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Abstract

Intermittent fasting (IF) and its mimetic, rapamycin extend lifespan and healthspan through mechanisms that are
not fully understood. We investigated different short-term durations of IF and rapamycin on cellular and molecular
changes in the brains of young (6–10 months) and old (26–31 months) zebrafish. Interestingly, our results showed
that IF significantly lowered glucose levels while increasing DCAMKL1 in both young and old animals. This
proliferative effect of IF was supported by the upregulation of foxm1 transcript in old animals. Rapamycin did not
change glucose levels in young and old animals but had differential effects depending on age. In young zebrafish,
proliferating cell nuclear antigen and the LC3-II/LC3-I ratio was decreased, whereas glial fibrillary acidic protein
and gephyrin were decreased in old animals. The changes in proliferative markers and a marker of autophagic flux
suggest an age-dependent interplay between autophagy and cell proliferation. Additionally, changes in glia and
inhibitory tone suggest a suppressive effect on neuroinflammation but may push the brain toward a more excitable
state. Mammalian target of rapamycin (mTOR) activity in the brain following the IF and rapamycin treatment was
differentially regulated by age. Interestingly, rapamycin inhibited mTOR more potently in young animals than IF.
Principal component analysis supported our conclusion that the regulatory effects of IF and rapamycin were age-
specific, since we observed different patterns in the expression levels and clustering of young and old animals.
Taken together, our results suggest that even a short-term duration of IF and rapamycin have significant effects in
the brain at young and old ages, and that these are age and treatment dependent.

Keywords: aging, brain, zebrafish, intermittent fasting, rapamycin, mTOR signaling

Introduction

L ifelong caloric restriction (CR) and its mimetic,
rapamycin, extend lifespan across species, improve

health, and enhance cognitive abilities.1,2 Alterations in the
brain underlying the beneficial effects of CR and rapamycin
are becoming clear but questions remain about the timing and
duration of diet and/or drug treatment.3 Furthermore, limited
evidence exists on how exactly these variables affect presyn-
aptic and postsynaptic components, cellular homeostasis, and
neurogenesis.

Lifespan extension via CR or rapamycin involves mam-
malian target of rapamycin (mTOR)-dependent mecha-

nisms.4 mTOR is involved in cellular mechanisms including
proliferation, autophagy, and survival.5 Homologs of mTOR
have been identified in Caenorhabditis elegans,6 Droso-
phila,7 and zebrafish,8 indicating a conserved mechanism.
The majority of studies have focused on the consequences of
lifelong CR and most mimetics are chemical agents with
side effects unsuitable for lifelong administration.9 There-
fore, understanding of the outcomes of short-term CR/CR-
mimetic applications is needed.

Presently, short-term durations of CR and rapamycin
were tested using the zebrafish model organism. Zebrafish
have recently emerged as a convenient model to study
vertebrate aging.10,11 We applied alternate day feeding as an
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intermittent fasting (IF) regimen, which has been shown to
share the same beneficial effects of CR.12,13

Materials and Methods

Animal husbandry

Two-hundred seven wild-type (AB strain) zebrafish were
used. One-hundred six animals were young (6–10 months
old) and 101 were old (26–31 months old) with evenly dis-
tributed males and females. Fish were raised under standard
conditions (27.5�C, 14L:10D cycle) being fed twice-a-day
with fish flakes and once-a-day with 10 mg artemia in a re-
circulating system (Tecniplast, Italy). For IF and rapamycin
treatment (RAPA), fish were grouped based on age and ha-
bituated under standard conditions in glass aquaria containing
4L water. After 1 week, fish were randomly distributed into
treatment groups and left to habituate 1 more week. Animals
were fed ad libitum (AL) and weighed before treatment. The
protocol for the experiments was in accordance with the in-
ternational guidelines for the care and use of laboratory ani-
mals and approved by the Bilkent University Local Animal
Ethics Committee with the following approval date and
number: Feb 24, 2014 and 2014/11.

Feeding and drug treatment experiments

Throughout the 8-week experiment, fish were maintained
under standard conditions. Feeding protocol was adapted from a
previous study by our group.14 RAPA and AL animals were fed
the same amounts (180 mg flakes twice-a-day, 10 mg artemia
three times a week), while IF received 90 mg flakes twice-a-day
every-other-day, and 10 mg artemia once a week. The protocol
for RAPA was adapted from a previous study.15 Rapamycin
(Sigma; R0395) was dissolved in dimethyl sulfoxide (DMSO)
to reach 100 nM concentration and added into water in 1:1000
dilution. DMSO was added into water of AL and IF groups.
Since rapamycin’s half-life is 62 – 16 hours,9 three-quarters of
the water was replaced with fresh system water once every 3
days. Both the pH and nitrate levels were periodically measured.
To prevent stocking-related stress, the number of fish per tank
was set to a maximum density of 5 fish/L, consistent with the
literature.16–18 At the end of 4, 6, and 8 weeks, animals were
euthanized in ice water. Final body weight and length were
measured. Brains and trunks were immediately snap-frozen and
preserved at -80�C. Samples were processed separately to
quantify individual differences.

Whole-body glucose measurements

A novel method was developed in guidance of previous
studies19,20 to measure whole-body glucose concentration.
Frozen fish trunks were homogenized in 2 mL ice-cold
1 · Dulbecco’s phosphate buffer saline. Homogenates were
centrifuged at 5000 rpm for 5 minutes at room temperature.
Ten microliters of supernatant was used for glucose mea-
surement with a Bayer Contour Plus Glucometer.

Western blot

Protein isolation from brain tissues and western blots were
performed as previously described.21 Individual brain protein
samples were loaded onto an 5–10/13% resolving gel under
denaturing conditions. Each sample was run at least three times
being systematically rotated in the gel. Details about the anti-

bodies are provided in Supplementary Table 1. Signal detection
was done with SuperSignal� Femto (Thermo Fisher Scientific)
in ChemiDoc� XRS+ (BioRad). Band densities were quanti-
fied using ImageJ software (NIH) by N.I.A., an author in this
study blinded as to the sample source for an unbiased analysis.
The data were double-normalized as described previously.22

We first normalized each value to the intensity of 4-week AL
in each gel (i.e., within-gel normalization). Next, within-gel-
normalized values for each sample were divided by the within-
gel-normalized values of the housekeeping protein b-tubulin of
the corresponding sample (i.e., tubulin normalization).

Total RNA isolation, DNase treatment,
and cDNA synthesis

Total RNA was isolated from fish brains with the TRIzol
reagent (Thermo Fisher Scientific) following the manufac-
turer’s instructions. Individual brains were homogenized in
400 lL TRIzol using a 26-gauge, 1 mL syringe. RNA con-
centration was measured using NanoDrop� 2000 (Thermo
Fisher Scientific). RNA samples were treated with TURBO
DNA-free� Kit (Thermo Fisher Scientific), and cDNAs
were synthesized from 500 ng/lL of DNase-treated samples
with the iScript� cDNA Synthesis Kit (Bio-Rad).

Gene expression analysis by quantitative
reverse transcription PCR

Reactions were done in 20 lL volume, using 2 lL cDNA,
5 lM of each forward and reverse primers (Supplementary
Table 2), and LightCycler� 480 SYBR Green I Master
(Roche, Switzerland). The primer pairs targeting each gene
of interest being foxm1,23 atg5, and lc3b24 previously vali-
dated in zebrafish, and igf1 primers designed by us.25 The
PCRs were carried out in a LightCycler 480 instrument.
Relative expression levels of each gene of interest to b-actin
were calculated using the 2-DCT. The fold change was cal-
culated using the 2-DDCT method, by normalizing to the
average relative expression of all samples followed by Log2

transformation. A heatmap of fold change values was gen-
erated using the Heatmapper tool.26

Statistical analysis

Statistical analysis was performed using the SPSS software
(IBM). Analysis of variance (ANOVA) was done for each
factor when assumptions of normal distribution and homoge-
neity of variances were validated via Kolmogorov–Smirnov
and Levene’s tests. Two-way and three-way ANOVAs were
utilized to determine overall effects and post hoc analyses were
carried out using Bonferroni correction. Simple effects analy-
ses were performed to dissect possible interactions between
factors. A Kruskal–Wallis test followed by Mann–Whitney U
test for pairwise comparisons was employed for instances
when the two assumptions were violated. Significance levels
were set at p < 0.05 unless corrected and more stringent for
multiple comparisons. In all cases duration effects were ana-
lyzed separately and together, allowing for increased statisti-
cal power for any age and treatment effects. Situations where
duration effects were significant were reported separately.

Principal component analysis (PCA) was performed by
using SPSS software. Components were extracted based on
eigenvalues set above the 0.5 level. Kaiser–Meyer–Olkin
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Measure of Sampling Adequacy (KMO) and Bartlett’s Test
of Sphericity were conducted to validate the efficiency of
dimension reduction. Components were rotated by using the
Varimax with Kaiser normalization method.

Results

IF but not RAPA decreased body weight,
mass index, and glucose

Results demonstrated that both age and treatment had an
overall effect on body weight (F(1,208) = 89.299 and F(2,208) =

18.969; p £ 0.001, respectively), body mass index (BMI)
(F(1,206) = 12.917 and F(2,206) = 25.329; p £ 0.001, respectively),
and whole-body glucose levels (v2

(1) = 9.859 and v2
(2) = 13.851;

p £ 0.002, respectively). Mean weight and BMI of young and
old IF animals were lower (Fig. 1a–d; p £ 0.05) than ad libitum
(AL)-fed counterparts after 8 weeks of IF. Different patterns of
body weight changes were observed within the young and old
AL and IF groups. The young AL (Y-AL) group gained weight,
from 4 to 8 weeks (Fig. 1a; p £ 0.01), whereas old AL (O-AL)
animals showed no change in body weight (Fig. 1b). However,
there was a decrease in BMI and body weight in old IF (O-IF)

FIG. 1. Changes in body weight, BMI, and glucose in response to different durations of intermittent fasting and rapamycin
treatment in young (a, c, e) and old animals (b, d, f). The results demonstrated that both age and treatment had an overall
significant effect on body weight (F(1,208) = 89.299 and F(2,208) = 18.969; p £ 0.001, respectively), BMI (F(1,206) = 12.917 and
F(2,206) = 25.329; p £ 0.001, respectively), and whole-body glucose levels (v2

(1) = 9.859 and v2
(2) = 13.851; p £ 0.002, respectively).

There was a significant interaction between treatment and duration for both body weight and BMI (F(4,208) = 3.512; p £ 0.01 and
F(4,206) = 2.845; p £ 0.05, respectively). There was a marginally significant effect of duration on glucose (v2

(2) = 5.946; p = 0.051).
Both Y-IF and O-IF had a significantly lower body weight (a, b) and BMI (c, d) than AL-fed counterparts by the end of 8 weeks.
O-IF animals experienced a significant decrease in body weight (b) and BMI (d). IF significantly reduced whole-body glucose
levels in both young (e) and old animals (f). Group means at a given duration are shown, and the error bar represents one standard
error (SE). BMI is calculated from the body weight and length measurements at the end of each dietary period. AL, ad libitum-fed
control group; IF, intermittent fasting group; RAPA, rapamycin-treated group. Diamond (A) represents within group differences
(AAp £ 0.01, Ap £ 0.05), and asterisk (*) represents across group differences (**p £ 0.01, *p £ 0.05). For weight and
BMI measurements, N = 10–14. For glucose measurements, N = 4–6. BMI, body mass index.
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between 4 and 8 weeks (both p-values £0.05), while no changes
were observed in young IF (Y-IF) (Fig. 1c, d). Data demon-
strated no differences in body weight or BMI between RAPA-
treated and AL-fed animals for both ages, indicating that the
drug itself did not adversely affect these variables. Consistent
with the literature, whole-body glucose levels were lower in
both Y-IF and O-IF groups when compared to AL-fed
counterparts27 (Fig. 1e, f; p £ 0.01). Finally, glucose levels
were higher in O-IF and O-RAPA animals than in Y-IF and
Y-RAPA (both p-values £0.02), confirming an age-related
increase in glucose levels.28

Short-term durations of IF and RAPA
suppressed mTOR activity

To investigate short-term effects of IF and RAPA on
mTOR activity in the young and old brains, we first deter-
mined whether IF and RAPA altered phospho-mTOR
(p-mTORSer2481) levels. Ser2481 residue of mTOR is an au-
tophosphorylation site, and mTOR Ser(P) -2481 is inhibited
by rapamycin treatment.29 We observed a treatment effect on
p-mTORSer2481 in young animals (v2

(2) = 11.808, p = 0.003),
but not in old (Fig. 2a), with lower phosphoprotein levels in
Y-IF and Y-RAPA compared to Y-AL ( p £ 0.004). We
quantified total and phospho-4E-BP1 (p-4E-BP1), a down-
stream target of mTOR.30 There were no effects on total 4E-
BP1 (Fig. 2b) but treatment affected p-4E-BP1 levels (Fig. 2c;
v2

(2) = 14.664, p = 0.001) and the ratio of p-4E-BP1/4E-BP1
(Fig. 2d; v2

(2) = 7.674, p = 0.022) differentially in young and
old fish. RAPA decreased p-4E-BP1 and p-4E-BP1/4E-BP1
levels in young but not in old animals (Fig. 2c,d, respectively,
p £ 0.001). IF did not show anything significant. These results
indicate that short-term RAPA has a stronger inhibitory effect
on mTOR activity in young animals, supporting age-specific
modulation of mTOR function. Protein bands were observed
at the expected size (Fig. 2e).

RAPA downregulated gephyrin, while age affected
PSD-95 and synaptophysin levels

We investigated how presynaptic and postsynaptic
markers changed in response to IF and RAPA. We quan-
tified PSD-95 and GEP as postsynaptic markers of excit-
atory and inhibitory synapses, respectively (Fig. 3a, b).31

There was an effect of age on PSD-95 (v2
(1) = 9.181,

p = 0.002) with PSD-95 expression levels being lower in
Y-RAPA than O-RAPA ( p = 0.012). GEP was affected by
treatment but only in old animals (v2

(2) = 6.870, p = 0.032),
with a decrease between O-IF and O-RAPA ( p = 0.011),
indicating that IF modulates GEP levels in old animals.
Duration also affected GEP levels in O-RAPA with longer
duration lowering their expression (Supplementary Fig. 1a;
v2

(2) = 7.485, p = 0.024).
To determine whether there may be a change in the ex-

citatory/inhibitory (E/I) balance, we compared the PSD-95/
GEP ratio across groups since alterations in this has been
recognized as an essential component of neural plasticity, and
affected by both age32 and diet-induced shifts in brain energy
metabolism.33 Our data demonstrated a treatment effect on
PSD-95/GEP levels (Fig. 3c; v2

(2) = 7.694, p = 0.021). The age
effect was limited to the RAPA group with O-RAPA having a
higher E/I ratio than Y-RAPA (v2

(1) = 6.193, p = 0.013).

How IF and RAPA modulate the presynaptic compart-
ment was examined by quantifying expression levels of SYP
and LC3. SYP is a presynaptic vesicle protein34 altered with
age.35,36 LC3 is involved in autophagy, a mechanism im-
plicated in synaptic homeostasis and modulated by RAPA.37

LC3 exists in two forms: LC3-I is the cytosolic form, needing
to be lipidated (LC3-II) for recruitment to autophagosomes.37

Therefore, both LC3-II and LC3-II/LC3-I were quantified
to assess autophagic flux. Age significantly affected SYP
(Fig. 3d; v2

(1) = 5.108, p = 0.024) and is consistent with
older animals having higher basal levels.38 O-AL fish
had higher SYP levels than Y-AL (Fig. 3d; p = 0.055).
No changes in LC3-I (Fig. 3e) and LC3-II (Fig. 3f) oc-
curred, however, treatment affected LC3-II/LC3-I (Fig. 3g;
v2

(2) = 8.518, p = 0.014) with this ratio being reduced in
Y-RAPA ( p = 0.005) and O-IF groups ( p = 0.023). Age also
affected the ratio of LC3-II/LC3-I (Fig. 3g; v2

(1) = 7.376,
p = 0.007) with it being higher in O-AL and O-RAPA animals
than their young counterparts ( p £ 0.02).

IF upregulated DCAMKL1 while RAPA downregulated
proliferating cell nuclear antigen and glial
fibrillary acidic protein

We investigated whether proliferative markers were altered
by IF and RAPA in the brain. We quantified the global pro-
liferation marker, proliferating cell nuclear antigen (PCNA),39

neural progenitor cell marker, DCAMKL1,40 and activated
astrocyte marker, glial fibrillary acidic protein (GFAP).41

Treatment and age had effects on PCNA levels (Fig. 3h;
v2

(2) = 6.665, p = 0.036 and v2
(1) = 3.930, p = 0.047, respective-

ly). While treatment effects on DCAMKL1 levels were in
young and old fish (Fig. 3i; v2

(2) = 13.100, p = 0.001), they only
occurred in old animals for GFAP (Fig. 3j: v2

(2) = 9.084,
p = 0.011). PCNA expression decreased in Y-RAPA com-
pared with Y-AL (Fig. 3g; p = 0.002) and O-RAPA (Fig. 3g;
p = 0.026). DCAMKL1 expression levels increased in Y-IF and
O-IF compared with their AL counterparts (Fig. 3i; p £ 0.02).
Finally, GFAP levels decreased in O-RAPA as compared with
O-AL and O-IF (Fig. 3h; p = 0.006). These results suggest that
these treatments differentially affect neuronal and astrocytic
proliferative capacity in an age-specific manner. Protein bands
were observed at the expected size (Fig. 3k).

Genes involved in proliferation were altered
age specifically while autophagy genes
were not affected by age and treatment

Expression levels of the following genes were measured:
Forkhead Box M1 (foxm1), implicated in proliferation;
insulin-like growth factor 1 (igf1) in nutrient signaling;
autophagy-related 5 (atg5) and LC3 Beta (lc3b), which are
required for autophagic cascades. Both foxm1 and igf1 are
involved in lifespan regulation and igf1 is direct target of
foxm1.42 Data demonstrated effects of treatment on foxm1 in
old animals with O-IF and O-RAPA having higher levels
than O-AL (Fig. 4a; v2

(2) = 8.226, p = 0.016; O-AL–O-IF,
p = 0.030). Treatment decreased igf1 expression levels in
Y-RAPA animals compared with age-matched counterparts
(Fig. 4b; v2

(2) = 7.250, p = 0.027). Downregulation of igf1 in
young animals in response to mTOR inhibition is consistent
with the literature,43 while the upregulation of foxm1 in old
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animals is novel. Taken together, these results suggest a
differential response in young and old to reduced mTOR
activity.

To determine whether autophagy was induced in brains
of young and old zebrafish, we quantified the mRNA

transcripts of two autophagy-related genes: atg5 and
lc3b. There were no effects of age and treatment on atg5
and lc3b levels (Fig. 4c, d). Duration affected lc3b ex-
pression levels (Supplementary Fig. 1b, c; v2

(2) = 10.067,
p = 0.007).

FIG. 2. Changes in the expression levels of p-mTORSer2481 (a), 4E-BP1 (b), p-4E-BP1 (c), and the ratio of p-4E-BP1/4E-
BP1 (d) in response to RAPA or IF in young and old animals. Representative blots showed the expected bands at *289 kDa
corresponding to p-mTORSer2481, 15 kDa corresponding to 4E-BP1 and its phosphorylated version p-4E-BP1, and b-tubulin
at 55 kDa (e). The bands represent one individual western blot experiment from one individual old brain of one technical
replicate. Treatment significantly affected p-mTORSer2481 levels in young animals (v2

(2) = 11.808, p = 0.003), and p-4E-BP1
and p-4E-BP1/4E-BP1 in both age groups (v2

(2) = 14.664, p = 0.001 and v2
(2) = 7.674, p = 0.022, respectively). Rapamycin

significantly reduced p-mTORSer2481 (a), p-4E-BP1 (c), p-4E-BP1/4E-BP1 (d) with no differences in 4E-BP1 levels in
young animals (b). The p-mTORSer2481 expression was also reduced in Y-IF (a). Group means obtained from band
intensities in arbitrary units are shown as bars, and the error bar represents one standard error (SE). The data from three
durations are combined for each group. N = 9–14 for all groups. **p £ 0.01. mTOR, mammalian target of rapamycin.
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FIG. 3. Changes in the expression levels of PSD-95 (a), GEP (b), the ratio of PSD-95/GEP (c), SYP (d), LC3-I (e), LC3-II
(f), LC3-II/LC3-I (g), PCNA (h), DCAMKL1 (i), and GFAP (j) in response to RAPA treatment or IF in young and old
animals. Representative blots showed the expected bands at *100 kDa corresponding to PSD-95, 93 kDa for GEP, 70 kDa
for DCAMKL1, 55 kDa for b-tubulin, 48 kDa for GFAP, 38 kDa for SYP, 29 kDa for PCNA, 16 kDa for LC3-I, and 14 kDa
for LC3-II (k). The bands represent one individual western blot experiment from one individual old brain of one technical
replicate. Significant age effects were observed in PSD-95 (v2

(1) = 9.181, p = 0.002; a), PSD-95/GEP (v2
(1) = 6.193,

p = 0.013; c), SYP (v2
(1) = 5.108, p = 0.024; d), LC3-II/LC3-I (v2

(1) = 7.376, p = 0.007; g), and PCNA (v2
(1) = 3.930, p = 0.047,

h). IF significantly increased GEP in old animals (b). Diet and drug treatment decreased LC3-II/LC3-I levels in an age-
dependent manner (g). RAPA downregulated PCNA (h) in young animals, and GFAP in old animals (j). DCAMKL1 was
upregulated by IF in both age groups (i). Group means obtained from band intensities in arbitrary units are shown as bars,
and the error bar represents one standard error (SE). Asterisk (*) represents across group differences (**p £ 0.01, *p £ 0.05),
plus sign (+) represents significant age effect (+p £ 0.05), and triangle (D) represents age differences (DDp £ 0.01, Dp £ 0.05).
The dashed line represents marginally significant changes ( p £ 0.06). The data from three durations are combined for each
group. N = 6–15 for PCNA, N = 9–14 for LC3-II, and LC3-II/LC3-I, and N = 11–16 for the rest of the quantifications.
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PCA of proteins of interest revealed differential
clustering patterns in young and old animals
in response to IF and RAPA

PCA was performed on the significantly affected proteins
of interest to investigate how each factor correlates with one
another across different age and treatment groups. Three
components were extracted and validated with Bartlett’s and
KMO tests. The Bartlett’s test determined that correlations
in the correlation matrix were significant (v2

(55) = 126.490,
p < 0.001), and a strong relationship between variables were
observed (KMO = 0.471). Eigenvalues and explained vari-
ance of each component, and items with component loading
scores above 0.40 are given in Table 1. In the first principal
component (PC1), GFAP was the factor with the highest
loading score, in PC2, it was p-4E-BP1 and p-4E-BP1/4E-
BP1, and in PC3, it was PSD-95/GEP.

All of the significant correlations from the output of the
PCA are reported in Table 2. The most notable and novel is
that p-4E-BP1 was negatively correlated with DCAMKL1,
suggesting a suppressive effect of mTOR activity on neu-

rogenesis. Interestingly, p-mTORSer2481 was positively cor-
related with PCNA, GFAP, and PSD-95, indicating a role in
inducing proliferation, neuroinflammation, and excitatory
neurotransmission. Finally, positive correlations were ob-
served between p-mTORSer2481 and p-4E-BP1, confirming
the expected regulatory effect of mTOR on 4E-BP1. For
data visualization, components obtained from PCA were
saved as variables and each sample was displayed in a
matrix of scatterplots (Fig. 5). In IF and AL, the clusters
formed by young and old animals were closer compared to
distinct clusters in RAPA. This indicates a more uniform
expression pattern in IF and AL across lifespan, while
RAPA clearly acted in an age-dependent manner.

Discussion

Currently, how factors such as age of subjects and duration
of IF or RAPA contribute to their healthspan-extending effects
in the brain were examined. We utilized young and old zeb-
rafish, and analyzed their response to varying durations of IF

FIG. 4. Log2-fold changes in the expression levels of foxm1 (a), igf1 (b), atg5 (c), and lc3b (d) genes in young and old IF
and RAPA animals. The foxm1 transcript was significantly affected by age and treatment, and IF upregulated foxm1
expression in old animals (a). A significant treatment effect was observed in the expression levels of igf1 (b). Y, young; O,
old. *p £ 0.05, hashtags (#) and plus signs (++) represent significant treatment ( p £ 0.05) and age ( p £ 0.01) effects,
respectively. The data from three durations are combined for each group. N = 11–15 for all groups.
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and RAPA to evaluate its potential efficacy as an IF-mimetic.
Results demonstrated age-specific responses to IF and RAPA
treatment, mainly independent of duration. Moreover, these
effects were prominent from whole body, that is, BMI and
glucose, to brain, that is, alterations at the cellular and mo-
lecular level (Fig. 6).

Data showed that young animals were more resistant to
diet-induced weight loss than old. This suggests a minimum
BMI at both ages is needed to maintain a healthy state since
O-IF and Y-IF reached a similar level by 8 weeks. Mean
weight of Y-AL animals increased significantly while there
were no changes in that of O-AL. Zebrafish grow continu-
ously into adulthood, and this phase extends beyond the age of
6 months,44 which we used for initiation of the treatments in
young adult subjects. This growth pattern could explain why
young and old zebrafish are affected differentially by diet.
Finally, RAPA treatment did not affect body weight or BMI
suggesting fish did not suffer any adverse effects of the drug.

Young and old animals subjected to IF or RAPA could
have differences in metabolic parameters such as total glu-
cose levels. Since glucose is the main energy source of the
brain and alters protein levels,45 it is an important parameter
to examine in response to age and treatment. Whole-body
glucose levels were significantly lower in Y-IF and O-IF
compared with AL-fed counterparts (Fig. 6), validating this
dietary regimen to regulate glucose metabolism.27 Lack of
such observations in RAPA groups (Fig. 6) might indicate a
mild glucose intolerance previously reported in response to
RAPA.46 Since differences in plasma glucose levels reflect
those in the central nervous system,47 any changes likely
contribute to those observed in cellular and molecular
markers but in an age-dependent manner.

Short-term IF caused lower body glucose levels in both
young and old zebrafish. While they both had lower glucose,
the pattern of cellular responses in the brain, although
somewhat similar, was age dependent. Y-IF and O-IF
groups demonstrated increases in levels of DCAMKL1, a
neuronal marker, but the cellular responses depended on the
animal’s age (Fig. 6). In the Y-IF group, glucose and
p-mTORSer2481 levels were decreased in parallel with in-
creases in DCAMKL1. Whereas in the O-IF group, glucose
levels were lower but with decreases in the autophagic flux
marker, the LC3-II/LC3-I ratio, and increases not only in
DCAMKL1 but also the more general proliferative marker,
foxm1. Its protein product, FOXM1, a transcription factor
regulating adult neurogenesis, is expressed in GFAP+ im-

mature precursors and DCAMKL1+ NPCs.40 Studies across
lifespan demonstrated lower proliferation rates48 and neu-
rogenesis in brains of older animals.49 This could be par-
tially explained by decreases in foxm1 expression levels
during aging.50 The direction of the effects between these
markers is well-established and consistent with the litera-
ture.51–53 Overall these data suggest while short-term IF
decreases glucose and increases expression of neurogenic
markers in young and old animals there appear to be dif-
ferent cellular mechanisms depending on subject’s age.
Further studies need to examine whether the changes in
cellular and neuronal proliferation marker protein levels
correspond to differences in total cell numbers. This could be
done by counting double-labeled bromodeoxyuridine cells
with different cell-specific lineage markers. Data from our
group demonstrated that 10 weeks of IF does not alter the
course of age-related alterations in numbers of proliferating
cells.14 Therefore, those results along with the current ones
indicate IF effects are limited to subtle changes within cells.

Unlike short-term IF, treatment with the IF-mimetic, ra-
pamycin, resulted in no changes in body glucose levels in
young and old zebrafish, likely representing a mild glucose
intolerance. In addition, while Y-RAPA and O-RAPA ani-
mals showed stable glucose levels, the brain cellular and
molecular responses were entirely different across ages
(Fig. 6). In the Y-RAPA group, igf1 and p-mTORSer2481 de-
creased, along with p-4E-BP1 and the p-4E-BP1/4E-BP1
ratio. There were overall decreases in the autophagic flux
marker, the LC3-II/LC3-I ratio, and global cell proliferation
marker, PCNA. These data suggest that in Y-RAPA, de-
creases in levels of autophagy may be protecting the pool of
NPCs. Autophagy either leads to survival or apoptosis de-
pending on the state of the cell.54 The patterns observed in
Y-RAPA of decreases in PCNA expression indicate that this
treatment may control proliferation by regulating autophagic
cascades. Autophagy has been shown to be essential for CR
to extend lifespan,55 and neuroprotection by rapamycin treat-
ment.56 However, there are contradicting results such as up-
regulation of atg5 and lc3b in response to CR and RAPA,57,58

or CR-mediated downregulation of lc3b and LC3B-II/LC3B-I
in young animals.59 This indicates that our data would be in
agreement with the literature. Unlike young animals, the
O-RAPA-treated fish showed no changes in global prolifera-
tion. However, there were alterations in neuronal and glial
markers with decreases in GFAP and GEP expression levels
and no changes in PSD-95. GFAP is a marker of immature

Table 1. Eigenvalues and Explained Variances for Each Component in the Principal Component

Analysis, and Factors with Highest Loading Scores in Each Component

Eigenvalue
Explained

variance (%) Component loading scores (>0.4)

Principal
Component
(Protein
expression
data)

1 2.680 24.36 GFAP (0.85) PCNA
(0.744)

p-mTOR
(0.709)

PSD-95
(0.62)

LC3-II/LC3-I
(0.479)

2 2.386 21.69 p-4E-BP1/4E-BP1
(0.894)

p-4E-BP1
(0.894)

DCAMKL1
(-0.684)

3 1.505 13.68 PSD-95/GEP
(0.921)

GEP
(-0.739)

PSD-95
(0.473)

The eigenvalues and explained variances are obtained from PCA by using IBM SPSS software. The factors with the loading scores of 0.4
and above in each principal component are shown. The factors with the highest loading scores are highlighted in gray.

DCAMKL1, doublecortin-like kinase 1; GEP, gephyrin; GFAP, glial fibrillary acidic protein; PCA, principal component analysis;
PCNA, proliferating cell nuclear antigen; PSD-95, postsynaptic density-95.
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FIG. 5. Expression levels of proteins of interest cluster in an age- and treatment-specific manner in the principal
component matrices. On the PC1 axis, in which GFAP is the strongest contributor, young animals were clustered closer to
the lower margin. This suggests reduced neuroinflammation in young animals compared with old animals. Y-IF and
Y-RAPA clusters were located on lower margin of the PC2 axis, in which p-4E-BP1 had the strongest contribution. This
indicates a suppression of mTOR activity through both interventions. On the PC3 axis, PSD-95/GEP-driven clustering
suggested that IF regulated the E/I ratio similarly across lifespan whereas RAPA had age-dependent effects.

FIG. 6. Summary figure depicting the age-related changes in response to IF and RAPA in young and old animals. IF decreased
whole-body glucose and mTOR phosphorylation levels, which promoted upregulation of neural progenitor marker DCAMKL1
in young animals. In old animals, IF decreased glucose and LC3-II/LC3-I while increasing GEP, foxm1, and DCAMKL1. These
suggested a common response to IF in young and old animals, but through distinct molecular mechanisms. RAPA did not alter
glucose levels yet was able to decrease p-mTOR and p-4E-BP1 in young animals. Both overall proliferation and autophagic
flux were suppressed in Y-RAPA. In old animals, RAPA decreased GEP and GFAP levels, suggesting a restriction on the
inhibitory tone and neuroinflammation. Upward and downward arrows indicate upregulation and downregulation, respectively.
Dashes represent no observed difference. The molecular mechanisms that have been upregulated are represented with light gray
boxes, and downregulated processes are shown in dark gray boxes. The figure was created with BioRender.
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precursors that give rise to DCAMKL1-expressing NPCs, and
activated astrocytes involved in an inflammatory response
able to be reduced by rapamycin treatment.41 Concomitant
decreases in GEP and GFAP expression with no changes
in PSD-95 would likely reduce the possibility of increased
neuroinflammation60 but move the brain toward a more ex-
citable state possibly promoting cellular excitotoxicity.61

The hypothesis of the brain being in a more excited state
is additionally supported by our data revealing the O-RAPA
group has a higher PSD-95/GEP ratio, or E/I balance. It is
well established that RAPA can directly regulate GFAP
levels41 but these data show a novel finding of controlling
GEP expression levels. To our knowledge, this is the first
report on RAPA-induced downregulation of GEP. The in-
hibitory marker, GEP, forms clusters on postsynaptic sites
through mTOR-dependent mechanisms62 and this down-
regulation is likely due to inhibition of cluster formation
and increased availability of free GEP targeted for degra-
dation.63 Future studies should be directed at closely ana-
lyzing the role of rapamycin-induced downregulation of
GEP, and to why PSD-95, a marker of excitatory synapses,
is protected.

Quantification of phosphoproteins confirmed that RAPA
and to a lesser extent, IF, inhibit mTOR activity in the brain
in an age-dependent manner. RAPA reduced phosphorylation
levels of mTOR and 4E-BP1 in young fish, but not old ani-
mals. The age-dependent lack of inhibition of p-mTORSer2481

may occur because mTOR exists in two complexes: mTOR
complex 1 (mTORC1) and 2 (mTORC2). p-mTORSer2481 has
been observed in both complexes, yet RAPA is known to
inhibit p-mTORSer2481 more effectively in mTORC1.29 Since
mTORC2 activity increases with age, it might compensate for
decreased mTORC1 activity in old animals.64 Future studies
examining IF-mimetic effects across lifespan need to be di-
rected toward varying drug concentrations according to sub-
jects’ age for precise mTOR inhibition.

To achieve a complete understanding of how different
components modulating synaptic transmission are affected by
IF and RAPA, we quantified SYP, a presynaptic marker of
synaptic integrity and function. SYP expression levels were
higher in old animals when compared to young, and there was
an increase in O-AL compared with Y-AL fish. Our results
demonstrating higher levels of SYP in old subjects and no
significant effects of mTOR inhibition on presynaptic com-
ponents are consistent with the literature.35,65 Indeed, the
distinct functions of mTORC1 and mTORC2 in the postsyn-
aptic and presynaptic sites, respectively, have been reported.66

To conclude, our results indicate age-specific responses to
IF and RAPA treatment. Both IF and RAPA altered glucose
levels similarly in young and old animals. However, the
cellular and molecular responses were similar between IF-
fed young and old animals but dissimilar between young and
old RAPA-treated fish. These data suggest that response to
diet and its mimetics is age and treatment dependent and this
should be taken into account with regard to any potential
translation to human subjects.

Acknowledgement

Authors would like to thank Tulay Arayici for excellent
technical assistance with animal experiments, and B. Simay
Uner for help with experiments.

Authors’ Contribution

D.C.B. performed experiments and helped writing the ar-
ticle, N.I.A assisted with dissections and feedings, and quan-
tifying western blot data, E.T.K.E with statistical analysis and
data interpretation, G.F.S with feedings and dissections, H.K.
with funding support and critically reading the article, and
M.M.A. conceived the experimental design, as well as doing
results interpretation, article preparation, and securing fund-
ing. All approved the final version of the article.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This work was supported by The Scientific and Techno-
logical Research Council of Turkey (TUBITAK), Ankara,
Turkey [grant number 214S236].

Supplementary Material

Supplementary Table S1
Supplementary Table S2
Supplementary Figure S1

References

1. Chung KW, Kim DH, Park MH, et al. Recent advances in
calorie restriction research on aging. Exp Gerontol 2013;
48:1049–1053.

2. Wahl D, Cogger VC, Solon-Biet SM, et al. Nutritional
strategies to optimise cognitive function in the aging brain.
Ageing Res Rev 2016;31:80–92.
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