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Abstract

Purpose These days, obesity threatens the health for which one of the main interventions is calorie restriction (CR). Due to
the difficulty of compliance with this treatment, CR mimetics such as resveratrol (RSV) have been considered. The present
study compared the effects of RSV and CR on hypothalamic remodeling in a diet-switching experiment.

Methods C57BL/6 male mice received high-fat diet (HFD) for 4 weeks, subsequently their diet switched to chow diet,
HFD + RSV, chow diet+ RSV or CR diet for a further 6 weeks. Body weight, fat accumulation, hypothalamic apoptosis and
expression of trophic factors as well as generation and fate specification of newborn cells in arcuate nucleus (ARC) were
evaluated.

Results Switching diet to RSV-containing foods leading to weight and fat loss after 6 weeks. In addition, not only a significant
reduction in apoptosis but also a considerable increase in production of newborn cells in ARC occurred following consump-
tion of RSV-enriched diets. These were in line with augmentation of hypothalamic ciliary neurotrophic factor and leukemia
inhibitory factor expression. Interestingly, RSV-containing diets changed the fate of newborn neurons toward generation of
more proopiomelanocortin than neuropeptide Y neurons. The CR had effects similar to those of RSV-containing diets in the
all-evaluated aspects besides neurogenesis in ARC.

Conclusions Although both RSV-containing and CR diets changed the fate of newborn neurons to create an anorexigenic
architecture for ARC, newborn neurons were more available after switching to RSV-enriched diets. It can be consider as a
promising mechanism for future investigations.
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Introduction

Obesity is one of the serious medical conditions world-
wide. It has been found to reduce life expectancy because
of being associated with several diseases, including dia-
betes mellitus, cancers, cardiovascular diseases, asthma
and obstructive sleep apnea [1]. Obesity is created when
the balance between dietary energy intake and energy con-
sumption is destroyed [2]. To date, the main non-pharma-
cological intervention proposed to solve this problem is
calorie restriction (CR) in which calorie intake is reduced
under ad libitum levels [3]. In this sense, sirtuins are the
main molecular target for CR [4]. Although dietary restric-
tion has beneficial effects in control of metabolic rate [5],
reduction of eating for the aim of maintaining a desir-
able metabolic profile is improbable to reach widespread
compliance. Hence, scientists search CR mimetics with
some anti-obesity effects like CR without need for eating
less. Since one of the most potent activators of sirtuins is
resveratrol (RSV), it is considered as an alternative agent
for correction of energy imbalance observed in obesity
[6]. This naturally occurring polyphenolic compound,
which is found in various plant species, has shown a wide
range of pharmacological and therapeutical activities [7].
Previous investigations indicated the effects of resveratrol
on lipid metabolism in adipose tissue, liver and skeletal
muscles [8]. The suggested anti-obesity mechanisms for
RSV are inhibition of adipogenesis and lipogenesis, stimu-
lation of lipolysis, induction of apoptosis in adipocytes
and enhancement of fatty acid oxidation and thermogen-
esis [9]. Despite these peripheral mechanisms, the cen-
tral effects of resveratrol on hypothalamic areas related to
energy homeostasis have not clearly described.

In recent years, there is an exponential increase in
research on adult hypothalamic neurogenesis as an important
modulator of energy homeostasis [10]. Since the hypothala-
mus includes diverse nucleuses locating around an active
neurogenic niche, even the modest activity of the stem cells
can have considerable effect on the architecture and finally
function of hypothalamus. On the other hand, previous stud-
ies revealed a change in hypothalamic neurogenesis follow-
ing consuming high-fat diet (HFD) [11], intraventricular
administration of ciliary neurotrophic factor (CNTF) [12]
and using CR [11, 13]. It should be noted that, studies in this
field are still in early exploratory stages and conclusive judg-
ment in this case is extremely difficult. However, the results
of the all studies so far point out two things: first, there is a
relationship between diet and intensity of adult neurogenesis
in sub-regions of hypothalamus. Second, alteration in hypo-
thalamic proliferative remodeling and in turn in hypotha-
lamic neuroarchitecture can lead to changes in body energy
homeostasis and finally changes in body weight [14, 15].
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However, so far no study has examined the effects of
RSV on hypothalamic neurogenesis. Here, we created a
HFD-induced obesity model of mice and investigated the
effects of resveratrol on neurogenesis and apoptosis in the
arcuate nucleus (ARC) of the hypothalamus. Moreover, the
fate of newborn neurons in this area has been determined.
Finally, these central effects of RSV were compared with
those of CR.

Materials and methods
Animals

Sixty C57BL/6 male mice were obtained from the Pastor
institute (Karaj, Iran) and maintained in a temperature-
controlled room with a 7:00 A.M.—7:00 P.M. light/dark
cycle. Mice were offered ad libitum access to water and
subjected to different dietary regimens as described below.
All experiments were carried out in accordance with the
guiding principles for the care and use of animals and were
approved by the ethic committee of Tehran University of
Medical Sciences.

Experimental design

A summary of the study design is shown in Fig. 1. After
1 week of acclimatization, 6-week-old mice were pro-
vided with ad libitum access to either a laboratory chow
diet (Chow, n=10) for 10 weeks or an in-house pre-
pared HFD containing 60% kcal fat for 4 weeks (n=50).
Then, animals received HFD were either maintained on
HFD or they were switched to chow diet (HFD/Chow),
HFD + RSV (HFD/HFD + RSV), chow diet + RSV (HFD/
Chow + RSV) or CR diet (HFD/Chow CR) for a further
6 weeks. The chow diet was purchased from Behparvar
industry in which 9% of total kcal was as fat. In HFD, the
chow in powder form was mixed by adding soy oil and
butter (1:9 v/w) up to 60% per total kilocalorie (Table 1).
After homogenization, a dough-like texture was shaped
and the obtained blocks were dried and utilized for feed-
ing. RSV (Tokyo Chemical Industry, TCI) with purity of
more than 99% was mixed with either powdered chow or
HFD to provide approximately a 400 mg/kg dose, and pel-
lets were then reconstituted. All processes of food prepar-
ing were done in dark. Diet-containing RSV was stored at
—20 °C and food was provided in cages for no more than
2 days. Animals in the HFD/Chow CR group were fed
60% of the daily intake of age-matched chow-fed controls
during last 6 weeks of the study.
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Fig. 1 Study design. In diet- 4 weeks 6 weeks
switching protocol, animals
received HFD for 4 weeks then, < > < >
their diet was changed to dif-
ferent foods for next 6 weeks. Chow group Chow diet Chow diet
BrdU injection was performed
at beginning of 5th week for
9 days HFD group High-fat diet High-fat diet
HFD/Chow group High-fat diet Chow diet
HFD/HFD+RSV group High-fat diet High-fat diet + Resveratrol
HFD/Chow+RSV group High-fat diet Chow diet + Resveratrol
HFD/Chow CR group High-fat diet Calorie restriction diet
——p
9 days BrdU injection
Table 1 The chemical Contents Chow? HFD HFD + RSV Chow +RSV
composition and energy content
of the diets used in the study Protein (g/100 g) 23 13.8 13.8 23
Fat (g/100 g) 3.504.5 42.1-42.7 42.1-42.7 3.50-4.5
Saturated (%) 15 56.4 56.4 15
Butyric 4:0 0 2.7 2.7 0
Caproic 6:0 0 1.8 1.8 0
Capric 10:0 0 2.7 2.7 0
Lauric 12:0 0 3.6 3.6 0
Myristic 14:0 0 10.8 10.8 0
Palmitic 16:0 10 24.4 244 10
Stearic 18:0 5 10.4 104 5
Unsaturated (%) 81 37.8 37.8 81
Palmitoleic 16:1 n-7 0 2.7 2.7 0
Oleic 18:1 n-9 43 29.5 29.5 43
Linoleic 18:2 n-6 35 53 5.3 35
Linolenic 18:3 n-3 3 0.3 0.3 3
Other (%) 5.8 5.8 4
Starch (g/100) 56 33.6 33.6 56
Sucrose (g/100) 9 54 54 9
Fiber (g/100 g) 4.004.5 24-2.7 2.4-2.7 4.00-4.5
Ashe (g/100 g) Maximum 10 Maximum 6 Maximum 6 Maximum 10
Calcium (g/100 g) 0.95-1.0 0.57-0.6 0.57-0.6 0.95-1.0
Phosphorus (g/100 g) 0.65-0.7 0.39-0.42 0.39-0.42 0.65-0.7
Salt (g/100 g) 0.5 0.3 0.3 0.5
Moisture (g/100 g) Maximum 10 Maximum 6 Maximum 6 Maximum 10
Resveratrol (g/kg food)® 0 0 33 33
Energy (kcal/g) 3.85-4 5.9-6 5.9-6 3.85-4

“Declared by producer: Behparvar Company, Tehran, Iran

®The average amount of RSV was reported here. In fact, to ensure a dose of 400 mg/kg/day, first, the food
intake was calculated using a pair-fed group. Then, the amount of RSV added to the chow was adjusted
based on changes in body weight and food intake
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Food intake and body weight monitoring

Food intake throughout the experiment was evaluated by
substracting the amount of food left from the amount served
in 24 h. Cages were monitored for evidence of food spillage.
Body weight of the animals was measured weekly.

Bromodeoxyuridine (BrdU) labeling

Four weeks after beginning the study, for labeling prolif-
erating cells, animals of all groups (n=35 per each group)
received BrdU (Sigma, USA) administrated in the morning
and evening by intraperitoneal injection at 50 mg/kg of body
weight for 9 days. To prepare a BrdU solution for injection,
BrdU was dissolved in saline and adjusted pH to 7.35.

Tissue preparation

At the end of the experiment, 16-week-old animals were
deeply anesthetized with intraperitoneal injection of keta-
mine and xylazine (80 and 10 mg/kg, respectively) and
transcardially perfused with 0.9% cold normal saline fol-
lowed by 4% paraformaldehyde in 0.1 M PBS with pH of
7.4. Epididymal white adipose tissues (WAT) were rapidly
dissected out from mice according to defined anatomical
landmarks. Following brain and WAT dissection, the tissues
were postfixed in 4% paraformaldehyde for 24 h at 4 °C.
Subsequently, tissue processing was performed. Then, the
tissues were embedded in paraffin, and sectioned at 5 um
thickness using cryostat and placed on glass slides. Brain
sections were collected in the coronal plane throughout the
caudal hypothalamus (— 1.22 to —2.12 from bregma). These
slides were then used for immunohistochemistry, apoptosis
assay as well as hematoxylin and eosin (H&E) staining.

H&E staining and analysis of adipocyte size

Multiple sections obtained from WAT depots (three section
per animal) were analyzed systematically with respect to
adipocyte cell morphology and size. For this reason, sections
were hydrated with decreasing concentrations of ethanol.
Then, slides stained with H&E and finally, dehydrated with
increasing concentration of ethanol. Images captured by a
light microscope (Olympus, Japan). The mean area of adi-
pocytes was calculated using the infinity software.

Evaluation of apoptosis

The Terminal deoxynucleotidyl transferase biotin-dUTP
nick end labeling (TUNEL) method was performed using
a TUNEL assay kit (DNA Fragmentation/Fluorescence
Staining, Millipore, USA) to detect apoptosis in ARC of the
hypothalamus as manufacture’s instruction. In brief, tissue
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sections were deparaffinized and covered with diluted pro-
teinase K (20 mg/ml) and incubated for 15-30 min at 37 °C.
Next, sections were equilibrated in terminal deoxynucle-
otidyl transferase (TdT) buffer for 10 min. Sections were
then incubated in TdT end-labeling cocktail (a mixture of
TdT Buffer, Biotin-dUTP and TdT) in a humid chamber for
60 min at 37 °C. The reaction was stopped by immersing
the sections in termination buffer (TB) for 5 min at room
temperature (RT). For minimizing non-specific staining,
sections were incubated 20 min at RT with blocking buffer.
Sections were then incubated with Avidin-FITC solution for
30 min at RT. Finally, the tissues were counterstained with
4'.6-diamidino-2-phenylindole to reveal normal and apop-
totic nuclear morphology. In positive controls, proteinase
K-treated section were incubated with low concentration of
DNase (1 pg/ml during 1 h). TUNEL staining was analyzed
bilaterally in ARC using a fluorescent microscope (Olym-
pus, Japan); apoptotic cells were quantified by counting the
percentage of TUNEL-positive cells against the total number
of nucleated cells per section.

Immunofluorescence assay

To visualize cells expressing BrdU or CNTF, the immuno-
histochemistry was done. Briefly, sections (at least three sec-
tions per animal) were washed in phosphate-buffered saline
(PBS), and then treated with 2 M HCI for 15 min followed
by 12 min incubation with 0.1 M sodium tetraborate (Sigma,
USA) (these steps were done only for BrdU detection). Then,
the tissues were blocked with 5% normal goat serum (NGS)
and 1% bovine serum albumin (BSA) in PBS for 60 min.
After that, tissues were incubated with mouse anti-BrdU
(1:50; Abcam, USA) or rabbit anti-CNTF (1:20; Santa Cruz,
Germany) at 4 °C overnight. Next, goat anti-mouse IgG
(Alexa flour 647, 1:600; Invitrogen, USA) or goat anti-rabbit
IgG (FITC; 1:700; Abcam, USA) were used for 60 min at RT
and sections were counterstained with DAPI (1 g/ml, Santa
Cruz, Germany) or propidium iodide (PI, Molecular Probes,
USA) and evaluated bilaterally by a fluorescent microscope
(Olympus, Japan). The primary antibodies were omitted in
control samples in which no immunoreactivity was detected.
The percentage of immunopositive cells per area was cal-
culated by the following formula: (the number of positive
cells x 100)/the total number of nuclei.

Total RNA isolation and cDNA synthesis

For molecular analysis, animals were deeply anesthetized
and decapitated (five mice per group). Then, the brain was
rapidly removed from the skull and hypothalamic tissue
from the preoptic area to the mammillary body was dissected
out. Samples were snap frozen in liquid nitrogen and stored
at — 80 °C. Hypothalamic total RNA was extracted using
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Ribo Ex (Hybrid-RTM miRNA, Gene all, Korea) accord-
ing to the manufacturer’s recommendation. The purity and
concentration of the RNA extracted from all samples was
verified and quantified using a RNA NanoDrop 2000c Spec-
trophotometer. RNA samples were rendered genomic DNA
free using DNase I kit (Qiagen, Germany).

For synthesis of complementary DNA (cDNA), 500 ng
total RNA from each sample in a total reaction volume of
10 ul was reverse transcribed using the cDNA Synthesis
Kit (Thermo Scientific, EU) according to the manufacturer’s
instruction. Reactions were incubated initially at 37 °C for
15 min and subsequently at 75 °C for 10 min. All the cDNA
samples were stored at —20 °C until reverse transcription
quantitative polymerase chain reaction (RT-qPCR) analyses.

Quantification of mRNA

Brain-derived neurotrophic factor (BDNF) and leukemia
inhibitory factor (LIF) were quantified with RT-q PCR with
CFX 96 Real-Time System (Bio-Rad, Germany). f-Actin
mRNA levels were similarly measured and served as the
internal control. The PCR reagent mixture were prepared in
a total volume of 20 pl containing: 5 pl template, 0.5 pl of
each 10 uM primer, 4 ul of 5x HOT FIREPol® EvaGreen®
gPCR Mix Plus (Solis BioDyne, Estonia) and 10 ul RNase/
DNase-free sterile water (Sigma, USA). The primers for
the BDNF gene were:5'-TGCCGCAAACATGTCTAT
GA-3' (forward) and 5'-CCGGGACTTTCTCTAGGACT-3'
(reverse). The primers for the LIF gene were: 5'-CAGGGA
TTGTGCCCTTACTG-3' (forward) and 5'-CCCCTTGAG
CTGTGTAATAGGAA-3' (reverse). The sequences of the
primers for the p-actin gene were: 5'-AAGTCCCTCACC
CTCCCAAAAG-3' (forward) and 5'-AAGCAATGCTGT
CACCTTCCC-3' (reverse). Amplification was performed
as followed: an initial denaturation for 15 min at 95 °C fol-
lowed by 45 cycles of denaturation at 95 °C for 30 s, primer
annealing at defined annealing temperature for 30 s and
elongation at 72 °C for 30 s. The procedure was followed
by a melting curve analysis to determine product specific-
ity. Meanwhile, wells of no template control (NTC) and no
reverse transcriptase control (NRT) were prepared as the
negative controls to evaluate DNA contamination. All sam-
ple mRNA levels were normalized to the values of B-actin
and the 2724 method was used to calculate relative BDNF
and LIF mRNA, and fold changes in mRNA levels.

Double immunofluorescence assay

To evaluate the fate of newborn cells in ARC, double immu-
nohistochemistry technique was utilized. Briefly, the brain
sections were washed with PBS with 1% Triton X-100 and
then bathed with 2 M HCI for 15 min at 37 °C. The sections
were then neutralized with 0.1 M sodium tetraborate (Sigma,

USA) for 12 min at RT. Next, 5% NGS and 1% BSA in PBS
were used for 60 min. After that, slides were incubated with
mouse anti-BrdU (1:50; Abcam, USA) in combination with
rabbit anti-proopiomelanocortin (POMC; 1:200; Abcam,
USA) or rabbit anti-neuropeptid Y (NPY; 1:1000; Abcam,
USA) at 4 °C overnight. Subsequently, goat anti-mouse IgG
(FITC; 1:700; Abcam, USA) and goat anti-rabbit IgG (Alexa
flour 647, 1:600; Invitrogen, USA) were used for 60 min
at RT. The nuclei were stained with DAPI (1 g/ml, Santa
Cruz, Germany). Using a fluorescent microscope (Olym-
pus, Tokyo, Japan), immunopositive cells were analyzed.
The percentage of BrdU-positive cells, which expressed a
defined marker (POMC or NPY) per area, was calculated by
the following formula: (the number of BrdU-defined marker-
positive cells X 100)/the total number of BrdU-positive cells.

Statistical analyses

Results are presented as mean =+ standard error of the mean.
Statistical analyses were performed using Statistical Package
for Social Sciences (SPSS) software (version 23, Chicago,
USA). For the analyses in which change over groups was
assessed one-way ANOVA test was used. Pairwise compari-
son of means was accomplished by LSD post hoc test. In all
analyses, P <0.05 was regarded as statistically significant.

Results

Body weight and food intake following diet
switching

As represented in Fig. 2a, evaluation of body weight of
mice in the different groups indicated that this index had an
increasing trend during the first four weeks of study so that
animals that received HFD had significantly higher body
weight than mice that consumed chow diet in the 3rd and
4th week of study (P <0.01). Indeed, weight gaining in HFD
group occurred from the third week (arrow head in Fig. 2a).
After 4 weeks, diet switching was performed and some
clear changes in body weight were seen. The animals in the
HFD/Chow and HFD/Chow CR groups showed dramatically
loss of weight compared to the HFD group from 6th week
of the study to the end (P <0.05). The body weight in the
HFD/Chow + RSV indicated a decreasing trend during 6th
and 7th weeks of the study. At week 9, the animals in this
group revealed a considerable decrease in body weight gain
compared to the HFD group (P <0.05). In addition, animals
switched to HFD + RSV had significantly lower weight gain-
ing compare to that of the HFD group at 10th week of the
study (P <0.05). Indeed, reduced weight gaining was seen in
HFD/Chow + RSV and HFD/HFD + RSV groups at 9th and
10th week of study, respectively (arrows in Fig. 2a). More
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Fig.2 Evaluation of body weight, food intake and fat accumulation.
The animals in the different groups were evaluated in terms of body
weight (a), food intake (b) and adipocyte size (¢) during 10 weeks.
The epididymal WAT was collected and stained by H&E (d, x100).
“P<0.01 vs other groups. ¥P <0.05 vs other groups except the HFD/

analysis of the results indicated that there was no statistical
differences in the body weight between HFD/Chow + RSV
and HFD/HFD + RSV groups. In addition, the body weight
in the HFD/Chow and HFD/Chow + RSV groups was not
significantly different. Moreover, the body weight in the
CR group was significantly lower than that of the groups
received RSV in 6th and 7th weeks of the study (P <0.05).
In summary, foods containing RSV reduced weight-gaining
process at the last weeks of the study, but this effect was not
as effective as the effects of CR and Chow diets. Assess-
ment of daily food intake (gr/day) of animals showed that
this index was not significantly different among the groups
except the HFD/Chow CR group in which food intake/mice/
day was considerably lower than that of others (P <0.05,
Fig. 2b). In conclusion, adding RSV to either chow or HFD
in diet-switching protocol needed a lag phase to reduce the
weight-gaining process.

Fat storage following diet switching

The results of H&E staining indicated that consuming HFD
resulted in significant fat accumulation in adipose tissue,
determined by the size of adipocytes in epididymal WAT
(P <0.001, Fig. 2c). In contrast, diet switching to chow or
chow CR decreased considerably the mean adipocyte area
in WAT (P <0.001). In addition, in the groups received RSV
either with HFD or chow diet the size of adipocytes was
lower than that of the HFD group (P <0.001). In summary,
adding RSV to diet could slow the speed of fat accumulation
process following HFD consuming.
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Chow CR. *P<0.05 vs other groups except the HFD/Chow CR and
HFD/Chow. #P<0.05 vs HFD/Chow, HFD/Chow CR and Chow.
@P <0.05 vs other groups except the HFD/HFD +RSV. TP <0.05 vs
other groups. 1P <0.001 vs other groups

Apoptosis rate in ARC following diet switching

As indicated in Fig. 3, analyzing the results of TUNNEL
assay test revealed a considerable enhancement in the per-
centage of apoptotic cells in ARC of animals consumed HFD
compared to that of other groups received chow or switched
diets (P <0.001). In other words, diet switching significantly
decreased apoptosis rate in ARC. Although, in ARC of ani-
mals switched to chow +RSV or chow CR diet, the percent-
age of TUNNEL-positive cells was remarkably lower than
that of mice switched to HFD + RSV diet (P <0.05). We
can conclude that, the decreasing effect of switching diet
to chow + RSV on apoptosis in ARC was similar to that of
switching diet to chow CR diet.

Generation of new cells in ARC following diet
switching

Six weeks after BrdU injection, the newborn cells were
determined by immunostaining of BrdU-positive cells
in ARC of the animals (Fig. 4). The results represented
that consuming HFD tended to increase the percentage of
BrdU+cells in ARC but this effect was not statistically sig-
nificant (P =0.9). There was no difference among the chow,
HFD/chow and HFD/chow CR groups in the percentage
of BrdU+cells in ARC. However, this index dramatically
increased in HFD/chow 4+ RSV and HFD/HFD + RSV groups
compare to that of the chow and HFD/chow CR groups
(P <0.05). These results showed that switching diet to foods
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Fig.3 Distribution of TUNNEL-positive cells. a—¢ Using TUN-
NEL assay test, the apoptotic cells (green) in ARC of animals in
the studied groups was determined. d—f Magnified pictures indicate

containing RSV, enhanced the percentage of newborn cells
in ARC.

Distribution of CNTF+ cells in ARC following diet
switching

The results of immunostaining for CNTF in ARC showed
that HFD did not change the percentage of CNTF+ cells
in ARC (Fig. 5). While the percentage of CNTF-express-
ing cells in ARC significantly increased in other groups
in which diet switching was performed (P <0.05 vs the
chow and HFD groups). Overly, switching from HFD to

TUNNEL +cells. g The percentage of apoptotic cells in different
groups. *P <0.001 vs other groups. ¥P <0.05 vs the HFD and HFD/
HFD+ RSV groups. 3V third ventricle

RSV-containing diet as well as chow diet enhanced CNTF
expression in ARC similar to chow CR diet.

Expression of BDNF and LIF in hypothalamus
following diet switching

To evaluate the effect of diet switching in mRNA expression
of two main growth factors in the hypothalamus, RT-qPCR
was performed (Fig. 6). The results indicated that consum-
ing HFD for 10 weeks caused a significant enhancement in
BDNF gene expression (P <0.05 vs other groups except the
HFD/chow + RSV group). In addition, switching HFD to
HFD+ RSV increased considerably LIF mRNA expression in
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Fig.4 Tracing the newborn cells. a—¢ The distribution of newborn
cells in ARC of the studied animals was assessed by immunostaining
of BrdU-positive cells (red) 6 weeks following intraperitoneal injec-

hypothalamus compared to that of the chow group (P <0.05).
According to the results, a tendency to increase of LIF mRNA
expression could be seen in all other groups compared to the
chow group but these changes were not statistically significant.
Together, diet switching had a decreasing effect on hypotha-
lamic BDNF expression. In contrast, a cumulative increas-
ing effect of HFD and RSV was seen on levels of LIF in the
hypothalamus.
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tion of BrdU. d—f Magnified pictures show BrdU +cells. g Quantifi-
cation of newborn cells in ARC of mice in different groups. *P <0.05
vs the chow and HFD/chow CR groups. 3V third ventricle

Production of new NPY neurons in ARC
following diet switching

To identify what percentage of newborn cells (BrdU-pos-
itive cells) became NPY-expressing cells, a double immu-
nostaining was performed (Fig. 7). Comparing the results
of the chow and HFD groups revealed that the percent-
age of new NPY cells in ARC did not change following
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HFD consumptions for 10 weeks. In contrast, switching
diet to HFD + RSV, chow + RSV or chow CR diet signifi-
cantly decreases the percentage of newborn NPY cells
in ARC compare to that of the chow and HFD groups
(P<0.01). In summary, adding RSV to diet following

HFD consumption changes the fate of new cells toward
production of less NPY cells. This effect was similar to
that of CR diet.
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Fig.7 New NPY-positive cells in ARC. To determine newborn
cells that expressed NPY marker, double immunostaining was per-
formed. The pictures of Brdu (a, green), NPY (b, red) and nuclei
(c, blue) were merged (d). e A magnified picture in which arrows
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Fig.8 New POMC-positive cells in ARC. Using double immu-
nostaining for BrdU (a, green) and POMC (b, red), the new POMC-
positive cells were determined in ARC. The nuclei were indicated
in blue color (c). e A magnified picture in which arrow indicates
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Production of new POMC neurons in ARC
following diet switching

The results of double immunostaining for BrdU and POMC
revealed the percentage of new POMC-positive neurons in
ARC (Fig. 8). Although there was no significant difference
in the percentage of POMC-positive cells in ARC between
the chow and HFD groups, this index increased dramatically
in the HFD + RSV, chow + RSV and chow CR groups com-
pared to that of the chow and HFD groups (P < 0.05). It can
be concluded that consuming CR diet after HFD enhanced
the production of new POMC neurons in ARC. Interestingly,
RSV-containing diets mimicked this increasing effect.

Discussion

The present study evaluated a novel aspect of anti-obesity
effects of RSV in a diet-switching model. Adding RSV to
chow or HFD decreased weight gaining after 5 or 6 weeks of
study, respectively. This phenomenon was linked to reduc-
tion in fat accumulation in WAT. In addition, not only a
significant anti-apoptotic effect of RSV was seen in ARC,
but also RSV enhanced production of newborn cells in this
area of hypothalamus. Among the studied growth factors,
CNTF, and to some extent, LIF seems to have a relation with
increasing effect of RSV on neurogenesis in ARC. Amaz-
ingly, RSV-containing diets changed the fate of newborn
neurons toward generation of more anorexigenic (POMC)
neurons than orexigenic (NPY) ones. Interestingly, CR diet
mimicked all mentioned effects of RSV except stimulation
of neurogenesis in ARC.

Since previous epidemiological investigations have indi-
cated a positive relationship between obesity and dietary
fat intake, inducing obesity via dietary fat in animals is an
appropriate model for studying different aspects of obesity.
In the present study, common sources of fatty acids, butter
and soy oil were added to diet of C57 BL/6 mice to create a
reliable animal model of obesity [16]. The results revealed
that in mice that received HFD, significant weight gaining
started at the third week of the study and continued to end.
In addition, similar to the results of previous studies, fat
accumulation in WAT was observed in obese animals [17,
18]. On the other hand, switching diet to CR led to weight
loss at 6th week of the study. Moreover, chow + RSV or
HFD + RSV diet prevented more weight gaining in 9th or
10th week of study, respectively. The dose of RSV used
in the animal studies ranged from 1 mg up to more than
1 g/kg bw/day [19]. Based on the previous investigations,
RSV in high doses induced anti-obesity effects. Thus, the
dose of 400 mg/kg bw/day was utilized in the present study
similar to Lagouge et al. [20] and Kim et al. [21] studies.
Using body surface area normalization method, a human

equivalent dose is 32.4 mg/kg, which equates to a 2.3 g
dose of resveratrol for a 70 kg person [22]. Administra-
tion of RSV at this level of dose for human was reported in
the previous studies. Dvid et al. showed that single doses
of 0.5, 1, 2.5, or 5 g of RSV in healthy volunteers did not
cause serious adverse events [23]. In another study, healthy
persons ingested RSV at 0.5, 1.0, 2.5 or 5.0 g daily for 29
days. The researchers reported that RSV was safe, but the
doses of 2.5 and 5 g showed mild to moderate gastrointes-
tinal symptoms [24]. In the present study, the amount of
dietary fiber in chow diet was more than that of HFD. It has
been suggested that dietary fibers reduce food intake and
fat accumulation by decreasing calorie, increasing intestinal
satiety and reducing food ingestion rate [25]. In addition,
dietary fibers may have impact on nutritional behaviors via
gut—brain axis. Indeed, gut microorganisms digest and fer-
ment fibers into short-chain fatty acids like acetate, propion-
ate, and n-butyrate, which are known to exert neuroactive
functions [26]. Although, in our study, the difference for
fibers between the foods did not have any effect on food
intake. However, what is certain is that adding RSV to HFD
reduced weight gaining (by comparing the HFD and HFD/
HFD + RSV groups). In addition, histological assessments
indicated a decreasing effect of RSV-containing diets and
CR diet on fat accumulation. Based on the results of the
previous studies, fat mobilization is affected by RSV [27].
This natural phenol decreases the number of adipocytes as
well as reduces lipid accumulation. RSV induces apoptosis
in adipocytes via modulation of Akt pathway [28], decreases
adipogenesis by activation of sirtuinl (SIRT1) [29], reduces
lipid synthesis via phosphorylation of 5" AMP-activated pro-
tein kinase [7] and increases lipolysis by enhancing levels of
cAMP [7]. What is clear, on the other hand, is that CR plays
some of its beneficial effects via inducing SIRT1 expression
too. For instance, CR reduced adipose tissue inflammation
created by HFD [30, 31]. Although all mechanisms by which
CR and RSV exert their effects are not similar [32]. This
may explain why the onset of weight losing observed in the
present study following diet switching was not the same.
Based on our results, adding RSV to foods produced new
hunger neurons in ARC without any significant changes in
food intake during 6 weeks. There are some explanation for
this phenomenon. First, in the present study, we just showed
generation of new neurons by immunofluorescence assay.
After birth, a new neuron should migrate and integrate with
other cells to exert its electrochemical function and finally
change behavior [33]. Maybe, time of 6 weeks was a short
period for changing food intake behavior. Second, POMC
neurons act via two main mechanisms; decrease in food
intake and increase in energy expenditure [34]. Thus, one of
the probable effects for RSV via generation of POMC neu-
rons can be regulation of energy and metabolic homeostasis.
Lagouge et al. reported that treatment of mice with RSV
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improves mitochondrial function and energy homeostasis
without any effect on food intake [20]. Further investigations
are needed for determining the exact effect of RSV on food
intake via remodeling of hypothalamus.

The present study indicated that apoptosis in ARC was
enhanced by HFD consumption. This is in line with other
studies that considered induction of hypothalamic neuronal
apoptosis by HFD was due to inflammatory signal transduc-
tion [35, 36]. On the other side, both CR and RSV revealed
anti-apoptotic effects in ARC. Previous investigations have
been reported tissue-specific pro- and anti-apoptotic effects
of RSV. Although RSV induced program cell death in cancer
cells [37, 38] and adipocytes [28, 39], it decreased apopto-
sis in hippocampus and cortex via regulation of Bcl-2, Bax
and caspase-3 expression and suppression of the mitochon-
drial death pathway [40]. Based on the previous reports, CR
inhibits Bax-mediated apoptosis via increasing the expres-
sion of CIRT1 [30]. Together, the architecture of ARC and
consequently the function of this area can be influenced by
anti-apoptotic effects of RSV and CR.

After introducing an active neurogenesis in adult hypo-
thalamus [10], researchers tried to study the probable effects
of different conditions on hypothalamic neurogenesis and
vice versa. Our study showed that the percentage of new-
born cells in ARC did not significantly change following
HFD consumption for 10 weeks. In this regard, the results
of previous studies are inconsistent. Bless et al. [41] reported
that receiving HFD for 6 weeks had enhancing effect on
the number of BrdU-positive cells in the hypothalamus of
adult female mice. In contrast, Li et al. [42] found that eat-
ing HFD for 16 weeks reduced hypothalamic neurogenesis.
Similarly, McNay et al. [11] reported a decreasing effect of
HFD consumption for 8 weeks on generation of hypotha-
lamic new cells. Considering these results and the report
of Gouazé et al. [43], we can conclude that the effect of
HFD on hypothalamic neurogenesis is biphasic so that this
effect is increasing at early phases and is reducing by chronic
exposure to HFD. It seems that enhancement of neurogen-
esis in early phases of HFD consumption is a compensatory
mechanism against neurodegeneration [44], but this process
eventually fails.

What is remarkable in the present study is that switch-
ing diet to RSV-containing diets considerably increased
the percentage of BrdU-positive cells in ARC. Although
no pervious study has been reported about this issue, some
investigations evaluated the effect of RSV on neurogenesis
in other regions of the brain especially the hippocampus.
Kumar et al. [45] indicated that RSV increased the num-
ber of newly generated cells in the hippocampus which was
associated with upregulation of SIRT1 protein. In addition,
RSV increased neurogenesis in the hippocampus of the pre-
natally stressed animals [46]. Moreover, similar effects have
been reported by other groups [47, 48]. On the other hand,
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our results revealed that CR did not have any significant
effect on the percentage of newborn cells in ARC. In this
sense, McNay et al. [11] showed that the number of neural
stem-like cells derived from hypothalamic tissue of obese
animals switched to CR diet for 4 weeks was not signifi-
cantly changed. Although the results of their in-vivo inves-
tigation showed that the loss of hypothalamic progenitor
cells caused by HFD can be rescued by CR, the other report
violated this statement [49]. Overall, our results indicated
that RSV and CR had different effects on generation of new
cells in ARC.

In the present study, although the percentage of CNTF-
positive cells in ARC of animals used HFD did not change,
this index considerably increased in ARC of mice for which
diet switching was performed. What can be concluded
from analyzing the data of weight and CNTF in our study
is weight loss was in line with increase in the percentage
of CNTF-positive cells. In other words, any diet switching
from HFD enhanced endogenous CNTF in ARC. Although
exogenous CNTF induces weight loss via leptin-like path-
ways [50, 51], determining the exact effects of endogenous
CNTF on energy homeostasis needs to be elucidated. Some
investigations demonstrated that endogenous CNTF was
influenced by 6 weeks of consumption of high-sucrose diet
but not by HFD [51]. In contrast, Severi et al. [52] revealed
that CNTF expression in tuberal and mammillary regions
of mouse hypothalamus increased after using HFD for
12 weeks. In addition, they reported that CR diet showed an
opposite effect on hypothalamic CNTF expression. None of
the previous studies have been designed as diet-switching
model. More investigations are needed to determine the
mechanisms involved in hypothalamic CNTF expression
changes following diet switching. In the present study, an
elevated levels of LIF in hypothalamus was seen following
switching diet to HFD 4+ RSV. Previous studies showed that
production of LIF, as transcription 3 activator, increased fol-
lowing treatment of medulloblastoma cells by RSV [53].
Moreover, expression of LIF receptor enhanced in intestinal
mucosa after RSV treatment [54]. On the other hand, central
LIF reduced body weight, food intake and adiposity [55].
Meanwhile, previous studies indicated that LIF promoted
neurogenesis and proliferation of neural stem cells [56]. We,
therefore, considered that some anti-obesity and neurogenic
effects of RSV might be created via enhancement of LIF
expression in the hypothalamus. In our study, an increase in
hypothalamic BDNF expression was seen following HFD
consumption which could be a compensatory mechanism. It
should be noted that the satiety effects of this neurotrophin
was reported previously [57]. What is clear in the present
study is that the switched diets did not exert their anti-obe-
sity effects via modulating hypothalamic BDNF expression.

Attempting fate determination of newborn cells in our
study indicated that 10 weeks of consumption of HFD did
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not create considerable change in the architecture of ARC
in terms of generation of new POMC and NPY neurons.
Although switching diet to RSV-containing diets and
CR diet leading to production of more POMC-positive
cells than NPY-positive ones. In other words, these diets
changed the architecture of ARC to generate more ano-
rexigenic neurons that prevent more weight gaining. Based
on the results of McNay et al. [11], the number of both
BrdU + NPY-positive and BrdU + POMC-positive neurons
in ARC of mice increased after HFD consumption. It is
worth to point out that, in their study, the labeling of pro-
liferating cells was performed in embryogenic stage then
the animals exposed to HFD from 6th to 16th week of
age. Indeed, the study evaluated the retention of embry-
onic neural stem cells not the fate of adult proliferating
cells [11]. Another investigation reported that the num-
ber of POMC + cells enhanced after exposure to HFD for
3 weeks [43]. Considering the duration of the mentioned
study (3 weeks) compared to that of our investigation (10
weeks), it seems that an unsuccessful compensatory phase
could be created after HFD consumption.

In conclusion, resveratrol shifted remodeling patterns of
ARC in mice on HFD toward those of animals on CR diet.
Considering the increasing effect of RSV on adult neuro-
genesis in ARC, we propose that the anti-obesity effect of
RSV can be more lasting than that of CR diet. We need to
bear in mind that neurogenesis process consists of various
steps including cell proliferation, migration, differentiation,
maturation and integration during which many environmen-
tal signals affect neural stem cells [58—60]. In addition, RSV
exerts its effects in dose- and duration-dependent manner
[61, 62]. Therefore, more investigations are required to get
new insight into the hypothalamic remodeling as well as
rebounding weight gain following switching diet of obese
individuals to RSV-enriched diets.
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