
Abstract. The mammalian target of rapamycin (mTOR), a
289 kDa serine/threonine protein kinase of the
phosphoinositide 3-kinase (PI3K)-related family is known for
its role in regulating lifespan and the aging process in
humans and rodents. Aging in zebrafish very much resembles
aging in humans. Aged zebrafish often manifest with spinal
curvature, cataracts and cognitive frailty, akin to human
age-related phenotypical effects such as osteoarthritis,
dwindling vision and cognitive dysfunction. However, the
role of the zebrafish orthologue of mTOR, ztor, is less defined
in these areas. This review paper discusses the tale of
growing old in the zebrafish, the physiological roles of ztor
in normal developmental processes and its involvement in
the pathogenesis of aging-related diseases such as metabolic
disorders and cancers. 

Zebrafish is a vertebrate organism that has been in use since
the 1970s as a model for studying developmental biology.
About a decade later, the first large-scale vertebrate
mutagenesis screen led to the discovery of numerous
zebrafish mutations homologous to those involved in human
diseases (1). Zebrafish is an ideal vertebrate model organism
in biomedical research, owing to its extensively-characterized
vertebrate biology, and well-conserved molecular and cellular
physiology (2). In terms of handling, zebrafish has
invertebrate-like technical advantages over the other animal
models such as rodents. The zebrafish has many physiological
and anatomical characteristics similar to those of the

vertebrates but with added advantages of possessing high
fecundity and rapid embryogenesis which enable large-scale
screening akin to that in the invertebrates (3).  

Zebrafish is also an ideal model for studying organismal
aging. The gradual aging processes that occur in zebrafish
resemble those in humans (4). Age-dependent physiological
changes in aged zebrafish include muscle abnormalities
leading to spinal curvature (5), eye cataracts (6) and
deterioration in cognitive functions (7). However, unlike
humans, zebrafish have constitutively active telomerase
activity. The length of zebrafish telomere (15-20 kb) is
slightly longer than that of humans (10-15 kb). It has been
reported that zebrafish telomere length and telomerase
expression increase from the embryonic stage to adulthood
and then decrease drastically in aged zebrafish (8). Since
telomere length and telomerase are involved in aging and
cancer susceptibility, analyzing the genetic backgrounds of
different developmental profiles in zebrafish could facilitate
the study of telomere biology in aging-related diseases (9).   

Numerous studies have shown that cellular senescence
drives biological aging at the organismal level (10). In this
regard, the mammalian target of rapamycin (mTOR) has
been extensively linked to both cellular senescence (11-13)
and aging (14, 15). mTOR activation is stimulated by the
availability of nutrients and growth factors via increased
phosphorylation of its downstream effectors. These effectors
include S6 kinase, ribosomal protein S6 and 4E-BP1 that
control protein synthesis by regulating initiation, elongation
factors and the biogenesis of ribosomes (16, 17). mTOR is
best known for its role as a central regulator of cell
proliferation, cell growth and metabolism. However, Hall
(2016) discovered that mTOR controls cell growth rather
than cell proliferation. A study on yeast revealed that TOR
mutants behaved differently from the bona fide cell cycle
mutants, whereby cdc28 mutant cells continuously grew-up
to four times as large as a normal cell despite cell
proliferation halting in G1 phase. In contrast, TOR mutant
cells did not grow to become as large when cell division was
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arrested in G1 phase (18). Hall’s study further unveiled
defects in protein synthesis in TOR-deficient cells, wherein
these cells exhibit altered translation initiation of cell cycle
proteins. Therefore, Hall (2016) proposed a paradigm change
in the role of TOR; one that directly controls cell growth
(e.g. macro-molecular synthesis) but indirectly regulates cell
proliferation (18). Aberrant activation of mTOR complex 1
(mTORC1) has been shown to result in cellular and tissue
hypertrophy (19) leading to cellular senescence. The
phenomenon of hypertrophic cells is the result of prolonged
continuous cell growth (increase in cell size or mass) without
cell division (20) which is often associated with cellular
senescence phenotype. 

The zebrafish target of rapamycin (ztor) orthologue has
90% homology with the mTOR (21) but the role of this
highly conserved ztor is less well understood (Figure 1).
Previous studies have reported that ztor modulates the
developmental process of epithelial morphogenesis in the
zebrafish intestine (22) while inhibition of ztor has been
shown to exert a long-term cardio-protective effect in adult
zebrafish. TOR haploinsufficiency in ztor heterozygous
zebrafish diminishes doxorubicin (DOX)-induced
cardiomyopathy (23). The findings from these studies have
highlighted the importance of ztor signaling in intestinal
development and cardiomyopathy, but the precise
mechanisms involved need to be further investigated.  

Phenotypical Changes in Aged Zebrafish 
Compared to Human

Zebrafish is used for aging research due to their favorable
gerontological characteristics, whereby aging is a gradual
process as in most vertebrates, with obvious decline in
growth and waning fecundity with age. The average
zebrafish life span is about 3 to 4 years, and zebrafish begin
to show signs of aging at approximately 2-years-old (24).
Zebrafish adults with heterozygous mutations in both
telomeric repeat binding factor 2 (terf2) and zebrafish
spinster homolog 1 (spns1) genes displayed senescence-
associated phenotypes. The onset of aging phenotypes is
accelerated in the heterozygous mutant fish and is associated
with embryonic neural and muscular degenerative
phenotypes including high acridine orange staining in the
neural tube, and increased reactive oxygen species (ROS)
generation in the neural tube and skeletal muscle, and loss
of muscle fibers throughout the myotomes (25). 

Spinal curvature. Various degrees of spinal curvature have
been reported in aged zebrafish (26) with increased
frequency and severity of spinal curvatures seen in 1- to 3-
year-old zebrafish. Age-related abnormalities including bony
outgrowths at the joint margins and fractures within the
cortical bone contribute to these spinal curvatures (27).

Gerhard et al. (2002) demonstrated that there is no evidence
of bone demineralization and compression deformity, which
supports the hypothesis that loss of skeletal muscle due to
muscle degeneration is the cause of abnormal spinal
curvature (5). These naturally developing age-related
changes in aged zebrafish spines bring to mind a range of
similar human pathologies associated with degenerative joint
disease such as osteoporosis, articular cartilage erosion and
osteophytosis in osteoarthritis (28). 

Vision degeneration. Increased cataract formation is
associated with aging in adult zebrafish. Proteins βγ- and
γC-crystallin in the eye lens are vital for preserving lens
transparency. Age-related modifications of crystallin
proteins result in light scattering and inferior image
projection on the retina. The concomitant loss of lens
transparency gradually leads to opacity or cataracts (29, 30).
Reis et al. (2013) identified a novel βγ-crystallin
superfamily gene, CRYBA2, and found that its p.Val50Met
mutation is highly associated with autosomal dominant
congenital cataracts. Intriguingly, zebrafish orthologues of
CRYBA2, cryba2a and cryba2b are highly expressed during
early lens development, suggestive of a role in congenital
cataract formation (31). Meanwhile, a zebrafish crygc gain-
of-function study was performed by microinjecting human
mutant CRYGC p.Gly129Cys mRNA into single-cell
embryos. Over-expression of the p.Gly129Cys mutant
encoding γC-crystallin protein led to the downregulation of
lens specific genes in zebrafish including lens intrinsic
membrane protein 2.3 (lim2.3) and connexion 23 (cx23).
The result was an increase in lens opacity with concomitant
cataract phenotype in zebrafish (32). Correspondingly, the
expression of α-crystallin protein in the eye lens is
markedly increased in aged zebrafish (33). 

Cognitive decline. Aging-related cognitive decline is also
observed in zebrafish. There is growing evidence of the
learning process becoming protracted in old zebrafish.
Memory- and avoidance-based tasks are underperformed by
aged wild-type zebrafish. Cognitive response to temporal
cues is slower in 3-year-old wild-type zebrafish compared to
that of younger 1-year-old zebrafish, as indicated by the
diminished efficiency of entraining new timing of restricted
food administration. In addition, reduced exploratory and
increased stereotypic behaviors are observed in aged
zebrafish, with alterations in behavioral parameters seen
during aging such as a decline in alteration rate prior to the
development of stereotypy (34). Likewise, humans suffer
from cognitive frailty such as memory loss and slower rate
of learning with advancing age (35). Other studies have
compared the cognitive abilities of young 1-year-old
zebrafish and older 2-year-old zebrafish (36). Young
zebrafish possess positive learning abilities with significant
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improvements in performance seen in the higher number of
correct choices made in a color discrimination task compared
to the older zebrafish. Moreover, it was shown in a spatial
cognition test that young zebrafish needed less search time
for a baited hole in the open field maze over the course of
the experiment, whereas older zebrafish needed more time
in the maze (36). Such changes in the physical performances
of aged zebrafish are akin to age-dependent human cognitive
impairment during old age (26, 37). 

Cardiovascular dysfunction. In zebrafish, age-related
functional modifications are highly associated with
pathophysiological changes in the heart, not unlike the
progressive decline of cardiovascular functions leading to
increased risk of hypertension, atherosclerosis, and
myocardial infarction in humans. Zebrafish heart rate is
significantly reduced, with an increase in cardiac arrhythmias
or irregular heartbeat in 52-month-old zebrafish compared to
8-month-old zebrafish. There is also an increase of end-
diastolic ventricular dimensions, concomitant with a decrease
in ventricular compliance and impaired relaxation during
aging (38). In addition, aged zebrafish exhibit higher
myocardial density of the ventricle and smaller epicardial
vessels than that of young zebrafish (26). Consequently,
deteriorating cardiac function in aged zebrafish leads to
pathological conditions like cardiac hypertrophy and
dysfunction comparable to cardiovascular diseases that
manifest in humans. 

The Role of ztor in Age-related Diseases 
in the Zebrafish Model

Although aging and age-related diseases (ARDs) were once
thought of as separate entities, recent epidemiological and
experimental data show ARDs are parts of a continuum and
share similar basic and cellular mechanisms (39). It has been
proposed that the aging process, including the onset of
ARDs, is driven by the over-activation of signal transduction
pathways, in particular, one involving mTOR-driven growth,
whereby normal growth and other cellular functions are
exacerbated, causing homeostasis deregulation and organ
dysfunction and damage (18, 40). While the role of mTOR
modulation in human aging and in other model organisms
are extensively studied (41-43), the role of its highly
conserved orthologue ztor is less explored in zebrafish in
relation to ARDs. Subsequent sections will discuss ztor
involvement in various ARD models in zebrafish (Table I). 

The expression of ztor is temporally and spatially dynamic
in zebrafish, and is ubiquitous during early embryogenesis
which suggests that ztor is pivotal for zebrafish development
and growth (44). ztor is detected at 6, 18 and 24 h post-
fertilization (hpf) (45) and has been shown to be expressed
in the head (44) and developing gut from 35 to 57 hpf (21,
44). ztor involvement in zebrafish development and growth
is well described. These include the requirement for ztor
activation for gut epithelial morphogenesis (46), axon
regeneration (47), synaptic reinforcement and formation of
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Figure 1. Protein sequence alignment of mTOR (Homo sapiens, accession no. NP_004949.1) and its orthologue, ztor (Danio rerio, accession np.
NP_001070679.2) performed using BLASTP 2.9.0+, showing 90.13% homology between the former and latter sequences (upper panel). The lower
panel shows the alignment of both sequences viewed using Multiple Sequence Alignment Viewer 1.10.1.

Table I. The involvement of ztor in age-related diseases in zebrafish models.

Age-related diseases (ARDs)                 Roles                                                                                                                                                     References

Obesity                                                    •    ztor over-expression enhances adipogenesis                                                                                       (55)
Type 2 diabetes                                       •    ztor activation impairs the insulin pathway and inhibits autophagy                                                (61)
Cancer                                                      •    ztor inhibition reduces tumour sizes and suppresses tumour-associated angiogenesis                    (64)
Age-related retinal neuropathy               •    ztor inhibition ameliorates mitochondrial function at the retinal ganglion cell layer                      (73)
Cardiovascular disease                           •    ztor inhibition reduces angiogenesis                                                                                                   (74)
                                                                 •    ztor activation induces vascular malformation                                                                                   (75)
                                                                 •    ztor activation by toxicant causes cardiomyocyte injury                                                                  (77)



new connections for learning and memory (48, 49),
angiogenesis (50) and cardiac trabeculation (51). Conversely,
over-activation of ztor can lead to an early onset of epileptic-
like phenotypic features in zebrafish (52). Since zebrafish
exhibit manifestations of aging that are similar to that seen
in humans, it is possible to establish models of ARDs such
as obesity, type 2 diabetes, cancer, cognitive impairment and
age-related retinal neuropathy/oculopathy to facilitate
fundamental studies for the understanding of the
pathogenesis of these disorders as well as for drug discovery
and testing of novel therapeutic strategies. 

Obesity. Zebrafish obesity model can be generated by
expressing the active form of human AKT1 (myrAKT1)
driven by zebrafish skin-specific keratin4 (krt4) promoter in
one-cell stage zebrafish embryos. The myrAKT1 is a
myristolyation sequence of AKT1 gene (53) that has been
modified to bypass the activation of phosphoinositides 3,4,5-
trisphosphate (PIP3) and PIP2 by PI3K. In humans, myrAKT1
is resistant to inhibition by PTEN, a negative regulator of
PI3K pathway. The myrAkt1 transgene zebrafish,
Tg(krt4:Hsa.myrAkt1)cy18 exhibits severely obese
phenotypes including hypertrophic and hyperplastic skin
growth. Additionally, body weight gain, abnormal fat tissue
accumulation and blood glucose intolerance are evident in
adult Tg(krt4:Hsa.myrAkt1)cy18 zebrafish. More importantly,
constitutively activated akt signaling upregulates its
downstream proteins including ztor and S6 protein kinase
(70s6k), and activation of this pathway has been substantially
confirmed in obese rat (54). Inversely, ztor suppression in
Tg(krt4:Hsa.myrAkt1)cy18 zebrafish at 120 hpf could
ameliorate the obese phenotype by markedly decreasing the
percentage of hypertrophic skin (55). There is a role for ztor
in obesity and its precise functions in adipogenesis, lipid
metabolism and thermogenesis such as those reported for
mTOR (56) require further investigation. 

Type 2 diabetes. The roles of mTOR in glucose and lipid
metabolism and diabetes have been extensively studied (57,
58). Type 2 diabetes can be successfully induced in zebrafish
by a daily high fat diet consisting of brine shrimp and 1% egg
yolk for 10 weeks. Zebrafish on this long-term high fat diet
exhibit clinical signs of obesity such as increased body
weight and more lipid vacuoles in liver cells. The insulin
signaling pathway is also disrupted with the elevation of
fasting blood glucose and insulin mRNA levels in the liver
and the downregulation of insulin receptor substrate-2 (irs-2)
and glucose transporter 2 (glut2) which mediate the effects of
insulin. Interestingly, ztor level is increased (59, 60) and is
linked to its inhibitory role of autophagy in type 2 diabetes-
like zebrafish (61). This is in agreement with previous reports
of disruption of autophagy by fatty acid accumulation and
modulation by the insulin pathway (62, 63). These studies

have established the involvement of ztor in type 2 diabetes in
zebrafish and could be explored for in-depth studies of ztor
in lipid regulation and glucose metabolism. 

Cancers. Kim et al. (2013) created a zebrafish cancer model
by inducing tsc2 heterozygous mutation in a p53 mutant
background to study cancer pathogenesis. This mutant
developed eye tumors, angioma-like tumors near the pectoral
fin, melanoma-like tumors on the head and dorsal fin and
abdominal tumors (64). It was observed that tumorigenesis is
enhanced in tsc2;p53 compound mutant zebrafish compared
to p53 mutant zebrafish. In addition, hif1-alpha, hif2-alpha
and vegf-c which are important regulators of malignant
progression in cancer (65, 66) are increased in tsc2;p53
compound mutant zebrafish. This is exemplified by the
augmented neo-angiogenesis and vasodilated blood vessels in
tumors. ztor signaling was shown to be upregulated in
malignant abdominal tumors and eye tumors. Protein levels
of downstream and upstream effectors of ztor including s6
kinase and 4ebp1 and akt were upregulated in tsc2;p53
compound mutant zebrafish. In contrast, inhibition of ztor
signaling by rapamycin treatment for 2 weeks on the eye
tumor, 3 days on the angioma-like tumor at the pectoral fin
and 2 days on abdominal tumor, respectively, resulted in
shrinking tumor sizes and disrupted tumor-associated
angiogenesis (64). Using a zebrafish xenograft model, Chiang
et al. (2016) showed that the loss-of-function of PTEN
augmented the proliferation of human breast carcinoma
(MCF-7) cells. In addition, in vivo metastasis was evidenced
by marked dissemination of PTEN-knockdown MCF-7 cells
from the primary injection site at the hindbrain ventricle of
48 hpf zebrafish embryos (67). Moreover, epithelial-
mesenchymal transition (EMT)-inducing transcription factors
such as Zeb-1, Zeb-2, Snail, Slug and Twist (68) that are vital
for cancer metastasis process were increased in the PTEN-
knockdown MCF-7 cells. Since PTEN is the upstream
negative regulator of MTOR in the PI3K/AKT/MTOR
pathway, it is be suggested that ztor signaling could be
implicated in breast cancer metastasis. These findings
highlight a significant role for ztor signaling in tumorigenesis
and metastasis of cancer cells (69).  

Age-related retinal disease. Abnormal activation of mTOR
signaling is reported to lead to retinal pigment epithelial
degeneration in humans (70). The role of ztor in retinal disease
is unclear but ztor expression is higher in aging retinas of
wild-type AB zebrafish. Retinal degeneration in aged zebrafish
is linked to a decline in mitochondrial integrity and gene copy
number. Aged zebrafish retinas show down-regulation of the
pink1 protein, mitohondrial kinase that mediates mitochondrial
autophagy (mitophagy). Regulation of mitophagy is essential
to maintain mitochondrial function by eliminating damaged
mitochondria through selective autophagic process (71). In
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addition, impaired mitochondrial fusion and induced
mitochondrial fission are evident in aging zebrafish retinas as
exemplified by the reduced mfn2 and increased fis1 protein
expressions. These defects in mitochondrial quality and
fusion/fission reflect the mitochondrial dysfunction that occurs
during aging (72). Intriguingly, resveratrol treatment not only
improves mitochondrial function but also inhibits elevated ztor
activity in aging retinas. Protein expression of ztor is markedly
reduced at the retinal ganglion cell layer (GCL) after ten days
of resveratrol treatment (73). The question remains on how
ztor is linked to mitochondrial dysfunction in age-related
retinal neuropathy in older zebrafish.   

Cardiovascular disease. ztor plays an important role in
zebrafish developmental processes as is clearly illustrated by
the defective formation of sub-intestinal vessels (SIVs) and
inter-segmental vessels (ISVs) in zebrafish larvae upon
inhibition of ztor signaling (74). Inhibition of ztor signaling
also hampered endothelial cell proliferation and angiogenesis
(50). Ras p21 protein activator 1 (rasa1) and ephrin type-B
receptor B4a (ephb4a) are vital for angiogenesis and deficiency
of these two proteins causes ISV defect, arteriovenous
malformation and caudal vessel deformity. Correspondingly,
pre-treatment with mTOR inhibitor, rapamycin, could reverse
abnormal blood vessel phenotypes (75) which suggests that
ztor activation causes vascular malformation. 

The role of ztor in the development of cardiovascular
disease in adult zebrafish has also been reported. Widespread
use of the pesticide dieldrin has been shown to render
humans highly susceptible to cardiovascular disease (76, 77).
Recently, cardiac arrest and ventricular fibrillation were
induced by dieldrin in 6-month-old AB strain zebrafish. ztor
signaling is also constitutively activated with compromised
lysosomal physiology in the dieldrin-exposed zebrafish.
Upon dieldrin-induced ztor activation, inflammatory genes
were up-regulated while lysosomal genes were down-
regulated, leading to increased inflammatory response and
reduced autophagy activity which are the risk factors of
zebrafish cardiomyocyte injury (78). This study established
that ztor, like its counterpart, mTOR is important in
autophagy for the clearance of toxic or dysfunctional protein
aggregates.   

Conclusion 

This review summarizes the phenotypical changes of aging in
zebrafish. The close resemblance of these phenotypical
changes to human makes zebrafish a suitable model to study
human aging as well as ARDs. mTOR is a master regulator of
cellular processes in human. There is now increasing evidence
for the role of ztor, its zebrafish orthologue, in normal
developmental processes as well as in the pathogenesis and
progression of certain ARDs. However, there remain many

gaps to be filled when it comes to understanding the role of
ztor and ARD pathogenesis in zebrafish disease models that
can then be translated and correlated to higher vertebrates,
particularly humans. Once the roles of ztor are defined in
ARDs, respective zebrafish disease models for high-
throughput drug screening and testing can be established for
the identification of potentially appealing therapeutic targets.
Collectively, this review provides an important reference for
leveraging the zebrafish to comprehend the process of aging
and its associated disorders.   
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