitates haemodynamic steal phenomena. Brain 128, 52–63. doi: 10.1093/brain/
awh325

Wilson, K. L., Carmichael, S. T., and Segura, T. (2020). Injection of hydrogel
biomaterial scaffolds to the brain after stroke. J. Visual. Exp. 164:e61450. doi: 10.3791/
61450

Wu, S., and Du, L. (2021). Protein aggregation in the pathogenesis of ischemic
stroke. Cell Mol. Neurobiol. 41, 1183–1194. doi: 10.1007/s10571-020-00899-y

Xiang, J., Andjelkovic, A. V., Zhou, N., Hua, Y., Xi, G., Wang, M. M., et al. (2018).
Is there a central role for the cerebral endothelium and the vasculature in the brain
response to conditioning stimuli? Cond. Med. 1, 220–232.

Xu, S., Li, X., and Wang, Y. (2023). Regulation of the p53-mediated ferroptosis
signaling pathway in cerebral ischemia stroke (review). Exp. Ther. Med. 25:113. doi:
10.3892/etm.2023.11812

Yang, W., Sheng, H., Warner, D. S., and Paschen, W. (2008). Transient focal cerebral
ischemia induces a dramatic activation of small ubiquitin-like modifier conjugation.
J. Cereb. Blood Flow Metab. 28, 892–896. doi: 10.1038/sj.jcbfm.9600601

Zhang, F., Liu, C. L., and Hu, B. R. (2006). Irreversible aggregation of protein
synthesis machinery after focal brain ischemia. J. Neurochem. 98, 102–112. doi: 10.
1111/j.1471-4159.2006.03838.x

Zhang, P., Lei, X., Sun, Y., Zhang, H., Chang, L., Li, C., et al. (2016). Regenerative
repair of Pifithrin-α in cerebral ischemia via VEGF dependent manner. Sci. Rep.
6:26295. doi: 10.1038/srep26295

Zhang, W., Zhu, L., An, C., Wang, R., Yang, L., Yu, W., et al. (2020). The blood brain
barrier in cerebral ischemic injury – disruption and repair. Brain Hemorrh. 1, 34–53.
doi: 10.1016/j.hest.2019.12.004

Zhang, X., Zhang, X., Gao, H., and Qing, G. (2022). Phage display derived peptides
for Alzheimer’s disease therapy and diagnosis. Theranostics 12, 2041–2062. doi: 10.
7150/thno.68636

Zhao, J., Liu, X., Blayney, A., Zhang, Y., Gandy, L., Mirsky, P. O., et al. (2022).
Intrinsically disordered N-terminal domain (n.d.) of p53 interacts with mitochondrial
PTP regulator cyclophilin D. J. Mol. Biol. 434:167552. doi: 10.1016/j.jmb.2022.167552

Zhao, J., Qu, Y., Gao, H., Zhong, M., Li, X., Zhang, F., et al. (2020). Loss of
thioredoxin reductase function in a mouse stroke model disclosed by a two-photon
fluorescent probe. Chem. Commun. 56, 14075–14078. doi: 10.1039/D0CC05900E

Zhu, H., Zhang, Y., Zhong, Y., Ye, Y., Hu, X., Gu, L., et al. (2021). Inflammation-
mediated angiogenesis in ischemic stroke. Front. Cell Neurosci. 15:652647. doi: 10.
3389/fncel.2021.652647

Frontiers in Cellular Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fncel.2023.1193362
https://doi.org/10.1007/s00401-011-0914-z
https://doi.org/10.3389/fncel.2014.00219
https://doi.org/10.3389/fncel.2014.00219
https://doi.org/10.1186/s12935-022-02831-4
https://doi.org/10.1038/sj.cgt.7700361
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1016/j.ccell.2015.12.002
https://doi.org/10.1016/j.ccell.2015.12.002
https://doi.org/10.3389/fphar.2017.00184
https://doi.org/10.1089/152308603770310338
https://doi.org/10.1089/152308603770310338
https://doi.org/10.1172/JCI17977
https://doi.org/10.1007/s00109-007-0221-2
https://doi.org/10.1096/fj.201900895R
https://doi.org/10.1016/j.ejpb.2019.09.010
https://doi.org/10.1073/pnas.91.19.9009
https://doi.org/10.1016/j.cell.2012.05.014
https://doi.org/10.2174/0929867033457160
https://doi.org/10.2174/0929867033457160
https://doi.org/10.1016/j.ijpharm.2018.08.043
https://doi.org/10.1093/brain/awh325
https://doi.org/10.1093/brain/awh325
https://doi.org/10.3791/61450
https://doi.org/10.3791/61450
https://doi.org/10.1007/s10571-020-00899-y
https://doi.org/10.3892/etm.2023.11812
https://doi.org/10.3892/etm.2023.11812
https://doi.org/10.1038/sj.jcbfm.9600601
https://doi.org/10.1111/j.1471-4159.2006.03838.x
https://doi.org/10.1111/j.1471-4159.2006.03838.x
https://doi.org/10.1038/srep26295
https://doi.org/10.1016/j.hest.2019.12.004
https://doi.org/10.7150/thno.68636
https://doi.org/10.7150/thno.68636
https://doi.org/10.1016/j.jmb.2022.167552
https://doi.org/10.1039/D0CC05900E
https://doi.org/10.3389/fncel.2021.652647
https://doi.org/10.3389/fncel.2021.652647
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	Potential enhancement of post-stroke angiogenic response by targeting the oligomeric aggregation of p53 protein
	1. Introduction
	2. Pathogenesis of ischemic stroke
	3. Targeting angiogenesis for post-stroke therapy
	4. The regulatory role of p53 in angiogenesis relating to stroke
	5. The potent implication of p53 aggregate in angiogenic response
	6. Determinants of p53 unfolding after stroke for p53 aggregation
	6.1. Hypoxia
	6.2. pH stress
	6.3. Oxidative and inflammatory stress
	6.4. Other possible mechanisms

	7. Inhibition of p53 aggregation as potential therapeutic strategy
	8. Outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


