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Abstract

Anxiety and obesity are two current phenomena. They are among the important public health problems with increasing
prevalence worldwide. Although it is claimed that there are strong relations between them, the mechanism of this relationship
has not been fully clarified yet. On the other hand, the effect of this relationship on the offspring has been another research
subject. In this study, obese zebrafish were obtained by feeding two different diets, one containing high amount of lipid (HF)
and the other containing high amount of carbohydrate (HK), and their anxiety levels were evaluated. To establish a relation-
ship between these two phenomena, in addition to histopathological and immunohistochemical analysis in the brain tissues
of fish, the transcription levels of some genes related to lipid and carbohydrate metabolisms were determined. In addition,
offspring were taken from obese zebrafish and studied to examine the effect of parental obesity on offspring. As a result, it
was observed that the HC diet, causing more weight increase than the HF diet, showed an anxiolytic while the HF diet an
anxiogenic effect. It was suggested that the probable cause of this situation may be the regulatory effect on the appetite-related
genes depending on the upregulation severity of the PPAR gene family based on the diet content. In addition, it was also sug-
gested that it may have contributed to this process in neuron degenerations caused by oxidative stress. Regarding effects on
offspring, it can be concluded that HF diet-induced obesity has more negative effects on the next generation than the HC diet.
Level of evidence

No Level of evidence: animal study.
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Introduction

The prevalence of obesity and overweight both adults and
children has been increasing dramatically all over the world
5% Saltuk Bugrahan Ceyhun [1]. According to the World Health Organization (WHO)

saltukceyhun @hotmail.com reports, it is estimated that about 7% of world children pop-
ulation under five years of age (around 43 million) were
overweight. It is also suggested that the adverse effect of
childhood-onset obesity persists into adulthood [2]. Moreo-
ver, obesity and overweight are associated with numerous
common health problems, such as diabetes (type 2), anxiety
and certain cancers, besides cardiovascular disease [3-5]. It
is also known that obesity, one of the most important pub-
lic health problems facing the world, causes mitochondrial
dysfunction [6, 7], oxidative stress [8, 9], inflammation [10,
11], and resulting in apoptosis [12—14].

Anxiety disorders are the most common type of psychiat-
ric disorders worldwide with a lifetime prevalence of 28.8%
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[15]. Although the complex pathophysiology of anxiety is
not fully elucidated, it is known that the hypothalamus—pitui-
tary—adrenal (HPA) axis regulates responses to danger and
stress by arranging sympathetic and parasympathetic auto-
nomic functions [16]. Increased corticotropin-releasing
hormone (CRH), the major hypothalamic activator of the
HPA axis released from the paraventricular nucleus of the
hypothalamus, responds with increased adrenocorticotro-
pin (ACTH) and cortisol in the periphery, leading to car-
diovascular and endocrine responses of anxiety [17]. Under
stress conditions, neuronal nitric oxide synthase (nNOS)
expressed in also neurons and/or astrocytes regulates sym-
pathetic activation by central CRH and may affect HPA axis
activity [18]. In zebrafish (Danio rerio), a model organism
for behavioral researches, the HPA axis is fundamental to
stress responses and involves a cascade of hormones from
nNOS to Glial fibrillary acidic protein (GFAP), which is one
of the important markers for astrocyte changes [19, 20]. It is
also reported that there are irregularities and impairments in
these axis functions in the pathophysiology of anxiety [17].
The hypothalamus also plays a key role in the regulation
of appetite and energy. Hypothalamus is the place hosting
the organization of orexigenic and anorexigenic peptides,
such as ghrelin, agouti-related protein (AgRP), neuropep-
tide Y (NPY) and proopiomelanocortin (POMC), and leptin,
which also regulates lipid metabolism and shows its effect on
the central nervous system through the hypothalamus [17].
Moreover, it is reported that some of these molecules have
associated with the etiology and pathophysiology of anxiety
disorders [21].

Scientists have suggested that based on human epidemio-
logical and animal model studies, the risk of obesity in the
offspring in later life is strongly associated with maternal
obesity [22-25]. But more animal studies especially based
on molecular are needed to support this suggestion and to
clarify the potential mechanism of childhood obesity [26].
To address this scientific gap, choosing the best model ani-
mal is important in terms of investigating the relationship
between parental obesity and early-life-stage lipid metabo-
lism. Many signalling pathways associated with both lipid
metabolism and energy homoeostasis are overlapped among
vertebrates and are similar in a number of model species,
including humans, rodents and zebrafish [27, 28]. Supply-
ing nutrient from the maternally deposited yolk up to first
5-6 days in the early-life stage and being transparency of
the larval stage makes zebrafish been a good model for this
type of studies [28, 29]. Regarding this, Meguro and his
colleagues established an obesity model for zebrafish using
a lipid-modified special diet [29].

One of the main reasons for obesity is an unbalanced diet,
which causes a positive energy imbalance between caloric
intake and energy expenditure [30]. The extra calories intake
via the excess nutrient depot as triglycerides or neutral lipids
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in the fat cells. Most of the animal model studies aimed at
clarifying the potential effect mechanism of obesity espe-
cially on anxiety, high-fat (HF) diets were used. On the other
hand, the number of studies investigating the effects of high-
carbohydrate (HC) diets induced obesity on this mechanism
is limited. Noronha and colleagues suggested that the influ-
ence of obesity as a relevant cause for the dysregulation of
brain circuits, which could lead to anxiety-like disorders,
is not completely understood [4]. The aim of the current
study is to comparatively evaluate potential effect mecha-
nism of HF and HC diet-induced obesity on anxiety in terms
of behavioral and molecular perspective and to investigate
the molecular and behavioral effects of parental obesity on
offspring using obese zebrafish models.

Materials and methods

Experimental setup, zebrafish husbandry and fish
feeding

AB strain zebrafish (Danio rerio) were obtained from
Oregon State University and kept in Aquatic Habitats
(imported by Akuamaks Co., Turkey) zebrafish system
which maintained standard water condition and light—dark
photo-period as described in The Zebrafish Book [31].
Zebrafish embryos were obtained from spawning adults in
groups of about 20 males and 10 females in the breeding
tanks overnight. Embryos were examined under a dissect-
ing microscope, and unfertilized and death embryos were
removed. Health embryos were kept in E3 medium (5 mM
NaCl, 0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,,
% 0.01 methylene blue) until 5 days post fertilization (dpf),
then transferred to system water in the separated baby tanks
and fed with chicken egg yolk until 12 dpf. Then, larvae
were transferred to larvae tanks in the system and fed with
Artemia salina four times a day until 20 dpf. From 20th day
to 4 months, fish were fed with Artemia salina twice and
flake diet once a day. By the end of the 4th month, fish were
measured and weighed, and they divided into two groups
by their gender. Each gender group allocated to three inde-
pendent diet groups (control, high carbohydrate (HC) and
high fat (HF)) which include seven fish of each with simi-
lar body mass index (BMI). Control groups were fed with
standard flake diet (SFD) (Sera Co.), whereas other groups
with formulated HC and HF diets (Table 1). Preparation
of diets and proximate analyses were performed as previ-
ously described [29, 32]. Each tank of seven fish received
70 mg of the experimental and control diet twice daily dur-
ing 6 weeks [29]. During feeding, water inflow was paused
for 30 min and the fish were allowed to consume all their
diet. During the 6-week experiment time, fishes were meas-
ured and weighed at second, fourth and the last week. To
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Table 1 Detailed ingredients of diets

Ingredient (%, w/w) HF LF
Fish meal 22.37 22.37
Poultry meal 33.13 33.13
Soybean protein concentrate 14.50 14.50
Blood meal 8.00 8.00
Vitamin mix 0.30 0.30
Mineral mix 0.10 0.10
Choline cl 0.30 0.30
Methionine 0.15 0.15
Lysine 0.15 0.15
Sunflower oil 20.00 -
Pregelatinized starch - 20.90
CMC 1.00 0.10
Proximate values (%) SFD HF LF
Lipid 6.9 23.6 6.2
Protein 447 55.1 54.8
Carbohydrate (nitrogen-free extract) 25.6 29 21.0
Moisture 5.8 7.3 7.2
Ash 11.3 11.0 10.7
Gross energy (kcal/g diet) 4.3 5.5 4.6

Calorific values of foods were estimated from heat of combustion; for carbohydrate, protein, and fat they were 4.20, 5.70, and 9.40 kcal/g,

respectively

analyse effects of obesity on offspring, by the end of the 6th
week, randomly selected male and female fish pairs belong-
ing to the same diet group were put into the breeding tank.
All embryos obtained from seven pairs of each group were
pooled and kept in E3 medium until 5 dpf in the 28.5 °C
incubator for further analysis. Each diet group included
approximately 450 (+75) embryo. After behavior tests fol-
lowing breeding, adult fish were anaesthetized and dissected
under the microscope, and sampled brain tissues for further
analysis. All procedures were performed in accordance with
the approved Institutional Ethical Rules of Atatiirk Univer-
sity, and fallowed OECD guidelines (TG 305 and 236).

Histopathology and immunofluorescence assays
of adult brain

Five of seven fish in each group, whose reproduction and
behavioral analyses were completed, were anesthetized
and their brains were sampled under a microscope. The
brain samples of adult zebrafish were detected in 4% para-
formaldehyde solution for 48 h. Then, samples embedded
in paraffin blocks following routine tissue tracking. 4 pm
thickness serial sections of hypothalamic regions were taken
from each block (Fig. 5). 17-20 serial sections were taken
from each brain tissue. One of the sections was taken on the
slides in turn, one for histopathology and three for immu-
nohistochemical analysis. Hematoxylin—eosin was used for

histopathological analysis while three different antibod-
ies for immunohistochemical analysis. Therefore, for each
analysis, at least 4-5 sections from each brain tissue were
examined. For histopathological evaluation, preparations
were stained with hematoxylin—eosin (HE) and examined
with the light microscope. For immunofluorescence evalu-
ation, sections taken to the slides were de-paraffinized and
dehydrated and then washed with PBS. After de-paraffini-
zation, the sections were dipped in 3% H,O, for 10 min to
block endogenous peroxidase activity. To unmask the anti-
gen, slides were boiled in antigen retrieval solution 4 times
for 5 min and then allowed to cool at room temperature.
After cooling, they were washed with PBS and the protein
block was dropped and then waited for 10 min. Primary
antibodies (8-hydroxy-2' -deoxyguanosine (8-OHdG) (sc-
66036, Santa Cruz); glial fibrillary acidic protein (GFAP)
(ab68428, Abcam); 8-hydroxy-2' -deoxyguanosine (nNOS)
(ab16650, Abcam) prepared in appropriate reconstitution
(1/50 for 8-OHAG and 1/100 for the others) were dropped
and incubated for 1 h at the 37 °C and then they were washed
with PBS. Immunofluorescence antibody (FITC) (ab6785,
Abcam; at a dilution of 1/500) was used as a secondary
marker and after application, samples were incubated for
45 min at the 37 °C in dark and then washed with distilled
water. Afterwards, DAPI (ab104140; Abcam) was dropped,
and after incubation for 5 min in the dark, then tissues were
washed with distilled water and covered with a coverslip.
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Samples were examined and imaged under a laser scan-
ning microscope (Zeiss LSM 710) [31, 33]. Findings in the
examined images were scored according to the severity of
the findings as none (—), mild (+), moderate (++), severe
(+++).

Whole mount staining of offspring larvae
Apoptosis detection assay of offspring larvae

To observe apoptotic cell in the live larvae, acridine orange
(AO) staining, a nucleic acid selective metachromatic dye
that interacts with DNA and RNA by intercalation or elec-
trostatic attractions, was used for 10 fish (with three biologi-
cal replicates, 30 fish in total) selected randomly from each
group larvae pool [34]. To do this, 5 dpf larvae were rinsed
three times with PBS and incubated in 5 mg/mL concentra-
tion and 2 mL amount of AO for 30 min in the dark at 28 °C,
followed by three times of rinse in PBS [35, 36]. Stained
larvae were examined under fluorescence microscope (Zeiss,
Discovery V12, Germany). The fluorescence intensity of
larvae was measured and quantified using ZEN (blue edi-
tion) software (Zeiss, Germany). To eliminate differences
of intensity that come from analyzing different images, even
they were taken at the same configurations, the fluorescence
intensity of larvae was measured and quantified from images
taken together of three larvae which belong to one of the
three groups of each [35].

Reactive oxygen species (ROS) detection assay of offspring
larvae

To detect reactive oxygen species (ROS) in the live larvae,
10 fish (with three biological replicates, 30 fish in total)
were randomly selected from each group larvae pool and
washed with ultra-pure H,O three times, and excess water
was removed. Then, larvae were incubated in 1 pg/mL
chloromethyl-20, 70-dichlorodihydro fluorescein diacetate
(CM-H,DCFDA, Invitrogen) for 2 h in the dark at 28 °C
and washed again with ultra-pure H,O three times, then
immobilized in 3% methylcellulose [37]. CM-H,DCFDA
reacts with many different ROS and gives fluorescent DCF
signal, so it has use as a general indicator of oxidative stress
(Invitrogen). Larvae imaging and quantification of the fluo-
rescence intensity were performed according to description
in apoptosis detection assay.

Lipid accumulation detection assay of offspring larvae
To make lipid droplets visible in the live larvae, Nile Red,
which is an organic heterotetracyclic compound and can

interact with intracellular lipid droplets [38], was used for
10 fish (with three biological replicates, 30 fish in total)
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selected randomly from each group larvae pool. In the
experiment, 5 dpf larvae were incubated overnight with
10 ng/mL Nile Red in the dark at 28 °C. Larvae imag-
ing and quantification of the fluorescence intensity were
performed according to description in apoptosis detection
assay.

Behavioral tests
Adult behavioral test

Behavior and anxiety-like behavior measurement were per-
formed in all seven adult zebrafish of each group as reported
by Cachat et al. [39]. For this purpose, adult zebrafish in a
narrow and transparent diving tank divided into two equal
virtual horizontal zones (top and bottom) were placed in
the test room for 1 h due to habitation before the test. The
behavior of the fish was recorded for 5 min using a video
camera. The recorded videos were analyzed for total dis-
tance, latency, zone transmissions, time in upper half, aver-
age velocity and number of erratic movement and freezing
bouts of each fish via Ethovision software (Noldus Co.).

Larvae behavioral test

The behavior of zebrafish larvae was evaluated by stand-
ard protocol. For this purpose, to monitor the activities of
24 zebrafish larvae (with three biological and two techni-
cal replicates, 144 larvae in total) selected randomly from
each group pool with an infrared analog camera (25 frames
per second), the 24-well plate containing one larva (6 dpf)
in each well was placed in the DanioVision Observation
Chamber (Noldus Co.). The temperature condition of obser-
vation chamber was carried out at 28 °C using a heating/
cooling system (Noldus Co.). Behavior analysis was made
especially in the afternoon due to the more stable move-
ments. Dark/light periods were applied to create behavioral
effects (swimming activity) in response to changing dark
and light conditions. Following 10 min habitation in dark,
10 min light and 10 min dark conditions were applied for
images to be recorded for a total of 50 min [40—43]. The
anxiety index of the larvae, thigmotaxis, was measured as
reported by Schnorr et al. [44]. For this purpose, each well
of the 24-well plate containing the one larvae is divided into
two zones (3 mm in outer), equivalent to the body length of
the larvae. Thigmotaxis was calculated as the ratio between
the total distance moved (TDM) in the outer zone and in the
entire test arena (including inner and outer zone). Monitor-
ing and evaluation of the behavior of zebrafish larvae was
carried out using the EthoVision software (Noldus Co.). The
analyses were repeated by three independent replications.
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Larval measurements

To detail evaluation of the effects of parental obesity on
offspring, some morphological and physiological properties
were measured, such as survival and hatching rate, body
malformations, body length, eye size, pericardial area, heart
rate, blood flow rate using DanioScope software (Noldus
Co.) and stereomicroscope (Zeiss Co.). To screen for mor-
phological abnormalities (included pericardial edema, yolk
sac edema, body malformations and curved body axis),
obtained embryos from obese and control pairs were exam-
ined under the stereomicroscope in 24 h intervals during
the 96 h and images were recorded in same configurations.
Survival and hatching rates were determined during the rel-
evant period. Mortality was identified by coagulation of the
embryos, missing heartbeat, failure to develop somites and a
non-detached tail [45]. Dead zebrafishes were recorded and
promptly removed from the solution during observations. 3%
methylcellulose was used for immobilizing the larvae during
imaging. Body length, eye size and pericardial area of lar-
vae were measured using DanioScope software from images
taken in the same magnification under the stereomicroscope.
Morphological observation, survival and hatching rates were
determined as a result of examining at least 200 embryos
larvae (with three biological replicates, 600 fish in total)
from each group. 20 larvae (with three biological replicates,
60 larvae in total) were randomly selected from each group
pool for pericardial area, eye size and body length measure-
ments. For heart rate and blood flow, 10 larvae (with three
biological replicates, 30 fish in total) randomly selected
from each group pool were anaesthetized with anaesthetic
agent MS-222 (tricaine, 0.10 mg/mL) for 5 min. Videos of
3 min were recorded in a suitable format for software from
the pericardiac region of anesthetized larvae under the ster-
eomicroscope. Videos were transferred to DanioScope and
determined heart and blood vessel regions on video captures.
Then software automatically calculates the number of beats
per second/min (BPS/BPM) in heart and measures the flow
activity in determined blood vessel.

Gene expression assay

Total RNA was isolated from the muscle tissue of all adult
fish and randomly selected 17 larvae from each diet group
pools with three biological replicates using RNA isolation
kit (ECO-TECH Co. Turkey) according to manufacturer
instructions. RNA concentrations and quality were verified
by means of spectrophotometer (Epoch) and RNA gel elec-
trophoresis, respectively. cDNA was synthesised from three
adult RNAs and three larva pool RNAs which are 260/280
ratio closest to 2 (>1.9) in each group using the cDNA
Synthesis Kit (Bio-Rad) according to the manufacturer
instructions. All cDNAs were stored at — 20 °C until use.

Quantification of gene expression by real-time PCR analysis
was performed using Bio-Rad CFX96 thermal cycler system
and SYBR Green Real-time PCR Buffer (Bio-Rad) accord-
ing to manufacturer instructions. Primer sets are given in
Supplementary File. Amplification and detection of the sam-
ples and the standards were performed using the following
thermal cycling conditions: 98 °C for 2 min for polymerase
activation and cDNA denaturation followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing and extension at
60 °C for 30 s. Then, the reaction was finalized by standard
melt curve analysis which from 65 to 95 °C and 0.5 °C incre-
ments at 2 s/step. Real-Time PCR data were analyzed using
the efficiency (€)22CY method [46], which is used to deter-
mine mean fold changes in gene expression against control
group and reference gene GAPDH. The expression stability
of the reference gene was confirmed. Analytical sensitiv-
ity was confirmed by running standard curves. Amplifica-
tion efficiency (e) was calculated based on the slopes of the
curves using the formula e= 10C1s1ope) 146 47]. All Real-
Time PCR reactions were performed using three biologi-
cal replicates, and each biological replicate included three
technical replicates. Finally, the average value for each group
was considered for comparative analysis. The heat map of
gene expressions was generated via the Heatmapper software
online (http://heatmapper.ca/expression/).

Statistical analysis

Each experimental group (HF, HC and Control) composed
of three biological replicates, and each biological replicate
included at least two technical replicates to assess experi-
mental accuracy and precision. Statistical analysis of the
data obtained in the study was done using SPSS (SPSS
Inc., Chicago, IL, USA) program. A one-way analysis of
variance (ANOVA, among more than two groups) with post
hoc Tukey studentized range honestly significant difference
(HSD) test (Dunnett T3 or Kruskal-Wallis test for data
not following normal distribution) and #-test (between two
groups) was used to identify differences in all parameters.
The specifics of each statistical analysis and the results are
presented in relevant figure legend.

Results and discussion

Although a standard diet for zebrafish has not yet been
formulated in diet-induced obesity models, in this study,
obese zebrafish were obtained using HF and HC diets, con-
sidering previous studies [29]. According to the results, it
was observed that the HC diet caused more BMI increase
(Fig. 1). Epidemiological studies have shown that dietary
fat intake is positively associated with obesity in humans
and laboratory animals. Meguro et al. [29] found that
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Fig. 1 At the end of the feeding experiment, body mass index (BMI)
were calculated to evaluate the degree of obesity. As shown in the
Figure, BMI in female fish fed both HF and HC diets were signifi-
cantly higher than the control group. As known that BMI is a use-
ful marker for obesity in human but not sufficient alone for zebrafish.
Hence, we have supported our obesity-related findings by evaluating
the expression of some genes related to both obesity and lipid metab-

significantly higher total body fat volumes in high-fat diet-
fed groups than those fed with the low-fat diet in a zebrafish.
Although saturated or unsaturated fat in dietary ingredients
has been associated with weight gain, previous studies
have shown that body fat accumulation in zebrafish [29], in
spayed dogs [48] and in Wistar rats [49] revealed that it is
affected by the amount of dietary fat, but not the type of die-
tary fat. However, dietary lipid sources significantly affected
the lipid accumulation in South American catfish, Pseudo-
platystoma fasciatum, with lower whole body lipid content
in fish fed diets with higher amount of polyunsaturated fatty
acids [50]. It should be taken into account at this point that
freshwater fish, such as zebrafish, have a mechanism which
has the ability to synthesize long-chain saturated fatty acids
from short-chain polyunsaturated fatty acids, through two
separate pathways involving desaturation and elongation of
their respective precursors [51]. This ability enables fish to
preferentially utilize, convert or deposit the lipids depending
on the dietary fatty acid profile and physiological priorities/
requirements which are determined by several abiotic and
biotic factors including the different life stages of the fish
[32].

On the other hand, dietary starches are classified as rap-
idly digestible, slowly digestible and resistance according to
their digestibility characteristics. These different fractions
of starch have important physiological results that affect
metabolic hormones related to energy intake and tough-
ness, especially body weight [52]. In this context, the pre-
gelatinized starch we use in the present research is highly
digestible. It has been reported that in case of excessive daily
consumption of such starches may result in obesity and iron-
deficiency anemia in human subjects [53]. Under normal
circumstances, hepatic lipogenesis is upregulated follow-
ing the ingestion of diet with high-carbohydrate and low-
fat content to produce fat from dietary carbohydrate [54].
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olism. In addition to transcriptional evaluation, we have observed
excessive intraperitoneal lipid accumulation in all experiment fish
against the control group. Data are expressed as means+S.D. N=3
biological replicates, N=7. Statistical analyses were performed using
Tukey post hoc tests (ANOVA) to compare the HF, HC and control
groups. “*” indicate statistical significance between groups (p <.05)

In our case, lipid was replaced with carbohydrate in HC
diet, which seems to contribute to the elevated lipogenesis,
thence the higher BMI in HC fed fish (Fig. 1). Similar results
were reported by Dias et al. [55] in juvenile Senegalese sole
(Solea senegalensis) depositing higher whole body lipid
when fed diets with high carbohydrate level in comparison to
those fed diets with high lipid content. Indeed, Castillo et al.
[56] reported a higher final weight gain in rats fed with high-
digestible starch diet than those fed with high-unsaturated
fat diet. Moreover, dietary carbohydrate level and source can
lead to unbalanced lipid + carbohydrate/protein ratio, which
can negatively affect body composition, food use, lipid accu-
mulation, metabolism and overall health, especially growth
and behavior [57].

One of the interesting findings from this study was that
according to the Nile Red staining results, the amount of
fat accumulated in the body of the offspring from these
obese parents was significantly higher than control (Fig. 2).
According to the BMI results obtained from the parents, we
would expect to detect more fat in the whole body of the
offspring of fish fed with HC diet. Because we know that
the excess carbohydrate taken into the body is stored as fat
and we would expect the mother to transfer this extra fat to
her eggs more than the group with less BMI. But, although
the HC diet caused more weight gain in the parents than the
HF diet, the fat accumulation in the whole body was found
to be nearly equal in the offspring of the fish fed with both
diets. Moreover, significantly more fat accumulation was
detected in the abdomen of offspring of parents fed with the
HF diet. Even more interesting was the significant differ-
ence in the number of lipid droplets detected in the bodies
of offspring of their parents fed with the HF diet. According
to these results, it was shown that obese zebrafish parents
transferred fat to their offspring through yolk sacs and that
the transferred fat could be localized differently in the bodies
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Fig.2 Whole mount staining of A
offspring. In panel A, apoptotic
cells were determined using
acridine orange (AO) staining
in 5 dpf larvae. The graph rep-
resents the relative fluorescence
intensity of dead cell detected
by acridine orange staining. In
panel B, CMH,DCFDA staining
in vivo of produced ROS in

5 dpf larvae and relative fluo-
rescence graph of the signals. In
panel C, the lipid accumulation
was determined Nile Red stain-
ing in 5 dpf larvae. The graph
in the left represents the relative
fluorescence intensity of whole
larvae by Nil Red staining. The
graph in the right represents

the mean pixel numbers of Red
fluorescence in the Nile Red
staining were calculated from
the whole body of larvae except
abdomen. Data are expressed

as means + S.D. Statistical
analyses were performed using
Tukey post hoc tests (ANOVA)
to compare the HF, HC and
control groups. “*” indicate
statistical significance between
groups (p <.05). Each image in
the figure was chosen from the
average value range represent-
ing the group

Relative fluorescence
(Whole body)

[Cwhole body
B Abdomen

] whole body
Abdomen

of the offspring depending on the diet of the parents. Studies
investigating the effects of parental diet on the lipid metabo-
lism of offspring support these results [58]. In this study, we
completed our analysis of the offspring during the time the
offspring lived dependent on the yolk sacs. If this study can
be continued with the diets to be prepared for the offspring
larvae and the offspring can be followed also in their juvenile
and adult periods, it can provide us with more information
about the effects of parental obesity on childhood obesity.
Similar to the Nile red staining results, it was found that
offspring of parents fed with HF diet had more free oxygen
radicals in the abdomen (Fig. 2). However, according to the
results of acridine orange staining, it was observed that HF
and HC-diet-induced obesity in zebrafish had no effect on
apoptosis in the next generation (Fig. 2). On the other hand,
according to the morphological and physiological obser-
vations on the larvae, it can be said that HF-diet-induced

AO Staining

Control

CM-H, DCFDA Staining

: o The mean pixel number of
Nile Red Staining

1000 2000

obesity has more negative effects in the next generation than
the HC diet (Fig. 3A). These results clearly showed us that
the effect of obesity induced by different diets on the off-
spring is different in zebrafish model.

Besides a positive association between obesity and anxi-
ety, there is evidence that anxiety can provoke an increase
in appetite [59], but it is still unclear how to affect these two
syndromes each other. On the other hand, the relationship
between dietary fat and calorie intake, age and cognitive
decline is still controversial, but obesity is reported to be
strongly linked to neural degeneration [30]. This shows that
the long- and/or short-term behavioral and neuropathologi-
cal effects of high-fat and high-carbohydrate diets should be
revealed in more detail. In literature, most of the studies have
focused on the high-fat diet model which leads to obesity,
but there is a lack of study examining the linkage between
high-carbohydrate-diet-induced obesity and anxiety.
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Fig.3 Some morphological and physiological properties (A) and
locomotor activity (B) of the offspring larvae of obese and control
parents. Panel C represents a heat map image showing the total dis-
tance covered by the offspring at the end of one of the locomotor
activity tests. The graph in panel D shows the result of the Thigmo-

Zebrafish is rapidly gaining popularity in neuroscience
and behavioral research because it provides important infor-
mation regarding neural pathways, physiological biomark-
ers, and genetic bases of normal and pathological brain func-
tion [29, 60]. In the present study, to evaluate the anxiety
level, we have used the novel tank test for parents and the
thigmotaxis for offspring. Evaluation of anxiety degree of
adult fish was performed using seven parameters obtained
observation/calculation of video records via Ethovision
software as described previously [19, 39]. According to this
test model, the anxiety levels of the zebrafish were deter-
mined by examining the behaviors, such as the part where
the fish spend more time in the tank (upper half or lower
half), transition between zones, erratic movement and freez-
ing movement. For example, the fish spending more time in
the lower part of the tank and/or the latency in the transition
to the upper half is considered as an indicator of anxiety (See
legend of Fig. 4). It has been clearly figured out from these
adult behavioral results given in Fig. 4 that HF diet showed
an anxiogenic effect on zebrafish, while HC diet anxiolytic.
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taxis analysis of offspring larvae, known as an anxiety test in the lar-
val fish. Data are expressed as means +S.D. Statistical analyses were
performed using Tukey post hoc tests (ANOVA) to compare the HF,
HC and control groups. Different letters (a, b and c) indicate statisti-
cally significant differences between treatment groups (p <.05)

In the new generation, while there was no difference in thig-
motaxis results, it was determined that the offspring of the
parents fed with the HC diet were less active (Fig. 3B, C).
Consistent with our results, anxiety caused by a high-fat
diet has also been reported in male rats [61], mice [62] and
zebrafish [63]. Additionally, Meguro et al. [63] suggested
that the high-fat diet impairs cognitive function in zebrafish.
It has been also reported that there is a positive relationship
between impair cognitive performance and anxiety [64]. To
the best of our knowledge, although there are some confus-
ing records in the literature that both low-carb [65] and high-
carb [66] diets can cause anxiety, there is no detailed molec-
ular study that examines the effects of high-carb and low-fat
diets on anxiety. In this context, we think that the present
study is important for clarifying this scientific lack. It was
also tested how anxiety behaviors caused by diet-induced
obesity change in offspring. According to the results, it was
observed that the diet-induced obesity of the parents had no
effect on the anxiety of the offspring (Fig. 3D).
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Fig.4 Analysis of novel tank diving swimming behavior of fish fed
experimental diets. Evaluation of anxiety degree of each group fish
individually was performed using seven parameters obtained obser-
vation/calculation of video records via software as described previ-
ously [19, 39, 60]. Total erratic movements and total freezing bouts
indicating increased fear/anxiety were significantly higher in the HF
group. Another important behavioral anxiety parameter for zebrafish
is the latency to upper half. When zebrafish put into a novel tank, as
a general behavioral response, they firstly dive to the bottom of the
tank and gradually explore to the whole tank as it habituates to the
new environment. The longer latency to upper half indicates higher
anxiety levels. Total time spent in the upper half of the novel tank
is another important behavioral anxiety parameter for zebrafish. A

Studies have suggested that obesity disrupts cognition and
contributes to neuropsychiatric diseases, such as anxiety, due
to reasons, such as oxidative stress and inflammation [5, 30,
67]. Our results, which necrosis, degeneration, hyperemia
and immunopositivity were detected in the brain sections,
are severe in the HF group while mild in the HC group,
confirm this suggestion (The scoring table in Fig. 5). On
the other hand, it is known that there is a direct relationship
between the amount of adiposity and the level of oxidative
stress in the brain and degeneration of the neuron [67], but
its mechanism has not been fully illuminated yet.

Oxidative stress, characterized by increased free oxygen
radicals, is an important factor in the pathology of neurode-
generative disorders. 8-OHdG is a common biomarker used
to find DNA lesions due to oxidative stress [68] and there are
studies that suggest that it become an obesity marker due to
its strong linkage with obesity [69, 70]. In the present study,
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longer duration in the upper half of the tank indicates lower anxiety
levels. Similarly, more entries to the upper half indicate lower anxiety
levels. According to all these results, we can say that HF diet which
contains a high amount of sunflower oil has an anxiogenic effect
on fish fed with this diet, while the HC diet which contains a high
amount of pre-gelatinized starch has an anxiolytic effect. During the
behavioral experiments, we did not observe any significant difference
between genders. Values are means +SD. N=3 biological replicates,
N=2 technical replicates. Statistical analyses were performed using
Tukey post hoc tests to compare the HF, HC and control groups at
each time-point. Different letters (a, b and c) indicate statistically sig-
nificant differences between treatment groups (p <.05)

especially 8-OHdG immunopositivity in HF diet supports
this recommendation (Fig. 5). Meanwhile, it is worth not-
ing that 8-OHdG immunopositivity detected in brain tissue
was lower, although the weight gain was higher in fish fed
with HC diet than HF diet (Fig. 5). One of the causes of
neuronal DNA lesions is reported to be nitric oxides (NO)
produced by nNOS in the brain [71]. In the present study,
the observation of 8-OHdG and nNOS immunopositivities in
fish brain tissues with similar intensities in the same groups
makes us think that the nNOS/NO product and/or deriva-
tive is partially mediated by the oxidative DNA damage
there (Fig. 5). Studies have also shown that there may be a
relationship between anxiety caused by HF diet and activity
in the hippocampal nNOS/NO pathway [72]. On the other
hand, the oxidative stress from NO leads to the disruption
of astrocytes, which represent the most abundant cell type
in the central nervous system (CNS) and critically affect
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nNOS 8 OHdG
Control HF HC Control

HC

HF

Fig.5 Laser scanning microscopy images of immunofluorescence
reactions for 8 —OHAG (B), GFAP (C) and nNOS (D) (FITC/GFP)
in the brain tissues of zebrafish fed the experimental diets. Cell nuclei
labelled with DAPI. And microscopic images of the brain tissues of
zebrafish stained with hematoxylin—eosin (H&E) (E). The drawings
in the panel A show the dorsal (left) and lateral (right) view of the
adult zebrafish brain, and the lines on the right illustrate the position
of the serial sections. (7el telencephalon, CCe corpus cerebelli, TeO
tectum opticum, OB olfactory bulb, Hyp Hypothalamus regions). The
green-coloured zones in the scoring table at the bottom and on the

the homeostasis of neuronal cells [73]. Increased GFAP
levels are considered one of the main markers of the com-
monly observed astrocyte reaction after CNS damage [74].
Metabolic disorders like diet-induced obesity have been
shown to affect the structure and function of astrocytes in
the hypothalamus, which is the metabolic center. For exam-
ple, astrocyte and microglial GFAP gene expressions have
been reported to increase in mice fed with HF diet [75, 76].
Astrocytes play a role in coordinating immune responses,
maintaining neuronal functions, and regulating metabolic
changes through the blood-brain barrier [77]. For these
reasons, our results supported the hypothesis claiming that
astrocytic functions are related to cases that may occur in
cognitive and affective behavior [76].
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H&E

Merge

right indicate the scoring the severity of the immunopositivity, while
the purple-coloured zones show the scoring the severity of the degen-
eration and necrosis (D&N) and hyperemia (HYP) findings in the
histopathological results (none (—), mild (4), moderate (++), severe
(+++)). Arrowheads show D&N in neutrophils. The larger images
were given in the Supplementary File for better evaluation by readers.
We did not observe any significant difference between genders. The
images in the figure were chosen from the average value range repre-
senting the group in which they are found

Here, to give a chance to the readers’ deeper evaluation
on the linkage between diet-induced obesity and anxiety,
we have also analyzed the mRNA expression levels of some
genes that could be associated with lipid/carbohydrate
metabolism and obesity. According to the quantitative PCR
results performed at approximately 100% (+5) efficiency,
we have obtained important differences between both these
two obesity models and their offspring in terms of the tran-
scription level of these genes (Fig. 6). Interestingly, the gene
expression profiles of the offspring and their parents were
quite similar, although the RNA was isolated from the whole
body in offspring while muscle in adults. We normally
expect melanocortin signals to come from the brain rather
than the muscle. For the transcription analysis in this study,
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Fig.6 Heat map analysis of
lipid and carbohydrate metabo-
lism and appetite-related gene
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(ANOVA) and r-test to compare
genes expression levels between
the HF, HC and control groups
in parents and offspring. The
letters in the upper right corners
of the boxes indicate statistical
differences. Different letters (a,
b and c) indicate statistically
significant differences between
treatment groups (p <.05)
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we first tried the adult muscle to make a better comparison
between parents and offspring, since RNA from larvae pool
is isolated from the whole body, where the amount of tissue
is the most muscle. When we got satisfactory signals from
the muscle, we continued the study in this way.

It is known that lipids are metabolized for ATP produc-
tion by the process of fatty acid oxidation, which is modu-
lated by a number of signaling pathways including activa-
tion of the PPAR, FASN and LPL [54, 78, 79]. PPARs are
nuclear receptor transcription factors regulating the lipid
and carbohydrate metabolisms with three main subtypes:
PPAR-a (alpha), PPAR-S (delta) and PPAR-y (gamma).
PPAR-a which is the main regulator of lipid metabolism
and functions as a fatty acid sensor having an important
role in switching from the satiety to the hunger condition
[80] besides regulating energy expenditure, while PPAR-y
plays a key role in the initiation and maintenance of the adi-
pogenesis process. PPAR-0 is involved in the promotion of

Adult Offspring

mitochondrial fatty acid oxidation and energy expenditure
[81]. FASN is the key enzyme for the lipid synthesis which
is promoted by ingestion of dietary carbohydrates to convert
carbohydrates to lipids, mostly in triglyceride form packaged
in very-low-density lipoproteins which would be hydrolyzed
by LPL when needed, then transported to the adipose tis-
sue as long-term energy storage [54, 79]. In our study, we
have observed that all PPARs genes upregulated in both diets
against the control group; however, the expression levels
of all these upregulated genes in the HC group were sig-
nificantly higher than the HF group (Fig. 4). Although there
are a limited number of publications suggesting that PPAR
family has an effect on anxiety, its mechanism of action has
not been fully revealed [82, 83]. On the other hand, studies
show that the effect of Leptin, Ghrelin, POMC and NPY/
AgRP which regulates food intake, energy homeostasis and
appetite on anxiety may be more direct via on hypothalamus
[84-88]. In addition, it was found that activation of AgRP
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neurons decreases anxiety levels [89]. This information sup-
ports our findings of increased AgRP expression and low
anxiety observed in the group fed on HC diet. Looking at
gene expression profiles of diets, one of which is anxiolytic
and the other is anxiogenic, most of these genes have been
downregulated in the fish fed on HF diet that causes the anx-
iety. This shows us that PPARs may act on anxiety through
these genes not directly.

Although there are animal model studies of diet-induced
obesity in the literature, the number of studies comparing fat
and carbohydrate as energy sources in the diets used is lim-
ited. Especially, the effect of using the only carbohydrate as
an energy source on the parameters examined has not been
fully clarified. In this study, the effects of obesity obtained
using diets prepared with these two energy sources in the
zebrafish model were investigated comparatively and more
importantly, its effects on the next generation at the molecu-
lar level were examined for the first time.

Conclusion

Although it is known that there is a strong relationship
between food intake and anxiety, anxiety is affected by many
factors. Moreover, since the individual effects of most of
these factors are still uncertain, it would not be right to focus
on the cause of anxiety over a single factor. The obtained
results in this study have shown us that the excess amounts
of dietary carbohydrates like highly digestible starches
are first converted, then stored as triglyceride and if the
dietary fat cannot meet the required energy, it may be met
by oxidation of this storage lipids. Moreover, this mecha-
nism has been shown to have serious effects on anxiety. It
is hypothesized that the PPAR family, which is active as a
result of the excessive occurrence of triglycerides, known to
directly affect the rewarding process in fish fed on the HC
diet, causes anxiolytic effect through the regulation of genes
related to appetite. Furthermore, in fish fed on the HF diet
that causes anxiogenic effects, the occurrence of anxiety as
a result of relatively less activation of PPAR family result-
ing in opposite regulation of these appetite-related genes
supports this hypothesis. In addition, it is undoubted that
the severity of the damage in the hypothalamus region as
a result of oxidative stress caused by diet-induced obesity
contributes to these processes. When an organism is con-
sidered as a whole, we can easily say that all systems are
directly or indirectly interconnected with each other. It is
worth mentioning that the clarification of these connections
depends on new in vivo studies to be conducted in light of
the findings obtained from such studies and new hypotheses
to be developed.

Finally, it can be said that parental obesity is strongly
associated with offspring lipid metabolism and lipid
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accumulation in the zebrafish model. Similarly, it was found
that parental diet-induced obesity in animals [25, 90, 91] and
humans [24] may trigger obesity in the next generations.
Consequently, in light of all the results, we can conclude
that although it causes more weight gain, high-carbohydrate-
induced obesity is less harmful than those caused by high-
fat-induced obesity in terms of anxiety, the brain damage
and maybe childhood obesity.
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