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Abstract

Purpose Time-restricted feeding (TRF) reverses obesity and insulin resistance, yet the central mechanisms underlying its
beneficial effects are not fully understood. Recent studies suggest a critical role of hypothalamic galanin and its receptors in
the regulation of energy balance. It is yet unclear whether TRF could regulate the expression of galanin and its receptors in
the hypothalamus of mice fed a high-fat diet.

Methods To test this effect, we subjected mice to either ad lib or TRF of a high-fat diet for 8 h per day. After 4 weeks, galanin
and many neuropeptides associated with the function of metabolism were examined.

Results The present findings showed that mice under TRF consume equivalent calories from a high-fat diet as those with
ad lib access, yet are protected against obesity and have improved glucose metabolism. Plasma galanin, orexin A, irisin and
adropin levels were significantly reversed by TRF regimen. Besides, TRF regimen reversed the progression of metabolic
disorders in mice by increasing GLUT4 and PGC-1a expression in skeletal muscles. Moreover, the levels of galanin and
GALRI1 expression were severely diminished in the hypothalamus of the TRF mice, whereas GALR?2 was highly expressed.
Conclusions TRF diminished galanin and GALRI1 expression, and increased GALR?2 expression in the hypothalamus of
mice fed a high-fat diet. The current studies provide additional evidence that TRF is effective in improving HFD-induced
hyperglycemia and insulin resistance in mice, and this effect could be associated with TRF-induced changes of the galanin
systems in the hypothalamus.

Level of evidence No level of evidence, animal studies

Keywords Time-restricted feeding - Galanin - Obesity - GALR1 - GALR2

Introduction

The rapid increase in the prevalence of overweight and obe-
sity is becoming an important health problem. Overweight
and obesity may cause several metabolic complications,
including type 2 diabetes mellitus, hyperlipidemia, nonal-
coholic fatty liver disease, coronary artery disease as well as
hypertension. Current strategies for treatment of obesity are
not adequately effective and are frequently accompanied by
many side effects [13]. Thus, new strategies to treat obesity
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are urgently needed.

Time-restricted feeding (TRF), a key component of inter-
mittent fasting regimens, has gained considerable attention
in recent years [3, 38, 40]. Recent studies from animal mod-
els of obesity and diabetes illustrate that TRF appears to be
effective against preexisting obesity and insulin resistance
[8, 10, 11, 27, 41, 44, 46, 54]. Similar studies in rodents
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demonstrated that mice under a time-restricted high-fat diet
consume equivalent calories as those with ad libitum access
which are against obesity, hyperinsulinemia and hepatic
steatosis [8, 27, 54]. Furthermore, TRF improved mitochon-
drial abnormalities, lipid infiltration and insulin resistance
in muscle of drosophila and rodent models [49]. A recent
study from humans further demonstrated that 5 weeks’ TRF
regimen improved insulin sensitivity, p cell responsive-
ness, blood pressure, oxidative stress, and appetite in men
with prediabetes [48]. Besides, a recent study highlighted
the effectiveness of time-restricted feeding against different
nutritional challenges, including high-fat, high-fructose, and
high-fat combined with high-fructose diets, all of which are
known to cause metabolic disorders [8]. In addition, studies
in rodents found that either food accessibility was limited
to the dark or light phase, yet the outcome was very similar
[27, 47]. Thus, it is conceivable that the key factor is the
time restriction from food itself, rather than its occurrence
at a specific circadian time [7]. The preliminary evidence in
humans suggests that the benefits of TRF are due mostly or
only to weight loss [9, 22]. More recently, early TRF regimen
improved insulin sensitivity even without weight loss in men
with prediabetes [48]. However, the central mechanisms for
TRF against obesity-related diseases are not well understood.

Obesity is often accompanied by oscillations and disrup-
tions of many orexigenic and anorexigenic neuropeptides
in the hypothalamus [13, 24, 31, 39, 50]. Of note, the neu-
ropeptide galanin participates in feeding behavior via the
modulation of neuroendocrine and monoaminergic systems
[13]. Galanin is widely expressed in all brain regions [34],
particularly in the hypothalamus, where it has important
effects on feeding behavior and energy metabolism. There is
a wealth of evidences for the important role of central gala-
nin as a critical element linking energy metabolism and glu-
cose homeostasis [16, 18]. On the one hand, the long-term
dysregulation of hypothalamic galanin contributes to the
development of obesity [2]. In rats, intracerebroventricular
(i.c.v.) injection of exogenous galanin into the paraventricu-
lar nucleus significantly enhanced daily caloric intake and
weight of fat depots [53]. Furthermore, heterozygous galanin
overexpressive mice increased the intake of a fat-rich diet
by 55% than wild-type mice [29], while galanin knockout
mice decreased the intake of fat-rich diet by 48% than wild-
type mice [30]. On the other hand, the fatty diet may affect
the central galanin level of the animal. Fed with a high-fat
diet, rats showed an increase in galanin level and prolifera-
tion of galanin-producing neurons in the hypothalamus [35].
The central galanin may also provide positive feedback to
increased food intake and body weight in response to high-
fat consumption [13]. This positive feedback is an important
cause of obesity [13]. In addition, elevated plasma galanin
levels were found in patients with obesity and diabetes [14,
16, 36, 56]. The galanin preproprotein levels were positively
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correlated with elevated circulating triglyceride levels in rats
and humans [17, 42].

Besides the effects of nutritional status on galanin expres-
sion [5, 17, 23, 42], the feeding status may modulate cen-
tral galanin expression [6, 32]. Galanin concentrations
were more than doubled in the hypothalamus of 16-h or
72-h fasted mice when compared to the ad lib mice [6, 32].
In addition, galanin neurons located in the hypothalamus
were activated by food restriction [32]. Unlike fasting, it is
yet unclear whether scheduled feeding could regulate the
expression of galanin and its receptors in the hypothalamus
of mice fed a high-fat diet. To identify whether galanin and
its receptors changed during scheduled feeding and evaluate
the central mechanisms of TRF on obesity-related metabolic
diseases, we subjected mice to either ad lib or TRF of a high-
fat diet for 8 h per day last 4 weeks, and analyzed the levels
of galanin and its receptors in the hypothalamus.

Methods and procedures
Reagents

Antibodies against GLUT4 and peroxisome proliferator-
activated receptor-y coactivator-la (PGC-1a) were from
Merck Millipore Inc., Germany. Antibodies against tubulin
were from BOSTER Inc., China. RIPA was purchased from
Bioteke Corporation (Beijing, China). BCA™ protein assay
kit was purchased from Pierce Chemical Company (Pierce,
Rockford, USA). Trizol reagent was purchased from Gibco
Invitrogen Inc., Invitrogen, USA. Galanin, orexin A, adropin
and leptin ELISA assay kits were purchased from CUSABIO,
Inc., Wuhan, China. Insulin and irisin ELISA assay kits were
purchased from Uscn Life Science, Inc., Wuhan, China.

Animals and feeding schedule

All animal experiments were carried out in accordance with
the guidelines of the Animal Care and Use Committee of
Yangzhou University. All animals were kept in standard
laboratory conditions of temperature 21 +2 °C, and relative
humidity 50 + 15%, with water and food available ad libi-
tum. Eight-week-old male C57BL/6 J mice were housed
(one mice per cage) under a 12 h light:12 h dark schedule
with ad libitum access to normal chow for 2 weeks to adapt
to the housing conditions before being randomly assigned to
one of the feeding conditions. The mice were fed a high fat
diet (20% carbohydrates, 21% protein and 59% fat by energy)
for 8 weeks. Then the mice were divided into two groups: fat
control group (FC, n=_8) and time-restricted feeding group
(TRF, n=38). The mice in the TRF group were subjected
to a time-restricted feeding as previously described [54].
In brief, FC and TRF mice received a high-fat diet with
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either ad libitum access (FC mice) or during an 8 h window
between ZT13 and ZT21 (TRF mice). Access to food was
controlled by transferring mice daily between cages with
food and water to cages that had only water. Besides, a nor-
mal control group (NC, n=38) was set up. NC mice were
fed a normal chow diet with ad libitum access. Animals
were maintained on assigned diets and feeding paradigms
for 4 weeks. Food intake and body weight were monitored
weekly throughout the experiments. At the end of the experi-
ment, all mice were fasted for 12 h and subjected to glu-
cose tolerance test as described below. All animals received
human care and all study protocols were approved by the
Animal Studies Committee of Yangzhou University.

Metabolic measurements

Animals were fasted for 12 h on paper bedding before the
test. Blood glucose levels were measured using One Touch
Ultra glucometer prior to injection of glucose (1 g/kg intra-
peritoneally) and every 30 min after injection.

Collection of blood sample and hypothalamus

After fasting for 12 h, all animals were killed. Then, 1 ml
blood, skeletal muscles and hypothalamus were collected
quickly. In brief, the blood samples were collected in pre-
chilled EDTA tubes and immediately centrifuged for 5 min
at 3500 rpm at 4 °C within 30 min of collection. Plasma was
separated into vials and stored at — 80 °C until measure-
ment. The hypothalamus and skeletal muscles were rinsed
in precooled phosphate buffer saline and frozen at — 80 °C
for further analysis.

Galanin, orexin A, adropin, insulin, irisin and leptin
assays

The galanin, orexin A, adropin, insulin, irisin and leptin
assays were measured by ELISA under the manufacturer’s
instructions. All measurements were performed in duplicate
and the mean of two measurements was considered.

Total RNA extraction and RT-qPCR

RNA and cDNA were prepared, and RT-qPCR (reverse tran-
scription-quantitative polymerase chain reaction) was per-
formed as previously described [19, 20]. In brief, RT-qPCR
was performed for gene expression levels using real-time
fluorescent detection in an Applied Biosystems 7500 real-
time PCR instrument (ABI 7500, USA). The oligonucleotide
primers are found in Table 1. Amplification condition was: an
initial denaturation at 95 °C for 10 min; 95 °C for 15 s, 62 °C
for 60 s, 40 cycles. The 272T method was used to analyze
the PCR data.

Table 1 The oligonucleotide primers

Gene The oligonucleotide primers

GLUT4  forward sequence 5'-GGCTTTGTGGCCTTCTTTGAG-3'

Reverse sequence 5'-GACCCATAGCATCCGCAACAT-3'

Forward sequence 5'-ACCATGACTACTGTCAGT
CACTC-3'

Reverse sequence 5'-GTCACAGGAGGCATCTTTGAAG-
3

GAL Forward sequence 5'-GAGCCTTGATCCTGCACTGA-3’

Reverse sequence 5'-AGTGGCTGACAGGGTCACAA-3'

PGC-la

GALRI  Forward sequence 5’-CCAAGGGGGTATCCCAGTAA-3’
Reverse sequence 5'-GGCCAAACACTACCAGCGTA-3'

GALR2  Forward sequence 5'-ATAGTGGTGGCATGCTGGAA-3'
Reverse sequence 5'-AGGCTGGATCGAGGGTTCTA-3'

GAPDH Forward sequence 5'-AGAACATCATCCCTGCATCC-3’

Reverse sequence 5'-TCCACCACCCTGTTGCTGTA-3'

Western blot analysis

The total proteins of skeletal muscles were extracted using
RIPA agents as described previously and quantified with BCA
protein assay kit. Western blot analyses were used to determine
the GLUT4 and PGC-1a levels in skeletal muscles. Briefly,
50 pg of samples were separated on a 12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The separated
proteins were transferred to a polyvinylidene difluoride filter
membrane. Membranes were blocked in Tris-buffered saline
(pH=7.5) containing 0.05% Tween-20 (1 X TBST) and 5%
skimmed milk for 2 h, then probed overnight at 4 °C with
an antibody against tubulin, GLUT4 and PGC-1la respec-
tively. Membranes were washed three times with 1 X TBST
for 10 min and incubated for 2 h with horseradish peroxidase-
conjugated secondary antibody. Lastly, immunoreactive bands
were visualized by chemiluminescence and quantified by den-
sitometry using a Quantity One Analysis Software (Bio-Rad).

Statistical analysis

SPSS 17.0 for Windows was used for statistical analysis. Com-
parisons between the means of three groups were analyzed by
one-way ANOVA with Duncan’s multiple-range tests. Data
were presented as mean+SEM with p <0.05 as the limit for
statistical significance.

Results

TRF regimen ameliorates glucose intolerance
and systemic insulin resistance

All mice used in this experiment exhibited similar body
weight and food intake at the beginning of the experiment.
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After fed with a high-fat diet for 6 weeks, the mice started
to demonstrate a significant increase in body weight com-
pared with age- and gender-matched mice on a normal diet
(Fig. 1A). At the end of time-restricted feeding for 4 weeks,
the body weight was decreased in the TRF group compared
with the FC group (p > 0.05), while the body weight was sig-
nificantly increased in the FC group compared with the NC
group (p <0.01) (Fig. 1A). As shown in Fig. 1B, the food
intake of mice was not obviously decreased in the TRF group
compared with the FC group per week (p > 0.05). These
results suggest that mice fed with a high-fat diet ad libitum
may develop obesity and metabolic syndrome. Time-limiting
access to high-fat diet at night for up to 4 weeks shows some
improvement in body weight regulation.

As shown in Fig. 1C, D, the fasting glucose and insulin
levels were significantly elevated in the FC group compared
with the NC group (p <0.01). During the glucose tolerance
test, the circulating glucose levels were markedly increased
in the fasted state and in response to glucose load in the
FC group compared with the NC group (p <0.01) (Fig. 1F).
Besides, the HOMA-IR and areas of glucose tolerance
(AUC) were significantly increased in the FC group com-
pared with the NC group (p <0.01) (Fig. 1E, G).

After 4 weeks of time-restricted feeding regimen, the
mice had a decrease of fasting hyperglycemia (p <0.01)
and an improvement in glucose tolerance associated with
a decrease in plasma glucose levels in the fasted state and
in response to glucose load (p <0.05) compared with the
FC mice (Fig. 1C, F). However, we did not observe sig-
nificant variation of plasma insulin in response to time-
restricted feeding regimen compared with FC mice (p>0.05)
(Fig. 1D), which suggests TRF-induced reduction in glucose
stems from effects on insulin sensitivity, rather than on insu-
lin levels. Moreover, the HOMA-IR and areas of glucose
tolerance were significantly lower in time-restricted feeding
regimen mice than in FC mice (Fig. 1E, G) (p <0.05). These
results suggest that the TRF regimen improves systemic
insulin sensitivity and glucose homeostasis.

TRF regimen regulates the levels of plasma orexin A,
leptin, irisin and adropin

As shown in Fig. 2A-D, the fasting orexin A, leptin, irisin
and adropin levels were significantly elevated in the FC
group compared with those in the NC group (p <0.01).
However, after 4 weeks of time-restricted feeding regi-
men, the mice displayed a significant decrease in the
plasma orexin A, irisin and adropin compared with FC
mice (p <0.01), but a significant increase in plasma leptin
compared with FC mice (p <0.01). These results suggest
that time-restricted feeding regimen is involved in the
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regulation of many neuropeptides are induced by nutri-
tional challenge when food is available ad libitum.

TRF regimen regulates the expression of GAL and its
receptors

As shown in Fig. 3A, the fasting galanin levels were sig-
nificantly elevated in the FC group compared with those in
the NC group (p <0.01). Furthermore, the galanin mRNA
and GALR1 mRNA expression levels were significantly
increased in the hypothalamus of the FC group compared
with the NC group (p <0.01), although we did not observe
significant variation of GALR2 mRNA expression levels
in mice fed with a high-fat diet ad libitum compared with
NC mice (p>0.05) (Fig. 3B-D). After 4 weeks of time-
restricted feeding regimen, the mice displayed a significant
decrease in the plasma galanin and galanin mRNA and
GALR1 mRNA expression of hypothalamus compared
with FC mice (p <0.01) (Fig. 3A-C). However, the GALR2
mRNA expression levels were significantly increased in the
hypothalamus of the TRF group compared with those in
the FC group (p <0.01) (Fig. 3D). These results suggested
that the TRF regimen regulated galanin and galanin receptor
expression.

TRF regimen increases the PGC-1a and GLUT4 levels
of skeletal muscles

As shown in Fig. 4A, B, the GLUT4 mRNA and PGC-la
mRNA expression levels were significantly decreased in
the skeletal muscles of the FC group compared with those
in the NC group (p <0.01). Compared with the FC group
mice, mice under a time-restricted high-fat diet displayed a
marked elevation in the levels of GLUT4 mRNA and PGC-1a
mRNA expression of skeletal muscles (p <0.01). As shown
in Fig. 4C-E, the GLUT4 and PGC-1a contents were sig-
nificantly decreased in the skeletal muscles of the FC group
compared with those in the NC group (p <0.01). Compared
with the FC group mice, mice under a time-restricted high-fat
diet displayed a marked increase in the levels of GLUT4 and
PGC-1a protein of skeletal muscles (p <0.01). These results
suggested that the TRF regimen improved the PGC-1a and
GLUT#4 expression in skeletal muscles.

Discussion

Lifestyle interventions, including changes in diet, reduced
caloric intake and increased exercise, have been the first-line
therapy in efforts to combat obesity and its complications.
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Fig. 1 The TRF regimen ameliorates glucose intolerance and sys-
temic insulin resistance (n=8). A During the 4 weeks of TRF regi-
men, the body weight of mice was measured. The body weight was
decreased in the TRF group compared with the FC group (P> 0.05),
while the body weight was significantly increased in the FC group
compared with the NC group (P <0.01). B The food intake of mice
was not obviously changed in the TRF group compared with the FC
group in per week (P> 0.05), while food intake of mice was signifi-
cantly increased in the FC group compared with the NC group in
per week (P<0.01). C The fasting glucose level was significantly
elevated in the FC group compared with the NC group (P<0.01).
After 4 weeks of time-restricted feeding regimen, the mice had a
decrease of fasting hyperglycemia (P <0.01). D The fasting insulin
level was significantly elevated in the FC group compared with the
NC group (P <0.01), while the fasting insulin level was not obviously
changed in the TRF group compared with the FC group (P> 0.05). E
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The HOMA-IR was significantly elevated in the FC group compared
with the NC group (P <0.01), while the HOMA-IR was significantly
decreased in the FC group compared with the NC group (P<0.01). F
The circulating glucose levels were markedly increased in the fasted
state and in response to glucose load in the FC group compared with
the NC group (P<0.01). After 4 weeks of time-restricted feeding
regimen, the mice had an improvement in glucose tolerance associ-
ated with a decrease in plasma glucose levels in the fasted state and
in response to glucose load compared with the FC mice (P <0.05). G
The AUC was significantly elevated in the FC group compared with
the NC group (P<0.01), while the AUC was decreased in the FC
group compared with the NC group (P <0.05). Comparisons between
the means of three groups were analyzed by one-way ANOVA with
Duncan’s multiple-range tests. All data shown are the means + SEM.
*P <0.05&**P <0.01 vs. FC; #P <0.01 vs. NC
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Fig.2 The levels of orexin A, leptin, irisin and adropin in TRF
mice (n=8). A Compared with the FC group, TRF mice displayed
a marked decrease in level of plasma orexin A (P<0.01). B Com-
pared with the FC group, and TRF mice displayed a marked decrease
in level of plasma irisin (P <0.01). C Compared with the FC group,
TRF mice displayed a marked decrease in level of plasma adropin

Among these interventions, temporal regulation of feeding
offers an innovative strategy to prevent and treat obesity
and associated metabolic diseases [38]. Recent studies have
shown that preventing obesity with time-restricted feeding
(TRF) is an innovative and promising strategy [8, 10, 11, 27,
41, 44, 46, 54]. It emphasizes caloric intake, hence making
it an attractive and easily adoptable lifestyle modification.
Restricting feeding to 8 h of a rodent’s preferred nocturnal
feeding time protects against weight gain and associated
metabolic diseases [27]. TRF regimen improved sleep and
weight loss as well as deceleration of cardiac aging, even
when caloric intake and expenditure were unchanged [25].
The mechanisms by which TRF protects against age- and
diet-induced decline in cardiac function may be relative to
the circadian clock, TRiC chaperonin and mitochondrial
ETC [25]. However, the central mechanisms of TRF against
metabolic disorders has not been sufficiently explored.
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(P<0.01). D Compared with the FC group, TRF mice displayed a
marked increase in the level of plasma leptin (P<0.01). Compari-
sons between the means of three groups were analyzed by one-way
ANOVA with Duncan’s multiple-range tests. All data shown are the
means + SEM. ##P <0.01 vs. FC; #P <0.01 vs. NC

Previous studies have shown that mice under a time-
restricted high-fat diet consume equivalent calories as those
with ad libitum access are against preexisting obesity [27,
47, 54]. The preliminary evidence in humans suggests that
the benefits of TRF are due mostly or only to weight loss
[22]. In agreement with these results, we found that mice
fed a high-fat diet ad libitum can develop obesity, while TRF
regimen during 4 weeks may maintain weight stability of
mice fed with a high-fat diet. These results suggest that time-
limiting access to high-fat diet at night for up to 4 weeks is
of great help to body weight regulation. In addition, a recent
study on humans further demonstrated that the TRF regimen
for 5 weeks improved insulin sensitivity, 3 cell responsive-
ness, oxidative stress, blood pressure and appetite in men
with prediabetes [48]. In this study, our data demonstrated
that the TRF regimen reversed high fat diet-induced glu-
cose intolerance and hyperglycemia in diet-induced obese
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marked decrease in level of plasma galanin (P <0.01). B Compared
with FC mice, mice under a time-restricted high-fat diet displayed a
marked reduction in level of GAL mRNA expression of hypothalamus
(P<0.01). C Compared with FC mice, mice under a time-restricted

mice. Furthermore, we also detected the role of TRF in glu-
cose metabolism and insulin sensitivity in skeletal muscles.
About 85% of insulin-stimulated glucose uptake occurs in
skeletal muscles. This process is important for controlling
whole-body energy homeostasis [37]. It has been clearly
established that glucose transporter 4 (GLUT4) is a particu-
larly important glucose transporter for maintaining glucose
transport into skeletal muscles [37]. In addition, PGC-1a is
a critical regulator of mitochondrial biogenesis in skeletal
muscles to maintain an energy balance [43, 52]. PGC-1a
can enhance the expression of GLUT4 to increase glucose
uptake in skeletal muscles [4, 45, 51]. Therefore, the levels
of PGC-1a and GLUT4 are major indexes that reflect the
activity of glucose uptake and insulin sensitivity in skeletal
muscles [37, 52]. The results in this study illustrated that
the TRF regimen in mice led to elevated mRNA and protein
expression of PGC-1a and GLUT4 in skeletal muscle under
HFD-fed conditions, suggesting that the effect of TRF on
glucose metabolism is stimulation and activation. Our data
corroborated previous report that the TRF regimen could
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high-fat diet displayed a marked reduction in the level of GALRI
mRNA expression of the hypothalamus (P<0.01). D The GALR2
mRNA expression level was significantly increased in the hypothala-
mus of the TRF group compared with the FC group (P <0.01). Com-
parisons between the means of the three groups were analyzed by
one-way ANOVA with Duncan’s multiple-range tests. All data shown
are the means + SEM. **P <0.01 vs. FC; #P <0.01 vs. NC

induce the expression of many genes associated with the
function of glucose transport and metabolism in skeletal
muscles [27, 47]. Together with these findings, our data sug-
gest that the TRF regimen ameliorates metabolic dysfunc-
tion by activation of PGC-1o/GLUT#4 axis-mediated glucose
metabolism in skeletal muscles.

The central mechanisms underlying the increase of
glucose metabolism in TRF mice remains unclear, but
previous studies found that central galanin is a critical
element linking energy metabolism and glucose home-
ostasis [16, 18], and the feeding status could modulate
central galanin expression [6, 32]. Therefore, we fur-
ther analyze the levels of galanin and its receptors in the
hypothalamus during scheduled feeding and evaluate the
central mechanisms of TRF on obesity-related metabolic
diseases. As expected, the levels of plasma galanin were
significantly increased along with a trend of the elevation
of orexin A, irisin and adropin in mice fed with a high fat
diet when compared to the normal control mice. Besides,
the levels of galanin mRNA expression were increased
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Fig.4 The GLUT4 and PGC-la expression levels in the skele-
tal muscles of TRF mice (n=6). A Compared with FC mice, mice
under a time-restricted high-fat diet displayed a marked increase in
the level of GLUT4 mRNA expression of skeletal muscles (P <0.01).
B Compared with FC mice, mice under a time-restricted high-fat
diet displayed a marked increase in the level of PGC-Ila mRNA
expression of skeletal muscles (P<0.01). C The GLUT4 content
was significantly decreased in the skeletal muscles of the FC group
compared with the NC group (P<0.01). Compared with the FC
mice, mice under a time-restricted high-fat diet displayed a marked

in the hypothalamus of mice fed a high fat diet. Our data
corroborated previous report that galanin level and pro-
liferation of galanin-producing neurons were increased
in the hypothalamus of rats fed a high fat diet [35], sug-
gesting that central galanin provides positive feedback
to increase food intake and body weight in response to
high-fat consumption [2, 13]. Besides, previous stud-
ies showed that central galanin-induced increase in fat
intake is mainly mediated by GALRI1 [13, 15, 34]. These
suggest that the GAL-GALRI systems help adapt food
intake and metabolism to changes in dietary fat. Results
in this study illustrated that the TRF regimen dimin-
ished plasma galanin as well as hypothalamic galanin
and GALRI1 expression, but increased GALR2 expres-
sion in the hypothalamus of mice fed a high-fat diet. Our
observations expand on these studies and document that
TRF regimen could reduce fat intake by inhibition of
the GAL-GALRI1 system and subsequently promote the
weight loss in obese mice. In addition, it is plausible that
the lower levels of galanin will upregulate the expression
of the GALR?2 located in the hypothalamus, which may, in
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increase in the level of GLUT4 in skeletal muscles (P<0.01). D The
PGC-1la content was significantly decreased in the skeletal muscles
of the FC group compared with the NC group (P <0.01). Compared
with the FC mice, mice under a time-restricted high-fat diet dis-
played a marked increase in the level of PGC-1a in skeletal muscles
(P<0.01). E The representative western blot of GLUT4 and PGC-1a.
Comparisons between the means of three groups were analyzed by
one-way ANOVA with Duncan’s multiple-range tests. All data shown
are the means + SEM. **P < (.01 vs. FC; #P<0.01 vs. NC

turn, stimulate the GALR2-mediated signaling pathways
in the hypothalamus, which is known to promote systemic
glucose metabolism and energy homeostasis [1, 19, 20,
28]. Activated GALR?2 significantly increased GLUT4
expression in skeletal muscles, suggesting that activation
of central GALR?2 mediates the galanin roles to promote
insulin sensitivity in the skeletal muscles [12, 19, 20, 26,
55]. Injection with a GALR2 agonist, M1145, into the lat-
eral hypothalamus of mice might restore the ability of lep-
tin to suppress overeating of high-fat/high-sucrose foods,
suggesting that activation of central GALR2 mediates the
promoting effect of galanin on leptin sensitivity in the
lateral hypothalamus [33]. Therefore, GALR2 improves
glycemic control via restoration of insulin sensitivity
and leptin sensitivity. Considering the results obtained
from our previous studies, we conclude that the metabolic
changes of TRF mice may be related to the expression
of GALR?2 in the hypothalamus. Therefore, the changes
of galanin, GALR1 and GALR?2 in the hypothalamus are
involved in the central mechanism of TRF regulating
energy metabolism in mice fed a high-fat diet.
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Conclusions

The previous studies confirmed a critical role of hypotha-
lamic galanin and its receptors in the regulation of glucose
metabolism and energy balance [1, 21, 28]. The current
study addressed the question whether TRF could regulate
the expression of galanin and its receptors in the hypothala-
mus of mice fed a high-fat diet. We demonstrated that TRF
diminished galanin and GALR1 expression, and increased
GALR?2 expression in the hypothalamus of mice fed a high-
fat diet. The current studies provide additional evidence that
TREF is effective in improving HFD-induced hyperglycemia
and insulin resistance in mice, and this effect could be asso-
ciated with TRF-induced changes of the galanin systems in
the hypothalamus. Future pre-clinical studies are necessary
to define the relationship between TRF-induced metabolic
changes and the galanin system.

What is already known on this subject?

The previous studies confirmed a critical role of hypotha-
lamic galanin and its receptors in the regulation of glucose
metabolism and energy balance. Several studies found that
time-restricted feeding (TRF) reversed obesity and insulin
resistance. However, there were limited studies focused on
the central mechanisms of TRF on obesity-related metabolic
diseases.

What does this study add?

Our findings revealed that TRF diminished galanin and
GALRI expression, and increased GALR2 expression in
the hypothalamus of mice fed a high-fat diet. Our results
suggested that the central mechanisms of TRF on obesity-
related metabolic diseases could be associated with the
changes of the galanin systems in the hypothalamus. TRF
regimen may be a nonpharmacological strategy against obe-
sity-related metabolic diseases.
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