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Abstract: Neurodegenerative diseases are currently raising their prevalences and new preclinical
low-cost investigations of drug design are urging. This systematic review extensively overviews
strategies that use zebrafish assays to investigate modulations of mitochondrial function as new ther-
apies against these diseases. The review was performed following an electronic search of different
databases (PubMed, Embase, Scopus and Web of Science) after the PRISMA procedure. Articles pub-
lished in the English language were identified and screened based on the keywords used: mitochon-
drial metabolism, therapy, neurodegenerative diseases and zebrafish. Following 176 entries, exclusion cri-
teria reduced the record to 34 final studies. These studies investigate 24 natural, 6 semisynthetic, 5
synthetic and 2 compounds of not-determined origin to ameliorate 9 prevalent diseases: ARSACS,
Alzheimer’s, Parkinson’s, Huntington’s diseases, Leigh and Wolfram syndromes, Amyotrophic lat-
eral sclerosis, Limb — girdle muscular dystrophy 2G and hyperglycemia-associated amnesia. Most
studies, 22, are focused on potential therapies against Parkinson’s disease that modulate mitochon-
drial activity in response to endoplasmic reticulum stress/unfolded protein response (4 cases), ubig-
uitin-dependent mitophagy and receptor-mediated mitophagy (5 cases), or iNOS/NO pathway (1
cases) among others. To conclude, zebrafish have become an effective model for screening potential
drugs for neurodegenerative diseases with symptomatology difficult to replicate in rodent models.

Keywords: Mitochondrial metabolism; Therapy; Neurodegenerative diseases; Zebrafish

1. Introduction

Due to the abrupt aging of the population in the last decades, neurodegenerative diseases (NDDs)
are raising their prevalence. This upcoming situation challenges our society to redouble our research
efforts in the search for effective treatments to face these escalating health and societal problem. Not
surprisingly, finding new treatments for NDDs stands out as the central focus of many research en-
deavors in recent times.

The term NDDs copes with a long list of diseases that includes progressive loss of nerve struc-
ture or function; containing a broad spectrum of disorders such as amyotrophic lateral sclerosis, mul-
tiple sclerosis, Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, multiple system atro-
phy, tauopathies, and hereditary ataxias, among others.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Linking the pathological mechanisms of these varied diseases, mitochondrial dysfunction has
been described in many of them. In the last years, many studies on NDD have focused on this aspect,
such as in Parkinson’s disease and in other conditions like and in other conditions like Leber’s hered-
itary optic neuropathy’, or autosomal dominant optic atrophy '. Thus, the regulation of mitochondrial
metabolism and activity have been identified as potentially relevant therapeutic targets for the treat-
ment of NDDs.

The intrinsic characteristics of the nervous system, and the integrative and behavioral outcomes
of its dysfunction make almost imperative the use of animal models in the quest for valuable treat-
ments in the study of NDDs. However, the wide use of rodents as animal models for NDDs implies
a high time- and economic-cost. As an alternative, zebrafish (Danio rerio) has become an established
and increasingly popular animal model for the characterization of NDDs and the search for fruitful
treatments to defeat them.

The relevance of the use of this freshwater fish lays down in the fact that 70% of its genome is
shared with humans. Additionally, the zebrafish has a central nervous system organization similar
to that of mammals, including humans?. Moreover, the ease for gene manipulation allows this species
to be used to create quickly and efficiently genetic animal models for specific disease variants. Avail-
able gene-editing tools, such as CRISPR-Cas9 variants, enable the modification and breeding of ani-
mal models to replicate the specific characteristics of the pathology under investigation, such as Alz-
heimer’s disease?, Parkinson’s disease*, among others. In neuroscience, their transparency during the
larvae phase allows the visualization of the central nervous system during developmental studies
and their social and cognitive abilities identify zebrafish as a good model for behavioral studies.

These useful features together with their small size, making easy to breed them in high numbers,
and their quick development, which reduces experimental costs and increases research production,
spot out zebrafish as an excellent animal model that could be used to generate good platforms for
quick and effective testing of drugs.

Highlighting the importance of finding novel strategies to ameliorate or reverse the clinical
course of the broad spectrum of NDDs, this systematic review aims to provide a complete overview
of the most recent literature about compounds with high potential to modulate the mitochondrial
metabolism and activity that could be tested for therapeutic purposes in the field of NDDs and that
have used zebrafish as animal model.

2. Materials and Methods

The reporting of this review was based on the Preferred Reporting Items for Systematic reviews
and Meta-analyses statement (PRISMA)>.

2.1. Search Strategy

We conducted a comprehensive literature review, utilizing the following databases: Embase,
Web of Science, PubMed, and Scopus in December 2024. Articles published in the English language
were evaluated using a specific key term. The search query included keywords combined with Bool-
ean search operators, as follows: mitochondrial metabolism AND therapy AND neurodegenerative
diseases AND zebrafish (Table 1). Relevant publications from research and reviews articles published
before December 20, 2024, were extracted. Two distinct observers, PVG and BGD, performed the lit-
erature search independently to identify articles that potentially met the inclusion. Initially studies
were screened based on records identified through database searching; duplicate articles were ex-
cluded using Mendeley software tool. Subsequently, articles were screened based on the analysis of
the title and abstract according to the predefined inclusion and exclusion criteria (Table 2).
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Table 1. Search terms strategy used during the study.

Database Keywords used during the search
(Broad search): mitochondrial metabolism AND therapy AND
Embase . . .
neurodegenerative diseases AND zebrafish
) Documents Topic: mitochondrial metabolism AND therapy AND
Web of Science . . .
neurodegenerative diseases AND zebrafish
PubMed PubMed Advanced Search Builder (All fields): mitochondrial metabolism
AND therapy AND neurodegenerative diseases AND zebrafish
Scopus Search within (Article title, Abstract, Keywords) mitochondrial metabolism

AND therapy AND neurodegenerative diseases AND zebrafish

Table 2. Inclusion and exclusion criteria. At the various stages of analysis for inclusion in the systematic review,
papers were included and excluded based on the above criteria.

Stage Stage description Inclusion criteria Exclusion criteria
e Editorial paper
Keywords: e Congress abstracts
Article keywords Mlto‘chondrlal e Review
. metabolism; therapy; e Reports
analysis . . .
neurodegenerative e Different language (not English)
diseases; zebrafish ¢ Methodology and guidelines paper

e  Full text not available
Treatments with
compounds of synthetic,

Title and abstract . . . . .
2 analvsis semisynthetic, bacterial, = Keywords on other pathologies: Aging,
Y plant, animal or synthetic Cancer, respiratory diseases.
origin

3 Full text analysis

If abstracts fit the criteria, a comprehensive full-text analysis was conducted using the same in-
clusion criteria. The extracted information has been supplemented using the software tools listed in
Table 3. The results extracted from the comprehensive analysis of all the articles are shown in Table
4.

Table 3. Software tools and databases used to supplement the information extracted from the comprehensive
analysis of the articles.

Software tools Reference
PubChem 6
MetaboAnalyst 6.0 7
KEGG Database 810
Coconut (COlleCtion of Open Natural ProdUcTs) 1

2.2. Search and selection of elegible studies

A total of 176 entries were collected from the primary search, using only the databases men-
tioned above. All references and citations were managed using Mendeley software (Version 2.125.2)
to avoid duplication and ensure proper organization 2. After removing the duplicate entries, a total
of 129 articles remained for the screening of title and abstracts. Among these, 23 entries were elimi-
nated based on the inclusion and exclusion criteria. Subsequently, 106 articles were eligible for full-
text assessment, of which 26 studies were excluded due unavailability of full text.

Finally, a total of 34 articles were finally included for data extraction and analysis in this review
based on the adopted inclusion criteria. The workflow chart for the selection of eligible articles is
shown in Figure 1.
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[ Identification of studies via databases and registers ]
Records removed before
c Records identified from: screening.
% Databases (n = 176): Duplicate records removed
Embase (n = 80) using Mendeley software tool
% Web of Science (n = 52) (n=47)
8 PubMed (n = 32)
= Scopus (n = 12) Records excluded based on
title/abstract reviewed (n = 23):
Review (n = 8)
Editorial (n = 3)
Guidelines (n= 1)
Records screened in P asan RPoit = 1)
Congress abstracts (n=1)
title/abstract (n = 129) —”| cancer(n=1)
Plant sequencing (n = 1)
Heme group biosynthesis (n=1)
Purine metabolism (n =1)
Supplementary information (n =
1)
Light therapy (n = 1)
A4 Respiratory diseases (n = 1)
g Cell reprogramming (n =1)
= Reports sought for retrieval Anemia de Fanconi (n =1)
§ (n=106)
b —>
eports not retriev
@ Reports not retrieved

(n=26)

v

Reports assessed for eligibility
(n = 80) —®| Reports excluded:

Do not meet the
inclusion/exclusion criteria (n
=47)

Studies included in review Additional record identified
(n =34) through references searches
from identified record (n = 1)

Included

.

Figure 1. Flow diagram chart of systematic analysis for literature inclusion. Various databases (Embase, Web of
Science, PubMed, and Scopus) were utilized to identify all studies published in the English language. We
screened 176 articles; 106 were eligible for critical appraisal resulting in a total of 34 articles to be included in this

review.

3. Results and Discussion
3.1. Molecules as potential requlators of mitochondial metabolism for treating neurodegenerative diseases

In recent times, new treatments proposed to alleviate various NDDs have focused on seeking
modulators of mitochondrial metabolism, which is dysfunctional in many of these pathologies'®. A
summary of the compounds characterized with this activity is shown in Table 4.
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Table 4. Compounds of endogenous or exogenous origin and their known molecular characteristics in the treatment of neurodegenerative diseases. Green color denotes that the compound is of
endogenous origin, while blue color denotes that the compound is of exogenous origin.

Name of the com-  Chemical nature of the Chemical source Molecular mechanism Physiological Pathway Experimental Related diseases Ref.
pound compound model
Acetyl-DL-leucine Organ.lc ac1d-, carbf)xyhc ) Partial restoration of vim and calr mRNA expression levels, improved Endoplasmic retlculun} medi- 7 ARSACS 0
acid, amino acid SRC and basal ATP level ated phagocytosis
. . . Plant (Cistanche ~ Acteoside restores mitochondria function through the upregulation of ~AMPK and NF-kB signaling Alzheimer’s dis-
Acteosid Lipid, harolipid Z and 15
cleosice 1pid, saccharotipt tubulosa) PGC-1a and UCP-2 and suppresses LPS-stimulated M1 polarization pathway and CC ease
Pherfll};?;r?gi?imld, Plant (Camellia Hyperglycemia-
Apigenin . " . . Apigenin mitigates oxidative stress by the Nrf2/ARE mechanism Nrf2 pathway z associated amne- 16
hidroxyflavonoid sinensis) sia

Berberine inhibits the accumulation of Pink1 protein and the overexpres- Ubiquitin-dependent mitoph-

Berberine derivate  Alkaloid, protoberberine  Plant (Coptis Parkinson’s dis-
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(BBRP) alkaloid chinensis) sion of LC3 protein, regt?lators re.lated’to @itochondrial autophagy dur- agy and rgceptor—mediated Z and CC ease 17
ing Parkinson’s disease mitophagy
BHDPC decreases MPP+-induced mitochondrial membrane potential loss Intrinsic mitochondrial apo Parkinson’s dis
BHDPC A pyrimidine derivative Synthetic and caspase 3 activation, via activating PKA/CREB survival signaling . Pop Z and CC 1
. . totic pathway ease
and up-regulating Bcl2 expression
Plfatinum nanoparticles Plant (Bacopa BmE-PtNPs alleviates the R.O.S gener.ation, scaYenges free radic.alé, fand Mitochondrial respiratory Parkinson’s dis-
BmE-PtNPs with aqueous extract of iy demonstrates the same activity of mitochondrial complex I, oxidizing . V4 9
. monnieri) chain ease
Bacopa monnieri leaves NADH to NAD*
i - . . . Parki 's dis-
Calcitriol Lipid, steroid, vitamin D } Calcitriol rescues locomotor deficit and loss dopaminergic neurons in Calcium signaling pathway 7 arkinson’s dis 2
duced by MPP+ ease
Clofazimine Phenazine, monochloro- Synthetic Clofazimine stimulates r.nitochondrial biogenesis by peroxisome prolifer- Peroxisome proliferator-acti- Z CC and CE Huntigton’s dis- |
benzene ator-activated receptor gamma (PPARy) vated receptor ease
O ic acid, carboxyli . . Huntigton’
Creatine rgan%c act . car ,0 XyHe - Creatine restores hypolocomotion induced by 3-NPA Unknown zZ ur.l 1gton's 2
acid, aminoacid disease
C}fsteamine An aminothiol salt ) Cysteamine birtartrate pr.events glutathione antioxidant unbalance and Glutathione metabolism 7 Leigh syndrome
birtartrate increased ROS levels
. . 11-Dehydrosinulariolide upregulates cytosolic DJ-1 expression and
Organic chemical, . ) ) . Lo . . . ,
11- Animal (Sinularia promotes its translocation into mitochondria and the nucleus. 11- Parkinson’s
. . hydrocarbon, terpene, o . .o . . . p-CREB, and Nrf2 pathways Z,R, and CC . 2
Dehydrosinulariolide diterpene flexibilis) Dehydrosinulariolide also activates Akt and induces upregulation of p- disease
P CREB, and Nrf2/HO-1 pathways
R L Lipid, steroid, steroid . L L. Parkinson’s
24- Epibrassinolide Plant (Fabaceae) 24-epibrassinolide reverses the locomotor deficits caused by 6-OHDA Unknown V4 . %5
lactone. disease
Aromatic compound, Endoplasmic reticulum stress Amyotrophic
Guanabenz benzenoid, Synthetic Guanabenz increases the levels of phosphorylated-elF2a protein pas . M and Z* YyOLropHie 2627
. and mitochondrial stress lateral sclerosis
dichlorobenzene
. . . HCHB6-1 prevents the activation of the inflammasome and upregulation
A dlpeptlde, a competitive . . . . . . . ’
. . of active caspase-1, TNF-a, IL-1f and active caspase-3 levels in microglia; NLRP3 inflammasome and Parkinson’s
HCH6-1 antagonist of formyl Synthetic o . o . . . Z,M, and CC . #
and inhibits mitochondrial oxidative stress and apoptosis of pro-inflammatory cytokines disease

eptide receptor 1 . .
pep P dopaminergic neurons.

TACTIVC ¢Tc0csiulidal
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Phonvl - ——
L ey .propanmd., . Hesperidin rescues mitochondrial membrane potential, reduces oxidative T'Jblqultm dependent Parkinson’s
Hesperidin flavonoid, flavonoid  Plant (Citrus sp) . mitophagy and receptor- Z and CC . 2

. stress and downregulates kinases lrrk2, gsk3 f, casp9, and polg . . disease
glycoside mediated mitophagy
isyntheti iquitin-d dent Limb — girdl
Organic chemical, Semisynthetic Idebenone restores the BNIP3L and citrate synthase expression to reduce ,Ublqul {reependen imb - girdle
Idebenone . . analogue of . mitophagy and receptor- V4 muscular 30
quinone, benzoquinone . ROS production and restore mtDNA copy number . .
ubiquinone mediated mitophagy dystrophy 2G
KCl4 Orgamc' acid, ca.rboxyhc Animal (Cyprznus KC14 enhances acetylchohnesterase activity and significantly reduces Clutathione metabolism 7 Non.-spec1f1c A
acid, peptide carpio) intracellular ROS levels. disease
o Organic heterocyclic Plant (Mangifera Mangiferin regulates PD-related genes such as Irrk2, vps35, atp13a, dnajcé, Fjbxqumn-dependent Parkinson’s
Mangiferin compound, benzopyran, . mitophagy and receptor- z . 32
indica) and uchll . . disease
1-benzopyran mediated mitophagy
h li Hunti !
Melatonin Organo eter9cyc 1€ - Melatonin improves the memory dysfunction caused by 3-NPA Unknown V4 ur'mgton s 2
compound, indole disease
Melatonin Organoheter.ocychc - Not determined Lipid metabolism V4 Parl-<1nson s 3
compound, indole disease
Organic chemical, MS-275 inhibits HDAC1 and h bolic i i induced Parkinson’s
MS-275 carboxylic acid, benzoate, Semisynthetic w275 nhibits and rescues the metabolic impairment induce P53 signaling pathway V4 . 34
] by MPP+ disease
benzamide
N - Acetylcysteine Organ'ic acid., carbf)xylic N-acetylcysteine preV(.ents glutathione antioxidant unbalance and Clutathione metabolism 7 Leigh syndrome =
acid, amino acid increased ROS levels.
. . Phenylp-ropanmd, P lant' (Camellia Narigenin downregulates the expression of some Parkinsonian genes Fjblqultm-dependent Parkinson’s
Naringenin flavonoid, flavan, sinensis, Humulus . mitophagy and receptor- Z and CC . %
such as casp9, lrrk2 and polg, and upregulate pink1 . . disease
flavanone lupulus) mediated mitophagy
het li
. . Organohe eroeycic Fungi (Lactarius Nicotinamide elevates levels of OCR, increases mitochondrial complexI Mitochondrial respiratory .
Nicotinamide compound, pyridine, . .. . . Zand CC Leigh syndrome 3¢
o .., subplinthogalus) activity and reduces NAD*/NADH ratio chain
pyridinecarboxylic acid
Benzenoid, benzene, . .
nitrobenzene, Semisynthetic Parkinson’s
Nimodipine K o Calcium channel Nimodipine antagonizes calcium channels reducing the need for calcium Calcium signaling pathway Z R 20
dihydropyridine . disease
S antagonist
derivative
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Nitrite Organic chemical, nitrite ) Nitrite promotes complex I S-nitrosation and activation of the antioxidant Unfolded protein response 7, R, and CC arl'<1nson s . s
Nrf2 pathway disease =
=
Organic heterocyclic . . . . . . , ®
. . Olmesartan inhibits 1 AGTR1 and restores the expression of Renin-Angiotensin- Parkinson’s ©
Olmesartan compound, azole, Semisynthetic . . Zand D R 38 =,
mitochondrial pathway genes. Aldosterone System disease >
tetrazole 7
o
Q@
Organic oxygen Paeonolum restores the damage caused by MPP+ via reducing the —
Paconolum compound, organooxygen Plant (Raeonia accumulation of ROS, atter}uating the reduction in mitocho.ndrial Mitochondrial cell death 7 and CC Parl.dnson’s . >
compound, carbonyl suffruticosa) membrane potential, restoring the levels of GSH and reducing the disease o
compund cytochrome c release and caspase-3 activity ;
m
s
Organic chemical, Bacteria Probucol enhances mitophagy via the ATP-binding cassette transporter Parkinson’s P
Probucol hydrocarbon, benzene (Penicillium P g,y . & P Cholesterol metabolism Z,D and CC R 40 m
. o ABCAL1 and its effects on lipid droplets. disease <
derivative, phenol citrinum) m
Phenyl d P ficantly d duct f the NRF2 antioxidant Park !
Proxison enylpropanoid, Semisynthetic roxison significantly dampens induction of the antioxidan Unfolded protein response 7 and CC arkinson’s u g
flavonoid response pathway. disease
Phenylpropanoid Plant (Salvia g
, R in inhibits the i 1 h Parki , 2
Quercetin flavonoid, flavonoid miltiorrhiza and Quercetin inhibits the 1.NOS/NO ?ystem and downregulates the INOS/NO pathway 7 and CC arl'<1nson s o 2
Iveoside Hydrangea overexpression of pro-inflammatory genes disease <3
&Y serrata) w
o
Plant (Schisand 5
. . Phenylpropanoid, tannin, Efmt ( CHISAATE g hisantherin A regulates intracellular ROS accumulation and inhibit NO ~ MAPK, PI3K/AKT and Parkinson’s o
Schisantherin A . chinensis (Turcz.) . . . . Zand CC . 8 3
hydrolysable tannin Baill overproduction by downregulating the over-expression of iNOS GSK3p pathway disease g
@
N
Ca?* transfer from the N
Het li d R1 ist PRE-084 modulates IPsR by stabilizing it f tion at Wolf =
SR1 agonist PRE-084 e eroch ic compqun , Synthetic SR1 agonis 084 modulates IP3R by stabilizing its conformation a endoplasmic reticulum to the 7 and M olfram “
oxazine, morpholine the MAMs. . . syndrome
cytosol or mitochondria
Tauroursodgoxycholic Lipid, steroid, bile acid ) Partially restores vim and calr mRNA expression levels and improves EndoPlasmic reticulun? 7 ARSACS 0
acid SRC and basal ATP level. stress-induced apoptosis
H li A hi
Terazosin eterocyF N coTnpound, - Terazosin increases the activity of PGK1. HIF-1 signaling pathway Z,Mand CC myotrop e 5
quinazoline lateral sclerosis
Organoheterocyclic ) . . . .
compound Plant (Camellia Theacrine activates SIRT3, which promotes deacetylation of SOD2, Mitochondrial respirator Parkinson’s
Theacrine .. pound, assamica var. thereby reducing ROS accumulation and restoring mitochondrial  [eSP y Z,R,M, and CC . 46
imidazopyrimidine, . chain disease
. Kucha.) function.
purine
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. . . . . Ubiquitin-dependent . ,
. . Organic chemical, sulfur Plant (Crotalaria  Trifluoperazine acts downstream of PINK1/PARKIN to restore TFEB X Parkinson’s

Trifluoperazine .. . . mitophagy and receptor- V4 . 47

compound, phenothiazine pallida) nuclear translocation . . disease

mediated mitophagy
Organoheterocyclic Vitamin C improves the memory dysfunction and restores Huntington’s

Vitamin C compound, dihydrofuran, - p . yay Unknown Z K & 22

hypolocomotion caused by 3-NPA disease

furanone, butenolide

Abbreviations 1: ABCA1, ATP-binding cassette, subfamily A (ABC1), member 1; Acteoside, 6’-O-(1-Hydroxy-4-Oxo-Cyclohexanacetyl); AGTR1, angiotensin receptor 1; AKT, RAC serine/threo-
nine-protein kinase; AMPK, AMP-activated protein kinase; ARSACS, Autosomal recessive spastic ataxia of Charlevoix — Saguenay; ATP, adenosine triphosphate; BBRP, Fluorescently labeled
berberine derivative; Bcl2, apoptosis regulator Bcl-2; BHDPC, 7-(4-hydroxy-3-methoxyphenyl)-5-methyl-4,7-dihydrotetrazolo [1,5-a]pyrimidine-6-carboxylate; BmE-PtNPs, Platinum nanoparticles
with aqueous extract of Bacopa monnieri leaves; BNIP3L, NIP3-like protein X; calr mRNA, calreticulin mRNA; casp9, Caspase 9 protein coding gene; CC, cell cultures; CE, Caenorhabditis elegans;
CREB, cyclic AMP-responsive element-binding protein 1; D, Drosophila melanogaster; DJ-1, Protein deglycase DJ-1 gene or PARK7 gene; elF2a, eukaryotic initiation factor 2a;; GSH, reduced form
of glutathione; gsk3p, glycogen synthase kinase 3 beta gene; GSK33, glycogen synthase kinase 3 beta protein; HCH6-1, N-(N-benzoyl-L-tryptophanyl)-D-phenylanlanine methyl ester; HDACI,
histone deacetylase 1 ; HDACS6, histone deacetylase 6; HIF-1, Hypoxia-inducible factor 1; HO-1, Heme oxygenase 1; idebenone, 2-(10-hydroxydecyl)-5,6-dimethoxy-3-methylcyclohexa-2,5-diene-
1,4-dione; IL-1B, interleukin-1 beta; iNOS, inducible nitric oxide synthase; IPsR, inositol 1,4,5-triphosphate receptor type 1; LC3, Microtubule-associated protein 1 light chain 3; LPS, lipopolysac-
charide; Irrk2, leucine rich repeat kinase 2 gene; M, Mice models; M1, mitochondrial fusion promoter M1; MAM, mitochondria associated membranes; MAPK, mitogen-activated protein kinase;
MPP+, 1-methyl-4-phenylpyridinium; MS-275, entinostat; mtDNA, mitochondrial deoxyribonucleic acid; NADH/NADY*, nicotinamide adenine dinucleotide; naringenin, 5,7-dihydroxy-2-(4-hy-
droxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one; NF-kB, nuclear factor kappa B; 3-NPA, 3-Nitropropionic acid; NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin do-
main-containing-3; NO, nitric oxide; NRF2, erythroid 2-related factor 2; OCR, oxygen consumption rate; 6-OHDA, 6-hydroxydopamine; p53, tumor protein p53; PD, Parkinson’s disease;PGC-1a,
peroxisome proliferator-activated receptor gamma co-activator 1 alpha; PGK1, glycolysis enzyme phosphoglycerate kinase 1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha/beta/delta; Pink1, Phosphatase and tensin homologue (PTEN)-induced kinase 1; Pink1, Phosphatase and tensin homologue (PTEN)-induced kinase 1 gene; PKA, protein kinase A; polg,
DNA polymerase gamma gene; PPARY, peroxisome proliferator-activated receptor gamma; Probucol, propane-2,2-dithiol; Proxison, 7-decyl-3-hidroxy-2-(2,4,5-trihydroxy-phe-nyl)-4-chromenone;
R, Rats Models; Ref, References; ROS, mitochondrial Reactive Oxygen Species; SIRT3, sirtuin-3 mitochondrial NAD-dependent deacetylase; SOD2, superoxide dismutase 2; SR1 agonist PRE-084,
2-(4-Morpholino) ethyl-1-phenylcyclohexane-1-carboxylate; SRC, spare respiratory capacity; TFEB, transcription factor EB; TNF-a, tumor necrosis factor alpha; UCP2, mitochondrial uncoupling
protein 2; vim mRNA, vimentin mRNA; Z, zebrafish;. *Manually curated
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3.2. Methological Quality Assessment

Animal experimentation remains crucial for evaluating drugs in the context of neurodegenera-
tive diseases. To assess the methodological quality of the studies included in this systematic review,
the SYRCLE tool has been employed. The SYRCLE's Risk of Bias (RoB) tool is specifically designed
for animal studies. The criteria included are: random allocation sequence; similar baseline character-
istics; allocation concealment; random housing; blinded intervention; random selection for outcome
assessment; blinded assessment of outcome; incomplete outcome data; selective outcome reporting;
other sources of bias. Each included study was assigned a quality score, with a maximum possible
score of 10 points.

According to the article by Hooijmans et al. (48), "Yes" indicates a low risk of bias in the discussed
aspect, "No" signifies a high risk of bias, and "Unclear (NC)" means the aspect is not sufficiently ad-
dressed in the data provided by the study (Table 5).

Table 5. Methological quality using SYRCLE tool.

1 2 3 4 5 6 7 8 9 10 Score
Zhang Z] et al (2011)* Y Y NC NC NC NC NC NC Y Y 4
Nellore J etal. (2013)1* NC NC NC NC NC NC NC NC Y Y 2
Vaccaro A etal. (2013)” NC NC NC NC NC NC NC NC Y NC 1
Jiang HQ et al. (2014)26 Y Y NC NC NC NC Y NC Y NC 4
Chong C et al. (2015)18  NC Y NC NC NC NC NC NC Y Y 3
Lu XL et al (2015)% NC Y NC NC NC NC Y NC Y Y 4
Pinho BR et al. (2015)34 Y Y NC NC NC NC NC NC Y Y 4
Zhang LQ et al (2015)* NC Y NC NC Y NC Y NC Y NC 4
Feng CW et al. (2016)2* Y Y NC NC Y NC Y NC Y NC 5
Drummonf NJ et al. (2017)4 NC Y NC NC NC NC NC NC Y NC 2
Zhang Y etal (2017)¥  NC Y NC NC NC NC NC NC Y Y 3
Milanese C et al. (2018)” NC Y NC NC NC NC Y NC Y NC 3
Duan W] et al. (2020)46 Y Y NC NC NC NC NC NC Y NC 3
Kesh S et al. (2021)2° NC Y NC Y NC NC NC NC Y Y 4
Kesh S et al (2021)% NC Y NC NC NC NC NC NC Y Y 3
Kim GH]J et al (2021)%®  NC Y NC NC Y NC Y NC Y Y 5
LiY et al. (2021)15 NC Y NC NC NC NC NC NC Y NC 2
Naef V et al. (2021)4 Y Y NC NC NC NC NC NC Y Y 4
Wang L etal. (2021)7  NC Y NC NC NC NC NC NC Y NC 2
Chaytow Hetal (2022)% Y Y NC NC Y NC Y NC Y Y 6
Crouzier L et al. (2022)# NC Y NC Y Y NC Y Y Y Y 7
Lv X et al. (2022)% NC Y NC NC NC Y NC NC Y NC 3
Gomes A et al. (2023)% Y Y NC NC NC NC NC Y Y Y 5
Haroon S et al. (2023)2  NC Y NC NC NC NC NC NC Y NC 2
Moskal N et al (2023)%  NC Y NC NC NC NC NC NC Y NC 2
Wang HL et al. (20232 NC NC NC NC NC NC NC NC Y NC 1
Haridevamuthu B et al.
(202416 Y Y NC NC NC Y Y NC Y Y 6
Kim M et al. (2024)2 NC Y NC NC NC NC NC NC Y Y 3
Li X et al. (2024)% Y Y NC NC NC NC NC NC Y NC 3
Lo CH et al. (2024)3 NC Y NC NC NC NC NC NC Y NC 2
Pang MZ et al. (2024)3* NC Y NC NC NC NC NC NC Y NC 2
Qin F et al. (2024)32 Y Y NC NC NC NC NC NC Y NC 3
Vijayanand M et al. (2024)3* NC Y NC NC NC NC NC NC Y NC 2

Wiprich M et al. (2024)2 Y Y NC NC NC NC NC NC Y NC 3
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Legend: 1—random allocation sequence; 2—similar baseline characteristics; 3—allocation concealment; 4 —ran-
dom housing; 5—blinded intervention; 6—random selection for outcome assessment; 7—blinded assessment of
outcome; 8 —incomplete outcome data; 9—selective outcome reporting; 10—other sources of bias. Y: yes; N: no;
NC: unclear.3. 3. Discussion.

The quality items score of each study is ranged from one to seven points, with a mean of 3.29
out of a total 10 points. No study declares a proper concealed allocation, and only one (2,94%) states
random housing. The risk of bias in these studies due to the lack of randomization might be medium-
low acknowledging in 31 (91.17%) very similar baseline characteristics, and proper reporting bias (34,
100%) free of selective outcome reports.

However, there is a main type of high risk of bias among these publications that is the lack of
blinding both in caregivers and investigators (only in 5 studies, 14,70%) and in the outcome assessors
(only in 9 articles, 26,47%). In addition, few of the publications mention a sample size calculation. The
sample size in animal studies should be large enough to detect biologically significant differences,
while also being small enough to minimize unnecessary animal sacrifice. Therefore, this lack of in-
formation could harm the internal validity of the evidence from these animal studies.

3.3. Analysis of Potential Mitochondrial Regulator Characteristics

In line with the search for drugs that allow regulating mitochondrial metabolism to improve,
prevent, or even cure the mentioned pathologies, numerous studies focus on testing compounds of
diverse origins. Some compounds could be considered of endogenous origin, as they are naturally
produced by the body, such as neuroglobin® and coenzyme Q10 5 (Metabolite (19%) in Figure 2).
Others have an exogenous origin, coming, for example, from plant extracts (35%), like naringenin®.
As we can see in the Table 1, most of the studies that presented a mitochondrial regulator compound
of exogenous origin, i.e. Berberine derivative'’, naringenin®, theacrine*, paeonolum?®, BmE-PtNPs"’,
acteoside’s, hesperidin®, schisantherin A®, quercetin®?, 24-epibrassinolide?, and 11-dehydrossinular-
iolide?* have a naturally occurring chemical origin, as they are extracted from various plant species
(Figure 2).

The rest of the compounds are grouped into compounds of natural origin from fungi (3%), bac-
teria (3%), animal (5%), synthetic (14%) or semisynthetic (16%) (Figure 2) used in other pathologies,
acetyl-DL-leucine ', terazosin %, and trifluoperazine ¥, and those with no precise mention of their
origin in the study (Figure 2) Compounds of fungi®, animal?* and bacterial® origin are the least rep-
resented.

2,5% 1,3%

13, 35%
6, 16%
@ Plant

0O Animal

@ Bacteria

@ Metabolite
5, 14% @ Synthetic

@ Semisynthetic
O Unknown

B Fungi

7,19% 1, 3%

Figure 2. Pie chart representing the number of compounds discussed in this review by their chemical source.

3.4. Mitochondrial Regulation Mechanisms Analysis

Regarding the mode of action of the studied compounds, most of them affect molecular mecha-
nisms related to mitochondrial metabolism and activity per se, such as mitochondrial respiratory
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chain'®?4, mitochondrial stress?¢?”, mitochondrial cell death®, intrinsic mitochondrial apoptotic
pathway?8, ubiquitin-dependent mitophagy or receptor-mediated mitophagy!7303547, whereas the oth-
ers also involve the activities of other organelles or cell functions, such as endoplasmic reticulum34,
i.e. Ca? transfer from the endoplasmic reticulum to the cytosol or mitochondria*, endoplasmic retic-
ulum stress-induced apoptosis?*?, endoplasmic reticulum mediated phagocytosis 14, or cell signalling
pathways, such as AMPK and NF-kB', p-CREB and Nrf2*, P53, iNOS/NO*, MAPK, PI3K/AKT and
GSK3[#, or HIF-1 signalling pathways* (Table 1; Figure 3).

Lipid metabolism [T

Peroxisome proliferator-activated receptor [T
Caldum signaling pathway |

HIF-1 signaling pathway [T

Endopl reticulum st duced

pop
Ca2+ transport from endoplasmic reticulum to the cytosol or mitochondria [T
MAPK, PI3K/AKT and GSK3f pathway [T

iNOS/NO pathway [T

Unfolded protein

P

Chol 1 oli |

Mitochondrial cell death [T
Renin-Angiotensin-Aldosterone System [

P53 signaling pathway [

NLRP3 infl. and pro-infl, v cytokines [T

Target molecular mechanism

Unknown ]

p-CREB, and Nrf2 pathways |

Clutath boli 1

Mitochondrial respi y chain ]
Intrinsic mitochondrial apoptotic pathway
Ubiquitin-dependent mitophagy and receptor-mediated

phagy

AMPK and NF-«B signaling pathway
Endoplasmic reticulum mediated phagocytosis
T

0 1 2 3 4 5
Number of compounds affecting the target

Figure 3. Bar chart representing the total number of molecular mechanisms affected by compounds reviewed.

3.5. Analysis of the Neurodegenerative Disease Models.

Other interesting aspect is the high number of articles that search for therapies against Parkin-
son’s disease in zebrafish, testing different compounds (22 out 37) (Figure 4). Parkinson’s disease is
the second most prevalent neurodegenerative disorder, with progressive depletion of dopaminergic
neurons in substantia nigra pars compacta 2. The cause of the disease is unknown, but there are some
potential risk factors, such as genetic factors®, age* or environmental agents® that must be take into
account.

The notable prevalence of Parkinson’s disease, as identified through the systematic search, is an
aspect that warrants further analysis. One potential explanation for this could be that genetic models
in rodents have not fully replicated the clinical and neurological characteristics of the pathology®, as
age-dependence and progressive symptoms. In efforts to generate new disease models, chemicals
have often been used as an alternative, which have been described to reproduce the symptoms of the
disease®.
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@ Parkinson's disease

1,3%1 3% 1, 3%

1, 3%
1, 3%

2, 5%

O Huntigton’s disease

O Leigh syndrome

O Amyotrophic lateral sclerosis

2, 5%
o0 @ ARSACS

3, 8% 22,59% @ Alzheimer's disease

O Wolfram syndrome

3, 8%
B Hyperglycemia-associated amnesia

@ Limb - girdle muscular dystrophy 2G

O Non-specific disease

Figure 4. Representation of the number of neurodegenerative diseases targeted by the compounds discussed in
this review.

One of these chemicals compounds is 6-OHDA. This synthetic compound, analogous to norepi-
nephrine and dopamine®, is used to induce Parkinsonian symptoms in animal models, such as
zebrafish %. Neurotoxins with the same effect, including MPP+18, are also found. However, 6-OHDA
does not cross the blood-brain barrier, whereas MPP+ does, resulting in different mechanism of ac-
tion”. Zebrafish assays to test drugs against human diseases are becoming popular during recent
years’-6!. Among these assays, only a few succeeded in their purpose, being intensively used in drug
screenings against osteoporosis®-6'. In these cases, zebrafish assays were found even more useful than
rodent assays for specific metabolic reasons, such as osteoporosis inducibility by anti-inflammatory
treatments, a peculiar response in humans not found in mice. 6-OHDA or MPP+ could well be nar-
rowing the distances found between Parkinsonian symptoms in humans and rodent models.

5. Conclusion

Overall, this review clearly reveals the prominent position of zebrafish as a perfect animal model
to develop novel assays in the search of potential high-throughput drug-screening pipelines against
neurodegenerative diseases in humans.

Neurodegenerative diseases are currently difficult to study, and in many cases, truly effective
drugs have yet to be found. This has led to the search for the new compounds that can act on the
molecular targets affected in the pathology under study. Given the difficulty in clarifying the causes
of the disease and the need to generate animal models that replicate human symptomatology, the use
of zebrafish as the preferred model for screening potential drugs is well justified. Drugs with anti-
inflammatory, antioxidant, and other activities related to the molecular mechanisms affected in the
pathology.

Rodent models, which have also been used historically, sometimes fail to faithfully reproduce
disease symptomatology in cases such as Parkinson’s disease. For these reasons, zebrafish is emerg-
ing as an alternative, valuable model for screening new potential drugs.
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