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Abstract: Liver-expressed antimicrobial peptide-2 (LEAP-2) has mutual antagonism with ghrelin,
which evokes food intake under a freely fed state. Nevertheless, the impact of LEAP-2 on ghrelin
under time-restricted feeding (TRF), which has benefits in the context of metabolic disease, is still
unknown. This study aims to explore the impact of central administration of LEAP-2 on the ingestion
behavior of rats, which was evaluated using their cumulative food intake in the TRF state. Before
intracerebroventricular (ICV) administration of O-n-octanoylated ghrelin (0.1 nmol/rat), as a food-
stimulatory model, the rats received various doses of LEAP-2 (0.3, 1, 3 nmol/rat, ICV). Cumulative
food intake was recorded at 1, 2, 4, 8, 12, and 24 h after ICV injection under 12 h freely fed and TRF
states in a light phase. In 12 h freely fed and TRF states, central administration of ghrelin alone
induced feeding behavior. Pre-treatment with LEAP-2 (1 and 3 nmol/rat, ICV) suppressed ghrelin-
induced food intake in a dose-dependent manner in a 12 h freely fed state instead of a TRF state, which
may have disturbed the balance of ghrelin and LEAP-2. This study provides neuroendocrine-based
evidence that may explain why TRF sometimes fails in fighting obesity/metabolic dysfunction-
associated steatotic liver disease in clinics.

Keywords: food intake; ghrelin; ingestion behavior; liver-expressed antimicrobial peptide-2 (LEAP-2);
time-restricted feeding

1. Introduction

Liver-expressed antimicrobial peptide-2 (LEAP-2) is a novel 40-amino-acid peptide
recently identified as an endogenous antagonist of the ghrelin receptor (growth hormone
secretagogue receptor, GHSR) [1], which is associated with metrics of the metabolic profile
such as obesity [2], body mass index, liver fat content, and fasting insulin [3]. A pharma-
cologic approach showed that LEAP-2 and its N-terminal part behave as inverse agonists
of GHSR and as competitive antagonists of ghrelin-induced inositol phosphate produc-
tion and calcium mobilization, while the N-terminal region of LEAP-2 is able to inhibit
ghrelin-induced food intake in mice, indicating the important role of LEAP-2 in the control
of ghrelin response under both normal and pathological conditions [4,5]. LEAP-2 has been
shown to be produced in the liver and small intestine, and its secretion is suppressed by
fasting [1,6]. LEAP-2 fully inhibits GHSR activation by ghrelin and blocks the main effects
of ghrelin in vivo, including promotion of food intake, GH release, and maintenance of
blood glucose levels during chronic caloric restriction; however, neutralizing antibodies
that block endogenous LEAP-2 function enhance the action of ghrelin in vivo [1]. Ghrelin
is a gut hormone that is released from stomach [7–10] and acts on the hypothalamus,
thus promoting feeding behavior [7]. From the above description, it can be inferred that
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LEAP-2 and ghrelin influence the eating behavior regulated by the hypothalamus. Taken
together, LEAP-2 inhibits the central function of ghrelin through crosstalk between the
liver, stomach, and brain and acts to fine-tune the action of ghrelin in response to changing
environmental conditions for regulation of food intake, energy partition, and homeostasis
as well as the circadian rhythm. Time-restricted feeding (TRF) is a mode of intermittent
fasting in which the daily eating window is restricted to 4–12 h [11]. Recent studies have
indicated that TRF improves insulin sensitivity [12], 24 h glucose levels [6], glucose toler-
ance [13], lipid metabolism, the circadian clock [6,14], autophagy [6], and cardiac dysfunc-
tion [15], as well as metabolic dysfunction-associated steatotic liver disease (MASLD) [16].
In particular, the EASL-EASD-EASO Clinical Practice Guidelines on the management of
metabolic dysfunction-associated steatotic liver disease (MASLD) detail the effect of TRF
on MASLD [17,18]. Another network meta-analysis of 59 randomized controlled trials in
subjects with MASLD showed that TRF certainly improves short-term outcomes including
mortality, liver-related complications, and hepatic cancer [17,19]. Collectively, TRF can be
considered a potential countermeasure for the prevention and treatment of obesity and
metabolic disorders and the restoration of circadian rhythm; it may also have anti-aging
effects in humans [20,21]. While several studies demonstrate that TRF is effective for
weight loss [22,23], the role of TRF in weight loss remains controversial [24,25]. TRF has
several benefits for the metabolism; however, the impact that TRF has on the action of the
neuroendocrine system is still unknown. LEAP-2 is a novel antagonist against ghrelin and
is involved in the orexigenic system. There are no data currently available regarding the
association of LEAP-2 with the amount of food consumed in the TRF state. The purpose
of this research is to investigate how central administration of LEAP-2 influences eating
behavior, which is evaluated according to cumulative food intake in the TRF state in rats.

2. Materials and Methods
2.1. Animals

A total of 72 male Sprague Dawley rats weighing 110–140 g (being three weeks old)
were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) and kept in the Labo-
ratory Animal Center, National Yang Ming Chiao Tung University (Taipei, Taiwan). The
rats were kept in rooms with controlled illumination (light period: 08:00–20:00), humidity
(60 ± 10%), and temperature (22.5 ± 1.5 ◦C). All rats had free water and laboratory chow
pellets (BioLASCO Taiwan Co., Ltd., Taipei, Taiwan). All animal protocols were conducted
after 8:00 AM in conscious rats, according to the guidelines regulated by the Institutional
Animal Care and Use Committee (IACUC) of the Taipei Veterans General Hospital, Taiwan
(approved protocol number: IACUC 2022-029). The 72 rats were divided into 6 groups,
including vehicle + vehicle, vehicle + LEAP-2, ghrelin + vehicle, and ghrelin + LEAP-2 (0.1,
1, 3 nmol/rat). Based on ethology experiments and previous studies [10,26–28], 12 rats
were included in each group.

2.2. Implantation of an Intracerebroventricular (ICV) Catheter

Before administration of vehicle or O-n-octanoylated ghrelin (0.1 nmol/rat) via ICV,
we administered vehicle or LEAP-2 (0.1 nmol/rat, 1 nmol/rat, or 3 nmol/rat) via ICV.
Before ICV administration, all rats were anesthetized with intraperitoneal (IP) injection of
Zoletil-50 (20–40 mg/kg, Tiletamine: Zolazepam = 1:1; Virbac Taiwan Co. Ltd. (Kaohsi-
ung, Taiwan)) and Xylazine (1–5 mg/kg, Rompun, BioLASCO Taiwan Co., Ltd. (Taipei,
Taiwan)) [10,26–28]. Then, all rats were placed in a stereotaxic apparatus (BenchmarkTM,
myNeuroLab, St. Louis, MO, USA) and received an implant of a guide cannula (25-gauge;
Eicom, Kyoto, Japan), which reached the right lateral ventricle. The coordinates of the
stereotaxic apparatus were 0.8 mm posterior to bregma, 1.4 mm right lateral to the midline,
and 4.5 mm below the outer surface of the skull using a stereotaxic frame with the incisor
bar set within the horizontal plane passing through the bregma and lambda [10,28,29].
Securing of the guide cannula, insertion of a dummy cannula (Eicom, Kyoto, Japan) into
the guide cannula, and placement of a screw cap (Eicom, Kyoto, Japan) were performed
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as described in our previous studies [10,28,29]. The rats were isolated and given at least
7 days for full recovery after the implantation of ICV catheters before the food intake
study. All ICV injections lasted for 60 s with the total volume of 10 µL via AMI-5 (Eicom,
Kyoto, Japan).

2.3. Preparation of Drugs

Liver-expressed antimicrobial peptide-2 (LEAP-2, Abbexa Ltd., Cambridge, UK) and
rat O-n-octanoylated ghrelin (American Peptide Co., Sunnyvale, CA, USA) were kept in
powder form at –20 ◦C and dissolved in sterile, pyrogen-free 0.9% saline (Otsuka, Tokyo,
Japan) immediately before use.

2.4. Food Intake Analysis

The measurement of food intake was performed as in our previous studies with a
slight modification [28]. Briefly, the cumulative food intake was recorded and calculated
at 1, 2, 4, 8, 12, and 24 h after ICV injection. The total volume of ICV injection was 10 µL
for each rat. Food intake was determined by measuring the difference between the pre-
weighed standard chow and weight of chow at each time point. Before the food intake tests,
all rats were allowed to fully acclimatize to their environments for one week. Light-phase
experiments on either freely fed or TRF rats were started at 8:00 a.m. Before the tests, the
rats were given free access to food and water (i.e., freely fed). A standard diet (BioLASCO
Taiwan Co., Ltd., Taipei, Taiwan) was provided.

2.5. Experimental Feeding Schedule: Ad Libitum (AL) versus Time-Restricted Feeding (TRF)

Although LEAP-2 is an endogenous antagonist of the ghrelin receptor [1], central
LEAP-2 has been shown to suppress only central ghrelin-induced feeding, while failing
to inhibit either 14 h fasting-induced or dark-phase food intake in rats [6]. These data
highlight the more pivotal role of LEAP-2 in the fed state rather than caloric restriction in
the regulation of ingestive behavior [1,6]. Therefore, we designed our food intake analysis
to be performed in a freely fed satiated state instead of a food-deprived state.

In addition to the control group having AL access to food, an animal model for TRF
was also established. Rats under the TRF protocol were allowed access to the diet for 8 h per
day during the active phase (dark period) from ZT 13 (1 h after lights on) to ZT 21 (3 h before
lights on) for 28 days [22]. Rats fed either AL or TRF were transferred between feeding
cages at the same time in order to standardize handling stress and minimize experimental
variation between groups. In our previous serial published papers [26–28,30], we have
already created a stable and reproducible model of ICV acyl ghrelin-induced feeding in
freely fed rats. We applied this ICV acyl ghrelin-induced feeding model in either AL or
TRF rats.

2.6. Statistical Analyses

All results are expressed as mean ± SEM, and SigmaStat 4.0 software (Grafiti LLC.,
Palo Alto, CA, USA) was used for data analysis. A one-way ANOVA was conducted to
compare the difference among groups, and the Student–Newman–Keuls post hoc test was
conducted to identify the difference between each pair of groups. Statistical significance
was defined at p < 0.05.

3. Results
3.1. Action of Pre-Treatment with LEAP-2 via ICV without O-n-Octanoylated Ghrelin

Pre-treatment with LEAP-2 (3 nmol/rat) via ICV without O-n-octanoylated ghrelin
lowered the cumulative food intake in rats at 1 h, 4 h, and 8 h in a 12 h freely fed state,
compared with rats without pre-treatment with LEAP-2 (Figures 1A, 3A and 4A). There
was no significant difference at 2 h, 12 h, and 24 h (Figures 2A, 5A and 6A).

In the TRF state, there was no significant difference in cumulative food intake between vehi-
cle + vehicle and vehicle + LEAP-2 groups from 1 h to 24 h (Figures 1C, 2C, 3C, 4C, 5C and 6C).
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Figure 1. Cumulative food intake after 1 h in rats in 12 h freely fed and time-restricted feeding
states. Cumulative food intake in rats was measured over a period of 1 h. Cumulative food intake
after 1 h in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase.
(A) Cumulative food intake after 1 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely
fed state, where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake
after 1 h in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated
ghrelin (0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 1 h in rats with
or without LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did not
receive O-n-octanoylated ghrelin. (D) Cumulative food intake after 1 h in rats with vehicle or LEAP-2
(0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-restricted
feeding state. The sample size for each experimental group in each feeding state was 12 rats. * p < 0.05
vs. vehicle + vehicle in each feeding state. # p < 0.05 vs. vehicle + O-n-octanoylated ghrelin in each
feeding state. LEAP-2: liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.
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Figure 2. Cumulative food intake after 2 h in rats in 12 h freely fed and time-restricted feeding states.
Cumulative food intake in rats was measured over a period of 2 h. Cumulative food intake after 2 h
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in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase. (A) Cu-
mulative food intake after 2 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely fed state,
where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake after 2 h
in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin
(0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 2 h in rats with or without
LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did not receive
O-n-octanoylated ghrelin. (D) Cumulative food intake after 2 h in rats with vehicle or LEAP-2 (0.3, 1,
3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-restricted feeding
state. The sample size for each experimental group in each feeding state was 12 rats. * p < 0.05 vs.
vehicle + vehicle in each feeding state. # p < 0.05 vs. vehicle + O-n-octanoylated ghrelin in each
feeding state. LEAP-2: liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.
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Figure 3. Cumulative food intake after 4 h in rats in 12 h freely fed and time-restricted feeding
states. Cumulative food intake in rats was measured over a period of 4 h. Cumulative food intake
after 4 h in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase.
(A) Cumulative food intake after 4 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely
fed state, where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake
after 4 h in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated
ghrelin (0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 4 h in rats with
or without LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did not
receive O-n-octanoylated ghrelin. (D) Cumulative food intake after 4 h in rats with vehicle or LEAP-2
(0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-restricted
feeding state. The sample size for each experimental group in each feeding state was 12 rats. * p < 0.05
vs. vehicle + vehicle in each feeding state. # p < 0.05 vs. vehicle + O-n-octanoylated ghrelin in each
feeding state. LEAP-2: liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.
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Figure 4. Cumulative food intake after 8 h in rats in 12 h freely fed and time-restricted feeding
states. Cumulative food intake in rats was measured over a period of 8 h. Cumulative food intake
after 8 h in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase.
(A) Cumulative food intake after 8 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely
fed state, where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake
after 8 h in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated
ghrelin (0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 8 h in rats with
or without LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did
not receive O-n-octanoylated ghrelin. (D) Cumulative food intake after 8 h in rats with vehicle or
LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-
restricted feeding state. The sample size for each experimental group in each feeding state was 12 rats.
* p < 0.05 vs. vehicle + vehicle in each feeding state. LEAP-2: liver-expressed antimicrobial peptide-2;
ICV: intracerebroventricular injection.
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in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase. (A) Cumu-
lative food intake after 12 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely fed state,
where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake after 12 h
in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin
(0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 12 h in rats with or without
LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did not receive
O-n-octanoylated ghrelin. (D) Cumulative food intake after 12 h in rats with vehicle or LEAP-2 (0.3,
1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-restricted
feeding state. The sample size for each experimental group in each feeding state was 12 rats. LEAP-2:
liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.
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Figure 6. Cumulative food intake after 24 h in rats in 12 h freely fed and time-restricted feeding
states. Cumulative food intake in rats was measured over a period of 24 h. Cumulative food intake
after 24 h in rats in 12 h freely fed (A,B) and time-restricted feeding states (C,D) in the light phase.
(A) Cumulative food intake after 24 h in rats with or without LEAP-2 (3 nmol/rat, ICV) in a freely fed
state, where both groups did not receive O-n-octanoylated ghrelin. (B) Cumulative food intake after
24 h in rats with vehicle or LEAP-2 (0.3, 1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin
(0.1 nmol/rat) in a 12 h freely fed state. (C) Cumulative food intake after 24 h in rats with or without
LEAP-2 (3 nmol/rat, ICV) in a time-restricted feeding state, where both groups did not receive
O-n-octanoylated ghrelin. (D) Cumulative food intake after 24 h in rats with vehicle or LEAP-2 (0.3,
1, 3 nmol/rat, ICV) before receiving O-n-octanoylated ghrelin (0.1 nmol/rat) in a time-restricted
feeding state. The sample size for each experimental group in each feeding state was 12 rats. LEAP-2:
liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.

3.2. Effect of Interaction between LEAP-2 and O-n-Octanoylated Ghrelin on Food Intake in a 12 h
Freely Fed State

Before administration of O-n-octanoylated ghrelin (0.1 nmol/rat), pre-treatment with
LEAP-2 inhibited cumulative food intake in the 12 h freely fed state at 1 h (Figure 1B),
2 h (Figure 2B), and 4 h (Figure 3B), which indicates that the hyperphagic action of ghrelin
was blocked by LEAP-2. Moreover, both 1 and 3 nmol/rat LEAP-2 ICV administration
significantly decreased 1 h (Figure 1B), 2 h (Figure 2B) and 4 h (Figure 3B) cumulative
food intake, compared with administration of 0.3 nmol/rat LEAP-2. There was no signif-
icant difference in cumulative food intake among the LEAP-2 (0.3 nmol, ICV) + ghrelin
(0.1 nmol/rat, ICV), LEAP-2 (1 nmol, ICV) + ghrelin (0.1 nmol/rat, ICV), and LEAP-2
(3 nmol, ICV) + ghrelin (0.1 nmol/rat, ICV) groups from 8 to 24 h (Figures 4B, 5B and 6B).
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3.3. Effect of Interaction between LEAP-2 and O-n-Octanoylated Ghrelin on Food Intake under
TRF State

Before the administration of O-n-octanoylated ghrelin via ICV, the doses (0.3, 1,
and 3 nmol/rat) of LEAP-2 did not inhibit cumulative food intake in the TRF state
(Figures 1D, 2D, 3D, 4D, 5D and 6D) within 24 h. There was no significant difference
in the cumulative food intake among vehicle + ghrelin (0.1 nmol/rat), LEAP-2 (0.3 nmol,
ICV) + ghrelin (0.1 nmol/rat, ICV), LEAP-2 (1 nmol/rat, ICV) + ghrelin (0.1 nmol/rat,
ICV), and LEAP-2 (3 nmol/rat, ICV) + ghrelin (0.1 nmol/rat, ICV) groups from 1 to 24 h
(Figures 1D, 2D, 3D, 4D, 5D and 6D).

3.4. Temporal Effects of Pre-Treatment ICV Administration of LEAP-2

Cumulative food intake was assessed over a 24 h period, during which rats were
in a 12 h freely fed state following ICV administration of different treatments. The rats
treated with LEAP-2 showed a decreased appetite, as evidenced by lower food intake,
while O-n-octanoylated ghrelin administration appeared to increase food consumption.
Interestingly, the co-administration of LEAP-2 and ghrelin resulted in a food intake pattern
that suggested a mitigating effect of LEAP-2 on the appetite-stimulating properties of
ghrelin (Figure 7A). Despite administration of ghrelin and LEAP-2, there was no significant
difference in cumulative food intake from 1 to 24 h in the TRF state (Figure 7B).

3.5. Cumulative Food Intake after Administration of LEAP-2 with or without Ghrelin

In the 12 h freely fed state, the cumulative food intake of rats administered O-n-
octanoylated ghrelin (0.1 nmol/rat) was higher compared to those rats receiving vehicle in
the absence of LEAP-2 (p < 0.05). However, pre-treatment with LEAP-2 (3 nmol/rat, ICV)
before ghrelin administration significantly decreased cumulative food intake compared
with rats only receiving O-n-octanoylated ghrelin (p < 0.05). Without ghrelin administration,
LEAP-2 alone also significantly reduced cumulative food intake compared to the vehicle
group (p < 0.05). Interestingly, the cumulative food intake of rats receiving ghrelin in the
time-restricted feeding (TRF) state was significantly increased compared to those in the
12 h freely fed state with ghrelin. The various effects mentioned above were sustained from
1 to 4 h (Supplementary Materials).
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12 h, and 24 h in a 12 h freely fed state. (B) Cumulative food intake at 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h
in a time-restricted feeding state. The sample size for each experimental group in each feeding state
was 12 rats. LEAP-2: liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection.

4. Discussion

In the present study, the administration of O-n-octanoyl ghrelin through ICV increased
food intake in both the freely fed and TRF groups. This result is consistent with other re-
search conducted by scholars [27,31–34]. Furthermore, previous studies have demonstrated
that the administration of ghrelin via intravenous injection at a dosage of 5.0 pmol/kg/min
had significant effects on the enhancement of appetite and food consumption in human
participants [35,36]. In humans, ghrelin is a hormone that stimulates appetite and is found
in two different forms: O-n-octanoyl ghrelin and des-acyl ghrelin [37–39]. The enzymatic
process of O-acylation with octanoate, assisted by the enzyme ghrelin O-acyltransferase
(GOAT), is responsible for the conversion of des-acyl ghrelin on serine-3 to O-n-octanoyl
ghrelin [40]. The primary orexigenic mechanism through which ghrelin stimulates feeding
is activation of the growth hormone secretagogue receptor in the hypothalamus. Neu-
ropeptide Y and agouti-related proteins are activated more strongly in the arcuate nucleus
(ARC) [33]. Subsequently, the orexin neurons in the laterodorsal tegmental nucleus are
activated, resulting in the stimulation of appetite and a subsequent increase in food con-
sumption [33].

In the present study, the administration of O-n-octanoyl ghrelin through ICV increased
food intake in both the freely fed and TRF groups. This result is consistent with previous
research. The ICV injection of O-n-octanoyl ghrelin, when administered with LEAP-2, suc-
cessfully inhibited activity of ghrelin, as evaluated through quantifying food consumption
during the 12 h freely fed period, a result which is in agreement with prior research [1,6]. In
a separate investigation, mice were injected with LEAP-2 at a concentration of 3 µmol/kg
body weight through a subcutaneous route, followed by the intravenous administration of
acyl ghrelin at a dosage of 0.15 µmol/kg body weight [1]. The administration of LEAP-2
was shown to result in a decrease in the total food consumption of mice within a time
frame of 2 h, as compared to animals that did not receive LEAP-2 [1]. The inhibition of
ghrelin-induced food intake through peripheral injection of LEAP-2 was observed only
when the dosage of LEAP-2 exceeded the dosage of peripheral ghrelin by three times [1,4,6].
Furthermore, current research has suggested that administering LEAP-2 as a central treat-
ment leads to a significant reduction in food consumption [6,41]. Cornejo et al. reported
that injection of LEAP-2 (600 pmol/mouse) through the intracerebral vein led to a decrease
in the cumulative high-fat intake of mice over a period of four days [41]. In another study,
pre-treatment with LEAP-2 (10 pmol/mouse) via ICV administration before ICV adminis-
tration of ghrelin (60 pmol/mouse) also resulted in a 40% decrease in food intake at the
second hour [42]. Importantly, the current study confirmed that pre-treatment with LEAP-2
(1 nmol/rat and 3 nmol/rat) administered through ICV not only inhibited the appetite-
inducing effects of ghrelin (0.1 nmol/rat) during a 12 h period of unrestricted feeding but
also demonstrated that the appetite-suppressing action of LEAP-2 is dose-related.

Several studies have indicated that LEAP-2 inhibits the activity of ghrelin-induced
orexigenic effects [1,5,6,41]. Despite the administration of LEAP-2 via ICV, the cumulative
food intake of the rats was still high, as those rats received vehicle under TRF in the
current study. The plausible mechanisms of pre-treatment with LEAP-2 not suppressing
the activities of ghrelin in the TRF state might be related to (1) the mutual antagonism
between ghrelin and LEAP-2; (2) the LEAP-2/ghrelin molar ratio; (3) the fact that LEAP-2
does not inhibit neuropeptide Y-induced food intake, which suggests that the inhibitory
effects of LEAP-2 are specific to GHSR [6]; and (4) the elimination half-life of gut–liver
hormone. Ghrelin and LEAP-2 engaged in mutual antagonism and remained in balance in
the subjects [43–45]. LEAP-2 inhibits ghrelin through its antagonism of GHSR, as mentioned
above, and ghrelin suppresses the expression of LEAP-2 through activating a GHS-R1a-
AMP-activated protein kinase (AMPK)-dependent pathway [6]. Additionally, LEAP-2
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inhibited food ingestion during satiated state, when the LEAP-2/ghrelin molar ratio was
about 10–20, which might be related to the high constitutive activity of GHS-R1a [1,5,45].
Hence, a higher LEAP-2/ghrelin molar ratio might be necessary for LEAP-2 to suppress
the activity of ghrelin. Moreover, another reason might be that TRF could elevate the
level of endogenous ghrelin, which remains unaffected by LEAP-2 inhibition during TRF.
Previous research has indicated that the endogenous ghrelin level rises in the TRF state
and during the early stages of diabetes mellitus, obesity, and anorexia–cachexia [7,9,46,47].
Another plausible reason that LEAP-2 did not inhibit ghrelin might be related to the
different elimination half-lives of ghrelin and LEAP-2; in particular, the elimination half-life
of ghrelin (27–31 min) is longer than that of LEAP-2 (about 9 min) [48,49]. LEAP-2 is an
unstable peptide that is rapidly proteolyzed into fragmental peptides [48,50]. Furthermore,
the effectiveness of TRF in improving metabolic disease is still contentious. The study
period of most studies on TRF in metabolic diseases (e.g., obesity and MASLD) is less
than three months [51–53], while the long-term outcomes of TRF are still unknown [17].
Moreover, most studies have demonstrated that the effectiveness of TRF on MASLD should
be combined with exercise [52]. Sutton et al. demonstrated that TRF truly attenuates blood
pressure and oxidative stress, rather than food intake and weight loss, in humans over a
5-week study period [51]. The reason that weight loss fails might be related to the type of
intermittent fasting [51], meal timing [54], caloric intake restriction, and combination of
exercise [52]. The results from our study might provide neuroendocrine-based evidence to
explain why TRF sometimes fails in fighting obesity and/or MASLD in clinical practice.
Finally, further investigation is warranted to elucidate the detailed mechanism of LEAP-2
in the TRF state.

5. Conclusions

Centrally administered LEAP-2 truly inhibits O-n-octanoylated ghrelin-induced eating
behaviors in dose-dependent manner in a freely fed but not a TRF state. TRF is widely
applied for weight loss and improvement of metabolic disease (e.g., obesity and MASLD).
It was found that central administration of LEAP-2 could not suppress O-n-octanoylated
ghrelin-induced food intake in the TRF state. This study may provide explanations as to
why TRF fails to improve metabolic disease and induce changes in ingestion behavior, one
of which may be disruption of the balance between ghrelin and LEAP-2.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16121946/s1, Figure S1. Comparison of 1 h cumulative food
intake in 12 h freely fed and time-restricted feeding states. The rats were administered with vehicle,
O-n-octanoylated ghrelin (0.1 nmol/rat, ICV), LEAP-2 (3 nmol/rat, ICV), and O-n-octanoylated
ghrelin (0.1 nmol/rat, ICV) + pre-treatment with LEAP-2 (3 nmol/rat, ICV). The sample size for each
experimental group in each feeding state was 12 rats. LEAP-2: liver-expressed antimicrobial peptide-
2; ICV: intracerebroventricular injection. * p < 0.05 vs. vehicle + vehicle, # p < 0.05 vs. vehicle + ghrelin.
Figure S2. Comparison of 2 h cumulative food intake in 12 h freely fed and time-restricted feeding
states. The rats were administered with vehicle, O-n-octanoylated ghrelin (0.1 nmol/rat, ICV), LEAP-
2 (3 nmol/rat, ICV), and O-n-octanoylated ghrelin (0.1 nmol/rat, ICV) + pre-treatment with LEAP-2
(3 nmol/rat, ICV). The sample size for each experimental group in each feeding state was 12 rats.
LEAP-2: liver-expressed antimicrobial peptide-2; ICV: intracerebroventricular injection. * p < 0.05
vs. vehicle + vehicle, # p < 0.05 vs. vehicle + ghrelin. Figure S3. Comparison of 4 h cumulative food
intake in 12 h freely fed and time-restricted feeding states. The rats were administered with vehicle,
O-n-octanoylated ghrelin (0.1 nmol/rat, ICV), LEAP-2 (3 nmol/rat, ICV), and O-n-octanoylated
ghrelin (0.1 nmol/rat, ICV) + pre-treatment with LEAP-2 (3 nmol/rat, ICV). The sample size for
each experimental group in each feeding state was 12 rats. LEAP-2: liver-expressed antimicrobial
peptide-2; ICV: intracerebroventricular injection. * p < 0.05 vs. vehicle + vehicle, # p < 0.05 vs.
vehicle + ghrelin.
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