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1. Introduction

Cytokines are peptides involved in endocrine, autocrine, and paracrine signaling as
immunomodulating agents. They are mediators of immune and inflammatory response. The rupture of
an intracranial aneurysm leads to the deposition of blood resulting in physical disturbances and
secondary complex inflammatory pathways. In the population that survives the event, the leading cause
of death and disability is subsequent vasospasm and delayed ischemia. Inflammation post-SAH is
believed to be the driver of most secondary insults in this often critically ill population!". Peripheral
immune cells are recruited and activated in the damaged parenchyma. This leads to the elevation of
inflammatory transcription pathways and increased expression of cytokines and chemokines.

Numerous studies correlate serum inflammatory cytokine concentration to cerebral vasospasm and
delayed ischemia after aSAH!"?. Furthermore, an analysis of CSF cytokine concentration has
demonstrated an association between Interleukin 6 (IL-6) and TNF-a with the risk of cerebral vasospasm
and delayed cerebral neurological deficit®*. These cytokines also lead to dysfunction in the blood-brain
barrier function and glymphatic system, causing further damage®. Understanding the trajectory and time
course of various cytokines involved in inflammation after aSAH is essential to manage unregulated
inflammation and improving patient outcomes.

1.1. Subarachnoid hemorrhage and inflammatory cytokines

Until recently, cerebral vasospasm (CV) was believed to be the main contributor to poor outcomes.
However, the latest research has shown that treating vasospasm has not led to improved outcomes
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advocating a need for a deeper understanding of the pathophysiology and underlying mechanisms to
improve pharmacological interventions!®.

Brain injury following aSAH is multimodal, with delayed cerebral ischemia (DCI) being an
important factor contributing to poor clinical outcomes. The incidence of DCI is around 30% among
survivors and can be a consequence of angiographic cerebral vasospasm (CV), which occurs in about 70%
of patients during the first two weeks after aSAH, as well as other mechanisms such as altered
autoregulation, cortical spreading depression (CSD) and microthrombosis!”. Here, systemic and local
inflammation is critical in mediating all these complications.

Blood in the subarachnoid space leads to an increase in the global intracranial pressure (ICP), leading
to the release of certain molecules from damaged brain tissue. Molecules from damaged central and
peripheral nerve tissue, such as damage-associated molecular pattern molecules (DAMPs) and
extravasated blood, seem to be the early initiators of the inflammatory cascade; they trigger the expression
of adhesion molecules, infiltration of leukocytes (particularly macrophages) and activation of resident
microglia. The activated microglia and infiltrating macrophages subsequently release pro-inflammatory
cytokines. Cytokines that have been implicated in neuroinflammation include IL-18, TNF, IL-6, IL-12,
IL-17, IL-23. Increased levels of IL-2, IL-6, IL-10, and TNF-a are associated with poor prognosis*>#!.
Increased blood—brain barrier (BBB) permeability further facilitates the passage of circulating leukocytes
and cytokines to the brain interstitium or parenchyma, contributing to global cerebral edema®.

In the acute event following aSAH, macrophages and neutrophils enter the subarachnoid space to
phagocytize the extravasated red blood cells in an effort to promote recovery. But changes in the CSF
flow and restoration of the endothelial tight junction of the BBB may cause trapping of macrophages
and neutrophils in the subarachnoid space in the subacute or chronic phase following aSAH. These
leukocytes release pro-inflammatory mediators such as endothelins and oxidative radicals, leading to
vasoconstriction, meningitis, and cerebritis!'”!. Interleukins IL-18, IL-6, and tumor necrosis factor-alpha
(TNFa) are well-known pro-inflammatory mediators contributing to the pathophysiology of aSAH. They
are produced in high amounts by the microglia and released into both serum and CSF, causing
destabilization of the BBB and further downstream activation of pro-inflammatory proteins. In addition,
TNFa and IL-1B are known to promote the activation of NF-kB, which in turn expresses pro-
inflammatory mediators such as cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE-2) and molecules
that facilitate macrophage recruitment and adhesion!''?, Although the role that IL-18, IL-6, and TNF«
play in aSAH warrants further investigation, it is well known that they bring about the clinical signs of
aSAH, such as neutrophilia, pyrexia, and general cerebral edema!'!.

The high mobility group box 1 (HMGBI1) protein is a cytokine that is found to mediate
neuroinflammation in early brain injury (EBI) after aSAH. In aSAH, overexpression of HMGBI has
been found in the extracellular milieu. Once in the extracellular space, HMGBI functions as a DAMP
protein, initiating the production of several inflammatory mediators, including TNFa«, IL-6, and IL-1f3
via TLRs/NF-kB signaling cascades. In addition, HMGBI1 also contributes to the rupture of the BBB. It
functions to interact with TLR4 and the receptor for advanced glycation end products (RAGE),
facilitating cell migration and further production of pro-inflammatory cytokines!'y. Figure 1 represents
the development of DCI secondary to aSAH.
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Figure 1. Flow diagram representing the development of DCI secondary to aSAH.

1.2. Role of cytokines in cerebral vasospasm

Cerebral Vasospasm (CV) is a common complication of aSAH. CV refers to a transient narrowing
of the intracranial arteries several days after an aSAH, leading to ischemia and causing significant brain
damage!”. Inflammation and oxidative stress play a vital role in the pathophysiology of cerebral
vasospasm!®,

In aSAH, there is extravasation of blood which is responsible for a cascade of reactions involving
the release of various vasoactive and pro-inflammatory factors from blood and vascular components in
the subarachnoid space leading to local vasospasm!'¢. In a clinical trial measuring the inflammatory
mediator levels in plasma and cerebrospinal fluid (CSF) in the days following an aneurysmal
Subarachnoid hemorrhage (aSAH), they found that the levels of IL-18, IL-4, IL-6, IL-8, IL-10, IL-15, IL-
17, IL-18, macrophage chemotactic protein (MCP)-1, vascular endothelial growth factor (VEGF) and
tumor necrosis factor (TNF)-a were significantly higher in aSAH compared to controls in the first seven
days!'”. Out of these cytokines, IL-1B, IL-6, IL-8, and TNF-a are associated with the development of
hemodynamic abnormalities in the basal cerebral arteries and determine the clinical outcomel'®!,

IL-1B is responsible for significantly increasing the leukocyte rolling and adhesion with the
upregulation of inflammation. In a study focusing on the role of IL-1f in aSAH, they found that in 50%
of animals, IL-1B activity was inhibited by intracerebroventricular administration of anti-rat IL-1[3
antibodies!”. Furthermore, they discovered that neutralizing IL-1f activity significantly reduced the
vasospasm and blood vessel density only 24 h after aSAH. The study proved the role of IL-1  in the

development of vascular pathologies after aSAHP".

IL-6 levels reach very high concentrations in CSF after aSAH and play a role in inducing
vasospasm['®?!l, In a study on the effects of IL-6 in vasospasm after aSAH, they found it produces long-
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lasting vasoconstriction in the canine cerebral artery, which may be partly related to the activation of the
prostaglandin cascade”. They used IL-6 to induce vasospasm by intracisternal injection of IL-6 and
found elevated levels of prostaglandins E, and I, in CSF for the first 4.5 h???. Multiple studies have linked
the presence of IL-6 in the CSF to the development of cerebral vasospasm?>24,

IL-8 is another cytokine linked to CV in aSAH. IL-8 is a pro-inflammatory cytokine and is mainly
responsible for recruiting neutrophils to the site of inflammation. A study analyzing the expression
change of the IL-8 gene in the basilar artery in rabbits showed that the expression of the IL-8 gene
increased on days 4-7 suggesting its role in cerebral vasospasm as an immunological inflammatory
factor®®!. Griessenauer and colleagues studied soluble Fms-like tyrosine kinase 1 (sFlt-1) and soluble
transforming growth factor B coreceptor, soluble endoglin (sEng) as important markers of CV
pathophysiology. They found that sFlt-1 was increased in patients with aSAH who were at risk of severe
Ccvesl,

Sung Ho Ahn and colleagues studied cytokines in serum after aSAH and concluded that persistent
elevations in Eotaxin is associated with persistent cerebral edema post aSAHP”. Additionally, Some
groups have attempted to profile inflammatory cells as biomarkers to assess prognosis in aSAH?#!. Overall
a better understanding of the mechanisms of cerebral vasospasm is critical for developing targeted
treatment strategies and improved outcomes for aSAH patients. Figure 2 represents the role of cytokines
in CV after SAH.

Role of Cytokines in cerebral vasospasm
after Subarachnoid Hemorrhage

=€

IL-6 activates the
prostaglandin cascade
and increases the levels
of Prostaglandin E2 and

I2

T

/

IL-1Beta is H;l-s is a pro
res: sible for ind ammatory
fz;;?;flisc;a:tl;n CEREBRAL Cybltl)‘l:il:ﬁ ;md
Foiscmnss ool VASOSPASM g
and adhesion . ils
with the " hestteof
unregulation of inflammation

infla; atio is f
inflammation Tumor necrosis factor

Alpha generates oxidative
stress, increasing
inflammation and further
increases the vascular tone

Figure 2. Role of cytokines in CV after SAH.

1.3. BBB and cytokines in SAH

The Iuminal and subluminal aspects of the neurovascular unit (NVU) consist of microvascular
endothelial cells that line the cerebrovascular capillary network in conjunction with non-vascular cells
(neurons, microglia, astrocytes, pericytes) located on the basolateral side of the capillary endothelium
respectively. The NVU carefully regulates the bi-directional traffic of fluids and solutes between
circulating blood and the neural microenvironment, which is the primary function of the blood—brain
barrier (BBB), thereby facilitating homeostasis of the central nervous system (CNS)?’. Within the
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capillary wall, BBB integrity partly derives from the coordinated assembly of inter-endothelial adherens
by promoting cell-cell adhesion and tight junction complexes regulating molecular traffic through the
paracellular space”. Both junctional complexes are intracellularly connected to the actin cytoskeleton
and mutually cooperate to modify endothelial barrier function in response to circulatory insults such as
biomechanical shear stress’®!!. Dysregulation of the BBB leading to elevated permeability has been
attributed to various neurological disorders, including aSAHP?-34,

SAH leads to a neuroinflammatory response as a result of initial bleeding that leads to BBB failure
in these circumstances. Furthermore, this BBB disruption leads to elevated levels of pro-inflammatory
cytokines such as tumor necrosis factor-oa (TNF-a), which originate either from local sources within the
NVU (including the endothelium), from peripheral circulating cells or other systemic injury sites.
Unfortunately, a comprehensive understanding of precisely how cytokines directly interact with and
damage the microvascular endothelium of the BBB is still relatively unknown. Moreover, current models
arguably exhibit a disproportionate focus on the contribution of TNF-a to BBB dysregulation, with very
few studies focusing on other equally relevant cytokines such as interleukin (IL)-1, IL-6 and interferon-y
(IFN-y)B,

TNF-a is a pro-inflammatory adipokine associated with innate immunity and acute phase reactions.
It exhibits many pleiotropic homoeostatic roles, including a neuroprotective role within the brainf¢!.
However, its excess production, whether acute or chronic, has long been associated with systemic disease
pathogenesis and brain dysfunction. In vitro studies have demonstrated the permeabilizing ability of
TNF-a in brain microvascular endothelial cells of bovine and mouse origin, non-transformed and
immortalized human brain microvascular endothelial cell (HBMvEC) models, with further confirmation
in a variety of in vivo mouse models®”*. IL-6 is a cytokine secreted by T-cells and macrophages, and
non-immune cell types to elicit pro-inflammatory responses. Its role is well established in vascular
inflammation, actively modulating vascular cell adaptive and pathological responses to stress?>3,
However, it has received surprisingly little attention regarding BBB regulation compared to TNF-a.

Though not profoundly studied, possible signaling mechanisms underlying the reactive oxygen
species (ROS)-dependent/-independent pathways that lead to BBB destabilization by pro-inflammatory
cytokines may include activation of mitogen-activated protein (MAP) kinase cascades and transcription
factors such as nuclear factor kappa B (NF-«kB). This leads to reduced gene expression, enhancement of
junctional protein turnover via the ubiquitin-proteasome system, degradation of paracellular junctions
by up-regulated matrix metalloproteinases, and even dysregulation of actin cytoskeletal signaling!“®-42],
Figure 3 represents the pathway mechanism of SAH leading to BBB dysfunction.
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Figure 3. SAH leading to BBB dysfunction.

1.4. The glymphatic system and aSAH

The glymphatic system (GS) comprises perivascular channels formed by astrocytes that mediate the
clearance of metabolic waste from the CNS. The GS plays a pivotal role in stroke pathophysiology,
cerebral edema, BBB dysfunction, immune cell inflammation, neuronal apoptosis, and
neuroinflammation.

Following aSAH, blood components, particularly fibrin and fibrinogen, accumulate in the
perivascular space (PVS), blocking the GS flow and ultimately worsening cerebral edema and ischemia™?.
A study in 2016 demonstrated that subarachnoid blood invaded the PVS within 5 min of aSAH and
gradually penetrated the parenchyma over the following hours*. The study further showed that GS
dysfunction following aSAH resulted in vasculitis, widespread microinfarction, and
neuroinflammation*¥, When microthrombi form, the microcirculation has no perfusion and no outflow,
paralyzing the clearance function of GS and leading to neuronal cell death. Hence, aSAH leads to GS
dysfunction.

Along with blood components, peripheral immune cells enter the PVS and drive neuronal
inflammation. Elevated pro-inflammatory monocytes and T-cells are associated with high levels of pro-
inflammatory cytokines. In the context of aSAH, GS dysfunction aggravates damage by suppressing
cytokine clearance from the brain!*4,

Interestingly, CV following aSAH has been linked to GS dysfunction. Using recombinant tissue
plasminogen activator (rt-PA) in patients with aSAH has been shown to clear coagulation in PVS and
reduce inflammation. rt-PA used intrathecally in aSAH patients has been shown to reduce the incidence
of CV and improve neurological outcomes™®!.

Under physiological conditions, the clearance of metabolites in the GS is regulated by Aquaporin-4
(APQ4), which is highly expressed in the astrocyte processes. In aSAH, APQ4 expression is up-regulated,
and its polarization is disrupted“”. APQ4 mislocation away from vascular endfeet during an
inflammatory process polarizes the glymphatic flow*!. After aSAH, APQ4 knockout mice showed a
significant decrease in CSF flow through cerebral parenchyma and interstitium. Furthermore, those mice
had persistent neuroinflammation compared to the wild-type control mice after seven days“®!. This shows

the GS undertakes a vital function of scavenging harmful metabolites and proteins post aSAH and plays
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a role in rehabilitating neurological function. Figure 4 represents the mechanism of Glymphstic system
dysfunction in aSAH.
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Figure 4. Glymphatic system dysfunction and aSAH.

1.5. Cytokine targeted therapy for aSAH

The immediate treatment of aSAH is aimed at lowering blood pressure using drugs such as
nicardipine, labetalol and sodium nitroprusside with the goal of maintaining the blood pressure at <160
mmHg"*!. With advancement in both microvascular and endovascular surgical techniques patients are
selected using regularly refined algorithms. Nimodipine, a calcium channel blocker, was confirmed as the
only drug associated with improved neurological outcomes but it failed to consistently show its efficacy
for vasospasm®!. Secondary injury as a consequence of inflammation and cytokines plays a major role
in death and disability despite the current treatment strategies. Various preclinical and clinical studies
have shown the utility of targeting cytokines in the treatment of aSAH-induced inflammation.

A recent study described the utility Eupatilin, a Chinese herbal medicine, in markedly reducing the
levels of IL-1p, IL-6, and TNF-a, and suppressing the expression levels of MyD88, TLR4, and p-NF-«B
p65 in SAH induced rats. It showed efficacy in ameliorating early brain injury following SAHPY. The IL
receptor antagonist (IL-1Ra) is a naturally occurring selective antagonist of IL-1, a key inflammatory
cytokine. Studies have shown the utility of using IL-1Ra as a promising candidate in the treatment of
cerebral ischemial®?.

A recent study described increased extracellular glutamate levels can activate astrocytes and promote
pro-inflammatory factor production particularly, TNF-a, IL-1§3, complement component 3 (C3) showing,
antagonization of glutamate is a feasible treatment option®®. A study in rats demonstrated significantly
reduced brain edema and rescued microcirculation impairment with concomitant anti-inflammatory
benefits after SAH with the use of dental pulp stem cell conditioned medium (DPSC-CM)P4.
Minocycline showed efficacy in attenuating the upregulation of TNF-a and IL-1 in addition to decreased
neuronal cell death, cerebral vasospasm and improved outcomes in rats®. Yong Giang and colleagues
found TNFa antibody had a neuroprotective effect on apoptosis following aSAH in a rat model®®.
Another study showed that mitogen-activated protein kinase (MAPK) pathway inhibition reduced
inflammation in a rodent model of aSAHP”. Tamoxifen, a drug used in breast cancer, also showed
efficacy in a rat aSAH model with decreased inflammation and no evidence of early brain damage such
as cortical edema and BBB disruption®®. There was also a complete reversal of their aSAH-induced
spatial working memory dysfunction compared to vehicle-treated controls®®. A study showed that
Fingolimod, an immunomodulator, can down-regulate IL-6 and TNF-a and up-regulate IL-10 and TGF-
B1 in serum in a rodent model of SAHP?. Haoliang Xu and colleagues targeted peripheral immune cell
adhesion and inflammation using the drug LJP-1586 which improved cognitive and functional
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performance after aSAH in rodent models®”. The team also showed improved outcomes with
fingolimod®!!. Melatonin has also shown efficacy in attenuating early brain injury following SAH by
regulating pro-inflammatory cytokines!®?.

Potential targets for the treatment of cerebral vasospasm include neutrophils, macrophages, and
myeloid lineage cells. In addition, preclinical therapeutics that block E-selectin!® or antibodies against
CD8/CD11"% cause a reduction in the severity of CV. Antibodies against LY6G/C, a surface marker on
CDS8 cells, have shown efficacy in reducing CV and improving behavioral tests®>!. The antioxidant
rosiglitazone also effectively reduced inflammation-mediated CV in animal models6¢¢7.

Tosun and colleagues studied glibenclamide (glyburide), an inhibitor of the Surl-Trpm4 receptor,
attenuates neuroinflammation®®. It has showed reduced inflammation and improved behavior deficits in
rodent models®®!. A clinical trial is evaluating glibenclamide as a treatment for acute aSAH
(NCTO05137678).

Human studies have shown the efficacy of targeted cytokine therapies, as depicted in Table 1. James
Galea and colleagues performed a randomized trial using 100 mg subcutaneous IL-1Ra (Anakinra). They
found decreased peripheral inflammation and improved Glasgow come scale in the active group, but this
finding was not statistically significant’”. Puerarin, an anti-inflammatory agent, showed efficacy in the
prophylaxis and treatment of CV in patients after aSAH! .

Table 1. Human clinical trials on cytokine-targeted therapeutics.

Author (year) Control group (n) Active group (n) Intervention  Duration Outcome p-value
Galea J©2 68 68 100 mgscIL- 6 months Reduced IL6 and CRP <0.0001
1Ra
Wang JWHI 24 30 Peurarin N/A Decreased incidence of CV  <0.05
Simon M 6 7 Anakinra - Decreased IL6 in CSF and  <0.08
plasma

2. Conclusion

To conclude, aneurysmal subarachnoid hemorrhage is a serious medical condition that can lead to
neuronal damage and significant morbidity and mortality. The release of cytokines in response to the
presence of blood in the subarachnoid space plays a crucial role in initiating and propagating
neuroinflammation. Elevated levels of cytokines have been observed in patients with aSAH and are
associated with poor outcomes. Further research is needed to better understand the role of cytokines in
the pathophysiology of aSAH and to develop targeted therapies to modulate their expression and activity.
The study of cytokines in neuroinflammation holds promise for improving treatment strategies and
outcomes of patients with aSAH.

Conflict of interest

The authors declare no conflict of interest.

References

1. Budohoski KP, Guilfoyle M, Helmy A, et al. The pathophysiology and treatment of delayed cerebral
ischaemia following subarachnoid haemorrhage. Journal of Neurology, Neurosurgery & Psychiatry 2014; 85(12):
1343-1353. doi: 10.1136/jnnp-2014-307711



In Vitro Diagnosis 2023; 3(1): 55.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Dodd WS, Laurent D, Dumont AS, et al. Pathophysiology of delayed cerebral ischemia after subarachnoid
hemorrhage: A review. Journal of the American Heart Association 2021; 10(15): e021845. doi:
10.1161/JAHA.121.021845

Stoll JR, Vaidya TS, Mori S, et al. Association of interleukin-6 and tumor necrosis factor-a with mortality in
hospitalized patients with cancer. Journal of the American Academy of Dermatology 2021; 84(2): 273-282. doi:
10.1016/j.jaad.2020.03.010

Kang S, Kishimoto T. Interplay between interleukin-6 signaling and the vascular endothelium in cytokine
storms. Experimental & Molecular Medicine 2021; 53(7): 1116-1123. doi: 10.1038/512276-021-00649-0
Rochfort KD, Collins LE, McLoughlin A, Cummins PM. Tumour necrosis factor-a-mediated disruption of
cerebrovascular endothelial barrier integrity in vitro involves the production of proinflammatory interleukin-
6. Journal of Neurochemistry 2016; 136(3): 564—572. doi: 10.1111/jnc.13408

Bauer AM, Rasmussen PA. Treatment of intracranial vasospasm following subarachnoid hemorrhage.
Frontiers in Neurology 2014; 5: 72. doi: 10.3389/fneur.2014.00072

Geraghty JR, Testai FD. Delayed cerebral ischemia after subarachnoid hemorrhage: Beyond vasospasm and
towards a multifactorial pathophysiology. Current Atherosclerosis Reports 2017; 19(12): 50. doi:
10.1007/s11883-017-0690-x

Dong G, Li C, Hu Q, et al. Low-dose IL-2 treatment affords protection against subarachnoid hemorrhage
injury by expanding peripheral regulatory T cells. ACS Chemical Neuroscience 2021; 12(3): 430—440. doi:
10.1021/acschemneuro.0c00611

Chen S, Xu PL, Fang Y, Lenahan C. The updated role of the blood brain barrier in subarachnoid
hemorrhage: From basic and clinical studies. Current Neuropharmacology 2020; 18(12): 1266—1278. doi:
10.2174/1570159X18666200914161231

Theofilis P, Sagris M, Oikonomou E, et al. Inflammatory mechanisms contributing to endothelial
dysfunction. Biomedicines 2021; 9(7): 781. doi: 10.3390/biomedicines9070781

Aoki T, Frosen J, Fukuda M, et al. Prostaglandin E,-EP2-NF-kB signaling in macrophages as a potential
therapeutic target for intracranial aneurysms. Science Signaling 2017; 10(465): eaah6037. doi:
10.1126/scisignal.aah6037

Frosen J, Cebral J, Robertson AM, Aoki T. Flow-induced, inflammation-mediated arterial wall remodeling
in the formation and progression of intracranial aneurysms. Neurosurgical Focus 2019; 47(1): E21. doi:
10.3171/2019.5.focus19234

Lucke-Wold BP, Logsdon AF, Manoranjan B, et al. Aneurysmal subarachnoid hemorrhage and
neuroinflammation: A comprehensive review. International Journal of Molecular Sciences 2016; 17(4): 497. doi:
10.3390/1jms17040497

Weiland J, Beez A, Westermaier T, et al. Neuroprotective strategies in aneurysmal subarachnoid
hemorrhage (aSAH). International Journal of Molecular Sciences. 2021; 22(11): 5442. doi:
10.3390/1jms22115442

Li K, Barras CD, Chandra RV, et al. A review of the management of cerebral vasospasm after aneurysmal
subarachnoid hemorrhage. World Neurosurgery 2019; 126: 513-527. doi: 10.1016/j.wneu.2019.03.083
Viderman D, Tapinova K, Abdildin YG. Mechanisms of cerebral vasospasm and cerebral ischaemia in
subarachnoid haemorrhage. Clinical Physiology and Functional Imaging 2023; 43(1): 1-9. doi:

10.1111/cpf. 12787

Al-Tamimi YZ, Bhargava D, Orsi NM, et al. Compartmentalisation of the inflammatory response following
aneurysmal subarachnoid haemorrhage. Cytokine 2019; 123: 154778. doi: 10.1016/j.cyt0.2019.154778
Fassbender K, Hodapp B, Rossol S, et al. Inflammatory cytokines in subarachnoid haemorrhage:
Association with abnormal blood flow velocities in basal cerebral arteries. Journal of Neurology, Neurosurgery &
Psychiatry 2001; 70(4): 534-537. doi: 10.1136/jnnp.70.4.534

Hendryk S, Jarzab B, Josko J. Increase of the IL-1 beta and IL-6 levels in CSF in patients with vasospasm
following aneurysmal SAH. Neuroendocrinology Letters 2004; 25(1-2): 141-147.

Jedrzejowska-Szyputka H, Larysz-Brysz M, Kukla M, et al. Neutralization of interleukin-1beta reduces
vasospasm and alters cerebral blood vessel density following experimental subarachnoid hemorrhage in rats.
Current Neurovascular Research 2009; 6(2): 95-103. doi: 10.2174/156720209788185669

Croci DM, Sivanrupan S, Wanderer S, et al. Preclinical and clinical role of interleukin-6 in the development
of delayed cerebral vasospasm and neuronal cell death after subarachnoid hemorrhage: Towards a potential
target therapy? Neurosurgical Review 2022; 45(1): 395-403. doi: 10.1007/s10143-021-01628-9

Osuka K, Suzuki Y, Tanazawa T, et al. Interleukin-6 and development of vasospasm after subarachnoid
haemorrhage. Acta Neurochirurgica 1998; 140(9): 943-951. doi: 10.1007/s007010050197

Chaudhry SR, Stoffel-Wagner B, Kinfe TM, et al. Elevated systemic IL-6 levels in patients with aneurysmal
subarachnoid hemorrhage is an unspecific marker for post-SAH complications. International Journal of
Molecular Sciences 2017; 18(12): 2580. doi: 10.3390/1jms18122580

9



In Vitro Diagnosis 2023; 3(1): 55.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Liu W, LiR, Yin J, et al. Mesenchymal stem cells alleviate the early brain injury of subarachnoid
hemorrhage partly by suppression of Notch1-dependent neuroinflammation: Involvement of botch. Journal of
Neuroinflammation. 2019; 16: 1-20. doi: 10.1186/s12974-019-1396-5

Wang Y, Zhong M, Tan XX, et al. Expression change of interleukin-8 gene in rabbit basilar artery after
subarachnoid hemorrhage. Neuroscience Bulletin 2007; 23(3): 151-155. doi: 10.1007/s12264-007-0022-1
Griessenauer CJ, Chua MH, Hanafy KA, et al. Soluble Fms-like tyrosine kinase 1 (sFlt-1) and risk of
cerebral vasospasm after aneurysmal subarachnoid hemorrhage. World Neurosurgery 2017; 108: 84—89. doi:
10.1016/j.wneu.2017.08.128

Ahn SH, Burkett A, Paz A, et al. Systemic inflammatory markers of persistent cerebral edema after
aneurysmal subarachnoid hemorrhage. Journal of Neuroinflammation 2022; 19(1): 199. doi: 10.1186/s12974-
022-02564-1

Vlachogiannis P, Hillered L, Enblad P, Ronne-Engstrom E. Temporal patterns of inflammation-related
proteins measured in the cerebrospinal fluid of patients with aneurysmal subarachnoid hemorrhage using
multiplex proximity extension assay technology. PLoS One 2022; 17(3): €0263460. doi:
10.1371/journal.pone.0263460

Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and disease. Pharmacological
Reviews 2005; 57(2): 173-185. doi: 10.1124/pr.57.2.4

Bazzoni G, Dejana E. Endothelial cell-to-cell junctions: Molecular organization and role in vascular
homeostasis. Physiological Reviews 2004; 84(3): 869-901. doi: 10.1152/physrev.00035.2003

Walsh TG, Murphy RP, Fitzpatrick P, et al. Stabilization of brain microvascular endothelial barrier function
by shear stress involves VE - cadherin signaling leading to modulation of pTyr - occludin levels. Journal of
Cellular Physiology 2011; 226(11): 3053-3063. doi: 10.1002/jcp.22655

Alves JL. Blood-brain barrier and traumatic brain injury. Journal of Neuroscience Research 2014; 92(2): 141-
147. doi: 10.1002/jnr.23300

Geraghty JR, Davis JL, Testai FD. Neuroinflammation and microvascular dysfunction after experimental
subarachnoid hemorrhage: Emerging components of early brain injury related to outcome. Neurocritical Care
2019; 31(2): 373-389. doi: 10.1007/512028-019-00710-x

Yang C, Hawkins KE, Doré S, Candelario-Jalil E. Neuroinflammatory mechanisms of blood-brain barrier
damage in ischemic stroke. American Journal of Physiology-Cell Physiology 2019; 316(2): C135—C153. doi:
10.1152/ajpcell.00136.2018.

Zhao Y, Luo Y, Liu Y, et al. The role of autophagy and apoptosis in early brain injury after subarachnoid
hemorrhage: An updated review. Molecular biology reports 2022; 49(11): 10775-10782. doi: 10.1007/s11033-
022-07756-9

Figiel I. Pro-inflammatory cytokine TNF-alpha as a neuroprotective agent in the brain. Acta Neurobiologiae
Experimentalis 2008; 68(4): 526-534.

Lopez-Ramirez MA, Fischer R, Torres-Badillo CC, et al. Role of caspases in cytokine-induced barrier
breakdown in human brain endothelial cells. The Journal of Immunology 2012; 189(6): 3130-3139. doi:
10.4049/jimmunol.1103460

Nishioku T, Matsumoto J, Dohgu S, et al. Tumor necrosis factor-alpha mediates the blood-brain barrier
dysfunction induced by activated microglia in mouse brain microvascular endothelial cells. Journal of
Pharmacological Sciences 2010; 112(2): 251-254. doi: 10.1254/jphs.09292sc

Lad SP, Hegen H, Gupta G, et al. Proteomic biomarker discovery in cerebrospinal fluid for cerebral
vasospasm following subarachnoid hemorrhage. Journal of Stroke and Cerebrovascular Diseases 2012; 21(1): 30—
41. doi: 10.1016/j.jstrokecerebrovasdis.2010.04.004

Wang JW, Gao JM, Huang YJ. Effects of puerarin on the vascular active factor related to cerebral
vasospasm after aneurysm subarachnoid hemorrhage. Chinese Journal of Integrated Traditional and Western
Medicine 2012; 32(2): 164-167.

Aslam M, Ahmad N, Srivastava R, Hemmer B. TNF-alpha induced NFkB signaling and p65 (RelA)
overexpression repress Cldn5 promoter in mouse brain endothelial cells. Cytokine 2012; 57(2): 269-275. doi:
10.1016/j.cyto.2011.10.016

Goulay R, Flament J, Gauberti M, et al. Subarachnoid hemorrhage severely impairs brain parenchymal
cerebrospinal fluid circulation in nonhuman primate. Stroke 2017; 48(8): 2301-2305. doi:
10.1161/STROKEAHA.117.017014

Pluta RM, Bacher J, Skopets B, Hoffmann V. A non-human primate model of aneurismal subarachnoid
hemorrhage (SAH). Translational Stroke Research 2014; 5(6): 681-691. doi: 10.1007/s12975-014-0371-9

Luo C, Yao X, LiJ, et al. Paravascular pathways contribute to vasculitis and neuroinflammation after
subarachnoid hemorrhage independently of glymphatic control. Cell Death & Disease 2016; 7(3): €2160. doi:
10.1038/cddis.2016.63

10



In Vitro Diagnosis 2023; 3(1): 55.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lv T, Zhao B, Hu Q, Zhang X. The glymphatic system: A novel therapeutic target for stroke treatment.
Frontiers in Aging Neuroscience 2021; 13: 689098. doi: 10.3389/fnagi.2021.689098

Boluijt J, Meijers JCM, Rinkel GJE, Vergouwen MDI. Hemostasis and fibrinolysis in delayed cerebral
ischemia after aneurysmal subarachnoid hemorrhage: A systematic review. Journal of Cerebral Blood Flow &
Metabolism 2015; 35(5): 724-733. doi: 10.1038/jcbfm.2015.13

Ren Z, 1liff JJ, Yang L, et al. ‘Hit & run’ model of closed-skull traumatic brain injury (TBI) reveals complex
patterns of post-traumatic AQP4 dysregulation. Journal of Cerebral Blood Flow & Metabolism 2013; 33(6): 834—
845. doi: 10.1038/jcbfm.2013.30

Liu E, Peng X, Ma H, et al. The involvement of aquaporin-4 in the interstitial fluid drainage impairment
following subarachnoid hemorrhage. Frontiers in Aging Neuroscience 2021; 12: 611494. doi:
10.3389/fnagi.2020.611494

Connolly ES, Rabinstein AA, Carhuapoma JR, et al. Guidelines for the management of aneurysmal
subarachnoid hemorrhage. Stroke 2012; 43(6): 1711-1737. doi: 10.1161/STR.0b013e3182587839

Dayyani M, Sadeghirad B, Grotta JC, et al. Prophylactic therapies for morbidity and mortality after
aneurysmal subarachnoid hemorrhage: A systematic review and network meta-analysis of randomized trials.
Stroke 2022; 53(6): 1993-2005. doi: 10.1161/STROKEAHA.121.035699

Hong Y, He S, Zou Q, et al. Eupatilin alleviates inflammatory response after subarachnoid hemorrhage by
inhibition of TLR4/MyD88/NF-«B axis. Journal of Biochemical and Molecular Toxicology 2023; 37(5): e23317.
doi: 10.1002/3bt.23317

Galea J, Ogungbenro K, Hulme S, et al. Reduction of inflammation after administration of interleukin-1
receptor antagonist following aneurysmal subarachnoid hemorrhage: Results of the subcutaneous
interleukin-1Ra in SAH (SCIL-SAH) study. Journal of Neurosurgery 2018; 128(2): 515-523. doi:
10.3171/2016.9.JNS16615

Zuo T, Gong B, Gao Y, Yuan L. An in vitro study on the stimulatory effects of extracellular glutamate on
astrocytes. Molecular Biology Reports 2023; 50(8): 6611-6617. doi: 10.1007/s11033-023-08601-3

Yang LY, Chen YR, Lee JE, et al. Dental pulp stem cell-derived conditioned medium alleviates
subarachnoid hemorrhage-induced microcirculation impairment by promoting M2 microglia polarization
and reducing astrocyte swelling. Translational Stroke Research 2022; 14(5): 688—703. doi: 10.1007/s12975-022-
01083-8

Chung C, Tsai H, Huang Y, et al. Attenuation in proinflammatory factors and reduction in neuronal cell
apoptosis and cerebral vasospasm by minocycline during early phase after subarachnoid hemorrhage in the
rat. BioMed Research International 2021; 2021: 5545727. doi: 10.1155/2021/5545727

Jiang Y, Liu DW, Han XY, et al. Neuroprotective effects of anti-tumor necrosis factor-alpha antibody on
apoptosis following subarachnoid hemorrhage in a rat model. Journal of Clinical Neuroscience 2012; 19(6): 866—
872. doi: 10.1016/j.jocn.2011.08.038

Maddahi A, Povlsen GK, Edvinsson L. Regulation of enhanced cerebrovascular expression of
proinflammatory mediators in experimental subarachnoid hemorrhage via the mitogen-activated protein
kinase kinase/extracellular signal-regulated kinase pathway. Journal of Neuroinflammation 2012; 9(1): 274.
doi: 10.1186/1742-2094-9-274

Sun X, Ji C, Hu T, et al. Tamoxifen as an effective neuroprotectant against early brain injury and learning
deficits induced by subarachnoid hemorrhage: Possible involvement of inflammatory signaling. Journal of
Neuroinflammation 2013; 10(1): 920. doi: 10.1186/1742-2094-10-157

Wang Y, Zhou S, Han Z, et al. Fingolimod administration improves neurological functions of mice with
subarachnoid hemorrhage. Neuroscience Letters 2020; 736: 135250. doi: 10.1016/j.neulet.2020.135250

Xu H, Testai FD, Valyi-Nagy T, et al. VAP-1 blockade prevents subarachnoid hemorrhage-associated
cerebrovascular dilating dysfunction via repression of a neutrophil recruitment-related mechanism. Brain
Research 2015; 1603: 141-149. doi: 10.1016/j.brainres.2015.01.047

Xu H, Pelligrino DA, Paisansathan C, Testai FD. Protective role of fingolimod (FTY 720) in rats subjected to
subarachnoid hemorrhage. Journal of Neuroinflammation. 2015; 12(1): 16. doi: 10.1186/s12974-015-0234-7.
Chen J, Chen G, Li J, et al. Melatonin attenuates inflammatory response-induced brain edema in early brain
injury following a subarachnoid hemorrhage: A possible role for the regulation of pro-inflammatory
cytokines. Journal of Pineal Research 2014; 57(3): 340-347. doi: 10.1111/jpi.12173

Lin CL, Dumont AS, Calisaneller T, et al. Monoclonal antibody against E selectin attenuates subarachnoid
hemorrhage-induced cerebral vasospasm. Surgical Neurology 2005; 64(3): 201-205. doi:
10.1016/j.surneu.2005.04.038

Pradilla G, Wang PP, Legnani FG, et al. Prevention of vasospasm by anti-CD11/CD18 monoclonal
antibody therapy following subarachnoid hemorrhage in rabbits. Journal of Neurosurgery 2004; 101(1): 88-92.
doi: 10.3171/jns.2004.101.1.0088

11



In Vitro Diagnosis 2023; 3(1): 55.

65.

66.

67.

68.

69.

70.

Provencio JJ, Altay T, Smithason S, et al. Depletion of Ly6G/C* cells ameliorates delayed cerebral
vasospasm in subarachnoid hemorrhage. Journal of Neuroimmunology 2011; 232(1-2): 94-100. doi:
10.1016/j.jneuroim.2010.10.016

WuY, Zhao X, Zhuang Z, et al. Peroxisome proliferator-activated receptor gamma agonist rosiglitazone
attenuates oxyhemoglobin-induced toll-like receptor 4 expression in vascular smooth muscle cells. Brain
Research 2010; 1322: 102-108. doi: 10.1016/j.brainres.2010.01.073

Yang WS, Jeng CY, Wu TJ, et al. Synthetic peroxisome proliferator-activated receptor-gamma agonist,
rosiglitazone, increases plasma levels of adiponectin in type 2 diabetic patients. Diabetes Care 2002; 25(2):
376-380. doi: 10.2337/diacare.25.2.376.

Tosun C, Kurland DB, Mehta R, et al. Inhibition of the Surl-Trpm4 channel reduces neuroinflammation
and cognitive impairment in subarachnoid hemorrhage. Stroke 2013; 44(12): 3522-3528. doi:
10.1161/STROKEAHA.113.002904

Shiokawa R, Otani N, Kajimoto R, et al. Glibenclamide attenuates brain edema associated with microglia
activation after intracerebral hemorrhage. Neurochirurgie 2022; 68(6): 589-594. doi:
10.1016/j.neuchi.2022.07.009

Simon M, Grote A. Interleukin 6 and aneurysmal subarachnoid hemorrhage: A narrative review.
International Journal of Molecular Sciences 2021; 22(8): 4133. doi: 10.3390/1jms22084133

12



