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LEAP2 deletion in mice enhances ghrelin’s
actions as an orexigen and growth hormone
secretagogue
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ABSTRACT

Objective: The hormone liver-expressed antimicrobial peptide-2 (LEAP2) is a recently identified antagonist and an inverse agonist of the growth
hormone secretagogue receptor (GHSR). GHSR’s other well-known endogenous ligand, acyl-ghrelin, increases food intake, body weight, and GH
secretion and is lowered in obesity but elevated upon fasting. In contrast, LEAP2 reduces acyl-ghrelin-induced food intake and GH secretion and is
found elevated in obesity but lowered upon fasting. Thus, the plasma LEAP2/acyl-ghrelin molar ratio could be a key determinant modulating GHSR
signaling in response to changes in body mass and feeding status. In particular, LEAP2 may serve to dampen acyl-ghrelin action in the setting of
obesity, which is associated with ghrelin resistance. Here, we sought to determine the metabolic effects of genetic LEAP2 deletion.
Methods: We generated the first known LEAP2-KO mouse line. Food intake, GH secretion, and cellular activation (c-fos induction) in different brain
regions following s.c. acyl-ghrelin administration in LEAP2-KO mice and wild-type littermates were determined. LEAP2-KO mice and wild-type
littermates were submitted to a battery of tests (such as measurements of body weight, food intake, and body composition; indirect calorim-
etry, determination of locomotor activity, and meal patterning while housed in metabolic cages) over the course of 16 weeks of high-fat diet and/or
standard chow feeding. Fat accumulation was assessed in hematoxylin & eosin-stained and oil red O-stained liver sections from these mice.
Results: LEAP2-KO mice were more sensitive to s.c. ghrelin. In particular, acyl-ghrelin acutely stimulated food intake at a dose of 0.5 mg/kg BW
in standard chow-fed LEAP2-KO mice while a 2� higher dose was required by wild-type littermates. Also, acyl-ghrelin stimulated food intake at a
dose of 1 mg/kg BW in high-fat diet-fed LEAP2-KO mice while not even a 10� higher dose was effective in wild-type littermates. Acyl-ghrelin
induced a 90.9% higher plasma GH level and 77.2e119.7% higher numbers of c-fos-immunoreactive cells in the arcuate nucleus and olfactory
bulb, respectively, in LEAP2-KO mice than in wild-type littermates. LEAP2 deletion raised body weight (by 15.0%), food intake (by 18.4%), lean
mass (by 6.1%), hepatic fat (by 42.1%), and body length (by 1.7%) in females on long-term high-fat diet as compared to wild-type littermates.
After only 4 weeks on the high-fat diet, female LEAP2-KO mice exhibited lower O2 consumption (by 13%), heat production (by 9.5%), and
locomotor activity (by 49%) than by wild-type littermates during the first part of the dark period. These genotype-dependent differences were not
observed in high-fat diet-exposed males or female and male mice exposed for long term to standard chow diet.
Conclusions: LEAP2 deletion sensitizes lean and obese mice to the acute effects of administered acyl-ghrelin on food intake and GH secretion.
LEAP2 deletion increases body weight in females chronically fed a high-fat diet as a result of lowered energy expenditure, reduced locomotor
activity, and increased food intake. Furthermore, in female mice, LEAP2 deletion increases body length and exaggerates the hepatic fat
accumulation normally associated with chronic high-fat diet feeding.
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1. INTRODUCTION

Liver-expressed antimicrobial peptide-2 (LEAP2) is a forty amino-acid-
long peptide hormone ligand of the growth hormone secretagogue
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receptor (GHSR) [1]. Originally isolated in 2003, LEAP2 is expressed
predominantly in the liver and small intestine in both mice and
humans; the kidney is another major expression site in humans [1e3].
Ge et al. used in vitro signaling assays to determine potent and
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Original Article
selective GHSR antagonist activity for LEAP2 [1]. Corroborating these
in vitro findings, LEAP2 administration dose-dependently blocked the
effects of GHSR’s other well-known endogenous ligand, acyl-ghrelin to
induce food intake and GH secretion in mice [1]. Viral-mediated LEAP2
overexpression during prolonged caloric restriction phenocopied the
life-threatening hypoglycemia described for calorically-restricted mice
lacking acyl-ghrelin or with defective ghrelin secretion [4e8].
Furthermore, administration of anti-LEAP2 neutralizing antibodies to
24-h fasted mice raised plasma GH levels, leading the authors of that
study to conclude that “blocking endogenous LEAP2 promotes ghrelin-
mediated GHSR activation in vivo” [1].
Since the initial description of LEAP2 as a GHSR ligand, the physi-
ology of LEAP2 as it relates to the ghrelin system and metabolism has
been investigated in several additional studies. For instance, Islam
et al. blocked acute food intake as induced by i.c.v. administration of
a single acyl-ghrelin bolus to rats by co-administering LEAP2 [9]. A
similar effect of LEAP2 on acyl-ghrelin-induced food intake was
observed in rats when both were peripherally administered [9].
However, rebound feeding in rats in the first 2 h following a 14 h fast
was not impacted by i.c.v.-administered LEAP2 [9]. Also, central
LEAP2 administration eliminated the rises in blood glucose and
plasma GH levels and the drop in body temperature normally induced
in rats acutely by acyl-ghrelin [9]. M’Kadmi et al. reported that
although LEAP2 alone and an N-terminal LEAP2 fragment alone did
not affect food intake when administered s.c. to mice, they either
blocked or blunted food intake induced by acyl-ghrelin [10]. Similar
effects were reported by Barrile et al. in C57BL/6J mice centrally
administered LEAP2 or a fluorescence-tagged N-terminal LEAP2
fragment [11]. Moreover, Cornejo et al. demonstrated that i.c.v.
administration of an N-terminal LEAP2 fragment reduced high-fat diet
eating during a binge-like eating protocol in C57BL/6J mice [12].
Notably, whole-cell patch-clamp electrophysiology recordings
demonstrated that LEAP2 can reverse acyl-ghrelin-induced membrane
depolarization of arcuate hypothalamic neuropeptide Y (NPY) neurons
[13]. LEAP2 also can hyperpolarize hypothalamic NPY neurons, while
acyl-ghrelin fails to alter hypothalamic NPY neuron membrane po-
tential in brain slices pretreated with an equimolar amount of LEAP2
[13]. LEAP2 also reduces signaling in GHSR-expressing human em-
bryonic kidney 293 (HEK293) cells [10]. These data suggest that LEAP2
acts both as a powerful GHSR antagonist and a GHSR inverse agonist
that disables GHSR constitutive activity.
Levels of circulating LEAP2 also have been investigated in several
settings since plasma LEAP2 was first shown to fall after a 24 h fast
and rise after re-feeding, in a pattern opposite to that of total ghrelin
(acyl-ghrelin þ desacyl-ghrelin) [1]. Mani et al. showed that plasma
LEAP2 increased with body mass, body mass index, body fat, blood
glucose, food intake (in subjects with obesity), homeostatic model
assessment of insulin resistance (HOMA-IR), serum triglycerides,
visceral adiposity, and intrahepatocellular lipid content in C57BL/6N
mice and/or human subjects [13]. In contrast, plasma LEAP2
decreased with 24-h fasting, diet-induced weight loss, and weight loss
associated with Roux-en-Y gastric bypass or vertical sleeve gastrec-
tomy [13]. These changes were mostly opposite to those of plasma
acyl-ghrelin [13]. This translated to an increase in the mean plasma
LEAP2: acyl-ghrelin molar ratio in states of nutritional abundance, such
as obesity (especially postprandially), and a decrease in the mean
plasma LEAP2:acyl-ghrelin molar ratio in states of nutritional defi-
ciency, such as after weight loss or after an acute fast [13]. Ma et al.
demonstrated increased circulating LEAP2 and reported increased
hepatic LEAP2 content in high-fat diet-fed C57BL/6J mice as
compared to standard chow diet-fed mice [14]. Also, plasma LEAP2
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was positively correlated with body mass index, HOMA-IR, waist-to-hip
ratio, fasting insulin, age, and hepatic fat content in humans [14]. Islam
et al. also demonstrated a drop in plasma LEAP2 with fasting and
recovery with re-feeding, in a direction opposite to that of plasma
ghrelin in rats [9]. Barja-Fernandez et al. revealed a positive correlation
between plasma LEAP2 and HOMA-IR in children [15]. In girls, plasma
LEAP2 also was positively correlated with body weight, Tanner stage,
lean mass, and plasma triglycerides, while in boys, plasma LEAP2
showed a correlation with fat mass and blood glucose [15]. Addi-
tionally, plasma LEAP2 was positively correlated with % fat mass in
pubertal children but not in prepubertal children [15].
These findings differ from those of Aslanipour et al., in which plasma
LEAP2 was negatively correlated with body mass index and HOMA-IR
in women with the polycystic ovarian syndrome and body mass
index-matched controls [16]. Also, Fittipaldi et al. reported lower
plasma LEAP2 in children with overweight/obesity as compared to
normal-weight controls [17]. Hagemann et al. documented that
plasma LEAP2 was either slightly reduced or unchanged during a
mixed-meal tolerance test performed one week or 3 months,
respectively, after Roux-en-Y gastric bypass [18]. Plasma LEAP2
showed no correlation with body mass index in a study by Francisco
et al. that compared subjects with rheumatoid arthritis to healthy
controls, although plasma LEAP2 was higher in subjects with rheu-
matoid arthritis [19].
Setting aside the findings in the latter four studies, the aforementioned
data led to the hypothesis that LEAP2 might offset the actions of acyl-
ghrelin and contribute to the state of ghrelin resistance associated with
obesity [20e23]. For example, acyl-ghrelin fails to acutely induce food
intake in diet-induced obese mice and in obese Agouti mice whether
acutely or chronically administered [24e26]. Administered acyl-
ghrelin fails to reduce energy expenditure in diet-induced obese
mice unlike its clear effect to reduce energy expenditure in mice fed on
regular chow [27]. Also, acyl-ghrelin-induced GH release is attenuated
in obese human subjects [28]. It remains unknown whether, in the
setting of obesity in which many studies demonstrate high plasma
LEAP2 and low plasma acyl-ghrelin, LEAP2 antagonizes acyl-ghrelin
action, thereby limiting acyl-ghrelin’s capacity to further raise food
intake and reduce energy expenditure. In the current study, we
generated a novel LEAP2-knockout (KO) mouse model to determine the
consequences of genetic LEAP2 deletion on several metabolic pa-
rameters, with an overall goal to better understand the overall physi-
ological significance of LEAP2 as it relates to metabolism.

2. METHODS AND MATERIALS

2.1. Animal care
Mice were housed at 21.5�C-22.5 �C with a 12-h lighte12-h dark
cycle and free access to standard chow (2916, Teklad Global 16%
Protein Rodent Diet, Envigo, Indianapolis, IN) plus water, unless
otherwise noted. Body weights of standard chow-fed mice were
determined at the start of each of the metabolic manipulations per-
formed and were found to be equivalent between genotypes. The UT
Southwestern Medical Center Institutional Animal Care and Use
Committee approved all experiments.

2.2. Generation of LEAP2-KO mice
LEAP2-KO mice were generated using CRISPR/Cas9 technology via
microinjection of Cas9 mRNA, two short guide RNAs (sgRNAs), and
two donor oligonucleotides containing loxP sites flanked by homology
arms into C57BL/6N zygotes. The Cas9-mediated double-strand
breaks were directed by guide RNAs designed to bind genomic
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sites 612 bp upstream and 280 bp downstream of the LEAP2 coding
sequence (upstream loxP: 50AGTTTGAGCTCCTTATADGCC-3’; down-
stream loxP: 50-GCCACTACTACTCCCTADTAA-3’; Cas9 cut site is
indicated by D). The procedure resulted in four independent mouse
lines with the deletion of the entire LEAP2 coding sequence in addition
to deletion of about 600 bp upstream and 300 bp downstream of the
Leap2 gene, without insertion of loxP sites. Genomic editing in the
target locus was confirmed by PCR analysis of tail genomic DNA using
primers M808 (50-TACCTCCTCCCTCGTGTGTC-30) and M811 (50-
CAGATGGTACACACCAGCCTAA-30), followed by DNA sequencing to
determine the extent of the deletion. The LEAP2-KO cell line
designated "LKO3" was chosen for the experiments described here.
Figure 1A shows both the WT Leap2 and the mutant allele with
deletion of the LEAP2 coding sequence (LEAP2-KO) that resulted via
non-homologous end-joining of the Cas9-mediated breaks after de-
leting the flanked sequence. The LKO3 founder was crossed to
C57BL/6N mice and resulting heterozygous progeny were crossed to
each other to generate homozygotes, heterozygotes, and WT mice in
the expected Mendelian genetic ratio. Genotyping was performed on
tail genomic DNA using M808 and M811 together with a third primer,
M827 (50-ACAGACTGTCTATGGTGCTCTA-30). Homozygotes (LEAP2-
KO) and wild-types resulting from crosses of mice heterozygous for
the Leap2-KO allele were used for the current studies.
Figure 1: Generation and validation of LEAP2-KO mice. (A) Schematic diagrams sho
genomic DNA obtained by tail biopsies of representative mice derived from crosses of mice
copies of the wild-type Leap2 allele (WT), mice homozygous for the Leap2-KO allele (HO
n ¼ 6e9 per each genotype. Data are presented as mean � s.e.m. Data were analyz
*P < 0.05; **P < 0.01 and ***P < 0.001.
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2.3. Long-term feeding studies
In one cohort of mice, female and male LEAP2-KO and WT-littermate
mice were individually housed starting at 4 weeks of age (1 week after
weaning) and fed a standard chow diet ad lib for 16 weeks. Body-
weight and food intake were measured weekly. Body composition
analysis was performed using an EchoMRI-100 apparatus (EchoMRI
LLC, Houston, TX, USA) in an ad lib-fed state at 4 (in females only), 8,
and 16 weeks-of-age and in a 24 h-fasted condition at 12 and 20
weeks of age. Ad lib-fed plasma LEAP2, plasma acyl-ghrelin, and
blood glucose were determined at 16 weeks of age; 24 hefasted
plasma LEAP2, plasma acyl-ghrelin, and blood glucose were deter-
mined at 20 weeks of age. Blood samples were collected by quick
superficial temporal vein bleed.
In another cohort of mice, female and male LEAP2-KO and WT-
littermate mice were individually housed starting at 4 weeks-of-age
and fed a Western-type high-fat diet (Envigo Teklad TD88137; with
an energy density of 4.5 kcal/g, of which 42% of kcal was derived from
fat) ad lib for 16 weeks. Measurements on the high-fat diet-fed mice
were similar to those described above.
Following these 16-week long-term feeding studies, the female mice
were maintained on the same standard chow or high-fat diet for
another 2e4 weeks, at which time a subset of the mice (now aged
22e24 weeks) were sacrificed and their tissues collected for liver
w the CRISPR-Cas9 strategy to delete the LEAP2 coding region. (B) PCR analysis of
heterozygous for the Leap2-KO allele, demonstrating the identification of mice with two
M), and heterozygotes (HET). mRNA expression of Leap2 in (C) liver and (D) jejunum.
ed by Student’s t-test. Statistically significant differences are indicated by asterisks:
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histology and quantitative reverse-transcriptase PCR assessments (see
subsections 2.4, 2.8 below for more details). Separate subsets of the
female mice were anesthetized with chloral hydrate (500 mg/kg BW
i.p.) at 22-25 weeks-of-age (those on standard chow) or at 23-24
weeks-of-age (those on a high-fat diet), at which time body (nose-to-
anus) length was determined using a protractor. The male mice
enrolled in the 16-week long-term feeding studies also were main-
tained on the same standard chow or high-fat diets, this time for
another 2e6 weeks. At ages 21e23 weeks, the standard chow-fed
male mice underwent a fast/re-feeding protocol (see section 2.5
below for details). One week later (at ages 22e24 weeks), the stan-
dard chow-fed male mice underwent an administered ghrelin-induced
food intake study (see below for details; 2.6). A subset of the standard
chow-fed male mice underwent an acyl-ghrelin-induced c-fos induc-
tion study at 25e26 weeks of age (see below for details; 2.7). At age
22e23 weeks, a subset of the high-fat diet-fed male mice underwent
an administered ghrelin-induced food intake study (see below for
details; 2.6). One week later (at ages 23e24 weeks), all the available
high-fat diet-fed male mice underwent a fast/re-feeding protocol (see
below for details; 2.5).
Notably, the above-mentioned results and the corresponding sche-
matic diagrams of the general experimental approach (Figure S1)
reveal that all of the experimental paradigms were not performed on
both female and male mice and in both high-fat diet and standard
chow conditions. It was not logistically possible (without requiring
different sets of mice) or financially sound to assess all parameters in
every animal.

2.4. Liver histology
Two-four weeks after completion of the long-term standard chow and
high-fat diet feeding studies, a subset of the female mice (aged 22e24
weeks of age) that had been maintained on their same diets were
anesthetized with chloral hydrate (500 mg/kg BW i.p.) and euthanized
by quick decapitation. A portion of the right side of the liver was
collected and submerged in 10% formalin solution at 4 �C overnight,
followed by immersion in 25% sucrose in diethylpyrocarbonate
(DEPC)-treated PBS, pH 7.0 at 4 �C overnight. Subsequently, the
formalin-fixed liver portions were placed in OCT solution, frozen on dry
ice, sectioned at a thickness of 10 mm using a cryostat (CM3050S,
Leica Biosystems, Buffalo Grove, IL), and placed on SuperFrost slides
(Cat # 12-500-15, Thermo Fisher Scientific, Pittsburgh, PA). Multiple
series of slide-mounted liver sections each separated by at least
200 mm were prepared and stored at �20 �C until further processing.
One series was stained using a standard hematoxylin & eosin protocol.
Another series underwent oil red O staining, which involved a brief
rinse in tap water, submersion in working oil red O solution for 15 min,
a wash in water, staining with hematoxylin (Cat # 72,804, Thermo
Scientific) for 3 min, a final wash in water for 5 min, and coverslipping
(Cat # 12-545-M, Fisher Scientific) with aqueous mounting media
(Glycerol, Sigma Aldrich, St. Louis, MO). Images of the stained sections
were taken using the 10� objective of a Leica DM6 B digital research
microscope (Leica Microsystems Gmbh, Wetzlar, Germany) equipped
with a Leica DFC 9000 GT digital microscopy camera and LAS X
software. Photomicrographs were equally adjusted for the size in
Adobe Photoshop 22.3.0 software (Adobe Systems, San Jose, CA). All
parameters of the images such as size, brightness, contrast, and
sharpness were kept constant during quantification. Images of oil red
O-stained sections were first subjectively analyzed in a blinded fashion
by rating the amount of oil red O present (a surrogate of triglyceride
content). Next, the percentage of each oil red O-positive (oil red O
% þve area) section, the total number of oil red O-stained lipid
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droplets, and the number of oil red O lipid droplets were determined for
each of 2e3 representative sections from each mouse, using Image J
software (NIH, Bethesda, MD).

2.5. Fast/re-feeding
One-three weeks following the long-term standard chow feeding
studies (in male mice aged 21e23 weeks) and three-four weeks
following long-term high-fat diet feeding studies (in male mice aged
23e24 weeks), during which time the mice were maintained on the
same diets, the mice were fasted for 24 h, starting at 9 a.m. The next
day at 9 a.m., pre-weighed pellets of either standard chow or high-fat
diet were provided at the bottom of the cages. Food intake was
determined at 1, 2, 4, and 24 h.

2.6. Administered acyl-ghrelin-induced food intake and growth
hormone secretion
Two-four weeks following the long-term feeding studies, during which
time the mice were maintained on their same diets, all available
standard chow-fed male mice (22e24 weeks of age) and a subset of
the high-fat diet-fed male mice (22e23 weeks of age) were handled
for 3 days to acclimatize them. On the 4th day, access to food was
restricted for 2 h prior to an 11:00 a.m. s.c. injection of saline and re-
introduced immediately after the injection. In the standard chow-fed
mice, on the 5th �8th days, access to food was restricted each
morning for 2 h prior to an 11:00 a.m. s.c. injection of increasing doses
of rat acyl-ghrelin (SP-GHRL-1; Innovagen, Lund, Sweden; 0.1, 0.25,
0.5, or 1.0 mg/kg BW). A single pre-weighed standard chow pellet was
re-introduced on the cage floors immediately after the injection. In the
high-fat diet-fed mice, on the 5the6th days, access to food was
restricted each morning for 2 h prior to an 11:00 a.m. s.c. injection of
increasing doses of rat acyl-ghrelin (1.0 or 10 mg/kg BW). A single pre-
weighed high-fat diet pellet was re-introduced on the cage floors
immediately after the injection. The amounts eaten over the subse-
quent 1 h and 2 h after acyl-ghrelin treatment were determined.
In a separate cohort of 10- to 12-week-old standard chow-fed male
mice (not taken from the long-term feeding studies or other studies),
acyl-ghrelin-induced GH secretion was assessed. Fifteen minutes after
anesthesia with pentobarbital (50 mg/kg BW, i.p.), rat acyl-ghrelin
(0.1 mg/kg i.p.) was injected. Blood was sampled from tail snips
just prior to and 15 min after administration of acyl-ghrelin to deter-
mine plasma GH levels.

2.7. Immunohistochemistry for c-fos
A subset of wild-type and LEAP2-KO male mice from the long-term
standard chow feeding study that had been maintained on standard
chow for another 5e6 weeks after the end of the study were handled
for 3 days. On day 4, they were administered either saline or acyl-
ghrelin (0.5 mg/Kg BW s.c.) and kept food-restricted for the
following 2 h. Afterward, the mice were deeply anesthetized at ages
25e26 weeks with an i.p. injection of chloral hydrate (500 mg/Kg BW)
and perfused transcardially with diethyl pyrocarbonate (DEPC)-treated
0.9% phosphate-buffered saline (PBS) followed by 10% neutral buff-
ered formalin, as described previously [29]. Brains were dissected out,
postfixed in the same fixative overnight at 4 �C, and then cryoprotected
by immersing in 25% sucrose solution in DEPC-treated PBS overnight
at 4 �C. After embedding in Tissue-Tek OCT compound, serial 25-mm
thick coronal sections extending from the olfactory bulb to the cervical
spinal cord were obtained using a cryostat, immersed in anti-freeze
solution, separated into five equal series, and then stored at �20 �C
until further processing. One series from each saline and acyl-ghrelin-
administered WT and LEAP2-KO mice (n ¼ 5) was processed for c-fos
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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immunofluorescence as previously described, with minor modifica-
tions [30]. Sections were rinsed in PBS, immersed in 0.5% Triton X-
100 solution in PBS for 30 min, and blocked in 3% normal donkey
serum (Cat # 017-000-121, Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) in PBS for 2 h. Sections were incubated in diluted
rabbit anti-c-fos antibody (Cat # PC38, Calbiochem/Oncogene,
Temecula, CA; dilution 1:20,000) for 24 h at room temperature. After
washing in PBS, the sections were incubated in Alexa Fluor� 488
donkey anti-rabbit IgG (Cat # A21206, Invitrogen, Carlsbad, CA; dilution
1:500) for 2 h at room temperature, and following additional washing
in PBS, sections were mounted onto SuperFrost slides, dried overnight
and cover slipped with Vectashield mounting media with 40,6-dia-
midino-2-phenylindole (DAPI) [Cat # H-1200, Vector Labs, Burlingame,
CA]. Stained brain sections of two different levels of the arcuate nu-
cleus [ARC; Bregma �1.82 and �2.06 mm] and one level of the ol-
factory bulb [OB; Bregma 4.28 mm] were imaged using 10� and 20�
objectives of a Leica DM6 B digital research microscope equipped with
Leica DFC 9000 GT digital microscopy camera, and LAS X software.
Photomicrographs were equally adjusted for the size and brightness in
Adobe Photoshop 22.3.0 software (Adobe Systems, San Jose, CA). All
parameters were kept constant during quantification. Cells showing
clear, round c-fos-immunoreactive nuclei were manually counted with
the assistance of the Adobe Photoshop counting tool bilaterally at each
of the two levels of the ARC and added together to obtain a value for
each mouse. Cells with c-fos immunoreactivity were manually counted
unilaterally in the one level of the OB for each mouse.

2.8. Quantitative reverse transcriptase-PCR
A subset of the female mice from the long-term standard chow diet
feeding study was maintained on standard chow for another 2e4
weeks, at which time the mice were deeply anesthetized with i.p.
injection of chloral hydrate (500 mg/kg) and then euthanized by cer-
vical dislocation. Liver and jejunum were immediately collected into
RNAlater (Invitrogen) media, stored at 4 �C overnight or up to one
week, then RNAlater was removed and the tissues were either
immediately processed to isolate RNA or frozen at�20 �C until further
processing. Total RNA was isolated using the guanidium thiocyanate-
phenol-chloroform extraction method with the addition of RNA STAT-
60 (AMSBIO, Cambridge, MA). The isolated RNA was quantified us-
ing a Nanodrop spectrophotometer (Thermo Fisher Scientific). Total
RNA (83 ng per gene) was treated with ribonuclease-free deoxyribo-
nuclease (Roche, IN), and complementary DNA was synthesized by
reverse transcription using SuperScript III (Invitrogen).
Quantitative PCR was performed using the QuantSTUDIO 5 Real-Time
PCR System (Applied Biosystems by Thermo Fisher Scientific, Foster
City, CA). The mRNA levels are represented relative to the invariant
control gene, 18s (TaqMan Gene Expression Assay Mm04277571_s1),
and determined using the comparative threshold cycle (DDCt) method.
The following primers were used to detect LEAP2 mRNA using SYBR
green technology: 79F (50-GCTGCTGGGTCAGGTCAATAG-30) and 139R
(50-CCGGGATCTCTTTGCTGAAC-30). Data are presented relative to the
expression of the gene in the livers of wild-type control mice.

2.9. Indirect calorimetry, locomotor activity, and meal pattern
analyses
Eight-week-old female mice maintained on a high-fat diet for 4 weeks
(starting at 4 weeks of age) were used for indirect calorimetry studies
(LabMaster Calorimetry System, TSE Systems; Chesterfield, MO). For
these studies, the room temperature was maintained at 22 �C with a
12-h light/dark cycle, and the mice had ad libitum access to high-fat
diet and water. First, the mice were placed in a set of cages similar to
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those used for indirect calorimetry, for an initial 5-d acclimation
period. The mice were then transferred to the metabolic chambers,
where they were allowed to acclimate for two days. O2 consumption,
CO2 production, respiratory exchange ratio (RER), and heat production
were determined over the subsequent two days for two complete sets
of light and dark cycles. During this time, ambulatory activity and
rearing activity were monitored with infrared beams. In addition, meal
patterns were determined temporally by integrating data from
weighing sensors fixed at the top of the cage; the food containers
were suspended from these sensors into the sealed cage environ-
ment. Meals were defined by a minimum food intake of 0.02 g and at
least 10 min between feeding bout events. Notably, the feeding data
do not account for potential spillage from the food hoppers. The data
were analyzed in three different ways: the first 5 h of the dark-cycle
(when the wild-type mice were most active) þ the (corresponding)
first 5 h of the light-cycle, the total dark-cycle þ the total light-cycle,
and the total 24-h period.

2.10. Blood collection and determination of plasma hormone levels
Blood samples were collected from quick superficial temporal vein
bleed or tail nicks as specified into ethylene diamine tetraacetic acid
(EDTA)-coated microtubes kept on ice. The collection tubes contained
either the protease inhibitors p-hydroxymercuribenzoic acid (Sigma
Aldrich; final concentration 1 mM; for ghrelin measurement) or apro-
tinin (Sigma Aldrich; final concentration 250 KIU/mL; for LEAP2
measurement) or no additional protease inhibitor (for GH measure-
ments). The samples were immediately centrifuged at 4 �C at 1,500 g
for 15 min. For acyl-ghrelin stabilization, HCl was added (1:10) to the
p-hydroxymercuribenzoic acid-treated plasma to achieve a final con-
centration of 0.1 N. Processed samples were stored at�80 �C in small
aliquots until further analysis of plasma hormone levels.
ELISA kits were used for acyl-ghrelin (Millipore-Merck, Burlington,
MA), GH (Millipore-Merck), and LEAP2 [#EK-075-40; (Human)/LEAP-2
(37e76) (Mouse) EIA Kit; Phoenix Pharmaceuticals, Inc., Burlingame,
CA]. According to the manufacturer, the LEAP2 ELISA kit’s lower limit
of detection ¼ 0.36 ng/mL and its linear range of detection ¼ 0.36ng/
mL-6.5 ng/mL. We used 1:4 dilutions of plasma for the LEAP2 assays.
Notably, although we previously validated the specificity of this LEAP2
assay kit [13], it is unlikely that the kit’s sensitivity in detecting only
LEAP2 in plasma was ever tested since a LEAP2-KO mouse line was
not previously available. Thus, it is unlikely that the manufacturer of the
kit could fully assess whether the LEAP2 antibody used in the kit might
bind to an antigen other than LEAP2 in the plasma. Calorimetric assays
were performed using a BioTek PowerWave XS Microplate spectro-
photometer (BioTek, Winooski, VT) using BioTek KC4 junior software.

2.11. Statistics
Data are presented as mean� s.e.m. and analyzed by student’s t-test
or two-way ANOVA, as indicated in the Figure legends. Sidak post hoc
testing was used to further investigate differences if significant ANOVA
effects were found. All data were analyzed using GraphPad Prism
version 9.0.2. Data with significant unequal variance were log-
transformed prior to performing analyses. Outliers, if any, were
removed using the robust regression and outlier removal (ROUT) test.
ns represents no statistical significance. P values less than 0.05 were
considered statistically significant, and P values � 0.05 and <0.1
were considered evidence of a statistical trend.
For the c-fos studies, while we did not formally carry out a power
analysis to estimate our sample size, we used Tan et al. [31] to guide
our choice. Tan et al. [31] used a sample size of four per group and
found a significant effect of AgRP neuron ablation on ghrelin-induced
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c-fos induction in one level of the ARC. Here, we used a sample size of
five per group, for a total of 20, in our c-fos analyses, and examined
two levels of the ARC and separately, one level of the OB. In order to get
an initial estimate of post hoc power, we calculated partial eta squared
for each test and associated power based on these observed effect
sizes using SAS� software version 9.4 (SAS, Cary, NC).

3. RESULTS

3.1. Generation and validation of LEAP2-KO mice
We generated a novel line of LEAP2-KO mice by utilizing CRISPR/
Cas9 technology. As depicted in Figure 1A, the LEAP2-KO line
resulted from Cas9-mediated breaks flanking the Leap2 coding
sequence followed by non-homologous end joining of the Cas9-
mediated breaks and deletion of the intervening Leap2 coding
sequence. The extent of the targeted deletion (from 655 bp upstream
of the Leap2 start codon to 271 bp downstream of the Leap2 stop
codon, or rather, 1,616 bp) was confirmed by PCR analysis of tail
(genomic) DNA using primers M808 and M811 (Figure 1A and B),
followed by DNA sequencing. The LEAP2-KO founder was crossed to
C57BL/6N mice to generate heterozygous progeny, which were
crossed to each other to generate the expected ratio of wild-type
mice, mice heterozygous for the Leap2-KO allele, and mice homo-
zygous for the Leap2-KO allele (LEAP2-KO mice). To validate the
LEAP2-KO mice, Leap2 mRNA expression was quantified in the livers
and jejunum of representative wild-type and LEAP2-KO littermates.
Leap2 mRNA expression, which was on average 3,460% higher in
wild-type jejunum than wild-type livers, was undetectable in LEAP2-
KO mice in both these tissues (Figure 1C and D).

3.2. LEAP2 deletion augments administered acyl-ghrelin-induced
food intake
As discussed above, acyl-ghrelin possesses well-characterized,
potent orexigenic activity when administered to lean mice, although
its potency as an orexigen is markedly reduced or is absent when
administered to diet-induced obese mice. Previous work demon-
strating actions of LEAP2 to block acyl-ghrelin action suggests that
LEAP2 deletion might have the opposite effect, rather it might enhance
acyl-ghrelin actions. Such might even be more evident in the setting of
diet-induced obesity, in which plasma LEAP2 levels are higher than
usual in wild-type mice. To test these predictions, we administered
acyl-ghrelin to individually housed 22-24 week-old male wild-type
and LEAP2-KO littermates which had been raised on a standard
chow diet. The mice, which did not exhibit genotype-dependent body
weight differences (see 3.6 below), were exposed daily to increasing
single doses of acyl-ghrelin (from 0 up to 1 mg/Kg BW s.c.), and food
intake was determined after 1 h (Figure 2A and B) and 2 h (Figure 2C
and D). Wild-type mice exhibited statistically significant increases in
1 h and 2 h food intake over those observed upon saline adminis-
tration (181% increase at 1 h and 143% increase at 2 h) only following
the 1 mg/Kg BW dose of acyl-ghrelin; 0.10, 0.25, and 0.5 mg/Kg BW
doses of acyl-ghrelin did not have statistically significant effects on 1 h
or 2 h food intake (Figure 2AeD). In contrast, statistically significant
increases in 1 h and 2 h food intake over those observed upon saline
administration were exhibited in LEAP2-KO mice receiving as low as
0.5 mg/Kg BW acyl-ghrelin in addition to the 1.0 mg/Kg BW dose
(0.5 mg/Kg BW acyl-ghrelin: 186% increase at 1 h and 136% increase
at 2 h; 1.0 mg/Kg BW acyl-ghrelin: 383% increase at 1 h and 289%
increase at 2 h; Figure 2AeD).
This protocol was repeated in individually-housed 22-23 week-old
male wild-type and LEAP2-KO littermates raised on a 42% Western-
6 MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. T
style high-fat diet. Acyl-ghrelin doses ranging from 0 up to 10 mg/
Kg BW s.c. were used in consideration of the ghrelin resistance known
to be associated with diet-induced obesity [23,24,32]. Of note, pre-
viously, we demonstrated in 10e11 week-old male mice that doses of
acyl-ghrelin in the 0.1e0.25 mg/Kg BW range acutely raised plasma
acyl-ghrelin to levels approaching those induced physiologically by a
16-hour fast, a 24-hour fast, or a 10-day chronic stress protocol [33].
Plasma acyl-ghrelin levels resulting from s.c. administered doses of
acyl-ghrelin in the 1.0 and 2.0 mg/Kg BW range were much higher
[33]. Here, no genotype-dependent body weight differences were
observed in these high-fat diet-fed male mice (see section 3.7 below).
Supporting a state of ghrelin resistance, the diet-induced obese wild-
type mice failed to exhibit a statistically significant increase in food
intake at 1 h (Figure 2E and F) or 2 h (Figure 2G and H) in response to
1 mg/Kg BW or 10 mg/Kg BW acyl-ghrelin s.c. In contrast, food intake
was stimulated by both of those acyl-ghrelin doses in the high-fat diet-
fed LEAP2-KO mice. The 1 mg/Kg BW acyl-ghrelin dose increased 1 h
food intake and 2 h food intake in the LEAP2-KO by 464% and 397%,
respectively over those in saline-treated mice (Figure 2EeH).

3.3. LEAP2 deletion augments administered acyl-ghrelin-induced
growth hormone secretion
Several lines of evidence suggest that endogenous LEAP2 also in-
fluences GH secretion. Not only does LEAP2 administration dose-
dependently block the effects of administered acyl-ghrelin to induce
GH secretion in mice, but also anti-LEAP2 neutralizing antibodies boost
fasting-induced GH increases [1]. Additionally, humans and mice with
a GHSR mutation that reduces GHSR constitutive activity results in a
short stature phenotype and reduced GH secretion [34,35]. GHSR-null
mice as well as homozygous GHSR-IRES-Cre mice (which exhibit a
near-complete absence of Ghsr mRNA) exhibit slight reductions in
body lengths as compared to wild-type littermates [36,37]. Thus, we
next investigated the effects of LEAP2 deletion on GH secretion in
response to administered acyl-ghrelin. A cohort of 10e12 week old
male wild-type and LEAP2-KO littermates maintained on standard
chow-diet were anesthetized with pentobarbital, then blood was
collected to determine plasma GH levels before and 15 min after an
administered dose of acyl-ghrelin (0.1 mg/Kg BW i.p.). Although acyl-
ghrelin induced GH secretion in both genotypes, the % increase in
plasma GH was significantly greater in LEAP2-KO mice compared to
wild-type littermates (wild-types: 368% increase vs. LEAP2-KO mice:
995% increase; Figure 2I).

3.4. Administered ghrelin induced c-fos activation is enhanced by
LEAP2 deletion
Many of ghrelin’s physiological actions occur via activation of one or
more neuronal populations within the central nervous system. Indeed,
s.c. acyl-ghrelin induces c-fos (a marker of cellular activation) in the
hypothalamic arcuate nucleus (ARC), the paraventricular hypothalamic
nucleus, and the dorsal vagal complex [38,39]. Also, previous work
demonstrated that i.c.v. administration of LEAP2 suppresses both i.p.
acyl-ghrelin-induced c-fos expression in the ARC and i.c.v. acyl-
ghrelin-induced c-fos in the ARC and dorsomedial hypothalamic nu-
cleus, while alone, i.c.v. LEAP2 did not affect c-fos in those regions [9].
Here, we assessed whether LEAP2 deletion also enhances the in-
duction of brain c-fos in response to administered acyl-ghrelin. For
these studies, the same dose of acyl-ghrelin (0.5 mg/Kg BW s.c.) that
increased 1 h and 2 h food intake in standard chow-fed LEAP2-KO
mice but not in wild-type littermates (Figure 2AeB), or saline, was
administered to a cohort of 25e26 week-old male LEAP2-KO and
wild-type littermates. Following the acyl-ghrelin or saline injections,
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Figure 2: Effect of LEAP2 deletion on acyl-ghrelin-induced food intake and GH secretion. Food intake in long-term standard chow-fed mice measured at (A, B) 1 h and (C,
D) 2 h after saline or acyl-ghrelin (0.1, 0.25, 0.5, and 1 mg/kg BW, s.c.) injection. n ¼ 14e15. Food intake in long-term high-fat diet-fed mice measured at (E, F) 1 h and (G, H) 2 h
after saline or acyl-ghrelin (1 and 10 mg/kg BW, s.c.) injection. n ¼ 8. (I) Plasma GH was measured at baseline and 15 min after acyl-ghrelin (0.1 mg/kg BW, i.p.) injection.
n ¼ 10e15. Data are presented as mean � s.e.m. Data were analyzed by two-way repeated-measures ANOVA. Statistically significant differences are indicated by asterisks:
*P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001.
the mice were restricted from access to the standard chow diet on
which they previously had been maintained. Induction of c-fos was
assessed by immunohistochemistry in sections of brains (extending
rostro-caudally from the olfactory bulbs to just beyond the dorsal vagal
complex) that were taken from the mice 2 h after the acyl-ghrelin or
saline injections. In wild-type mice, acyl-ghrelin increased c-fos-
immunoreactivity in two brain regions: the ARC and the olfactory bulb
(OB) (Figure 3A, C, E, G, I, K, M, N). Within the OB, most of the c-fos-
immunoreactivity remained localized to the granular cell (GrO), inner
plexiform (IPI), and mitral cell (Mi) layers.
For our objective assessments of c-fos induction, we derived an initial
estimate of post hoc power by calculating partial eta squared for each
test and associating power based on these observed effect sizes. In
particular, for the ARC, the observed partial eta squared ranged from
0.26 to 0.80 with corresponding power between 0.70 and 1.00. For
the OB, the observed partial eta squared ranged from 0.37 to 0.78 with
MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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corresponding power between 0.90 and 1.00. Notably, a significantly
greater number of c-fos-immunoreactive cells was observed following
acyl-ghrelin administration in both the ARC and the OB of LEAP2-KO
mice as compared to wild-type mice (Figure 3B, D, F, H, J, LeN).
Specifically, there were 77.2% more c-fos-immunoreactive ARC cells
following acyl-ghrelin in LEAP2-KO mice than in wild-type mice
(Figure 3M). There were 119.7% more c-fos-immunoreactive OB cells
following acyl-ghrelin in LEAP2-KO mice than in wild-type mice
(Figure 3N). Unlike previous studies in which 2.0 mg/Kg BW acyl-
ghrelin administered s.c. to w 6-9 week-old wild-type mice
induced c-fos in the paraventricular hypothalamic nucleus and dorsal
vagal complex in addition to the ARC [38,39], here, 25- to 26-week-old
mice administered 0.5 mg/kg BW acyl-ghrelin s.c. exhibited only
scattered c-fos-immunoreactive cells in the paraventricular hypotha-
lamic nucleus and dorsal vagal complex in addition to the ARC; there
were no obvious increases in c-fos immunoreactivity in those regions
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 3: Effect of LEAP2 deletion on acyl-ghrelin-induced c-fos induction in the brain. Representative photomicrographs showing c-fos-immunoreactivity 2 h following
administration of (A-B; E-F; I-J) saline or (C-D; G-H; K-L) acyl-ghrelin 0.5 mg/kg BW s.c. in the (A-D, M) arcuate hypothalamic nucleus (ARC; approximate distance from
Bregma ¼ �2.06 mm) and (E-L, N) olfactory bulb (OB; approximate distance from Bregma ¼ 4.28) of (A,C, E, G, I, K) wild-type and (B, D,F, H, J, L) LEAP2-KO mice. (I-L)
Magnified versions of the small rectangles labeled (i-l) in images (E-H). n ¼ 5 mice for each genotype and each treatment. Numbers of c-fos-immunoreactive cells in (M) two
levels of the ARC (bilaterally, approximately at Bregma ¼ �1.82 and �2.06) and (N) one level of the OB (unilaterally, approximately at Bregma ¼ 4.28) of wild-type and LEAP2-KO
mice treated with saline or acyl-ghrelin. Data are presented as mean � s.e.m. Data were analyzed by two-way ANOVA. *P < 0.05; **P < 0.01; and ****P < 0.0001. EPl,
external plexiform layer; IPl, inner plexiform layer; Gl, glomerular layer; GrO, granular cell layer; ME, median eminence; Mi, mitral cell layer; ON, olfactory nerve layer; 3V, ventricle.
Scale bars ¼ 50 mm in A-D and I-L; 200 mm in E-H.

Original Article
over that observed in saline-treated mice, and no effect of LEAP2
deletion (Figure S2AeH). In addition, the scant numbers of c-fos-
immunoreactive cells observed in the external lateral parabrachial
nucleus, hippocampus, amygdala, piriform cortex, lateral septal nu-
cleus, preoptic area, supraoptic area, dorsomedial hypothalamic nu-
cleus, ventromedial hypothalamic nucleus, paraventricular thalamic
nucleus, and supramamillary nucleus were unaffected by acyl-ghrelin
treatment or genotype (Figure S2IeT and data not shown).
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3.5. LEAP2 deletion does not impact rebound feeding following a
24-h fast
Following a 24-h fast, mice exhibit rebound hyperphagia, and at least
some studies suggest that the rise in plasma acyl-ghrelin usually
associated with the fast and/or GHSR constitutive activity contribute to
that feeding phenotype [4,40,41]. Also of note, plasma LEAP2 levels
drop during fasting then rise upon re-feeding [13], suggesting that the
rise in plasma LEAP2 possibly might limit even greater acyl-ghrelin-
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induced food intake upon re-feeding. Thus, we next sought to
determine if LEAP2 deletion enhances rebound feeding following a
24-h fast. For these studies, we challenged 21-24 week-old male
mice that were maintained on either standard chow diet or high-fat
diet to a 24 h fast, after which their usual diet was re-introduced
and food intake was determined over the next 24 h. No statistically
significant, genotype-dependent differences in rebound food intake
[of either standard chow (Figure 4A) or high-fat diet (Figure 4B)] were
observed at 1 h, 2 h, 4 h, or 24 h following re-introduction of food after
the 24-h fast.

3.6. LEAP2 deletion has no major effects on food intake, body
weight, body composition, blood glucose, or body length in mice
chronically fed standard chow diet
Whereas the above studies examined the effects of LEAP2 deletion on
metabolic responses to rather acute manipulations, we next examined
the effects of LEAP2 deletion on various metabolic parameters over a
prolonged period of standard chow diet exposure. As indicated in
Figure S1, both female and male wild-type and LEAP2-KO littermates
were individually housed beginning at 4 weeks of age (1 week after
weaning), when they were provided continuous ad lib exposure to
standard chow diet (except as noted) for 16 weeks. Food intake and
body weights were measured weekly. Body composition was deter-
mined monthly beginning at 4 weeks of age (females) or 8 weeks of
age (males). Blood glucose level was measured monthly in the ad lib-
fed state at 8 and 16 weeks of age and following a 24-h fast at 12 and
20 weeks of age. Plasma acyl-ghrelin and LEAP2 levels were deter-
mined at 16 weeks of age in the ad lib-fed state and at 20 weeks of
age following a 24-h fast. Body lengths standard chow-fed females
were determined at 22e25 weeks of age.
No differences in weekly food intake (Figure 5A and I), weekly body
weights (Figure 5B and J), fat mass (Figure 5C and K), % fat mass,
lean mass (Figure 5D and L), or % lean mass were observed between
wild-type and LEAP2-KO mice in either female or male cohorts
throughout the study period. Body lengths in standard chow-fed fe-
males also were genotype-independent (Figure 5E). Ad lib-fed, as well
as 24-hr fasted blood glucose levels were genotype-independent in
the female mice (Figure 5F). In male mice, ad lib-fed and 24-hr fasted
blood glucose levels also were genotype-independent except for the
16-week-old ad lib-fed blood glucose level that was lower in LEAP2-
KO mice as compared to wild-type littermates (P < 0.05), albeit
Figure 4: Effect of LEAP2 deletion on rebound feeding following a 24-hr fast. Food in
chow diet or (B) high-fat diet following a 24 h fast. n ¼ 15e17. Data are presented as me
no statistical significance.
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unlikely lower to a biologically-relevant degree (wild-type mice:
133 � 4 mg/dL vs. LEAP2-KO mice: 120 � 3 mg/dL; Figure 5M).
Plasma acyl-ghrelin levels were not affected by LEAP2 deletion
(Figure 5G and N).
Expectedly, plasma LEAP2 levels were markedly lower in LEAP2-KO
mice compared to wild-type mice; this was the case for every ani-
mal tested (Figure 5H and O). The very low levels of plasma LEAP2 that
were detected in LEAP2-KO mice (as opposed to zero levels of plasma
LEAP2) at a minimum suggest a marked knockdown of LEAP2
expression instead of complete deletion of LEAP2 expression. How-
ever, genomic DNA sequencing demonstrating the absence of the
LEAP2 coding sequence in these novel LEAP2-KO mice, plus their
undetectable LEAP2 mRNA levels (Figure 1) argue for them being a
true LEAP2-KO model with complete deletion of LEAP2 expression. We
presume that the low levels of plasma LEAP2 detected in the LEAP2-
KO mice instead occur as a result of cross-reactivity of the anti-LEAP2
antibody in the ELISA kit with a non-LEAP2 antigen that is present in
low levels in the plasma. Of note, no regulation of the plasma LEAP2-
like signal by diet or feeding status was observed in the LEAP2-KO
mice, which further implies that the signal represents a non-LEAP2
antigen. In particular, values for male and female LEAP2-KO mice e
whether exposed long-term to a high-fat diet or standard chow diet or
whether in the ad lib-fed or 24 hr-fasted states e had a very narrow
range between 2.5 � 0.1 ng/mL to 3.1 � 0.2 ng/mL, without
statistically-significant P values (Figures 5H, O and 6H, O). This was
unlike the expected [13] increased levels of plasma LEAP2 noted in
wild-type mice as a consequence of long-term high-fat diet exposure
vs. standard chow diet [for instance, ad lib-fed 16 week-old female
wild-type mice on high-fat diet: 25.8 � 2.4 ng/mL vs. standard chow
diet: 12.9� 0.8 ng/mL, P < 0.0001 (Figure S3B); ad lib-fed 16 week-
old male wild-type mice on high-fat diet: 24.4 � 1.8 ng/mL vs.
standard chow diet: 9.9 � 0.5 ng/mL, P < 0.0001 (Figure S3G)]. In
addition, this was unlike the expected [13] increased levels of plasma
LEAP2 noted in wild-type mice as a consequence of the ad lib-fed state
vs. a 24 h fast. Notably, we previously independently validated ac-
curate detection of LEAP2 by the LEAP2 ELISA kit used here by
demonstrating that the ELISA kit could reliably estimate the concen-
tration of LEAP2 within assay buffer into which known amounts of
LEAP2 are added [13]. Importantly, such validation does not preclude
the potential detection of an additional, cross-reactive antigen in
addition to LEAP2.
take measured at 1 h, 2 h, 4 h, and 24 h following re-introduction of either (A) standard
an � s.e.m. Data were analyzed by two-way repeated-measures ANOVA. ns represents
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Figure 5: Metabolic impact of LEAP2 deletion on mice maintained long-term on a standard chow diet. (A, I) Weekly food intake, (B, J) weekly body weight, (C, K) monthly
fat mass, (D, L) monthly lean mass, (E) body length measured at 22-25 weeks-of-age, (F, M) monthly blood glucose, (G, N) plasma acyl-ghrelin measured at 16 weeks of age (ad-
lib fed) and 20 weeks of age (24 h fasted), and (H, O) plasma LEAP2 measured at 16 weeks of age (ad-lib fed) and 20 weeks-of-age (24 h fasted) in (A-H) females and (IeO)
males. n ¼ 13e15 females, n ¼ 14e15 males. Data are presented as mean � s.e.m. Data for (E) were analyzed by Student’s t-test. All other data were analyzed by two-way
repeated-measures ANOVA. ns represents no statistical significance between both genotypes. Statistically significant differences are indicated by asterisks: *P < 0.05;
**P < 0.01; ***P < 0.001; and ****P < 0.0001.
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3.7. LEAP2 deletion increases body weight, food intake, lean mass,
and body length in female mice chronically fed a high-fat diet
A separate cohort of female and male LEAP2-KO mice and wild-type
littermates instead was challenged long-term with a Western-type
high-fat diet (42% kcal from fat). Except for the diet, all the above-
mentioned protocols (in section 3.6) were followed in the current study.
Weekly food consumption was found consistently higher in female
LEAP2-KO mice than in female wild-type mice (on average, w11%
greater in LEAP2-KO mice; Figure 6A). Although female LEAP2-KO
mice weighed similar to wild-type littermates at the commencement of
the study, the LEAP2-KO mice gained more body weight than wild-type
mice over the 16 weeks of feeding a high-fat diet (Figure 6B). After the
study, female LEAP2-KO mice weighed 15% more than wild-type
mice. Although after 16 weeks of high-fat diet feeding, fat mass in
female LEAP2-KO mice was 18% higher than in female wild-type mice,
over the course of the study, no statistically significant differences
were observed (Figure 6C). After 16 weeks of the high-fat diet, lean
mass in female LEAP2-KO mice was w6% higher than in wild-type
females, and over the course of the study, a statistically significant
difference was observed (Figure 6D). Body lengths of high-fat diet-fed
23-24 week-old female LEAP2-KO mice were 1.7% more than those of
wild-type littermates (Figure 6E). Ad lib-fed and 24 h fasted blood
glucose levels obtained during the study period were unaffected by
genotype in females (Figure 6F). In high-fat diet-fed females, plasma
acyl-ghrelin levels were not affected by LEAP2 deletion (Figure 6G).
Also, plasma LEAP2 antigenicity was detected only at very low levels in
LEAP2-KO mice (Figure 6H; see section 3.6 for further discussion).
In males chronically fed the high-fat diet, LEAP2 deletion mostly did not
affect the assessed metabolic parameters (Figure 6IeK and M�N).
The one exception was the lean mass that was consistently slightly
higher in the male LEAP2-KO mice than in the male wild-type litter-
mates over the course of the study (P ¼ 0.09) such that by the end of
the study, it was w4.4% higher in LEAP2-KO mice than in wild-type
mice (Figure 6L). Similar to male and female LEAP2-KO mice fed
standard chow and female LEAP2-KO mice fed high-fat diet, LEAP2
antigenicity detected in male LEAP2-KO mice fed on high-fat diet was
very low (Figure 6O; section 3.6 for further discussion).
Although the absence of both ad lib-fed and 24-h fasted plasma
samples from similarly-aged mice precludes us from assessing the
effects of feeding status alone on plasma acyl-ghrelin and LEAP2 in the
current study, we were able to determine the effects of diet on those
hormone levels (Figure S3). Specifically, chronic high-fat diet reduced
plasma acyl-ghrelin levels in both female and male wild-type mice and
female and male LEAP2-KO mice in the fasted state (in 20 week-old
mice); this effect of chronic high-fat diet on acyl-ghrelin was not
apparent in the ad lib-fed state (in 16 week-old mice) (Figure S3A, D, F,
I). As noted above, in wild-type mice, a chronic high-fat diet increased
plasma LEAP2 levels in the ad lib-fed state in both females and males
(aged 16 weeks old) (Figure S3B and G). In wild-type mice, a chronic
high-fat diet also increased plasma LEAP2 levels in the fasted state in
males but not females (aged 20 weeks) (Figure S3B and G). Altogether,
these changes correspond to an effect of a chronic high-fat diet to raise
the plasma LEAP2:acyl-ghrelin molar ratio in the ad lib-fed state in
both female (by 173%) and male (by 402%) wild-type mice (aged 16
weeks), but not in the 24-h fasted state (in 20 week-old mice)
(Figure S3C and H). It is unclear whether the effects of diet on hormone
levels observed are due to direct effects of the macronutrients con-
tained within the diets, the effects of the diet on body weight, the
effects of the diet on body composition, or a combination of those
effects. There was no effect of diet on the low LEAP2 antigenicity
detected in LEAP2-KO mice (Figure S3E and J).
MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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3.8. Female mice lacking LEAP2 exhibit decreased energy
expenditure and locomotor activity
Another cohort of 8-week-old female mice that had been on a high-fat
diet for 4 weeks was placed in a metabolic chamber system in order to
assess any genotype-dependent differences in measures of energy
expenditure, locomotor activity, and meal patterning. We compared the
performance of the two genotypes throughout the first 5 h of the light
cycle, and the first 5 h of the dark cycle, as well during the total 24 h
period, the total 12-hr dark cycle, and the total 12-hr light cycle.
LEAP2-KO mice demonstrated statistically significant reductions in O2
consumption (on average, a 13% reduction in LEAP2-KO mice vs. wild-
type mice; Figure 7A and D) and locomotor activity (on average, a 49%
reduction in LEAP2-KO mice vs. wild-type mice; Figure 7B and E)
during the first 5 h of the dark cycle. Heat production also was reduced
(by 9.5%) in LEAP2-KO mice vs. wild-type mice during the first 5 h of
the dark cycle (Figure 7C and F). No genotype-dependent differences
were observed in CO2 production (Figure 7G and I), respiratory ex-
change ratio (RER; Figure 7H and J), average meal size (Figure 7K),
biggest meal (Figure 7L), or total food consumed (Figure 7M) during
the first 5 h of the dark cycle. However, LEAP2-KO mice exhibited a
slight reduction in the number of meals consumed during the first 5 h
of the dark cycle (on average, from 10 to 8; Figure 7N). No differences
in O2 consumption, locomotor activity, heat production, CO2 produc-
tion, RER, average meal size, biggest meal, total food consumed, or the
number of meals consumed were otherwise detected during the first
5 h of light (Figure 7), the total light period, the total dark period, or the
total 24 h period.

3.9. LEAP2 deletion increases hepatic lipid accumulation in high-
fat diet-fed mice
Finally, we determined the effect of LEAP2 deletion on liver histology.
Liver tissue sections from 22 to 24 week-old female mice taken from
the long-term standard chow and high-fat diet feeding studies
described above (sections 3.6 and 3.7) were stained with hematoxylin
& eosin or oil red O. There was no effect of genotype on hepatic fat
accumulation in standard chow-fed mice (Figure 8AeD). A high-fat
diet increased hepatic fat accumulation in both genotypes, although
this was more pronounced in LEAP2-KO mice (Figure 8B and C).
Specifically, in high-fat diet-fed mice, a 42% increase in the oil red O-
positive area in LEAP2-KO livers over that in wild-type livers was
observed (Figure 8B). Also, although there was not an overall
genotype-dependent difference in lipid droplet number in the high-fat
diet-fed mice (Figure 8C), there were statistically significant increases
in the numbers of larger lipid droplets in LEAP2-KO mice than in wild-
type littermates (271% and 1,464% increases in numbers of lipid
droplets sized 15,000e30,000 mm2 and >30,000 mm2, respectively;
Figure 8E).

4. DISCUSSION

To our knowledge, this study represents the first report of a LEAP2-KO
mouse model. LEAP2-KO mice exhibited increased sensitivity to the
actions of administered acyl-ghrelin to stimulate GH secretion, induce
food intake, and activate cells in the ARC and OB. This was particularly
evident in diet-induced obesity, in which not even an exceedingly high
dose of acyl-ghrelin [33] could acutely stimulate food intake in wild-
type mice, relative to the 10� lower dose of acyl-ghrelin that stimu-
lated food intake in LEAP2-KO littermates. No observable or prominent
effects of LEAP2 deletion on food intake, body weight, body compo-
sition, or blood glucose were recorded in standard chow-fed female
and male mice up to 26 weeks of age or high-fat diet-fed male mice up
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 6: Metabolic impact of LEAP2 deletion on mice challenged long-term with high-fat diet (HFD). (A, I) Weekly food intake, (B, J) weekly body weight, (C, K) monthly fat
mass, (D, L) monthly lean mass, (E) body length measured at 22e25 weeks of age, (F, M) monthly blood glucose, (G, N) plasma acyl-ghrelin measured at 16 weeks of age (ad-lib
fed) and 20 weeks of age (24 h fasted), and (H, O) plasma LEAP2 measured at 16 weeks-of-age (ad-lib fed) and 20 weeks-of-age (24 h fasted) in (A-H) females and (IeO) males.
n ¼ 13e15 females; n ¼ 17e18 males. Data are presented as mean � s.e.m. Data for (E) were analyzed by Student’s t-test. All other data were analyzed by two-way repeated-
measures ANOVA. Statistically significant differences are indicated by asterisks: *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. ns represents no statistical
significance. #P � 0.05 but <0.1.

Original Article
to 24 weeks of age. Also, no observable effects of LEAP2 deletion on
rebound food intake following a 24-hr fast were recorded in w6
month-old male mice. Yet, LEAP2 deletion did impact several metabolic
parameters in high-fat diet-fed female mice. Specifically, over the
12 MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. T
course of a 16-week chronic high-fat diet feeding study, female
LEAP2-KO mice consistently exhibited increased weekly food intake (on
average, 7.8 kcal more per week) and gained on average 3.6 g more
bodyweight, as well as more lean mass and more hepatic fat than wild-
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: Metabolic chamber data in high-fat diet-fed female mice. Oxygen consumption (A, D), Locomotor activity in the x, y, and z planes (B, E), heat production (C, F), CO2
production (G, I), RER (H, J). Average meal size (K), the maximum meal consumed (L), total food consumed (M), and the number of meals consumed. n ¼ 6e8. Data were obtained
in 8 week-old mice that had been exposed to a high-fat diet since 4 weeks of age. The data in A-C and G-H represent the mean � s.e.m. over the final two full light cycles and
dark cycles (highlighted by gray rectangles). The data in D-F and IeN represent the mean � s.e.m. for the 1st 5 h of the light cycles and the 1 st 5 h of the dark cycles. Data were
analyzed by two-way repeated-measures ANOVA. Statistically significant differences between LEAP2-KO and wild-type mice are indicated by asterisks; *P < 0.05; **P < 0.01. ns
represents no statistical significance.
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Figure 8: Effect of LEAP2 deletion on liver histology and hepatic fat accumulation. (A) Representative photomicrographs of livers stained with (Upper panels) Hematoxylin &
eosin (H & E) and (Lower panels) oil red O from Wild-type and LEAP2-KO mice fed long-term with standard chow diet or high-fat diet. (B) Quantification of the percentage of the
tissue area that contains oil red O staining. (C) The total number of lipid droplets in standard chow-fed and high-fat diet-fed mice. (D) A number of lipid droplets of different size
range in standard chow-fed mice. (E) The number of lipid droplets of different size ranges in high-fat diet-fed mice. n ¼ 3 per genotype of standard chow-fed mice; n ¼ 6 per
genotype of high-fat diet-fed mice. Data are presented as mean � s.e.m. Data were analyzed by two-way ANOVA. Statistically significant differences are indicated by asterisks;
*P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001. ns represents no statistical significance.

Original Article
type littermates. When placed in metabolic cages after only 4 weeks of
high-fat diet exposure [which was several weeks prior to the more
obvious divergence in body weight and body composition observed
later (for instance, at 12 - 13 weeks-of-age)], the female LEAP2-KO
mice had reduced O2 consumption, heat production, and locomotor
activity in the first part of the dark cycle. This suggests decreased
energy expenditure during the period when mice typically are most
active. Additionally, LEAP2 deletion significantly increased body length
(on average, by 1.6 mm) in high-fat diet-fed female mice as compared
to wild-type littermates when measured at 23e24 weeks of age.
A prominent finding of the current study was the increased sensitivity
to administered acyl-ghrelin observed in the LEAP2-KO mice.
14 MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. T
Specifically, the observed orexigenic responses in LEAP2-KO mice to
acyl-ghrelin doses that were ineffective in wild-type mice, particularly
in mice chronically fed high-fat diet, supports the hypothesis that
LEAP2 is a key determinant of ghrelin resistance. Also supporting this
hypothesis, LEAP2-KO mice exhibited increased ARC and OB c-fos-
immunoreactivity and increased plasma GH following acyl-ghrelin
administration. These novel findings support and bolster the findings
of Ge et al. in which administration of anti-LEAP2 neutralizing anti-
bodies raised plasma GH [1]. These new results also fit the expected
outcomes for deleting LEAP2 given its reported actions as a potent
GHSR antagonist in multiple in vitro, ex vivo, and in vivo studies [1,9e
13]. Certainly, the findings of decreased energy expenditure and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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greater weekly food intake, body weight, and lean mass in high-fat
diet-fed female LEAP2-KO mice also support the assertion that
LEAP2 deletion alleviates the ghrelin resistance that is most notable in
the diet-induced obese state. Yet, it remains unclear why more robust
effects on food intake, body weight, and body composition were not
detected in LEAP2-KO mice following long-term exposure of males and
females to a standard chow diet or of males to a high-fat diet.
One intriguing clue to the cause of the discrepancy between the
metabolic outcomes of LEAP2 deletion in high-fat diet-fed females vs.
high-fat diet-fed males may be the different mean plasma acyl-ghrelin
levels observed in those two groups. For example, 16 week-old, ad
lib-fed female LEAP2-KO mice had on average 68% more plasma
acyl-ghrelin than 16 week-old, ad lib-fed male LEAP2-KO mice
(P < 0.01; Figure 6G and N). If GHSR signaling acts substantively to
decrease energy expenditure, increase food intake, and increase body
weight, and if GHSR signaling is enhanced by lower plasma LEAP2
plus higher plasma acyl-ghrelin, then the higher plasma acyl-ghrelin
in high-fat diet-fed female LEAP2-KO mice could help explain the
magnified metabolic effects of LEAP2 deletion in the females vs.
males. Notably, previous studies also have identified sexually
dimorphic effects of GHSR deletion on body weight and body
composition, along with estrogen-dependent changes in plasma
ghrelin levels, acyl-ghrelin orexigenic efficacy, and arcuate hypotha-
lamic Ghsr expression [36,42,43]. Future studies in which acyl-
ghrelin is administered chronically to high-fat diet-fed LEAP2-KO
males, in order to generate plasma acyl-ghrelin levels similar to
those observed in high-fat diet-fed LEAP2-KO females, might help test
this hypothesis.
Another finding of interest in the current study was the increased
hepatic fat accumulation in high-fat diet-fed female LEAP2-KO mice
vs. wild-type mice. Specifically, 29% of the imaged liver area was oil
red O-positive in LEAP2-KO mice vs. 20% in wild-type littermates.
Plus, livers from high-fat diet-fed female LEAP2-KO mice contained
marked increases in the numbers of lipid droplets sized>15,000 mm2.
Although this result contradicts the observations of reduced hepatic oil
red O staining and hepatic triglyceride content reported by Ma et al., in
which lentivirus delivery of an shRNA-Leap2 construct was used to
knockdown Leap2 expression in high-fat diet-fed female mice [14],
differences in the duration of exposure to reduced LEAP2, the degree of
LEAP2 knockdown (plasma LEAP2 was reduced by only about 60% in
[14]), and possibly also the development of pathways that might
compensate for reduced LEAP2 might help explain these discrepancies
in hepatic fat accumulation. Nonetheless, other studies demonstrating
increased hepatic steatosis upon GHSR agonism vs. reduced hepatic
fat content upon GHSR antagonism or GHSR inverse agonism corre-
spond with the findings here of increased hepatic fat in the high-fat
diet-fed female LEAP2-KO mice. For instance, Davies et al., Li et al.,
and Dallak showed that 1e2 weeks of acyl-ghrelin administration
induced hepatic steatosis in lean rats, lean mice, and/or diet-induced
obese mice [44e46]. Zhang et al. demonstrated that knockdown or
inhibition of ghrelin-O-acyltransferase, the enzyme that acylates
ghrelin and thus permits it to effectively interact with GHSR, decreased
hepatic triglyceride content and oil red O staining in high-fat diet-fed
mice [47]. Abegg et al. demonstrated substantial decreases in hepatic
fat content in diet-induced mice upon 10-d of administered synthetic
GHSR inverse agonist [48]. In Li et al., administration of a synthetic
GHSR antagonist for 1 week markedly reduced hepatic triglyceride
content, oil red O staining, and expression of several genes related to
hepatic lipogenesis in diet-induced obese mice [46]. In neither of the
last two studies were the effects of the GHSR antagonist or GHSR
inverse agonist related to effects on food intake [46,48]. Li et al. also
MOLECULAR METABOLISM 53 (2021) 101327 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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demonstrated reduced hepatic oil red O staining and triglyceride
content in high-fat diet-fed GHSR-knockout mice as compared to wild-
type littermates [46]. Similarly, Guillory et al. demonstrated that
standard non-soy chow-fed ghrelin-KO mice aged 20 months had
significantly less hepatic steatosis than age-matched wild-type mice
[49]. Notably, this difference was not apparent in younger (3 month-
old) mice [49] suggesting that certain effects of acyl-ghrelin or
LEAP2 might only become obvious or might be most apparent upon
aging. Future studies comparing older standard chow-fed LEAP2-KO
and wild-type littermates or older high-fat diet-fed male LEAP2-KO
and wild-type littermates might help test such a hypothesis. Alto-
gether, these findings, alongside the previously reported robust as-
sociation of intrahepatocellular lipid content with plasma LEAP2 in
human subjects [13,14], suggest that LEAP2 may act as part of a
physiologic feedback mechanism that helps mitigate steatosis in
obesogenic conditions.
Finally, it is noteworthy that s.c. acyl-ghrelin administration to LEAP2-
KO mice induced greater c-fos expression not only in the ARC but also
in the OB. First, regarding our objective analyses of the c-fos data, all
statistical tests for ARC and OB (main effects of genotype and treat-
ment and their interaction in two-way ANOVA models) were statisti-
cally significant. The statistical significance at alpha ¼ 0.05, with a
sample size of 5 per group (total ¼ 20), clearly demonstrates high
power for these inferences. However, to get an initial estimate of post
hoc power, we calculated partial eta squared for each test and
associated power based on these observed effect sizes. Partial eta
squared estimates ranged from 0.26 to 0.80 and corresponding po-
wer ranged from 0.70 to 1.00. However, it should be noted that post
hoc power analyses based on observed effects sizes with small
sample size is limited in scope and interpretation due to the high
variance in the estimated effect sizes and subsequent power calcu-
lations. Second, to our knowledge, acyl-ghrelin-induced c-fos in-
duction in the OB has not yet been reported. One study however did
report that nasal application of an acyl-ghrelin solution nearly doubled
the percentage of c-fos-positive juxtaglomerular OB cells in mice
induced by the odorant 2,3-hexanedione [50], and another study
demonstrated that caloric restriction induces c-fos in new adult-born
OB cells in a ghrelin-dependent manner [51]. While the role of ARC as
a direct target of acyl-ghrelin action has long been acknowledged and
explored in several studies [30,32,39,52e54], the OB as a target of
acyl-ghrelin action has received less attention. Even so, several
relevant findings regarding GHSR expression and acyl-ghrelin action
in the OB have been reported. For instance, Tong et al. described
moderate to high expression of a GHSR promoter-driven beta-
galactosidase reporter in the glomerular, mitral cell, and granular cell
layers of the main OB and in the accessory OB of mice as well as
biotinylated ghrelin binding to scattered cells within the OB of
sectioned rat brains [55]. GHSR expression in the OB has been re-
ported in GHSR-eGFP transgenic mice [29,51] and guinea pigs [56].
Additionally, two studies demonstrated that the OB represents the
brain area with the highest or one of the top two highest distributions
of radiolabeled-acyl-ghrelin acutely following its i.v. administration
[57,58]. These findings suggest that acyl-ghrelin might modulate
olfactory behaviors. Administered acyl-ghrelin was shown to stimulate
exploratory sniffing and increase olfactory sensitivity using rat and
human models [55]. Future studies using radiolabeled or fluorescein-
labeled LEAP2 analogs similar to those described for acyl-ghrelin
[57e60] could help confirm whether LEAP2 penetrates the OB, as
suggested by the current findings. Also, OB-selective GHSR knockout
studies may help clarify the biological significance of acyl-ghrelin and
LEAP2 action in the OB.
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5. CONCLUSIONS

These data reveal that LEAP2 deletion sensitizes mice to the actions of
peripherally administered acyl-ghrelin to acutely increase food intake,
stimulate GH secretion, and induce c-fos in the ARC and OB. Also, our
findings show that LEAP2 deletion decreases energy expenditure and
increases weekly food intake, body weight, lean mass, hepatic fat
accumulation, and body length in high-fat diet-fed female mice, but
has no biologically significant effects on those parameters in high-fat
diet-fed male mice or standard chow-fed female and male mice.
Whether these effects in high-fat diet-fed female mice are a function of
a loss of LEAP2’s usual effects to block acyl-ghrelin action and/or to
reduce GHSR constitutive activity remains to be determined. Also,
whether the physiologic effects of deleting the Leap2 gene observed
here are solely due to loss of the 40 amino acid-long mature LEAP2
hormone or additionally to loss of other predicted or proven smaller
peptide derivatives of the LEAP2 preprohormone precursor [18] awaits
investigation.
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