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Neuroprotective Approaches for Brain Injury After
Cardiac Arrest: Current Trends and Prospective Avenues
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With the implementation of improved bystander cardiopulmonary resuscitation techniques and
public-access defibrillation, survival after out-of-hospital cardiac arrest (OHCA) has increased
significantly over the years. Nevertheless, OHCA survivors have residual anoxia/reperfusion brain
damage and associated neurological impairment resulting in poor quality of life. Extracorporeal
membrane oxygenation or targeted temperature management has proven effective in improving
post-cardiac arrest (CA) neurological outcomes, yet considering the substantial healthcare costs
and resources involved, there is an urgent need for alternative treatment strategies that are crucial
to alleviate brain injury and promote recovery of neurological function after CA. In this review, we
searched PubMed for the latest preclinical or clinical studies (2016-2023) utilizing gas-mediated,
pharmacological, or stem cell-based neuroprotective approaches after CA. Preclinical studies utilizing
various gases (nitric oxide, hydrogen, hydrogen sulfide, carbon monoxide, argon, and xenon),
pharmacological agents targeting specific CA-related pathophysiology, and stem cells have shown
promising results in rodent and porcine models of CA. Although inhaled gases and several
pharmacological agents have entered clinical trials, most have failed to demonstrate therapeutic
effects in CA patients. To date, stem cell therapies have not been reported in clinical trials for CA.
A relatively small number of preclinical stem-cell studies with subtle therapeutic benefits and
unelucidated mechanistic explanations warrant the need for further preclinical studies including the
improvement of their therapeutic potential. The current state of the field is discussed and the exciting
potential of stem-cell therapy to abate neurological dysfunction following CA is highlighted.
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rests (OHCA) and in-hospital cardiac arrests (IHCA) are 12% and

2500, yet only 8% of OHCA survivors have favorable neurologi-

Sudden cardiac arrest (CA) is among the leading causes of mor- cal outcomes.’

tality and severe morbidity across the world." Over the recent
years, the survival rate of CA patients has significantly increased
following improvements in emergency networking and the broad
application of cardiopulmonary resuscitation (CPR) and defibril-
lation technology.**® In the United States, the respective rates
of survival to hospital discharge for out-of-hospital cardiac ar-

While resuscitation with the return of spontaneous circulation
(ROSC) increases overall chances of survival, secondary neuro-
logical injuries can occur as a consequence of reperfusion fol-
lowing successful resuscitation. After CA, the brain is subjected
to both ischemic and reperfusion injuries, which in turn mediate
unfavorable neurological outcomes. This ischemia-reperfusion
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injury post-CA-ROSC elicits multiple processes that lead to cell
death: excitotoxicity, acid toxicity, ionic imbalance, oxidative/
nitrative stress, pathological protease cascade inflammation,
apoptosis, and spreading depolarization®” and have been impli-
cated as the targets of currently used and future neuroprotec-
tive strategies that may improve patient outcomes.

Despite the heterogeneous etiologies of CA, the terminal con-
sequence is multi-organ ischemia, particularly in the brain. Im-
provement of survival and clinical outcomes after CA is depen-
dent on prompt recognition and timely initiation of high-quality
CPR and advanced cardiovascular life support (ACLS) with sub-
sequent post-resuscitation care such as extracorporeal CPR®
and targeted temperature management (TTM),” leading to im-
proved brain recovery.

TIM is the sole international guideline-recommended thera-
py for preventing hypoxic-ischemic brain damage in CA pa-
tients." We have recently reviewed the current state of art-
work in the field of TTM, summarizing preclinical and clinical
trials, current recommendations, and future directions, including
new cooling methods under investigation and advancement in
high-quality patient-centered care.'” Despite the proven benefits
of timely intervention, neuroprotective drugs, and hypothermic
treatments on survival, most CA survivors suffer significant neu-
rologic deficits; therefore, there remains an urgent need for the
advent of novel neuroprotective therapies guided by the path-
ways of neurological injury in CA.

In addition to TTM, several other approaches involving the
therapeutic administration of gases, pharmacological drugs, or
stem cells have shown promise in preclinical studies, with some
being tested in clinical trials. These neuroprotective strategies
target the CA pathophysiology concerning excitotoxicity, mito-
chondrial dysfunction, oxidative stress, and inflammation. Stem
cells have shown promising preclinical results in improving neu-
rological recovery after CA. Cell-based therapy for ischemia-re-
perfusion injury involves the delivery of stem cells derived from
various sources, including adipose tissue, bone marrow, periph-
eral blood, and the central nervous system. Although many strat-
egies appear effective in preclinical CA models, there is no con-
clusive evidence that these interventions can significantly enhance
survival with favorable neurological outcomes in clinical subjects.

This review summarizes and discusses the present (2016-2023)
preclinical and clinical knowledge of therapies used to confer
neuroprotection post-CA. We will discuss gas administration
strategies, pharmacological treatments organized by their target-
ed pathways, and lastly discuss stem-cell-based therapeutics.
We discuss the inconsistency in the results of preclinical data
from the studies using various experimental animal models, vari-
ous drug combinations and the possible caveats and future rec-
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ommendations. We highlight the need for the optimization of
existing therapies with respect to dosing, timing, and route of ad-
ministration. We reveal the need for utilization of large animals
like pigs and transgenic animals to test the therapeutic benefits
and dissect the detailed molecular mechanisms of the therapy,
respectively. Lastly, as there is a lack of clinical translation of stem
cell therapy in CA, we discuss the current state of the art in pre-
clinical stem cell therapy and existing methods being used to
augment their therapeutic benefits in CA. We also discuss the
potential pitfalls of current preclinical stem cell therapy in CA-
induced brain injury and explore molecular pathways wherein
modulation could enhance therapeutic efficacy.

Materials and methods

A literature search was conducted of articles indexed in PubMed
between 2016 and 2023 using combinations of keywords includ-

"o non "o

ing “"cardiac arrest," "neuroprotection,” "gas,” “pharmacological
approach,” and "stem cells." In vitro studies, preclinical animal
studies, and clinical trials relevant to global cerebral ischemia
associated with CA were reviewed. Articles were selected for re-
view if they described mechanisms of neuroprotection and neu-

rologic outcomes.

Models and outcomes

Commonly used preclinical CA models, replicating the etiology,
therapeutic strategies, and neurological outcome measures ob-
served in clinical practice, are induced through methods such
as asphyxiation, ventricular fibrillation, or injection of potassium
chloride followed by CPR in mice, rats, rabbits, and swine. Neu-
rological outcomes are assessed by mortality, neurological defi-
cit score (NDS), cognitive tests, and sensorimotor functional
testing. These models allow researchers to gain an understand-
ing of CA pathophysiology and potential therapeutic strategies
with mechanisms to improve outcomes.

Neuroprotective approaches in
CA-induced brain injury

Gas administration

Gases, as therapeutic agents, have excellent diffusivity and easily
permeate the cell membrane, targeting various organelles in-
cluding mitochondria and the nuclei. Recently, it has been shown
that inhaled gases like nitric oxide (NO), carbon monoxide (CO),
carbon dioxide (CO,), hydrogen (H,), noble gases, and hydrogen-
sulfide (H,S) have neuroprotective properties post-resuscitation
in both preclinical and clinical settings (Table 1).

https://doi.org/10.5853/j0s.2023.04329



JoS

Vol. 26 / No. 2 [ May 2024

X2110D [BJUOJJ Ul UOI}EIUIBIP [BUOINIU PADNPIY (€)

A13n033J [e160j0IN3U Ul JuswaAoidwi ON (2) Y ¥ 404 YdD 4. Aj3eipauwiwi
ford ainssaud [euayie uesaw panosduy (1) 'BH Ww 0S-S5 20D |EPI} PU UIBJUIBW O} UOIIE|IJUIA bid 4A ANUIW-Z |
sisoydode pue Abeydoine Jo sijiew padnpay (g)
S|9A3] JOOLS pue JSN WnIas pue apAyap|eipuolew anssiy uleiq padnpay (z) ulw GOl (“02)
[44 21035 [euoi3ouny [ed160j0inau panoidw (1) 40 ISOY 3. Ul G| 3. BuIels 10D 0oz L YIIM UOIE[IUIA 1eY VIV 1nuiw-9 JpIxoip-uoqie)
uolewweul
pue sisoydode buianpas Aq abewiep [e103133 d16ojoyredoisiy padnpay (g)
[e13u330d Pay0AI-AIOSUISOIBWIOS AU UBIpIW ul AJIAIDE panoidu) (z) DS0Y 43)e ‘uiqo|bowaeyAxogied poojq
1z uoisnpiad 8192133 panoadwil pue uoneinies uabAxo |euolbal ul asi iseq (1) 0/0€ L -0/ 3130.€] 'WiASAS Buisea|as |ealodiodelixa [A0N bid VIV Anulw-G
Abeydoine [eupuoyd03iw pajelpaw-|YNId pue uned pasenu| ()
35B324 D) SW04Y0IAd pjuaAud pue SOY PdNPY (£)
SIS0493u pue sisojdode [euoinau pajeiolpwy (g)
0z 1121)3p 2160j04N3u pue [eAMNS Aep-€ paseasdu] (1) JS0Y 4. '6yy/bw 1 ‘snousneu| 1ey VIV 1nuiw-9
S|9A9] gOOLS WNI3S pdNPayY ()
SISaU3b0Iq pue AJIAIIIE [BLIPUOLI0YIW UIRIQ PISEIU| (£)
uolbai |y) ul suoinau pabewep Jo Jaquinu paseaidd( (z) S0y (02)
6l SAN pue [eaiuns panoadwi (1) J3ye uiw Og ‘(B3/6w §) uiw Qg 404 y/6%/buwi QL ‘shouaneu ley VOV 21nuiWw-9  pIXOuoWw-uogse)
2 panoidw] YHm p3jerdosse e SI3A3] Y1D-CON PUe dIND? (2) 4dD buunp qw gz (ssusned YOHO
8l SI9A3] YTD-“ON Pue dIAIDI pasealdul (1) ul ysnd Al ue se uanIb (Bui 09 40 GZ) 113U 'SNOUIARAU|  UBWNH JInpe zg) Apnis | aseyd
S3W031N0 3160|0IN3U 3|QeIOAR) UI JUSWACIdWI ON (7) (suaned
Ll 3baeydsip 03 [eAINS JO S3jes JAYBIH (1) JS0Y J3ye Y p 4oj 'wdd op 'seb pajeyu]  uewny  YOHI HNpe 0) Apnis 1ojid
sndwedoddiy
pue x2340d ul uoiiejAioydsoyd AepIXO | X3|dWOd [eLPUOYI0}IW PISEADU] (Z)
MOJ} POO|Q |1
9l pue ‘inssaid uoisnuad 8192133 'dg d1j0ISelp ‘unssaid d1L0e ueaw pajead|d (1) HdD buunp ‘wdd g 'seb pajeyul bid 4 Anulw-QL
UOIIESOJ}IU-S [BLIPUOUDO0LIW UIBIQ PISEUDUI PUB UOIEISUD d]Y paulejule| (€)
uonesaub SOy padNPay (z) JS0Y J34e ulw § buruuibaq
Sl [eAIAINS panoidwil pue Ajijigesip 2160joinau padnpay (1) ulw G 430 "y-3Ajewse|d Jw g0 ul jowr § ‘snousnesu| 1ey VIV 1nulw-g 1o -/
9Se3[al -4 N1 pue 31e3de| Paseald’q ()
Pl SAN panosdw! HI|A| pue ON 4o uoieuiquio) (1) HLIA 03 UORIpPE Ul JSOY Jale Y G Joj 'widd 0z 'seb pajeyu) ey 4A Suiw-0L
abewep ggqg pa1enuany (v)
sndwedoddiy pue ‘wnjenls 'Xaliod Y3 ul S||3d g apef-oionj} pajenuany (g)
[BAIAMINS PUE 31035 [euolduny [ed160j0in3u panoidw (g)
€L suiajoid QNS JO J3quinu Y] P]BAI| pue AJIAIIE YONSD Paienuane L'yEe-1dS (1) JSOY J3)e ulw G| '6y/bw 9 'snouanesu|  ISNO| [O) Anulw-GZ  (ON) dpIX0 LN
"0U 43y S1INSal PANIISQQ 3W11/3s0p/31noy S123dg |3poN sasen)

Anfur uielq padnpul 3sae JBIPIEd Ul SWI0JOS! 413y} pue saseb Jo uoredljddy

205

https://j-stroke.org

3/j0s.2023.04329

5

!

https://doi.org/10.



Neuroprotective Approaches for Brain Injury After Cardiac Arrest

Marasini and Jia

JoS

*d aseu| 403dad34 uIsoAwodod ‘ghii] 1103oey d1ydoljoinau PAALIP-UIeIq 'YNAY ‘3SBJOU J1HDAS-U0INU ‘IS ‘ULI030E| pue [0dA|D JudjAyIRAI0d U3IM '3pLNSLY JAl[BIP JO SILIED Ay Se a1 edouBu JpIXO Ul
snoJodosaw '{1-934-NOIN@SLYQ ‘uobie iy ‘buibewi 3dueuosaJ d13aubew ‘|Y|A {|eu} P3||0J/3U0D PAzZIWOpPUEI ‘[JY '3[BdS UuBjueYy palipow 'Syw ‘A10b33ed duewopad (BI040 DdD ‘ISauie deipied ') ‘welbojeydad
-U3-04393]2 'D3IF ! 3SeUD| PAdNPUI-NILd ‘L-)NId :PIde d13]oul]-paebnfuod pajesiu 'y1D-¢ON ‘ieydsoydouow-g',e uisouend J1PAY 'JNDD ‘1saie deipied |e3dsoy-jo-1no "yIHO ‘IS4ie delpled [epdsoy-ul "yIH|
‘ainssa.d poo|q ‘g ‘uoijeydsnsal Aleuowindoipied 'yqd ‘33eydsoydiiy SUISOUIPE 'd]Y ‘S103ds UIBAXO IA13IBAI 'SOY ‘3SaIe JeIpIed eIXAYdSE 'yDY {0-1030B SISOJU JowNn} "o-4N] ‘2403S 3R1IP [Bd160j0IN3U 'SON ‘elw
-13y3odAy d13nadesayy pjiw ‘HIIA ‘UOIIe||1IqL JBINILIUIA YA J3LEQ UIRIQ-POOIq ‘gdq '01Y30S0JHU-S ‘ONS 9SEIdNPJ U0IYIeIN|OSOIHU-S ‘HONSE ‘UOIIEINAIR Snodueiuods Jo uinjai 'JSOY ‘apLojyd wnisseiod ‘|1

P41 pue 4NQg $1039.) 3AId104d0INIU palenbaldn (2)

8¢ [eainvns panoadwiy (1) 2S04 Jaue y | 'p-by/jow ¢ 'SHeN snouaaesju| 1ey JA 3InUIW-9
SS13S AAIepIX0 pue sisoydode buanpal Aq uieiq JWYIs| P30 (2) 2S04 Jue

A [BAIAINS PUE SUOIAUN (8402432 panoidwi] (1) Ajieipeawwi ‘(6/6w L) 41-93d-NOIN@S1YQ ‘Shouaneiu| 1ey JA INUIW-G

Ayubajur ggg pautejutew pue ewapa uteiq pajebi (z) (S°H)
9¢ [EAIAMINS PUB S3W023NO0 [ed160]04nau panosdul (1) DS0Y 4aue y | Joy ‘widd pg Jo wdd o 'seb p3jeyu| 1Y JANUIW-9  Ipiyns uboIpAH

abewep |ed160joy1edoISiy PIseadul Iy PUB H]|A JO UoleuIquo) () HLIA

(0} HLIN 0 393443 A1393304d04N3U P3ysi|oge 1y (1) 0] uonIppe ul Y | 10} JSOY J9Le Y | Uy 0L U0IIE|IIUSA ey 4/ dnulw-6
HLA

SIW02IN0 [e2160]04N3U Ul SIDUIIP ON (Z) Y3IM UOIBUIQWIOD Ul Y T 40} ISOY 491 Aj33eIpawiwl ‘a0t juaned YIHO
$€ [YIAl Ul Sbewep J333eW HYM JISS| Ul pa}nsay (1) 0} UOIILIIUIDUOD UOUIX [EPII-PUS UIBIUIEW 'UOUIX PI[EYU| UBWNH  }NPE 3S0}ewod OLL DY

Ainfur uteiq Jo sijiew BuendII pasealnd( (€)
UOI}BAI}DE [BI[BODIW PUE UOIIEIUBIP [BUOINIU PIdNPRY (Z)

€e SN PUE 34035 ssau3|e d160joinau panosdui) (1) DSOY 4B Y 1 104 4y 060/ 40 0/0G 'UOIIE||IJUIA bid JANUIW-Z| saseb 3|qoN
3)eJ [eAIAINS Aep-06 panoidul (z) (s3uaned
8¢ $21035 Sy pue Jd) panoidul (1) Y 81 404 "2H 0/oz 'seb pajeyu|  uewiny VOHO 3inpe ££) 104
(vD 3s03ewo0d dndas |
uaned ) 21das ut sauo3Ad Alojewweljul padnpay (z) pue d1uaboipied 1) Apnis
[T syuaned ) 21u3b0IpIed Ul $S341S JAIIBPIXO JO SIIBW PAdNPY (1) Uy 81 40} '2H 0joz 'seb pajeyu] UBWNH  UOIJUIAISIUI AI3IIASOI

JwAzua juepixonue
JO S|9A3| P3SEIDUI Y} SE [|9M SE 's1oNnpoad JAIEPIXO JO S|AI| PAsEN( (2)
9z suordUNy [B3160]04N3U pue [eAIMNS panoidw (1) 4dD 40 buiuuibaq ‘auljes yau 2 By/w G ‘[eauciuadesiu 16y 4N ANUIW-4

SN n0Jduwil PUB 3dUIPIDUI INZIIS 3INPJ 03 ASUIPUR) B PIMOYS (7)
6¢ UOIB}IISNSI JO )ed $SINS 3y panosdu] (1) JSOY J3LE PUE 31043q Y | 104 '2H 009 ‘seb pajeyu 1eY VOV InUlW-|| pue -g

S[9A9] | utuodouy delpied pue gooLs Wnids padnpay (z)

sz 3}kl [BAININS Y-96 pue SAN parosdu] (1) JSOY J3ue Y L 10} "2H g 'seb pajeyu| ey VIV dnujw-g
[BAIAINS pUE 3W0d1N0 [ed160j0inau paroidwi ()
vT sansuRveIeYd 933 panosdu) (1) JS04 J3e Y L 404 "?H iz 'seb pajeyu ey VOV dnujw-g (®H) usboipAy
"0U Jay S}INSJ PANIASQQ Swiy/3sop/a1noy S193dg |3pOIN S3sen
panuiuo)

3/j0s.2023.04329

.585

https://doi.org/10

ro
o

KE.0r

https://j-strol

206



Vol. 26 / No. 2 [ May 2024

Nitric oxide

The neuroprotective effects of NO are mediated by the activation
of guanylyl cyclase and protein S-nitrosylation which regulates
NO bioavailability.

Preclinical evidence

Improving NO bioavailability by inhibiting S-nitrosoglutathione
reductase (GSNOR) in a 7.5-minute potassium chloride (KCl)-in-
duced CA mouse model promotes neuroprotection.” Pharmaco-
logical inhibition with the GSNOR-specific inhibitor SPL-334.1
(intravenous, 6 mg/kg, 15 minutes after ROSC) or genetic dele-
tion of GSNOR in GSNOR™™ mice improved survival, and neuro-
logical outcomes which was associated with attenuation of isch-
emic brain injury, restored S-nitrosylated protein levels in the
brain, reduced oxidative stress and preserved blood-brain barrier
(BBB) integrity.

Inhaled NO at a dose of 20 parts per million (ppm) for 5 hours
after ROSC enhanced the effects of mild therapeutic hypother-
mia (MTH) in a 10-minute rat ventricular fibrillation-induced CA
model,'* while also yielding an improvements in NDS on days
4-7 after CA that was associated with a decrease in lactate and
tumor necrosis factor-o (TNF-a) release in the brain.

Based on the neuroprotective effects of nitrite, a nitric oxide
precursor in in vitro oxygen-glucose deprivation/reperfusion
(OGD/R) of neurons, Dezfulian et al.” reported that intravenous
(IV) infusion of sodium nitrite (4 umol in 0.5 mL plasmalyte-A)
beginning 5 minutes after ROSC and administered for 5 minutes
in 7- and 8-minute asphyxia CA rat models significantly reduced
neurologic disability and improved survival. This therapeutic ben-
efit was associated with reduced reactive oxygen species (ROS)
generation, maintained adenosine triphosphate (ATP) generation,
and increased brain mitochondrial S-nitrosation. In a lipopoly-
saccharide-infusion and 10-minute ventricular fibrillation piglet
model of CA, treatment of NO at a dose of 80 ppm during CPR
resulted in superior systemic hemodynamics, regional cerebral

blood flow, and cerebral mitochondrial complex 1."

Clinical evidence

In a pilot study including 20 adult IHCA patients receiving inhaled
NO at a dose of 40 ppm immediately after ROSC for 24 hours
and 199 IHCA controls,” patients receiving NO had higher rates
of survival to discharge compared to controls, yet no difference
in the favorable neurologic outcome was observed. In a second-
ary analysis of phase | clinical trials including 82 adult OHCA pa-
tients, IV nitrite (25 mg or 60 mg) administration during resusci-
tation resulted in increased cyclic guanosine 3',5'-monophosphate
(cGMP) and nitrated conjugated-linoleic acid (NO,-CLA) levels,
which are responsible for nuclear factor erythroid 2-related fac-
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tor 2 (Nrf2)-dependent antioxidant gene expression and inhibit-
ing nuclear factor kappa B (NF-kB) regulated pro-inflammatory
signaling. The elevated cGMP and NO,-CLA levels were thus as-
sociated with improved clinical outcomes in the patients.™

Carbon monoxide

Despite being considered a toxic gas, CO exerts neuroprotective
effects in ischemic-reperfusion injury owing to its anti-inflam-
matory, antioxidant, and anti-apoptotic properties.

Preclinical evidence
As an alternative to gaseous CO, discovery of small molecule CO-
releasing molecules (CORMs) allows selective delivery and local
release of CO. In a 6-minute asphyxia-induced rat CA model, IV
treatment of CORMs 30 minutes after ROSC at 10 mg/kg/h over
30 minutes (5 mg/kg) improved neurological outcomes post-CA
and resuscitation through maintenance of mitochondrial biogen-
esis and subsequently mitochondrial function.”® In a 6-minute
asphyxia-induced CA model utilizing aged rats (20-22 months),
IV infusion of 4 mg/kg CORM-3 after ROSC increased the 3-day
survival rate from 25% to 70.83% and increased NDS.” This ef-
fect was associated with the attenuation of CA-induced neuro-
nal apoptosis and necrosis in the cerebral cortex, with the im-
proved cerebral mitochondrial function via reduced ROS, reversed
mitochondrial membrane potential depolarization, prevention of
cytochrome C release, and increased mitochondrial autophagy.
In a 4.5-minute asphyxia-induced CA pig model, low-dose CO
targeting 7%-13% carboxyhemoglobin (CO-Hb) using a CO-per-
meable silicone module (PDMSXA-1.0 unit) placed into the ar-
terial line with an oxygenator resulted in reduced cerebral damage
and improved neurologic function.”’ CO treatment was associat-
ed with a fast rise in regional oxygen saturation, improved activ-
ity of median nerve somatosensory-evoked potentials, and di-
minished post-CA cerebral perfusion differences. Furthermore,
CO treatment leads to significantly reduced histopathological
injury in hematoxylin-eosin and Iba1 staining.

Carbon dioxide

While higher levels of CO, cause brain edema, mild to moder-
ate levels of hypercapnia are considered neuroprotective for
global cerebral ischemic injury.

Preclinical evidence

In a 6-minute asphyxia-induced CA rat model, ventilation with
12% CO, starting at 15 minutes after ROSC for 105 minutes was
associated with significantly higher neurological recovery as as-
sessed by the neurological functional score at 24 hours post-
ROSC.*? The higher neurological recovery was associated with
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reduced brain tissue malondialdehyde (a marker of oxidative
stress), serum neuron-specific enolase (NSE), and S1008 levels
in the 12% CO, group. Cell death in the hippocampal region as-
sociated with memory (CA1 and CA3) and the expression of au-
tophagy-related proteins associated with neuronal degradation
were significantly lower in the 12% CO, group. In a 12-minute
ventricular fibrillation model of CA in pigs, hypercapnic venti-
lation (end-tidal CO, 45-50 mm Hg) immediately after CPR for
4 hours was associated with improved mean arterial pressure.”
Although hypercapnia did not improve neurological recovery in
pigs post-CA, neuronal degeneration in frontal cortex was sig-
nificantly mitigated compared to normocapnia.

Hydrogen

Molecular hydrogen, i.e., hydrogen gas, has been widely report-
ed to have anti-inflammatory, antioxidant, and anti-apoptotic
properties by selectively neutralizing hydroxyl radicals.

Preclinical evidence

In a 5-minute rat model of asphyxia CA, treatment with a low
(29%) dose of hydrogen for 1 hour after ROSC improved post-re-
suscitation survival and neurological outcome.”*** Additionally,
therapeutic benefits were associated with improved post-re-
suscitation electroencephalogram (EEG) characteristics* and
reduced serum S100B and cardiac troponin T levels.” Alternate-
ly, in @ 4-minute ventricular fibrillation CA rat model, treatment
with hydrogen-rich saline at a dose of 5 mL/kg intraperitoneally
during the beginning of CPR significantly improved survival rate
and neurological function, which was associated with attenuat-
ed endoplasmic reticulum stress, decreased levels of oxidative
products, and increased levels of antioxidant enzymes.”®

Clinical evidence

In their single-center, open-label, single-arm, prospective inter-
vention study including five adult comatose post-CA patients,
Tamura et al.”’
hours alleviated oxidative stress markers in plasma, which showed
the feasibility and safety of inhaled H, gas for patients with post-
cardiac arrest syndrome. In a multicenter, double-blind, placebo-
controlled, randomized study performed at 15 institutions in
Japan including 73 adult OHCA patients, inhalation of 2% H,
had positive therapeutic benefits. A cerebral performance cat-
egory (CPC) score of 1 or 2 at 90 days was achieved in 56%
and 39% of patients in the H, and control groups, respectively,

revealed that inhalation of 2% hydrogen for 18

but was not significantly different between the groups.” The
median modified Rankin Scale (mRS) score was 1 and 5 in the H,
and control groups, respectively. An mRS score of 0 was achieved
in 46% and 21% of patients in the H, and control groups, re-
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spectively. The 90-day survival rate was 85% and 61% in the
H, and control groups, respectively.

Noble gases

Noble gases xenon (Xe) and argon (Ar) show neuroprotective
effects against hypoxic-ischemic injury in mouse hippocampus
in vitro.”® The administration of 0.5 atmospheres of Xe or Ar re-
duced injury by up to 96% in mice hippocampal brain slices sub-
jected to OGD/R. The therapeutic efficacy of Xe has been exten-
sively verified in preclinical CA models and has already been
translated clinically.” Ar is more abundantly available at a sig-
nificantly lower cost while lacking narcotic effects and boast-
ing potent neuroprotective properties.”®

Preclinical evidence

While MTH remains the only neuroprotective treatment recom-
mended by current guidelines, combination therapy of noble gas
and MTH may enhance the neuroprotective effects in the con-
text of brain injury after CA. The combination of 70% Ar and MTH
(33°C) significantly reduced cell death in 90-minute OGD/R model
of rat cortical neuronal cells in in vitro and decreased brain in-
farct size in an in vivo rat model of neonatal asphyxia.”' In as-
phyxiated neonatal pigs, treatment with 50% Ar and MTH (33.5°C)
starting at 2 hours for 24 hours augmented brain protection as
evidenced by improved brain energy metabolism, faster EEG re-
covery, and reduced cell death.”

In a 12-minute ventricular fibrillation model of pig CA, initi-
ating ventilation immediately after ROSC with 70% Ar for 4 hours
significantly improved survival and neurological recovery as evi-
denced by improved neurological alertness score and NDS. Ar
treatment also led to the improvement of cardiac function as
evidenced by reduced left ventricular infarct size.* The im-
provement in neurological recovery after Ar treatment was as-
sociated with reduced neuronal degeneration in the cortex and
microglial activation in the hippocampus. The benefits of Ar-
treatment in CA pigs are further supported by reduced elevation
of circulating biomarkers of brain injury and less kynurenine
pathway activation.

Clinical evidence

In a randomized, single-blind, phase I, clinical trial including 110
adult comatose adult OHCA patients, MTH (33°C) in combination
with inhaled Xe initiated immediately after ROSC to maintain
the end-tidal Xe concentration to 40% for 24 hours resulted in
less white matter damage compared to hypothermia alone as
measured by fractional anisotropy in diffusion tensor magnetic
resonance imaging (MRI).** However, there was no difference in
neurological outcomes or mortality at 6 months.
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Hydrogen sulfide

H,S is a signaling gas molecule that has beneficial effects in
in vitro and in vivo models of ischemia/reperfusion neuronal in-
jury. H,S protected OGD/R induced injury in neuroblastoma cell
lines (SH-SY5Y) via activation of mitogen-activated protein ki-
nase (MAPK), extracellular signal-requlated kinase-3, and nu-
clear factor erythroid 2°° pathways.

Preclinical evidence

In a 6-minute ventricular fibrillation rat CA model, inhalation
of 40 ppm or 80 ppm H,S for 1 hour after ROSC improved survival
and neurological outcomes.” This therapeutic benefit was as-
sociated with attenuation of brain edema and preservation of
BBB integrity. In a 5-minute ventricular fibrillation rat CA model,
H,S was targeted to the brain and heart using mesoporous iron
oxide nanoparticles (MION) as a carrier of diallyl trisulfide (DATS)
with polyethylene glycol (PEG) and lactoferrin (LF). IV injection of
DATS@MION-PEG-LF (10 mg/kg), immediately after ROSC showed
neuroprotective effects as evidenced by improved cerebral func-
tion and survival.” The observed therapeutic benefits were as-
sociated with anti-apoptotic, anti-inflammatory, and antioxida-
tive mechanisms. Modulating the endogenous H.S level in the
6-minute ventricular fibrillation rat CA model by IV injection of
1 mL sodium hydrosulfide (NaHS) at 14 umol/kg-d, 1 hour post-
ROSC, increased the rat survival,” upregulating neurotrophic
factors including brain-derived neurotrophic factor (BDNF) and
tropomyosin receptor kinase f in the brain tissue.

Contradictories, limitations, and perspectives

Despite positive therapeutic effect of low dose H, (2%) in ro-
dent and clinical CA subjects, inhalation with a high (60%) dose
of hydrogen gas 1 hour before and after ROSC was reported to
have a tendency without a statistical difference to improve the
success rate of resuscitation, reduce the seizure incidence, and
increase NDS score at 3 days after ROSC in 9- and 11-minute
asphyxia rat CA model.”® In contrast to the positive therapeutic
effects of combinatory therapy of noble gas and MTH, Briicken
et al,” reported that combining 70% Ar with MTH (33°C for 6 h)
did not augment MTH effects but rather worsened the func-
tional outcome in the 9-minute ventricular fibrillation CA rats
when given for 1 hour with a delay of 1 hour following CA-ROSC.
These contradictions may be due to the model variations between
global ischemia and reperfusion injury after CA* and hypoxic-

ischemic encephalopathy®"*

with distinct pathophysiology.

In addition to inhaled forms of these neuroprotective gases,
injectable forms like IV nitrite, CORM-3, and NaHS have proven
to be equally effective in ameliorating neurological dysfunctions

post-CA. Although inhaled gases and their isoforms have emerged
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as a promising therapeutic approach with potential neuropro-
tective effects in the context of CA, the clinical translation faces
challenges due to inconsistent results among various species and
CA models. The clinical translation of gases like CO and CO, is
difficult because of the concerns regarding their toxicity and
precise regulation of gas delivery. Inhalation of 2% hydrogen
provided positive results in clinical setting in terms of survival and
neurological outcomes, while the studies included small sample
size and uncertainty regarding optimal dosing. The mechanism
underlying neuroprotective effects of gases remains unelucidat-
ed. It is crucial to better design preclinical studies and evaluate
in large animals and translate the efficacy in large scale ran-
domized controlled trials (RCTs).

Despite the current challenges, gases and their isoforms are
the promising target for improving outcomes in CA. Gases like
NO, CO, CO,, H,S, H,, and noble gases have shown promising
neuroprotective effects in the context of CA. These gases exert-
ed significant beneficial effects via mechanisms such as modu-
lation of oxidative stress and inflammation, preservation of BBB
integrity, attenuation of cell death, improvement of mitochon-
drial function, upregulation of neurotrophic factors, and activa-
tion of signaling pathways (Figure 1). Some small sized clinical
studies utilizing gases like NO, H, and Xe are promising and need
further investigations in large scale RCTs. The combination of
gases with MTH has shown potential synergistic effects, although
conflicting results exist in different models, warranting the need
of further studies exploring the optimum dosing and underlying
mechanisms before their clinical translation.

Pharmacological approach

Pharmacological approaches reducing oxidative stress

In the brain after CA, the generation of ROS and subsequent oxi-
dative stress contribute to brain tissue damage and neurologi-
cal dysfunction because of the associated apoptosis, inflamma-
tion, brain edema, autophagy, and other pathological events. Thus,
several antioxidants are being investigated in experimental and
clinical CA studies (Table 2).

Drugs reducing free radical generation

Preclinical evidence

Niacin has been recognized as a key player in neuroprotection in
animal models of ischemia/reperfusion. Selenium (Se) is an es-
sential trace element and an important component of antioxi-
dant enzymes, such as glutathione peroxidase (GPx). In an OGD
model of rat cortical neurons, the combination of niacin and Se
synergistically attenuated neuronal injury.”' This was associated
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with the activation of the glutathione redox cycle and increased
glutathione peroxidase activity while reducing hydrogen peroxide
levels. In a 6-minute ventricular fibrillation model of rat CA, com-
bination therapy of clinically relevant doses of niacin through
an orogastric tube (360 mg/kg) and Se via tail vein (60 pg/kg),
30 minutes after ROSC attenuated neuronal apoptosis in the hip-
pocampus and improved neurologic outcome as evidenced by the
improved 7-day NDS."' These therapeutic benefits were associ-
ated with the upregulation of antioxidant pathways such as ROS
reduction, Parkinson protein 7 (PARK7/DJ-1) preservation, and
subsequent Akt-nuclear factor erythroid 2-related factor 2 (Akt-
Nrf2) signaling upregulation.

BMX001 is a manganese porphyrin compound with potent an-
tioxidant properties by attenuating ROS formation. In an 8-minute
KCl-induced CA mice model, intraperitoneal injection of BMX001
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(0.1 mg/kg) immediately after resuscitation followed by subcuta-
neous injections twice per day for 3 days at a dose of 0.2 mg/kg/day
significantly improved body weight loss, spontaneous activity de-
cline, neurologic deficits, and decreased rotarod performance with
reduced cortical neuronal death.*” The results were consistent in
the 8-minute KCI-CA rat model with BMXO001 in the same study
that treated rats having a better body-weight recovery and in-
creased rotarod latency with a low percentage of hippocampus
neuronal death.

Dimethyl malonate (DMM) is a competitive inhibitor of suc-
cinate dehydrogenase, an important enzyme responsible for ex-
tensive ROS generation after ischemia reperfusion. In a 6-minute
ventricular fibrillation rat CA model, succinate dehydrogenase
was inhibited by immediate IV infusion of DMM at a dose of 6
mg/kg/min for 51 minutes, which promoted ROSC and neurological
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Drug Model Species Route/dose/time Observed results Ref no.
Niacin and 6-minute VF Rat Niacin through an orogastric tube (1) Improved neurological outcomes 41
selenium (360 mg/kg) and selenium via a (2) Attenuation of apoptotic neurons in the hippocampus
tail vein (60 pg/kg), 30 min after  (3) Upregulation of antioxidant pathways
ROSC
Edaravone 5-minute VF Rat Intravenous, 3 mg/kg, after ROSC (1) Improved survival and neurological deficits 45
(2) Decreased MDA and increased SOD activity
(3) Decreased pro-apoptotic and increased antiapoptotic gene
expression
Melatonin 5-minute ACA  Rat Intraperitoneal, 20 mg/kg/day, (1) Improved survival and neurological deficits 47
4 times before CA and 3 times (2) Prevented autophagy-like death of Purkinje cells
after CA (3) Reduced ROS and enhanced SODs levels
6 minute-ACA  Rat Oral gavage, 100 mg/kg body (1) Improved neurological outcomes. 48
weight/day, 12 consecutive days  (2) Increase mitochondrial-binding hexokinase Il (HKII)
either before or after CA expression
(3) Suppression of protein acetylation
Vitamin C 8-minute VF Rat Intravenous, 200 mg/kg, 5 min after (1) Improved survival and NDS 46
ROSC for half an hour (2) Improved hemodynamics and myocardial functions
(3) Enhanced buccal microcirculation
(4) Attenuated pro-inflammatory cytokines and ROS
Ruthenium red 8-minute ACA  Rat Intravenous, 2.5 mg/kg, at the time (1) Decreased CA1 neuronal injury 51
(RR) of CPR (2) Attenuation of mitochondrial structural disruption and
Zn2+ accumulation
BMX001 8-minute KCI Mouse/ 1st dose: intraperitoneal, 0.1 mg/kg (1) Improved body weight loss 42
rat for mice and 0.225 mg/kg for rats, (2) Improved spontaneous activity, neurologic deficits, and
subcutaneous twice per day for rotarod performance
3 days in mice (at 0.2 mg/kg/day)  (3) Reduced neuronal cell death
and 7 days in rats (at 0.45 mg/kg/
day)
ERK inhibitor, 5-minute VF Rat Intravenous, 0.3 mg/kg, immediately (1) Improved the survival rates and NDS 55
PD98059 after ROSC (2) Reduced production of ROS and increased SOD activity
(3) Reduced the number of apoptotic neurons
6-minute VF Rat Intravenous, 0.15 mg/kg or (1) Improved the survival and NDS 56
0.3 mg/kg PD98059, within 1 min  (2) Inhibited mitochondria-dependent apoptosis and
after ROSC autophagy
(3) Inhibited activation of ERK signaling pathway
7-minute VF Rat Intravenous, 0.3 mg/kg, after ROSC (1) Improved survival rate and NDS 57
(2) Mitigated cerebral ischemia-reperfusion injury
Dimethyl 6-minute VF Rat Intravenous, 6 mg/kg/min, for (1) Promotion of ROSC and neurological performance in tape 43
malonate 51 min removal assay
(DMM) (2) Inhibition of neuronal apoptosis and excessive
hyperpolarization of MMP
(3) Reduction in the generation of ROS
Oxcarbazepine 5-minute ACA Rat Intravenous, 200 mg/kg, 10 min (1) Increased the survival rate and improved neurological 58
after ROSC deficit
(2) Protected cerebellar Purkinje cells from ischemia
(3) Reduced in 4-hydroxynonenal and increased SOD1 and
SOD2 levels
Compound 147 8.5-minute KCI  Mouse Intravenous, 2 mg/kg, 24 h before (1) Improved survival 59
surgery and 30 min after ROSC (2) Improved neurological score and open field test score
9-minute KCI Mouse Intraperitoneal, 2 mg/kg, 1 day (1) Restored neurological functions 60
before and intravenously 15 min  (2) Inhibited neuronal apoptosis and ER stress
after ROSC (3) Upregulation of ATF6 and Nrf2 signaling pathways
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Continued
Drug Model Species Route/dose/time Observed results Ref no.
Metformin 10-minute ACA  Rat Intravenous, 100 mg/kg in 2 mL (1) Improved 72 h survival and neurologic function 89
saline over 15 min, immediately (2) Protected mitochondrial function with a reduction in
after ROSC apoptotic brain injury
(3) Potentiated earlier normalization of brain
electrophysiologic activity
6-minute ACA  Rat Intraperitoneal, 200 mg/kg/day, (1) Increased NDS 90
pretreatment for 2 weeks (2) Improved 7-day survival
(3) Decreased neuronal cell apoptosis and attenuated
oxidative stress
9-minute ACA  Rat Intragastric, 30 mg/mL and 200 (1) Improved neurologic outcome and survival 91
mg/kg, pretreatment for 2 weeks  (2) Reduced neuronal cell death
(3) Suppressed the activation of microglia and autophagy
activation
Thiamine 8-minute KCI Mouse  Intravenous 50 mg/kg 2 min before (1) Increased survival and neurological functional score 61
CPR, followed by daily (2) Prevented histological neurological injury in fluoro-jade B
intraperitoneal for 10 days staining
9-minute VF Pig 10 mg/kg starting at 20 min after ~ No effect in improvement of functional neurological outcome 102
ROSC and every 12 h over 48 h or serum levels of NSE
RCT (37 adult Human Intravenous, 100 mg every 8 h for ~ Did not improve survival and neurological outcomes 103
OHCA patients) 7 days starting 3.5 h after hospital
admission
CDP-choline RCT (80 pediatric Human Intravenous, 10 mg /kg /12 h, for (1) Improved seizure frequency and duration 52
(citicoline) IHCA CA 6 weeks (2) Improved GCS and mRS scores
patients) (3) Decreased intensive care unit stay and mortality rate
Ubiquinol RCT (48 Human Enteral, 300 mg every 12 h for (1) Elevated plasma Co-enzyme Q10 levels 54
resuscitated 7 days (2) Did not change the levels of S100B, NSE, and lactate
adult OHCA (3) Did not improve mortality and neurological status
patients)
Polyethylene 6-minute VF Rat Intravenous, 10% solution in saline, (1) Improved survival and NDS 84
glycol-20k 10% estimated blood volume, (2) Improved myocardial function and buccal microcirculation
at the beginning of CPR
6-minute VF Rat Intra-aortic, 10% weight/blood (1) Improved survival and NDS 85
volume, 1.8 mL, after 4 min of (2) Improved coronary perfusion and sublingual
precordial compression for 3 min microcirculation
8-minute VF Rat Intravenous, 10% blood volume (1) Reduced brain edema, decreased S100B and NSE levels 86

of a 10% PEG solution for 2 min,  (2) Improved microcirculation dysfunction
beginning of precordial
compression

Hypertonic Saline  8-minute KCI Mouse  Intravenous hypertonic saline (7.5%) (1) Attenuated water content in caudoputamen and cortex 87
infusion 30 min after ROSC for (2) Attenuated BBB dysfunction via perivascular Aquaporin-4
24 h
5-minute ACA  Rat Intravenous, 10% hypertonic saline (1) Improved neurological functions 68
at a rate of 2 mL/h, 30 min before (2) Decreased apoptotic hippocampal neuronal cells
CA (3) Reduced expression of apoptosis proteins Bax and Caspase-3
Glibenclamide 10-minute ACA  Rat Intraperitoneal, loading dose of (1) Improved survival and neurological outcome 92

10 ug/kg and 4 maintenance doses (2) Reduced brain edema
of 1.2 g every 6 h, after ROSC

10-minute ACA  Rat Intraperitoneal, loading dose of (1) Improved neurological outcomes 93
10 pg/kg and 4 maintenance doses (2) Prevented water diffusion abnormality in the brain
of 1.2 pg every 6 h, 15 min after ~ (3) Increased neuronal survival and decreased glial activation
ROSC
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Continued
Drug Model Species Route/dose/time Observed results Ref no.
8-minute ACA  Rat Intraperitoneal, loading dose of (1) Improved aggregate NDS and survival 94
10 ug/kg followed by a maintenance (2) Improved coma recovery, arousal, and brainstem function
dosage of 1.6 ug/kg every 8 h for  (3) Improved somatosensory evoked potential recovery
24 h, 10 min after ROSC
8-minute ACA  Rat Intraperitoneal, loading dose of (1) Improved NDS and shortened time of severe neurological 95
10 pg/kg followed by a maintenance deficit
dosage of 1.6 ug/kg every 8 h for  (2) Prevented neuroinflammation via TLR4/NLRP3 in microglia
24 h, 10 min after ROSC
10-minute ACA  Rat Intraperitoneal, loading dose of (1) Alleviated neurocognitive deficit and neuropathological 96
10 ug/kg and 4 maintenance doses damage
of 1.2 pg every 6 h, 15 min after (2) Prevented NLRP3-mediated neuroinflammation via
ROSC SUR1-TRPM4
Rosuvastin 8-minute ACA  Rat Intraperitoneal, 2 mg/kg/day, (1) Improved survival and neurological outcomes 44
pretreatment for 7 days (2) Attenuated apoptosis of neural cells
(3) Reduced brain edema
(4) Decreased serum NSE levels
LPC-DHA 10-minute ACA  Rat Intravenous, 6 mg/kg (0.5 mL) (1) Improved neurological functions in neuronal reflex test 64
1 min after ROSC over 1 min and motor co-ordination test
(2) Alleviated neuronal cell death, activation of astrocytes,
and expression of inflammatory genes
Bradykinin 6-minute ACA  Rat Intraperitoneal, 150 ug/kg, 48 h (1) Increased NDS score 65
after ROSC (2) Increased neuronal autophagy and inhibited apoptosis
Dichloroacetate 6-minute ACA  Rat Intraperitoneal injection, 80 mg/kg, (1) Increased 3-day survival time and reduced neurologic 62
15 min after ROSC deficit
(2) Attenuated cellular apoptosis
(3) Reduced expression of TNF-a and IL-1B
Valproic acid 8-minute ACA  Rat Intravenous, 300 mg/kg over (1) Prevented delayed seizure and improved 72-h survival 66,67
20 min, 5 min post-ROSC (2) Upregulated the expression of HSP70
(3) Activated an anti-apoptotic signaling pathway to
attenuate the expression of cleaved caspase 9
Flufemic acid 10-minute KCI'  Mouse Intraperitoneal, 12.5 mg/kg once (1) Improved survival and neurological outcome 70
daily for 1 week starting at 1 h (2) Reduced neuropathological injuries, attenuated brain
after ROSC edema and BBB damage, and increased M2 activation of
microglia
MAGL inhibitor, 6-minute VF Rat Intraperitoneal, 16 mg/kg, (1) Ameliorated cerebral microcirculation dysfucntion 75
Jz1184 immediately after ROSC (2) Reduced brain edema and BBB permeability
(3) Reduced NSE, S100B, and IL-6, and increased serum IL-10
HMGB1 binding ~ 8-minute ACA Rat Intravenous, 5 mg/kg, 30 min after (1) Improved 7-day survival rate and NDS 79
heptamer resuscitation (2) Preserved neuronal survival and inhibited activation of
peptide (HBHP) microglia and astrocytes
HMGB!1 inhibitor ~ 10-minute VF Rabbit  Intravenous, 4 mg/kg, 5 min after (1) Improved tissue perfusion and attenuated shock 80
glycyrrhizin ROSC (2) Reduced cerebral CD4+ and CD8+ T-cell infiltration
Dendrimer 7-minute ACA  Rat Intraperitoneal, 10 mg/kg in 0.2 mL (1) Improved survival rate and NDS 50
N-acetyl cysteine saline, 30 min post-ROSC (2) Enhanced hippocampal neuronal survival
(D-NAQ)
Heparin 8-minute ACA  Rat Intravenous, 0.5 mg/kg, immediately (1) Improved NDS and and spatial learning and memory test 69

)
after CPR (2) Reduced number of TUNEL+ cells and Ib1+ microglial cells
(3) Reduced expression of pro-inflammatory cytokines
(4) Elevated expression of neurotrophic factors
(5) Elevated expression of the ERK/CREB pathway and
PTN/syndecan-3 pathway molecules
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Drug Model Species Route/dose/time Observed results Ref no.
NLRP3- 8.5-minute KCI  Mouse Intraperitoneal, 10 mg/kg daily for (1) Improved survival and functional recovery 81
inflammasome 3 consecutive days, 15 min after  (2) Reduced IL-1B levels
inhibitor the ROSC
MCC950 . . i
10-minute ACA  Rat Intraperitoneal, 10 mg/kg, (1) Improved neurological outcomes 82
10 min after the ROSC (2) Alleviated neuro-pathological damage
(3) Reduced infiltration of leukocytes
6-minute VF Rat Intraperitoneal, 10 mg/kg, (1) Improved survival and neurological functions 83
immediately after the ROSC (2) Reduced the levels of pro-inflammatory cytokines
(3) Preserved cerebral microcirculation and reduced cerebral
edema
Resolvin D1 8-minute VF Pig Intravenous, 0.3 and 0.6 pg/kg, (1) Improved post-resuscitation neurological dysfunction 73
5 min after ROSC (2) Decreased serum levels of injury biomarkers
(3) Alleviated tissue inflammation and oxidative stress
PHA-543,613 8-min ACA Rat Intraperitoneal, 12 mg/kg, at the (1) Improved neurological functional recovery in Morris's 74
moment of ROSC water maze test
(2) Decreased CA1 Neuronal death and inflammation
DL-3-n- 6-minute ACA  Rat Intravenous, 10mg/kg twice a day (1) Improved neurological function up to 72 h after 98
butylphthalide for 3 consecutive days, 10 min (2) Reduced apoptosis and inflammatory response
(NBP) after ROSC
Orexin-A 7-minute ACA  Rat Intranasal, 50 uM, 10 uL for (1) Early arousal from the coma 78
3 times every 30 s, 30 min (2) Stabilized EEG and NDS with anti-inflammatory effects
post-ROSC
Steroids Retrospective Human Patients received steroids during (1) Improved survival to admission and survival-to-discharge 71,72
observational CPR (2) Improved 1-year survival rates
study
(145,644 adult
CA patients)
RCT (512 adult ~ Human Intravenous, vasopressin (20 IU) and (1) Did not improve long-term survival and neurological 104
IHCA patients) methylprednisolone (40 mg) for a outcomes
maximum of 4 doses, as soon as (2) Increased likelihood of ROSC
possible
Tocilizumab RCT (80 adult Human Intravenous, 8 mg/kg, for 1 h (1) Reduced C-reactive protein and leukocyte levels 105
OHCA patients) (2) Did not improve survival and neurological outcomes
XueZhikang (XZK) ~ 6-minute VF Rat Gavage, 20 mg/kg/d or (1) Improved neurological function and 72-h survival 97
200 mg/kg/day, pretreatment (2) Reduced inflammatory cytokines
for 2 weeks (3) Suppressed TLR4/NF-B signaling pathway
Pomelo peel oil 7-minute VF Rat Intravenous, 10/20/40 mg/kg, within (1) Improved NDS and survival 99
(PPO) 10 min after ROSC (2) Reduced histological brain injury
(3) Attenuated necroptosis markers
Ginsenoside-Rg1 ~ 5-minute ACA Rat Intraperitoneal, 40 mg/kg, 1 h after (1) Mitigated the spatial learning and memory impairment 100
ROSC and once daily for 14 days  (2) Improved electrophysiology of CA1 area
(3) Attenuated inflammation, neuronal apoptosis
Epinephrine RCT (8014 adult Human Parenteral, 10 mg, 10 syringes with (1) Improved 30-day survival 101
OHCA patients) 1 mg epinephrine given every 3 to  (2) Did not improve favorable neurological outcome
5 min
Calcium RCT (391 adult ~ Human Intravenous/intraosseous, 5 mmol, (1) Worsened survival and neurological outcomes 106
OHCA patients) 2 doses after each epinephrine (2) Detrimental effect in sustained ROSC
treatment

VF, ventricular fibrillation; ROSC, return of spontaneous circulation; MDA, malondialdehyde; SOD, superoxide dismutase; ACA, asphyxia cardiac arrest; CA, car-
diac arrest; ROS, reactive oxygen species; NDS, neurological deficit score; KCI, potassium chloride; ERK, extracellular signal-requlated kinase; MMP, matrix
metalloproteinase; ER, endoplasmic reticulum; ATF6, activating transcription factor 6; Nrf2, nuclear factor erythroid 2-related factor 2; CPR, cardiopulmonary
resuscitation; RCT, randomized controlled trial; NSE, neuron-specific enolase; OHCA, out-of-hospital cardiac arrest; IHCA, in-hospital cardiac arrest; GCS,
Glasgow Coma Scale; mRS, modified Rankin Scale; PEG, polyethylene glycol; BBB, blood-brain barrier; IL, interleukin; ERK, extracellular signal-requlated ki-
nase; EEG, electroencephalogram.
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performance as assessed by tape removal assay.” The improve-
ments in neurological function after CA was attributed to the
inhibition of neuronal apoptosis, inhibition of excessive matrix
metalloproteinase (MMP) hyperpolarization, reduction in ROS
generation, and stabilization of hypoxia-inducing factor-1a
structure.

Rosuvastatin is a potent B-hydroxy B-methylglutaryl-CoA re-
ductase inhibitor, a cholesterol-lowering drug with potent anti-
oxidative, neuroprotective effects via mechanisms including ROS
generation. In an 8-minute asphyxia-induced rat CA model, pre-
treatment with rosuvastatin at a dose of 2 mg/kg/day intraper-
itoneally for 7 days markedly improved 7-day survival and neu-
rological outcomes which were associated with the attenuation
of the neural cell apoptosis, reduction in the brain edema in both
the cortex and hippocampus, and a decrease in NSE levels.*

Drugs scavenging free radicals

Preclinical evidence
Edaravone is a free radical scavenger with potent antioxidant
properties that has been studied for its potential neuroprotec-
tive role in CA. Edaravone improved post-resuscitative survival
time and NDS in a 5-minute ventricular fibrillation rat CA model
when injected IV at a dose of 3 mg/kg immediately after ROSC.*
This was associated with decreased brain malondialdehyde level,
increased superoxide dismutase activity, decreased pro-apoptotic
gene expression of caspase-8, caspase-3, and Bax, and increased
antiapoptotic Bcl-2 expression at 12, 24, 48, and 72 hours.

Vitamin C is another potent antioxidant that scavenges and
attenuates oxidative/nitrosative stress-driven free radicals in a
cerebral ischemia-reperfusion injury rat model. In an 8-minute
ventricular fibrillation CA rat model, IV administration of vita-
min C (200 mg/kg) 5 minutes after ROSC for half an hour im-
proved the survival rate and NDS.* This improvement in survival
and neurological function was associated with improved hemo-
dynamics and myocardial functions, enhanced buccal microcir-
culation, inhibition of pro-inflammatory cytokines interleukin-6
(IL-6) and TNF-a, syndecan-1, and hyaluronic acid in plasma,
decreased ROS production, and inhibition of MAPK pathway
phosphorylation.

Melatonin is a molecule synthesized in the pineal gland and
is involved in sleep regulation and cyclical bodily activities. In a
5-minute asphyxia CA rat model, melatonin (20 mg/kg, intra-
peritoneal, once daily for 4 days before CA, and at 30 min, 6 h,
and 1 day after CA) treatment significantly improved the survival
rate and reduced neurological deficits versus controls. Melato-
nin prevented autophagy-like death of Purkinje cells via upreg-
ulation of melatonin binding G protein-coupled receptor mela-
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tonin receptor-2 (MT2). It reduced ROS, and enhanced copper/
zinc superoxide dismutase (SOD1) and manganese superoxide
dismutase (SOD2) protein expression, which were dependent on
MT2."” Additionally, in a 6 minute-asphyxia rat CA model, pre-
and post-treatment with melatonin administrated by oral gavage
at 100 mg/kg body weight/day for 12 consecutive days either
before or after CA improved neurological outcomes when assessed
by NDS and Morris water maze test. The neurological functional
improvement was mediated by increased mitochondrial-binding
hexokinase |l expression, protein acetylation suppression, and
improvement in mitochondrial function in the hippocampus.*

Dendrimer N-acetyl cysteine (D-NAC) is the conjugation of
N-acetyl cysteine (NAC) containing antioxidant and anti-inflam-
matory properties to dendrimers, allowing controlled delivery
and enhanced therapeutic benefits. NAC acts as a potent free
radical scavenger. In a study utilizing an 8-minute ventricular
fibrillation rat CA model, He et al.” reported that IV administra-
tion of NAC 5 minutes after ROSC alleviated myocardial dysfunc-
tion and improved survival. Intraperitoneal injection of D-NAC
(10 mg/kg in 0.2 mL saline) at 30 minutes post-ROSC in a 7-min-
ute rat asphyxia CA model resulted in improved gross neurolog-
ical score at 48 hours, survival, and increased neuronal cell sur-
vival in hippocampal CA1 and CA3 regions.”

Progressive Zn** accumulation is responsible for the deleterious
events occurring after ischemia, including mitochondrial dys-
function, swelling, and structural changes. Ruthenium red (RR)
with known potential of quenching ROS blocks mitochondrial
Ca’* uniporter, the primary route for Zn’* entry. RR attenuated
the mitochondrial depolarization, swelling, and the changes in
synaptic activity in the OGD/R model of mouse hippocampal slic-
es. RR administered IV (2.5 mg/kg) at the time of CPR decreased
CA1 neuronal injury after 8-minute rat asphyxia CA which was
associated with attenuation of mitochondrial structural disrup-
tion and Zn** accumulation.”

Clinical evidence
CDP-choline (citicoline) is a natural precursor of the cell mem-
brane constituent, phosphatidylcholine with potent antioxidant
effect in ischemic brain injury. In an RCT including 80 IHCA pe-
diatric patients (40 citicoline and 40 control group), treatment
with citicoline at a dose of 10 mg/kg/12-h IV immediately after
ROSC and for 6 weeks exerted neuroprotective effects.” Citi-
coline treatment is associated with decreased seizure frequency
and duration, higher Glasgow coma score, and improved mRS
score. In addition, there was a decrease in pediatric intensive care
unit length of stay and mortality in citicoline-treated patients.
Ubiquinol, also known as coenzyme Q10, is an essential mi-
tochondrial co-factor with potent antioxidant property in the
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context of ischemic brain injury, which is significantly lower and
is associated with increased mortality.”® In a randomized, dou-
ble-blind, placebo-controlled trial of 48 successfully resuscitated
adult OHCA patients, enteral ubiquinol (300 mg) every 12 hours
for up to 7 days significantly elevated plasma coenzyme Q10
levels at 24, 48, and 72 hours. However, there was no difference
in the levels of NSE, S100B, lactate, cellular and global oxygen
consumption, neurological status, and in-hospital mortality be-
tween the ubiquinol and placebo groups.™

Drugs enhancing degradation of free radicals

Preclinical evidence

Extracellular signal-regulated kinase (ERK) belongs to the fam-
ily of MAPKs and regulates the pathogenesis of CA. The role of
ERK inhibitor PD98059 has been investigated in the context of
CA. In a 5-minute ventricular fibrillation rat CA model, IV injec-
tion of PD98059, a selective inhibitor of MAPKs preventing ac-
tivation of downstream ERKs at a dose of 0.3 mg/kg immediately
after ROSC improved survival and NDS.** The therapeutic effects
of PD98059 are accompanied by inhibition of oxidative stress
while elevating the levels of antioxidant enzyme SOD and reduc-
ing apoptotic neurons. In a 6-minute ventricular fibrillation rat
CA model, IV injection of PD98059 at a dose of 0.15 mg/kg or
0.3 mg/kg within 1 minute after ROSC improved survival and
NDS.*® These effects are mediated by the attenuation of mito-
chondrial permeability transition pores and cytochrome C-re-
lease. PD98059 further attenuated mitochondria-dependent
apoptosis and autophagy which is mediated by the inhibition of
the ERK1/2 signaling pathway.” In a 7-minute rat ventricular
fibrillation CA model, IV injection of PD98059 (0.3 mg/kg) after
ROSC significantly improved survival rate and NDS.”” PD98059
treatment alleviated the endoplasmic reticulum stress (ERs) in-
duced apoptosis via downregulation of “protein kinase R-like ER
kinase-activating transcription factor 4-C/EBP homologous pro-
tein" signaling pathway and mitigated cerebral ischemia-reper-
fusion injury.”’

Oxcarbazepine is a carbamazepine analog commonly used as
an antiepileptic drug. In the 5-minute asphyxia rat CA model, IV
injection of oxcarbazepine at a dose of 200 mg/kg 10 minutes
after ROSC significantly increased the survival rate and improved
neurological deficits.”® Oxcarbazepine protected cerebellar Pur-
kinje cells from ischemia and reperfusion injury induced by CA,
which was associated with reduction in 4-hydroxynonenal (an
end-product of lipid peroxidation) and increased or maintained
the endogenous antioxidant enzymes (SOD1 and SOD2).

Compound 147 is a small molecule that upregulates the pro-
survival activating transcription factor 6 (ATF6) signaling in neu-
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rons and possesses pro-survival effects. In an 8.5-minute KCl-
induced mouse CA model, administration of compound 147 at
a dose of 2 mg/kg via the tail vein 24 hours before surgery and
30 minutes after ROSC improved survival and better neurologi-
cal functions by increased neurologic score and increased trav-
eled distance in open field assessed at day 3 after ROSC.” In a
9-minute KCl-induced CA mouse model, administration of com-
pound 147 at a dose of 2 mg/kg intraperitoneally 1 day before
and intravenously 15 minutes after ROSC restored neurological
function and reduced dead neurons.”’ Compound 147 inhibited
neuronal apoptosis and ER stress, with reduction of TUNEL-pos-
itive neurons, elevated expression of Bel-2, and down expression
of cleaved caspase-3, caspase-12, C/[EBP homologous protein.
In addition, compound 147 treatment alleviated the ROS gener-
ation while augmenting anti-oxidative mechanisms such as up-
requlated SOD activity, enhanced Nrf-2 and heme-oxygenase-1
(HO-1) expressions.

Thiamine, also known as vitamin B, is a cofactor of pyruvate
dehydrogenase (PDH) whose activity is impaired in CA brain sec-
ondary to increased ROS generation. In an 8-minute KCl-induced
mice CA model, IV thiamine at a dose of 50 mg/kg administered
in the volume of 50 uL 2 minutes before CPR, followed by daily
intraperitoneal injection thiamine increased 10-day survival, im-
proved neurological functional score, and prevented histological
neurological injury in fluoro-jade B staining.” The beneficial ef-
fects of thiamine were accompanied by improved oxygen con-
sumption in mitochondria, restored thiamine pyrophosphate lev-
els, and increased PDH activity.

In a 6-minute asphyxia CA rat model, Wang et al.** evaluated
the effect of PDH activation by dichloroacetate (DCA), a pyru-
vate dehydrogenase kinase inhibitor. Intraperitoneal DCA injec-
tion at a dose of 80 mg/kg of DCA at 15 minutes post-ROSC in-
creased 3-day survival time and reduced neurologic deficits. It
also attenuated cellular apoptosis, neuronal damage, and the
expression of TNF-a and interleukin-1p (IL-1p) in the brain. DCA
treatment significantly increased ATP production and PDH activity,
and decreased blood glucose, lactate, and brain pyruvate levels.

Pharmacological approaches reducing cell death

The interruption of blood flow in the brain during CA elicits mul-
tiple cascades of events leading ultimately to cell death. Cerebral
ischemia triggers cell death via intrinsic mitochondrial release of
cytochrome C and extrinsic binding of cell death ligands with
specific cell surface receptors, resulting in activation of caspases.

Preclinical evidence

Lysophosphatidylcholine containing docosahexaenoic acid (LPC-
DHA) is a form of omega-3 fatty acid, which is significantly de-
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creased in post-CA plasma in rats and humans.” In a 10-min-
ute asphyxia rat CA model, IV injection of 6 mg/kg LPC-DHA
(0.5 mL) 1 minute after ROSC over 1 minute significantly im-
proved neurological functions as assessed by neuronal reflex test
and motor coordination test at 72 hours after ROSC.** Supple-
mentation of LPC-DHA normalized brain levels of LPC-DHA and
alleviated neuronal cell death, activation of astrocytes, and ex-
pression of various inflammatory and mitochondrial dynamics
genes.

Bradykinin, an active component of the kallikrein-kinin system
is a peptide with physiological roles like vasodilation, blood pres-
sure control, inflammation, and pain perception. The neuropro-
tective and cardioprotective roles of bradykinin in the context
of CA are being studied in preclinical CA models. In the 6-minute
rat asphyxia CA model, intraperitoneal injection of bradykinin
(150 pg/kg) 48 hours after ROSC increased neurological func-
tion at 3 days after ROSC as assessed by NDS.*® Bradykinin treat-
ment increased neuronal autophagy, inhibited the expression of
the brain injury marker S100B and apoptosis-related protein cas-
pase-3 thus reducing the degree of brain injury caused by ROSC
after CA which was mediated by activation of the AMP-activat-
ed protein kinase (AMPK)/mTOR signaling pathway.

Valproic acid (VPA) is an antiepileptic medication with neuro-
protective properties in various preclinical models of brain inju-
ry. In an 8-minute asphyxia-induced rat CA model, IV VPA (300
mg/kg initiated 5 min post-ROSC and infused over 20 min) in
combination with MTH (33°C+1°C) prevented delayed seizures
and improved 72-hour survival.”® Furthermore, the MTH/VPA
group upregulated heat shock protein 70, activating an anti-
apoptotic signaling pathway to attenuate the expression of
cleaved caspase-9.%

Anti-oxidative drugs play a crucial role in mitigating neuronal
cell death by counteracting the harmful effects of ROS. In rodent
CA models, the anti-oxidants including the combination thera-
py of niacin and selenium,* BMX001,” DMM,* rosuvastatin,**
PD98059,”*" D-NAC,” and DCA * attenuated cellular apoptosis,
and neuronal damage. Anti-oxidant compound 147% and eda-
ravone® decreased apoptotic proteins caspase-8, caspase-3,
and Bax while increasing the levels of antiapoptotic protein Bcl-2
in rodent CA models. Hyperosmotic agent 10% HS* and heparin
with anti-inflammatory effects,” also attenuated programmed
cell death of neuronal cells in rodent models of asphyxia CA.

Pharmacological approaches reducing inflammation

Hypoxic ischemia during CA leads to brain tissue damage and
triggers an inflammatory response characterized by activation of
immune cells and the release of inflammatory cytokines which
exacerbates brain damage. Anti-inflammatory therapeutic ap-
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proaches for CA reduce the production or antagonize the action
of pro-inflammatory cytokines.

Steroidal and non-steroidal anti-inflammatory drugs

Preclinical evidence

Flufenamic acid (FFA) is a non-steroidal anti-inflammatory drug
that selectively inhibits transient receptor potential M4 (TRPM4)
channel protein, a novel target for ameliorating BBB disruption
and neuroinflammation. In a 10-minute KCl-induced CA mice
model, blocking TRPM4 via intraperitoneal injection of FFA (12.5
mg/kg) once daily for 1 week starting at 1 hour after ROSC was
associated with improved survival and neurological outcome.”
FFA-treated mice exhibited statistically higher neurological func-
tion scores and better performance in the rotarod test, the open
field, and the Morris water maze test 3 days after ROSC. The im-
proved neurological function in FFA-treated mice was associated
with reduced neuropathological injuries, attenuated brain ede-
ma, reduced leakage of IgG and Evans blue dye, restored tight
junction protein expression, and increased microglia/macrophage
change from pro-inflammatory to anti-inflammatory phenotype.

Clinical evidence

Studies have indicated that glucocorticoid supplementation dur-
ing CPR, in conjunction with vasopressors, improves outcomes
in instances of CA.”" In a retrospective observational population-
based study in adult CA patients (2,876 in the steroid and 8,628
in the nonsteroid group), patients receiving steroids had signif-
icantly higher rates of survival to admission, survival to discharge,
and 1-year overall survival.” After propensity score matching
in the above observational study, Tsai et al.”” included 5,445 CA
patients both in steroid and nonsteroid groups and showed that
1-year mortality rate was significantly lower in the steroid group
than in the nonsteroid group. Steroid use during hospitalization
was associated with survival to admission and survival to dis-
charge, regardless of age, gender, and underlying diseases.”

Cytokines modulating drugs

Pharmacological agents mitigating the levels of pro-inflammatory
cytokines IL-1, IL-6, and TNF-a while augmenting the levels of
anti-inflammatory cytokines TGF-p and IL-10, have been admin-
istered to treat CA.

Preclinical evidence

Resolvin D1 is a bioactive lipid that exerts anti-inflammatory
and pro-resolution effects in brain injury. In an 8-minute ven-
tricular fibrillation porcine model of CA, IV administration of re-
solvin D1, at doses of 0.3 and 0.6 pg/kg 5 minutes after ROSC
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significantly improved post-resuscitation neurological dysfunc-
tion (assessed by NDS) and markedly decreased serum levels of
injury biomarkers NSE and S100B.” Resolvin D1 treatment re-
duced the level of tissue inflammation and oxidative stress mark-
ers like TNF-a, IL-6, and malondialdehyde (MDA) while increas-
ing the level of SOD in the brain and heart.

PHA-543,613 is an agonist of the a-7 nicotinic acetylcholine
receptor (a7nAChR) which comprises the molecular basis for
interactions between the nervous and the immune systems and
was shown to effectively allay the release of inflammatory factors
like TNF-o, IL-1B, and IL-6. In the brain of the 8-minute asphyxia
CA rat model, a7nAChR expression is reduced in the hippocampus
and cortex.”* Activation of a7nAChR with a drug pyridine-5-car-
boxamide (PHA-543,613) which acts as a potent and selective
agonist for the a7nACh, at a dose of 12 mg/kg intraperitoneally
at ROSC, enhanced neuroprotection with a decrease in escape
latency and an increase in time spent in the target quadrant in
the Morris water maze test. This neuroprotection of PHA-543,613
was associated with decreased NSE levels, decreased inflamma-
tory mediators (IL-1B, TNF-a, high mobility group box-1 [HMGB1]),
and increased surviving neuronal cells in the hippocampus. In
contrast, blocking a7nAChR with methyllycaconitine attenuat-
ed these beneficial effects.

JZL184 is a selective inhibitor for monoacylglycerol lipase, which
is an enzyme associated with inflammation. In a 6-minute ven-
tricular fibrillation-induced CA rat model, intraperitoneal injec-
tion of JZL184 (16 mg/kg) immediately after ROSC had significant
neuroprotective effects with amelioration of cerebral microcir-
culation, mitigation of brain edema, attenuation of BBB perme-
ability, decreased serum levels of NSE, S100B, and IL-6, and in-
creased serum IL-10 level.”

Heparin is a commonly used anticoagulant drug with known
anti-inflammatory properties. The application of heparin as a
neuroprotective agent in brain injury has been expanding in
recent years. In an 8-minute rat asphyxia CA model, IV heparin
(0.5 mg/kg) immediately after CPR attenuated CA-CPR-medi-
ated cerebral ischemia-reperfusion injury.* The NDS was remark-
ably improved, and the animal performed better with spatial
learning and memory testing in the Morris water maze. Heparin
treatment was associated with a reduced number of inflamma-
tory and apoptotic cells. Furthermore, the relative expression of
pro-inflammatory cytokines (IL-1pB, TNF-a) was significantly re-
duced while the expression of neurotrophic factors (NF200, BDNF,
NGF) was significantly elevated. These neuroprotective effects
were accompanied by the elevated expression of the ERK/CREB
pathway and PTN/syndecan-3 pathway molecules.

Orexin is a neuropeptide produced in a restricted group of
neurons in the hypothalamus and regulates arousal. Intraven-
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tricular orexin treatment is associated with improved arousal and
early EEG entropy in rats after 7-minute asphyxia-induced CA
in rats.”® In an 8-minute asphyxia rat CA model, the orexin path-
way was implicated in neurological recovery.”” Intraperitoneal ad-
ministration of the dual orexin receptor antagonist, suvorexant
(30 mg/kg) shortly after resuscitation and at 10- and 20 hours
post-CA led to sustained neurological deficits. In a 7-minute as-
phyxia rat CA model, intranasal orexin-A (ORXA) treatment 30
minutes post-ROSC at a dose of 10 uL of 50 pM given 3 times
every 30 seconds facilitated early arousal from coma, stabilized
quantitative EEG, and improved NDS with anti-inflammatory
effects.”

In addition, antioxidants including vitamin C** and DCA® also
decreased the expression of pro-inflammatory cytokines TNF-a
and IL-1pB in the CA brain.

HMGB1 inhibitors

HMGB1 binding heptamer peptide (HBHP) blocks HMGB1 sig-
naling, which is the key ignition molecule for toll-like receptor-4
(TLR4). HMGB1-TLR4 signaling promotes inflammation and me-
diates inflammation injury in the ischemic brain.

Preclinical evidence

In the 8-minute asphyxia CA rat model, HMGB1 was shown to
be significantly elevated in the serum.” Blocking HMGB1 acti-
vation by IV HBHP treatment at a dose of 5 mg/kg 30 minutes
after resuscitation improved 7-day survival rate and increased
NDS. This effect was associated with the preservation of neurons
and inhibition of microglia and astrocyte activation. In a 10-min-
ute ventricular fibrillation rabbit CA model, IV injection of HMGB!1
inhibitor glycyrrhizin at a dose of 4 mg/kg, 5 minutes after ROSC
improved tissue perfusion and attenuated shock, thereby reduc-
ing neurological dysfunction.*® Neuroprotection following glyc-
yrrhizin was associated with reduced cerebral CD4+ and CD8+
T-cell infiltration 2 hours post-CA, but was not related to BBB
preservation.

Nucleotide-binding oligomerization domain-like receptor
containing pyrin domain 3 (NLRP3) inhibitors

Preclinical evidence

MCC950 is the selective inhibitor of NLRP3 inflammasome which
regulates inflammatory and immune responses. In an 8.5-min-
ute KCl-induced mouse CA model intraperitoneal injection of
MCC950 at a dose of 10 mg/kg once daily for 3 days injected
15 minutes after ROSC improved survival and neurological func-
tion.”" MCC950 suppressed interleukin-18 mRNA levels and pre-
served immune homeostasis in the spleen. In a 10-minute as-
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phyxia rat CA model, intraperitoneal MCC950 treatment at a dose
of 10 mg/kg (24.72 pmol/kg) at 10 minutes post-ROSC signifi-
cantly reduced infiltration of leukocytes, improved neurologic
outcomes, and alleviated neuro-pathological damage.” In a
6-minute ventricular fibrillation rat CA model, intraperitoneal
injection of MCC950 at a dose of 10 mg/kg immediately and
15 minutes after ROSC improved both survival and neurological
function.” The therapeutic effect was associated with the re-
duction of IL-1p levels, preservation of cerebral microcirculation,
and reduction of cerebral edema.

Pharmacological approaches with pleiotropic mechanisms
Pharmacological approaches with pleiotropic mechanisms are
those drugs that can target multiple pathways including inflam-
mation, apoptosis, BBB, and oxidative stress in the CA brain.

Hyperosmotics and edema reducing agents

Cerebral edema due to cellular swelling is a fatal pathological
consequence of ischemic brain injury in the post-CA brain and
as such, targeting cellular swelling is a key clinical goal in an
effective therapeutic strategy. Hypersosmotics reduce cerebral
edema by creating osmotic gradient.

Preclinical evidence

Polyethylene glycol-20k (PEG-20k), a cell impermeant and a hy-
drophilic compound that can draw water from brain tissue and
reduce edema, has been investigated for its potential role in the
management of brain edema. In a 6-minute ventricular fibril-
lation rat CA model, PEG-20k (10% solution in saline, 10% esti-
mated blood volume) administered at the beginning of CPR by
continuous IV infusion improved post-resuscitation neurological
functions as assessed by NDS, buccal microcirculation, and sur-
vival.** Intra-aortic PEG-20k (10% weight/blood volume, 1.8 mL)
administered after 4 minutes of precordial compression by con-
tinuous arterial infusion for 3 minutes with an infusion pump
in a 6-minute ventricular fibrillation rat CA model improved sur-
vival and NDS.” In an 8-minute ventricular fibrillation rat CA
model, PEG-20k administered at the beginning of precordial
compression by continuous IV infusion (10% blood volume of a
10% PEG solution in saline) for 2 minutes with an infusion pump
improved cerebral microcirculation and reduced brain edema
and injury.”

Hypertonic saline (HS) is commonly used for the management
of cerebral edema and to reduce acutely increased intracranial
pressure. Osmotherapy with hypertonic saline has been shown
to attenuate cerebral edema following experimental CA and CPR.
In an 8-minute KCl-induced CA in mice, IV HS (7.5%) infusion
30 minutes after ROSC to achieve serum osmolality of approxi-

https://doi.org/10.5853/j0s.2023.04329

JoS

mately 350 mOsm/L, for 24 hours attenuated cerebral edema
and damage to the BBB."" Intravenous hypertonic saline (10%)
infusion at a rate of 2 mL/h for 30 minutes before CA is neuro-
protective in a 5-minute asphyxia rat CA model.*® Treatment
with HS significantly improved neurological function and de-
creased apoptosis of CA-induced hippocampal neuronal cells via
downregulation of Bax and caspase-3 pro-apoptotic proteins,
while enhancing the expression of anti-apoptotic protein Bel-2.

Drugs targeting oxidative stress and inflammation were re-
ported to have potent efficacy in reducing brain edema after CA.
rosuvastatin, an anti-oxidative agent reduced brain swelling in
rats after asphyxia CA.* Treatment with several anti-inflamma-
tory drugs including FFA,” JZL184,” and MCC950% was also as-
sociated with a reduction in BBB leakage after CA.

Hypoglycemic drugs

Preclinical studies
Metformin is a hypoglycemic agent for treating type 2 diabetes
mellitus that has potent neuroprotective functions. In an exper-
imental model of oxidative stress induced by OGD/R in vitro,
metformin provides neuroprotection through the inhibition of
oxidative stress and apoptosis.” In a 10-minute asphyxia-CA rat
model, one-time IV metformin treatment immediately after ROSC
(100 mg/kg in 2 mL saline over 15 min) improved 72-hour sur-
vival and neurologic function, protected mitochondrial function
with a reduction in apoptotic brain injury without activating
AMPK, and potentiated earlier normalization of brain electro-
physiologic activity.”” Metformin pretreatment is neuroprotec-
tive in the context of CA. In a 6-minute asphyxia CA rat model,
metformin pretreatment (200 mg/kg/day, intraperitoneal) for
2 weeks prior increased NDS, improved 7-day survival, decreased
neuronal cell apoptosis, and attenuated oxidative stress.™ In a
9-minute asphyxia CA rat model, metformin pretreatment (in-
tragastric, 200 mg/kg for 2 weeks) significantly improved neu-
rologic outcomes and survival rates.”’ Metformin pretreatment
reduced neuronal death and suppressed activation of microglia
which was accompanied by augmented AMPK phosphorylation
and autophagy activation in affected neuronal tissue.
Glibenclamide (GBC) is a second-generation sulfonylurea used
to treat type 2 diabetes mellitus and is being investigated as a
neuroprotective agent against CA-induced brain injury. In a
10-minute asphyxia CA rat model, intraperitoneal administra-
tion of GBC improved survival and neurological outcomes. The
effect was comparable to TTM (33°C for 4 h starting 15-min
post-ROSC) therapy. The therapeutic efficacy of GBC was asso-
ciated with a reduction of neuronal injury and inhibition of mi-
croglia and astrocyte activation.” MRI studies demonstrate the
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neuroprotective effects of GBC in CA/CPR in attenuating cere-
bral edema.” Moreover, GBC administered at a loading dose of
10 pg/kg intraperitoneally 10 minutes post-ROSC, followed by a
maintenance dosage of 1.6 pg/kg q8h for 24 hours improved
mortality, coma recovery, arousal, brainstem function, and so-
matosensory evoked potential (SSEP) recovery after 8-minute
asphyxia CA in rats.”* Wang et al.”® further reported that GBC
improved neurological functions with decreased neuroinflam-
mation through TLR4/NLRP3 inflammasome activation in mi-
croglia. GBC alleviated neurocognitive deficit and neuropatho-
logical damage in a 10-minute rat asphyxia CA rat model by
exerting anti-inflammatory effects via inhibition of microglial
NLRP3 inflammasome activation by blocking sulfonylurea re-
ceptor 1-transient receptor potential M4 and this effect was in-
dependent of its role in preventing brain edema.”

Plant (herbal) extracts
Certain herbal extracts contain biologically active substances like
flavonoids and statins which are known to possess anti-inflam-
matory and neuroprotective properties. Several groups have in-
vestigated the therapeutic efficacy of herbal extract in preclin-
ical CA animal models.

Preclinical studies

XueZhikang (XZK) is an extract of red yeast rice containing nat-
ural statins, unsaturated fatty acids, flavonoids, and other bio-
logically active substances. In a 6-minute ventricular fibrillation
rat model of CA, XZK pretreatment at doses 20 mg/kg/day or
200 mg/kg/day by gavage once daily for 2 weeks improved neu-
rological function and 72-hour survival rate and was associated
with a reduction of inflammatory cytokines through inhibition
of TLR4/NF-kB signaling pathway.”

DL-3-n-butylphthalide (NBP) is a neuroprotective agent, origi-
nally isolated from celery seeds and has been shown to possess
therapeutic efficacy in ischemic brain by suppressing neuroin-
flammation and maintaining the BBB. In rat models of 6-minute
asphyxia-induced CA, IV NBP (10 mg/kg) infusion 10 minutes
after resuscitation and delivered twice a day for 3 consecutive
days improved neurological function up to 72 hours after CA.*®
NBP treatment reduced neuronal damage alongside ultrastruc-
tural mitochondrial damage, reduced apoptosis through the
Jun N-terminal kinases and p38 mitogen-activated protein ki-
nases (JNK/p38) pathway, and suppressed inflammatory response
through the nuclear factor kappa light chain enhancer of acti-
vated B cells (NF-kB pathway).

In a 7-minute ventricular fibrillation rat model of CA, Wang
et al.” showed that IV infusion of pomelo peel oil at doses 10,
20, and 40 mg/kg within 10 minutes post-ROSC increased NDS
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and enhanced survival. This was associated with a reduction of
histological brain injury and the attenuation of necroptosis mark-
er (TNF-a, RIPK1 [receptor-interacting serine/threonine-protein
kinase 1], RIPK3 [receptor-interacting serine/threonine-protein
kinase 3], p-MLKL/MLKL [phosphorylated mixed lineage kinase
domain-like protein/mixed lineage kinase domain-like protein])
expression.

In a 5-minute asphyxia CA rat model, intraperitoneal injec-
tion of ginsenoside-Rg1, an active ingredient of the herbal medi-
cine ginseng at 40 mg/kg 1 hour post-ROSC, and once daily for
14 days mitigated the spatial learning and memory impairment
in the Morris water maze test and compromised basal synaptic
transmission and long-term potentiation at the Schaffer collat-
eral of hippocampal CA1 area during in vivo electrophysiology.'®
Ginsenoside-Rg1 inhibited hippocampal neuroinflammation by
alleviating microglia and astrocyte activation, and overexpres-
sion of related pro-inflammatory cytokines IL-1p and TNF-a. In
addition, ginsenoside-Rg1 attenuated neuronal apoptosis, den-
dritic spines formation, and synaptic ultrastructure defects as-
sociated with the upregulation of the key synaptic regulatory
proteins.

Others/epinephrine

Clinical evidence

Epinephrine is a commonly used medication in CA as a part of
ACLS protocols. Epinephrine increases systematic blood pres-
sure, thus elevating coronary or cerebral perfusion which is es-
sential for ROSC. In a randomized, double-blind PARAMEDIC2
(Prehospital Assessment of the Role of Adrenaline: Measuring
the Effectiveness of Drug Administration in Cardiac Arrest) trial
including 8,014 adult OHCA patients administered parenteral
epinephrine (10 mg in total, 10 syringes each with 1 mg epi-
nephrine given every 3 to 5 min), the use of epinephrine im-
proved 30-day survival.”

Contradictories, limitations, and perspectives

Although several pharmacological agents targeting the oxida-
tive stress, brain edema, inflammation, and cell death in the con-
text of CA have been extensively studied and resulted in prom-
ising results across various preclinical studies, very few have been
translated into the clinical setting and majority have failed to
exert significant beneficial effects in CA patients. Unlike its ben-
efits in rodent CA model, thiamine treatment at a dose of 10
mg/kg starting at 20 minutes after ROSC and every 12 hours
over 48 hours had no effect in improvement of functional neu-
rological outcome or serum levels of NSE in a 9-minute ven-

tricular fibrillation pig CA model."” Thiamine showed no differ-
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ence in survival and neurological functions in an RCT including
37 adult OHCA patients when given IV at a dose of 100 mg every
8 hours (starting at 3.5 h from hospital admission) for 7 days.'”
Although there was a slightly larger proportion of patients with
a better CPC score in the thiamine group, the study was limited
by the small sample size.

Administration of vasopressin and methylprednisolone did
not provide observable therapeutic benefits for long-term sur-
vival compared to placebo in a multicenter, randomized, double-
blind, placebo-controlled trial of 512 adult patients while ste-
roid treatment was associated with an increased likelihood of
ROSC."*

In an investigator-initiated, randomized, placebo-controlled,
double-blinded, single-center, clinical phase Il trial including 80
admitted adult OHCA patients randomly assigned 1:1 to placebo
or |L-6 receptor antagonist tocilizumab, infusion of tocilizumab
at a dose of 8 mg/kg for 1 hour significantly reduced the sys-
temic inflammation as C-reactive protein and leukocyte levels.'®
Tocilizumab reduced myocardial injury as documented by reduc-
tions in creatine kinase myocardial band and troponin T. How-
ever, there were no differences in survival or neurological out-
comes between the groups.

Drugs like ubiquinol,** steroids,™* and tocilizumab'® have failed
to improve survival or favorable neurological outcomes in CA
RCTs. The use of exogenous calcium, with a longstanding prac-
tice in treating CA, has conflicting results in terms of efficacy
in an RCT including 391 adults with OHCA. Administration of 2
doses of 5 mmol calcium chloride IV or intraosseous (1st dose
immediately after 1st and 2nd dose after 2nd epinephrine treat-
ment) demonstrated detrimental effects on sustained ROSC,
survival, and neurological outcomes, although not reaching sta-
tistical significance.'” Based on this negative data, the trial was
discontinued early. In a large-scale RCT, although epinephrine
treatment improved the 30-day survival of OHCA patients, there
was no significant difference in the rate of favorable neurologic
outcomes between these groups."

The most promising results of the pharmacological agents
came from preclinical studies using rodent models of CA. The
majority of these drugs have not been tested for their efficacy
in large animal models and human subjects. Studies testing the
effect of dose-response and combinatory approaches for phar-
macological agents are rare in both preclinical and clinical set-
tings. In the clinical setting, most studies evaluating efficacy of
pharmacological agents are limited by the sample size and study
design. The results from retrospective and observational studies
can have biases and confounding factors impacting the reliabil-
ity of the results. Considering the limitations in current preclini-
cal and clinical investigations of pharmacological drugs for CA,

https://doi.org/10.5853/j0s.2023.04329

JoS

there is a critical need to carefully design experiments tailored
to assess the effects of various doses of pharmacological drugs.
These studies should evaluate the safety and therapeutic effec-
tiveness of these drugs, considering the unique challenges posed
by CA. Combinatory pharmacological approaches yielding syn-
ergistic interactions of multiple medications targeting distinct
pathophysiological mechanisms of CA may enhance the overall
prognosis and treatment outcomes. Despite current challenges
and limitations, pharmacological agents are a promising ap-
proach for improving neurological outcomes in CA (Figure 2).
Further investigation addressing the existing contradictions and
limitations is necessary for advancement of pharmacological
treatment in CA.

Stem cell-based strategies

Major cell types being investigated for their neuroprotective
effects in the context of ischemic brain injury post-CA include
mesenchymal stem cells (MSCs) and neuronal stem cells (NSCs).
Owing to their paracrine pleiotropic benefits like angiogenesis,
neurogenesis, anti-apoptosis, and anti-inflammation in the isch-
emic brain (Figure 3), stem cells have been investigated as a
therapeutic agent for the treatment of ischemic brain injury
post-CA (Table 3).

Mesenchymal stem cells
MSCs are self-renewing multipotent stem cells with the potential
to differentiate into adipocytes, chondrocytes, and osteocytes.

Preclinical evidence

In rat models of 5-minutes'” or 6-minutes'®

of asphyxia CA-
induced brain injury, IV transplantation of 1x10° bone marrow
MSCs (BMSCs) 1 hour after ROSC improved neurological sever-
ity score. BMSCs migrated to the hippocampus and increased
the levels of insulin-like growth factor 1 (IGF-1) in situ.'” BM-
SCs also attenuated the levels of inflammatory mediators such
as IL-1B and TNF-a while upregulating levels of the anti-in-
flammatory cytokine IL-10 in the brain after CA.'® In a rat 6-min-
ute ventricular fibrillation CA model, IV injection of 2.5x10% in-
duced pluripotent stem cell (iPSC)-derived MSCs immediately
after CPR improved the 24-hour survival rate which was asso-
ciated with immunomodulatory effects in the brain by increas-
ing arginase-1 and CD14+ M2 microglia, while decreasing CD86
and iNOS+ M1 microglia." In an 8-minute ventricular fibrilla-
tion swine CA model, IV pre-treatment 1.5 and 3 days prior to
CA with human embryonic stem cell-derived MSCs at a same
dose of 2.5><106/kg was associated with a reduction in cerebral
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dysfunction.”™ MSC administration significantly decreased py-

roptosis-related proteins (NLRP3, cleaved caspase-1) and pro-
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Figure 2. Possible neuroprotective mechanisms of pharmacological agents used for cardiac arrest. Drugs included beneath the box represent respective patho-
physiological processes such as anti-inflammation, anti-apoptosis, antioxidant, and multiple pleiotropic mechanisms which suppress the ongoing pathophysi-
ology to confer neuroprotection thus mitigating neuronal cell death. LPC-DHA, lysophosphatidylcholine containing docosahexaenoic acid; DCA, dichloroace-
tate; DMM, dimethyl malonate; D-NAC, dendrimer N-acetyl cysteine; ROS, reactive oxygen species; NO, nitric oxide; OH, hydroxyl radical; HMGB1, high
mobility group box-1; NBP, DL-3-n-butylphthalide.
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Figure 3. Diagram illustrating the proposed mechanisms of therapeutic efficacy for exogenous stem cell therapy in cardiac arrest. Stem cells can provide ben-
eficial therapeutic effects via directly differentiating into functional neurons and by possessing pleiotropic paracrine effects such as angiogenesis, neurogene-
sis, synaptogenesis, anti-fibrosis, anti-apoptosis, and anti-inflammation through secretion of growth factors. VEGF, vascular endothelial growth factor; HGF,
hepatocyte growth factor; FGF, fibroblast growth factor; BDNF, brain-derived neurotrophic factor; NGF, nerve growth factor; GDNF, glial cell line-derived neu-
rotrophic factor.
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Stem cells Model Species Route/dose/time Observed results Ref no.
Mesenchymal 5-minute ACA  Rat Intravenous, 1x10° cells, (1) Reduced neurological severity 107
stem cells 1 h after ROSC (2) Reduced serum ST00B levels
(MSCs) (3) Upregulated IGF-1 in hippocampus
6-minute ACA  Rat Intravenous, 1x10° cells, (1) Improved NDS 108
1 h after ROSC (2) Decreased serum S1008 level
(3) Attenuated IL-1pB, TNF-o while upregulated IL-10
6-minute VF Rat Intravenous, 2.5x10° cells, (1) Improvement of 24-h survival rate 109
immediate after ROSC (2) Increased Arg-1 and CD14+ M2 microglia
(3) Decreased CD86 and iNOS+ M1 microglia
8-minute VF Pig Intravenous, 2.5x10° cells/kg, (1) Reduction in cerebral dysfunction 110
1.5, and 3 days before CA (2) Decreased pyroptosis-related proteins (NLRP3, cleaved caspase-1)
(3) Decreased pro-inflammatory cytokines (IL-1B, IL-18)
Modified MSCs 8-minute ACA Rat Intravenous, 3x10° BDNFand (1) Improved NDS m
VEGF modified MSCs, 2h (2) Reduced brain edema, serum S1008 levels
after ROSC (3) Reduced pycnotic cells in H&E staining and TUNEL positive cells
(4) Enhanced angiogenesis
Neural stem cells  8-minute ACA  Rat  Intra-cerebroventricular, (1) Improved NDS and sub-NDS 102
(NSCs) 2.0x10° cells, 3 h after ROSC  (2) Enhanced neuronal survival in the hippocampal CA2 region
(3) Augmented endogenous NSC proliferation and migration
(4) Upregulated Wnt signaling pathway in SVZ
8-minute ACA Rat Intranasal, 2.0x10° cells, (1) Improved NDS and shortened time of severe neurological deficit 95
3 h after ROSC (2) Reduced microglial activation and neuroinflammatory response
(3) Downregulated TLR4/NLRP3 pathway related proteins
12-minute KCI'  Rat  Intra-hippocampal into both (1) Migration and persistence of transplanted NPCs in CA1 region at 113
hippocampi, 2uL each of 6 weeks
5x10’ cells/mL suspension, ~ (2) NPCs differentiation into neuronal phenotype
1 week after ROSC
NSCs+MSCs 8-minute ACA  Rat Intra-cerebroventricular, 1) Improved NDS 14

1x10° cells, 20 min after
ROSC

(m

(2) Promoted survival of neuronal cells

(3) Release of extracellular vesicles loaded with miR-133
(4) Upregulated JAK1 and AKT-GSK-3B-Wnt pathway

ACA, asphyxia cardiac arrest; ROSC, return of spontaneous circulation; IGF-1, insulin-like growth factor 1; NDS, neurological deficit score; TNF-a: tumor ne-
crosis factor-a; IL, interleukin; VF, ventricular fibrillation; CA, cardiac arrest; NLRP3, nucleotide-binding oligomerization domain-like receptor containing pyrin
domain 3; BDNF, brain-derived neurotrophic factor; VEGF, vascular endothelial growth factor; NDS, neurological deficit score; H&E, hematoxylin and eosin;
NSC, neuronal stem cell; SVZ, sub-ventricular zone; TLR4, toll-like receptor-4; KCl, potassium chloride; NPC, neural progenitor cell; JKA1, Janus kinase 1.

inflammatory cytokines (IL-1B, IL-18) compared to the control
group.

To optimize the therapeutic efficacy of MSCs in CA, Zhou et
al."™" overexpressed BDNF and vascular endothelial growth fac-
tor (VEGF) using a lentiviral vector and examined their efficacy
for the treatment of brain lesion and neurofunctional deficits in
an 8-minute asphyxia CA rat model. BDNF and VEGF-modified
MSCs were superior to their naive counterpart in reducing neu-
rological deficits, hippocampal neuronal death, and augmenting
angiogenesis in the CA-ROSC brain.

Neural stem cells
NSCs are multipotent cells that can differentiate into neurons,
astrocytes, and oligodendrocytes.

Preclinical evidence
| 112

A recent study by Wang et al.”* depicted that in a rat model of
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8-minute asphyxia CA, intracerebroventricular delivery of 2x10°
human NSCs 3 hours after ROSC improved neurological func-
tion as assessed by NDS. NSC transplantation was associated
with enhanced neuronal survival in the hippocampal CA2 region
and augmentation of endogenous NSC proliferation and mi-
gration, which may be attributed to the activation of the Wnt/
B-catenin pathway in the sub-ventricular neurogenic niche. It
was further verified that NSCs migrate to the injured hippocam-
pus when administered intranasally 3 hours after CA. NSCs reg-
ulated microglial activation and the neuroinflammatory response
via TLR4/NLRP3 signaling, exerting multiple neuroprotective ef-
fects such as improved neurological function and shortened time
of severe neurological deficits.” In a KCl-induced 12-minute rat
CA model, transplanted embryonic neural progenitor cells (NPCs)
transplanted 1 week after CA migrated and retained in the in-
jured hippocampal CA1 region 6 weeks after transplantation
whereupon they differentiated into the neuronal phenotype."
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In an 8-minute asphyxia rat model, intracerebroventricular
injection of co-cultured NSCs and MSCs (1x10° cells/well, 1 uL/
min [5 uL]) administered 20 minutes post-ROSC™ revealed that
in rats treated with BMSCs+NSCs, the NDS value was signifi-
cantly higher, indicating a facilitated recovery from CA-induced
cerebral injury via the release of extracellular vesicle-loaded
miR-133b and subsequent regulation of Janus kinase 1 and AKT-
GSK-3B-Wnt pathways. At 24 hours, the number of NeuN-pos-
itive cells was elevated and the number of TUNEL+ cells was
decreased in the cerebral cortex and the hippocampal CA1 re-
gion, and the increase was most significant upon treatment with
BMSCs+NSCs. Although cell-based therapies have gained pop-
ularity as a therapeutic approach to mitigate ischemic brain in-
jury post-stroke, a relatively small number of preclinical studies
targeting CA by stem cells have been carried out. To date, there
are no clinical studies for treating CA patients with stem cells.

Optimizing stem cell therapy for CA

Clinical trials with stem cell therapy in stroke have been shown
to be safe, but only with minimal therapeutic benefits in treat-
ing ischemic brain injury."*""® This warrants the optimization of
stem cell-based therapy for neurological diseases including CA.
We have recently reviewed the current state of the art to opti-
mize stem cell therapy in ischemic brain injury."” Metabolic gly-
coengineering (MGE), the process of manipulating cellular gly-
cosylation pathways, is one among various strategies to optimize
stem cell therapy. Building on the in vitro findings that modify-
ing the glycan structures in human NSCs using the Ac5ManNT-
Prop monosaccharide analog improves the differentiation of hu-
man neural stem cells ((NSCs) and their adhesion to extracellular
matrix components,"®"® Du et al.” recently reported that MGE
improved hNSC viability and differentiation, demonstrated mul-
tifaceted benefits by reqgulating cell survival, immunomodula-
tion, synaptic plasticity, and further enhanced the therapeutic
efficacy of NSC therapy.

Limitations and perspectives
Recent research from Wang et al.*® has demonstrated superior
neuroprotection of NSCs compared to GBC and highlighted the
further enhanced therapeutic efficacy by MGE to boost neural
repair,”” demonstrating neuroprotective potential of stem cell
therapy following CA. While a few preclinical studies utilizing
MSCs and NSCs have demonstrated neuroprotective potential
following CA, most studies targeting stem cell therapy in CA have
been performed in rodent models. There are currently no reports
of clinical translation of stem cell therapy in CA.

The efficacy of stem cell therapy depends on its capacity to
influence complex pathways involved during the progression of
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the disease.'”’ While stem cell therapy holds immense promise,
the underlying neuroprotective mechanisms for early paracrine
effects and late reconstructing and neuro-regenerative effects
are complicated and remain to be fully elucidated. Early inter-
ventions prioritize neuroprotection by releasing paracrine sig-
naling molecules, while later stages focus on the neuro-repair
and replacement of damaged neural tissue. Crucial factors, such
as the type of cells utilized, the timing of administration, the
method of delivery, and the expected therapeutic outcomes, all
play a substantial role in the success of stem cell therapy in the
context of CA.

While preclinical studies have shown potential benefits in re-
ducing brain damage and improving neurological outcomes, trans-
lating these results to effective clinical treatments is complex.
Challenges include determining the optimal type of stem cells,
delivery methods, timing, and dosages, which are important but
have not been fully addressed in preclinical CA studies. Refine-
ment in the study design considering these factors is highly war-
ranted in future CA research. Testing the therapeutic efficacy in
large animal models and unraveling the underlying molecular
mechanism will be helpful for the advancement of stem cell ther-
apy in CA. The long-term effects and potential risk of stem cell
therapy have also not been well established in CA. Studies inves-
tigating long-term safety and efficacy of stem cell therapy in CA
are imperative before their translation to clinical trials. Contin-
ued research addressing these challenges is thus essential to-
wards future stem cell therapy in CA patients.

Conclusions

The pathophysiology of ischemic brain injury following CA in-
volves the alteration of multiple pathways that lead to excito-
toxicity, mitochondrial dysfunction, oxidative stress, and neuro-
inflammation. Although some gases, pharmacological agents,
and stem cell therapies have shown neuroprotective effects af-
ter CA-ROSC in preclinical studies, overall, these outcomes have
not been substantially translated in clinical settings. As most of
the pharmacological interventions for CA-ROSC provide neuro-
protection through targeting certain altered pathways, optimal
therapeutic efficacy has not yet been obtained by these meth-
ods. Thus, searching for, and optimizing the efficacy of a candi-
date drug by combination approach targeting the multiple path-
ways altered after CA-ROSC is of utmost need.

Very few clinical studies utilizing gases and pharmacological
agents are available with inconsistent results, warranting the
need for more systematic preclinical studies, with large animals
to be beneficial to test the therapeutic efficacy of the drug. Stem
cells could serve as an alternative to pharmacological and gas-
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eous treatment as they exert paracrine neuroprotective effects
by modulating diverse pathways in the CA-ROSC. Unlike some
gas-mediated or pharmacological approaches, current reports of
clinical evidence and trials for stem cell therapy in CA are still
lacking. However, evidence of very few preclinical studies utiliz-
ing NSC and MSCs without sufficient detailed molecular mech-
anisms of the therapeutic mode of action (MOA) is preventing
their translation in the clinical setting. More preclinical studies
using optimized stem cell therapy with systematic evaluation of
transplanted cell fate and MOA in large animal models are war-
ranted for clinical translation of stem cell therapy of CA. Despite
promising results in animal models, more research investigating
the long-term efficacy and safety of stem cell therapy in CA is
imperative to establish the efficacy and safety in humans to-
wards their translation to clinical trials.

Bridging the gap between preclinical and clinical settings re-
quires time-dependent intervention considerations owing to the
dynamic and time-sensitive nature of post-CA pathophysiology
which possesses challenges, leading to data variability across the
studies. Standardizing protocols for defining the optimal time
window is essential, with a consensus on the importance of early
intervention, particularly in the immediate post-resuscitation
period. The specific time window for neuroprotective therapy
following CA can vary, but it is generally understood that earli-
er intervention is crucial pending further large animal and clin-
ical studies verification. The most critical period is often within
the first few hours after resuscitation for initiating certain neu-
roprotective treatments to be most effective.

The lack of reproducibility of positive preclinical results ne-
cessitates a strategic approach to designing preclinical animal
studies that mirroring anticipated human studies across multi-
ple laboratories. Unlike the Stroke Therapy Academic Industry
Roundtable (STAIR) and Stroke Preclinical Assessment Network
(SPAN) providing valuable frameworks to enhance the validity
and reproducibility of preclinical stroke research, there are few
initiatives and collaborative efforts involving researchers, clini-
cians, and organizations aiming to improve preclinical method-
ologies and translational outcomes of CA. Forming a preclinical
consortium in resuscitation science, to standardize methodolo-
gy including rigorous study design and transparent reporting of
preclinical animal studies following ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines enhances the po-
tential for future clinical translation.
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