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Summary

Over the last two decades, neurological researchers have uncovered many pathophysiological mechanisms associated
with subarachnoid haemorrhage (SAH), with early brain injury and delayed cerebral ischaemia both contributing to
morbidity and mortality. The current dilemma in SAH management inspired us to rethink the nature of the insult
in SAH: sudden bleeding into the subarachnoid space and hypoxia due to disturbed cerebral circulation and
increased intracranial pressure, generating exogenous stimuli and subsequent pathophysiological processes. Exoge-
nous stimuli are defined as factors which the brain tissue is not normally exposed to when in the healthy state. Inter-
sections of these initial pathogenic factors lead to secondary brain injury with related metabolic changes after SAH.
Herein, we summarized the current understanding of efforts to monitor and analyse SAH-related metabolic changes
to identify those precise pathophysiological processes and potential therapeutic strategies; in particular, we highlight
the restoration of normal cerebrospinal fluid circulation and the normalization of brain-blood interface physiology
to alleviate early brain injury and delayed neurological deterioration after SAH.

104223

Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Subarachnoid haemorrhage; Early brain injury; Cerebrospinal fluid; Microcirculation; Metabolomic;

eBioMedicine 2022;83:

Published online xxx
https://doi.org/10.1016/j.
ebiom.2022.104223

Biomarker

Introduction

Subarachnoid haemorrhage (SAH) is an acute cerebro-
vascular disorders and is mainly caused by ruptured of
intracranial aneurysms. Although ruptured aneurysms
can be effectively treated by surgical clamping or inter-
ventional embolization, the inpatient mortality for
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patients with ruptured aneurysms has remained
unchanged in the United States, ranging from 13.7% in
2006 to 13.1% in 2018." In recent years, the milestone
CONSCIOUS-2 (NCToos558311) and CONSCIOUS-3
(NCT00940095) clinical trials have inspired us to focus
on early brain injury, in addition to delayed cerebral
ischaemia caused by vasospasm after SAH.> However,
there is still a lack of in-depth understanding and effec-
tive treatment of secondary brain injury, which leads to
a poor prognosis in patients with SAH, often including
cognitive dysfunction.*?

Current theory in SAH research and management
includes consideration of the two distinct physiological
insults that occur immediately after SAH: 1) sudden
bleeding into the subarachnoid space and 2) hypoxia
due to disturbed cerebral circulation and increased
intracranial pressure. These two initial changes lead to
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the stimulus of early brain injury [exogenous materials
in subarachnoid space and cerebrospinal fluid (CSF)]
and the goal of neurocritical care management (restor-
ing effective intracranial perfusion). CSF stimuli can
induce injuries to the vascular neural network, resulting
in various reported pathophysiological changes. The
goal of restoring effective intracranial perfusion has led
to recent advances in treatments in the acute and sub-
acute periods after subarachnoid haemorrhage. In addi-
tion, these two factors intersect in several ways and
create a vicious cycle for SAH patients. Therefore, moni-
toring and intervention for the initial changes and sub-
sequent consequences might be promising for early
brain injury treatment after SAH.

It should be noted that we do not discuss the role
of intracerebral haematoma formation in high-grade
SAH patients, which might be more similar to the
pathophysiology process after intracerebral haemor-
rhage. This review provides an in-depth update on
the pathological processes that follow SAH by focus-
ing on real-time metabolic changes related to early
brain injury to uncover novel avenues for research
and improve the clinical management of SAH
patients.

Intersections in the pathophysiological changes
induced by two initial factors

Exogenous stimuli in CSF induce microcirculatory
dysfunction (Figure 1)

It is well known that the CSF circulation helps maintain
brain haemostasis and normal metabolism. Sudden
bleeding into the subarachnoid space could cause dis-
ruption of flow in the cerebral ventricles, along perivas-
cular spaces and the glymphatic system as exogenous
stimuli for brain haemostasis. Several decades of experi-
mental and clinical data indicated that CSF haemoglo-
bin induced secondary brain injury after SAH,* as we
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speculated before. Targeting CSF haemoglobin reduces
delayed cerebral ischaemia and improve neurological
outcomes for SAH in animal models and has potential
for clinical application in patients.’

However, there are not just blood and haemolytic
products in CSF; at least two types of materials should
be specifically considered and monitored. One is hae-
molytic product-induced secondary neuroinflammatory
factors, such as inflammasome-derived caspase-1 activ-
ity, which is tightly associated with blood coagulation in
CSF and poor prognosis of SAH patients.® Elevated
CSF lipocalin-2 mediates neuroinflammation and iron
homeostasis and is reported to be a biomarker for unfav-
ourable outcomes of SAH patients” and a potential ther-
apeutic target for long-term neurological rehabilitation.”

Another set of biomarkers comprises the brain
metabolites released into CSF, which could serve as bio-
markers of brain injury by exogenous stimuli and, more
importantly, as the initiation of secondary brain injury
that eventually leads to irreversible pathophysiological
cascades. Ho WM et al. employed a validated kit to iden-
tify and quantify 186 endogenous metabolites in the
CSF sample of SAH patients® and surprisingly found
no significant changes in glutamate, creatinine and sev-
eral other metabolomics in CSF within 24 hrs after
SAH, but taurine levels significantly decreased, and 17
amino acids, including glutamate and creatinine, sub-
stantially increased and reached a maximum 1 week
after SAH. Wang KC et al. reported that high mobility
group box 1 (HMGBI) released by injured neurons into
the CSF also participates in subsequent immune
responses and serves as a prognostic indicator for SAH
patients."®

Therefore, time-dependent alterations in CSF metab-
olites and compounds may elucidate pathophysiological
processes after SAH, and machine learning-driven
metabolomic evaluation of CSF might provide more in-
depth information on the pathologic underpinnings of
secondary brain injury after SAH."

Inflammatory cell recruitment
Microthrombosis

Reduced effective
blood perfusion

Figure 1. Schematic diagram of the microcirculation dysfunction induced by initial stimulation after SAH.

Left: Schematic diagram of the normal cerebral microcirculation. Right: Schematic diagram of microcirculation disturbance after
SAH. After microvasospasms in the compensation period, platelet aggregation and leukocyte plugging in capillaries cause microcir-
culation dysfunction in the decompensation phase. When the microthrombi fill microvessels and the glymphatic drainage system,
the whole microcirculation collapses without blood flow, and microcirculation dysfunction moves into an irreversible phase.
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During aneurysm clipping surgery, Uhl et al
observed monosegmental and pearl-string multiseg-
mental microvasospasms in arterioles for the first time,
with a 75% reduction in cortical microcirculation after
SAH.™ A recent digital subtraction angiography (DSA)
study found that the intracerebral circulation time
within 24 hrs after ictus was significantly correlated
with the occurrence of delayed cerebral ischaemia in
SAH patients as an independent factor in addition to
angiographic vasospasm in traditional understanding,"
which suggests that microcirculatory dysfunction in the
ultra-early and subacute phases can be a causative factor
for delayed cerebral ischaemia development and poor
outcome.

More importantly, these microvasospasms in arterio-
les are not mediated by endothelin A receptors, suggest-
ing distinct mechanisms in large and small cerebral
vessels, which might be an explanation for the unfavor-
able results of CONSCIOUS trials."* Our previous study
demonstrated that haemoglobin induced acute perica-
pillary pericyte contraction, resulting in vivid and
similar pearl-string-like microvasospasms for microcir-
culation dysfunction after SAH in mice.” Haem degra-
dation intermediate bilirubin oxidation end products
(BOXes) and propentdyopents (PDPs) are significantly
abundant in the CSF of patients with SAH and exhibit
vasoconstrictive effects contributing to neurological def-
icits.”® In addition, free iron (Fe3*) released from hae-
molytic red blood cells is also involved in arteriolar and
capillary microvasospasms after SAH in mice,” while
iron deposits in the cortex have been reported to be asso-
ciated with cognitive outcomes in SAH patients."®

As we previously proposed and reviewed,'? there are
three steps of microcirculation disturbance after SAH:
microcirculation compensation, decompensation and
irreversible phases. After microvasospasms in the com-
pensation period, platelet aggregation® and leukocyte
plugging® in capillaries cause microcirculatory dys-
function in the decompensation phase. When the
microthrombi fill microvessels®* and the glymphatic
drainage system,”’ the whole microcirculation collapses
without blood flow, and microcirculation dysfunction
moves into an irreversible phase. Recent findings
involving neutrophil extracellular traps (NETs)**
released from neutrophils after SAH might be the core
intersections among platelet aggregation, microthrom-
bosis, and microglia-mediated inflammation,* further
supporting the pathophysiological characteristics of the
irreversible phase of microcirculation.*®*”

Hypoxia aggravates pathophysiological changes after
bleeding into the CSF

It is well known that the vast majority of patients lack
ischaemic lesions in brain imaging at the early phase of
SAH; even in limited reported cohorts with poor-grade
ruptured aneurysms, only approximately 21% of
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patients suffer from cerebral infarction.?® However, the
metabolomic profiling of CSF indicates that 2-hydroxy-
glutarate, a known marker of tissue hypoxia, correlates
with the long-term outcomes of SAH patients indepen-
dent of vasospasm status.* Cerebral microdialysis and
multimodal neuromonitoring strategies have found that
brain tissue hypoxia (PbtO,<20 mmHg) exists in more
than 60% of patients within the first 24 h after SAH.>°
During brain hypoxia, hypoxia-inducible factor-1o
(HIF-1e) is traditionally considered to be the core of
pathophysiological processes. Accumulated evidence
has established the dual nature of HIF-1« as an adaptive
factor and cell death mediator, which depends on patho-
physiological conditions, developmental phase, comor-
bidities, and administered medications.>' Dong Y et al.
inhibited HIF-1o using YC-1 and found deteriorated hip-
pocampal apoptosis and cognitive dysfunction,’* while
2-methoxyestradiol, acting as a HIF-1« inhibitor, ame-
liorated early brain injury and cerebral vasospasm in
SAH rats.?® There are two principal ways in which HIF-
I is activated: an oxygen-dependent reaction and an
oxygen-independent reaction. Hypoxia and oxidizing
redox status are considered established enhancers of
HIF-1 protein stabilization, while nonhypoxic activa-
tors appear to include only HIF-1« activity and not pro-
tein stabilization. Normoxia and several protein
modifications decrease HIF-1o expression and activity.
HIF-1a not only regulates the expression of target
genes and thereby influences resultant protein levels
but also contributes to epigenetic changes that may
reciprocally provide feedback regulation loops. On this
basis, we wondered whether there are more comprehen-
sive pathophysiological changes under brain hypoxia
after SAH. Lactate in CSF, as the intermediate product
of the tricarboxylic acid cycle and energy metabolism,
has been demonstrated to be a biomarker for early brain
injury and tightly correlated with neurological outcomes
in SAH patients.>** Therefore, assessment of the lac-
tate/pyruvate ratio in dialysate obtained as part of multi-
modal monitoring during early brain injury might be
informative and beneficial for SAH patients.® The
underlying mechanism of lactate-mediated pathophysi-
ological processes might be much more complicated
than previously thought, which is not just metabolomic
production under hypoxia but acts as a pathogenic
mediator, as it can regulate downstream gene expres-
sion by lactylation of histones®” and of nonhistone pro-
teins,*® a newly reported posttranslational modification.
Despite limited evidence of the role and mechanism of
lactylation, repeated lactate exposure has major effects
on the expression of regulatory enzymes of glycolysis
and mitochondrial respiration.’? It has been demon-
strated that lysine lactylation in brain macrophages
is regulated by neural excitation and social stress,
with parallel changes in lactate levels.*® Histone lac-
tylation might occur separately from interleukin-6-
induced inflammatory metabolic adaptation.*' Thus,
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targeting lactylation may be a potential therapeutic
approach for cancer,*” inflammation,’® Alzheimer’s
disease® and other brain disorders.

Advances in monitoring metabolomic changes

associated with early brain injury after SAH
Ideally, the goal of neurocritical care management for
SAH and other acute brain injuries is to restore effective
oxygen and glucose delivery to the brain, which typically
requires adequate intracranial vascular perfusion; thus,
therapeutic hypervolaemia, haemodilution, and hyper-
tension (HHH) therapy has been used for SAH patients
for a long time. A recent study indicated that although
global and regional cerebral blood flow improved with
HHH therapy, metabolites in microdialysis fluid were
statistically unchanged in SAH patients.** In this
cohort, no patients exhibited signs of severe ischaemia
but they commonly had a disturbed energy metabolic
pattern, possibly reflecting mitochondrial dysfunction®
in addition to improved microcirculation. Extracellular
mitochondria in CSF may provide additional informa-
tion on brain integrity and recovery after SAH.**#7
Thus, mitochondrial dysfunction could be a potential
therapeutic target for SAH management,*® but further
studies are needed to precisely evaluate the spatial varia-
tions and characterize the biological cascade.

Spatial metabolomics to assess real-time metabolic
changes (Figure 2)

Although SAH usually has a specific causative factor,
complex primary injury superimposes the patient’s own
susceptibility factors, resulting in multiple interwoven

2. Neuron
2.1 Swelling

1. Mitochondrial dysfunction
1.1 Membrane potential collapse
1.2 ROS overproduction
1.3 Apoptogenic proteins release
1.4 Mitochondrial dynamics disorders
1.5 Mitochondria-related inflammation
activation

2.3 Programmed cell death

2.2 Cortical spreading depression

pathophysiological changes in the time sequence. A
large amount of biological information and biomarkers
can be used in clinical diagnosis and treatment. In addi-
tion to neuroimaging and electrophysiological monitor-
ing, metabolic biomarker measurement reflects the
real-time changes in brain injury lesions on another
level, especially the occurrence, development and out-
come of secondary brain injury after SAH; together,
these three techniques constitute a multimodal moni-
toring system to capture the larger picture of SAH path-
ophysiology.*® Thus, in contrast to the previous
monitoring and clinical validation of a single indicator,
multiple indicators, or even a spectrum of biomarker
expression, in the search for and systematic study of bio-
markers closely related to the pathophysiological mech-
anism of brain injury will be a technical roadmap for
future SAH research, referring to the five-phase frame-
work for developing epileptogenic biomarkers.”® Inter-
estingly, recent analysis indicates that biomarkers
within 24 hrs after acute brain injury are related to the
severity of injury rather than the pathoanatomical type
of injury, including SAH.>

Unlike traditional proteomic and metabolomic anal-
yses of biological samples harvested from human
patients or experimental animal models, high-spatial-
resolution imaging mass spectrometry-based spatial
metabolomics can visualize the composition, abun-
dance, and spatial distribution of molecules in tissues
or cells and has been widely used in life science
research.’” Recently, Chen Y et al. employed matrix-
assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) to visualize the spatial-chemical
changes in metabolite concentrations in an APP/PS1
transgenic mouse model of Alzheimer’s disease and
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3.2.1 Pericytes contraction induced vascular beaded changes
3.2.2 Vascular smooth muscle cells contraction and structural abnormality
3.2.3 Microthrombi formation

3.3 Vasospasm and rebleeding-damage

4. Neurovascular unit
4.1 Blood-brain barrier disruption
4.1.1 Tight-junctions loss
4.1.2 Flat extensions and widening
spaces between endothelial cells
4.1.3 Astrocyte end-feet distension
4.1.4 Basal lamina broke-down
4.2 Pathologic hypoperfusion and
spreading ischemia
4.2.1 Abnormal vasoreactivity
4.2.2 Neurovascular coupling
process inversion
4.2.3 Potassium-calcium imbalance
in neurovascular environment
induced pathologic vasoconstriction

Figure 2. Schematic diagram of the different levels of metabolic changes in the brain parenchyma after SAH.
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found 93 metabolites within different brain regions for
the etiopathogenesis of Alzheimer’s disease.’®> This
newly adopted technology might have applications in
scenarios lacking reliable immunohistochemical and
diagnostic biomarkers’* for real-time metabolic changes
in the brain parenchyma. In addition, extended algo-
rithms, such as false discovery rate (FDR)-controlled
metabolite annotation® or the spatial single nuclear
metabolomics (SEAM) platform,*® could explore the
spatial metabolic profile and tissue histology at the sin-
gle-cell level, leading to a deeper understanding of tis-
sue metabolic organization.

Cascade biomarkers and comparative proteomics
analysis of early brain injury in SAH patients (Figure 3)
Blood circulation runs through all tissues and organs of
the body, and therefore clinical biomarkers are com-
monly assayed in blood. The correlation of peripheral
blood NF-L, GFAP, Tau and other biomarkers with
brain injury and prognosis after SAH has been widely
recognized.”” % Grant C. O’Connell’s team enrolled
nearly 12,000 human specimens to evaluate over
17,000 protein-coding genes and developed algorithms
to investigate their potential to produce blood Dbio-
markers for neurological damage based on their
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expression profiles both across the body and within the
brain;®° this is valuable resource expected to be applied
for advancing clinical diagnosis and treatment of acute
and chronic central nervous system diseases such as
traumatic brain injury, ischaemic or haemorrhagic
stroke, Alzheimer’s disease and multiple sclerosis.

CSF, as one of the intrinsic components of the intra-
cranial system, is wrapped around and supports the
whole brain and spinal cord and plays a role in support-
ing and removing metabolic products, which contain a
variety of signals that participate in regulating the activi-
ties of the central nervous system, as well as brain tissue
metabolites and the exchange of materials with the
blood. Although CSF is connected with the blood circu-
lation through the interstitial perivascular drainage
pathway, the glymphatic system and peripheral lym-
phatic vessels in the brain,®"®* it is a relatively closed
system. Compared with blood biomarkers, CSF bio-
markers can directly reflect brain tissue injury and
metabolism after traumatic brain injury. Since the
beginning of the 21st century, CSF biomarkers associ-
ated with secondary brain injury after SAH have gradu-
ally gained attention, especially low abundance proteins
specific to CSF, making important progress in the diag-
nosis and monitoring of early brain injury and
prognostication.>9-%

Subarachnoid Hemorrhage

Susceptibility
Characteristics

Secretion Degradation

Brain interstitial

fluid

Glymphatic
system- Peripheral
lymphatic system
drainage
Arachnoid granulation
drainage

Choroid plexus
secretion

BBB/BCSFB disruption

Figure 3. Cascade connections of various biomarkers to monitor early brain injury after SAH.
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In addition, easily accessible body fluids such as
urine, saliva and tears may have unimaginable practical
value in clinical service environments where there are
no monitoring facilities for brain injury. Cortisol
remains the only biomarker that can be detected in
blood, CSF, urine and saliva. MicroRNA and Apo-lipo-
protein E are salivary biomarkers, and Stoof8 and nor-
epinephrine can be monitored in urine, according to a
large systematic review.* The development of bio-
markers based on the biological metabolic cascade sys-
tem of brain injury, where metabolite changes in the
brain or subarachnoid space are reflected in the CSF,
and then to blood, to urine and saliva, has potential for
enable a future breakthrough in the field of rapid, non-
invasive, on-site diagnostics for brain injury.

Comparative  proteomics evaluates metabolic
changes or differences in all protein expression levels in
suborganellar targets, cells, tissues, and biofluids under
different conditions. Thus, multiple biological samples
from SAH patients and animal models might provide a
more systematic understanding of secondary brain
injury after SAH (Table 1). Recently, Andrew A. Pieper’s
research team® analysed ac-Tau from four different
angles: ac-Tau production induced by brain injury,
plasma ac-Tau marker monitoring, neuroprotective
mechanism of ac-Tau inhibition, and ac-Tau-induced
encephalopathy after brain injury. This study provided
an in-depth view of the role and mechanism of ac-Tau
in the pathophysiological process of brain trauma and
its prospects for application as a biomarker, which could
serve as an excellent example for the development of
biomarkers for brain trauma and other central nervous
system diseases and for further translational clinical
practice.>®

Implications for the mechanism and
therapeutic strategies of SAH

Restoring the balance of CSF circulation

As summarized above, exogenous stimuli in the CSF
induce cerebral circulation dysfunction after SAH,
while brain metabolites are secreted into the interstitial
fluid and CSF, acting as both biomarkers and patho-
genic factors. The uncleared visible components of the
blood form blood clots in the adjacent cistern and block
the normal flow of CSF, further increasing the intracra-
nial pressure. The balance between CSF pressure and
precapillary and venous pressure is unbalanced in
favour of higher CSF, and the volume of fluid in the
brain is further increased.®® In addition, hindrance of
CSF circulation along glymphatic pathways is another
mechanism that may interrupt the drainage of damag-
ing substances from the subarachnoid space and paren-
chyma® because a recent finding of CSF flow block did
not correlate with the size of haemorrhage,®” while CSF
macrophage CD163, a haemoglobin scavenger receptor

for blood clearance, was significantly associated with
hydrocephalus and outcome after SAH in patients.®®
Moreover, meningeal lymphatics also participate in
clearing red blood cells from the CSF to cervical lymph
nodes without significant lymphangiogenesis and lym-
phangiectasia in SAH mice.®® Despite the effectiveness
of CSF external drainage strategies, the average output
of CSF after SAH is unveiled as a risk factor for vaso-
spasm and chronic hydrocephalus,”® and CSF volume
based on algorithm-assisted segmentation of computed
tomography images might be a surrogate for vasospasm
after SAH.”" Therefore, restoring CSF circulation bal-
ance after SAH is beneficial not only for the overall clin-
ical outcome of SAH patients but also for obtaining
more precise information on both destructive stimuli
and metabolites from microdialysis fluid and CSF for
vascular neural network protection and neurological
recovery.

Reconstruction of intracranial barrier structures

The blood-brain barrier (BBB) is an endogenous protec-
tive structure for brain haemostasis and normal metabo-
lism. However, SAH induces serious alterations in
component cells, leading to brain homeostasis disrup-
tion. It was reported that most SAH patients lack imag-
ing lesions of brain parenchymal injury but have
significant BBB disruption,”* which occurs immediately
after SAH but has long-lasting consequences. Early
detection of BBB dysfunction could effectively predict
neurological outcomes after SAH, with an area under
the receiver operating characteristic curve of 0.829, in
combination with the Rosen-Macdonald score.”> Many
recent experiments have discovered many pathophysio-
logical mechanisms that deteriorate the BBB after SAH,
and alleviating these cascades might be decisive in
inhibiting the negative impact of bleeding in the sub-
arachnoid space.”* Free haem, released through hae-
molysis, is bound by haemopexin and rapidly scavenged
by CDgr. It was reported that CSF haemopexin signifi-
cantly increased and was associated with iron deposition
in brain tissue and poorer neurological outcome in SAH
patients, and more interestingly, the serum haemopexin
level was lower when the BBB was compromised after
SAH.”> Thus, endogenous recovery mechanisms and
barriers should be considered protected and restored to
break the vicious cycle, maintain brain metabolic hae-
mostasis and eventually alleviate early brain injury after
SAH. However, due to limited studies in this research
area, further studies are still needed.

Conclusion

Over the last two decades, neurological researchers have
uncovered many pathophysiological mechanisms,
including early brain injury and delayed cerebral ischae-
mia, which may determine neurological outcomes after

www.thelancet.com Vol 83 Month , 2022



Review I

"7-09:€LY+£10T "BPY Wiyd uipd

"EP-6€L'SE'LL0T 1PSOINSN Ul [

‘8-pTHiL01:£ 10T ‘BansoinaN ppom

‘8- LT:98+'810T "eIdY Wiy ulD

‘0L-£0S1:(9)6¥'8 10T "3%40NS

HVSe Ja)je awodino pue
Auanss Ainfug ureiq ‘uoljewweUl INOCE UOHEWOUI SPIAOI 4] WNISS

‘sisouboid pue Aiaaas syusned o1 S|P L-WIYLS 45D Alea Jo suone|aiiod
*SUIUOW € Je 3]edS awodInQ mobse|n

Ppue HyS 19)Je SAep /-G [9A3] ULIRISN|D 45D USIMIS] UONR[D1I0D Juedyiubis
*3Wo023N0 pooh

Yum syuaned ul HyS 193 sKep /-G punoy 19M ULIRISN 45D JO S[aA3] JBYBIH
HYSE ul 8wo21no Jood pue Al1aAas

‘UONEWIWIR(UI 3Y) 0} UONE|D] ISO[D SABY SUONEIIUIDIUOD £€-T| WinIds YbIH

wsedsosen [eiga1ad pue A1LIaAaS HY'S Yum paiejal aq
161w 5195 Jeappnuouow pooq [esayduad ur ANAIde pue uoissaidxa youy
*BuIpa3|q |eigaI9dRAUI [BUORIPPE
aARY Oym pue uoid3ul ejuownaud ‘snjeydadoipAy djuoiyd Buidojaasp
syuaned ul Hyse Ja)je £ Aep uo 1amo| Ajpuedyiubis a1om s|ans| §1DD WnIsS
‘abeylioway JejndLIUSA
-eJJul pue s3dYap [edibojoinau diwaydst pakesp ‘snjeydadoipAy diuoiyd

uoIssiwpe uQ

HvS Jaye skep />

HYS 19)je skep 41>

uoissiwpe uo

HVS J91e shep >

wniag

450

450

wniag
H[ES)

Jeapnuouow

poojq |esayduad

aupjo1f> Aiojewweyuiold

Kiojewiwepu|

aupjo1h> Klojewiweyu
aupjo1k> Kiorewweyu)

5|[9 Je3PNUOUOW
poojq [esayduiad ul aseun}-oyy/yoyy

(panunuod) L 391

(4IW) 101084 K1onqiyul uoneibipy
(L-W3YL) L-s]19 piojahw uo
passaidxa Jordadas bunebbi sjgnjos

uuLisnd

(€€-71) g€-upnapY|

vouy

Buidojaasp syusned ur HyS Jaye | Aep uo paseainul s|9A3] §10D 45D wniasg
“TYLSSLIEELI0T0T BUMOIAD "3WOINO [IUI] YUM P3R[3110D S]9AS] §10D HVS Jaye skep /> 450 sunjoway Kiojewweyul-od (§71D2) S pueb| J3ow -) upjowY)
*£8-8/:(1)95'6 10T "|0ICOIN3N O *UOISSILIPE 1B 31035 SSOH JUNH O} PaJe[a1I0) HYS Joye skep | > ewse|d ujody-I\
"HVS
J19)je BIWAYDSI [eI219d pakejap Jo Joyipaid buisiwoid e swodaq o1 [en (1-XO7S) L-101dadai uisyoidodi)
*£15109:(2)01:020T "Aeyag ureig -uajod ay) aney o} sieadde ‘A1IBASS JIBEYLIOWSY YIIM UOIRIDOSSE SAIISO / wnias K)SUSP-MO| PIZIPIXO 3I|-UIII3)| 3|qN|OS
"08-TLS9:(8)YS'£ LOT "[oIqONAN [OW aWodNo [euon (18w) unaa| buipuig-asouuely
'8€€:(1)£ 1'0Z0T "UOnRWIWeR|UIOINSN [ -duny Jood e Yum pajeidosse a1am TgIN PUB L-UIJodY JO S|2AS]| 45D pasealdu] HYS Jaye skep /> 45 Kemyed juswa|dwod unda 1-uijodi4
'99-y61:(8)7S: L TOT "NONS ‘siaxew d1ydesBolpes pue [ed
YE-8Z1 LK) 15°0Z0T "ons -1U1J2 Jo JuspuURdaPUI ‘HYS Ja)e Alljeliow pue ‘BwodIno Aepe ‘eIuayds! Ainfuy (ZLSS) 7 2uab
“Y6-¥8E:(€)98'6 10T "|0INAN Uuy |eiqa122 pake|ap ‘sapijewouqe wioyndajids mau s1ipaid z1Ss ewseld HYS 191je shep 1> ewse|d JeNJseA0INau 01 asuodsal aunwiw| passaidxa uonenwns Yamoib ajgnjos
eIWaYds| 113D pake|sap Yum jou Ing ‘Ayjerow (7L4SANL/LHOI)
*£-0€S:(S)EY 1L ZOT "PUBDS [0ININ BIDY Kep-0€ yum pareposse Apuapuadapul 3q 01 pUNoy sem 1 4SINL/LHOIT HYS J9)e Y vz wnias asuodsal sunwiw 1 Ajjwepadns 1010e) sISoIdauU Jown ]
"890901L:(L L) awonino Aep Yyieap (91-10XD) 91 pueby| BuMOWaY2-OXD
0€:120T JSBAOICRIDD MONS [ -0€ Jood yum paieldosse Apuedyiubis aie spAd| 91-1DXD Pue £4dv4 Ae3 HVS Jaye y #z wnias Je[N||9D puUB UOIIBWIWEYU] JB[NDSBA (£d9v4) € u01d buipuig-pide Aney
*3WODINO0 YIUOW-9 3SIOM UYIIM PIIRIDOSSE 3I19M Wil
‘€E-vTST(0L) J9AO S[PA3] Z-ND7 ewise(d JaybiH ‘SYluow 9 pue € Je SWodINO 3|qeIon sise}soawoy (Z-ND1)
L%/120T "qeISN MO|4 POO|g 13D [ -2JUN Y1IM Pa1eIDOSSe Sem G-| sAep HyS-150d 1noybnoayy ZNDT 45D 4aYBIH HYS Jo1e skep > 45 UOJI PUB UONBWWEUI-0INSN Z-uiesodry
‘wisedsoseA |eiga1ad padojaasp oym siuaned ul
'83-€2019:(L 1)9%*8L0T "PAN 248D WD €1 Kep [nun yb1y Apuesyiubis paurewas pue (| Aep) HyS 1a)e A|1ea pajeas|y HYS Ja)e shep p1> wnias
J|nsul [enjul 12321
*/£1-£08:(1)S#2Z0T *AdY Binsoinan 10U INq ‘BIWAYDS! [e4qR1d PaKe|ap JO dANDIpaId Jaxiewolq Juspuadapu| uolssiwpe uo wnias Kioyewwepuioid pue d110qwoiyiold (LgDWH) L-xoq dnoub Aujiqow-ybiH
paje|ai-uonewweyuioinaN
abewep uleiq
'G99-857:91 1'810Z ‘6InsoInaN pLOM sjuaied HyS 219A3S Ul SWOINO [BUOHDUNS YIUOW-Z | PUe $I1919 1waydsi-d1xodAy buunp paseasdul
‘06-£881:(£)0S'6 10T "9%0ons -wesed sIsA|eIpoIdIW 240432 BY) YIIM UO! osse Huoas e yum ‘syuaned Ajjeayidads si uononpoud su
*/¥S109:(£)01:020T "Aeyag uteig eIWBYDS! 113D PaAe|SP Ul PR1eAdID ARUBILIUBIS Sem [9A3] BN WNISS HYS 41 skep /> wnias pue ‘uteiq ay1 01 dyidads uRIoIdowaH (96N) uigojboinanN
‘siskjouniqy
‘6€-6C:(1)€L'6107 "eweke)Q paly ey wsedsosen [e1ga1ad Jo Jo1dipaid Ale3 HYS Jo)je shep | | > 45D pue uonenbeod jo uonenbay (9YH) u12101dodA|6 Yydou-aul
sadAiouab z-1/1-1 dH Yum pased away
*6-759:(S)£ 1070 "9y dSEAOININ 1N -WoD s|and] aupjo1hd Liojewwepuiold paseasdul 0] spes| adAlousb z-z dH HVS Ja)e skep 8> poojg JO ddueIR3|D SdIRY|IDR) PUR O} SpUlg -7 (dH) uigojbordey
*Buipa3]q 433 %93M 1514 Y3 UIyIM 3nsodxs gHAXo aAneinwn>
*99-0999:0Z 1‘810Z "BinsoinaN plom 19yb1y Apuedyiubis e pey sypysp d160j0inau d1waYds! pakesp Yim sjusied HVS J9)ye shep > 450 s21£004y1k1d buisA| woig (qHAx0) uiqojbowayAxQ
eIWIBYDS| 421D PAKRIDP YIIM S31RIDOSSE UOISSaIAXD [-OH PaleAd)s ale|
wisedsoseA Y1m sa)eID0sse Uoissaldxa |-OH moj Ajea uaping
*16-6£T:(1)9€:2Z0T 248D WID0INAN ‘awod)no [euonduny 11paid 03 djqeun HYS Ja)ye shep 1> 45 ewoleWaY [ejueidRAU UO Juspuadag (L-OH) L-aseuabAxowaH
paiejai-onkjowsay poojg
LERTEYETEN | 3wodIno urepy awip sadA) sjdwes uonduUNy disuLU| si3yiewoiq dijoqesiy

www.thelancet.com Vol 83 Month, 2022



I Review

(PonunUOD) L 391

"00€-¥6T:561:6 10T "BIDY Wiy uljd "HYS [ewsAinaue uewny Jo sisouboid pue uonewwelul ‘AILISASS $129|JY / wnias 3[ndajow aduepinb uoxy L-ULIaN
abewep yNQ pue elwaydsi/er
-dAy Aq pasnpui aq ued pue uiR} (1aq3y) L sasuodsal abewep
‘027 1:871'6 10T "3U| Wayd0InaN ssad01d abewep [euoinau Jo 9|0 [eaRLD HYS Ja1e skep | > 450 -o1d asuodsal-ssans pan1asuod AjybiH VYNQ pue juswdojaaap ul patejnbay
‘0LLy0LH(S) syuaned HyS
62°020T *SIQ 252A0IGRIDD dONS [ ul syluows ¢ 1e sisouBoid Jood ay) pue A1ISASS [EIIUID AY) YUM Pale|aLiod HVS Ja)e skep z> wnias Ainfuy uoinan (und>3101d|e2)6Y/8Y00LS
'S1eJ [041U0D O ANE[DI HYS dY1 Ul pa1eAd|d (s10Y) RENCENT)
949M $318SA] |EI110D Ul BAY O~ SIUBWIBEI) pUR BQY 00 L~ UI|ILIOS JO S]PAT s91e54] |e2140D) 2ARI9UBIPOINAU Ul PIAOAUL
‘9€-E7:0L 1 T0T "OUBISOINAN 's1ed Weys 10U INqg ‘HY'S 3Y3 JO 45D 33 Ul 3|qeId3I3P Sem ey 0L~ Ul|iHos HYS J4914e skep €> (uewnH) 45D A1 s pue suonau Ul payduug
‘SUONeAUSIUOD
nejd pue nej) 45D pasealdul YIm 91e[a.110d s1dYap [edlbojoydAsdoinan
'S3W02IN0 341| Jo Aljenb paie|ai-yyeay pue [euonduny wil-buol sjqe Tre19qY/0re1qY
¥1-G09:(7) LY*81L0T "AdY Bunsounan -10ABJUN 1IPaId S[9AD] 4SD ZHEISCY/0FeISqY Jamo| pue nejd/ne]) saybiH HYS Joje shep /> 45D Ainfur uoinan nejd/nejy
31025 (SN4M) S21I31005
[e2161nS0IN3N JO UONERISPAS PUOA JO JUSPUIdaPUI ‘SYIUOW 9 1B 310DS Uy wniag
'8-19L(€)py1'1T0T "ulelg -uey payipow papipaid Abuons HyS-1s0d €-1 sked uo YN winids pue 45 HYS 49ye shep €> 450
*a)e4 Aljeriow pasesdul pue sndj Jaxe Og Aep Uo awWodINo euon
-ouny Jood yum pajerdosse ale Ainful ureiq Aues BuLnp s|9A3] N 12YBIH
"HYS Jo aseyd
*£-1£9:() 1 L'0Z0T *S9Y 90NS |sueiL Ainfur ureiq Aliea sy Bulnp A1119A3Ss 35e3SIP YUM P1RIDOSSE e S|9A3] TIN HYS Ja1e skep z> ewse|d Ainfur uoinaN (IN) uteyD 1617 JuswejyoinaN
paje|a1-£infu] jeuoinan
Kinfuy 1aye A1an0da1 pue byl
*[-1ETT(R)8Y L 10T "Mons uleiq ojul asdwi|b oy1|-1934/ewolq e apiaoid Aew eLPUOYI0W Jejn|[aoeiIx] HYS J914e skep €> 45D KwiBaul d1joqe1aw Jejnjjadeu| BLPUOYD0NIW Ie|N||9DeXT
HVS J2)je dWwodIno (eydjez4od
‘0£-991:69%£ LOT "©12Y Wiyd uid Jood pue A1119ASS B3 UM $91e1D05Se U0NEeAS|D eyd|ez4Dd-0sI-g ewse|d uoIssiwpe ug ewse|d $59.15 SANEPIXO -0s1-g) eydjez4 uipue|6e15014-0s1-g
‘swelpwi wseds
-oseA pajedidnue
*LP-££9:(9)ZE810T "Bansona r g *snjels wisedsosen Jo Juspuadapul Hys-1sod 1eak | 18 SOD YUM pale|aiio) 31 pue uoissiwpe ug 450 eixodAy anssi Jo Jasep a1esein|BAX0IpAY-z
"£-0991:(£)01'610T
*IDSOIN3SN WIdYD SOV a|eds buipeb SNIM Yyum pajedosse Apuedsyiubis sem [9A3] 1eaniAd 45D / 45D eixodAH a1eAnihyd
‘G9/101:(S) HVYS Buimoj|oj elwayds| |eiqaiad pakejsp (H@1) aseuaboipAysp aerde]
62:020T "SI 2SeA0ICRIDD) OIS [ Jo s1alewolq aAndIpaid Juasaidal pue Ainful ureiq Ajues syl 1239y HYS 1o)e skep 41> 450 eixodAH ajepe]
paiejas-eixodAH
Ajjenow (ev1d-d1) ey
*1€-721:(1)98:020T K19binsoinan Yiuow-9 pue wisedsosea Jo ysu 1aybiy aney [9A3] 7y 1d-d7 pareas|y HVS J1aye y 47> wnias UONBWIWE[U JBJNDSBA DIUOIYD asedijoydsoyd pajerdosse-uiaroidodi
‘elIWBYDS| [BIGR19D pake|ap 1oy Jo1dipaid Juspuadapul wia1sAs ulupj-upaijey
*7S-871:70S:070T "By Wiyd uip *faA9s d1beyiIoway yum paie|a.iod AlybiH / wnias ay1 Jo Jusuodwiod ‘saseurdroid auuas (ML) uranyijjey anssiL
(unayped-3ASs)
*€69-18719:(7 1)¥6:020T ABojoinaN HYS 49)Je SyIuoW € 1e 3W0dIN0 [euonduny asiom dojaaag HYS J91je skep g> 450 wniiayr0pus painful woly pases|ay UlIBYpPEd-|BI[9YI0PUS JB|NdSeA 3|qN|oS
HYS 4218 elWwayds! [e1qaIad pale
-Dosse-wsedsoseA sutefe aanda101d ‘uoissaidap pue A1aixue oy yijeay (d4DD)
T6-6LY (€)Y 1T0T "A9Y BunsounaN Jeuonows pue aJi Jo Alljenb paiejai-yieay uo 1oedw wisl-uoys aAneban HYS J9)e shep 0| > 45D £ioyejiposep apndad pajeas-auab ujuoldje)
aulynwo
HVS Ja)je swodino (\OWa)
|es160j0inau Jood pue sbewiep [euoINaU [BNIUl YIIMm PR1eIDOSSe sem YINAS pioe duajeA suipluenbiAyiawig
HV'S 19)e BIWSYDS] [eiga1ad pakelop
JO 2dUBPIdUI BY] YUM PIIeIDOSSE die of1el YNJY/auluibie-7 ay) pue YAy
‘€6-v8:(1)67'810T "218D JLd0IN3N HYS 4248 P06 AKemyed apixo
L 1-€001:(5)88!1Z0T "A1abinsoinaN 1e pue 361eydsIp 18 SYw Jood Yim 3)e0Sse UIYNUIO pue ‘ADIA ‘VINAS / 45D Y} 03 PauI| SINISJOW DAI}IROSBA (YIWQ@y) suluibiejAyiswig ouiswiwAsy
aujuibie
-7 40s1n23.d SPIXO dLIIU BY) JO WSl
*9W02IN0 [BUOIIDUNY JUS|[2IXd pamipald | /' =/< wQ/bly -ogejaw paje|nbaisAp o3 saanquy
€6751000S44Q ON [euL [eauld "%C'TL 0 Awdyads pue 9£°98 Jo A1l -u0d pue sish| |22 poojq pai Butinp
*06-8€:(€)€1'ZT0T "S9Y oS [suel] -AIISUSS B YlIM WsedsoseA [eiga1ad paidipaid 195uo HyS 1 |27 > uo/biy HVS Joye skep zz> 450 45D ol pasesjas s| |-aseulbie swAzug onel aulyulo-1 03 duluibie-]
pajejai-tejndsen
FEREYCTEN awodino urey awip sadA} ajdwes uonduNy disuLRU| siavlewolq dijoqes |y

www.thelancet.com Vol 83 Month , 2022



20T’ YIUO €8 O WO }2OURDYY MMM

Metabolic biomarkers Intrinsic function Sample types Time Main outcome References
Other Metabolites
F2-Isoprostanes (F2-IsoPs) Isofurans Specific markers of lipid peroxidation CSF <8 days after SAH Specific biomarker predicting delayed cerebral ischemia Neurocrit Care. 2022;36(1):202-7.
(IsoF)
F2-IsoPs Urinary <3 days after SAH Increased F2-IsoP levels on day 3 after SAH were associated with develop- World Neurosurg. 2017;107:185-93.
ment of cerebral vasospasm and worse neurologic performance after 1
month and 4 months
Adipocyte fatty acid-binding protein Adipokine Serum <2 days after SAH Elevated serum levels of FABP4 were related to poor 3 months outcome J Neuroinflammation. 2020;17(1):66.
(FABP4) and mortality in a cohort of patients with SAH
Periostin Matricellular proteins (MCPs) Plasma <3 days after SAH One-time early-stage measurement of plasma MCPs served for reliable pre- Mol Neurobiol. 2019;56(10):7128-35.
Osteopontin diction of delayed cerebral ischemia development
Galectin-3
Galectin-3 Plasma <3 days after SAH Biomarker for predicting subsequent development of delayed cerebral Transl Stroke Res. 2018;9(2):110-9.
infarction and eventual poor outcome without vasospasm.
Periostin Plasma <3 days after SAH Associates with higher incidence of delayed cerebral ischemia, but not Neurotherapeutics. 2019;16(2):480-90.
angiographic vasospasm.
Serum <3 days after SAH Higher level of periostin than patients with good outcome at 12 months. J Clin Lab Anal. 2018;32(5):e22389.
Osteopontin Plasma <8 days after SAH Independent predictor of poor outcome Cells. 2019;8(7):695
CSF
Plasma <3 days after SAH Mol Neurobiol. 2018;55(8):6841-9.
Cleaved receptor for advanced glyca- Proteolytic cleavage of full-length cell Plasma On admission Highly associated with the severity and 6-month poor outcome Clin Chim Acta. 2018;486:335-40.
tion end-products (cCRAGE) surface receptor RAGE protein
Alpha-ll spectrin breakdown products Cytoskeletal protein CSF <14 days after SAH Potential biomarkers for early recognition and severity of SAH Sci Rep. 2018;8(1):13308.
(SBDP150, SBDP145, and SBDP120)
Soluble Platelet-derived growth factor Shed from pericytes to CSF <10 days after SAH CSF sPDGF 8 level increases after SAH and is higher in patients who devel- Neurol Sci. 2018;39(6):1105-11.
beta (sPDGFg) CSF is related to the injury of pericytes, oped cerebral vasospasm, but not for unfavorable outcome after SAH
PDGF-BB/PDGFR signaling
Copeptin Marker of endogenous vasopressin Plasma On admission Significantly improved the predictive performance of WFNS scores Clin Chim Acta. 2017;475:64-9.
levels
Soluble Fms-like tyrosine kinase Alternatively spliced transcript of the Serum <7 days after SAH Serum levels of sFlt-1 are increased in patients with aSAH who are at risk for World Neurosurg. 2017;108:84-9.
1 (sFlt-1) full-length domain of the VEGF-R1 severe vasospasm.
Nesfatin-1 Involved in central cardiovascular Serum / mortality/poor outcome of the SAH with assessing serum nesfatin-1 Int J Neurosci. 2017;127(2):154-60.

homeostasis

Table 1: Novel metabolic biomarkers for monitoring pathophysiological changes during early brain injury after SAH.




Review

10

SAH. Herein, we have reviewed the current understand-
ing of the original and hyperacute changes after SAH. A
worthy research goal would be to monitor and analyse
metabolic changes after SAH and identify those with
potential therapeutic strategies for early brain injury
and subsequently delayed neurological deterioration
after SAH.

Outstanding questions

Whereas much has been learned about the pathophysio-
logical mechanisms of subarachnoid hemorrhage, neu-
rological researchers still discuss mainly early brain
injury and delayed cerebral ischemia as contributors to
the neurological outcomes after SAH. But the real-time
metabolic changes induced by subarachnoid hemor-
rhage initiates are not fully unveiled. Current advances
in spatial metabolomics and comparable proteomics
might provide more precise spatial and cascade infor-
mation or therapeutic target for best translational value.

Search strategy and selection criteria

Data for this review were identified by searches of MED-
LINE, Current Contents, PubMed, and references from
relevant articles using the search terms “subarachnoid
haemorrhage”, “early brain injury”, “delayed cerebral
ischemia”, “metabolism”, “microcirculation”,
“vasospasm”, “haemoglobin”, “haemolytic”, “secondary
brain injury”’, “neutrophil extracellular traps”,
“hypoxia”, “hypoxia-inducible factor-1e”, “lactate”,
“lactylation”, “mitochondria”, “metabolomic”,
“proteomic”, “biomarker”, “glymphatic”, “blood-brain
barrier”. Only articles published in English were
included with a particular focus on the past 3 years.
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