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Supplementary Figure S1. Flow chart of the studies included in this review. 

 

  



Antioxidants 2022, 11, 2275 2 of 30 
 

Supplementary Table S1. In vitro and in vivo models using Bax-/Bax- genetic manipulation, underpinning the 

relevance of mitochondrial apoptotic targets in the therapeutic approaches for neurodegeneration.  

Bax-/bax- in vitro and in vivo models  

Pathology Model Conclusions Reference 

Neurodegeneratio
n 

Knockout mice 
A significant reduction of astrocyte density is observed in the 

hippocampus of Bax knockout mice 
[1]   

Neurodegeneratio
n (excitotoxicity)  

Oxygen/glucose 
deprivation in 
Bax-deficient 

neurons 

The ability of Bax to support dynamic ER Ca2+ handling is critical 
for cell death signaling during periods of neuronal overexcitation   

[2] 

Unfolded protein 
response 

ER stress induced 
in neurons 

ER stress commits neurons to die before cytochrome c release and 
this commitment requires Bax activation and c-jun N-terminal 

kinase signaling 
[3]  

Neurodegeneratio
n 

Apoptosis 
induced in 

sympathetic 
neurons 

Puma provides a critical link between p53 and Bax, and is both 
necessary and sufficient to mediate DNA damage-induced 

apoptosis of sympathetic neurons 
[4] 

Parkinson's 
disease 

MPTP mice 
Mutant mice lacking Bax are significantly more resistant to MPTP 

than their wild-type littermates 
[5] 

Neurodegeneratio
n 

Radiation 
induced in 

hippocampal 
neurons 

P53 and Bax are necessary for radiation-induced cell death in 
postnatal cultured hippocampal neuron (caspase-independent 

manner) 
[6] 

Neurodegeneratio
n 

Apoptosis 
induced in 
cerebellar 

granule cells 

Bax deleted granule cells do not undergo apoptosis (during 
potassium induction), yet do undergo an excitotoxic cell death in 

response to stimulation with NMDA 
[7] 

Neurodegeneratio
n 

Trophic factor 
deprivation 

Bax-deficient superior cervical ganglia and facial nuclei possess 
increased numbers of neurons 

[8] 

ER, endoplasmic reticulum; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NMDA, N-Methyl-D-Aspartate; SOD, 

superoxide dismutase. 
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Supplementary Table S2. Number of studies using apoptotic inhibitors in the classic neurodegenerative 

disorders including AD, HD and PD vs. SZ. 

MOLECULE CAS No.  Target/action TNS TNS AD TNS HD TNS PD TNS SZ 

Ac-DEVD-CHO  169332-60-9 Caspase-3 53 1 2 9 0 

Ac-FLTD-CMK  2376255-48-8 Caspase-5, -11 1 0 0 0 0 

Aristolactam I 13395-02-3 Caspase-3 56 1 0 0 0 

Asperosaponin VI 39524-08-8 Caspase-3 68 1 0 0 0 

Belnacasan (VX-765)  273404-37-8 Caspase-1, -4 8 3 0 1 0 

Biotin-VAD-FMK 1135688-15-1 Pan caspase 1 1 0 0 0 

BOC-D-FMK 634911-80-1 Pan caspase 81 1 1 1 0 

Chelidonic acid 99-32-1 NF-κB, Caspase-1 26 1 0 0 0 

Crustecdysone (20-Hydroxyecdysone)  5289-74-7 Pan caspase  1839 1 3 7 0 

Duocarmycin A 118292-34-5 Caspase-3, -9 85 1 0 0 0 

Emricasan (PF 03491390)  254750-02-2 Pan caspase 54 1 0 1 0 

EP1013 223568-55-6 Pan caspase 28 1 0 1 0 

Ivachtin 745046-84-8 Caspase-3 477 1 0 0 0 

ML132 (NCGC 00185682)  1230628-71-3 Caspase-1 4 1 0 1 0 

Ossirene  106566-58-9 Caspase-1 1 1 0 0 0 

Paris saponin VII 68124-04-9 
Caspase-3, -9 and 

Bcl-2 
19 1 0 0 0 

Penicillic acid  90-65-3 
Fas ligand, 
Caspase-8 

271 1 0 0 0 

Pralnacasan  192755-52-5 Caspase-1 19 1 0 0 0 

Q-VD-OPh 1135695-98-5 Pan caspase 144 4 1 1 0 

Senkyunolide I 94596-28-8 Caspase-3 93 1 0 0 0 

Sesamolin 526-07-8 
JNK, p38, MAPKs 

and caspase-3 
108 1 0 1 0 

Tauroursodeoxycholate 14605-22-2 Caspase-3, -12 1036 1 0 20 0 

Tauroursodeoxycholate Sodium  35807-85-3 Caspase-3, -12 *90 1 0 1 0 

Thevetiaflavone  29376-68-9 
Bcl-2, Bax and 

Caspase-3 
4 1 0 0 0 

Wedelolactone 524-12-9 Caspase-11 164 1 0 1 0 

Z-VAD(OMe)-FMK 187389-52-2 Pan caspase 61 1 1 0 0 

Z-VAD-FMK 161401-82-7 Pan caspase 3499 31 10 27 0 

Z-DEVD-FMK 210344-95-9 Caspase-3 755 21 4 13 0 

Z-LEHD-FMK 210345-04-3 Caspase-9 283 1 0 2 0 

Z-IETD-FMK  210344-98-2 Caspase-8 353 1 0 1 0 

Z-YVAD-FMK 210344-97-1 Pan caspase 68 1 0 0 0 

Z-WEHD-FMK 210345-00-9 Caspase-3, -12 7 1 0 2 0 

ZYZ-488  1470302-79-4 Caspase-3, -9 2 1 0 0 0 

Z-Asp-CH2-DCB 153088-73-4 Pan caspase 90 1 0 0 0 

Z-LEHD-FMK TFA 524746-03-0 Caspase-9 3 1 0 0 0 

TNS, Total number of studies; AD, Alzheimer's disease; HD, Huntington's disease; PD, Parkinson's disease; SZ, Schizophrenia. 

NOTE: Etiopathogenic studies have been included. *A clinical trial with anti-apoptotic sodium phenylbutyrate-taurursodiol 

has been recently conducted on amyotrophic lateral sclerosis leading to promising results in the slower functional decline of 

the patients (155.) 
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Supplementary Table S3. In vivo and in vitro approaches against apoptosis in several neurodegenerative 

experimental models. 

Disease Model Manipulation 
Pharmacological 

inhibition 
References 

Alzheimer’s disease 

Aβ Hippocampal 
neurons 

Aβ aggregates Rhizolutin (caspase-3) [9] 

Transgenic mice TgCRND8* 
QVD-OPh (pan 

caspase) 
[10]  

Parkinson's disease 

Transgenic mice 

Bax knockout 
Pifithrin-alpha/Z-1-

117 (p53) 
[11], [12]  

Bcl-2 transgenic CEP-11004 (JNK) [13]  

P53 knockout 
Minocycline (cyt C, 

caspase-1, -3) 
[14] 

Induced mice 
MPTP- and 6-OHDA-

induced 
Z-DIPD-FMK (caspase-

3) 
[15] 

Dopaminergic 
neurons 

Alpha-synuclein 

QVD-OPh, zVAD-
FMK/M-920, zVDVAD-

FMK (caspase-2), 
zDEVD-FMK/M-725 
(caspase-3), zLEHD-

FMK (caspase-9) 

[16]    

Huntington's 
disease 

R6/2 transgenic 
mice 

Caspase-1 
transgenic 

zVAD-FMK, 
minocycline (cyt c, 

caspase-1, -3) 
[17] 

BACHD transgenic 
mice 

BACHD transgenic ED11 (caspase-6) [18]  

Amyotrophic lateral 
sclerosis 

SOD1 transgenic 
mice 

Bcl-2 transgenic zVAD-FMK   [19]  

Caspase-1 
transgenic 

Minocycline (cyt C, 
caspase-1, -3) 

[20]   

G93A-SOD1  
JGK-263 (Glycogen 

synthase kinase-3β)* 
 [21]  

6-OHDA, 6-hydroxydopamine; BACHD, bacterial artificial chromosome (BAC)-mediated transgenic mouse model; Cyt c, 

Cytochrome c; ED11 peptide (GRKKRRQRRRPPQSSEIVLDGTDN); FasL, Fas Ligand; Glycogen synthase kinase-3β is a 

critical activator for neuronal apoptosis; JNK, JUN-N-terminal kinase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 

QVD-OPh, quinolyl-valyl-O-methylaspartyl-[-2, 6-difluorophenoxy]-methyl ketone; SOD1, Superoxide dismutase; zDEVD-

FMK, benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-ValAsp(OMe)-fluoromethylketone; zLEHD-FMK, benzyloxycarbonyl-Leu-

Glu(OMe)-His-Asp(OMe)-fluoromethylketone; zVAD-FMK, benzylozycarbonil-Val-Ala-Asp-fluoromethylketone; zVDVAD-

FMK, benzyloxycarbonyl-Val-Asp-Val-Ala-Asp-fluoromethylketone  
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Supplementary Table S4. Mitochondrially-targeted drugs in neurodegenerative and other neurological 

disorders. 

Drug class (Compound) Mechanism of action Therapeutic outcomes References 

a-Lipoic acid 
Scavenges the toxic by-products of lipid 

peroxidation 
Antioxidant properties in AD [22], [23] 

Carotenoid (Lycopene) Suppress oxidative damage 
Antioxidant, anti-inflammatory, 

memory enhancing and 
neuroprotective activities in HD 

[23], [24] 

Cholest-4-en-3-one 
Scavenges the toxic by-products of lipid 

peroxidation 

Effective in treating painful diabetic 
and chemotherapy-induced 

neuropathies 
[23]  

Clozapine 
Improves function of mitochondria by altering 

mitochondrial membrane potential 
Neuroprotective properties in SZ [23], [25] 

Curcumin (volatile oil) 
(Curcuma longa) 

Suppress tumor necrotic factor (TNF) activity, 
formation of Aβ plaques and protects brain cells 

from noxious agents 

Antioxidant, anti-inflammatory and 
amyloid disaggregating properties in 

AD 

[23], [24], 
[26]–[28] 

Dichloroacetate 
Activates the pyruvate dehydrogenase complex 

and lower cerebral lactate amounts 
Neuroprotective activity in HD [23], [29] 

Disaccharide (Trehalose) 
Inhibits amyloid formation, aggregation of β-

amyloid and autophagic activities against 
aggregation proteins (huntingtin) 

Neuroprotective properties in HD [23], [24] 

Epigallocatechin-3-gallate 
(Camellia sinensis) 

Stabilize mitochondrial functions like ATP levels Antioxidant properties in AD 
 [23], [24], 

[26] 

Ferulic acid (Smallanthus 
sonchifolius) 

Neuroprotective effect against oxidative stress 
and cell death induced by Aβ42 oligomers 

Antioxidant properties in AD 
[23], [24], 

[26] 

Ginsenosides Rg1 and Rg3 
(Ginseng) 

Suppress Aβ induced neurotoxicity, Aβ associated 
generation of ROS and cell death 

Neuroprotective effect in AD 
[23], [24], 

[26]  

Melatonin 
Direct scavenger of many ROS species such as free 
radicals, peroxylnitrites, hydroxyls, peroxyls, and 

other nitrous oxides under normal conditions 
Antioxidant properties in PD  [30]  

Mitoquinone 
Produces direct antioxidant action by scavenging 

peroxyl, peroxynitrite and superoxide ROS 
Antioxidant properties in PD  [31]  

N-acetylcysteine 

Protects against cadmium induced ROS toxicity 
marked by reduced mitochondrial membrane 

potential, high cytoplasmic cytochrome c release, 
reduced Bcl-2 expression, p53 expression and 

caspase pathways 

Neuroprotective properties in SZ [23], [25] 

Naringin, hesperidin and 
kaempferol (flavonoids) 

Exert protective action against peroxynitrite 
induced oxidative damage and inhibit nitric oxide 

synthase (involved in HD) 

Anti-inflammatory, antioxidant and 
neuroprotection in HD 

[23]  

Olanzapine 
An antipsychotic agent with affinity for D1 and D2 
dopamine receptors as well as 5-HT2A serotonin 

receptors 
Improved motor symptoms in HD [23] 

Olesoxime 
Scavenges the toxic by-products of lipid 

peroxidation 
Antioxidant and neuroprotective 

activities in neuropathy 
[32] 

Perampanel (Celastrus regelii) 
Inhibit nitric oxide synthase (involved in PD and 

HD) 

Anti-inflammatory, antioxidant and 
neuroprotective activities in PD and 

HD 
[23], [24] 

Riluzole 
Reduces ROS generation via induction of 

glutathione production 
Antioxidant properties in ALS [33] 

Sesamol (Sesamum indicum) 
Suppress inducible nitric oxide synthase (iNOS) 

expression and neuroinflammation in 
hippocampus neurons 

Antioxidant, and neuroprotective 
activities in HD 

[23]  
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Steroidal lactones (withaferin 
A, withanolide A, withanolide 

D-P) (Withania somnifera) 

Improves cognitive functions and restores acetyl 
cholinesterase enzyme activity 

Antioxidant and neuroprotective 
properties in HD 

[23] 

Terpene lactones (ginkgolides 
and bilobalides) and 

flavonoids (flavonols and 
flavone glycosides) (Ginkgo 

biloba) 

Stabilize mitochondrial functions like ATP levels 
and interacts with mitochondrial electron 

transport chain 

Antioxidant and neuroprotective 
properties in dementia, AD and PD 

[23], [24], 
[26]   

Triterpene saponin 
(glycyrrhizin) and phenol 

(isoliquiritigenin) (Glycyrrhiza) 

Reduces oxidative stress and damage to brain 
cells 

Antioxidant, anti-inflammatory and 
neuroprotective properties in 

dementia, AD and PD 

[23], [24], 
[26]   

Triterpenoid saponins 
(Bacosides A and B) (Herpestis 

monniera) 
Scavenging of free radicals and improves memory 

Antioxidant, anti-stress, 
antidepressant and useful in HD 

treatment 
[23], [24] 

Triterpenoid saponins 
(asiaticoside, asiatic acid and 

madecassoside) (Centella 
asiatica) 

Reduction in the activity of electron transport 
chain enzymes and decreased mitochondrial 

viability 

Antioxidant and neuroprotective 
properties in HD 

[23] 

Vitamin C 
Maintains the integrity of cellular membranes in 

mitochondria 
Antioxidant and neuroprotective 

activities in neuropathy 
[23] 

Vitamin E 
Maintains the integrity of cellular membranes in 

mitochondria 
Antioxidant properties in AD [22], [23] 

Z-LEHD-FMK Caspase-9 inhibitor 
Neuroprotective properties in 

epilepsy 
[23] 

Z-FA-MK 
Anti-apoptotic in function which suppress some 

form of apoptosis 
Effective therapeutic target in MS [23], [34] 
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Supplementary Table S5. Neuroprotective substances targeting cell death at distinct molecular levels in different 

neuropathological models. 

Substance Target/Interaction Disorder In vitro 
In vivo 

(animal/tissue) 
Conclusions Reference 

Ac-YVAD-CMK/Ac-
DEVD-CMK 

Caspases and CPP32-like 
caspases 

PD - rats (brain) 
Failure of these caspase 

inhibitors to augment TH-ir 
neuron survival 

[35]  

  ND 
Neuronal cell 

cultures 
rats (blood, 

brain) 

Rescued neuronal cells from 
cell death in response to 

oxidative stress and 
oxygen/glucose deprivation 

[36] 

Bacopa monnieri 
extract* 

Oxidative stress PNS Amygdala rat (brain) 

Ameliorates Learning and 
Memory Impairments 

through Synaptic Protein, 
Neurogranin, Pro-and 

Mature BDNF Signaling, and 
HPA Axis 

 

[37] 

Cryptotanshinone 
(quinoid) 

Oxidative stress and 
inflammation 

 
PD hiNPS - 

Anti-apoptotic properties in 
PD-hiNPCs, significantly 

reduced cellular apoptosis 
through mitochondrial 

restoration (reactive oxygen 
species and mitochondrial 

membrane potential). These 
effects are mediated via the 
nuclear factor erythroid 2-

related factor 2 (NRF2) 
pathway in PD-hiNPCs.  

[38] 

Cystamine (CYS) 
Oxidative 

stress/apoptosis 
SZ - mice (brain) 

Increased BDNF protein 
levels in mouse frontal 
cortex, prevention of 

chronic HAL treatment‐
induced reduction in BDNF, 

GSH, and Bcl‐xl protein 
levels, prevention of 

reduction in neuronal cell 
viability, BDNF protein 
levels and apoptosis. 

[39]  

 DHA (fatty acid) 
Oxidative stress, 
modulation of 

membrane fluidity 
AD HEK293 cells - 

Increased membrane 
fluidity and non-

amyloidogenic processing of 
APP, leading to enhanced 
secretion of sAPPα. This 
enhanced secretion of 

sAPPαwas associated with 
substantial protection 

against apoptosis induced 
by ER Ca2+store depletion  

 [40]  

Flavones Oxidative stress ND SH-SY5Y - 

Neuroprotection was found 
to be mediated via 

activation of the anti-
apoptotic cell survival 

proteins of the ERK1/2 and 
PI3K/Akt pathways. S 

[41] 
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Erythropoietin 
(hormone) 

BDNF and other 
neurotrophins 

ND 
in vitro and in 

vivo 
rats (brain) 

Prevention of HAL-induced 
reduction in BDNF, increase 
in caspase-3 and decrease 

in Bcl-xl protein levels. 

[42]  

17β-Estradiol 
(steroid) 

Not fully established RD 
Primary rat 

RNCs 
rats (brain) 

Suppression the Bax-
involved mitochondrial 

apoptosis to protect the 
RNCs from H2O2 insult by 
activating the PI3K/Akt 

pathway 

 
[43]  

JM-20 (anxiolytic) Mitochondria ND - rats (brain) 

Strong antioxidant action 
and protective effects 
against Ca2+-induced 

impairment, which are both 
elicited at the mitochondrial 

level 

[44] 

Leupeptin, calpain 
inhibitor XI AND Z-

VAD.FMK 
Calpains and caspases ALS - 

mice (spinal 
cord) 

Leupeptin and calpain 
inhibitor XI inhibited 

apoptosis in the motor 
neurons while Z-VAD.FMK 
had no effect. Leupeptin, 

but not calpain inhibitor XI 
and Z-VAD.FMK inhibited 

nucleosomal DNA 
fragmentation 

[45]  

Lixisenatide/liraglut
ide (GLP-1) 

GLP-1 receptor PD - mice (brain) 

Exendin-4 showed no 
protective effects at the 

dose chosen. Both 
liraglutide and lixisenatide 

prevented the MPTP-
induced motor impairment, 

reduced dopamine 
synthesis; and promoted 
decrease in Bax and an 

increase in bcl-2 

[46] 

LMWSC (sulfated 
chitosan is the 

structural analog of 
heparin converted 
to low molecular 

weight polymer by 
γ-irradiation) 

Lipids PD SH-SY5Y - 

Reduction of the 
intracellular ROS levels, 

normalization of antioxidant 
enzymes, mitigation of 

rotenone induced 
mitochondrial dysfunction 

and apoptosis 

[47] 

Melatonin Mitochondria ND - mice (brain) 
Protective role against H-

89-induced memory 
impairment  

 [48] 

Memantine 
N-methyl-D-aspartate 
receptor antagonist 

AD SH-SY5Y - 

Upregulation of neuronal 
cell survival, inhibition of 
neuronal autophagy and 

apoptosis. Upregulation of 
the expression of signaling 
molecules phosphorylated 

(p)-phosphoinositide 
3-kinase, p-Akt and 

p-mammalian target of 
rapamycin (mTOR), and 

inhibition the 

[28] 



Antioxidants 2022, 11, 2275 9 of 30 
 

phosphorylation of 
bcl2/Beclin-1 complex via 
mitogen-activated protein 

kinase 8.  

Minocycline Microglia PD 
Primary 

neuronal 
culture 

mice (brain) 

Inhibition of microglial 
activation by minocycline 

protects against the 
rotenone toxic effects and 
prevented the dropout of 
tyrosine hydroxylase and 

apoptosis by rotenone 

[49] 

N-acetyl-l-
tryptophan (L-NAT) 

 ALS 
NSC-34 motor 

neurons 
mice (brain) 

Neuroprotective in primary 
motor neurons by inhibition 

of the secretion of 
Substance P and IL-1β and 
mitochondrial dysfunction 
by inhibiting the release of 

cytochrome c/Smac/AIF and 
activation of apoptotic 

pathways (caspase-1, -9, 
and -3), as well as 

proteasomal dysfunction 
through restoring 

chymotrypsin-like, trypsin-
like, and caspase-like 
proteasome activity. 

[50] 

Nicotinamide Mitochondria ND - rats (brain) 

Inhibition of ketamine-
induced neuro-apoptosis by 

downregulating Bax, 
inhibiting cytochrome c 

release from mitochondria 
into cytosol, and inhibiting 
the expression of activated 

caspase-3 

[51] 

Olomoucine/BAF 
Cyclin-dependent 
kinase/caspases  

AD SH-SY5Y - 

Cyclin-dependent 
kinase inhibitor reduced 

camptothecin-induced cell 
death and decreased the 

effects on tau 
phosphorylation. The 

general caspase inhibitor 
decreased camptothecin-
induced cell death, but did 
not significantly affect tau 

phosphorylation. 

[52] 

Oxyntomodulin 
analog (hormone 

and growth factor) 

GLP-1 and the glucagon 
receptor. 

PD - mice (brain) 

Prevention of the MPTP- 
induced motor impairment, 

reduction in TH levels 
(dopamine synthesis), the 
reduction of the synaptic 

marker synaptophysin, the 
inactivation of the growth 

factor kinase Akt/PKB and of 
Bcl-2, and the increase pro-
inflammatory cytokine TNF-

α levels 

[53]  
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P7C3 (aminopropyl 
carbazole) 

Mitochondria PD 
Dopaminergic 

cell line 
mice (brain) 

P7C3 stabilized 
mitochondrial membrane 

potential, reduced reactive 
oxygen species production, 

and inhibited GSK3β 
activation, p53 activity, Bax 

upregulation and 
cytochrome c release 
exposed to MPP+, and 

prevented neuronal loss in 
the substantia nigra  

 [54, p. 3]  

Peroxiredoxin  

Oxidative stress and 
apoptosis (via signal-

regulating kinase (ASK1)-
dependent activation of 

the c-Jun N-terminal 
kinase/c-Jun and p38 
pro-death pathways) 

PD 

MN9D 
neuronal cells 

and human 
brains 

mice/human 
(brain)  

In vitro and in 
vivo neuroprotection 

against 6-OHDA toxicity in 
DA neurons, and preserved 
motor functions involving 
the dopamine system in 
mouse. PRX2 exhibited 
antioxidant and anti-
apoptotic effects via 

suppression of apoptosis 
signal-regulating kinase 

(ASK1)-dependent 
activation of the c-Jun N-
terminal kinase/c-Jun and 
p38 pro-death pathways 

[55]  

Pridopidine Dopamine stabilizer PNS               - mice (brain) 

Increased expression of pro-
survival and 

neurostimulatory molecules 
BDNF and DARPP32, 

reduction in the size of 
mHtt aggregates in striatal 

tissues 

[56]  

Quercetin 
(flavonoid) 

Antioxidant/anti-
inflammatory 

ND - rats (brain) 

Quercetin supplementation 
decreased the neuronal 

damage and scavenged the 
free radicals induced by 
PCBs and protects PCBs 
induced apoptosis and 

oxidative stress. 

[57] 

Retinoic acid Proteasome PD SH-SY5Y cells 
human 

(neuroblastom
a) 

A treatment of cultured 
neuroblastoma cells sets up 

conditions under which 
proteasome inhibition, and 
the resultant accumulation 
of ubiquitinated proteins, 
loses its ability to kill the 

cells  

[58]  

Sildenafil 
(phosphodiesteras
e type 5 inhibitor) 

Cyclic GMP 
phosphodiesterase 

MS - 
mice (spinal 

cord) 

Inhibited nitrosative stress 
and augmented the levels 
of LC3, beclin-1, ATG5, p-

CREB and BDNF and 
decreased mTOR levels, as 

well as augmented p-AMPK.  

[59]  

Triple GLP-
1/GIP/glucagon 

GIP-1, GIP and glucagon 
receptors  

AD - mice (brain) 
Reversion the memory 

deficit in the APP/PS1 mice 
[60]  



Antioxidants 2022, 11, 2275 11 of 30 
 

receptor agonist 
(triple agonist) 

in a spatial water maze test 
and reduction of the levels 

of Bax, increased Bcl-2, 
BDNF and synaptophysin, 

neurogenesis enhancement 
in the dentate gyrus, 

decrease of β-amyloid, 
neuroinflammation and 

oxidative stress 

Voltage channels 
(agonist for the 
AMPA receptor 
where it mimics 

the effects of the 
glutamate) 

AMPA receptor 
Reduced caspase-3 

activity 
SZ - rats (brain) 

Pretreatment with the 
calcium channel blocker 

cadmium chloride 
eliminated AMPA-mediated 

protection against PCP. 
VDCCs might be 

advantageous in treating 
conditions associated with 

diminished NMDAergic 
activity during early 

development. 

[61]  

VDAC1-derived 
peptide 

VDAC (mitochondria) AD 
SH-SY5Y and 

PC12 
- 

Aβ Entry into SH-SY5Y Cells 
Is Inhibited by the VDAC1 N-

Ter Peptide 
[62] 

Y27632/NAD+/ZVA
D-FMK/resveratrol  

Kinase/Caspase ND 
Primary 

neuronal 
culture 

mice (brain) 

Y27632 and NAD+ exert 
strong synapto-protective 
activities whereas zVAD-

FMK and resveratrol fail to 
protect synapses 

[63] 

Zileuton 5-Lipoxygenase (5-LOX)  ND 
HT22 mouse 

neuronal cells 
mice (brain) 

Neuroprotection from 
glutamate-induced 

oxidative stress at least in 
part by inhibiting 

ferroptosis 

[64]  

ZVAD-FMK/IETD-
FMK 

Caspase PD SH-SY5Y - 

Complete apoptotic 
prevention by the broad 

caspase inhibitor zVAD-FMK 
but not by the caspase-8 

inhibitor IETD-FMK. 

[65] 

Z-VAD-FMK/Z-
DEVD-FMK/Z-

LEHD-FMK 
Caspase ND - 

sparrow 
(brain) 

Reduction of programmed 
cell death by local infusion 

of caspase inhibitors 
rescues a telencephalic 

nucleus in the adult avian 
song control system from 

hormone withdrawal-
induced neurodegeneration 

[66]  

6-OHDA, 6- hydroxide dopamine; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; AMPA, α-amino-3-hydroxy-

5-methyl-4-isoxazoleproprionic acid; APP, β-amyloid precursor protein; BAF, Boc-aspartyl (OMe)-fluoromethylketone; 

BDNF, brain derived neurotrophic factor; Ct, clinical trial; DHA, omega-3 fatty acid docosahexaenoic acid; GIP, glucose-

dependent insulinotropic polypeptide; GLP-1, Glucagon-like peptide 1; HAL, haloperidol; HD, Huntington’s disease; hiNPS, 

human induced neuroprogenitor stem cells; HPA, hypothalamic–pituitary–adrenal; GSK3β, glycogen synthase kinase-3 beta; 

L-NAT, N-acetyl-l-tryptophan; LMWSC, low molecular weight sulfated chitosan; MPP+, 1-methyl-4-phenylpyridinium; MS, 

multiple sclerosis; NAD+ nicotinamide adenine dinucleotide; ND, neurodegeneration; PD, Parkinson’s disease; PNS, prenatal 

stress; RD, retinal degeneration; RNCs, retinal cells; ROS, reactive oxygen species; TH, tyrosine hydroxylase; Y27632, Rho 

Kinase inhibitor * This study based on prenatal stress induction in rats represents a close model with homology to SZ models; 

SZ, schizophrenia. 
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Supplementary Table S6. Quantitative data of molecular and clinical outcomes by using anti-apoptotic 

compounds in models of neurodegeneration and neuroprogression. 

Compound 
Target/inter

action 
Diseas

e 
Model 

Source of 
sample 

Parameter Outcome 
Treated 
group 

Control 
group 

Sampl
e size 

P value 
Refere

nce 

Albumin 
Mitochondri

a 
ND 

ER stress 
induced 
SH-SY5Y 

SH-SY5Y 
neuroblasto

ma 
Apoptosis 

Apoptotic rate 
induced by 

flunarizine (% 
cells) 

14% 65% n=15 p<0.05 [67] 

     Apoptosis 

Apoptotic rate 
induced by 

cyclopiazonic 
acid (% cells) 

23% 8% n=15 p<0.05  

Ac-LETD-CHO Caspase-3 ND 

glucotoxic
ity-

induced 
neuropath

y 

ND7/23 
neuronal 

cells 
Apoptosis Caspase-3 35%˅ - n=15 p=0.02  [68]   

Anthocyanins 
AMPK 

pathway 
ND  

Mouse 
hippocampal 
cells (HT22) 

% cells with 
low ΔΨmt 

˅ΔΨmt 
35.56±8.5

% 
65±4.1% n=12 p<0.05 [69]  

Asiatic acid 

Oxidative 
stress, 

mitochondri
a, 

inflammatio
n 

PD 
Rotenone 
induction 

SH-SY5Y Cell survival MTT (%) 55.37%˄   n=28 p<0.05 [70]  

Asiaticoside 

Unclear 
anti-

apoptotic 
mechanism 

AD 
Aβ1-42 
induced 

human brain 
microvascula
r endothelial 

cells 

Apoptosis 
Annexin V+/PI+ 
(apoptosis %) 

35.20 ± 
5.26% 

66.40 ± 
4.82% 

n=18 p<0.01 [71]   

BAF Caspases  MSA 
NGF-

withdrawa
l 

superior 
cervical 
ganglia 

neurons 

Neuronal 
resistance 

Neuronal action 
potential (MΩ) 

577±45 198±21 n=36 p<0.05 [72]  

Baicalein Proteasome PD  
NGF-

differentiate
d PC12 cells 

Cell death MTT 51%˅ - n=24  [73]     

bpV(pic) 

Phosphatas
e and tensin 

homolog 
(PTEN) 

AD Aβ 25-35 SH-SY5Y 
Apoptotic 

rate 
Annexin V+ 

12.8±2.2
% 

25.2±4.6% n=18 p<0.05  [74]    

B355252 
Nerve 

growth 
factor 

PD 
6-OHDA 
induced 

HT22 Cell viability 

 Resazurin (7-
Hydroxy-3H-

phenoxazine-3-
one 10-oxide) 

 31.7 %˄ 76.6 %˅ n=15 
p<0.00

1 
 [75]    

      

JNK1/2 
phosphorylatio

n (relative 
units) 

16.8 %˅ 65%˄ n=15 
p<0.00

1 
 

C. 
tomentosum 

extract 
    Cell viability 

MTT (% of 
control) 

81.29 ± 
3.68% 

56.41±5.0
5 

n=21 p<0.05 [76]    

     
Mitochondri
al membrane 

potential 

Monomers/agg
regates JC1 (%) 

128.00±5.
61% 

191.17±6.
52% 

n=21 p<0.05  
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CGP 3466B 

Glyceraldeh
yde-3-

phosphate 
dehydrogen

ase 

ALS   
Disease 

progression 

Disease 
progression 

(days) 
30%˅ -  p<0.05  [77]   

     Lifespan Lifespan (days) 
53.7±2.5 

% 
42.3±0.8 n=30 p<0.05  

      
Motor neurons 

(counts) 
733±41 548±46 n=13 p<0.05  

CHA79* 

Oxidative 
stress, 

neurotrophi
c factors, 
glyoxalase  

ND 

MG-
mediated 
neurotoxi

city  

SH-SY5Y cells Cell viability MTT (%) 
78.59±3.6

8% 
60.61±2.7

0% 
n=30 p<0.05 [78]  

     Apoptosis Annexin V+ (%) 
12.49±0.8

2% 
21.46±1.7

8% 
n=30 p<0.05  

     
Oxidative 

stress 

ROS production 
H2DCF-DA 

staining (DCF 
fluorescence %) 

121.54 ± 
7.75% 

142.80 ± 
5.08 

n=30 p<0.05  

     

Oxidative 
stress 

(antioxidant 
enzymes) 

SOD activity 
(U/mg protein) 

39.38 ± 
2.49 

25.34 ± 
1.69 

n=30 p<0.05  

     

Oxidative 
stress 

(antioxidant 
enzymes) 

GSH levels (OD 
405 nm, 
nmol/mg 
protein) 

52.90 ± 
1.25 

38.84 ± 
1.89 

n=30 p<0.05  

Cycloheximide  
Protein 

synthesis 
ND 

MK801 
induced 

rat 
retrosplenial 

cortex  

Neuronal 
death 

Nº of dying 
neurons 

33±18 510 ±20 n=28 
p<0<00

1  
[79]   

Dapagliflozin 

Sodium-
glucose co-
transporter-

2 

HD 
3-NP 

exposure 
 

Behavioral 
data (beam) 

Time to cross 
the beam 

32%˅ - n=40 p<0.01 [80]   

     

Behavioral 
data 

(retraction 
time) 

Time 
(retraction 

time)  
61%˅ - n=40 p<0.01  

     

Behavioral 
data 

(transfer 
latency) 

Time (transfer 
latency) 

56%˅ - n=40 p<0.01  

FK506 Calcineurin HD 
3-NP 

exposure 

Primary mice 
striatal 

neurons 

Cell death 
necrosis vs. 

Controls 

Cell death (% 
total cells)  

10.77±2.3
9%˅ 

- n=15 p<0.05 [81]  

Forsythiaside 

Oxidative 
stress, 

bacteria, 
inflammatio

n 

AD 
H2O2-

induced 
toxicity 

PC12 cells Apoptosis 
% Annexin V+ 

cells 
8.49 % 24.52 % n=12 p<0.01 [82]  

Fucoidan 
Mitochondri

a 
AD 

Aβ25–35 
and D-Gal-

induced 
neurotoxi

city 

 
Behavioral 
data (water 

maze) 

Escape latency 
time (s) 

28.52±16.
51 

38.62±19.
51 

n=24 p<0.05 [83]  
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Oxidative 

stress 

Cell ROS deep 
red 640/655 

nm 
41.5 %˅ 50 %˄ n=15 

p<0.00
1 

 

Gallic acid 
(Corni fructus) 

Oxidative 
stress 

   
Oxidative 

stress 

ROS production 
CM-H2DCFDA 

(DCF 
fluorescence) 

73.00 ± 
13.05% 

100 ± 
3.83% 

n=12 
p< 

0.001 
 

Hepad 1 and 2 Caspase-3/9 PD MPTP 
C57BL/6 

mice and SH-
SY5Y cells 

Cell viability  MTT (%) 86.5%˄ - n=18 p<0.05 [84]  

     
Oxidative 

stress 

NOX-4 protein 
levels 

(intensity) 
1.43x˅  - n=18 p<0.05  

     

Cell cycle 
(extracellular 

signal 
regulated 
kinases) 

p-ERK protein 
levels 

(intensity) 
1.1x˅ - n=18 p<0.05  

     
Dopaminergi

c viability 
TH+ neurons 2x˄ - n=18 p<0.05  

     
Inflammator
y response 

TNFa protein 
levels 

2.7x˅ - n=18 p<0.05  

     
Inflammator
y response 

IL6 protein 
levels 

1.5x˅ - n=18 p<0.05  

     
Inflammator
y response 

iNOS protein 
levels 

2.9x˅ - n=18 p<0.05  

     
Inflammator
y response 

Mac-1 protein 
levels 

1.2x˅ - n=18 p<0.05  

     Apoptosis 
p53 protein 

levels 
(intensity) 

1.4x˅ - n=18 p<0.05  

     Apoptosis 
Bax protein 

levels 
(intensity) 

1x˅ - n=18 p<0.05  

     

Anti-
apoptotic 

protein 
family 

Bcl-2 protein 
levels 

(intensity) 
1.2x˄ - n=18 p<0.05  

     
Apoptosis 
(activation 
signaling) 

PARP1 protein 
levels 

(intensity) 
1.1x˅ - n=18 p<0.05  

     

 Oxidative 
stress 

(antioxidant 
enzymes) 

SOD protein 
levels 

(intensity) 
2.2x˄ - n=18 p<0.05  

     

Oxidative 
stress 

(antioxidant 
enzymes) 

GST protein 
levels 

(intensity) 
2.9x˄ - n=18 p<0.05  

     
Cell survival 

signaling 
regulation 

p-AKT 1x˅ - n=18 p<0.05  

iMACs 
Mitochondri

a 
ND 

Staurospo
rine  

Mitochondria 
from FL5.12 

cells 

Onset 
MOMP 

Onset MOMP* 
(h) 

12.52±0.9
h 

6.83±1.1h n=21 
p<0.00

1 
[85]  
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     Apoptosis 
Bax 

fluorescence 
(%) 

22% 81% n=22 
p<0.00

1 
 

JJDHYZ 
Mitochondri

a and ER 
PD 

MPTP-
induced 

Corpus 
striatum 

Monoamine 
neurotransm

itters 

Dopamine 
(pg/ul) 

174.1±34.
9 

54.8 ± 
15.4 

n=25 p<0.01 [86]   

JM-20 

Oxidative 
stress, 

excitotoxicit
y, 

inflammatio
n  

AD 
Scopolami

ne  
 

Antioxidant 
activities 

SOD (U/min mg 
protein) 

4.31±0.04
4 

2.89±0.00
3 

n=50 p<0.05 [87]  

     
Antioxidant 

activities 
CAT (U/min mg 

protein) 
8.21±1.87

4 
4.77±0.34

9 
n=50 p<0.05  

     
Total tissue 

SH 
TSH (umol/mg 

protein) 
1.99±0.16

7 
1.23±0.13

4 
n=50 p<0.05  

     
Lipid 

peroxidation 
MDA (nmol/mg 

protein) 
2.01±0.23

0 
3.84±0.49

0 
   

Licochalcone 
A 

 JNK1 ND 
Kainic acid 

induced 
Hippocampus 

Apoptotic 
cascade 

biomarkers 
BCL-2 (AU) 14%˄ - n=60 p<0.01 [88]   

     
Apoptotic 
cascade 

biomarkers 
Bax 31%˅ - n=60 p<0.01  

     
Apoptotic 
cascade 

biomarkers 
Bim 48.9%˅ - n=60 p<0.01  

     
Apoptotic 
cascade 

biomarkers 
CaSBC 38.7%˅ - n=60 p<0.01  

     
Apoptotic 
cascade 

biomarkers 
CaSBC3 49.1%˅ - n=60 p<0.01  

     
Disease 

outcomes 
Seizures 1.83±0.17 2.46±0.16 n=30 p<0.05  

     
Survival 

pathways 
Phosphorylated 

AKT 
45.6%˅ - n=60 p<0.01  

     
Mitochondri

al stress 
responses 

PGC1a 9.5%˅ - n=60 p<0.01  

     
Neuroinflam

matory 
responses 

TNFa 33.5%˅ - n=60 p<0.01  

     
Neuroinflam

matory 
responses 

Induced nitric 
oxide synthase 

38.49%˅ - n=60 p<0.01  

     
Neuroinflam

matory 
responses 

Neuronal nitric 
oxide synthase 

25.8%˅ - n=60 p<0.01  

     

Metalloprote
ases 

associated 
activation of 
soluble TNFa 

ProADAM10 40.31%˅ - n=60 p<0.01  

     
Metalloprote

ases 
ADAM10 24.8%˅ - n=60 p<0.01  
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associated 
activation of 
soluble TNFa 

MADP 
(salidroside 

analog) 

Oxidative 
stress, 

inflammatio
n 

ND 
Glutamate 

induced 

Culture 
hippocampal 

neurons 
Cell viability MTT 75.5%˄ 60.9%˅ n=18 p<0.05 [89] 

     
Apoptotic 

rate 
Apoptotic cell 

counts (%) 
59.2% 73.6% n=18 p<0.01  

     
Apoptotic 

rate 
Annexin V+ 30.2% 55.1% n=18 p<0.01  

     Necrosis Annexin V+/PI+ 1.7% 8.2% n=18 p<0.01  

Methylene 
blue 

Caspase-6 AD 

 Caspase-
6 

overexpre
ssing 

Hippocampus 
(mice) 

Synaptic 
function 

(theta-burst 
LTP*)  

 fEPSP slope  141.22% 132.42% n=42 
p=0.00

03 
[90]    

Metformin 
Mitochondri

a 
ND 

Etoposide
-induced 

Primary 
cortical 

neurons (rat) 

Calcium 
retention 
capacity 

(PTP) 

Nmol 
Ca2+/10e7 cells 

50%˄ - n=12 p<0.05 [91]   

Methylene 
blue 

Mitochondri
a 

ON 
Rotenone 
induction 

Retinal 
ganglion cells 

(Inner 
plexiform 

layer) 

Cytochrome 
oxidase 
activity 

Cytochrome 
oxidase activity 

22%˄ - n=18 
p=0.03

6 
[92]  

     
Oxidative 

stress 
TEP U/ml 1.1 ± 0.05 4.6 ± 0.1   n=9 

p 
=0.004 

 

     Cell viability  

Calcein-
Acetomethoxy/

Ethidium 
Homodimer-1  

1.6-fold ˄   n=6 
p< 

0.001 
 

     
Behavioral 
data (water 

maze) 

Water maze 
(correct 
choices) 

83.5±8% 49.3 ± 2% n=28 
p = 

0.298 
[93]   

M17Z protein Caspase-1 HD 
Transgeni

c R6/2 
mice 

 
Disease 
onset 

Days of disease 
onset 

84.4±2.0 77.1±1.4 n=21 0.012 [17]   

M40403* 
Oxidative 

stress 
SZ 

Phencycli
dine 

induced 
Striatum Apoptosis TUNEL+ cells 6.3±1.3 9.0±1.9 n=24 p<0.05 [94]   

     
Disease 
length 

Days of disease 
length 

36.8±3.3 23.8±2.4 n=21 0.0075  

     Mortality Mortality (days) 121.3±3.7 100.9±2.5 n=21 0.0007  

Minocycline 
Caspases, 

mitochondri
a, microglia 

HD 
Human 
patients 

Human 
patients 

Motor 
function 

Chorea 7.0±7.1 8.9±6.3 n=11 
p=0.06

7 
[95]   

     
Neuropsycho

logical 
function 

Symbol digit 
modalities test 

26.0±8.9 35.3±9.3 n=11 
p=0.00

8 
 

     
Psychiatric 
symptoms 

Total 
psychiatric 

score 
3.8±5.5 13.2±8.5 n=11 

p=0.01
5 

 

     
Psychiatric 
symptoms 

Depressive 
symptoms 

2.4±3.4 9.1±6.0 n=11 
p=0.01

6 
 

     
Psychiatric 
symptoms 

Apathy 0.9±1.8 2.7±1.8 n=11 
p=0.00

5 
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  D/SZ   Depression HAM-D-21  6.7±1.9  40.4 ± 2.5 n=25 p<0.05 [96]   

     
Psychotic 
symptoms 

BPRS scores 4.6±2.4 63.3 ± 8.7 n=25 p<0.05  

  AD   Mitochondri
al respiration 

State 2 38.3±3.3 21.88±3.8 n=12 p<0.05 [97]   

     Mitochondri
al respiration 

State 3 91.5±13.5 
150.7±24.

1 
n=12 p<0.05  

     Mitochondri
al respiration 

State 4 47.8±5.8 22.0±2.8 n=12 p<0.05  

     Mitochondri
al respiration 

Respiratory 
control ratio 

1.95±0.48 6.83±0.24 n=12 p<0.05  

Morinda 
citrifolia 

Oxidative 
stress 

PD 
Rotenone 
induced 

Striatum 
Mitochondri
al respiratory 

chain 
Complex I 22%˄ - n=50 p<0.05 [98]  

      Complex IV 23%˄ - n=50 p<0.05  

     
Intrinsic 

apoptosis 
Cytochrome c 

release 
12% 28% n=50 p<0.05  

Naringin 
Oxidative 

stress 
HD  3-NP  striatum 

Antioxidant 
system 

SOD 
10.84±1.0

2 
6.8±0.57 n=24 p<0.05 [99]   

     
Antioxidant 

system 
Catalase 1.92±0.15 1.42±0.14 n=24 p<0.05  

     
Antioxidant 

system 
GPx 

14.38±1.2
1 

9.88±0.78 n=24 p<0.05  

     
Antioxidant 

system 
GR 2.22±0.17 1.42±0.12 n=24 p<0.05  

     
Lipid 

peroxidation  

Nmoles 
MDA/mg 
protein 

1.6±0.15 1.03±0.09 n=24 p<0.05  

     
Protein 

carbonyl 
levels 

Protein 
carbonyl-n 

mol/mg protein 
4.32±0.29 6.45±0.45 n=24 p<0.05  

     
Membrane 

bound 
ATPases 

Na+/K+- ATPase 0.33±0.03 0.69±0.06 n=24 p<0.05  

     
Membrane 

bound 
ATPases 

Ca2+-ATPase 0.23±0.02 0.32±0.03 n=24 p<0.05  

     
Membrane 

bound 
ATPases 

Mg2+/ATPase 0.30±0.03 0.46±0.04 n=24 p<0.05  

Osthole 
Mitochondri

a 
PD 

MPP+-
induced 

cytotoxicit
y 

PC12 cells Cell viability MTT 32%˄ - n=15 p<0.01 [100]  

     Cell toxicity LDH release 
160.8 ± 

4.6% 
210.9±5.8

% 
n=15 p<0.01  

     Morphology 
of cell nuclei 

Nuclear 
condensation 

40.2±5.9
% 

48.9±6.4% n=15 p<0.05  

     Apoptotic 
rate 

Annexin V/PI 35.8% 59.4% n=15 p<0.05  

     Intracellular 
ROS 

DCFH-DA 
fluorescent 

probe 
485/535nm (%) 

152.5±7.9
%˅ 

- n=15 p<0.01  
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Mitochondri
al membrane 

potential 
collapse 

Fluorescence 
intensity (%) 

51.6±4.6
% 

43.9±4.8% n=15 p<0.01  

     Apoptotic 
rate 

Bax/ Bcl-2 ratio 22.3%˅ 2.1x˄ n=15 p<0.01  

     Apoptotic 
rate 

Cytochrome c 
release (AU) 

27.5%˅ - n=15 p<0.01  

Oxotremorine
-M 

Muscarinic 
receptors 

ND 
camptoth

ecin-
induced 

SH-SY5Y Apoptosis 
Caspase-3 

activity 
75%˅  n=16 p<0.05 [101]  

Paeoniflorin 

Oxidative 
stress and 

mitochondri
a (not yet 

fully 
delineated) 

PD 
6-OHDA 
induced 

PC12 cells 
DNA 

fragmentatio
n 

Cytoplasmic 
histone-

associated-
DNA-fragments 

39%˅ - n=15 p<0.05 [102]    

     
Oxidative 

stress 
(DCFH-DA) 
485/538nm 

9%˅ - n=15 p<0.05  

     Apoptosis 
% Annexin V+ 

cells 
16%˅ - n=15 p<0.05  

     
Antioxidant 

system 

GSH content 
(nmol/mg 
protein) 

28%˄ - n=15 p<0.05  

  ND  
differentiate
d PC12 cells 

Cell viability MTT (%) 7% 58% n=9 p<0.05 [103]  

      LDH release (%) 87% 143% n=9 p<0.01  

     Apoptosis 
Annexin V/PI 

(Q2+Q3) 
6.1% 16.8% n=9 p<0.01  

     
Calcium 
overload 

Calcium levels 
(%) 

112% 144% n=9 p<0.05  

     Apoptosis 
Cleaved PARP 
(intensity, %) 

55% 60% n=9 p<0.05  

     

Anti-
Apoptotic 

protein 
family 

Bcl-xL 
(intensity, % of 

controls) 
94% 21% n=9 p<0.05  

PF9601N*  MAO-B PD MPTP  SH-SY5Y cells Cell viability MTT (%) 
 69.5 ± 
2.3% 

24.2 ± 
1.5% 

n=27 p<0.05 [104]  

P-coumaric 
acid (Corni 

fructus) 
Apoptosis AD Aβ(25–35) PC12 cells Cell viability MTT (%) 

98.89 ± 
7.61% 

66.55 ± 
2.84% 

n=12 
p< 

0.001 
[105]   

     
Oxidative 

stress 

ROS production 
CM-H2DCFDA 

(DCF 
fluorescence) 

68.86 ± 
9.69%, 

100 ± 
3.83% 

n=12 
p< 

0.001 
 

P. pavonica 
extract 

Oxidative 
stress 

   
Oxidative 

stress 
H202 production 

208.74±5.
09%  

363.81±28
.58% 

n=21 p<0.05  

Q-VD-OPH Caspases 
PD, 
HD 

MPTP, 
NP3 and 
malonate 
induced 

Striatum 
Neurotransm

itter levels 

Striatal 
dopamine 

(ng/ml protein) 
200%˄ 30%˅ n=14 p<0.05 [106]  

  VE 
Reovirus 
infected 

mice 

Brain slice 
cultures 

Viral induced 
injury 

Viral induced 
injury 

35%˅ - n=8 
p=0.00

8 
[107]   



Antioxidants 2022, 11, 2275 19 of 30 
 

RBC1023 Caspase-3 ND 
Staurospo

rine  

PC12 rat 
pheochromo

cytoma 
Cell viability  MTT* 66% 4% n=18  p<0.01 [108]   

 Caspase-3 ND  
U87MG 
human 

glioblastoma  
 MTT 71% 8% n=18 p<0.01  

 Caspase-3 ND  
SH-SY5Y 

neuroblasto
ma cells 

 MTT 47% 6% n=18 p<0.01  

Salidroside      MTT 67.1%˄ 60.9%˅ n=18 p<0.05 [89]   

      LDH release 34.3%˅ 40.6%˄ n=18 p<0.05  

     
Apoptotic 

rate 
Apoptotic cell 

counts (%) 
64.2% 73.6% n=18 p<0.01  

      Annexin V+/PI+ 38.1% 55.1% n=18 p<0.05  

      MTT 5.2% 8.2% n=18 p<0.05  

S. muticum 
extract 

Oxidative 
stress 

PD 
Dopamine 

induced 
SH-SY5Y cells Cell viability 

MTT (% of 
control) 

82.37±6.4
1% 

56.41±5.0
5 

n=21 p<0.05 [76]   

     
Mitochondri
al membrane 

potential  

monomers/agg
regates JC1 (%) 

135.70±2.
97% 

191.17±6.
52% 

n=21 p<0.05  

     Apoptosis  

Caspase-3 
activity 

(fluorescence 
a.u.)/mg of 

protein/min) 

2.53±2.49 
66.46±1.4

9 
n=21 p<0.05  

S. polyschides 
extract 

Oxidative 
stress 

   Cell viability MTT (%) 
89.26±8.6

2% 
56.41±5.0

5 
n=21 p<0.05 [76]  

     Apoptosis  

Caspase-3 
activity 

(fluorescence 
a.u./mg of 

protein/min) 

4.71±0.70 
66.46±1.4

9 
n=21 p<0.05  

     ATP levels ATP levels (%) 1.2x˄ - n=24 p<0.01  

     MMP ΔΨmt (JC1, %) 80% 50% n=24 
p<0.00

1 
 

TRP601* 
Caspases 

2/3 
 

Oxygen 
induced 

thalamic 
tissue 

Apoptosis 
Caspase-3 

activity 
1,28 1,86 n=18 p<0.01 [109]   

      
Caspase-2 

activity 
1,58 358% n=24 p<0.01  

Trifluoperazin
e/ W-7 

Calmodulin ND 
MG132-
induced 

PC12 cells Cell death 
MTT (death 

counts) 
47%˅ 55%˄ n=16 p<0.05 [110]   

Tropisetron 
Serotonergi

c system 
AD 

β-amyloid 
(Aβ) rat 
model 

Hippocampus 
Proinflamma
tory cytokine 

TNFα (pg/mg 
protein) 

59.428±8.
2 

148.773 
±10.3 

n=76 
p<0.00

1 
[111]    

U. compressa 
extract 

Oxidative 
stress 

   
Mitochondri
al membrane 

potential 

Monomers/agg
regates JC1 (%) 

126.73±5.
46% 

191.17±6.
52% 

n=21 p<0.05 [76]   

Ursolic acid 
(Corni fructus) 

Oxidative 
stress 

   
Oxidative 

stress 

ROS production 
CM-H2DCFDA 

(DCF 
fluorescence) 

51.69 ± 
2.88% 

100 ± 
3.83% 

n=12 
p< 

0.001 
 

Vanillyl 
alcohol 

(Gastrodia 
elata) 

Oxidative 
stress, 

apoptosis 
PD MPTP  

MN9D 
dopaminergi

c cells 
Cell viability MTT (%) 

76.3 ± 
4.6% 

50.5 ± 
1.4% 

n=18 p<0.05 [112]   
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     Apoptosis PI (%) 16.8±2.8 
37.6 ± 
1.2% 

n=18 p<0.05  

     
Cell death 
signaling 

PARP 
proteolysis 

143.24 ± 
7.97% 

251.14 ± 
17.39% 

n=18 p<0.05  

XIAP and p35 Caspases  ALS 
SOD1 

transgenic 
mice 

 Mean 
survival 

Survival (days) 
276.6±6 

4.8  
258.96±4.

1 
n=13 

p<0.00
1 

[113]   

     
Mean 

disease 
duration 

Death-onset 
(days) 

34.6±2.6 22.6 ±1.7 n=13 
p<0.00

05 
 

     
Surviving 

motor 
neurons 

Nº motor 
neurons ratio 

67.5±3.7
% 

53.2±2.5% n=13 p<0.01  

Z-VAD-FMK   
Caspases 

and calpains 
ALS 

Transgeni
c mice 

Mice 
Time before 

disease 
onset 

Days before 
disease onset 

123.76±6.
8  

103.56±2.
8 

n=19 
p=0.04

8 
[19]   

     
Time of 
survival 

Days of survival 
153.36±8.

8 
126.16±3.

0  
n=19 

p=0.01
1 

 

  HD 
Transgeni

c mice 
R2/6 mice 

Time of 
survival 

Days of survival 98.6 79 n=5 
p=0.00

2 
[17]  

    
Substantia 
nigra pars 
compacta 

Neuronal 
amount 

TH+ 
dopaminergic 

neurons 
17%˄ 38%˅ n=14   

  HD 
3NP-

induced 
Striatal cells 

Cytochrome 
c oxidase 

COX levels (OD 
units) 

25.6±7.1
%  

17.7±3.5%  n=19 
p=0.00

07 
[114]   

  ON 

 Inherited 
retinal 

degenerat
ion 

rat eyes 
Electroretino

graphy 

Maximal b-
wave amplitude 

(μV) 
511±92  331±58 n=34 

p = 0.0
003 

[115]  

     Apoptosis 
Nº apoptotic 

nuclei (inferior 
hemisphere) 

63%˅ 37.4±15.2 n=8 p<0.05  

      
Nº apoptotic 

nuclei (superior 
hemisphere) 

60%˅ 35.3±10.9 n=8 p<0.05  

  PD 6-OHDA  
Substantia 

nigra 

Nigral 
dopaminergi

c neurons 
TH+ counts 0.6 0.2  p<0.01 [116]   

11-
dehydrosinula

riolide 

Inflammatio
n  

PD 
6-OHDA 
induced 

SH-SY5Y cells Cell viability 
Relative 

protection (%) 
15.8±7.3 0.0±3.5 n=50 p<0.05 [117]   

     
Nuclear 

translocation 
rate 

NF-κB localized 
to the nucleus 

(% cells) 

22.5±5.2
% 

48.0±8.1% n=50 p<0.05  

3-NP, 3-Nitropropionic acid; 6-OHDA, 6-hydroxydopamine; Aβ 25-35, amyloid beta peptides; AD, Alzheimer's disease; ALS, 

amyotrophic lateral sclerosis; ATP, adenosine triphosphate, B355252, 4-chloro-N-(naphthalen-1-ylmethyl)-5-(3-(piperazin-1-

yl)phenoxy)thiophene-2-sulfonamide); BAF, boc-aspartyl(OMe)fluoromethyl ketone; CAT, catalase; CGP 3466B, 

dibenzo[b,f]oxepin-10-ylmethyl-methyl-prop-2-ynyl-amine; CHA79, 2-iodo-40 -methoxychalcone; D, depression; GSH, 

glutathione; GST, glutathione transferase; Huntington's disease; iMACs, Mitochondrial Apoptotic Channel Inhibitors; 

JJDHYZ, Jia-Jian-Di-Huang-Yin-Zi decoction; LTP, long term potentiation; M40403, superoxide dismutase mimetic; MDA, 

malondialdehyde; MMP, mitochondrial membrane potential; MOMP, mitochondrial outer membrane 

permeabilization;  MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MSA, multiple system atrophy; MTT, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; N-benzyloxycarbonyl-valyl-alanyl-aspartyl-fluoromethylketone; 

ND, neurodegeneration; OD, Optical density; ON, optical neuropathy; PD, Parkinson's disease; PF9601N, [N-(2-propynyl)-2-

(5-benzyloxy-indolyl) methylamine]; PI, propidium iodide; ROS, reactive oxygen species; SOD, superoxide dismutase; SZ, 

schizophrenia; TH, tyrosine hydroxylase; TRP601, 5-(2,6-difluoro-phenoxy)-3(R,S)-(2(S)-(2(S)-(3-methoxycarbonyl-2(S)-(3-

https://www.sciencedirect.com/topics/medicine-and-dentistry/1-2-3-6-tetrahydro-1-methyl-4-phenylpyridine
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methyl-2(S)-((quinoline-2-carbonyl)-amino)-butyrylamino)propionylamino)3-methylbutyrylamino)propionylamino)-4-oxo-

pentanoic acid methyl ester; VE, viral encephalitis; ZVAD, Z-Val-Ala-Asp-CH2F. 
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Supplementary Table S7. Therapeutic approaches against SZ with compounds indirectly targeting apoptosis.  

Substance Action/interaction Conclusions References 

DHA, omega-3 fatty acids Antioxidant 

Current data not conclusive 
and do not allow either to 

refuse or support the 
neuroprotective role of 

omega-3 fatty acids in SZ 

 [118]   

Erythropoietin BDNF and other neurotrophins 
Effective in treating cognitive 

deficits associated with SZ 
 [119]  

Estradiol Not fully established 
Improvements in primary 

outcomes of childbearing age 
women  

[120]   

Flavones Antioxidant 

Quercetin successfully 
augmented antipsychotic 

effects in treatment-resistant 
SZ. Hispidulin and morine 

attenuate SZ-like behaviors in 
SZ in animal models 

[28], [121], [122]    

Melatonin Antioxidant 

Clinical trial showed effective 
treatment for SZ sleep 

disorders, Tardive dyskinesia 
and Benzodiazepines 

discontinuation 

[123]–[125]   

Memantine 
N-methyl-D-aspartate receptor 

antagonist 

Improvement of the verbal 
memory, learning, verbal 

letter fluency, and working 
memory without improvement 

on psychotic symptoms  

[126]   

Minocycline (antibiotic) Caspases 

Amelioration of cognitive 
deficits that correlated with 

remission of negative 
symptoms, and reduction in 

serum levels of IL-1β and IL-6 

[127]   

N-acetylcysteine Antioxidant 

Improvement in positive, 
negative, general and total 

psychopathology symptoms as 
well as cognitive performance. 
Antiapoptotic effects derived 

from NAC have been 
previously reported  

[128], [129] 

Nicotinamide and nicotinic acid Mitochondria 

No evidence to support the 
hypothesis that either nicotinic 
acid or nicotinamide is useful 

as adjuvant therapy in the 
treatment 

[130]   

Quercetin (flavone) Antioxidant/anti-inflammatory 
2 case reports suggest 

effectiveness to augment 
antipsychotic treatment 

[121]  

Retinoic acid (bexarotene) Proteasome 

Clinical trials with an add-on 
retinoid agonist (bexarotene) 

showed improvement of 
positive symptoms in SZ 

patients. 

    [131]    

Sildenafil Phosphodiesterase type 5 inhibitor 
Despite evidence for cognitive-
enhancing effects of sildenafil 
in animal models, the strategy 

[132]   
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for treating putative NMDA 
receptor-mediated memory 
deficits and depression in SZ 

was not successful. It is 
possible that the doses used in 
this study were not optimal or 
that repeated dosing may be 

necessary to achieve 
therapeutic effects.  

Vitamin C Antioxidant 

Case reports, double-blind 
randomized clinical and open 

trials (46) indicate that the 
symptoms of chronic SZ can be 

ameliorated by high-dose 
ascorbic acid therapy 

[133]–[135]   
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