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Ischemic stroke is caused by a reduction in blood flow to the brain and is a major cause
of mortality and disability worldwide. Cerebral ischemia initiates a complex cascade of
events at genomic, molecular, and cellular levels, and inflammation is important in this
cascade, both in the central nervous system (CNS) and the periphery [1–3]. Furthermore,
recent research points to the role of chemokines, normally key factors in inflammation, in
thrombo-genesis [3,4], probably also explaining the hyper-responsiveness of platelets in
ischemic stroke. Recently, our group reported that lacunar strokes, compared to non-lacunar
ones, exhibited significantly lower plasma levels of tumor necrosis factor (TNF)-α and
interleukin (IL)1-β, P-selectin and intercellular adhesion molecule 1 (ICAM-1) 24–72 h (h)
and 7–10 days after stroke onset [5]. One previous study examined inflammatory pathways
in a lacunar study [6].

Inflammation is an important part of stroke pathophysiology, especially in the context
of reperfusion. Several studies have shown that a nonspecific systemic inflammatory
response occurs after both ischemic and hemorrhagic stroke, proving that inflammatory
mechanisms intrinsic to the brain and the blood are among the important mediators of
focal cerebral injury. The immune system is actively involved in the pathogenesis of acute
brain damage through some events, such as leukocyte and monocyte infiltration into the
brain, the activation of resident cells, including microglia, astrocytes, and endothelial cells,
and several high serum levels.

Few studies have examined the relationship between inflammatory biomarker blood
levels, cardioembolic stroke subtype, and neurological deficit. A study by our own [7]
group examined levels of immuno-inflammatory variables in patients with cardio-embolic
acute ischemic stroke compared to other diagnostic subtypes and to evaluate the rela-
tionship between immuno-inflammatory variables, acute neurological deficit, and brain
infarct volume. One-hundred-twenty patients with acute ischemic stroke and 123 controls
without a diagnosis of acute ischemic stroke were evaluated. Patients with ischaemic stroke
classified as cardio-embolic (CEI) showed, compared to other subtypes, significantly higher
median plasma levels of TNF-α, IL-6 and IL-1β. Furthermore, stroke patients classified as
lacunar showed, compared to other subtypes, significantly lower median plasma levels of
TNF-α, IL-6, and IL-1β. Multiple linear regression showed a significant association between
the Scandinavian Stroke Scale (SSS) score at admission and diagnostic subtype, infarct
volume of cardio-embolic strokes, and some inflammatory variables. Our findings confirm
that cardio-embolic strokes have a worse clinical presentation and produce larger and more
disabling strokes than other ischemic stroke subtypes, reporting a possible explanation of
the higher immuno-inflammatory activation during the acute phase.

Animal models of focal ischemia induced by middle cerebral artery occlusion (MCAO)
provide evidence for most of the cellular inflammatory responses in stroke.

In this Special Issue of the International of Molecular Sciences (IJMS), some authors
reviewed the role of inflammatory cytokines in the pathogenesis of ischemic neuronal dam-
age. We will also review the involvement of microglial cells, which are the major resident
immune cells in CNS, and play a critical role in the immune response to a variety of events,
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including infection, trauma, stroke, and neurodegeneration. Among the various types of
circulating leukocytes, neutrophils are generally the first leukocyte subtype recruited to
the ischemic brain, and we will review their role in ischemic stroke pathogenesis. The
inflammatory responses of the brain to post-ischemia are characterized by the involvement
of different subtypes of T lymphocytes, which contribute to the pathogenesis of stroke-
induced microvascular dysfunction and tissue damage. The authors also reviewed the
role of T lymphocytes and their subsets. T-cells can be separated into three major groups
based on function, as follows: cytotoxic T-cells (CD8+), helper T-cells (Th; CD4+), and
regulatory T-cells (Tregs). We will review the literature on the available data concerning
their involvement in ischemic stroke pathogenesis. We will also review the role of inflam-
matory mediators in a particular subtype of ischemic stroke, such as cardioembolic and
atherosclerotic ones.

In the first article of this Special Issue, Carandina et al. [8] targeted the Autonomic
Nervous System for Risk Stratification, Outcome Prediction and Neuromodulation in
Ischemic Stroke.

In recent years, starting from the bidirectional relationship between autonomic nervous
system (ANS) dysfunction and acute ischemic stroke (AIS), researchers have identified
prognostic factors for risk stratification, the prognosis of mid-term outcomes, and the
response to recanalization therapy. Impaired autonomic function, characterized by a pre-
dominance of sympathetic activity, is common in patients with acute ischemic stroke.
Some of the variables used, such as autonomic activity markers [9], have been asso-
ciated with worse outcomes, including cardiac complications, blood pressure variabil-
ity changes, hyperglycemia, immune depression, disordered breathing while sleeping,
thrombotic effects, and malignant edema. The involvement of the insular cortex has
been suspected to play an important role in causing sympathovagal imbalance, but its
exact role and that of other brain regions remain unclear. Although sympathetic over-
activity in patients with ischemic stroke appears to be a negative prognostic factor, it
remains to be seen whether therapeutic strategies that reduce sympathetic activity or in-
crease parasympathetic activity might improve outcomes. In particular, the evaluation
of ANS function through the analysis of heart rate variability (HRV) may appear to be a
promising non-invasive and reliable tool for the management of patients with ischemic
stroke [9]. Furthermore, preclinical molecular studies on the pathophysiological mecha-
nisms underlying the onset and progression of stroke damage have shown an extensive
overlap with the activity of the vagus nerve. Evidence from the application of vagus nerve
stimulation (VNS) on animal models of AIS and patients with chronic ischemic stroke
has highlighted the surprising therapeutic possibilities of neuromodulation. Preclinical
molecular studies have highlighted that the neuroprotective action of VNS results from
anti-inflammatory, antioxidant, and antiapoptotic mechanisms mediated by the α7 nicotinic
acetylcholine receptor.

In the second article, Tuttolomondo et al. [10] reviewed the pathogenetic pathways
involved in the molecular biology of atherosclerotic ischemic strokes. The etiopathogenetic
burden of a cerebrovascular accident could be due to brain ischemia (~80%) or intracranial
hemorrhage (~20%). The most common site wherein ischemia occurs is the site perfused by
the middle cerebral arteries. Worse prognosis and disablement consequent to brain damage
occur in elderly patients or those affected by neurological impairment, hypertension,
dyslipidemia, and diabetes. After an ischemic stroke, diabetic patients experience an
exorbitant activation of inflammatory molecular pathways, and ongoing inflammation is
responsible for more severe brain injury and impairment, promoting the advancement of
ischemic stroke and diabetes.

In the third article, Di Raimondo et al. reviewed the role of regular physical activity in
neuroprotection against acute brain ischemia [11].

Neurotrophins such as brain-derived neurotrophic factor (BDNF), which is widely pro-
duced throughout the brain but also in distant tissues, such as muscles, has demonstrated
regenerative properties and the potential to restore damaged neural tissue. Neurotrophins
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play a significant role in protecting and recovering function following neurological dis-
eases such as ischemic stroke or traumatic brain injury. Unfortunately, the efficacy of the
exogenous administration of these neurotrophins is limited by rapid degradation with
subsequent poor half-life and a lack of blood–brain barrier permeability. Regular exercise
seems to be a therapeutic approach that can induce the activation of several pathways
related to the release of neurotrophins. Furthermore, exercise reduces the infarct volume in
the ischemic brain and ameliorates motor function in animal models, increasing astrocyte
proliferation, inducing angiogenesis, and reducing neuronal apoptosis and oxidative stress.
One of the most critical issues is to identify the relationship between neurotrophins and
myokines, newly discovered skeletal muscle-derived factors released during and after
exercise, which can exert several biological functions. Various myokines (e.g., Insulin-Like
Growth Factor 1, Irisin) have recently been shown to protect against neuronal injury in
cerebral ischemia models, suggesting that these substances may influence the degree of
neuronal damage in part via inhibiting inflammatory signaling pathways. Thus, the authors
evaluated the main experimental data available to date on the neuroprotective and anti-
ischemic role of regular exercise, also analyzing the possible role played by neurotrophins
and myokines.

Further, Nikolic et al. [12] evaluated the genetic determinants that play an important
role in the complex processes of inflammation and immune response in stroke and that
could be studied in different ways. Inflammation and immunomodulation are associated
with repair processes in ischemic stroke and, together with the concept of preconditioning,
are promising modes of stroke treatment. One of the important aspects to be considered
in the recovery of patients after a stroke is genetic predisposition, which has been stud-
ied extensively. Polymorphisms in a number of candidate genes, such as IL-6, BDNF,
COX2, CYPC19, and GPIIIa, could be associated with stroke outcome and recovery. Recent
GWAS studies pointed to the variant in genes PATJ and LOC as new genetic markers
of long-term outcomes. The epigenetic regulation of immune response in stroke is also
important, with mechanisms of histone modifications, DNA methylation, and the activity
of non-coding RNAs. These complex processes change from the acute phase over the repair
to establish homeostasis or provoke exaggerated reactions and death. The pharmacoge-
netics and pharmacogenomics of stroke cures might also be evaluated in the context of
immuno-inflammation and brain plasticity. Potential novel genetic treatment modalities
are challenged but they are still in the early phase of investigation.

Finally, Maida et al. [13,14] reviewed the neuroinflammatory mechanisms in ischemic
stroke with a focus on cardioembolic stroke and speculated about future treatments. One
of the most important causes of neurological morbidity and mortality in the world is
ischemic stroke. It can be a result of multiple events, such as embolism of cardiac origin,
the occlusion of small vessels in the brain, and atherosclerosis affecting cerebral circulation.
Increasing evidence shows the intricate function played by the immune system in the
pathophysiological variations that take place after cerebral ischemic injury. Following
the ischemic cerebral harm, we can observe consequent neuroinflammation that causes
additional damage provoking the death of the cells; on the other hand, it also plays a
beneficial role in stimulating remedial action.

Immune mediators are the origin of signals with a proinflammatory position that
can boost the cells in the brain and promote the penetration of numerous inflammatory
cytotypes (various subtypes of T-cells, monocytes/macrophages, neutrophils, and different
inflammatory cells) within the area affected by ischemia; this process is responsible for
further ischemic damage of the brain. This inflammatory process seems to involve both
the cerebral tissue and the whole organism in cardioembolic stroke, the stroke subtype
that is associated with more severe brain damage and a consequent worse outcome (more
disability and higher mortality) [15–22].

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 8619 4 of 5

References
1. Kimura, K.; Kazui, S.; Minematsu, K.; Yamaguchi, T.; Japan Multicenter Stroke Investigator’s Collaboration. Analysis of

16,922 patients with acute ischaemic stroke and transient ischaemic attack in Japan. A hospital-based prospective registration
study. Cerebrovasc. Dis. 2004, 18, 47–56. [CrossRef] [PubMed]

2. Furie, K.L.; Homma, S.; Kistler, J.P. Cardiac diseases. In Stroke: Pathophysiology, Diagnosis, and Management, 4th ed.; Churchill
Livingstone: New York, NY, USA, 2004; pp. 747–759.

3. Ekdahl, C.T.; Kokaia, Z.; Lindvall, O. Brain inflam-mation and adult neurogenesis: The dual role of micro-glia. Neuroscience 2008,
158, 1021–1029. [CrossRef] [PubMed]

4. Welsh, P.; Lowe, G.D.; Chalmers, J.; Campbell, D.J.; Rumley, A.; Neal, B.C.; MacMahon, S.W.; Woodward, M. Associations of
proinflammatory cytokines with the risk of recurrent stroke. Stroke 2008, 39, 2226–2230. [CrossRef] [PubMed]

5. Licata, G.; Tuttolomondo, A.; Corrao, S.; Raimondo, D.D.; Fernandez, P.; Carusoi, C.; Avellone, G.; Pinto, A. Inflamnoinflammatory
activation during the acute phase of lacunar and non-lacunar ischaemic stroke: Association with time of onset and diabetic state.
Int. J. Immunopathol. Pharmacol. 2006, 19, 639–646. [CrossRef] [PubMed]

6. Castellanos, M.; Castillo, J.; García, M.; Leira, R.; Serena, J.; Chamorro, A.; Dávalos, A. Inflammation-mediated damage in
progressing lacunar in-farctions. A potential therapeutic target. Stroke 2002, 33, 982–987. [CrossRef] [PubMed]

7. Licata, G.; Tuttolomondo, A.; Di Raimondo, D.; Corrao, S.; Di Sciacca, R.; Pinto, A. Immuno-inflammatory activation in acute
cardio-embolic strokes in comparison with other subtypes of ischaemic stroke. Thromb. Haemost. 2009, 101, 929–937. [PubMed]

8. Carandina, A.; Lazzeri, G.; Villa, D.; Di Fonzo, A.; Bonato, S.; Montano, N.; Tobaldini, E. Targeting the Autonomic Nervous
System for Risk Stratification, Outcome Prediction and Neuromodulation in Ischemic Stroke. Int. J. Mol. Sci. 2021, 22, 2357.
[CrossRef] [PubMed]

9. De Raedt, S.; De Vos, A.; De Keyser, J. Autonomic dysfunction in acute ischemic stroke: An underexplored therapeutic area?
J. Neurol. Sci. 2015, 348, 24–34. [CrossRef]

10. Tuttolomondo, A.; Puleo, M.G.; Velardo, M.C.; Corpora, F.; Daidone, M.; Pinto, A. Molecular Biology of Atherosclerotic Ischemic
Strokes. Int. J. Mol. Sci. 2020, 21, 9372. [CrossRef]

11. Di Raimondo, D.; Rizzo, G.; Musiari, G.; Tuttolomondo, A.; Pinto, A. Role of Regular Physical Activity in Neuroprotection against
Acute Ischemia. Int. J. Mol. Sci. 2020, 21, 9086. [CrossRef] [PubMed]

12. Nikolic, D.; Jankovic, M.; Petrovic, B.; Novakovic, I. Genetic Aspects of Inflammation and Immune Response in Stroke. Int. J. Mol.
Sci. 2020, 21, 7409. [CrossRef] [PubMed]

13. Maida, C.D.; Norrito, R.L.; Daidone, M.; Tuttolomondo, A.; Pinto, A. Neuroinflammatory Mechanisms in Ischemic Stroke: Focus
on Cardioembolic Stroke, Background, and Therapeutic Approaches. Int. J. Mol. Sci. 2020, 21, 6454. [CrossRef] [PubMed]

14. Tuttolomondo, A.; Di Raimondo, D.; Pecoraro, R.; Maida, C.; Arnao, V.; Della Corte, V.; Simonetta, I.; Corpora, F.; Di Bona, D.;
Maugeri, R.; et al. Early High-dosage Atorvastatin Treatment Improved Serum Immune-inflammatory Markers and Functional
Outcome in Acute Ischemic Strokes Classified as Large Artery Atherosclerotic Stroke: A Randomized Trial. Medicine 2016,
95, e3186. [CrossRef] [PubMed]

15. Tuttolomondo, A.; Casuccio, A.; Guercio, G.; Maida, C.; Del Cuore, A.; Di Raimondo, D.; Simonetta, I.; Di Bona, D.; Pecoraro, R.;
Della Corte, V.; et al. Arterial stiffness, endothelial and cognitive function in subjects with type 2 diabetes in accordance with
absence or presence of diabetic foot syndrome. Cardiovasc. Diabetol. 2017, 16, 2. [CrossRef] [PubMed]

16. Petta, S.; Marrone, O.; Torres, D.; Buttacavoli, M.; Cammà, C.; Di Marco, V.; Licata, A.; Lo Bue, A.; Parrinello, G.; Pinto, A.; et al.
Obstructive Sleep Apnea Is Associated with Liver Damage and Atherosclerosis in Patients with Non-Alcoholic Fatty Liver
Disease. PLoS ONE 2015, 10, e0142210. [CrossRef]

17. Di Bona, D.; Scafidi, V.; Plaia, A.; Colomba, C.; Nuzzo, D.; Occhino, C.; Tuttolomondo, A.; Giammanco, G.; De Grazia, S.;
Montalto, G.; et al. HLA and killer cell immunoglobulin-like receptors influence the natural course of CMV infection. J. Infect.
Dis. 2014, 210, 1083–1089. [CrossRef]

18. Tuttolomondo, A.; Casuccio, A.; Della Corte, V.; Maida, C.; Pecoraro, R.; Di Raimondo, D.; Vassallo, V.; Simonetta, I.; Arnao, V.;
Pinto, A. Endothelial function and arterial stiffness indexes in subjects with acute ischemic stroke: Relationship with TOAST
subtype. Atherosclerosis 2017, 256, 94–99. [CrossRef]

19. Tuttolomondo, A.; Petta, S.; Casuccio, A.; Maida, C.; Corte, V.D.; Daidone, M.; Di Raimondo, D.; Pecoraro, R.; Fonte, R.;
Cirrincione, A.; et al. Reactive hyperemia index (RHI) and cognitive performance indexes are associated with histologic markers
of liver disease in subjects with non-alcoholic fatty liver disease (NAFLD): A case control study. Cardiovasc. Diabetol. 2018, 17, 28.
[CrossRef]

20. Di Raimondo, D.; Tuttolomondo, A.; Musiari, G.; Schimmenti, C.; D’Angelo, A.; Pinto, A. Are the Myokines the Mediators of
Physical Activity-Induced Health Benefits? Curr. Pharm. Des. 2016, 22, 3622–3647. [CrossRef]

https://doi.org/10.1159/000078749
https://www.ncbi.nlm.nih.gov/pubmed/15178987
https://doi.org/10.1016/j.neuroscience.2008.06.052
https://www.ncbi.nlm.nih.gov/pubmed/18662748
https://doi.org/10.1161/STROKEAHA.107.504498
https://www.ncbi.nlm.nih.gov/pubmed/18566306
https://doi.org/10.1177/039463200601900320
https://www.ncbi.nlm.nih.gov/pubmed/17026849
https://doi.org/10.1161/hs0402.105339
https://www.ncbi.nlm.nih.gov/pubmed/11935048
https://www.ncbi.nlm.nih.gov/pubmed/19404547
https://doi.org/10.3390/ijms22052357
https://www.ncbi.nlm.nih.gov/pubmed/33652990
https://doi.org/10.1016/j.jns.2014.12.007
https://doi.org/10.3390/ijms21249372
https://doi.org/10.3390/ijms21239086
https://www.ncbi.nlm.nih.gov/pubmed/33260365
https://doi.org/10.3390/ijms21197409
https://www.ncbi.nlm.nih.gov/pubmed/33049931
https://doi.org/10.3390/ijms21186454
https://www.ncbi.nlm.nih.gov/pubmed/32899616
https://doi.org/10.1097/MD.0000000000003186
https://www.ncbi.nlm.nih.gov/pubmed/27043681
https://doi.org/10.1186/s12933-016-0483-5
https://www.ncbi.nlm.nih.gov/pubmed/28056981
https://doi.org/10.1371/journal.pone.0142210
https://doi.org/10.1093/infdis/jiu226
https://doi.org/10.1016/j.atherosclerosis.2016.10.044
https://doi.org/10.1186/s12933-018-0670-7
https://doi.org/10.2174/1381612822666160429121934


Int. J. Mol. Sci. 2023, 24, 8619 5 of 5

21. Petta, S.; Tuttolomondo, A.; Gagliardo, C.; Zafonte, R.; Brancatelli, G.; Cabibi, D.; Cammà, C.; Di Marco, V.; Galvano, L.;
La Tona, G.; et al. The Presence of White Matter Lesions Is Associated with the Fibrosis Severity of Nonalcoholic Fatty Liver
Disease. Medicine 2016, 95, e3446. [CrossRef]

22. Tuttolomondo, A.; Di Raimondo, D.; Pecoraro, R.; Casuccio, A.; Di Bona, D.; Aiello, A.; Accardi, G.; Arnao, V.; Clemente, G.;
Corte, V.D.; et al. KIRIIND (KIR Infectious and Inflammatory Diseases) Collaborative Group. HLA and killer cell immunoglobulin-
like receptor (KIRs) genotyping in patients with acute ischemic stroke. J. Neuroinflamm. 2019, 16, 88. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/MD.0000000000003446
https://doi.org/10.1186/s12974-019-1469-5
https://www.ncbi.nlm.nih.gov/pubmed/30995924

	References

